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”It may be unfair, but what happens in a few days, sometimes even a single day, can change the

course of a whole lifetime…”

– Khaled Hosseini, The Kite Runner
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Abstract

For a very long time, the main focus in Parkinson’s disease (PD) research was the

loss of neuromelanin-containing dopaminergic neurons from the substantia nigra (SN)

of the midbrain - the key pathological feature of the disease. However, the association

of neuronal vulnerability and neuromelanin presence has not been a common study

subject. Recently, cells other than neurons also gained attention as mediators of PD

pathogenesis. There are indications that glial cells undergo disease-related changes,

however, the exact mechanisms remain unknown.

In this thesis, I aimed to explore the contribution of every cell type of the midbrain

to PD using single-nuclei RNA sequencing. Additionally, the goal was to explore their

association to PD risk gene variants. As we identified microgliosis as a major mecha-

nism in PD, we further extended our research to microglia. We sought to investigate the

relation of microglia and neuromelanin. Thus, we aimed to, by means of immunohis-

tochemical staining, imaging and laser-capture microdissection-based transcriptomics,

elucidate this association on a single-cell level.

This work resulted in the first midbrain single-cell atlas from idiopathic PD subjects

and age- and sex-matched controls. We revealed SN-specific microgliosis with GP-

NMB upregulation, which also seemed to be specific to the idiopathic form of the dis-

ease. We further observed an accumulation of (extraneuronal) neuromelanin particles

in Parkinson’s midbrain parenchyma, indicative of incomplete degradation. Moreover,

we showed that GPNMB can be alleviated in microglia in contact with neuromelanin.

Taken together, we provide evidence of a GPNMB-related microglial state as a dis-

ease mechanism specific to idiopathic PD, and highlight neuromelanin as an important

player in microglia disease pathology. Further investigations are needed to understand

whether the modulation of neuromelanin levels could be relevant in the context of PD

therapy.
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Chapter 1

Introduction

1.1 Parkinson’s disease - definition and symptoms

Slow and progressive loss of dopaminergic neurons (DaNs) from the substantia nigra

(SN) is the main hallmark of Parkinson’s disease (PD). DaNs synthesise the neurotrans-

mitter dopamine (DA) which is responsible for movement, pleasure, memory, learning,

mood etc. However, with progressive loss of DaNs in PD, the consequential decline in DA

leads to the manifestation of motor and non-motor symptoms, which affects the qual-

ity of patients’ lives (Fig. 1.1). The most prominent motor features are tremor, muscle

rigidity, brady- and hypo-kinesia and overall postural instability (Clarke, 2007). Of non-

motor features, the most common are mental health disturbances such as dementia,

depression, hallucinations and anxiety (Clarke, 2007). These are further accompanied

with sleep and autonomic nervous system disturbances like dysphagia, constipation,

salivation, bladder and sexual dysfunction (Clarke, 2007; Emamzadeh and Surguchov,

2018). The disease is considered to begin years before the actual diagnosis when the

motor symptoms arise (Kalia and Lang, 2015).

These motor symptoms were first described in 1817 by James Parkinson in ‘An Essay

on the Shaking Palsy’. Despite all the research performed since, the exact aetiology

and pathology remain obscure. Therefore, the existing therapy is still symptomatic and

mainly focuses on DA replenishment with levodopa (Rizek, Kumar and Jog, 2016).

1



2 Introduction

Figure 1.1: Symptoms and progression of PD. Before the diagnosis, in the prodromal phase,
unspecific non-motor symptoms occur and intensify over time. At the time of diagnosis based
on motor symptoms, ∼50% of DaNs are lost. These symptoms worsen with advanced disease
which ends with long-term complications of L-dopa therapy, psychosis or dyskinesia (adapted
from Kalia and Lang, 2015).

1.2 IPD causes and risk factors

Currently, more than 1% of the world population above 60 years of age are affected

by PD (Saikia et al., 2020). The number of cases is likely to double by the year 2040,

making PD the second most common neurodegenerative disease (GBD 2016 Parkinson’s

Disease Collaborators, 2018; Day and Mullin, 2021). The origin of PD is associated with

genetic or environmental factors, or a combination of both. Among patients, only ∼5%

have a clear monogenic form of PD (Lang and Lozano, 1998). The most commonly-

found mutations in these patients are located in SNCA, LRRK2, PRKN, PINK1, DJ1 or the

ATP13A2 gene (Klein and Westenberger, 2012). While ∼10% of the PD population has a

positive family history of PD, the vast majority (around 90%) of PD cases are idiopathic

(IPD) (Lang and Lozano, 1998). The term “idiopathic” denotes a sporadic disease case

without known cause nor family history.

Knowing the genetic component of the disease, scientists can focus their research
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on disease-causing genes. Therefore, the majority of PD research is performed with

genetic cases, despite the larger number of IPD cases.

Multiple studies have shown that exposure to various environmental factors or tox-

ins can also trigger PD. In 1982, seven individuals developed PD-like motor symptoms af-

ter injecting 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Ballard, Tetrud and

Langston, 1985). In addition, constant exposure to herbicides and pesticides (Semchuk,

Love and Lee, 1992; Gorell et al., 1998; Paolini, Sapone and Gonzalez, 2004), heavy met-

als such as iron, manganese or copper (Gorell et al., 1999), certain bacterial endotoxins

(Niehaus and Lange, 2003; Murros et al., 2021), head trauma (Jafari et al., 2013) and brain

tumours (Ye et al., 2016) are implicated in the aetiology and pathology of PD.

Sex and aging are also inevitable risk factors for PD. Men are 1.5 times greater at

risk for developing PD than women, but the underlying cause for the link between PD

and male sex remains unknown (Wooten et al., 2004). Further, ageing is one of the main

risk factors to develop IPD. The SN region of the midbrain has been shown to be more

susceptible to pathological changes with age than any other brain region. Around one

third of elderly individuals without PD already show moderate to severe DaNs loss in

the SN (Buchman et al., 2012). This loss is even more pronounced in individuals with

PD. Around 1% of the population above the age of 60 develops IPD, and this prevalence

rises to 5% in the population above 85 years of age (Wood-Kaczmar, Gandhi and Wood,

2006). With advancing age, many fundamental cellular processes naturally decline in

SN neurons. Dopamine metabolism dysregulation, iron and NM accumulation and mi-

tochondrial dysfunction lead to an increase in oxidative stress levels (Reeve, Simcox and

Turnbull, 2014). In addition, the functioning of protein degradation pathways in neurons

also declines with age, leading to DaN vulnerability (Reeve, Simcox and Turnbull, 2014).

The consequential decrease in ATP production, accumulation of undegraded proteins

and production of reactive oxygen species (ROS) interfere with neuronal functioning.

This cascade of stressors that appears with normal ageing impairs neurons in the SN

and disables their adaptability and response to surrounding stimuli, ultimately resulting

in neuronal death (Reeve, Simcox and Turnbull, 2014).
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1.3 Disease pathology

With its multifactorial spectrum, PD affects multiple molecular mechanisms. The most

studied molecular changes in PD involve protein aggregation and alpha synuclein (a-

syn) accumulation, protein degradation failure, mitochondrial dysfunction, oxidative

stress and neuroinflammation.

These PD-related changes have been mainly studied in nigral neurons of the mid-

brain. However, knowing the complex cellular diversity of the brain and cell-cell con-

nectivity and support, the probability of non-neuronal cell types’ contribution to PD

became apparent. Only recently has the scientific focus been broadened to different

cell types and brain regions other than DaNs in the SN.

1.3.1 Microglia and Parkinson’s disease

Inflammation in the brain is mainly driven by microglia - the resident immune cells of

the brain. They are specialised macrophages, which emerge by primitive hematopoiesis

in the foetal yolk sack. In the early embryonic stages, they migrate to the central ner-

vous system, where they reside permanently. In the developing brain, microglia gov-

ern the removal of stagnating neurons (Witting et al., 2000). Moreover, they provide

support and help with neuronal maturation and pruning. Various studies indicate the

importance of microglia-secreted trophic factors for the control of neuronal precursor

survival (Cunningham, Martı́nez-Cerdeño and Noctor, 2013; Ueno et al., 2013; Tronnes

et al., 2016; Kierdorf and Prinz, 2017). Such microglia soluble products are, in addition,

essential for the support of angiogenesis and the direction of vessel sprouting in the de-

veloping brain (Rymo et al., 2011). In vivo experiments showed reduced vascularisation

upon microglia depletion (Checchin et al., 2006; Kubota et al., 2009; Fantin et al., 2010).

Similar to their importance for the developing brain, microglia also play an essential

role in the adult brain by maintaining synaptic plasticity associated with learning (Biber
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et al., 2007; Parkhurst et al., 2013). In the adult brain, the microglia population size is

constant and regulated by continuous apoptosis and proliferation (Bruttger et al., 2015;

Askew et al., 2017; Tay et al., 2017). Their cellular morphology is ramified, which is due

to the outspreading of cellular processes that actively inspect the surroundings in the

brain parenchyma (Nimmerjahn, Kirchhoff and Helmchen, 2005). Thus, microglia can

sense the presence of any pathogen or a dying brain cell and initiate their phagocytosis

and clearance, providing immune protection for the brain (Green, Oguin and Martinez,

2016; Wolf, Boddeke and Kettenmann, 2017).

However, the benefit of the immune processes in the brain can be deceptive. Con-

trary to immunoprotective roles, they can also promote cytotoxicity and neurodegener-

ation. It is recognised that the inflammation that occurs in neurodegenerative diseases

is not only a mere coincidence of the disease, but has a much greater role in the disease

progression. Upon ageing and constant exposure to stressors, especially in a disease

like PD, microglia can develop a chronic inflammatory state defined by a dysbalance

in pro- and anti-inflammatory activity, and undergo different structural and functional

changes to promote neuropathologic processes. The first described characteristic of re-

active microglia in the PD patient postmortem SN was a change in their morphology

(McGeer et al., 1988). When stimulated, microglia retract their processes to acquire an

amoeboid morphology and are characterised by the expression of major histocompat-

ibility class II (MHC-II) proteins important in immune signalling (McGeer et al., 1988).

Moreover, reactive microglia secrete pro-inflammatory cytokines, such as IL1ß, IL6 or

TNF𝛼 , which are detrimental to neurons (Wang et al., 2014; Cheng et al., 2020; Badanjak

et al., 2021; de Araújo et al., 2021).

These functional changes are triggered through microglia receptors. Microglia ex-

press pattern-recognition receptors (PRRs), which sense the presence of pathogen-associated

molecular patterns (PAMPs) from microorganisms, or damage-associated molecular pat-

terns (DAMPs) found as misfolded and aggregated proteins or nucleic acids (Wolf, Bod-

deke and Kettenmann, 2017). Once activated, these receptors can trigger a signalling

cascade and the transcription of genes involved in inflammatory pathways (Lu et al.,
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2018).

1.3.2 Neuromelanin and Parkinson’s disease

A candidate that may contribute to microgliosis in PD is neuromelanin (NM). A re-

duction in the amount of NM pigment from the SN is the first apparent pathological

hallmark associated with PD, described almost a hundred years ago (Foix et al., 1925).

More than a decade later, it was shown that the loss of pigmented neurons in the SN

starts in the ventral zone and spreads dorsally (Hassler, 1938). Although the loss of NM

has been the pioneering association with PD, there has not been much interest into its

role, specifically in the context of PD.

The dark-colored brain pigment NM is the most apparent in the catecholaminergic

neurons of the SN and the locus coeruleus, causing a noticeably darker appearance of

these regions. NM contains a dense pheomelanin core surrounded by eumelanin, a pro-

tein matrix and lipid droplets (Zecca et al., 2008). NM is absent at birth, but builds

up through life and is first visible at the age of three (Fenichel and Bazelon, 1968).

Nonetheless, the function and the origin of NM are baffling. Melanic pigments in the

human body are formed through well-described enzymatic actions that involve tyrosi-

nase. However, the biosynthesis of NM, whether it is formed through enzymatic or

non-enzymatic processes, has long been debated. Currently, the commonly accepted

hypothesis suggests that NM is a byproduct of DA oxidation (Zucca et al., 2004, 2018;

Fedorow et al., 2006; Vila, 2019). Tyrosine hydroxylase (TH), a rate-limiting enzyme in

DA production, converts the amino-acid tyrosine to L-dopa (Nagatsu, Levitt and Uden-

friend, 1964). The DA-precursor L-dopa is then further metabolised to DA by aromatic

amino acid decarboxylase (AADC) (Nagatsu, Levitt and Udenfriend, 1964). DaNs ac-

cumulate and package cytosolic DA together with recycled DA from the extracellular

space. The excessive amounts of DA that are not packaged into vesicles are thought to

later be oxidised to dopaquinone (Zucca et al., 2018). Dopaquinone can be trapped by

the cysteine residues of the polypeptide chains, thus forming cysteinyl-DA, a precursor
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to NM pigment biosynthesis (Rosengren, Linder-Eliasson and Carlsson, 1985; Carstam

et al., 1991; Zecca et al., 1992). The newly formed NM compound can then bind to aggre-

gated cytosolic proteins and chelate metal ions (Zucca et al., 2018). Such noxious NM

material is believed to be engulfed by the double membrane of the phagophore, destined

for macroautophagy (Zucca et al., 2018). After fusing with the lysosome, the undegrad-

able NM material can interact and neutralise lysosomal enzymes and activity. This ap-

propriation of a lysosome culminates in the formation of the double membrane-bound

NM organelle that, with age, continues to accumulate in the neuronal soma (Zucca et

al., 2018). This hypothesis is supported by a few sporadic studies which performed pro-

teomic characterisations of NM granules. These analyses revealed that lysosomal and

lysosomal membrane proteins constitute the majority of the protein part of NM (Tribl

et al., 2005; Plum et al., 2016; Zucca et al., 2018).

The NM organelle is considered to have an autophagic activity, since it binds drugs,

toxins, metal ions or additional oxidised DA and misfolded proteins (Zucca et al., 2018).

If left unbound in the cytosol, these substances would have otherwise interfered and

burdened the basic cellular processes, ultimately resulting in neuronal death. The ability

to capture and retain these intruding molecules implicates a neuroprotective role for

NM.

However, the pigmented DaNs in PD are more susceptible to degeneration than

non-pigmented DaNs (Zecca et al., 2003; Zucca et al., 2017). In addition, the death of

a neuron is directly linked to the amount of NM, where the darker-pigmented ones

are most sensitive (Kastner et al., 1992). A-syn-containing somatic inclusions appearing

in PD DaNs, termed Lewy bodies (LBs), are usually formed in close proximity to NM

accumulation (Braak and Del Tredici, 2011). Moreover, human brain studies showed

that a-syn is sequestered and captured within NM during the early stages of PD (Fasano

et al., 2003; Halliday et al., 2005).

Despite this intimate connection between PD pathogenesis and NM, NM has been

surprisingly overlooked in the scientific community.
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1.3.3 Neuromelanin and microglia interplay

Studies have shown that neuroinflammatory changes, such as microgliosis, occur in

highly-melanized SN areas rather than in regions with lower pigmentation (Braak et

al., 2003). With the continuous death of DaNs in PD, NM content is released extracel-

lularly (Zhang et al., 2011, 2013; Viceconte et al., 2015). Hence, all the life-long bound

substances within the NM granule become exposed to the surrounding cells in the brain

parenchyma. This sudden overload of detrimental molecules can be a trigger for mi-

crogliosis, and with progressive neuronal demise, this process becomes chronic (Zhang

et al., 2011, 2013; Viceconte et al., 2015).

Analysis of rat mesencephalic cultures (including neurons, micro- and astroglia) af-

ter the exposure to human NM showed that NM has little to no impact on DaNs alone;

contrarily, a significant neurotoxic effect of NM was demonstrated only in the pres-

ence of microglia (Zhang et al., 2013). Multiple experiments in animals show that NM

stimulates pro-inflammatory function and reactive morphology in microglia (Zhang et

al., 2011, 2013; Viceconte et al., 2015; Carballo-Carbajal et al., 2019; Vila, 2019). Upon

NM exposure, microglia start to secrete cytokines like IL1ß, TNF𝛼 , IL6 and iNOS, and

neurotoxic factors such as superoxide, nitric oxide and hydrogen peroxide (Zhang et

al., 2011). In addition, newborn rat microglia effectively phagocytosed and degraded

NM particles in vitro. However, PD patient microglia are much more aged compared to

those of young rats. Therefore, when rat microglia cultures were ‘aged’ for one month

in vitro (microglia cultures were cultivated for a month prior to treatment), they could

still rapidly engulf NM, but not degrade it (Zhang et al., 2011).

Accordingly, in vivo study in rats showed phagocytic properties of microglia over NM

aggregates, and that such NM-laden microglia tend to accumulate in perivascular areas

(Carballo-Carbajal et al., 2019). This migration towards the blood vessels might imply a

clearance of excess NM from the brain through the bloodstream. In the adult human SN,

microglia were found to surround and phagocytose extra-neuronal NM for degradation

(Depboylu et al., 2011). However, no evidence of complete degradation was reported to
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date. Due to improper clearance, NM remains longer in the brain parenchyma, further

increasing inflammation, and as a consequence, neurodegeneration (Depboylu et al.,

2011; Zhang et al., 2013).

1.4 Parkinson’s disease (neuromelanin) models

Current knowledge of pathological changes in PD largely emerges from experimental

models such as cell cultures and animal models. However, these models do not recapit-

ulate the complexity, nor the cellular diversity of the human brain (Fig. 1.2). With the

advancement of induced pluripotent stem cell (iPSC) technology, various PD cellular

models have emerged.

On the one hand, cultured 2D and 3D cells offer the advantages of having a patient-

derived model, the ability to understand disease progression and to develop and test

potential treatment options. However, these models limit the meticulous disease pathol-

ogy, thus requiring targeting of specific known disease elements, while neglecting oth-

ers. Even the multicellular 3D models fail to recapitulate the entire spectrum and dis-

tribution of brain cells. In addition, cell cultures are usually treated with exogenous

stimulants, such as levodopa to induce NM production (Zecca et al., 2001). However,

this induced NM is rather innocuous since it does not contain proteinaceous or lipid

parts as the adult human NM.

On the other hand, IPD animal models like monkeys, rats and mice, despite a more

intricate structure and dynamics, are mostly toxin-induced (Blesa and Przedborski, 2014;

Jagmag et al., 2015). Most commonly used neurotoxins like rotenone, paraquat, 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6-hydroxydopamine (6-OHDA),

have similar effects (Bové et al., 2005; El-Gamal et al., 2021); they act by causing lesions

in nigrostriatal DA neurons, mitochondrial dysfunction, ROS production or proteasome

disturbances (El-Gamal et al., 2021). However, these toxins act acutely, causing severe

effects in a short period of time. Therefore, the slow years-long progression of PD is
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not replicated. The animals neither exhibit typical LB pathology nor do they grasp the

diversity of motor and non-motor symptoms (El-Gamal et al., 2021).

Figure 1.2: Parkinson’s disease models ordered by complexity from left to right: simple 2D
cultures, to the most complex human brain (Human brain drawing: “Self Reflected” by Greg
Dunn, 2017, www.gregadunn.com).

More importantly, the high abundance of NM is inherent in humans alone (Zucca

et al., 2004). Only a few animal species like monkeys, frogs and dolphins produce NM,

although at insignificant levels compared to humans (Kemali and Gioffré, 1985; Her-

rero et al., 1993; Sacchini et al., 2018; Vila, 2019). In addition, the most commonly used

laboratory animal models completely lack the endogenous formation of the dark pig-

ment. Therefore, the in vivo examination of the most obvious hallmark of PD, the loss

of NM in SN, remains largely impossible. Thus, to elucidate the role of NM in neu-

rodegenerative and neuroinflammatory processes, human postmortem brain samples

are indispensable.

In conclusion, to date, there is no model that can fully recapitulate the entire cellular

range of the human brain, nor the intricate NM structure and dynamics.



Chapter 2

Aims

Considering recent discoveries that implicate multiple cell types in PD pathology, it is

important to investigate the underlying changes in these cells more thoroughly. Ex-

tending the focus to cells other than neurons would result in greater understanding of

cellular mechanisms and processes that lead to neuronal demise.

One such process is neuroinflammation, which increasingly gains importance amongst

the central mechanisms of PD. An obvious candidate for triggering inflammation in SN

is NM released from dying neurons. NM contains years-long accumulation of toxic

materials such as undegraded proteins, chemicals and lipids which, if left exposed in

the brain, can be detrimental. The understanding of aforementioned processes could

potentially serve as a starting point for novel (non-neuronal) therapeutic targets.

To address these questions, a multilevel approach was established:

∙ we used single-nuclei RNA-sequencing (snRNAseq) to unravel two major points:

– identifying different cell types of the midbrain and understanding the disease-

driven differences in their distribution

– elucidation of PD-dependent perturbations in gene expression in each of the

cell types

∙ we used immunohistochemistry labelling:

– to store the findings into spatial context and

– to elucidate the connection between NM and microgliosis

11
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∙ we used laser-capture microdissection (LCM) to dissect the midbrain tissue:

– to investigate the relation of microglial markers and NM



Chapter 3

Results
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3.1.1 Preface

Until recently, PD has been studied mainly in dopamine-producing neurons of the sub-

stantia nigra. Thus, the current scientific understanding of the aetiology, pathogenesis,

resulting symptoms or potential therapeutic treatments is predominantly associated

with DaNs. Therefore, the contribution of different cell types of the brain to the PD

pathology is underexplored.

Here, we utilised single-cell transcriptomics to obtain the first snRNAseq dataset

from postmortem human midbrain tissue of PD patients and healthy individuals. We

identified the cell type distribution differences specific to IPD. Moreover, we identified

the dysregulated gene expression in each of the main cell types in the midbrain of IPD

individuals. We associated the risk genes to cell types, discovering that microglia have

the most significant association with PD-risk genes. We also uncovered an IPD-specific

neuronal cluster marked by high levels of CADPS2 expression.

In this study, I developed a protocol for nuclei extraction for snRNAseq from frozen

brain tissue sections with fluorescence-activated cell sorting (FACS-sorting). My con-

tribution further includes experimental procedures regarding the processing of frozen

(nuclei extraction, FACS-sorting, and initial steps of 10X library preparation, LCM, RNA

extraction and cDNA preparation) and FFPE human postmortem midbrain samples (im-

munohistochemical staining, image acquisition) for sequencing and imaging. Moreover,

I participated in sequencing and imaging data analysis and the preparation of the fig-

ures, tables and supplementary files. Lastly, I wrote the first draft of the manuscript

and contributed to the editing of the draft throughout the review process.

3.1.2 Manuscript
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Idiopathic Parkinson’s disease is characterized by a progressive loss of dopaminergic neurons, but the exact disease
aetiology remains largely unknown. To date, Parkinson’s disease research has mainly focused on nigral dopamin-
ergic neurons, although recent studies suggest disease-related changes also in non-neuronal cells and in midbrain
regions beyond the substantia nigra. While there is some evidence for glial involvement in Parkinson’s disease,
the molecular mechanisms remain poorly understood. The aim of this study was to characterize the contribution
of all cell types of the midbrain to Parkinson’s disease pathology by single-nuclei RNA sequencing and to assess
the cell type-specific risk for Parkinson’s disease using the latest genome-wide association study.
We profiled .41000 single-nuclei transcriptomes of post-mortem midbrain from six idiopathic Parkinson’s disease
patientsandfiveage-/sex-matchedcontrols. Tovalidateourfindings ina spatial context,weutilized immunolabelling
of the same tissues. Moreover, we analysed Parkinson’s disease-associated risk enrichment in genes with cell type-
specific expression patterns. We discovered a neuronal cell cluster characterized by CADPS2 overexpression and
low TH levels, which was exclusively present in idiopathic Parkinson’s disease midbrains. Validation analyses in la-
ser-microdissected neurons suggest that this cluster represents dysfunctional dopaminergic neurons. With regard
to glial cells, we observed an increase in nigral microglia in Parkinson’s disease patients. Moreover, nigral idiopathic
Parkinson’s disease microglia were more amoeboid, indicating an activated state. We also discovered a reduction in
idiopathic Parkinson’s disease oligodendrocyte numbers with the remaining cells being characterized by a stress-in-
ducedupregulationofS100B. Parkinson’sdisease riskvariantswere associatedwithglia- andneuron-specific gene ex-
pressionpatterns in idiopathic Parkinson’s disease cases. Furthermore, astrocytes andmicroglia presented idiopathic
Parkinson’s disease-specific cell proliferation and dysregulation of genes related to unfolded protein response and
cytokine signalling. While reactive patient astrocytes showed CD44 overexpression, idiopathic Parkinson’s disease
microglia revealed a pro-inflammatory trajectory characterized by elevated levels of IL1B, GPNMB and HSP90AA1.
Taken together, we generated the first single-nuclei RNA sequencing dataset from the idiopathic Parkinson’s disease
midbrain, which highlights a disease-specific neuronal cell cluster as well as ‘pan-glial’ activation as a central mech-
anismin thepathologyof themovementdisorder.Thisfindingwarrants further research into inflammatory signalling
and immunomodulatory treatments in Parkinson’s disease.
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Introduction
Parkinson’s disease is a neurological disorder that is commonly
characterized by a progressive loss of neuromelanin-containing
dopaminergic neurons (DaNs) in the substantia nigra (SN).1,2 Age,
genetic and environmental factors contribute to Parkinson’s dis-
ease pathogenesis, but disease pathology and aetiology remain
mostly unknown.3 Approximately 95% of Parkinson’s disease pa-
tients do not harbour an interpretable genetic cause; therefore,
they are classified as idiopathic Parkinson’s disease.4

So far Parkinson’s disease research hasmainly focused onnigral
dopaminergic neurons. By contrast, recent studies suggest
disease-related changes also in non-neuronal cells and in brain re-
gions beyond the SN. For instance, PET of drug-naive Parkinson’s
disease patients revealed microglial activation of the entire brain.5

This finding is supported by histological analyses in post-mortem
Parkinson’s disease tissue, which indicate microglial activation in
the nigra but also in the putamen, hippocampus, and cortex.6

Reactive microglia can trigger the induction of neurotoxic reactive
astrocytes,7 which, in turn, interfere with oligodendrocyte sur-
vival.8 Accordingly, glial pathology is suspected to drive neuroin-
flammatory processes throughout the brain, which contribute to
neuronal demise in Parkinson’s disease.

The current understanding of neuron-glia cellular perturbations
in Parkinson’s disease relies largely on experimental models that
lack adequate representation of the disease complexity. For instance,
toxin-induced animal models capture neither the nature of the hu-
man brain nor themultifactorial aspect of the disease.9 Also, induced
pluripotent stem cell (iPSC) models derived from idiopathic
Parkinson’s disease patients lack the complex cellular composition
anddynamics found inahumanbrain. Several transcriptomic studies

using human post-mortem midbrain tissue have investigated the
transcriptional programs disrupted in idiopathic Parkinson’s disease.
However, these studies used either bulk RNA-seq approaches onmid-
brain tissue or on laser capture-microdissected dopaminergic neu-
rons, thereby failing to disentangle cell-type-specific contributions
to the disease pathology.10 The recent development of single-cell se-
quencing technologies offers the possibility to overcome these chal-
lenges. In particular, transcriptional profiling of single cells
(scRNA-seq) or nuclei (snRNA-seq) has proved itself to be an effective
strategy to obtain a global view of disease-associated changes at an
unprecedented resolution.11 Moreover, this single-cell approach can
be linked to known disease-specific genetic variants to reveal disease
trait association in specific cell types.

To address the above-described knowledge gaps and technical
limitations, we performed snRNA-seq of post-mortem adult hu-
man midbrain tissue of idiopathic Parkinson’s disease patients
and age-matched control subjects. Using this approach, we ob-
tained an unbiased and global view of the cell type composition
as well as the transcriptional programmes disrupted in idiopathic
Parkinson’s disease glia and neurons at single-cell resolution.

Materials and methods
Human brain tissue cryosectioning

Frozen human post-mortem midbrain tissue sections and the asso-
ciated clinical and neuropathological data were supplied by the
Parkinson’s UK Brain Bank and the Newcastle Brain Tissue
Resource. According to the neuropathological procedure, after re-
moving the brainstem and cerebellum, the brain hemispheres
were divided down the midline, with the hemi-midbrain associated
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with each hemisphere. The left hemi-midbrain was removed with a
transverse section by taking a line from just behind themammillary
body through the superior colliculus. This midbrain block was then
snap-frozen at−120°C and cryosectioned at�15 μm thickness in the
transverse plane. The resulting sections were stored at −80°C.

Patients and control subjects gave written informed consent
with the brain banks, which, together with the ethics review panel
of the University of Luxembourg, approved the study.

Sample preparation for nuclei isolation

Six to eight sections were combined from one individual for nuclei
isolation. Nuclei were isolated by adapting the published 10X
Genomics® protocol for ‘Isolation of Nuclei for Single Cell RNA
Sequencing’. In brief, the tissue was lysed in a chilled lysis buffer
(10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2, 0,1% Nonidet™ P40).
Then, the suspension was filtered and nuclei were pelleted by cen-
trifugation. Nuclei-pellets were then washed in a ‘nuclei wash and
resuspension buffer’ [1× PBS (phosphate-buffered saline), 1% BSA
(bovine serum albumin), 0.2 U/μl RNase inhibitor], filtered, and pel-
leted again. Nuclei-pellets were suspended in the DAPI solution
(1.5 μM DAPI in 1× PBS) and incubated for 5 min prior to FACS sort-
ing. After dissociation, single DAPI-positive nuclei were filtered by
size and granularity using a FACSDiva Cell Sorter (BD Biosciences)
tominimize the amount of cell debris in the suspension. The result-
ing nuclei were inspected under the microscope. Only those that
appeared intact were considered when adjusting the nuclei con-
centration prior to loading of the sequencer.

Library preparation and sequencing

Sorted nuclei were processed using the ChromiumNext GEM Single
Cell 3′ Kit v3.1 to generate the cDNA libraries. The quality of cDNA
was assessed using the Agilent 2100 Bioanalyzer System.
Sequencing was performed on Illumina NovaSeq 6000-S2.

Transcript quantification and filtering

FASTQ files were generated from the raw base call (BCL) outputs
with the Cell Ranger (10× Genomics) mkfastq pipeline v.3.0. From
this, we obtained a gene-barcode UMI count matrix per sample
using the Cell Ranger (10× Genomics) count pipeline v.3.0 using de-
fault parameters. The Cell Ranger count pipeline only considers
exon-mapping reads during UMI-counting. Also, single-nuclei se-
quencing readouts are enriched in intronic regions. To account
for this, we used the Cell Ranger recommended variation of the hu-
man reference transcriptome (hg38), where introns are annotated
as exons. The CellRanger pipeline predicted 51929 barcodes to re-
present intact single nuclei across all samples, from which 10 494
were filtered out. We retained barcodes with .1500 UMIs and
.1000 genes, as well as ,10% of mitochondrial-encoded (mtDNA)
and ,10% of ribosomal gene counts. We only kept genes that
were detected in at least three barcodes. Next, we removed riboso-
mal and mtDNA-encoded genes from the count matrix. We then
used Scrublet12 to identify potential multiplet-barcodes, and only
kept barcodes with an estimated doublet score ,0.15 for down-
stream analysis.

Normalization, sample integration and cell
clustering

To identify the major cell types comprising the human midbrain,
we combined the samples in a single embedding following the

Seurat v313 CCA integration workflow. First, each sample was nor-
malized using the SCTransform approach.14 Cell-cycle phase as-
signment was performed based on this normalized expression
matrix. We used the Seurat CellCycleScoring function and the
Seurat v3 reference genes for the S and G2/M cell-cycle phases. To
determine the inter-sample anchors for integration, we used the
FindIntegrationAnchors Seurat function with the top 4000 consistent
highly variable genes across the samples, identified with the
SelectIntegrationFeatures function. We then used the IntegrateData
Seurat function to obtain a combined and centred expression ma-
trix. Principal component analysis was carried out on this centred
expression matrix. The top 25 principal components were used to
build a shared nearest neighbour (SNN) cell graph, which was
then clusteredusing the Louvain algorithm (resolution=1.5) imple-
mented in the Seurat FindClusters function. The top 25 principal
components were embedded onto two dimensions using the
UniformManifold Approximation and Projection (UMAP) algorithm
with the number of neighbours set to 30 and a minimum distance
set to 0.3 following Seurat3 default implementation.15We identified
marker genes for each cluster by using the ROC method of the
Seurat FindAllMarkers function. The top marker genes were used
to assign cell type annotations manually for each cell cluster. We
compared the cell types by correlating their pseudo bulk profiles.
The resulting gene-cell type matrix was normalized (transcript
per million) and log2 transformed. The Pearson correlation esti-
mates among the normalized cell type profiles were used as the in-
put distance matrix for hierarchical clustering.

Machine learning cross-validation of cell-type
annotation

To quantitatively validate the cell-cluster definition and annota-
tion, we implemented a stratified cross-validation machine learn-
ing approach. Briefly, we removed the sample effects on the
combined UMI count dataset using Harmony.16 For normalization,
we used the loess transform17 to fit a smooth curve between mean
and variance using the log-transformed data. We then scaled the
data with the fitted mean and standard deviation (SD). The identi-
fiedmarker genes (SupplementaryTable 3)were selected as the fea-
tures of themodel. We considered each cell type’s median cell type
to subsample the dataset as a few cell types (DaNs and CADPS2high)
were under-represented. To ensure similar label composition in the
training and test sets, we split the data using scikit-learn18

StratifiedKFoldwith 70% of the data as training and 30% as test data-
set 5-fold cross-validation. We performed dimensionality reduc-
tion with truncatedSVD to 30 components. These 30 components
were classified based on scikit-multilearn’s ensemble classifica-
tion,19 which uses Louvain-based clustering20,21 and a random for-
est classification to account for the clustered and sparse nature of
the snRNA-seq data. The predicted cell types were then compared
to the manually curated cell label assignments using a confusion
matrix.

Differential cell-type composition

We estimated the differential cell type composition by comparing
the UMAP embeddings and the cell type proportions between the
idiopathic Parkinson’s disease and control samples.We considered
the two-dimensional kernel cell density of the idiopathic
Parkinson’s disease and control cells independently on the first
two UMAP components using the kde2d function (bins= 100) imple-
mented in the MASS R package.22 The idiopathic Parkinson’s
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disease log2 differential UMAP density was calculated. Also, for
each cell type, we compared the proportion of cells per sample be-
tween the idiopathic Parkinson’s disease patients and control indi-
viduals. We assessed this difference with the Student’s t-test
implemented in the t.test function of the R stats package.23

Furthermore, we used the beta-regression model to estimate the
contribution of the sample clinical features [e.g. condition, post-
mortem interval (PMI), age] on the cell proportion variation. We
modelled the cell type proportion using the betareg R package.24

Sub-clustering, trajectory reconstruction, and
differential gene expression in three glial cell types

We subset cell-type-specific UMI raw counts. To identify the glial
subpopulations, we integrated cells from different samples follow-
ing the Seurat3 reciprocal principal component analysis based
protocol considering the top 1000 highly variable genes for astro-
cytes and oligodendrocytes and the top 500 highly variable genes
for microglia. Then we used the unsupervised and network-based
Louvain clustering approach based on the top 25 principal compo-
nents of the integrated datasets. Marker genes were defined as de-
scribed before.We reconstructed the cellular activation trajectories
following the monocle3 approach. Briefly, cells from different sam-
ples were integrated, and factor size normalized. The sample effect
was removed using the Mutual Nearest Neighbor method.25 Then
the highly variable genes defined before were embedded in the first
25 principal components used for dimensionality reduction and
trajectory inference using the DDR algorithm implemented in the
learn_graph function of themonocle3 R package.11 Pseudotime order-
ing was done in a supervised manner by rooting the trajectory in
the graphnode thatmaximizes the distance to the known activated
cell subpopulation.We identified cell type-specific perturbed genes
in idiopathic Parkinson’s disease using the Quasi-Poisson general-
ized linear model implemented in the fit_models function of the
monocle3 R package.11 Idiopathic Parkinson’s disease differential
expression coefficientwith q,0.05were considered as differential-
ly expressed genes. Highly variable genes associated with the cell
trajectories were identified using the spatial correlation analysis
Moran’s I approach implemented in the graph_test function of the
monocle3 R package.11 Functional enrichment analysis of the differ-
entially perturbed genes was done using Enrichr.26

CADPS2 expression validation in dopaminergic
neurons

Midbrain tissues on PEN slides were fixed in ice-cold 75% ethanol
for 3 min, then in 99% ethanol for 1 min and then air-dried for
5–10 min prior to dissection.27 From the SN of each sample, 150
neuromelanin-positive neurons were captured with laser-
microdissection using the PALM Microbeam (Zeiss) in 20 µl
nuclease-free water with 0.2 U/µl RNase inhibitor (Roche). RNA
was extracted with the NucleoSpin RNA XS purification kit
(Macherey-Nagel) according to the manufacturer’s protocol. The
reverse-transcription into cDNA was performed with SuperScript
III Reverse Transcriptase (ThermoFisher).

The CADPS2 expression was quantified by means of digital PCR
(dPCR) using the QuantStudio™ 3D Digital PCR System (Applied
Biosystems). Samples were prepared following the manufacturer’s
instructions using SYBR™ Green (S5763, Life Technologies) and
QuantStudio™ 3D digital Master Mix v2 (A26359, Life
Technologies). Primer sequences for CADPS2 are: forward

3′-AAACTCTGTGCCCTGGATGG-5′ and reverse 3′-GACAACACGCC
TTCCAACAC-5′. Primer sequences for Actin are: forward 3′-CGA
GGACTTTGATTGCACATTGTT-5′ and reverse 3′-TGGGGTGGCTTTT
AGGATGG-5′. Samples were loaded on a QuantStudio™ 3D digital
PCR Chip v2 using the QuantStudio™ 3D Digital PCR Chip loader.
The PCR was then performed on the ProFlex™ 2X Flat PCR System
using the following parameters: 95°C for 5 min, 45 cycles of 95°C
for 10 s, and 60°C for 10 s, 72°C for 10 s. The chips were read using
theQuantStudio™3DDigitalPCR instrumentandthedatawereana-
lysed using the QuantStudio™ 3D AnalysisSuite, version
3.1.6-PRC-build18.

Multi-fluorescence immunolabelling of the tissue

Paraffin-embedded PFA-fixed midbrain sections were deparaffi-
nized by incubation at 60°C for 30 min. This was followed by
washing with Histoclear (2× 5 min) and ethanol gradient series
(100%, 100%, 95%, 70% vol/vol, 5 min each), and finally in distilled
water for 10 min. Antigen retrieval was performed in 1 mM EDTA,
pH=8, in a pressure cooker for 40 min. Next, the slides were
washed in distilled water and 1% TBST and blocked with 10%
NGS in 1% TBST for 1 h. The sections were then incubated in
the primary antibody (anti-tyrosine hydroxylase MAB318, 1:100,
Millipore; anti-myelin PLP, 1:100, Abcam; anti-IBA1 019-19741,
1:500, FUJIFILM Wako; anti-GFAP ab7260, 1:100, Abcam), diluted
to a working concentration in 1% NGS in 0.1% TBST, at 4°C over-
night. This was followed by washing 3×5 min in 1% TBST. Then,
the midbrain sections were incubated with a secondary antibody
(goat anti-mouse IgG1 Alexa Fluor 647, A21240; goat anti-mouse
IgG2a Alexa Fluor 546, A-21133; goat anti-rabbit IgG Alexa Fluor
488, A-27034), diluted to a working concentration of 1:100 in 1%
NGS in 0.1% TBST, for 1 h. Sections were rewashed 3× 5 min in
1% TBST and incubated in Sudan black solution for 2 min. This
was followed by three washes in 1% TBST and mounting in
ProLong Gold mounting medium.

Automated image analysis

Immunofluorescence images of human post-mortem midbrain
sections were acquired with Carl Zeiss Axio Observer Inverted
Microscope Z1 with 20× objective and analysed in MATLAB
(Version 2019B, Mathworks). Automated in-house developed image
analysis algorithms segmented the fluorescent cell areas (neurons,
astrocytes, microglia, oligodendrocyte) extracting features such as
area and perimeter. The segmentation of dopaminergic neurons
was computed by convolving the raw TH channel with a Gaussian
filter. TH-positive cell areas were detected by setting a pixel thresh-
old followedby bwareaopen to remove small connected components
to generate a TH area mask. The neuromelanin mask was com-
puted by identifying areas below the selected pixel threshold and
subtracting the small connected components with bwareaopen.
The segmentation of astrocytes andmicrogliawas calculated by se-
lecting a pixel threshold, followed by an imfill filter to generate the
cell areamasks for GFAP or IBA1, respectively. Further, the skeleton
of the IBA1maskwas generatedwith a thinning function to identify
the branching of themask. Because of themassive oligodendrocyte
population, we generated themask by selecting a pixel threshold to
identify all the PLP1 positive areas without segmentation. The
mean area of each individual was calculated, and the groups were
compared with an unpaired t-test. The results were visualized
with ggplot2 in R 4.0.0.
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Genotyping of Parkinson’s disease cases using
NeuroChip

DNA samples from all idiopathic Parkinson’s disease cases under-
went genotyping at the Institute of Human Genetics at the
Helmholtz Zentrum München using the Illumina (San Diego, CA)
NeuroChip.28 Standard genotype data quality control (QC) steps
were carried out.29 Single nucleotide polymorphism (SNP) imput-
ation was carried out on our NeuroChip data using the Michigan
Imputation Server30 to produce a final list of common (minor allele
frequency ≥1%) variants for further analyses. Imputed SNP posi-
tions were based on Genome Reference Consortium Human 37/hu-
man genome version 19 (GRCh37/hg19). All cases were screened for
disease-associated variants in known major Parkinson’s disease
genes (SNCA, LRRK2, DJ-1, PRKN, GBA, PINK1, ATP13A2, VPS35,
MAPT, DCTN1, DNAJC6, SYNJ1, VPS13C and MAPT) covered by the
NeuroChip.

Cell type association with genetic risk of Parkinson’s
disease

Association analysis of cell type-specific expressed geneswith gen-
etic risk of Parkinson’s disease was performed using Multi-marker
Analysis of GenoMic Annotation (MAGMA) v1.08, to identify idio-
pathic Parkinson’s disease-relevant cell types in the midbrain.
MAGMA is a gene-set enrichment analysis method that tests the
joint association of all risk SNPs in a genewith the phenotypewhile
accounting for the linkage disequilibrium (LD) structure between
SNPs.31 In our study, the SNPs and their P-values were taken from
the summary statistics of the Parkinson’s disease genome-wide as-
sociation study (GWAS) fromNalls et al.32 (excluding 23andMe). The
publicly available European subset of 1000 Genomes Phase 3 was
used as a reference panel to estimate LD between SNPs. MAGMA
analysis consists of three steps. First, the annotation step, where
SNPs were mapped to genes using the NCBI GRCh37 build (annota-
tion release 105). Gene boundaries were defined as the transcribed
region of each gene. An extended window of 35 kb upstream and
10 kb downstream of each gene was added to the gene boundar-
ies.33 Second, the gene analysis step computes gene-wise
P-values based on SNP GWAS P-values. The third step is the
competitive gene-set analysis implemented as a linear regression
model on a gene-set data matrix. The gene-sets used here are the
differentially expressed genes in every cell type or the
cell-type-specific expressed genes [filtered for false discovery rate
(FDR)-corrected P-values,0.05, percentage of cells of the cluster
where the expression was detected .0.5, and logFC. 0.25].
MAGMA gene-set analysis provides association results for every
gene-set and for every gene in the gene-sets. The association of a
genewith a cell type is quantified as a z-score. Z-scoreswill be close
to zero if a gene is not differentially expressed, while high positive
z-scores indicate most differentially expressed genes.

Data availability

Raw snRNA-seq data for the 11 samples presented in this study are
available in the Gene Expression Omnibus (GEO) with accession
number GSE157783. Imaging data are available upon request.

Results
We sampled adult human post-mortem midbrain tissue from five
idiopathic Parkinson’s disease cases, for which pathology reports

described a severe neuronal loss in the SN without a family history
of Parkinson’s disease (Supplementary Table 1). We confirmed the
idiopathic nature by SNP-Chip profiling of 179 467 known variants
associated with neurological diseases, including Parkinson’s dis-
ease,34 which did not reveal a genetic aetiology (Supplementary
Table 2). We sampled six control midbrains tomatch the idiopathic
Parkinson’s disease patient characteristics. The average age of idio-
pathic Parkinson’s disease patients and control individuals were
�77 [standard error of themean (SEM=3)] and�81 (SEM=4) years,
respectively, and both groups had similar post-mortem intervals
(idiopathic Parkinson’s disease �22 and controls �16 h)
(Supplementary Table 1).

We sequenced single nuclei from frozen ventral sections of hu-
man post-mortem midbrains (Fig. 1A) and obtained �2000–6000
high-quality nuclei per samplewith an average of�7600 transcripts
and �2700 genes per nucleus after filtering out poorly sequenced
nuclei and potential doublets (Fig. 1B). This dataset comprised 22
433 and 19 002 single nuclei from control individuals and patients
with idiopathic Parkinson’s disease, respectively (Fig. 1C).

We embedded the 41435 nuclei transcriptomes into two dimen-
sions using the UMAP algorithm. We found that the overall cluster
structure was mostly driven by cell-type identity and inter-sample
variability (Supplementary Fig. 1A and B). Of note, patient and con-
trol cells gathered together within the major cell clusters
(Supplementary Fig. 1B). To account for this inter-individual vari-
ation during the cell-type identification, we followed the Seurat3
sample integration protocol (see ‘Materials and methods’ section)
(Fig. 1D). Using this corrected principal component analysis embed-
ding and the unsupervised, network-based Louvain clustering ap-
proach, we found that the human midbrain comprised 12 major
cell types (Fig. 1D and E and Supplementary Fig. 1C).

The studied human midbrain tissue was composed of glial,
neuronal, and vascular cells (Fig. 1D and E). We annotated most
cell clusters by manually comparing well-known marker genes in
the literature and the identifiedmarker genes of each unsupervised
cell cluster (Supplementary Fig. 1C–I and Supplementary Table 3).
Oligodendrocytes, the most abundant cell type in the midbrain
(Fig. 1F), were characterized by the expression of MOBP.35

Oligodendrocyte precursor cells (OPCs) highly express VCAN.36

Expression of AQP4 was characteristic for astrocytes37 and FOXJ1
for ependymal cells (Fig. 1E–G and Supplementary Fig. 1C–I).38

Also, immune and vascular cells displayed a highly specific expres-
sion of well-known marker genes; CD74 in microglia,39 CLDN5 in
endothelial cells,40,41 and GFRB in pericytes42 (Fig. 1E–G and
Supplementary Fig. 1C). Regarding neuronal cells, we identified
four cell types: excitatory (SLC17A6),43 inhibitory (GAD2),43

GABAergic (GAD2/GRIK1)44,45 and, dopaminergic neurons (TH)
(Fig. 1E–G and Supplementary Fig. 1C–I).46

A closer look at the number of profiled nuclei indicated that
DaNs only comprised 0.18% of the total cell count limiting the com-
parison between the idiopathic Parkinson’s disease and control
DaNs (Fig. 1F). Therefore, we performed quantitative immunofluor-
escence imaging analysis of TH- or neuromelanin-positive cells in
idiopathic Parkinson’s disease and control tissues and confirmed
a significant reduction in TH- or neuromelanin-positive nigral
DaNs in the idiopathic Parkinson’s disease midbrains compared
to controls (Supplementary Fig. 2A–D).

Interestingly, we also found a neuronal cluster of 120 cells,
which we could not annotate initially based on known marker
genes, that was characterized by high expression of CADPS2
(CADPS2high cells) (Fig. 1E–F and H–I and Supplementary Fig. 1C
and I). These cells almost exclusively originated from idiopathic
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Parkinson’s disease patients (idiopathic Parkinson’s disease, 98.4%;
control, 1.6%) (Fig. 1G). Quantitative assessment of the cell annota-
tion assignment validated our cell-type annotation
(Supplementary Fig. 1D). With regard to neuronal markers, these
cells show a similar profile to DaNs, except for low TH abundance
(Fig. 1I). Moreover, CADPS2high cells express even higher levels of
TIAM1 than DaNs (Fig. 1I). TIAM1 has been identified as a regulator
of theWnt/Dvl/Rac1 pathway, which controls midbrain DaN differ-
entiation.47,48 Thus, we hypothesized that CADPS2high cells might
constitute degenerating DaNs.

In order to test this hypothesis, we applied laser-capture micro-
dissection (LCM) to frozen midbrain sections from additional idio-
pathic Parkinson’s disease patients and aged control subjects. Our
‘validation cohort’ included C1 and IPD4 from the original

‘snRNA-seq cohort’ aswell as sections from four previously unstud-
ied cases and four new controls (Supplementary Table 1). From
each individual, we isolated 150 neuromelanin-containing neurons
that were subjected to CADPS2 gene expression analysis by means
of digital PCR, whereby Beta-actin served as a house-keeping gene.
This experiment indicated significantly higher CADPS2:Beta-actin
ratios in idiopathic Parkinson’s disease compared to control DaNs
with neuromelanin deposits (Fig. 1J), suggesting that CADPS2high

cells are indeed of dopaminergic origin.
Next, we aimed to reveal cell-type composition changes of the

midbrain associated with idiopathic Parkinson’s disease and fol-
lowed three approaches. We compared idiopathic Parkinson’s dis-
ease and control cell density distributions in the 2D UMAP
representation (Fig. 2A and B) and analysed the idiopathic

Figure 1 Cell type composition of human midbrain. (A) The experimental approach to midbrain tissue processing and nuclei extraction. Nuclei sus-
pensions were processed with the 10× Genomics platform and sequenced with an Illumina sequencer. (B) Contribution of nuclei from idiopathic
Parkinson’s disease (IPD) patients or controls to each cell type. (C) The number of high-quality nuclei per sample. Overall, the population consists of
19 002 nuclei from idiopathic Parkinson’s disease patients and 22433 nuclei from controls. (D) UMAP embedding of the 41435 humanmidbrain nuclei.
Cells are coloured by cell type. (E) Cell type transcriptome similarity and representativemarker genes. CADPS2high cells cluster together with the neur-
onal cells. (F) The number of profiled nuclei per cell type. (G) The proportion of idiopathic Parkinson’s disease and control profiled cells per cell type.
(H) CADPS2high cell proportion per sample, (t-test P=0.02). (I) CADPS2high cells are neurons. They expressMAP2, SCN2A, and TIAM1, but have low levels
of TH. (J) Digital PCR reveals significantly higher expression ofCADPS2 in neuromelanin-positive nigral neurons (n=150 per person) dissected from idio-
pathic Parkinson’s disease midbrain sections compared to those isolated from control tissue (t-test P=0.027).
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Figure 2 Idiopathic Parkinson’s disease (IPD) midbrain is characterized by an increase in microglia. Differential cell type composition in idiopathic
Parkinson’s disease patients compared to age-matched control subjects. (A) Two-dimensional cell density in the first UMAP embeddings of the human
midbrain for idiopathic Parkinson’s disease patients and control subjects independently. (B) Differential 2D cell density in idiopathic Parkinson’s dis-
easemidbrain. Idiopathic Parkinson’s disease midbrain has a larger population of microglia and astrocytes than control midbrain tissue. (C) Microglia
cell proportion per sample. Idiopathic Parkinson’s disease patients display a higher proportion ofmicroglia cells (t-test P=0.03). (D) IBA1 immunofluor-
escence in idiopathic Parkinson’s disease and control ventralmidbrain sections. (E) IBA1-positive areas in the entiremidbrain and individual regions of
11 individuals. The Parkinson’s disease-associated increase of microglia is the most significant in the SN (t-test P=0.024). (F) Microglia morphology
analysis. (G) An idiopathic Parkinson’s disease-associated reduction of microglia branching indicates less ramified microglia in the SN (t-test P=2×
10−16), which implies increased cell reactivity. MB=midbrain; PD = Parkinson’s disease; NR = nucleus ruber; TT = tectum/tegmentum; CC= crus cer-
ebri. IPD: red bar; control: blue bar; scale bar=50 μm.
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Parkinson’s disease and control distributions of the cell type pro-
portions per sample. Altogether, these results revealed an increase
in the fraction of microglia and astrocytes and a decreased fraction
of oligodendrocytes in idiopathic Parkinson’s disease midbrains
compared to controls (Fig. 2C, Supplementary Fig. 3A and D and
Supplementary Table 6). To validate these results with an inde-
pendent approach, we examined paraformaldehyde-fixed
paraffin-embedded sections from the right hemi-midbrain of the
same 11 individuals by performingmulti-labelling immunofluores-
cence analysis.49 First, we confirmed the increased fraction of
microglia in idiopathic Parkinson’s disease midbrains by labelling
it with an antibody against the marker protein IBA1 (Fig. 2D).
Automated image analysis demonstrated an increase in
IBA1-positive areas in idiopathic Parkinson’s disease midbrain tis-
sue compared to control samples (Fig. 2E and Supplementary
Table 7). This microglia increase was the most significant in the SN
compared to other midbrain regions (Fig. 2E and Supplementary
Table 7). Further image analysis of the microglia cellular shape in
the SN of age- and sex-matched idiopathic Parkinson’s disease and
control cases (Fig. 2F) revealed an idiopathic Parkinson’s
disease-related decrease inmicroglial branching, indicating cellular

activation (Fig. 2G and Supplementary Table 7).50 Second, we vali-
dated the increased fraction of astrocytes and a decreased fraction
of oligodendrocytes in idiopathic Parkinson’s disease midbrains.
We labelledastrocytes andoligodendrocyteswithantibodies against
their marker proteins GFAP and PLP1, respectively (Supplementary
Fig. 3B and E). We observed a trend towards a higher abundance of
GFAP-positive areas throughout all the regions in idiopathic
Parkinson’s disease midbrain tissue compared to control subjects
(Supplementary Fig. 3C, Supplementary Table 7). Moreover, we
detected a reduction of PLP1-positive areas in the idiopathic
Parkinson’s disease midbrain sections compared to controls with
the highest significance in the SN (Supplementary Fig. 3F). In
contrast, the other midbrain cell types, OPCs, pericytes, ependymal,
excitatory, inhibitory, and GABAergic cells, did not display signifi-
cant deviations associated with idiopathic Parkinson’s disease
(Supplementary Fig. 4 and Supplementary Table 6).

We also investigated how other clinical characteristics, in add-
ition to the disease status (condition), affect the midbrain cellular
composition. For this, we modelled the percentage of each cell
type per sample as a function of age, post-mortem interval, and
condition. We used beta-regression modelling to estimate the

Figure 3 Trajectory reconstruction reveals microglia differential activation in idiopathic Parkinson’s disease (IPD). (A) Microglia subpopulations la-
belled with a representative marker gene. (B) Expression of P2RY12, GPNMB, IL1B and HSP90AA1 along the�4000microglia cells. These genes are char-
acteristic of the major three microglia subpopulations. (C). Trajectory reconstruction and pseudotime representation based on the P2RY1high,
GPNMBhigh, andHSP90AA1Bhigh subpopulations. This reveals a two-branches activation trajectory. (D) Differential cell-density distribution along pseu-
dotime for idiopathic Parkinson’s disease and control samples. Also, the expression of 65 genes, whose expression is associated with the microglia
activation trajectory. Z-score normalized expression is presented for each gene over �4000 microglia cells organized by their pseudotime. (E) Gene
ontology (GO)molecular function enrichment of the genes associatedwith theGPNMB andHSP90AA1 activation trajectories. (F) Twenty-nine idiopathic
Parkinson’s disease differentially expressed genes intersect with the differentially expressed genes along the microglia activation trajectory.
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Figure 4 Trajectory reconstruction reveals astrocyte differential activation, loss of myelinating oligodendrocytes, and differential activation in idio-
pathic Parkinson’s disease (IPD).

Continued
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coefficients of these clinical features (Supplementary Fig. 5).
Condition (idiopathic Parkinson’s disease) appeared to be the sam-
ple characteristics with the highest impact on themidbrain cellular
composition. For instance, the most significant coefficients were
the loss of DaNs and the gain of CADPS2high cells associated with
idiopathic Parkinson’s disease (Supplementary Fig. 5).

To reveal the transcriptional programmes and pathways asso-
ciated with the increased fraction of microglia and astrocytes in
idiopathic Parkinson’s disease, we subclustered these cell types to
identify glial subpopulations and reconstruct their activation tra-
jectories. We identified seven microglia subpopulations character-
ized by the expression of a few marker genes (Fig. 3A). The three
biggest subpopulations are defined by the high expression of
P2RY12,GPNMB, andHSP90AA1 (Fig. 3B). Given that these three sub-
populations conform to a continuum in the UMAP projection and
both GPNMB and HSP90AA1 are microglia activation markers, we
estimated a cell trajectory structure comprising thesemajor subpo-
pulations (Fig. 3C). We then organized cells along this trajectory
(pseudotime), starting from the trajectory node that maximizes
the distance to the GPNMB and HSP70AA1 trajectory branch tips
(Fig. 3C). This microglia activation trajectory spans from
P2RY12high cells towards two activation branches, one containing
GPNMBhigh cells and another with cells highly expressing
HSP90AA1 or IL1B (Fig. 3C). Idiopathic Parkinson’s disease cells
differentially distribute along the microglia activation trajectory
being enriched towards the activated state compared
(Fig. 3D and Supplementary Fig. 6).While P2RY12 is highly abundant
in the resting microglia,51 GPNMB,52 HSP90,53 and IL-1β54 are in-
volved in the inflammatory response and have previously been
linked to neurodegeneration53,55,56 supporting the notion that the
idiopathic Parkinson’s disease-specific upregulation of GPNMB and
HSP90AA1 aremarkers ofmicroglial activation. To further character-
ize themolecular phenotype of these two activatedmicroglia states,
we identified genes whose expression was associated with the acti-
vation trajectory and functionally enriched them to gene-ontology
molecular functions (Fig. 3D and E). This analysis revealed that these
subpopulations are enriched in cytokine secretion and the stress re-
sponse to unfolded protein pathways (Fig. 3E). Next, we identified
the genes whose expression was differentially upregulated in idio-
pathic Parkinson’s diseasemicroglia across the activation trajectory.
We intersected the upregulated genes in idiopathic Parkinson’s dis-
ease and the activation-trajectory associated genes inmicroglia and
identified 29 genes linkedwith the differential activation of themid-
brain microglia in idiopathic Parkinson’s disease (Fig. 3F and
SupplementaryTable 8), several ofwhichhavepreviously beenasso-
ciated with idiopathic Parkinson’s disease.57–59

We also characterized the astrocyte and oligodendrocyte subpo-
pulations, reconstructed their activation trajectories, and identified

gene signatures associated with idiopathic Parkinson’s disease dif-
ferential activation (Fig. 4). First, we identified five astrocyte subpo-
pulations characterized by high expression of VAV3, LRRC4C,
ELMO1, ADGRV1 and CD44 (Fig. 4A and B). We recovered the astro-
cyte activation trajectory based on the main cell types comprising
VAV3high, LRRC4Chigh, and CD44/S100A6high subpopulations
(Fig. 4C). Given that CD44 expression implicates reactive astroglio-
sis,60 we ordered cells on the activation trajectory by setting the
root in the trajectory graph-node that maximizes the distance
from the CD44high branch end. These results implied an astrocyte
activation transition from LRRC4Chigh to CD44high subpopulations
(Fig. 4C). Indeed, idiopathic Parkinson’s disease astrocytes were
highly enriched at the end of the astrogliosis trajectory compared
to control astrocytes (Fig. 4D and Supplementary Fig. 6). We further
characterized the molecular phenotype of the CD44high astrocyte
activated state by enriching GO molecular functions to the highly
upregulated genes across the astrocytes activation trajectory
(Fig. 4D and E). The CD44high subpopulation was related to the un-
folded protein response (UPR) pathway, which has recently been
linked to a specific astrocyte reactivity state that is detrimental to
the survival of neurons (Fig. 4E).61 Next, we calculated idiopathic
Parkinson’s disease-differentially upregulated genes, which were
also highly expressed towards the end of the astrogliosis trajectory
(Fig. 4F), and identified 34 genes associated with idiopathic
Parkinson’s disease differential astrogliosis (Fig. 4F and
Supplementary Table 8). These genes include several heat-shock
proteins that have previously been shown to co-localize with
α-synuclein deposits in the human brain.62 Similarly, we investi-
gated the oligodendrocyte diversity and reconstructed its differen-
tiation trajectory (Fig. 4G–L). We identified five subpopulations
characterized by the expression of ATP6V02, OPALIN, TRPM3,
ST6GAL1, and RBFOX1 (Fig. 4G and H). The inferred trajectory based
on subpopulations recovered differentiation trajectory spanning
from FRY/OPALINhigh cells towards RBFOX1/S100Bhigh cells (Fig. 4H
and I).OPALIN (also denominated as Tmem) is amarker ofmyelinat-
ing oligodendrocytes,63 while S100B has been associated with glial
stress response in Parkinson’s disease post-mortem midbrain.64

When comparing idiopathic Parkinson’s disease oligodendrocyte
density across this trajectory, we found a reduced fraction of
myelinating OPALINhigh cells compared to controls (Fig. 4J and
Supplementary Fig. 6). An overlay of the idiopathic Parkinson’s
disease-differentially expressed genes and of such genes defining
the oligodendrocyte trajectory identified 216 and 330 downregu-
lated and upregulated genes across the trajectory. Downregulated
genes are associated with neuronal maintaining pathways, while
upregulated genes are related to the response to unfolded protein
pathways (Fig. 4K and L and Supplementary Table 8).We also inves-
tigated the idiopathic Parkinson’s disease differential expression

Figure 4 Continued
(A) Astroglial subpopulations are named based on characteristicmarker genes. (B) VAV3, LRRC4C, CD44, and S100A6 expression across the�4700 astro-
cytes. (C) Inferred cell trajectory and pseudotime for the major astrocyte subpopulations, VAV3high, LRRC4Chigh and CD44high cells. (D) Idiopathic
Parkinson’s disease and control differential cell-density distribution over pseudotime and the expression of the 94 genes highly associated with the
astrogliosis trajectory in the �4700 astrocytes organized by pseudotime. (E) GO molecular function pathway enrichment of the upregulated genes
in the CD44high activated branch. (F) The 34 intersected genes between the upregulated genes in idiopathic Parkinson’s disease and across the astrocyte
activation trajectory. (G) Oligodendrocyte subpopulations are named based on representativemarker genes. (H) Expression ofOPALIN, RBFOX1, FRY and
S100B in the �21 000 oligodendrocytes. (I) Inferred cell trajectory and pseudotime ordering of the major oligodendrocytes subpopulations, OPALINhigh,
ATP6V0D2high, and S100Bhigh cells. (J) Idiopathic Parkinson’s disease and control differential cell density over pseudotime. Expression levels of 790 high-
ly variable genes across the oligodendrocyte trajectory. Expression is presented for�21 000 oligodendrocytes organized by their pseudotime. (K and L)
The intersection of idiopathic Parkinson’s disease differentially expressed and trajectory-associated genes. Also, the GOmolecular enrichment of the
intersected genes is presented. (K) Two hundred and sixteen idiopathic Parkinson’s disease downregulated genes across the trajectory are associated
with pathways important for neuron projection and synaptic transmission. (L) Three hundred and thirty genes are idiopathic Parkinson’s disease up-
regulated along the oligodendrocyte trajectory. These genes are mainly associated with the unfolded protein response.
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across all cell types in the humanmidbrain and evidenced that the
unfolded protein pathways are also upregulated in the OPCs, and
the vascular cells (Supplementary Table 8).

To gain cellular mechanistic insights into how the Parkinson’s
disease-associated genetic variants could affect the midbrain
physiology, we evaluated the enrichment of midbrain cell-type
marker genes with the Parkinson’s disease-associated genetic
variants. We found that Parkinson’s disease risk variants are sig-
nificantly associated with microglia, neurons, astrocytes, and
OPCs (Fig. 5A and Supplementary Table 4). Having access to
both control and idiopathic Parkinson’s disease tissue, we tested
whether these associations depend on the disease context. After
analysing each condition separately, we found that the
Parkinson’s disease risk variants associate differently with pa-
tients and controls (Fig. 5A). Considering idiopathic Parkinson’s
disease samples alone, microglia and neurons remain significant-
ly associated with Parkinson’s disease risk variants (Fig. 5A and
Supplementary Table 4). By contrast, in control subjects, disease
variants are associated with pericytes and OPCs (Fig. 5A and
Supplementary Table 4). These results show that the link be-
tween Parkinson’s disease genetic risk and cell type is highly in-
fluenced by the disease status. When analysing the samples
separately (Fig. 5A), the association of DaNs to risk variants is
weaker, presumably due to the low number of DaNs. Therefore,
we utilized the entire dataset (controls and idiopathic
Parkinson’s disease cases) for further analyses (Fig. 5B–D).

We prioritized the cell-type-specific and Parkinson’s disease
risk-associated genes based on their enrichment contribution for
each cell type (Fig. 5B).We found that LRRK2 showed the highest as-
sociation with microglia and OPCs, and SNCA was the most prom-
inent Parkinson’s disease-associated gene in DaNs (Fig. 5B and
Supplementary Table 5). These findings are in linewith previous re-
ports of Parkinson’s disease-associated mutations in α-synuclein
promoting Lewy body formation in DaNs65 and with studies sug-
gesting a role for LRRK2 mutations in the activation of microglia
in Parkinson’s disease.66 Lastly, we investigated which pathways
are associated with the Parkinson’s disease variant enrichment

in DaNs and microglial differentially expressed genes (Fig. 5C
andD). Among the key hits fromGO, KEGG, and Reactome,we iden-
tified terms such as ‘phosphorylation’ and ‘kinase activity’ in DaNs
and ‘NLRP3 inflammasome complex’ in microglia (Fig. 5D). In par-
ticular, the latter finding further supports a role for inflammatory
signalling in Parkinson’s disease.

Discussion
This study provides thefirst single-cell atlas of thehumanmidbrain
from idiopathic Parkinson’s disease patients and age-matched con-
trol subjects to the best of our knowledge. Rather than exclusively
focusing on nigral DaNs, the most studied cell type in Parkinson’s
disease, we aimed to characterize cell- and disease-specific mo-
lecular signatures associated with idiopathic Parkinson’s disease
in the entire midbrain. In addition, we associated Parkinson’s dis-
ease risk variants to specific midbrain cell types in idiopathic
Parkinson’s disease patients and control subjects.

Our key observations include an increment in the astrocytes and
microglia midbrain fractions, which coincided with a reduction of
oligodendrocyte fraction in the idiopathic Parkinson’s diseasemid-
brain. Immunofluorescence analysis and pseudotime trajectory re-
constructions revealed glial activation in idiopathic Parkinson’s
disease—a finding that was further supported by Parkinson’s dis-
ease variant enrichment in the idiopathic Parkinson’s disease
microglia. Finally, we discovered a small CADPS2-positive neuronal
cell cluster in idiopathic Parkinson’s diseasemidbrain tissue,which
warrants further investigations in a larger sample set.

When assessing DaNs in our snRNA-seq data, we did not ob-
serve a significant loss in idiopathic Parkinson’s disease tissue.
The low abundance of DaNs likely hampered this compared to
other cell types in the midbrain. However, the automated image
analysis of immunofluorescence-labelled idiopathic Parkinson’s
disease and control midbrain sections confirmed a significant loss
of TH-positive DaNs and neuromelanin aggregates. This result
was in line with the neuropathological reports, which described

Figure 5 Idiopathic Parkinson’s disease (IPD)-associated genetic variants enriched inmicroglia and neuron-specific genes. (A) Forest plots of the odds
ratio (OR) and 95% confidence intervals for the association between the Parkinson’s disease-associated variants and themarker genes of themidbrain
cell types from idiopathic Parkinson’s disease patients, control subjects and both conditions. This approach describes the enrichment of Parkinson’s
disease risk variants, taken from the latest Parkinson’s disease GWAS, in genes with cell-type-specific patterns in order to identify idiopathic
Parkinson’s disease relevant cell types in the midbrain. Only significant association P-values were shown (*P,0.05). (B) Top five enriched genes in
six midbrain cell types. The association of a gene with a cell type is quantified and the most responsible genes for the genetic variant enrichment ob-
served in (A) were shown. The P-values of genes association are colour coded from light to dark blue and the size of circles is inversely proportional to
P-values. (C andD) Gene Ontology terms (GO) andmolecular pathways (KEGG, Reactome) associated respectively with the DaNs andmicroglia marker
genes responsible for the Parkinson’s disease variant enrichment.
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severe DaN degeneration in all idiopathic Parkinson’s disease pa-
tient samples (cf. Supplementary Table 1). Thus, technical limita-
tions may have caused the under-representation of DaNs in the
transcriptomic data. First, we used 15-µm thick midbrain slices,
which are in the size range of the rather large DaN nuclei (10–
20 µM). Hence, a considerable proportion of nucleimay not have re-
mained intact during the sectioning process—a prerequisite for
high-quality snRNA-seq results. Second, rather than sampling
only SN cells, we extracted nuclei from the entire midbrain. This
may have led to an under-representation of nigral neurons in our
dataset. Despite these constraints, when combining the latest
GWAS32 with our snRNA-seq results from idiopathic Parkinson’s
disease and control midbrain sections, we observed an enrichment
of Parkinson’s disease variants in DaNs. Pathway analyses of differ-
entially expressedDaNmarker geneswith Parkinson’s disease vari-
ant enrichment identified processes such as ‘mitochondrial
function’ and ‘kinase activity’ that have previously been associated
with Parkinson’s disease.

In addition, we identified a disease-specific cell type, consisting
of only 120 cells, characterized by its transcriptional similarity to
midbrain DaNs but with low TH levels and high CADPS2 expression.
CADPS2 has previously been linked to catecholamine uptake and
genetic Parkinson’s disease.67–69 In addition, elevated levels of
TIAM1, which is involved in Wnt/Dvl/Rac1 signalling,47,48 made us
wonder whether CADPS2high cells constitute degenerating DaNs
that have lost their dopaminergic identity. Aberrant dopamine
function in metabolically impaired but viable neurons in the SN
has previously been observed in Parkinson’s disease post-mortem
tissue.70 Corroborating our hypothesis, CADPS2 quantification in
neuromelanin-positive DaNs isolated from midbrain tissue of two
scRNA-sequenced samples (C1 and IPD4) and four additional idio-
pathic Parkinson’s disease patients and four new control subjects
revealed higher levels of CADPS2 in the former cells. However, fur-
ther mechanistic studies beyond the scope of the manuscript will
be needed to uncover the physiological cause and consequence of
CADPS2 upregulation in DaNs.

In our dataset, glia made up �80% of all sequenced cells, enab-
ling an in-depth analysis of their contribution to the pathogenesis
of idiopathic Parkinson’s disease. We identified a disease-specific
upregulation of microglia, which mediates the innate immune de-
fence in the brain. During microgliosis, microglia amplify, undergo
morphological changes, and secrete cytokines, which can further
engage surrounding microglia and astrocytes.7,71 Suggestive of an
activated state, we detected fewer ramified microglia in idiopathic
Parkinson’s disease post-mortem SN tissue using a quantitative
immunofluorescence approach. Moreover, we identified a signifi-
cant Parkinson’s disease risk variant enrichment in microglia,
showing the strongest association with the Parkinson’s disease
gene LRRK2. The kinase LRRK2 is most abundant in immune cells
andmay contribute to inflammasome formation via the phosphor-
ylation of Rab GTPases.72 In line with this finding, Parkinson’s dis-
ease risk variant enrichment analysis in microglial differentially
expressed genes highlighted the kinase activity and NLRP3 inflam-
masome pathways. By inferring the activation trajectories of the
microglial subpopulations, we observed an increase in cells from
resting into an activated state. Interestingly, our finding of GPNMB
upregulation in activated microglia is supported by recent results
in Alzheimer’s disease brains. Reactive patient microglia, which
presented an amoeboid shape, also showed higher GPNMB protein
levels in this immunohistochemistry study.55 Moreover, pathway
analyses in the activated cell populations identified cytokine sig-
nalling and, likely upstream of this, induction of the UPR pathway

in the microglia. We also found chaperones and heat-shock pro-
teins to be overexpressed along the disease trajectory, which,
when they are released from the cell, can act as damage-associated
molecular patterns (DAMPs) that trigger an immune reaction.73

Astrocytes can equally act as immune effector cells in the brain
by releasing proinflammatory cytokines.74 When modelling astro-
glial activation trajectories, we detected reactive astrogliosis spe-
cifically in idiopathic Parkinson’s disease patient cells.60 As for
microglia, pathway analysis along the trajectory identified the
UPR pathway, which has recently been described to influence
the astrocytic secretome.61 Neurotrophic factors released from re-
active astrocytes were shown to accelerate neuronal demise61—a
disease mechanism that has not gained much attention in
Parkinson’s disease research so far. Besides neurons, reactive as-
trocytes can also affect oligodendrocyte function and survival.7

Accordingly, our snRNA-seq data also showed a trend towards
decreased oligodendrocyte numbers in idiopathic Parkinson’s dis-
ease midbrain tissue. Immunofluorescence analyses suggest that
this reduction is the most profound in the SN. In the white matter,
oligodendrocytes generatemyelin sheets, which provide insulation
of axons and ensure saltatory conduction.75 However, since
Parkinson’s disease has long been considered a ‘grey matter’ dis-
ease, oligodendrocytes only recently gained attention in the field.
A single-cell study76 in nigral tissue from controls showed that
common genetic Parkinson’s disease risk variants are associated
with oligodendrocyte-specific expression. Another study on the en-
tire mouse nervous system also reported an association with oligo-
dendrocytes.77 By contrast, we did not observe an enrichment of
Parkinson’s disease risk variants in oligodendrocytes from control
or idiopathic Parkinson’s disease tissue. This may be explained by
the fact that our data are based on nuclei from the entire midbrain,
possibly masking nigra-specific genetic effects. However, a closer
look into trajectory inference analysis in oligodendrocytes
revealed a transition from high OPALIN to high S100B expression
subpopulations. S100B was shown to control the maturation pro-
cess of oligodendrocytes78 and has previously been linked to neuro-
degeneration.79 S100B overexpression in response to cytokine
injections mediates dystrophic neurite formation in an Alzheimer
rat model.79 Accordingly, the oligodendrocyte-specific upregula-
tion of S100B observed in the idiopathic Parkinson’s disease mid-
brains may be the result of enhanced cytokine release from
microglia and astrocytes. These results further implicate glial cells
in the propagation of neuroinflammatory and neurodegenerative
processes in idiopathic Parkinson’s disease.

In summary, our study reinforces the relevance of neuroinflam-
mation in idiopathic Parkinson’s disease. Applying snRNA-seq for
the first time to post-mortem midbrain tissue from patients and
matched control subjects,we identifiedadisease-specific upregula-
tionofmicrogliaandastrocytesaswell asa lossof oligodendrocytes.
Inaddition,wediscovereda small neuronal cell population thatwas
almost exclusively identified in idiopathic Parkinson’s diseasemid-
brain tissue, likely representing degenerating DaNs. Disease trajec-
tory analyses in the glial cell populations identified stress in
response tomisfoldedproteins as themajor trigger of inflammatory
signalling in idiopathic Parkinson’s disease, extending frommicro-
glia via astrocytes to oligodendrocytes. Further strengthening this
finding, Parkinson’s disease risk variantswere specifically enriched
in microglia from idiopathic Parkinson’s disease patients.

Our study also has several limitations. Due to the precious na-
ture of post-mortem brain tissue, our results are based on
snRNA-seq of sections from 11 individuals and dPCR analysis of
laser-capture microdissected DaNs from eight additional
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individuals. Therefore, single-cell RNA analyses in independent co-
horts will be needed to validate the key findings from our study.
Moreover, additional in vitro and in vivo experiments are necessary
to explore the role of CADPS2 in the pathogenesis of Parkinson’s
disease and to elucidate how the observed glial interplay perpetu-
ates or induces DaN demise.

Despite these challenges, our unique human single-cell dataset
provides the basis for new research approaches investigating the
role of the different midbrain cell types in idiopathic Parkinson’s
disease and for translational programmes that aim to develop im-
munomodulatory Parkinson’s disease therapies.
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3.1.3 Supplementary data to Manuscript I



 
 

Supplementary Fig. 1 Midbrain cell UMAP embedding and cell type-specific snRNA-seq quality 

control metrics and similarity. (A-B) Midbrain single-cell atlas UMAP embedding colored by sample 

and condition. Top panels display UMAP embeddings based on the top 25 non-corrected principal 

components. Bottom panels show the UMAP embeddings based on the top 25 principal components 

after removing the inter-individual variability using the Seurat3 Canonical Correlation Analysis based 

integration protocol. (C) Expression distribution of cell type marker genes on the ~41,000 midbrain 

cells. (D) Confusion matrix results of the machine learning cross-validation approach to validate the 

cell type definition. (E) UMI count distribution. (F) Number of detected genes. (G) Percentage of 

mtDNA-encoded transcripts per cell. (H) Scrublet duplet score. (I) Unsupervised clustering of the 

midbrain cell-types based on their transcriptional pseudo-bulk profile correlation.  CADPS2high 

transcriptome profile clusters together with the neuronal cells.
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Supplementary Fig. 2 Immunofluorescent labelling of idiopathic Parkinson's disease (IPD) and 

control midbrain tissue with TH. (A) Representative control (top) and IPD (bottom) sections in 

brightfield reveal midbrain sub-areas. (B) Representative control (top) and IPD (bottom) sections 

stained for TH show a dopaminergic neuron reduction in IPD patients. (C) SN area of the control (top) 

and IPD (bottom) midbrain stained for TH. (D) Quantification of TH-positive and neuromelanin-

containing neurons. Immunofluorescence analysis with an antibody targeting TH revealed loss of nigral 

DaNs in IPD samples compared to controls. Similarly, the number of DaNs with NM deposits was 

reduced in the SN of IPD patients. Scale bar = 2000μm (A, B); scale bar = 200μm (C). DaNs, 

dopaminergic neurons; IPD, idiopathic Parkinson’s disease; NM, neuromelanin; SN, substantia nigra; 

TH, tyrosine hydroxylase. 
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Supplementary Fig. 3 Quantitative immunofluorescence analysis of control and idiopathic 

Parkinson's disease (IPD) midbrain astrocytes and oligodendrocytes. (A) Astrocyte cell proportion 

per sample. IPD patients display a higher proportion of astrocyte cells (t-test p = 0.03). (B) 

Representative control and IPD sections in brightfield (neuromelanin deposits) or stained for GFAP 

(astrocytes) and TH (DaNs). (C) GFAP astrocyte area quantification. (D) Oligodendrocytecell 

proportion per sample. IPD patients display a lower proportion of oligodendrocyte cells (t-test p = 

0.08). (E) Representative control and IPD sections in brightfield (neuromelanin deposits) or stained for 

PLP1 (oligodendrocytes) and TH (DaNs). (F) PLP1 oligodendrocyte area quantification. MB, 

midbrain; SN, substantia nigra; NR, nucleus ruber; T/T, tectum/tegmentum; CC, crus cerebri; PD, red 

bar; control, blue bar; scale bar = 50μm
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Supplementary Fig. 4 Idiopathic Parkinson's disease (IPD) differential cell-type composition. The 

percentage of cells per sample is presented for control individuals and IPD patients. The percentage of 

inhibitory, excitatory, GABA and dopaminergic (DaNs) neurons is given alongside the proportion of 

Oligodendrocyte precursor cells (OPCs), ependymal, pericytes and endothelial cells.
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Supplementary Fig. 5 Cell type proportion beta-regression modeling estimates for the clinical 

variables: disease condition (IPD), PMI, age and number of cells detected. 
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Supplementary Figure 6. Sample heterogeneity of microglia, astrocyte, and oligodendrocyte 

distribution along their respective activation trajectories. (A) Cellular density distribution along 

the activation trajectory per sample for controls and IPD patients. Four pseudotime bins are indicated. 

(B) Fraction of cells per sample for each pseudotime bin. IPD patient and control distributions per bin 

were compared using the Wilcoxon test. (C) Differential distribution of the IPD cells along the four 

pseudotime bins of the activation trajectory. Bar plots represent the log2 IPD fold-change of the mean 

fraction of cells per sample for each pseudotime bin.  
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Supplementary Table 1 Patient Information 

 

 
Patient Sex Age at 

onset 

(years) 

Age at 
death 

(years) 

Disease 
duration 

(years) 

PMI  
(h) 

Lewy 
body 

Braak 
stage 

Non-motor features Profiled 
nuclei 

SN 
neuro

n loss 

Single-cell RNA sequenced cohort 

IPD1 F 71 84 13 25 5 Depression, visual 

hallucinations 

1943 severe 

IPD2 M 57 66 10 24 6 Hallucinations, paranoia 5925 severe 

IPD3 M 71 77 7 24 6 Stroke, cognitive 

impairment, dementia 

3345 severe 

IPD4 M 69 81 12 13 6 Cognitive impairment, 

hallucinations, depression 

2083 severe 

IPD5 M 71 79 8 25 5 Blindness, memory 
impairment 

5706 severe 

  Mean 67,8 77,4 10 22,2     3800,4   

SEM 2,7 3 1,1 2,3 858,8 

C1 F - 93 - 29 - - 3753 mild  

C2 M - 66 - 16 - - 4358 none 

C3 M - 77 - 22 - - 2047 none 

C4 M - 84 - 5 - - 4199 none 

C5 M - 88 - 8 - - 2318 none 

C6 M - 90 - 12 - - 5758 none 

  Mean   83   15,3     3738,8   

SEM 4 3,6 564,3 

Patient Sex Age at 
onset 

(years) 

Age at 
death 

(years) 

Disease 
duration 

(years) 

PMI  
(h) 

Lewy 
body 

Braak 
stage 

Non-motor features Dissected 
DaNs 

SN 
neuro

n loss 

LCM validation cohort 

          

IPD4 M 69 81 12 13 6 Cognitive impairment, 

hallucinations, depression 

150 severe 

IPD6 M  56 61 5  90  4 hypophonia  150 severe  

IPD7 M  70 80 10  34  6 Impaired memory, 

hallucinations  

150  severe 

IPD8 M  67 72 5  41  4 No cognitive impairments  150 severe 

IPD9  F  66 81 15  35  6 dementia, impaired 

consciousness, auditory and 
visual hallucinations  

150 severe  

C1 F - 93 - 29 - - 150 mild  

C7 M - 81 - 34 -  Cognitive decline 150  none 

C8 M - 90 - 80 - -  150  none 
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C9 M - 96 - 16 - -  150  none 

C10 M - 92 - 9 -   150  none 

 

IPD: idiopathic Parkinson's disease 

C: control 

PMI: post-mortem interval 

SN: substantia nigra 

LCM: laser capture microdissection 
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Supplementary Table 2 Genotyping results in IPD patients 

 

 
Sample 
 

Genomic position 
Zygosity 

Gene Exonic 
variant type 

Aminoacid change GnomAD 
Exon 

NFE 

GnomAD 
Genome 

NFE 

ClinVar 

IPD4 1:153066050A>C 

het 

SPRR2E nonsyn p.S60A (NM_001024209) 0.0021 0.0011 
 

IPD1 2:40653336G>T het LRRK2 nonsyn p.M491I  (NM_198578) 8.99E-05 6.67E-05 
 

IPD5 115:62261612T>C 

het 

VPS13C nonsyn p.T890A (NM_017684) 0.0053 0.009 
 

IPD5 16:12798607A>G 

het 

CPPED1 nonsyn p.C197R (NM_018340) 0.0045 0.0043 
 

IPD2 5:121786403C>T 

het  

SNCAIP nonsyn p.R255C 

(NM_001242935) 

0.0054 0.0051 PD late onset 

IPD2 5:141694021G>T 

het 

SPRY4 nonsyn p.S218Y 

(NM_001127496) 

0.0061 0.0078 Hypogonado- 

tropic hypogonadism 

IPD2 6:136882715C>T 

het 

MAP3K5 nonsyn p.D1315N  (NM_005923) 0.0084 0.0069 
 

 

gnomAD: genome annotation databse 

NFE: non-Finish European ethnic group 
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Supplementary Table 3 Gene expression markers of the midbrain comprising cell types 

 
Cell type Gene name Gene ensembl ID myAUC avg_diff Power pct.1 pct.2 

Oligodendrocytes ENPP2 ENSG00000136960 0.977 2.235075586 0.954 0.967 0.098 

Oligodendrocytes ST18 ENSG00000147488 0.994 3.294565969 0.988 0.996 0.139 

Oligodendrocytes MOBP ENSG00000168314 0,967 2,58678107 0,934 0,95 0,1 

Oligodendrocytes MOG ENSG00000204655 0,933 1,776167992 0,866 0,88 0,04 

Oligodendrocytes PCSK6 ENSG00000140479 0,947 2,347402667 0,894 0,92 0,11 

Oligodendrocytes SLC5A11 ENSG00000158865 0,929 2,441596733 0,858 0,88 0,07 

Oligodendrocytes UGT8 ENSG00000174607 0,947 1,932001447 0,894 0,92 0,12 

Oligodendrocytes ANLN ENSG00000011426 0,928 1,798336266 0,856 0,88 0,08 

Oligodendrocytes SYNJ2 ENSG00000078269 0,955 2,138356041 0,91 0,93 0,14 

Oligodendrocytes CNTN2 ENSG00000184144 0,952 1,873124432 0,904 0,93 0,15 

Oligodendrocytes MAG ENSG00000105695 0,904 1,757176387 0,808 0,83 0,05 

Oligodendrocytes CNDP1 ENSG00000150656 0,9 1,757811884 0,8 0,82 0,04 

Oligodendrocytes CDK18 ENSG00000117266 0,954 2,078721588 0,908 0,93 0,16 

Oligodendrocytes FA2H ENSG00000103089 0,913 1,590872312 0,826 0,87 0,09 

Oligodendrocytes SLCO1A2 ENSG00000084453 0,912 1,646108064 0,824 0,87 0,1 

Oligodendrocytes C10orf90 ENSG00000154493 0,963 2,037208564 0,926 0,97 0,19 

Oligodendrocytes MYRF ENSG00000124920 0,898 1,480018545 0,796 0,82 0,04 

Oligodendrocytes ABCA8 ENSG00000141338 0,898 1,535561375 0,796 0,83 0,06 

Oligodendrocytes FAM107B ENSG00000065809 0,943 1,81357168 0,886 0,93 0,16 

Oligodendrocytes AC026316.4 ENSG00000285218 0,928 2,278849715 0,856 0,89 0,13 

Oligodendrocytes CLMN ENSG00000165959 0,94 1,825492906 0,88 0,95 0,19 

Oligodendrocytes TMEM144 ENSG00000164124 0,981 2,339162961 0,962 0,98 0,22 

Oligodendrocytes CD22 ENSG00000012124 0,884 1,430435733 0,768 0,79 0,03 

Oligodendrocytes CERCAM ENSG00000167123 0,924 1,733621005 0,848 0,89 0,14 

Oligodendrocytes TF ENSG00000091513 0,981 2,47039125 0,962 0,98 0,23 

Oligodendrocytes ZNF536 ENSG00000198597 0,957 1,926078139 0,914 0,96 0,21 

Oligodendrocytes SH3TC2 ENSG00000169247 0,882 1,452266349 0,764 0,78 0,03 

Oligodendrocytes LRP2 ENSG00000081479 0,887 1,809192526 0,774 0,79 0,05 

Oligodendrocytes PIEZO2 ENSG00000154864 0,884 1,69566892 0,768 0,79 0,05 

Oligodendrocytes BCAS1 ENSG00000064787 0,901 1,473374593 0,802 0,91 0,17 

Oligodendrocytes HAPLN2 ENSG00000132702 0,897 1,644242222 0,794 0,83 0,09 

Oligodendrocytes LINC00639 ENSG00000259070 0,878 1,569803014 0,756 0,79 0,05 

Oligodendrocytes SHROOM4 ENSG00000158352 0,899 1,593097624 0,798 0,87 0,14 

Oligodendrocytes FGFR2 ENSG00000066468 0,917 1,709726887 0,834 0,89 0,16 

Oligodendrocytes PLEKHH1 ENSG00000054690 0,953 1,884696908 0,906 0,94 0,21 

Oligodendrocytes NKX6-2 ENSG00000148826 0,87 1,416415787 0,74 0,76 0,04 

Oligodendrocytes LDB3 ENSG00000122367 0,867 1,465226066 0,734 0,75 0,04 

Oligodendrocytes PDE1C ENSG00000154678 0,927 2,049363969 0,854 0,93 0,22 

Oligodendrocytes FOLH1 ENSG00000086205 0,863 1,466844663 0,726 0,74 0,03 

Oligodendrocytes PLD1 ENSG00000075651 0,895 1,519277677 0,79 0,87 0,16 

Oligodendrocytes COL4A5 ENSG00000188153 0,896 1,477472114 0,792 0,88 0,17 

Oligodendrocytes CTNNA3 ENSG00000183230 0,993 3,118061362 0,986 1 0,29 

Oligodendrocytes LINC00609 ENSG00000257585 0,902 2,066476511 0,804 0,85 0,15 

Oligodendrocytes ERMN ENSG00000136541 0,863 1,416798769 0,726 0,75 0,05 

Oligodendrocytes CARNS1 ENSG00000172508 0,863 1,482623168 0,726 0,76 0,06 

Oligodendrocytes AC009063.2 ENSG00000260788 0,856 1,465175447 0,712 0,73 0,03 

Oligodendrocytes RAPGEF5 ENSG00000136237 0,94 1,819136703 0,88 0,95 0,25 

Oligodendrocytes ATP10B ENSG00000118322 0,873 1,446988424 0,746 0,82 0,13 

Oligodendrocytes LPAR1 ENSG00000198121 0,869 1,387648352 0,738 0,84 0,14 

Oligodendrocytes CNP ENSG00000173786 0,924 1,894812941 0,848 0,9 0,21 

Oligodendrocytes CREB5 ENSG00000146592 0,907 1,598161312 0,814 0,92 0,23 

42 Results



Oligodendrocytes RNF220 ENSG00000187147 0,99 2,725357556 0,98 1 0,31 

Oligodendrocytes SH3GL3 ENSG00000140600 0,936 1,78129152 0,872 0,94 0,27 

Oligodendrocytes GRM3 ENSG00000198822 0,883 1,375437478 0,766 0,9 0,23 

Oligodendrocytes KCNH8 ENSG00000183960 0,872 1,599133366 0,744 0,85 0,18 

Oligodendrocytes SCD ENSG00000099194 0,893 1,673034222 0,786 0,86 0,19 

Oligodendrocytes GPR37 ENSG00000170775 0,845 1,23923656 0,69 0,73 0,06 

Oligodendrocytes ABCA2 ENSG00000107331 0,946 1,719217176 0,892 0,95 0,28 

Oligodendrocytes PEX5L ENSG00000114757 0,976 2,303625915 0,952 0,99 0,33 

Oligodendrocytes CNTNAP4 ENSG00000152910 0,888 1,768043796 0,776 0,86 0,2 

Oligodendrocytes FAM124A ENSG00000150510 0,865 1,349130653 0,73 0,79 0,13 

Oligodendrocytes TTYH2 ENSG00000141540 0,861 1,218440429 0,722 0,82 0,17 

Oligodendrocytes APLP1 ENSG00000105290 0,927 1,793199921 0,854 0,91 0,26 

Oligodendrocytes PLP1 ENSG00000123560 0,985 3,030458567 0,97 0,99 0,34 

Oligodendrocytes QDPR ENSG00000151552 0,922 1,908551315 0,844 0,91 0,26 

Oligodendrocytes PRR5L ENSG00000135362 0,853 1,355347897 0,706 0,78 0,14 

Oligodendrocytes ITGA2 ENSG00000164171 0,831 1,331130911 0,662 0,72 0,08 

Oligodendrocytes CLDND1 ENSG00000080822 0,904 1,627655436 0,808 0,88 0,24 

Oligodendrocytes SLC24A2 ENSG00000155886 0,975 2,242823775 0,95 0,99 0,36 

Oligodendrocytes PRUNE2 ENSG00000106772 0,975 2,162611024 0,95 0,98 0,35 

Oligodendrocytes TMEM63A ENSG00000196187 0,836 1,174947996 0,672 0,75 0,13 

Oligodendrocytes SELENOP ENSG00000250722 0,854 1,587808346 0,708 0,79 0,16 

Oligodendrocytes MYO1D ENSG00000176658 0,895 1,500390789 0,79 0,89 0,27 

Oligodendrocytes AL359091.1 ENSG00000207955 0,819 1,417318225 0,638 0,68 0,06 

Oligodendrocytes AK5 ENSG00000154027 0,866 1,435338775 0,732 0,84 0,23 

Oligodendrocytes NKAIN2 ENSG00000188580 0,917 1,727126438 0,834 0,96 0,35 

Oligodendrocytes NDRG1 ENSG00000104419 0,866 1,253531713 0,732 0,85 0,24 

Oligodendrocytes EDIL3 ENSG00000164176 0,978 2,077058104 0,956 0,99 0,39 

Oligodendrocytes KIRREL3 ENSG00000149571 0,837 1,443408156 0,674 0,85 0,24 

Oligodendrocytes EFHD1 ENSG00000115468 0,835 1,174909083 0,67 0,8 0,19 

Oligodendrocytes COBL ENSG00000106078 0,849 1,16188646 0,698 0,89 0,28 

Oligodendrocytes MAL ENSG00000172005 0,811 1,160629111 0,622 0,67 0,07 

Oligodendrocytes DAAM2 ENSG00000146122 0,826 0,990998099 0,652 0,9 0,3 

Oligodendrocytes SRCIN1 ENSG00000277363 0,873 1,3377086 0,746 0,83 0,23 

Oligodendrocytes DOCK5 ENSG00000147459 0,943 1,720383305 0,886 0,98 0,38 

Oligodendrocytes PLAAT3 ENSG00000176485 0,851 1,187239936 0,702 0,82 0,23 

Oligodendrocytes NECAB1 ENSG00000123119 0,818 1,183300194 0,636 0,73 0,14 

Oligodendrocytes PXK ENSG00000168297 0,949 1,723215631 0,898 0,96 0,37 

Oligodendrocytes FRMD4B ENSG00000114541 0,937 1,680495014 0,874 0,98 0,39 

Oligodendrocytes PPP1R14A ENSG00000167641 0,805 1,124545912 0,61 0,69 0,1 

Oligodendrocytes SEMA3B ENSG00000012171 0,804 1,046146446 0,608 0,69 0,1 

Oligodendrocytes AATK ENSG00000181409 0,86 1,218118025 0,72 0,81 0,22 

Oligodendrocytes LRRC63 ENSG00000173988 0,805 1,25838343 0,61 0,64 0,05 

Oligodendrocytes KCNMB4 ENSG00000135643 0,822 1,477257384 0,644 0,72 0,14 

Oligodendrocytes MEGF10 ENSG00000145794 0,829 1,083061943 0,658 0,82 0,24 

Oligodendrocytes POLR2F ENSG00000100142 0,864 1,56208217 0,728 0,82 0,23 

Oligodendrocytes DSCAML1 ENSG00000177103 0,858 1,231309362 0,716 0,92 0,33 

Oligodendrocytes HHIP ENSG00000164161 0,807 1,454279321 0,614 0,66 0,08 

Oligodendrocytes CRYAB ENSG00000109846 0,859 1,657299097 0,718 0,84 0,26 

Oligodendrocytes HDAC2-AS2 ENSG00000228624 0,834 1,541394988 0,668 0,76 0,18 

Oligodendrocytes AC016597.1 ENSG00000261329 0,793 1,08451799 0,586 0,61 0,03 

Oligodendrocytes SPOCK3 ENSG00000196104 0,924 1,580612112 0,848 0,98 0,41 

Oligodendrocytes NDE1 ENSG00000072864 0,804 1,059343866 0,608 0,7 0,14 

Oligodendrocytes HS3ST5 ENSG00000249853 0,808 1,230152296 0,616 0,74 0,18 

Oligodendrocytes GLDN ENSG00000186417 0,793 0,773659929 0,586 0,77 0,21 

Oligodendrocytes TTLL7 ENSG00000137941 0,963 1,876115312 0,926 0,98 0,42 
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Oligodendrocytes ARHGAP23 ENSG00000275832 0,826 1,096360027 0,652 0,75 0,19 

Oligodendrocytes AMER2 ENSG00000165566 0,843 1,299817317 0,686 0,81 0,25 

Oligodendrocytes ATP8A1 ENSG00000124406 0,957 1,688477577 0,914 0,98 0,42 

Oligodendrocytes SEC14L5 ENSG00000103184 0,785 1,015275926 0,57 0,59 0,04 

Oligodendrocytes AC096564.1 ENSG00000245293 0,801 1,125418638 0,602 0,65 0,1 

Oligodendrocytes LANCL1 ENSG00000115365 0,892 1,437643125 0,784 0,88 0,33 

Oligodendrocytes VRK2 ENSG00000028116 0,8 1,170662791 0,6 0,74 0,19 

Oligodendrocytes COLGALT2 ENSG00000198756 0,844 1,239225585 0,688 0,82 0,27 

Oligodendrocytes SLAIN1 ENSG00000139737 0,942 1,77001968 0,884 0,96 0,42 

Oligodendrocytes PPP1R16B ENSG00000101445 0,822 1,114420225 0,644 0,76 0,22 

Oligodendrocytes UNC5C ENSG00000182168 0,906 1,571654934 0,812 0,97 0,42 

Oligodendrocytes GNAI1 ENSG00000127955 0,844 1,203692556 0,688 0,81 0,27 

Oligodendrocytes KIF6 ENSG00000164627 0,813 1,219756066 0,626 0,74 0,2 

Oligodendrocytes ASPA ENSG00000108381 0,774 1,002238372 0,548 0,58 0,04 

Oligodendrocytes AC079352.1 ENSG00000226994 0,778 1,370024902 0,556 0,63 0,09 

Oligodendrocytes LAMP2 ENSG00000005893 0,872 1,305184289 0,744 0,88 0,35 

Oligodendrocytes TMEFF2 ENSG00000144339 0,809 1,083986066 0,618 0,86 0,32 

Oligodendrocytes SHTN1 ENSG00000187164 0,933 1,527112743 0,866 0,98 0,45 

Oligodendrocytes ANK3 ENSG00000151150 0,776 0,896115701 0,552 0,96 0,43 

Oligodendrocytes RAB40B ENSG00000141542 0,802 1,021236158 0,604 0,69 0,16 

Oligodendrocytes DPYSL5 ENSG00000157851 0,831 1,434099493 0,662 0,75 0,22 

Oligodendrocytes IGSF11 ENSG00000144847 0,811 1,037731149 0,622 0,81 0,29 

Oligodendrocytes IL1RAPL1 ENSG00000169306 0,961 1,946994182 0,922 1 0,47 

Oligodendrocytes ZCCHC24 ENSG00000165424 0,777 0,768666012 0,554 0,8 0,27 

Oligodendrocytes MAN2A1 ENSG00000112893 0,975 2,284350655 0,95 0,99 0,46 

Oligodendrocytes AC004690.2 ENSG00000241345 0,764 1,035420366 0,528 0,54 0,01 

Oligodendrocytes LINC01630 ENSG00000227115 0,771 1,172694213 0,542 0,58 0,06 

Oligodendrocytes LINC01170 ENSG00000253807 0,774 1,445932272 0,548 0,61 0,08 

Oligodendrocytes CDKN1C ENSG00000129757 0,773 1,051779249 0,546 0,6 0,08 

Oligodendrocytes TMEM98 ENSG00000006042 0,766 1,094707955 0,532 0,56 0,03 

Oligodendrocytes RASGRF2 ENSG00000113319 0,813 1,180286982 0,626 0,79 0,26 

Oligodendrocytes SEMA4D ENSG00000187764 0,857 1,242445304 0,714 0,85 0,32 

Oligodendrocytes TMTC4 ENSG00000125247 0,783 0,997477597 0,566 0,65 0,13 

Oligodendrocytes TMTC2 ENSG00000179104 0,961 1,963585141 0,922 0,99 0,47 

Oligodendrocytes PLCL1 ENSG00000115896 0,962 2,082854055 0,924 0,99 0,47 

Oligodendrocytes JAM3 ENSG00000166086 0,843 1,152162546 0,686 0,83 0,31 

Oligodendrocytes RFTN2 ENSG00000162944 0,79 0,878673306 0,58 0,84 0,32 

Oligodendrocytes MYO1E ENSG00000157483 0,778 0,744198428 0,556 0,82 0,3 

Oligodendrocytes PLLP ENSG00000102934 0,765 0,89557781 0,53 0,67 0,16 

Oligodendrocytes TUBB4A ENSG00000104833 0,796 1,177604079 0,592 0,69 0,18 

Oligodendrocytes KLHL4 ENSG00000102271 0,763 1,112117239 0,526 0,58 0,07 

Oligodendrocytes FRMD5 ENSG00000171877 0,961 1,816705997 0,922 0,99 0,49 

Oligodendrocytes RASGRP3 ENSG00000152689 0,761 0,872813977 0,522 0,63 0,12 

Oligodendrocytes CDH19 ENSG00000071991 0,756 1,02366294 0,512 0,55 0,04 

Oligodendrocytes FEZ1 ENSG00000149557 0,823 1,133435376 0,646 0,77 0,27 

Oligodendrocytes PHLDB1 ENSG00000019144 0,812 1,011449098 0,624 0,82 0,31 

Oligodendrocytes HSPA2 ENSG00000126803 0,76 0,932416537 0,52 0,6 0,09 

Oligodendrocytes HECW2 ENSG00000138411 0,807 1,047625145 0,614 0,82 0,32 

Oligodendrocytes ATP1B1 ENSG00000143153 0,816 0,985549819 0,632 0,86 0,36 

Oligodendrocytes DNAJC6 ENSG00000116675 0,932 1,582815259 0,864 0,96 0,46 

Oligodendrocytes MAP7 ENSG00000135525 0,979 1,860411091 0,958 0,99 0,5 

Oligodendrocytes NCKAP5 ENSG00000176771 0,947 1,875974997 0,894 0,98 0,48 

Oligodendrocytes KLK6 ENSG00000167755 0,749 0,886875454 0,498 0,51 0,02 

Oligodendrocytes TFEB ENSG00000112561 0,759 0,802523725 0,518 0,67 0,18 

Oligodendrocytes RYBP ENSG00000163602 0,85 1,169200721 0,7 0,86 0,37 
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Oligodendrocytes SUN2 ENSG00000100242 0,78 0,947686832 0,56 0,73 0,24 

Oligodendrocytes GPRC5B ENSG00000167191 0,811 0,944577709 0,622 0,87 0,38 

Oligodendrocytes KIF13B ENSG00000197892 0,826 1,087681268 0,652 0,82 0,34 

Oligodendrocytes SLCO3A1 ENSG00000176463 0,879 1,239982407 0,758 0,94 0,45 

Oligodendrocytes TP53TG5 ENSG00000124251 0,752 0,956400273 0,504 0,54 0,05 

Oligodendrocytes TMEM165 ENSG00000134851 0,975 1,914374779 0,95 0,99 0,5 

Oligodendrocytes LIPA ENSG00000107798 0,82 1,042001169 0,64 0,8 0,32 

Oligodendrocytes MBP ENSG00000197971 0,994 2,48223528 0,988 1 0,52 

Oligodendrocytes AC090015.1 ENSG00000251138 0,746 1,243884593 0,492 0,51 0,02 

Oligodendrocytes CPOX ENSG00000080819 0,774 1,026471899 0,548 0,63 0,15 

Oligodendrocytes RNASE1 ENSG00000129538 0,737 0,772262506 0,474 0,59 0,11 

Oligodendrocytes CDK19 ENSG00000155111 0,875 1,313022314 0,75 0,92 0,44 

Oligodendrocytes SPOCK1 ENSG00000152377 0,849 1,363458675 0,698 0,93 0,45 

Oligodendrocytes LINC01608 ENSG00000253877 0,742 1,625079096 0,484 0,5 0,03 

Oligodendrocytes KIAA1755 ENSG00000149633 0,737 0,663066822 0,474 0,68 0,21 

Oligodendrocytes MEIS1 ENSG00000143995 0,755 0,902440096 0,51 0,64 0,17 

Oligodendrocytes BIN1 ENSG00000136717 0,804 0,944210946 0,608 0,81 0,34 

Oligodendrocytes BOK ENSG00000176720 0,747 0,879314996 0,494 0,55 0,07 

Oligodendrocytes SLC31A2 ENSG00000136867 0,739 0,801517376 0,478 0,52 0,05 

Oligodendrocytes PTPRD ENSG00000153707 0,869 0,985826092 0,738 1 0,53 

Oligodendrocytes SLC12A2 ENSG00000064651 0,808 0,891376898 0,616 0,83 0,37 

Oligodendrocytes SEPTIN4 ENSG00000108387 0,757 0,877815185 0,514 0,61 0,14 

Oligodendrocytes RASSF2 ENSG00000101265 0,743 0,773041448 0,486 0,64 0,17 

Oligodendrocytes RHOU ENSG00000116574 0,745 0,810202188 0,49 0,6 0,13 

Oligodendrocytes PSEN1 ENSG00000080815 0,845 1,107038208 0,69 0,86 0,39 

Oligodendrocytes RETREG1 ENSG00000154153 0,795 0,999037711 0,59 0,76 0,3 

Oligodendrocytes NFIX ENSG00000008441 0,765 0,782787122 0,53 0,77 0,31 

Oligodendrocytes PTPRK ENSG00000152894 0,891 1,207539923 0,782 0,98 0,51 

Oligodendrocytes AGPAT4 ENSG00000026652 0,842 1,35117944 0,684 0,82 0,35 

Oligodendrocytes ENOX1 ENSG00000120658 0,818 1,087198196 0,636 0,9 0,44 

Oligodendrocytes LINC00320 ENSG00000224924 0,739 1,01286454 0,478 0,54 0,07 

Oligodendrocytes C12orf76 ENSG00000174456 0,771 0,865882586 0,542 0,68 0,22 

Oligodendrocytes ARAP2 ENSG00000047365 0,875 1,290576066 0,75 0,95 0,49 

Oligodendrocytes FAM13C ENSG00000148541 0,825 1,118116254 0,65 0,82 0,36 

Oligodendrocytes SOX10 ENSG00000100146 0,733 0,727668798 0,466 0,56 0,1 

Oligodendrocytes YPEL2 ENSG00000175155 0,789 0,982841403 0,578 0,76 0,3 

Oligodendrocytes LPGAT1 ENSG00000123684 0,844 1,189576015 0,688 0,86 0,4 

Oligodendrocytes GAS7 ENSG00000007237 0,772 0,851453281 0,544 0,75 0,29 

Oligodendrocytes ATG4C ENSG00000125703 0,808 0,983771307 0,616 0,81 0,35 

Oligodendrocytes NINJ2 ENSG00000171840 0,733 0,894346052 0,466 0,51 0,05 

Oligodendrocytes ZEB2 ENSG00000169554 0,879 1,179753946 0,758 0,98 0,52 

Oligodendrocytes ENPP6 ENSG00000164303 0,733 0,902168463 0,466 0,48 0,02 

Oligodendrocytes PLEKHB1 ENSG00000021300 0,746 0,808490325 0,492 0,62 0,16 

Oligodendrocytes ARFGEF3 ENSG00000112379 0,803 0,901138773 0,606 0,85 0,4 

Oligodendrocytes NT5DC1 ENSG00000178425 0,813 1,093752987 0,626 0,8 0,35 

Oligodendrocytes CPB2-AS1 ENSG00000235903 0,76 0,990436905 0,52 0,63 0,18 

Oligodendrocytes GLTP ENSG00000139433 0,754 0,846808514 0,508 0,62 0,17 

Oligodendrocytes KIAA1324L ENSG00000164659 0,787 0,995889837 0,574 0,74 0,29 

Oligodendrocytes KLHL32 ENSG00000186231 0,862 1,288793 0,724 0,92 0,47 

Oligodendrocytes INF2 ENSG00000203485 0,738 0,741793393 0,476 0,59 0,14 

Oligodendrocytes SLC22A23 ENSG00000137266 0,839 1,103996677 0,678 0,87 0,42 

Oligodendrocytes PRIMA1 ENSG00000175785 0,728 0,800902306 0,456 0,48 0,04 

Oligodendrocytes HEPACAM ENSG00000165478 0,725 0,5936985 0,45 0,68 0,23 

Oligodendrocytes HIP1 ENSG00000127946 0,759 0,700305694 0,518 0,87 0,42 

Oligodendrocytes PIP4K2A ENSG00000150867 0,988 2,153074657 0,976 1 0,55 
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Oligodendrocytes LRRC1 ENSG00000137269 0,779 0,932150092 0,558 0,75 0,3 

Oligodendrocytes PPM1H ENSG00000111110 0,79 1,017618978 0,58 0,77 0,33 

Oligodendrocytes CSRP1 ENSG00000159176 0,731 0,682572134 0,462 0,69 0,25 

Oligodendrocytes MARCKSL1 ENSG00000175130 0,765 1,060498795 0,53 0,67 0,23 

Oligodendrocytes PMP22 ENSG00000109099 0,73 0,700725158 0,46 0,63 0,19 

Oligodendrocytes SEMA6A ENSG00000092421 0,797 0,921193661 0,594 0,81 0,37 

Oligodendrocytes TPPP ENSG00000171368 0,76 0,909393253 0,52 0,64 0,21 

Oligodendrocytes DOCK10 ENSG00000135905 0,928 1,453964029 0,856 0,99 0,55 

Oligodendrocytes RNF144A ENSG00000151692 0,812 0,983740398 0,624 0,83 0,39 

Oligodendrocytes LSS ENSG00000160285 0,778 0,928789184 0,556 0,72 0,28 

Oligodendrocytes AL033523.1 ENSG00000228793 0,72 0,878490094 0,44 0,46 0,03 

Oligodendrocytes CA2 ENSG00000104267 0,724 0,841463202 0,448 0,52 0,09 

Oligodendrocytes P2RX7 ENSG00000089041 0,75 0,733216591 0,5 0,75 0,32 

Oligodendrocytes S100B ENSG00000160307 0,766 1,201064948 0,532 0,72 0,28 

Oligodendrocytes ARHGEF2 ENSG00000116584 0,736 0,721761792 0,472 0,63 0,19 

Oligodendrocytes EPCAM-DT ENSG00000234690 0,724 0,836302569 0,448 0,51 0,08 

Oligodendrocytes FAXDC2 ENSG00000170271 0,731 0,742912814 0,462 0,65 0,22 

Oligodendrocytes GAB1 ENSG00000109458 0,908 1,391257593 0,816 0,96 0,53 

Oligodendrocytes PDE1A ENSG00000115252 0,726 0,926212937 0,452 0,59 0,16 

Oligodendrocytes DOCK1 ENSG00000150760 0,785 0,802619261 0,57 0,92 0,49 

Oligodendrocytes ZDHHC20 ENSG00000180776 0,86 1,583938221 0,72 0,85 0,42 

Oligodendrocytes NCOA7 ENSG00000111912 0,829 1,055080642 0,658 0,86 0,43 

Oligodendrocytes ADIPOR2 ENSG00000006831 0,813 0,880621801 0,626 0,88 0,45 

Oligodendrocytes GPM6B ENSG00000046653 0,934 1,620537198 0,868 0,99 0,56 

Oligodendrocytes CCP110 ENSG00000103540 0,763 1,029349175 0,526 0,66 0,24 

Oligodendrocytes TMC7 ENSG00000170537 0,723 0,746526892 0,446 0,51 0,08 

Oligodendrocytes USP31 ENSG00000103404 0,779 1,032323482 0,558 0,71 0,28 

Oligodendrocytes SEMA3C ENSG00000075223 0,717 0,816009981 0,434 0,51 0,08 

Oligodendrocytes CPNE2 ENSG00000140848 0,727 0,716747843 0,454 0,57 0,14 

Oligodendrocytes MARCH1 ENSG00000145416 0,782 0,805826498 0,564 0,97 0,54 

Oligodendrocytes GNAO1 ENSG00000087258 0,816 1,095853451 0,632 0,89 0,47 

Oligodendrocytes B3GAT1 ENSG00000109956 0,753 0,811107304 0,506 0,65 0,23 

Oligodendrocytes CORO2B ENSG00000103647 0,763 0,895538394 0,526 0,7 0,28 

Oligodendrocytes FBXL7 ENSG00000183580 0,765 0,828315963 0,53 0,88 0,46 

Oligodendrocytes TRIM2 ENSG00000109654 0,903 1,307918774 0,806 0,97 0,55 

Oligodendrocytes ELMO1 ENSG00000155849 0,884 1,19386876 0,768 0,99 0,57 

Oligodendrocytes SLC44A1 ENSG00000070214 0,992 2,258648496 0,984 1 0,58 

Oligodendrocytes CBR1 ENSG00000159228 0,721 0,770493724 0,442 0,53 0,12 

Oligodendrocytes ERBB3 ENSG00000065361 0,709 0,684595519 0,418 0,46 0,05 

Oligodendrocytes TSPAN15 ENSG00000099282 0,709 0,656436481 0,418 0,49 0,08 

Oligodendrocytes OTUD7A ENSG00000169918 0,862 1,176053423 0,724 0,93 0,52 

Oligodendrocytes SORCS2 ENSG00000184985 0,731 0,797627619 0,462 0,65 0,24 

Oligodendrocytes CHADL ENSG00000100399 0,711 0,683868551 0,422 0,48 0,07 

Oligodendrocytes IQGAP1 ENSG00000140575 0,78 0,8455834 0,56 0,81 0,4 

Oligodendrocytes PACS2 ENSG00000179364 0,827 1,10999264 0,654 0,83 0,42 

Oligodendrocytes TTLL11 ENSG00000175764 0,77 0,94726702 0,54 0,7 0,29 

Oligodendrocytes SH3TC2-DT ENSG00000250072 0,705 0,793168704 0,41 0,42 0,01 

Oligodendrocytes MVB12B ENSG00000196814 0,872 1,247406856 0,744 0,91 0,5 

Oligodendrocytes FGF1 ENSG00000113578 0,716 0,693082144 0,432 0,6 0,2 

Oligodendrocytes LIMCH1 ENSG00000064042 0,896 1,215625936 0,792 0,98 0,57 

Oligodendrocytes NFASC ENSG00000163531 0,795 0,968051538 0,59 0,89 0,48 

Oligodendrocytes DNM3 ENSG00000197959 0,922 1,269940908 0,844 0,99 0,59 

Oligodendrocytes LGR5 ENSG00000139292 0,715 0,876885981 0,43 0,51 0,11 

Oligodendrocytes AKAP6 ENSG00000151320 0,854 0,997524059 0,708 0,97 0,56 

Oligodendrocytes FBXO32 ENSG00000156804 0,724 0,990142708 0,448 0,56 0,16 
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Oligodendrocytes LIPE ENSG00000079435 0,712 0,723326433 0,424 0,49 0,09 

Oligodendrocytes GATM ENSG00000171766 0,714 0,648280927 0,428 0,6 0,19 

Oligodendrocytes STMN1 ENSG00000117632 0,75 0,98342884 0,5 0,65 0,25 

Oligodendrocytes PIK3C2B ENSG00000133056 0,731 0,779270748 0,462 0,61 0,21 

Oligodendrocytes NPC1 ENSG00000141458 0,748 0,729239453 0,496 0,74 0,34 

Oligodendrocytes SEPTIN8 ENSG00000164402 0,76 0,883235343 0,52 0,7 0,3 

Oligodendrocytes SECISBP2L ENSG00000138593 0,817 0,963817803 0,634 0,83 0,44 

Oligodendrocytes DPYD ENSG00000188641 0,89 1,224369852 0,78 0,98 0,58 

Oligodendrocytes GRID1 ENSG00000182771 0,817 0,962111698 0,634 0,92 0,53 

Oligodendrocytes ZNF708 ENSG00000182141 0,761 0,86484406 0,522 0,71 0,31 

Oligodendrocytes FAM102A ENSG00000167106 0,721 0,710152594 0,442 0,58 0,18 

Oligodendrocytes APBB2 ENSG00000163697 0,831 0,920908209 0,662 0,95 0,56 

Oligodendrocytes SGK1 ENSG00000118515 0,793 1,08844688 0,586 0,86 0,47 

Oligodendrocytes OLMALINC ENSG00000235823 0,721 0,787928994 0,442 0,65 0,25 

Oligodendrocytes ELOVL1 ENSG00000066322 0,702 0,670083375 0,404 0,48 0,09 

Oligodendrocytes PHACTR3 ENSG00000087495 0,76 0,720419701 0,52 0,86 0,47 

Oligodendrocytes DUBR ENSG00000243701 0,746 0,825238972 0,492 0,69 0,3 

Oligodendrocytes NEO1 ENSG00000067141 0,8 0,869323968 0,6 0,88 0,49 

Oligodendrocytes SLC22A15 ENSG00000163393 0,76 0,830441678 0,52 0,75 0,36 

Oligodendrocytes SLC48A1 ENSG00000211584 0,714 0,687496637 0,428 0,57 0,18 

Oligodendrocytes KIF5C ENSG00000168280 0,764 0,835417045 0,528 0,77 0,38 

Oligodendrocytes FAM95C ENSG00000283486 0,714 0,976287771 0,428 0,49 0,1 

Oligodendrocytes CAMK2N1 ENSG00000162545 0,736 0,739027312 0,472 0,7 0,31 

Oligodendrocytes SAMD12 ENSG00000177570 0,824 1,047900204 0,648 0,89 0,51 

Oligodendrocytes TUBA1A ENSG00000167552 0,784 1,161217668 0,568 0,77 0,39 

Oligodendrocytes SGK3 ENSG00000104205 0,817 0,99580427 0,634 0,86 0,48 

Oligodendrocytes LINC00877 ENSG00000241163 0,702 0,851328337 0,404 0,45 0,06 

Oligodendrocytes USP54 ENSG00000166348 0,836 0,943643411 0,672 0,93 0,54 

Oligodendrocytes RHOBTB1 ENSG00000072422 0,704 0,775109889 0,408 0,53 0,15 

Oligodendrocytes AGTPBP1 ENSG00000135049 0,818 1,00189802 0,636 0,87 0,49 

Oligodendrocytes FOXN2 ENSG00000170802 0,728 0,66218979 0,456 0,72 0,34 

Oligodendrocytes CPEB2 ENSG00000137449 0,776 0,869895756 0,552 0,78 0,4 

Oligodendrocytes MIR181A1HG ENSG00000229989 0,73 0,738415306 0,46 0,75 0,37 

Oligodendrocytes ACTN2 ENSG00000077522 0,703 0,786133395 0,406 0,5 0,12 

Oligodendrocytes FUT8 ENSG00000033170 0,884 1,273133709 0,768 0,94 0,56 

Oligodendrocytes TMEM151A ENSG00000179292 0,705 0,744498373 0,41 0,47 0,09 

Oligodendrocytes TECPR2 ENSG00000196663 0,747 0,798332733 0,494 0,71 0,33 

Oligodendrocytes SIRT2 ENSG00000068903 0,742 0,772678991 0,484 0,67 0,29 

Oligodendrocytes PDE8A ENSG00000073417 0,883 1,228590709 0,766 0,96 0,58 

Oligodendrocytes GSN ENSG00000148180 0,775 0,767931408 0,55 0,87 0,49 

Oligodendrocytes NXPE3 ENSG00000144815 0,732 0,757110903 0,464 0,63 0,25 

Oligodendrocytes MOB3B ENSG00000120162 0,779 0,910308392 0,558 0,82 0,44 

Oligodendrocytes ZDHHC9 ENSG00000188706 0,707 0,700857051 0,414 0,52 0,14 

Oligodendrocytes BTBD3 ENSG00000132640 0,732 0,737966527 0,464 0,67 0,3 

Oligodendrocytes FAM222A ENSG00000139438 0,702 0,669818201 0,404 0,5 0,13 

Oligodendrocytes ELAVL3 ENSG00000196361 0,741 0,735932332 0,482 0,75 0,38 

Oligodendrocytes TMCC2 ENSG00000133069 0,707 0,693814482 0,414 0,51 0,14 

Oligodendrocytes OTUD7B ENSG00000264522 0,74 0,706152748 0,48 0,73 0,36 

Oligodendrocytes PHLPP1 ENSG00000081913 0,93 1,531048738 0,86 0,98 0,61 

Oligodendrocytes C1QTNF3-

AMACR 

ENSG00000273294 0,741 0,821489233 0,482 0,7 0,33 

Oligodendrocytes PKP4 ENSG00000144283 0,834 1,090120238 0,668 0,91 0,55 

Oligodendrocytes SORT1 ENSG00000134243 0,862 1,064848854 0,724 0,94 0,58 

Oligodendrocytes RAB30 ENSG00000137502 0,77 0,938148927 0,54 0,75 0,39 

Oligodendrocytes TARSL2 ENSG00000185418 0,743 0,748215552 0,486 0,72 0,35 
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Oligodendrocytes KNOP1 ENSG00000103550 0,707 0,702670275 0,414 0,58 0,22 

Oligodendrocytes BRMS1L ENSG00000100916 0,716 0,754772285 0,432 0,57 0,2 

Oligodendrocytes NALCN ENSG00000102452 0,754 0,698176765 0,508 0,88 0,52 

Oligodendrocytes STMN4 ENSG00000015592 0,707 0,828192207 0,414 0,51 0,15 

Oligodendrocytes DNAJB2 ENSG00000135924 0,728 0,732258275 0,456 0,66 0,3 

Oligodendrocytes REPS2 ENSG00000169891 0,727 0,777220189 0,454 0,66 0,29 

Oligodendrocytes DLC1 ENSG00000164741 0,817 0,700290791 0,634 0,9 0,54 

Oligodendrocytes SLC25A13 ENSG00000004864 0,801 1,019273897 0,602 0,82 0,46 

Oligodendrocytes MTUS1 ENSG00000129422 0,805 0,889200899 0,61 0,89 0,53 

Oligodendrocytes ANKRD18A ENSG00000180071 0,705 0,948339672 0,41 0,5 0,14 

Oligodendrocytes LRRC8B ENSG00000197147 0,705 0,657746604 0,41 0,58 0,22 

Oligodendrocytes BACE1 ENSG00000186318 0,72 0,752364487 0,44 0,59 0,23 

Oligodendrocytes SH3D19 ENSG00000109686 0,74 0,734989235 0,48 0,81 0,45 

Oligodendrocytes SVIP ENSG00000198168 0,706 0,730017576 0,412 0,53 0,18 

Oligodendrocytes JAKMIP3 ENSG00000188385 0,723 0,835176881 0,446 0,58 0,23 

Oligodendrocytes STK39 ENSG00000198648 0,762 0,757694069 0,524 0,81 0,45 

Oligodendrocytes TSPAN5 ENSG00000168785 0,761 0,802742604 0,522 0,83 0,47 

Oligodendrocytes OSBPL1A ENSG00000141447 0,817 0,948271314 0,634 0,89 0,54 

Oligodendrocytes HBS1L ENSG00000112339 0,726 0,729957172 0,452 0,66 0,31 

Oligodendrocytes NCAM2 ENSG00000154654 0,77 0,816219315 0,54 0,98 0,64 

Oligodendrocytes ALCAM ENSG00000170017 0,762 0,703980075 0,524 0,93 0,58 

Oligodendrocytes FRYL ENSG00000075539 0,942 1,489876748 0,884 0,98 0,64 

Oligodendrocytes LMCD1-AS1 ENSG00000227110 0,739 0,887871375 0,478 0,78 0,43 

Oligodendrocytes GNG7 ENSG00000176533 0,766 0,888155617 0,532 0,82 0,47 

Oligodendrocytes LHPP ENSG00000107902 0,707 0,698179587 0,414 0,58 0,23 

Oligodendrocytes ABHD17B ENSG00000107362 0,703 0,699726269 0,406 0,56 0,22 

Oligodendrocytes TBC1D12 ENSG00000108239 0,734 0,774706084 0,468 0,72 0,38 

Oligodendrocytes NCAM1 ENSG00000149294 0,846 0,886840911 0,692 0,99 0,65 

Oligodendrocytes RCAN2 ENSG00000172348 0,701 0,642622746 0,402 0,69 0,34 

Oligodendrocytes SLC13A3 ENSG00000158296 0,712 0,724011854 0,424 0,63 0,28 

Oligodendrocytes RASGRF1 ENSG00000058335 0,715 1,002505646 0,43 0,57 0,22 

Oligodendrocytes SNX30 ENSG00000148158 0,702 0,628214183 0,404 0,61 0,26 

Oligodendrocytes SEPTIN7 ENSG00000122545 0,904 1,30400155 0,808 0,96 0,62 

Oligodendrocytes CLIP4 ENSG00000115295 0,746 0,744179586 0,492 0,77 0,43 

Oligodendrocytes CDC14B ENSG00000081377 0,758 0,774915599 0,516 0,82 0,48 

Oligodendrocytes CUEDC1 ENSG00000180891 0,703 0,635838361 0,406 0,64 0,3 

Oligodendrocytes AMD1 ENSG00000123505 0,709 0,681085651 0,418 0,63 0,3 

Oligodendrocytes PPP2R2B ENSG00000156475 0,834 1,066980836 0,668 0,98 0,65 

Oligodendrocytes KCTD8 ENSG00000183783 0,714 0,74630307 0,428 0,73 0,4 

Oligodendrocytes MICAL3 ENSG00000243156 0,737 0,683403651 0,474 0,81 0,49 

Oligodendrocytes PPP1R21 ENSG00000162869 0,716 0,644079612 0,432 0,71 0,38 

Oligodendrocytes LINC01505 ENSG00000234323 0,703 1,355969048 0,406 0,57 0,25 

Oligodendrocytes WDR20 ENSG00000140153 0,721 0,668190704 0,442 0,7 0,38 

Oligodendrocytes DIP2C ENSG00000151240 0,849 0,976274771 0,698 0,96 0,64 

Oligodendrocytes ZNF652 ENSG00000198740 0,772 0,853704121 0,544 0,82 0,5 

Oligodendrocytes HIPK2 ENSG00000064393 0,794 0,849679266 0,588 0,9 0,59 

Oligodendrocytes NTM ENSG00000182667 0,738 0,651586708 0,476 0,96 0,65 

Oligodendrocytes TULP4 ENSG00000130338 0,771 0,798632265 0,542 0,88 0,57 

Oligodendrocytes DLG1 ENSG00000075711 0,926 1,407204503 0,852 0,97 0,66 

Oligodendrocytes CPQ ENSG00000104324 0,71 0,649420106 0,42 0,78 0,48 

Oligodendrocytes DICER1 ENSG00000100697 0,779 0,763579468 0,558 0,85 0,54 

Oligodendrocytes AOPEP ENSG00000148120 0,791 0,808913079 0,582 0,91 0,6 

Oligodendrocytes PTBP2 ENSG00000117569 0,795 0,838513672 0,59 0,89 0,59 

Oligodendrocytes TLE4 ENSG00000106829 0,72 0,731285247 0,44 0,75 0,45 

Oligodendrocytes ZFYVE16 ENSG00000039319 0,784 0,875845366 0,568 0,84 0,53 
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Oligodendrocytes MAP4K5 ENSG00000012983 0,853 1,042664131 0,706 0,93 0,63 

Oligodendrocytes RNF13 ENSG00000082996 0,781 0,765764039 0,562 0,86 0,56 

Oligodendrocytes SAMD4B ENSG00000179134 0,709 0,625239339 0,418 0,69 0,39 

Oligodendrocytes SCARB2 ENSG00000138760 0,726 0,651662939 0,452 0,75 0,45 

Oligodendrocytes DIP2B ENSG00000066084 0,889 1,117085671 0,778 0,97 0,68 

Oligodendrocytes MYO6 ENSG00000196586 0,755 0,680106694 0,51 0,86 0,57 

Oligodendrocytes NLK ENSG00000087095 0,715 0,585190818 0,43 0,79 0,51 

Oligodendrocytes RDX ENSG00000137710 0,726 0,684629385 0,452 0,79 0,51 

Oligodendrocytes AGAP1 ENSG00000157985 0,854 0,915601403 0,708 0,99 0,71 

Oligodendrocytes ANKIB1 ENSG00000001629 0,772 0,746064392 0,544 0,89 0,61 

Oligodendrocytes RBPJ ENSG00000168214 0,743 0,632309062 0,486 0,85 0,57 

Oligodendrocytes ITCH ENSG00000078747 0,738 0,627380579 0,476 0,82 0,55 

Oligodendrocytes FAM171A1 ENSG00000148468 0,706 0,605276798 0,412 0,74 0,47 

Oligodendrocytes MAPRE2 ENSG00000166974 0,746 0,789525876 0,492 0,8 0,53 

Oligodendrocytes DLG2 ENSG00000150672 0,865 0,947550418 0,73 1 0,73 

Oligodendrocytes MBNL2 ENSG00000139793 0,846 0,900099393 0,692 0,95 0,68 

Oligodendrocytes PCDH9 ENSG00000184226 0,909 1,252405655 0,818 1 0,73 

Oligodendrocytes PDE4B ENSG00000184588 0,933 1,416483973 0,866 0,99 0,73 

Oligodendrocytes PEBP1 ENSG00000089220 0,714 0,691660185 0,428 0,75 0,49 

Oligodendrocytes USP32 ENSG00000170832 0,717 0,642879223 0,434 0,79 0,53 

Oligodendrocytes ERBIN ENSG00000112851 0,919 1,452307659 0,838 0,99 0,73 

Oligodendrocytes PPP1R12B ENSG00000077157 0,752 0,644077208 0,504 0,87 0,61 

Oligodendrocytes UBE4B ENSG00000130939 0,713 0,588049146 0,426 0,8 0,54 

Oligodendrocytes ARHGAP21 ENSG00000107863 0,884 1,069305358 0,768 0,97 0,71 

Oligodendrocytes ZKSCAN1 ENSG00000106261 0,714 0,606848265 0,428 0,77 0,51 

Oligodendrocytes FAR1 ENSG00000197601 0,727 0,647424041 0,454 0,77 0,52 

Oligodendrocytes APP ENSG00000142192 0,751 0,599609948 0,502 0,94 0,69 

Oligodendrocytes MAGI2 ENSG00000187391 0,854 0,869720437 0,708 1 0,75 

Oligodendrocytes TJP1 ENSG00000104067 0,817 0,812279 0,634 0,96 0,72 

Oligodendrocytes CCDC88A ENSG00000115355 0,837 0,845714661 0,674 0,96 0,73 

Oligodendrocytes RNF130 ENSG00000113269 0,758 0,628888482 0,516 0,91 0,69 

Oligodendrocytes RTN4 ENSG00000115310 0,902 1,093217859 0,804 0,98 0,75 

Oligodendrocytes CLASP2 ENSG00000163539 0,903 1,013594326 0,806 0,99 0,77 

Oligodendrocytes MAP4K4 ENSG00000071054 0,897 1,096173591 0,794 0,98 0,76 

Oligodendrocytes FMNL2 ENSG00000157827 0,915 1,311774904 0,83 0,99 0,8 

Oligodendrocytes FTH1 ENSG00000167996 0,725 0,776894145 0,45 0,85 0,66 

Oligodendrocytes PTK2 ENSG00000169398 0,756 0,639409331 0,512 0,96 0,8 

Oligodendrocytes SIK3 ENSG00000160584 0,881 1,11310599 0,762 0,99 0,83 

Oligodendrocytes ZNF638 ENSG00000075292 0,767 0,628759385 0,534 0,95 0,8 

Oligodendrocytes DST ENSG00000151914 0,801 0,612109476 0,602 0,99 0,86 

Oligodendrocytes TCF12 ENSG00000140262 0,801 0,743308943 0,602 0,98 0,85 

Oligodendrocytes QKI ENSG00000112531 0,948 1,29071784 0,896 1 0,88 

Excitatory MYT1L ENSG00000186487 0,949 1,836078745 0,898 0,97 0,12 

Excitatory CELF4 ENSG00000101489 0,935 1,528801414 0,87 0,94 0,09 

Excitatory GRIN1 ENSG00000176884 0,925 1,291753069 0,85 0,92 0,08 

Excitatory SYT1 ENSG00000067715 0,938 2,003479071 0,876 0,96 0,12 

Excitatory PAK3 ENSG00000077264 0,93 1,532454893 0,86 0,94 0,1 

Excitatory ANKRD30BL ENSG00000163046 0,943 1,68275509 0,886 0,95 0,12 

Excitatory SRRM3 ENSG00000177679 0,922 1,30050477 0,844 0,92 0,09 

Excitatory GRIN2B ENSG00000273079 0,921 1,480829437 0,842 0,92 0,1 

Excitatory CACNA1B ENSG00000148408 0,939 1,69432504 0,878 0,94 0,13 

Excitatory RIMS2 ENSG00000176406 0,952 2,108544744 0,904 0,97 0,16 

Excitatory LINGO2 ENSG00000174482 0,911 2,030034091 0,822 0,88 0,08 

Excitatory SYN2 ENSG00000157152 0,907 1,279209628 0,814 0,91 0,1 

Excitatory GABBR2 ENSG00000136928 0,904 1,238230212 0,808 0,89 0,08 
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Excitatory ATP8A2 ENSG00000132932 0,934 1,697861983 0,868 0,95 0,15 

Excitatory SLC4A10 ENSG00000144290 0,908 1,313190073 0,816 0,9 0,1 

Excitatory CDH18 ENSG00000145526 0,929 2,194823648 0,858 0,92 0,13 

Excitatory GABRB3 ENSG00000166206 0,918 1,445003669 0,836 0,93 0,14 

Excitatory STMN2 ENSG00000104435 0,896 1,226738928 0,792 0,85 0,06 

Excitatory TENM2 ENSG00000145934 0,935 2,415074547 0,87 0,94 0,15 

Excitatory CELF5 ENSG00000161082 0,895 1,01373918 0,79 0,86 0,08 

Excitatory KCNB2 ENSG00000182674 0,9 1,896723618 0,8 0,83 0,05 

Excitatory FGF12 ENSG00000114279 0,924 1,713846524 0,848 0,97 0,18 

Excitatory SCN2A ENSG00000136531 0,917 1,298722359 0,834 0,93 0,15 

Excitatory KSR2 ENSG00000171435 0,908 1,323234624 0,816 0,91 0,13 

Excitatory RAB3C ENSG00000152932 0,897 1,292268148 0,794 0,89 0,11 

Excitatory MEG8 ENSG00000225746 0,901 1,38890458 0,802 0,89 0,11 

Excitatory LRFN5 ENSG00000165379 0,915 1,667067659 0,83 0,92 0,14 

Excitatory CHD5 ENSG00000116254 0,89 0,917338143 0,78 0,83 0,06 

Excitatory HECW1 ENSG00000002746 0,894 1,421957646 0,788 0,89 0,11 

Excitatory CAMK2B ENSG00000058404 0,892 1,027051732 0,784 0,9 0,13 

Excitatory PTPRN2 ENSG00000155093 0,939 1,695309514 0,878 0,95 0,18 

Excitatory MIAT ENSG00000225783 0,894 1,129147242 0,788 0,87 0,1 

Excitatory CADPS ENSG00000163618 0,924 1,528831659 0,848 0,96 0,2 

Excitatory KCNC2 ENSG00000166006 0,888 1,488853556 0,776 0,81 0,05 

Excitatory NMNAT2 ENSG00000157064 0,891 1,128094288 0,782 0,88 0,12 

Excitatory DNM1 ENSG00000106976 0,892 1,029215195 0,784 0,89 0,13 

Excitatory OPCML ENSG00000183715 0,872 1,214176777 0,744 0,94 0,18 

Excitatory NRG1 ENSG00000157168 0,898 2,343329129 0,796 0,86 0,1 

Excitatory XKR4 ENSG00000206579 0,884 1,34563042 0,768 0,9 0,14 

Excitatory DLGAP2 ENSG00000198010 0,89 1,51240628 0,78 0,86 0,1 

Excitatory RALYL ENSG00000184672 0,937 2,116987122 0,874 0,97 0,21 

Excitatory SCN3A ENSG00000153253 0,884 1,135297746 0,768 0,88 0,12 

Excitatory GABRB2 ENSG00000145864 0,883 1,436990823 0,766 0,82 0,07 

Excitatory GABRG2 ENSG00000113327 0,881 1,020336251 0,762 0,81 0,06 

Excitatory SHANK2 ENSG00000162105 0,879 1,044400357 0,758 0,88 0,13 

Excitatory ARHGAP44 ENSG00000006740 0,899 1,190827121 0,798 0,9 0,15 

Excitatory CACNA1E ENSG00000198216 0,894 1,447986247 0,788 0,86 0,11 

Excitatory GRM7 ENSG00000196277 0,905 1,714651557 0,81 0,93 0,18 

Excitatory SCN1A ENSG00000144285 0,876 1,141052593 0,752 0,91 0,16 

Excitatory WNK2 ENSG00000165238 0,876 0,973004115 0,752 0,88 0,13 

Excitatory UNC80 ENSG00000144406 0,88 1,064584128 0,76 0,93 0,18 

Excitatory GRM5 ENSG00000168959 0,886 1,458644988 0,772 0,91 0,16 

Excitatory SYN3 ENSG00000185666 0,883 1,394021221 0,766 0,85 0,11 

Excitatory GRIA1 ENSG00000155511 0,881 1,570289931 0,762 0,83 0,09 

Excitatory SNAP25 ENSG00000132639 0,892 1,211348459 0,784 0,93 0,19 

Excitatory GALNT17 ENSG00000185274 0,876 1,174919952 0,752 0,85 0,1 

Excitatory SEZ6L ENSG00000100095 0,875 1,265310919 0,75 0,87 0,13 

Excitatory ROBO2 ENSG00000185008 0,908 2,165191603 0,816 0,92 0,17 

Excitatory MTUS2 ENSG00000132938 0,879 1,593867698 0,758 0,82 0,08 

Excitatory DNAH14 ENSG00000185842 0,886 1,279983337 0,772 0,85 0,12 

Excitatory EPHA6 ENSG00000080224 0,879 1,792841387 0,758 0,82 0,08 

Excitatory FGF14 ENSG00000102466 0,899 1,467022799 0,798 0,98 0,24 

Excitatory DCLK1 ENSG00000133083 0,886 1,148501274 0,772 0,94 0,2 

Excitatory KCNH7 ENSG00000184611 0,881 1,789290423 0,762 0,81 0,07 

Excitatory JPH4 ENSG00000092051 0,867 0,83685635 0,734 0,81 0,08 

Excitatory SUSD4 ENSG00000143502 0,87 0,952958051 0,74 0,82 0,09 

Excitatory MIR137HG ENSG00000225206 0,875 1,361739271 0,75 0,79 0,06 

Excitatory AGBL4 ENSG00000186094 0,922 1,668228178 0,844 0,95 0,22 
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Excitatory SYT16 ENSG00000139973 0,87 1,018537288 0,74 0,85 0,12 

Excitatory DOK6 ENSG00000206052 0,868 1,163711512 0,736 0,86 0,13 

Excitatory GRIP1 ENSG00000155974 0,908 1,639839567 0,816 0,92 0,19 

Excitatory AMPH ENSG00000078053 0,871 1,033369364 0,742 0,84 0,11 

Excitatory RUNDC3B ENSG00000105784 0,863 0,927942945 0,726 0,84 0,11 

Excitatory STXBP5L ENSG00000145087 0,897 1,454810751 0,794 0,92 0,19 

Excitatory HS6ST3 ENSG00000185352 0,881 1,679383108 0,762 0,88 0,16 

Excitatory MAST1 ENSG00000105613 0,862 0,81628926 0,724 0,8 0,07 

Excitatory SPTBN4 ENSG00000160460 0,903 1,220484949 0,806 0,93 0,2 

Excitatory PCSK2 ENSG00000125851 0,872 1,409402138 0,744 0,8 0,07 

Excitatory CALY ENSG00000130643 0,863 1,172618244 0,726 0,8 0,08 

Excitatory TENM3 ENSG00000218336 0,885 1,473352618 0,77 0,89 0,17 

Excitatory SRRM4 ENSG00000139767 0,859 0,976623481 0,718 0,78 0,06 

Excitatory GALNTL6 ENSG00000174473 0,872 1,967340051 0,744 0,82 0,1 

Excitatory PRKAR1B ENSG00000188191 0,872 0,94370321 0,744 0,85 0,13 

Excitatory NELL2 ENSG00000184613 0,871 1,359528813 0,742 0,82 0,1 

Excitatory SNTG1 ENSG00000147481 0,867 1,656986759 0,734 0,87 0,15 

Excitatory KCNJ3 ENSG00000162989 0,861 1,129524508 0,722 0,83 0,11 

Excitatory UNC5D ENSG00000156687 0,868 1,894736163 0,736 0,81 0,1 

Excitatory SYBU ENSG00000147642 0,854 0,887320735 0,708 0,85 0,14 

Excitatory CCSER1 ENSG00000184305 0,913 1,632873222 0,826 0,96 0,25 

Excitatory TMEM130 ENSG00000166448 0,854 0,822758753 0,708 0,77 0,06 

Excitatory SORBS2 ENSG00000154556 0,859 1,035307352 0,718 0,9 0,2 

Excitatory PRICKLE1 ENSG00000139174 0,852 1,023419127 0,704 0,79 0,09 

Excitatory CACNA1A ENSG00000141837 0,87 1,135196683 0,74 0,94 0,24 

Excitatory FRRS1L ENSG00000260230 0,864 0,905900448 0,728 0,85 0,14 

Excitatory PLXNA4 ENSG00000221866 0,861 1,106433386 0,722 0,82 0,11 

Excitatory TUSC3 ENSG00000104723 0,851 0,845664185 0,702 0,81 0,1 

Excitatory SCN8A ENSG00000196876 0,875 1,042393312 0,75 0,88 0,18 

Excitatory IQSEC3 ENSG00000120645 0,849 0,75312042 0,698 0,76 0,06 

Excitatory CNTN5 ENSG00000149972 0,872 2,307335272 0,744 0,81 0,1 

Excitatory BASP1 ENSG00000176788 0,857 0,953951943 0,714 0,88 0,17 

Excitatory GAP43 ENSG00000172020 0,854 0,946470331 0,708 0,78 0,08 

Excitatory GRIK2 ENSG00000164418 0,908 1,672820045 0,816 0,96 0,26 

Excitatory FRMPD4 ENSG00000169933 0,857 1,429255679 0,714 0,83 0,13 

Excitatory PTPRR ENSG00000153233 0,852 1,069248841 0,704 0,75 0,05 

Excitatory ADD2 ENSG00000075340 0,849 0,763813784 0,698 0,78 0,08 

Excitatory KIAA1549L ENSG00000110427 0,848 0,93457727 0,696 0,8 0,1 

Excitatory GABRG3 ENSG00000182256 0,852 1,570330139 0,704 0,75 0,05 

Excitatory ATRNL1 ENSG00000107518 0,838 0,937164967 0,676 0,87 0,18 

Excitatory ADAM23 ENSG00000114948 0,866 1,045191576 0,732 0,87 0,18 

Excitatory RIMS1 ENSG00000079841 0,91 1,500775303 0,82 0,93 0,24 

Excitatory KLHL29 ENSG00000119771 0,849 0,95856309 0,698 0,8 0,11 

Excitatory CNTNAP5 ENSG00000155052 0,859 1,628956776 0,718 0,84 0,15 

Excitatory SHISA9 ENSG00000237515 0,849 1,242819669 0,698 0,83 0,13 

Excitatory CACNB2 ENSG00000165995 0,877 1,238990006 0,754 0,94 0,24 

Excitatory GABRB1 ENSG00000163288 0,874 1,279647708 0,748 0,91 0,22 

Excitatory FHOD3 ENSG00000134775 0,851 1,010443778 0,702 0,81 0,11 

Excitatory FAM155A ENSG00000204442 0,931 1,827240861 0,862 0,98 0,29 

Excitatory OLFM3 ENSG00000118733 0,855 1,296724951 0,71 0,79 0,1 

Excitatory KHDRBS2 ENSG00000112232 0,877 1,379594484 0,754 0,89 0,2 

Excitatory SLC8A1 ENSG00000183023 0,843 1,006918401 0,686 0,95 0,26 

Excitatory CAP2 ENSG00000112186 0,842 0,769229262 0,684 0,78 0,09 

Excitatory STXBP5-AS1 ENSG00000233452 0,856 1,228167931 0,712 0,81 0,12 

Excitatory REEP1 ENSG00000068615 0,843 0,810928791 0,686 0,78 0,1 
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Excitatory NSG2 ENSG00000170091 0,837 0,818427178 0,674 0,78 0,1 

Excitatory ATCAY ENSG00000167654 0,834 0,694109058 0,668 0,78 0,1 

Excitatory VSNL1 ENSG00000163032 0,842 0,956971125 0,684 0,75 0,06 

Excitatory RIMBP2 ENSG00000060709 0,846 0,815682256 0,692 0,8 0,11 

Excitatory SNRPN ENSG00000128739 0,898 1,45028026 0,796 0,91 0,22 

Excitatory NEXMIF ENSG00000050030 0,839 0,912110641 0,678 0,79 0,1 

Excitatory DSCAM ENSG00000171587 0,844 0,700617852 0,688 0,95 0,27 

Excitatory CNTN4 ENSG00000144619 0,853 1,63310446 0,706 0,82 0,14 

Excitatory SLC2A13 ENSG00000151229 0,853 1,140690754 0,706 0,88 0,2 

Excitatory OSBPL6 ENSG00000079156 0,837 0,876932624 0,674 0,88 0,2 

Excitatory BICDL1 ENSG00000135127 0,843 0,798265564 0,686 0,77 0,1 

Excitatory ELAVL2 ENSG00000107105 0,838 0,971176942 0,676 0,73 0,05 

Excitatory DLGAP1 ENSG00000170579 0,867 1,342557138 0,734 0,92 0,25 

Excitatory NOL4 ENSG00000101746 0,826 0,822378014 0,652 0,85 0,18 

Excitatory PPM1E ENSG00000175175 0,869 1,137385809 0,738 0,91 0,24 

Excitatory KCND2 ENSG00000184408 0,835 1,053742766 0,67 0,92 0,25 

Excitatory SLC41A2 ENSG00000136052 0,833 0,736811469 0,666 0,79 0,12 

Excitatory C11orf80 ENSG00000173715 0,839 0,797455118 0,678 0,79 0,12 

Excitatory SORCS3 ENSG00000156395 0,834 1,131425557 0,668 0,78 0,11 

Excitatory RAP1GAP2 ENSG00000132359 0,826 0,704166669 0,652 0,79 0,13 

Excitatory KCNIP4 ENSG00000185774 0,87 1,662495086 0,74 0,91 0,25 

Excitatory ZNF804A ENSG00000170396 0,833 1,278761936 0,666 0,77 0,1 

Excitatory PLPPR4 ENSG00000117600 0,83 0,733983102 0,66 0,75 0,08 

Excitatory MYH10 ENSG00000133026 0,833 0,78160054 0,666 0,83 0,16 

Excitatory ELAVL4 ENSG00000162374 0,828 0,774086371 0,656 0,75 0,09 

Excitatory LRRC7 ENSG00000033122 0,885 1,562509689 0,77 0,94 0,27 

Excitatory CNTN1 ENSG00000018236 0,82 0,836436071 0,64 0,96 0,3 

Excitatory ANKRD34C-

AS1 

ENSG00000259234 0,83 0,861308332 0,66 0,7 0,04 

Excitatory PAM ENSG00000145730 0,849 1,093142325 0,698 0,9 0,24 

Excitatory EPB41L4B ENSG00000095203 0,832 0,812998394 0,664 0,75 0,09 

Excitatory SLC8A3 ENSG00000100678 0,824 0,78096972 0,648 0,77 0,11 

Excitatory TMEM132B ENSG00000139364 0,83 0,95646704 0,66 0,79 0,13 

Excitatory KIAA0319 ENSG00000137261 0,823 0,74534728 0,646 0,77 0,11 

Excitatory RPH3A ENSG00000089169 0,83 1,007261376 0,66 0,72 0,06 

Excitatory EFNA5 ENSG00000184349 0,827 1,093537905 0,654 0,78 0,12 

Excitatory CCDC85A ENSG00000055813 0,823 0,916644115 0,646 0,77 0,12 

Excitatory CA10 ENSG00000154975 0,811 0,883974304 0,622 0,78 0,12 

Excitatory SLC24A3 ENSG00000185052 0,821 1,013047169 0,642 0,78 0,12 

Excitatory CHL1 ENSG00000134121 0,81 0,723794249 0,62 0,87 0,22 

Excitatory MDGA2 ENSG00000139915 0,874 1,332851979 0,748 0,96 0,31 

Excitatory AC073050.1 ENSG00000228222 0,833 1,1309326 0,666 0,8 0,15 

Excitatory ASIC2 ENSG00000108684 0,836 1,470915231 0,672 0,76 0,11 

Excitatory SLC17A6 ENSG00000091664 0,826 0,893899526 0,652 0,66 0,01 

Excitatory ANO5 ENSG00000171714 0,819 0,683252033 0,638 0,77 0,12 

Excitatory CAMK2A ENSG00000070808 0,829 0,787996719 0,658 0,73 0,07 

Excitatory ATP2B2 ENSG00000157087 0,808 0,697245836 0,616 0,84 0,19 

Excitatory FGF13 ENSG00000129682 0,829 1,377968328 0,658 0,7 0,05 

Excitatory BASP1-AS1 ENSG00000215196 0,824 0,825243582 0,648 0,73 0,08 

Excitatory GUCY1A2 ENSG00000152402 0,826 0,968680079 0,652 0,81 0,17 

Excitatory LHFPL3 ENSG00000187416 0,82 0,819534017 0,64 0,83 0,18 

Excitatory LHFPL4 ENSG00000156959 0,82 0,633440714 0,64 0,75 0,1 

Excitatory LRRTM4 ENSG00000176204 0,862 1,528318444 0,724 0,91 0,26 

Excitatory MGAT4C ENSG00000182050 0,839 1,61907205 0,678 0,81 0,16 

Excitatory CNKSR2 ENSG00000149970 0,822 0,953792643 0,644 0,8 0,15 
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Excitatory DGKB ENSG00000136267 0,838 1,373394197 0,676 0,82 0,17 

Excitatory CACNA1C ENSG00000151067 0,895 1,386221178 0,79 0,96 0,31 

Excitatory NHS ENSG00000188158 0,819 0,8770928 0,638 0,77 0,12 

Excitatory JAKMIP1 ENSG00000152969 0,819 0,699214629 0,638 0,72 0,07 

Excitatory SNAP91 ENSG00000065609 0,885 1,156963894 0,77 0,94 0,29 

Excitatory FAM189A1 ENSG00000104059 0,825 0,999919421 0,65 0,72 0,08 

Excitatory DENND1B ENSG00000213047 0,817 0,727840433 0,634 0,78 0,14 

Excitatory KCNB1 ENSG00000158445 0,815 0,647498744 0,63 0,75 0,11 

Excitatory AC092683.1 ENSG00000230606 0,903 1,312822413 0,806 0,94 0,29 

Excitatory PRR16 ENSG00000184838 0,821 1,17195109 0,642 0,71 0,07 

Excitatory ZFR2 ENSG00000105278 0,82 0,654272762 0,64 0,73 0,09 

Excitatory CSMD3 ENSG00000164796 0,883 1,414820943 0,766 0,95 0,31 

Excitatory KCTD16 ENSG00000183775 0,836 1,208624592 0,672 0,82 0,18 

Excitatory EPHA5 ENSG00000145242 0,821 1,083273597 0,642 0,71 0,07 

Excitatory SLC44A5 ENSG00000137968 0,823 1,144364276 0,646 0,75 0,12 

Excitatory PTPRN ENSG00000054356 0,818 0,678477827 0,636 0,69 0,05 

Excitatory CACNG2 ENSG00000166862 0,817 0,764329389 0,634 0,71 0,08 

Excitatory DPY19L2 ENSG00000177990 0,812 0,672751812 0,624 0,77 0,13 

Excitatory KCNQ3 ENSG00000184156 0,819 0,783981609 0,638 0,88 0,25 

Excitatory KCNJ6 ENSG00000157542 0,818 0,877572017 0,636 0,71 0,07 

Excitatory TENM1 ENSG00000009694 0,823 1,102615228 0,646 0,74 0,11 

Excitatory ABLIM2 ENSG00000163995 0,824 0,779732725 0,648 0,8 0,17 

Excitatory PCDH15 ENSG00000150275 0,816 1,322109856 0,632 0,79 0,16 

Excitatory RBFOX3 ENSG00000167281 0,817 0,836916621 0,634 0,69 0,06 

Excitatory PCLO ENSG00000186472 0,912 1,364846243 0,824 0,96 0,33 

Excitatory CIT ENSG00000122966 0,825 0,910154873 0,65 0,81 0,17 

Excitatory SIDT1 ENSG00000072858 0,812 0,699453418 0,624 0,71 0,08 

Excitatory PLCB4 ENSG00000101333 0,81 0,853859756 0,62 0,84 0,21 

Excitatory ANK1 ENSG00000029534 0,818 0,977515239 0,636 0,7 0,07 

Excitatory CLSTN3 ENSG00000139182 0,811 0,598520179 0,622 0,7 0,07 

Excitatory NYAP2 ENSG00000144460 0,812 0,722761919 0,624 0,68 0,05 

Excitatory BTBD11 ENSG00000151136 0,807 0,769904445 0,614 0,72 0,09 

Excitatory SCN9A ENSG00000169432 0,816 0,933997796 0,632 0,74 0,11 

Excitatory SH3GL2 ENSG00000107295 0,809 0,776771703 0,618 0,76 0,13 

Excitatory MAP7D2 ENSG00000184368 0,812 0,612354704 0,624 0,69 0,06 

Excitatory SLC35F1 ENSG00000196376 0,803 0,7214571 0,606 0,82 0,2 

Excitatory SCN7A ENSG00000136546 0,813 0,768899758 0,626 0,68 0,05 

Excitatory FP700111.1 ENSG00000224363 0,835 0,887797684 0,67 0,86 0,23 

Excitatory CSMD2 ENSG00000121904 0,82 0,902853503 0,64 0,86 0,23 

Excitatory PAK5 ENSG00000101349 0,807 0,690005836 0,614 0,72 0,1 

Excitatory GNB5 ENSG00000069966 0,806 0,588016683 0,612 0,74 0,11 

Excitatory RNF175 ENSG00000145428 0,811 0,641274999 0,622 0,69 0,06 

Excitatory CAMK4 ENSG00000152495 0,811 0,836164933 0,622 0,73 0,1 

Excitatory CNNM1 ENSG00000119946 0,809 0,598975289 0,618 0,69 0,06 

Excitatory NRG3 ENSG00000185737 0,847 1,091130079 0,694 0,98 0,35 

Excitatory NRSN1 ENSG00000152954 0,808 0,627838611 0,616 0,69 0,07 

Excitatory NEK10 ENSG00000163491 0,808 0,726295483 0,616 0,74 0,12 

Excitatory TMTC1 ENSG00000133687 0,804 0,809569524 0,608 0,82 0,2 

Excitatory CACNA1D ENSG00000157388 0,823 0,787050455 0,646 0,87 0,25 

Excitatory GABRA2 ENSG00000151834 0,811 0,858549639 0,622 0,7 0,08 

Excitatory AKAP12 ENSG00000131016 0,798 0,599141329 0,596 0,77 0,14 

Excitatory RAD9A ENSG00000172613 0,808 0,672622797 0,616 0,82 0,2 

Excitatory STXBP1 ENSG00000136854 0,836 0,800427893 0,672 0,88 0,27 

Excitatory GRM1 ENSG00000152822 0,812 1,130297904 0,624 0,68 0,06 

Excitatory PNMA2 ENSG00000240694 0,806 0,737984639 0,612 0,7 0,08 
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Excitatory CLVS1 ENSG00000177182 0,803 0,659677241 0,606 0,76 0,15 

Excitatory KIAA1211 ENSG00000109265 0,807 0,76748139 0,614 0,81 0,19 

Excitatory MAP2 ENSG00000078018 0,916 1,374052122 0,832 0,98 0,37 

Excitatory SVOP ENSG00000166111 0,809 0,632237755 0,618 0,66 0,05 

Excitatory ELMOD1 ENSG00000110675 0,799 0,718535119 0,598 0,74 0,12 

Excitatory GABRA1 ENSG00000022355 0,808 0,833291803 0,616 0,66 0,04 

Excitatory RGS17 ENSG00000091844 0,805 0,675179585 0,61 0,69 0,07 

Excitatory ERC2 ENSG00000187672 0,859 1,130196124 0,718 0,93 0,32 

Excitatory SV2A ENSG00000159164 0,802 0,663787494 0,604 0,76 0,15 

Excitatory LINC01250 ENSG00000234423 0,808 0,781233333 0,616 0,66 0,05 

Excitatory CERS6 ENSG00000172292 0,809 0,788253946 0,618 0,86 0,25 

Excitatory MAP6 ENSG00000171533 0,804 0,604492318 0,608 0,77 0,16 

Excitatory SYT14 ENSG00000143469 0,818 0,776569162 0,636 0,86 0,25 

Excitatory SGCZ ENSG00000185053 0,819 1,884327589 0,638 0,76 0,15 

Excitatory LINC01122 ENSG00000233723 0,808 0,960402425 0,616 0,78 0,17 

Excitatory LRFN2 ENSG00000156564 0,796 0,647541801 0,592 0,69 0,09 

Excitatory BRINP3 ENSG00000162670 0,803 1,096082874 0,606 0,78 0,17 

Excitatory RALGPS2 ENSG00000116191 0,791 0,636296593 0,582 0,76 0,16 

Excitatory PACRG ENSG00000112530 0,803 0,774222071 0,606 0,8 0,2 

Excitatory HCN1 ENSG00000164588 0,803 1,188319502 0,606 0,66 0,06 

Excitatory FBXO16 ENSG00000214050 0,797 0,607220275 0,594 0,69 0,09 

Excitatory ADGRL2 ENSG00000117114 0,805 1,191564701 0,61 0,72 0,11 

Excitatory RAPGEF4 ENSG00000091428 0,816 0,775917868 0,632 0,91 0,31 

Excitatory PCDH7 ENSG00000169851 0,812 1,165839958 0,624 0,85 0,25 

Excitatory TMEM108 ENSG00000144868 0,81 0,993381197 0,62 0,84 0,24 

Excitatory KIF5A ENSG00000155980 0,798 0,594320767 0,596 0,7 0,1 

Excitatory ASTN1 ENSG00000152092 0,804 0,74538418 0,608 0,85 0,25 

Excitatory RYR2 ENSG00000198626 0,852 1,526882085 0,704 0,85 0,26 

Excitatory VAT1L ENSG00000171724 0,8 0,78347056 0,6 0,72 0,12 

Excitatory ME3 ENSG00000151376 0,792 0,623551302 0,584 0,77 0,17 

Excitatory TAFA2 ENSG00000198673 0,814 1,291586578 0,628 0,78 0,18 

Excitatory CSMD1 ENSG00000183117 0,877 1,378165766 0,754 0,96 0,36 

Excitatory LONRF2 ENSG00000170500 0,806 0,68797031 0,612 0,82 0,23 

Excitatory SYN1 ENSG00000008056 0,796 0,596585291 0,592 0,66 0,07 

Excitatory AFF3 ENSG00000144218 0,852 1,018109051 0,704 0,94 0,34 

Excitatory THY1 ENSG00000154096 0,794 0,760651957 0,588 0,68 0,09 

Excitatory KIAA0825 ENSG00000185261 0,806 0,782522262 0,612 0,85 0,26 

Excitatory ICA1 ENSG00000003147 0,791 0,616689343 0,582 0,69 0,1 

Excitatory KLHL1 ENSG00000150361 0,805 1,484632939 0,61 0,67 0,07 

Excitatory BRINP1 ENSG00000078725 0,788 0,791646927 0,576 0,73 0,14 

Excitatory RAB27B ENSG00000041353 0,795 0,729729654 0,59 0,64 0,05 

Excitatory SPTAN1 ENSG00000197694 0,799 0,681993052 0,598 0,88 0,29 

Excitatory XKR6 ENSG00000171044 0,864 1,124997188 0,728 0,93 0,34 

Excitatory PATJ ENSG00000132849 0,82 0,833271619 0,64 0,87 0,28 

Excitatory CLVS2 ENSG00000146352 0,792 0,610768487 0,584 0,65 0,06 

Excitatory LINC00937 ENSG00000226091 0,792 0,697979737 0,584 0,73 0,14 

Excitatory HMGCLL1 ENSG00000146151 0,791 0,644024712 0,582 0,75 0,16 

Excitatory SYP ENSG00000102003 0,789 0,604378687 0,578 0,77 0,18 

Excitatory GNG2 ENSG00000186469 0,786 0,598771585 0,572 0,69 0,1 

Excitatory LINC01414 ENSG00000253554 0,795 1,007812523 0,59 0,66 0,07 

Excitatory NRXN1 ENSG00000179915 0,898 1,459646505 0,796 0,99 0,4 

Excitatory CACNG8 ENSG00000142408 0,792 0,60503273 0,584 0,65 0,07 

Excitatory CPNE4 ENSG00000196353 0,796 1,282271087 0,592 0,65 0,06 

Excitatory EML6 ENSG00000214595 0,789 0,735582378 0,578 0,79 0,2 

Excitatory TRERF1 ENSG00000124496 0,78 0,588678119 0,56 0,73 0,15 
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Excitatory TMEM178B ENSG00000261115 0,852 1,042136586 0,704 0,93 0,35 

Excitatory TMEM59L ENSG00000105696 0,786 0,616464258 0,572 0,69 0,1 

Excitatory LINC02389 ENSG00000255693 0,79 0,69188611 0,58 0,64 0,06 

Excitatory ARPP21 ENSG00000172995 0,804 1,139646417 0,608 0,79 0,2 

Excitatory SCG2 ENSG00000171951 0,789 0,878328183 0,578 0,65 0,07 

Excitatory FRY ENSG00000073910 0,793 0,70799437 0,586 0,9 0,32 

Excitatory VWC2L ENSG00000174453 0,79 0,955024546 0,58 0,62 0,04 

Excitatory RIT2 ENSG00000152214 0,787 1,02852121 0,574 0,65 0,08 

Excitatory KIF9-AS1 ENSG00000227398 0,797 0,698827545 0,594 0,87 0,29 

Excitatory FBXL2 ENSG00000153558 0,791 0,661318018 0,582 0,8 0,22 

Excitatory GLRA3 ENSG00000145451 0,788 0,814399317 0,576 0,6 0,03 

Excitatory NDRG4 ENSG00000103034 0,778 0,587031564 0,556 0,68 0,11 

Excitatory KCND3 ENSG00000171385 0,776 0,702939115 0,552 0,74 0,17 

Excitatory CNTN3 ENSG00000113805 0,779 0,82224751 0,558 0,71 0,14 

Excitatory AC120193.1 ENSG00000253535 0,787 0,999331119 0,574 0,66 0,09 

Excitatory BAIAP3 ENSG00000007516 0,784 0,788894676 0,568 0,64 0,07 

Excitatory DPP10 ENSG00000175497 0,798 0,816658569 0,596 0,85 0,28 

Excitatory LIN7A ENSG00000111052 0,777 0,661327948 0,554 0,67 0,11 

Excitatory CHRM3 ENSG00000133019 0,789 1,699494622 0,578 0,61 0,05 

Excitatory LINC00632 ENSG00000203930 0,862 1,021573588 0,724 0,91 0,34 

Excitatory TENM4 ENSG00000149256 0,834 1,027264622 0,668 0,9 0,33 

Excitatory UCHL1 ENSG00000154277 0,794 0,777212271 0,588 0,82 0,25 

Excitatory TAFA1 ENSG00000183662 0,79 1,401507084 0,58 0,69 0,12 

Excitatory WDR17 ENSG00000150627 0,788 0,628537077 0,576 0,81 0,24 

Excitatory FAT3 ENSG00000165323 0,763 0,642412388 0,526 0,75 0,19 

Excitatory GPR158 ENSG00000151025 0,779 0,667117542 0,558 0,85 0,28 

Excitatory SGSM1 ENSG00000167037 0,799 0,711052531 0,598 0,84 0,28 

Excitatory KCNH5 ENSG00000140015 0,784 1,003493176 0,568 0,61 0,05 

Excitatory TMEM232 ENSG00000186952 0,798 0,655461411 0,596 0,85 0,29 

Excitatory EPHB1 ENSG00000154928 0,788 0,880278767 0,576 0,72 0,15 

Excitatory CSRNP3 ENSG00000178662 0,846 0,948721257 0,692 0,92 0,35 

Excitatory TRMT9B ENSG00000250305 0,778 0,660789787 0,556 0,67 0,11 

Excitatory HSPA4L ENSG00000164070 0,775 0,588928437 0,55 0,73 0,17 

Excitatory PTPRO ENSG00000151490 0,783 1,037009212 0,566 0,65 0,09 

Excitatory FSTL4 ENSG00000053108 0,78 1,235969541 0,56 0,61 0,06 

Excitatory VPS13A ENSG00000197969 0,78 0,606632072 0,56 0,81 0,26 

Excitatory RUNX1T1 ENSG00000079102 0,776 0,744100114 0,552 0,82 0,26 

Excitatory EML5 ENSG00000165521 0,771 0,649556142 0,542 0,73 0,18 

Excitatory AFF2 ENSG00000155966 0,776 0,789599095 0,552 0,61 0,05 

Excitatory FOCAD ENSG00000188352 0,844 0,979061284 0,688 0,91 0,36 

Excitatory MCF2L2 ENSG00000053524 0,825 0,831936796 0,65 0,89 0,34 

Excitatory LINC01322 ENSG00000244128 0,78 0,960582207 0,56 0,69 0,13 

Excitatory FAAH2 ENSG00000165591 0,774 0,626962687 0,548 0,69 0,14 

Excitatory MAGI3 ENSG00000081026 0,786 0,704044808 0,572 0,84 0,29 

Excitatory GNAL ENSG00000141404 0,773 0,694525923 0,546 0,67 0,11 

Excitatory AC025159.1 ENSG00000257815 0,803 0,936177995 0,606 0,83 0,28 

Excitatory DAB1 ENSG00000173406 0,854 1,480675026 0,708 0,9 0,35 

Excitatory HSPA12A ENSG00000165868 0,829 0,832447529 0,658 0,91 0,36 

Excitatory FAM135B ENSG00000147724 0,765 0,613476019 0,53 0,75 0,2 

Excitatory AC092691.1 ENSG00000239268 0,783 0,878955425 0,566 0,88 0,33 

Excitatory RGS7 ENSG00000182901 0,825 1,02865025 0,65 0,93 0,39 

Excitatory PLCB1 ENSG00000182621 0,756 0,734305634 0,512 0,86 0,31 

Excitatory SLC25A12 ENSG00000115840 0,806 0,738874313 0,612 0,88 0,33 

Excitatory PWRN1 ENSG00000259905 0,771 0,701509028 0,542 0,78 0,24 

Excitatory CTNNA2 ENSG00000066032 0,817 0,906328657 0,634 0,97 0,43 
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Excitatory CHSY3 ENSG00000198108 0,773 1,073318359 0,546 0,69 0,15 

Excitatory MCTP1 ENSG00000175471 0,766 0,77074091 0,532 0,68 0,14 

Excitatory INPP4B ENSG00000109452 0,798 1,244364223 0,596 0,8 0,26 

Excitatory CACNA2D3 ENSG00000157445 0,764 0,770858598 0,528 0,8 0,26 

Excitatory RERG ENSG00000134533 0,768 0,79459871 0,536 0,6 0,06 

Excitatory PCNX2 ENSG00000135749 0,805 0,682580313 0,61 0,91 0,37 

Excitatory NDST3 ENSG00000164100 0,77 0,925298996 0,54 0,6 0,06 

Excitatory ADGRV1 ENSG00000164199 0,767 0,704787038 0,534 0,64 0,1 

Excitatory NTNG1 ENSG00000162631 0,781 1,506315859 0,562 0,7 0,16 

Excitatory SLC35F4 ENSG00000151812 0,771 1,151471163 0,542 0,59 0,05 

Excitatory PLA2R1 ENSG00000153246 0,767 0,65616471 0,534 0,6 0,06 

Excitatory PLEKHA5 ENSG00000052126 0,805 0,791295148 0,61 0,93 0,4 

Excitatory NCDN ENSG00000020129 0,764 0,628390783 0,528 0,67 0,14 

Excitatory DGKI ENSG00000157680 0,824 0,981883833 0,648 0,9 0,37 

Excitatory CELF2 ENSG00000048740 0,768 0,76394756 0,536 0,93 0,4 

Excitatory EPHA7 ENSG00000135333 0,767 0,876818486 0,534 0,6 0,07 

Excitatory KALRN ENSG00000160145 0,817 0,935837942 0,634 0,92 0,39 

Excitatory ABCA10 ENSG00000154263 0,762 0,597089307 0,524 0,64 0,11 

Excitatory FLRT2 ENSG00000185070 0,752 0,660096874 0,504 0,71 0,18 

Excitatory CEP112 ENSG00000154240 0,757 0,743111564 0,514 0,76 0,24 

Excitatory NSF ENSG00000073969 0,839 0,9046371 0,678 0,94 0,42 

Excitatory UNC79 ENSG00000133958 0,839 0,9154308 0,678 0,93 0,42 

Excitatory KIAA1217 ENSG00000120549 0,755 0,878280107 0,51 0,74 0,22 

Excitatory LY6H ENSG00000176956 0,756 0,603860476 0,512 0,57 0,06 

Excitatory PCSK1N ENSG00000102109 0,765 0,968172785 0,53 0,71 0,2 

Excitatory CNTN6 ENSG00000134115 0,757 0,780801791 0,514 0,58 0,06 

Excitatory AC024901.1 ENSG00000255910 0,757 0,772679046 0,514 0,56 0,05 

Excitatory CDK14 ENSG00000058091 0,78 0,73357449 0,56 0,88 0,37 

Excitatory PRKG1 ENSG00000185532 0,763 1,051663566 0,526 0,74 0,23 

Excitatory UNC13C ENSG00000137766 0,754 0,995550963 0,508 0,57 0,06 

Excitatory RBFOX1 ENSG00000078328 0,859 1,620097143 0,718 0,94 0,43 

Excitatory ZNF804B ENSG00000182348 0,759 1,581423634 0,518 0,57 0,06 

Excitatory C8orf34 ENSG00000165084 0,754 0,929688567 0,508 0,61 0,1 

Excitatory DCC ENSG00000187323 0,778 1,369498828 0,556 0,73 0,22 

Excitatory ZNF385B ENSG00000144331 0,755 1,14541846 0,51 0,59 0,08 

Excitatory CLSTN2 ENSG00000158258 0,756 0,985087838 0,512 0,61 0,11 

Excitatory CUX2 ENSG00000111249 0,754 0,954978986 0,508 0,56 0,06 

Excitatory SLIT2 ENSG00000145147 0,766 1,085610814 0,532 0,68 0,17 

Excitatory ADAM22 ENSG00000008277 0,775 0,626500222 0,55 0,87 0,37 

Excitatory GRIN2A ENSG00000183454 0,754 0,98884788 0,508 0,63 0,12 

Excitatory KIFAP3 ENSG00000075945 0,778 0,625127966 0,556 0,86 0,35 

Excitatory IDS ENSG00000010404 0,776 0,702901831 0,552 0,83 0,33 

Excitatory GRIN3A ENSG00000198785 0,751 0,698924684 0,502 0,54 0,04 

Excitatory KCNQ5 ENSG00000185760 0,754 1,524685706 0,508 0,57 0,07 

Excitatory VWC2 ENSG00000188730 0,748 0,824389002 0,496 0,58 0,08 

Excitatory AL033504.1 ENSG00000227681 0,748 0,943003264 0,496 0,55 0,05 

Excitatory OXR1 ENSG00000164830 0,786 0,68650776 0,572 0,91 0,41 

Excitatory LINC02223 ENSG00000249937 0,744 0,703037366 0,488 0,56 0,07 

Excitatory AC013652.1 ENSG00000259345 0,745 0,646949274 0,49 0,53 0,04 

Excitatory APBA1 ENSG00000107282 0,765 0,595928592 0,53 0,88 0,38 

Excitatory ST6GALNAC5 ENSG00000117069 0,747 1,33216422 0,494 0,53 0,04 

Excitatory FRMD4A ENSG00000151474 0,854 0,956834809 0,708 0,97 0,48 

Excitatory CDH7 ENSG00000081138 0,746 0,749365149 0,492 0,52 0,03 

Excitatory SLIT1 ENSG00000187122 0,743 0,592372295 0,486 0,53 0,05 

Excitatory SAMD5 ENSG00000203727 0,742 0,945721374 0,484 0,54 0,06 
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Excitatory AC090578.1 ENSG00000253553 0,739 0,595753742 0,478 0,57 0,08 

Excitatory ZNF385D ENSG00000151789 0,744 1,288219651 0,488 0,6 0,11 

Excitatory ZMAT4 ENSG00000165061 0,738 0,823941456 0,476 0,54 0,06 

Excitatory PTPRT ENSG00000196090 0,747 1,332493771 0,494 0,61 0,12 

Excitatory PLCXD3 ENSG00000182836 0,735 0,659226862 0,47 0,56 0,08 

Excitatory LRRTM3 ENSG00000198739 0,784 0,846756169 0,568 0,85 0,38 

Excitatory LUZP2 ENSG00000187398 0,725 0,709136919 0,45 0,7 0,23 

Excitatory HTR2C ENSG00000147246 0,743 1,632985965 0,486 0,53 0,06 

Excitatory GLRA2 ENSG00000101958 0,737 0,692056935 0,474 0,52 0,05 

Excitatory CALB2 ENSG00000172137 0,736 0,681037951 0,472 0,51 0,03 

Excitatory SLIT3 ENSG00000184347 0,734 0,922183069 0,468 0,52 0,05 

Excitatory CDH4 ENSG00000179242 0,74 0,827390213 0,48 0,66 0,2 

Excitatory UBA6-AS1 ENSG00000248049 0,744 0,625575442 0,488 0,84 0,37 

Excitatory THSD7A ENSG00000005108 0,724 0,59975237 0,448 0,72 0,25 

Excitatory LDB2 ENSG00000169744 0,732 0,843851719 0,464 0,62 0,16 

Excitatory FRAS1 ENSG00000138759 0,73 1,022381345 0,46 0,51 0,06 

Excitatory PCDH11X ENSG00000102290 0,733 1,305678073 0,466 0,54 0,09 

Excitatory DYNC1I1 ENSG00000158560 0,79 0,738654251 0,58 0,94 0,48 

Excitatory GPC6 ENSG00000183098 0,735 1,171395302 0,47 0,64 0,19 

Excitatory MACROD2 ENSG00000172264 0,839 1,071580447 0,678 0,96 0,51 

Excitatory TMEM132D ENSG00000151952 0,718 0,653899313 0,436 0,57 0,11 

Excitatory BRINP2 ENSG00000198797 0,722 0,595434879 0,444 0,56 0,11 

Excitatory NLGN1 ENSG00000169760 0,808 0,898108532 0,616 0,98 0,53 

Excitatory BMPER ENSG00000164619 0,723 0,623640584 0,446 0,53 0,08 

Excitatory CNGB1 ENSG00000070729 0,724 0,63948134 0,448 0,46 0,02 

Excitatory COL25A1 ENSG00000188517 0,725 1,10022274 0,45 0,51 0,07 

Excitatory CHRM2 ENSG00000181072 0,718 0,810744439 0,436 0,49 0,04 

Excitatory CDH12 ENSG00000154162 0,741 1,542966866 0,482 0,6 0,16 

Excitatory DANT2 ENSG00000235244 0,775 0,696169659 0,55 0,91 0,47 

Excitatory GRID2 ENSG00000152208 0,82 1,240362595 0,64 0,92 0,49 

Excitatory CDH8 ENSG00000150394 0,735 0,799329387 0,47 0,73 0,29 

Excitatory ZFHX3 ENSG00000140836 0,743 0,881253572 0,486 0,83 0,4 

Excitatory CDH9 ENSG00000113100 0,718 0,862094171 0,436 0,45 0,02 

Excitatory PEG10 ENSG00000242265 0,714 0,655707276 0,428 0,56 0,13 

Excitatory CNTNAP2 ENSG00000174469 0,888 1,52535048 0,776 0,99 0,56 

Excitatory PREPL ENSG00000138078 0,759 0,604019217 0,518 0,88 0,46 

Excitatory AEBP2 ENSG00000139154 0,751 0,641024171 0,502 0,88 0,45 

Excitatory GRM8 ENSG00000179603 0,714 0,903570044 0,428 0,52 0,1 

Excitatory PPP3CA ENSG00000138814 0,775 0,709292737 0,55 0,94 0,52 

Excitatory DENND5B ENSG00000170456 0,766 0,627826811 0,532 0,91 0,49 

Excitatory IQCJ-SCHIP1 ENSG00000283154 0,838 1,686951886 0,676 0,89 0,47 

Excitatory OPRM1 ENSG00000112038 0,708 0,711749325 0,416 0,46 0,04 

Excitatory PPFIA2 ENSG00000139220 0,808 0,878461858 0,616 0,96 0,54 

Excitatory RGS6 ENSG00000182732 0,701 0,779907724 0,402 0,59 0,17 

Excitatory PDE10A ENSG00000112541 0,701 0,722805971 0,402 0,65 0,24 

Excitatory NXPH1 ENSG00000122584 0,702 1,131691449 0,404 0,51 0,1 

Excitatory SORCS1 ENSG00000108018 0,705 0,952499259 0,41 0,53 0,12 

Excitatory GRIA2 ENSG00000120251 0,799 0,827304681 0,598 0,95 0,54 

Excitatory SYNE1 ENSG00000131018 0,789 0,610206934 0,578 0,94 0,54 

Excitatory TTTY14 ENSG00000176728 0,738 0,723949619 0,476 0,79 0,39 

Excitatory LRRC4C ENSG00000148948 0,79 0,794762065 0,58 0,92 0,53 

Excitatory CDH13 ENSG00000140945 0,702 0,867530136 0,404 0,57 0,18 

Excitatory NBEA ENSG00000172915 0,865 1,09910362 0,73 0,95 0,57 

Excitatory NAV3 ENSG00000067798 0,822 0,971316584 0,644 0,96 0,59 

Excitatory AC124312.1 ENSG00000214265 0,859 0,916117105 0,718 0,96 0,58 
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Excitatory ROBO1 ENSG00000169855 0,87 1,686411152 0,74 0,93 0,57 

Excitatory SMYD3 ENSG00000185420 0,812 0,833410591 0,624 0,95 0,59 

Excitatory NEGR1 ENSG00000172260 0,852 1,341992696 0,704 0,96 0,61 

Excitatory PHACTR1 ENSG00000112137 0,718 0,783172764 0,436 0,87 0,54 

Excitatory KAZN ENSG00000189337 0,854 1,177578693 0,708 0,97 0,65 

Excitatory MAP1B ENSG00000131711 0,788 0,747328116 0,576 0,97 0,65 

Excitatory DPP6 ENSG00000130226 0,751 0,675215046 0,502 0,97 0,66 

Excitatory GNAS ENSG00000087460 0,788 0,969645586 0,576 0,93 0,62 

Excitatory AHI1 ENSG00000135541 0,88 0,982902942 0,76 0,98 0,67 

Excitatory PDE4D ENSG00000113448 0,777 0,939199183 0,554 0,95 0,68 

Excitatory ERC1 ENSG00000082805 0,785 0,665695794 0,57 0,95 0,68 

Excitatory CACNA2D1 ENSG00000153956 0,744 0,795670263 0,488 0,91 0,66 

Excitatory ANKS1B ENSG00000185046 0,808 0,842650867 0,616 0,98 0,74 

Excitatory ADGRL3 ENSG00000150471 0,744 0,605768288 0,488 0,98 0,77 

Excitatory LSAMP ENSG00000185565 0,761 0,683076006 0,522 0,98 0,78 

Excitatory ADGRB3 ENSG00000135298 0,807 0,853239615 0,614 0,98 0,8 

Excitatory TNRC6A ENSG00000090905 0,813 0,682118171 0,626 0,98 0,82 

Excitatory FTX ENSG00000230590 0,804 0,635611403 0,608 0,98 0,93 

Microglia DOCK8 ENSG00000107099 0,98 2,991624235 0,96 0,96 0,02 

Microglia APBB1IP ENSG00000077420 0,975 2,916228268 0,95 0,95 0,02 

Microglia ARHGAP15 ENSG00000075884 0,973 2,784046645 0,946 0,95 0,04 

Microglia FYB1 ENSG00000082074 0,962 2,650321886 0,924 0,93 0,02 

Microglia TBXAS1 ENSG00000059377 0,966 2,560827197 0,932 0,94 0,06 

Microglia PTPRC ENSG00000081237 0,943 2,294188806 0,886 0,89 0,02 

Microglia ADAM28 ENSG00000042980 0,945 2,400703456 0,89 0,9 0,03 

Microglia INPP5D ENSG00000168918 0,943 2,245567531 0,886 0,91 0,06 

Microglia CD74 ENSG00000019582 0,941 2,546984329 0,882 0,9 0,06 

Microglia DOCK2 ENSG00000134516 0,94 2,277365709 0,88 0,89 0,05 

Microglia CSF1R ENSG00000182578 0,923 2,058760159 0,846 0,85 0,02 

Microglia SYK ENSG00000165025 0,914 2,092685014 0,828 0,83 0,01 

Microglia ARHGAP24 ENSG00000138639 0,978 3,03249252 0,956 0,97 0,16 

Microglia RUNX1 ENSG00000159216 0,949 2,658780849 0,898 0,92 0,13 

Microglia SLCO2B1 ENSG00000137491 0,909 2,028970077 0,818 0,85 0,06 

Microglia C3 ENSG00000125730 0,907 2,02029567 0,814 0,84 0,05 

Microglia RIN3 ENSG00000100599 0,907 1,957166864 0,814 0,83 0,05 

Microglia ST6GAL1 ENSG00000073849 0,957 2,447245806 0,914 0,95 0,17 

Microglia PALD1 ENSG00000107719 0,913 2,03668727 0,826 0,85 0,08 

Microglia RHBDF2 ENSG00000129667 0,898 1,878199507 0,796 0,81 0,03 

Microglia ATP8B4 ENSG00000104043 0,909 2,210551197 0,818 0,83 0,06 

Microglia LYN ENSG00000254087 0,891 1,906069396 0,782 0,79 0,03 

Microglia MEF2C ENSG00000081189 0,947 2,327815541 0,894 0,94 0,18 

Microglia MYO1F ENSG00000142347 0,885 1,751114265 0,77 0,78 0,04 

Microglia IKZF1 ENSG00000185811 0,875 1,946197231 0,75 0,75 0,01 

Microglia DENND3 ENSG00000105339 0,897 2,11884716 0,794 0,82 0,08 

Microglia HS3ST4 ENSG00000182601 0,899 2,644210094 0,798 0,84 0,1 

Microglia FLI1 ENSG00000151702 0,858 1,430993199 0,716 0,79 0,07 

Microglia TLR2 ENSG00000137462 0,855 1,813714723 0,71 0,71 0,01 

Microglia SP100 ENSG00000067066 0,873 1,683212851 0,746 0,79 0,09 

Microglia LY86 ENSG00000112799 0,854 1,741972888 0,708 0,71 0,01 

Microglia SLC8A1 ENSG00000183023 0,919 1,905218075 0,838 0,94 0,24 

Microglia SRGAP2B ENSG00000196369 0,916 2,049174758 0,832 0,87 0,17 

Microglia RBM47 ENSG00000163694 0,86 1,966218079 0,72 0,73 0,03 

Microglia WDFY4 ENSG00000128815 0,852 1,653206346 0,704 0,71 0,01 

Microglia C1QB ENSG00000173369 0,854 1,924511404 0,708 0,72 0,02 

Microglia HCLS1 ENSG00000180353 0,852 1,655153782 0,704 0,71 0,01 
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Microglia ABCC4 ENSG00000125257 0,887 1,992210963 0,774 0,82 0,12 

Microglia CHST11 ENSG00000171310 0,961 2,288254222 0,922 0,97 0,28 

Microglia BNC2 ENSG00000173068 0,867 1,923883022 0,734 0,78 0,1 

Microglia LRRK1 ENSG00000154237 0,849 1,764846044 0,698 0,71 0,03 

Microglia PIK3R5 ENSG00000141506 0,841 1,682510896 0,682 0,68 0,01 

Microglia ALOX5 ENSG00000012779 0,846 1,651069443 0,692 0,7 0,02 

Microglia LINC02232 ENSG00000250125 0,844 1,970611868 0,688 0,7 0,02 

Microglia LHFPL2 ENSG00000145685 0,913 2,184610538 0,826 0,87 0,2 

Microglia SH3RF3 ENSG00000172985 0,894 2,211992046 0,788 0,83 0,16 

Microglia PIK3AP1 ENSG00000155629 0,838 1,69928445 0,676 0,68 0,01 

Microglia SLC11A1 ENSG00000018280 0,838 1,883122611 0,676 0,68 0,02 

Microglia LAPTM5 ENSG00000162511 0,836 1,553939161 0,672 0,68 0,01 

Microglia AOAH ENSG00000136250 0,871 1,867537164 0,742 0,8 0,14 

Microglia CD53 ENSG00000143119 0,827 1,484041867 0,654 0,66 0,01 

Microglia SKAP2 ENSG00000005020 0,885 1,819423585 0,77 0,82 0,17 

Microglia FAM149A ENSG00000109794 0,842 1,850049457 0,684 0,71 0,06 

Microglia DISC1 ENSG00000162946 0,896 1,847156953 0,792 0,87 0,22 

Microglia CYFIP1 ENSG00000273749 0,896 1,862848611 0,792 0,84 0,2 

Microglia RUNX2 ENSG00000124813 0,857 1,813395669 0,714 0,75 0,11 

Microglia NFATC2 ENSG00000101096 0,838 1,600902307 0,676 0,71 0,07 

Microglia ENTPD1 ENSG00000138185 0,84 1,686762748 0,68 0,71 0,07 

Microglia IRAK3 ENSG00000090376 0,827 1,519302322 0,654 0,71 0,07 

Microglia LPCAT2 ENSG00000087253 0,885 1,816989683 0,77 0,82 0,18 

Microglia SLC2A5 ENSG00000142583 0,821 1,547159605 0,642 0,65 0,01 

Microglia ABR ENSG00000159842 0,932 1,940609586 0,864 0,93 0,3 

Microglia LRMDA ENSG00000148655 0,974 2,497914773 0,948 0,98 0,35 

Microglia CPED1 ENSG00000106034 0,82 1,794816778 0,64 0,65 0,02 

Microglia SLA ENSG00000155926 0,815 1,517044208 0,63 0,64 0,01 

Microglia MS4A6A ENSG00000110077 0,812 1,580368368 0,624 0,63 0,01 

Microglia SCIN ENSG00000006747 0,814 1,697402472 0,628 0,64 0,02 

Microglia CIITA ENSG00000179583 0,814 1,489005445 0,628 0,64 0,02 

Microglia CD86 ENSG00000114013 0,808 1,549058316 0,616 0,62 0,01 

Microglia BLNK ENSG00000095585 0,809 1,600734286 0,618 0,62 0,01 

Microglia RCSD1 ENSG00000198771 0,811 1,507638668 0,622 0,65 0,04 

Microglia IL18 ENSG00000150782 0,808 1,405192389 0,616 0,62 0,01 

Microglia TGFBR2 ENSG00000163513 0,812 1,377885529 0,624 0,69 0,08 

Microglia FOXP2 ENSG00000128573 0,82 1,549252241 0,64 0,74 0,13 

Microglia ETV6 ENSG00000139083 0,92 1,9326664 0,84 0,91 0,31 

Microglia TGFBR1 ENSG00000106799 0,85 1,831817715 0,7 0,75 0,14 

Microglia AKAP13 ENSG00000170776 0,916 1,722789308 0,832 0,91 0,31 

Microglia ARHGAP25 ENSG00000163219 0,808 1,531404485 0,616 0,63 0,02 

Microglia TFEC ENSG00000105967 0,801 1,43294111 0,602 0,61 0,01 

Microglia KCNQ3 ENSG00000184156 0,866 2,005959664 0,732 0,83 0,24 

Microglia MGAT4A ENSG00000071073 0,909 1,879303376 0,818 0,88 0,28 

Microglia SAMSN1 ENSG00000155307 0,801 1,638422058 0,602 0,61 0,01 

Microglia CSF3R ENSG00000119535 0,798 1,381205627 0,596 0,6 0,01 

Microglia CELF2 ENSG00000048740 0,936 1,726446767 0,872 0,98 0,38 

Microglia OSBPL3 ENSG00000070882 0,813 1,505809217 0,626 0,67 0,09 

Microglia IFI16 ENSG00000163565 0,829 1,35587177 0,658 0,75 0,16 

Microglia FGD2 ENSG00000146192 0,792 1,379754504 0,584 0,59 0 

Microglia SMAP2 ENSG00000084070 0,881 1,768458537 0,762 0,82 0,24 

Microglia NCKAP1L ENSG00000123338 0,792 1,315757829 0,584 0,59 0,01 

Microglia HLA-DRA ENSG00000204287 0,794 1,63686405 0,588 0,6 0,02 

Microglia FMN1 ENSG00000248905 0,862 1,999122279 0,724 0,8 0,22 

Microglia SRGAP2 ENSG00000266028 0,963 2,286365841 0,926 0,96 0,38 
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Microglia C1QC ENSG00000159189 0,79 1,512496267 0,58 0,58 0,01 

Microglia CTSB ENSG00000164733 0,864 1,7463214 0,728 0,8 0,22 

Microglia IPCEF1 ENSG00000074706 0,813 1,944637659 0,626 0,67 0,1 

Microglia APOE ENSG00000130203 0,836 1,532531989 0,672 0,83 0,26 

Microglia TRPM2 ENSG00000142185 0,808 1,434552452 0,616 0,65 0,09 

Microglia HCK ENSG00000101336 0,785 1,353694801 0,57 0,57 0,01 

Microglia ALPK1 ENSG00000073331 0,792 1,420848197 0,584 0,62 0,05 

Microglia SAT1 ENSG00000130066 0,831 1,646518128 0,662 0,75 0,19 

Microglia ZFP36L1 ENSG00000185650 0,805 1,299365749 0,61 0,74 0,19 

Microglia RREB1 ENSG00000124782 0,792 1,343782014 0,584 0,65 0,1 

Microglia DIAPH2 ENSG00000147202 0,868 1,650818968 0,736 0,84 0,29 

Microglia KCNIP1 ENSG00000182132 0,806 1,578030803 0,612 0,72 0,17 

Microglia ITGAX ENSG00000140678 0,774 1,377008747 0,548 0,55 0,01 

Microglia LAT2 ENSG00000086730 0,779 1,257262732 0,558 0,57 0,03 

Microglia CSF2RA ENSG00000198223 0,778 1,374454065 0,556 0,56 0,02 

Microglia IL13RA1 ENSG00000131724 0,785 1,29574741 0,57 0,62 0,08 

Microglia BMP2K ENSG00000138756 0,94 2,042906063 0,88 0,94 0,4 

Microglia CPVL ENSG00000106066 0,779 1,50446665 0,558 0,58 0,04 

Microglia SRGAP2C ENSG00000171943 0,846 1,556141456 0,692 0,77 0,24 

Microglia DOCK11 ENSG00000147251 0,809 1,415515786 0,618 0,69 0,15 

Microglia CSGALNACT1 ENSG00000147408 0,807 1,558860677 0,614 0,77 0,23 

Microglia ZFHX3 ENSG00000140836 0,875 1,362510706 0,75 0,91 0,38 

Microglia LINC02798 ENSG00000227082 0,799 1,612452384 0,598 0,66 0,13 

Microglia ARHGAP26 ENSG00000145819 0,929 1,75554517 0,858 0,97 0,44 

Microglia LRCH1 ENSG00000136141 0,834 1,372662333 0,668 0,78 0,26 

Microglia LPAR6 ENSG00000139679 0,772 1,249563229 0,544 0,57 0,04 

Microglia PLA2G4A ENSG00000116711 0,766 1,262369463 0,532 0,56 0,03 

Microglia C1QA ENSG00000173372 0,765 1,349367523 0,53 0,54 0,01 

Microglia IL17RA ENSG00000177663 0,798 1,332936598 0,596 0,66 0,14 

Microglia NCK2 ENSG00000071051 0,823 1,676258603 0,646 0,72 0,2 

Microglia GNB4 ENSG00000114450 0,779 1,2784887 0,558 0,61 0,09 

Microglia TMEM156 ENSG00000121895 0,763 1,376262434 0,526 0,53 0,01 

Microglia ITPR2 ENSG00000123104 0,928 1,862913817 0,856 0,96 0,44 

Microglia POU2F2 ENSG00000028277 0,781 1,351327429 0,562 0,61 0,09 

Microglia ST8SIA4 ENSG00000113532 0,774 1,407790343 0,548 0,59 0,07 

Microglia TLR1 ENSG00000174125 0,759 1,182164824 0,518 0,53 0,02 

Microglia FRMD4A ENSG00000151474 0,943 2,057261328 0,886 0,98 0,47 

Microglia RGS10 ENSG00000148908 0,756 1,193518603 0,512 0,52 0,01 

Microglia SUSD6 ENSG00000100647 0,825 1,367238615 0,65 0,75 0,24 

Microglia TNFRSF1B ENSG00000028137 0,76 1,254772607 0,52 0,55 0,04 

Microglia HLA-DRB1 ENSG00000196126 0,758 1,336991308 0,516 0,53 0,03 

Microglia TNS3 ENSG00000136205 0,792 1,373226346 0,584 0,68 0,18 

Microglia FMNL3 ENSG00000161791 0,793 1,213680497 0,586 0,71 0,2 

Microglia CAMK1D ENSG00000183049 0,814 1,326609312 0,628 0,78 0,28 

Microglia P2RY12 ENSG00000169313 0,757 1,591758509 0,514 0,53 0,03 

Microglia PAG1 ENSG00000076641 0,846 1,529138978 0,692 0,8 0,31 

Microglia VAV1 ENSG00000141968 0,751 1,166102644 0,502 0,51 0,01 

Microglia SLC25A37 ENSG00000147454 0,838 1,636744651 0,676 0,77 0,27 

Microglia CYBA ENSG00000051523 0,752 1,162501011 0,504 0,54 0,05 

Microglia MAML3 ENSG00000196782 0,894 1,720040365 0,788 0,91 0,41 

Microglia SLC4A7 ENSG00000033867 0,802 1,392943884 0,604 0,7 0,21 

Microglia SH3TC1 ENSG00000125089 0,748 1,151262051 0,496 0,51 0,01 

Microglia FCGR2A ENSG00000143226 0,747 1,245371062 0,494 0,5 0,01 

Microglia PRKAG2 ENSG00000106617 0,797 1,361323778 0,594 0,71 0,22 

Microglia MTHFD1L ENSG00000120254 0,853 1,531701506 0,706 0,82 0,34 
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Microglia ZFP36L2 ENSG00000152518 0,778 1,394766116 0,556 0,65 0,17 

Microglia GPRIN3 ENSG00000185477 0,767 1,280220887 0,534 0,6 0,12 

Microglia LRMP ENSG00000118308 0,743 1,195411115 0,486 0,5 0,02 

Microglia A2M ENSG00000175899 0,742 0,973158151 0,484 0,59 0,11 

Microglia SRGN ENSG00000122862 0,741 1,501584414 0,482 0,54 0,06 

Microglia KCTD12 ENSG00000178695 0,746 1,082458037 0,492 0,55 0,07 

Microglia PDE3B ENSG00000152270 0,773 1,537728023 0,546 0,64 0,17 

Microglia MSR1 ENSG00000038945 0,742 1,347371604 0,484 0,51 0,04 

Microglia PLXDC2 ENSG00000120594 0,986 2,760625668 0,972 0,99 0,52 

Microglia ANOS1 ENSG00000011201 0,753 1,233937156 0,506 0,57 0,1 

Microglia CCND3 ENSG00000112576 0,783 1,347771065 0,566 0,67 0,21 

Microglia ZNF710 ENSG00000140548 0,79 1,284211053 0,58 0,68 0,22 

Microglia ARHGAP6 ENSG00000047648 0,754 1,256213996 0,508 0,59 0,13 

Microglia ADCY7 ENSG00000121281 0,738 1,068470546 0,476 0,49 0,03 

Microglia REL ENSG00000162924 0,759 1,185587612 0,518 0,58 0,12 

Microglia CTSC ENSG00000109861 0,738 1,135853001 0,476 0,5 0,04 

Microglia BACH1 ENSG00000156273 0,818 1,548030126 0,636 0,77 0,3 

Microglia KCNK13 ENSG00000152315 0,736 1,326069528 0,472 0,49 0,03 

Microglia CARD11 ENSG00000198286 0,736 1,234611736 0,472 0,48 0,02 

Microglia TBC1D1 ENSG00000065882 0,782 1,223728938 0,564 0,69 0,23 

Microglia GAB3 ENSG00000160219 0,733 1,085603466 0,466 0,48 0,02 

Microglia RAB31 ENSG00000168461 0,776 1,123323566 0,552 0,72 0,26 

Microglia TM6SF1 ENSG00000136404 0,738 1,119147549 0,476 0,51 0,05 

Microglia PRAM1 ENSG00000133246 0,733 1,073653661 0,466 0,48 0,03 

Microglia IGSF21 ENSG00000117154 0,747 1,362204614 0,494 0,57 0,11 

Microglia MYOF ENSG00000138119 0,729 0,95437921 0,458 0,53 0,08 

Microglia MIR646HG ENSG00000228340 0,753 1,41106182 0,506 0,6 0,15 

Microglia TSPAN14 ENSG00000108219 0,762 1,129541146 0,524 0,63 0,19 

Microglia MAP3K5 ENSG00000197442 0,751 0,852399873 0,502 0,74 0,3 

Microglia CMTM7 ENSG00000153551 0,724 1,054956396 0,448 0,47 0,03 

Microglia RAPGEF1 ENSG00000107263 0,833 1,376964036 0,666 0,81 0,37 

Microglia KCNMA1 ENSG00000156113 0,823 1,537017014 0,646 0,85 0,41 

Microglia LINC00278 ENSG00000231535 0,725 1,315511745 0,45 0,49 0,05 

Microglia FCGR3A ENSG00000203747 0,719 1,088982338 0,438 0,44 0,01 

Microglia RYR1 ENSG00000196218 0,744 1,147445409 0,488 0,57 0,13 

Microglia MAF ENSG00000178573 0,737 1,129975854 0,474 0,54 0,11 

Microglia ITGAM ENSG00000169896 0,718 1,044379594 0,436 0,44 0,01 

Microglia PGM5 ENSG00000154330 0,738 1,158382515 0,476 0,55 0,11 

Microglia LCP2 ENSG00000043462 0,721 1,095063523 0,442 0,46 0,03 

Microglia HLA-DPA1 ENSG00000231389 0,72 1,13041294 0,44 0,46 0,02 

Microglia RUBCNL ENSG00000102445 0,727 1,101716806 0,454 0,49 0,06 

Microglia KYNU ENSG00000115919 0,717 1,116219804 0,434 0,44 0,01 

Microglia ITGB2 ENSG00000160255 0,717 0,975283265 0,434 0,44 0,01 

Microglia OXR1 ENSG00000164830 0,838 1,760907387 0,676 0,84 0,41 

Microglia ARRB2 ENSG00000141480 0,736 1,018595462 0,472 0,53 0,1 

Microglia CD14 ENSG00000170458 0,715 1,243688221 0,43 0,44 0,01 

Microglia GRB2 ENSG00000177885 0,822 1,416770315 0,644 0,76 0,33 

Microglia NIBAN1 ENSG00000135842 0,717 1,391780769 0,434 0,45 0,03 

Microglia TYROBP ENSG00000011600 0,714 1,000309901 0,428 0,43 0,01 

Microglia SORL1 ENSG00000137642 0,945 2,010540699 0,89 0,96 0,53 

Microglia PELI1 ENSG00000197329 0,786 1,32984157 0,572 0,71 0,29 

Microglia BHLHE41 ENSG00000123095 0,786 1,247212406 0,572 0,7 0,28 

Microglia LINC01094 ENSG00000251442 0,712 0,956779842 0,424 0,5 0,07 

Microglia CLEC7A ENSG00000172243 0,711 1,012244942 0,422 0,42 0 

Microglia MIS18BP1 ENSG00000129534 0,729 1,130552421 0,458 0,52 0,1 
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Microglia CTSS ENSG00000163131 0,718 1,011300085 0,436 0,46 0,04 

Microglia LRRK2 ENSG00000188906 0,735 1,172909021 0,47 0,57 0,15 

Microglia ETS2 ENSG00000157557 0,719 0,988927568 0,438 0,52 0,1 

Microglia APOC1 ENSG00000130208 0,713 1,226499974 0,426 0,45 0,03 

Microglia PRKCH ENSG00000027075 0,712 0,873643554 0,424 0,53 0,11 

Microglia PARVG ENSG00000138964 0,71 0,997973253 0,42 0,43 0,01 

Microglia PARP14 ENSG00000173193 0,713 0,896764288 0,426 0,51 0,1 

Microglia CHST15 ENSG00000182022 0,723 1,149603477 0,446 0,52 0,11 

Microglia NHSL1 ENSG00000135540 0,73 1,580479973 0,46 0,59 0,18 

Microglia RGS1 ENSG00000090104 0,705 1,46116494 0,41 0,41 0 

Microglia VSIG4 ENSG00000155659 0,705 1,09357028 0,41 0,41 0 

Microglia UTRN ENSG00000152818 0,707 0,613724677 0,414 0,7 0,29 

Microglia PCNX2 ENSG00000135749 0,793 1,172970085 0,586 0,78 0,37 

Microglia SPI1 ENSG00000066336 0,706 0,942054632 0,412 0,43 0,02 

Microglia OLR1 ENSG00000173391 0,702 1,163325255 0,404 0,41 0 

Microglia MSN ENSG00000147065 0,731 1,012083727 0,462 0,58 0,18 

Microglia ADGRG1 ENSG00000205336 0,719 0,967377366 0,438 0,54 0,14 

Microglia OTULINL ENSG00000145569 0,704 1,017119428 0,408 0,42 0,02 

Microglia FGD4 ENSG00000139132 0,895 1,552486407 0,79 0,92 0,52 

Microglia PLCL2 ENSG00000154822 0,734 1,077305733 0,468 0,6 0,2 

Microglia B3GNT5 ENSG00000176597 0,702 1,037580377 0,404 0,42 0,03 

Microglia SLC1A3 ENSG00000079215 0,935 1,971717822 0,87 0,96 0,57 

Microglia PARP8 ENSG00000151883 0,73 1,089421882 0,46 0,62 0,23 

Microglia MAN1A1 ENSG00000111885 0,711 1,096519076 0,422 0,51 0,12 

Microglia IFNGR2 ENSG00000159128 0,735 1,077901283 0,47 0,57 0,19 

Microglia TBC1D2B ENSG00000167202 0,731 1,011204508 0,462 0,57 0,19 

Microglia CARD8 ENSG00000105483 0,716 0,908379721 0,432 0,53 0,15 

Microglia GALNT2 ENSG00000143641 0,806 1,289949058 0,612 0,77 0,38 

Microglia COTL1 ENSG00000103187 0,711 1,022057924 0,422 0,5 0,12 

Microglia MERTK ENSG00000153208 0,709 1,345796531 0,418 0,5 0,12 

Microglia GRK3 ENSG00000100077 0,75 1,002859311 0,5 0,69 0,31 

Microglia ARHGAP22 ENSG00000128805 0,85 1,346968455 0,7 0,88 0,5 

Microglia PLEKHA2 ENSG00000169499 0,717 0,955196489 0,434 0,54 0,16 

Microglia IFNGR1 ENSG00000027697 0,759 1,082718859 0,518 0,67 0,29 

Microglia KCNQ1 ENSG00000053918 0,726 1,093858092 0,452 0,55 0,17 

Microglia USP6NL ENSG00000148429 0,74 1,06332604 0,48 0,63 0,26 

Microglia STK4 ENSG00000101109 0,745 1,062140042 0,49 0,63 0,25 

Microglia TBC1D14 ENSG00000132405 0,75 1,366911545 0,5 0,62 0,25 

Microglia CMIP ENSG00000153815 0,838 1,259739477 0,676 0,84 0,47 

Microglia SOAT1 ENSG00000057252 0,708 0,953651644 0,416 0,5 0,13 

Microglia SFMBT2 ENSG00000198879 0,918 1,73622818 0,836 0,95 0,58 

Microglia LRRFIP1 ENSG00000124831 0,736 0,950251691 0,472 0,65 0,29 

Microglia SSH1 ENSG00000084112 0,742 1,037670808 0,484 0,62 0,26 

Microglia ST3GAL6 ENSG00000064225 0,717 0,892423548 0,434 0,59 0,23 

Microglia FCHSD2 ENSG00000137478 0,796 0,978554564 0,592 0,88 0,52 

Microglia EML4 ENSG00000143924 0,735 1,064778792 0,47 0,61 0,25 

Microglia GALNT10 ENSG00000164574 0,736 1,119266033 0,472 0,63 0,26 

Microglia SDK1 ENSG00000146555 0,715 1,184720479 0,43 0,6 0,24 

Microglia EPB41 ENSG00000159023 0,706 0,9641749 0,412 0,54 0,18 

Microglia PPARD ENSG00000112033 0,746 1,225046629 0,492 0,64 0,28 

Microglia ITPR1 ENSG00000150995 0,716 1,018476966 0,432 0,57 0,22 

Microglia SKI ENSG00000157933 0,741 1,061048743 0,482 0,63 0,28 

Microglia FOXN3 ENSG00000053254 0,932 1,719614776 0,864 0,96 0,61 

Microglia APMAP ENSG00000101474 0,702 0,971531406 0,404 0,49 0,14 

Microglia HIF1A ENSG00000100644 0,758 1,270050602 0,516 0,69 0,34 
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Microglia SIPA1L2 ENSG00000116991 0,708 0,985184871 0,416 0,55 0,2 

Microglia TAB2 ENSG00000055208 0,82 1,283212162 0,64 0,81 0,47 

Microglia MEF2A ENSG00000068305 0,965 2,000732047 0,93 0,98 0,64 

Microglia JAK2 ENSG00000096968 0,746 1,031028017 0,492 0,67 0,33 

Microglia SOCS6 ENSG00000170677 0,72 1,1869071 0,44 0,56 0,22 

Microglia SYNDIG1 ENSG00000101463 0,822 1,781592107 0,644 0,81 0,48 

Microglia SKIL ENSG00000136603 0,707 0,966248412 0,414 0,54 0,21 

Microglia VOPP1 ENSG00000154978 0,75 1,047289753 0,5 0,67 0,34 

Microglia ACSL1 ENSG00000151726 0,765 1,492772902 0,53 0,69 0,36 

Microglia NUMB ENSG00000133961 0,786 1,086667056 0,572 0,76 0,43 

Microglia PACSIN2 ENSG00000100266 0,721 0,94298667 0,442 0,6 0,27 

Microglia FAM49B ENSG00000153310 0,921 1,46713839 0,842 0,96 0,63 

Microglia AP1B1 ENSG00000100280 0,709 0,935404872 0,418 0,55 0,22 

Microglia PTPRE ENSG00000132334 0,789 1,285397828 0,578 0,78 0,45 

Microglia LIMS1 ENSG00000169756 0,758 1,140250436 0,516 0,72 0,39 

Microglia CTTNBP2NL ENSG00000143079 0,707 0,928113482 0,414 0,56 0,24 

Microglia TBC1D22A ENSG00000054611 0,878 1,378514437 0,756 0,91 0,58 

Microglia MAML2 ENSG00000184384 0,854 1,268994258 0,708 0,94 0,62 

Microglia USP15 ENSG00000135655 0,81 1,168973896 0,62 0,81 0,49 

Microglia SH3BGRL ENSG00000131171 0,753 1,096147836 0,506 0,69 0,38 

Microglia MANBA ENSG00000109323 0,732 1,007890723 0,464 0,64 0,33 

Microglia LPIN2 ENSG00000101577 0,72 0,946754406 0,44 0,61 0,3 

Microglia IL6ST ENSG00000134352 0,764 1,108267993 0,528 0,73 0,42 

Microglia NCOA3 ENSG00000124151 0,729 0,956187184 0,458 0,65 0,34 

Microglia SUCLG2 ENSG00000172340 0,706 0,880775369 0,412 0,61 0,3 

Microglia RGS12 ENSG00000159788 0,705 0,929496577 0,41 0,58 0,27 

Microglia EPB41L2 ENSG00000079819 0,921 1,688127021 0,842 0,95 0,65 

Microglia STX7 ENSG00000079950 0,763 1,024777149 0,526 0,73 0,42 

Microglia TNRC18 ENSG00000182095 0,718 0,897591928 0,436 0,63 0,33 

Microglia TMSB4X ENSG00000205542 0,762 1,025207735 0,524 0,78 0,48 

Microglia SH3KBP1 ENSG00000147010 0,801 1,063579091 0,602 0,84 0,54 

Microglia PTPN2 ENSG00000175354 0,718 1,083675411 0,436 0,59 0,3 

Microglia SRGAP1 ENSG00000196935 0,794 1,308351214 0,588 0,8 0,51 

Microglia FAM13A ENSG00000138640 0,712 0,975423688 0,424 0,63 0,34 

Microglia LDLRAD4 ENSG00000168675 0,927 1,745138903 0,854 0,96 0,67 

Microglia RB1 ENSG00000139687 0,777 1,099851621 0,554 0,77 0,48 

Microglia B2M ENSG00000166710 0,708 0,723862668 0,416 0,68 0,39 

Microglia CAB39 ENSG00000135932 0,74 1,004495693 0,48 0,68 0,39 

Microglia RNF213 ENSG00000173821 0,727 0,89005906 0,454 0,67 0,38 

Microglia FNDC3B ENSG00000075420 0,705 0,945284186 0,41 0,64 0,35 

Microglia ARL15 ENSG00000185305 0,72 0,733012094 0,44 0,73 0,44 

Microglia NAV3 ENSG00000067798 0,761 0,907891347 0,522 0,87 0,59 

Microglia ANKRD44 ENSG00000065413 0,91 1,549504284 0,82 0,95 0,67 

Microglia JAZF1 ENSG00000153814 0,847 1,365777895 0,694 0,89 0,61 

Microglia PACS1 ENSG00000175115 0,718 0,870856955 0,436 0,69 0,4 

Microglia FKBP5 ENSG00000096060 0,898 1,452187578 0,796 0,96 0,67 

Microglia PADI2 ENSG00000117115 0,726 1,171572972 0,452 0,69 0,4 

Microglia RNF149 ENSG00000163162 0,744 1,107011528 0,488 0,68 0,4 

Microglia PTPRJ ENSG00000149177 0,819 1,170126429 0,638 0,87 0,59 

Microglia PREX1 ENSG00000124126 0,82 1,050740289 0,64 0,9 0,62 

Microglia SPP1 ENSG00000118785 0,79 1,769240397 0,58 0,87 0,59 

Microglia ABI1 ENSG00000136754 0,705 0,811257636 0,41 0,64 0,37 

Microglia H2AFY ENSG00000113648 0,714 0,890614404 0,428 0,61 0,34 

Microglia ANKS1A ENSG00000064999 0,756 0,947595871 0,512 0,76 0,49 

Microglia RASAL2 ENSG00000075391 0,731 0,896414871 0,462 0,77 0,5 
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Microglia P4HA1 ENSG00000122884 0,707 1,062655212 0,414 0,63 0,38 

Microglia AFF1 ENSG00000172493 0,727 0,851398281 0,454 0,73 0,49 

Microglia HDAC9 ENSG00000048052 0,723 1,163463972 0,446 0,72 0,48 

Microglia RAP1A ENSG00000116473 0,769 0,942391193 0,538 0,81 0,57 

Microglia ATF6 ENSG00000118217 0,73 0,878982789 0,46 0,71 0,48 

Microglia RASSF8 ENSG00000123094 0,714 1,187375144 0,428 0,68 0,45 

Microglia ATM ENSG00000149311 0,792 0,983398621 0,584 0,83 0,6 

Microglia PIAS1 ENSG00000033800 0,769 0,87729274 0,538 0,81 0,58 

Microglia CAPZB ENSG00000077549 0,757 0,903791128 0,514 0,77 0,54 

Microglia TTC7A ENSG00000068724 0,703 0,900815802 0,406 0,67 0,46 

Microglia SPRED1 ENSG00000166068 0,72 0,88193229 0,44 0,72 0,51 

Microglia NAIP ENSG00000249437 0,757 0,953786002 0,514 0,78 0,57 

Microglia WASF2 ENSG00000158195 0,704 0,745998545 0,408 0,69 0,49 

Microglia PLCG2 ENSG00000197943 0,701 0,611388045 0,402 0,79 0,59 

Microglia SSH2 ENSG00000141298 0,938 1,503862219 0,876 0,98 0,79 

Microglia PHC2 ENSG00000134686 0,721 0,839523287 0,442 0,72 0,52 

Microglia ATP2C1 ENSG00000017260 0,717 0,850015409 0,434 0,72 0,52 

Microglia SPTLC2 ENSG00000100596 0,707 0,840289658 0,414 0,71 0,52 

Microglia SLC9A9 ENSG00000181804 0,785 0,948358412 0,57 0,89 0,7 

Microglia STAG1 ENSG00000118007 0,749 0,768175026 0,498 0,84 0,69 

Microglia PKN2 ENSG00000065243 0,717 0,754431145 0,434 0,76 0,61 

Microglia MED13L ENSG00000123066 0,851 1,092969494 0,702 0,94 0,79 

Microglia GAB2 ENSG00000033327 0,721 0,734857787 0,442 0,85 0,71 

Microglia LPP ENSG00000145012 0,74 0,762475111 0,48 0,85 0,72 

Microglia MBNL1 ENSG00000152601 0,844 1,037904047 0,688 0,95 0,82 

Microglia ANKRD11 ENSG00000167522 0,739 0,750230556 0,478 0,82 0,69 

Microglia MYCBP2 ENSG00000005810 0,74 0,702479701 0,48 0,86 0,73 

Microglia UBE2E2 ENSG00000182247 0,747 0,737444781 0,494 0,92 0,79 

Microglia SDCCAG8 ENSG00000054282 0,75 0,777068546 0,5 0,85 0,73 

Microglia PICALM ENSG00000073921 0,836 1,003711625 0,672 0,96 0,84 

Microglia DOCK4 ENSG00000128512 0,956 1,750929775 0,912 0,99 0,9 

Microglia GNAQ ENSG00000156052 0,838 0,934364541 0,676 0,95 0,87 

Microglia ZFAND3 ENSG00000156639 0,753 0,705351092 0,506 0,9 0,82 

Microglia NIPBL ENSG00000164190 0,703 0,591850269 0,406 0,83 0,76 

Microglia FOXP1 ENSG00000114861 0,72 0,729857423 0,44 0,86 0,81 

OPCs MEGF11 ENSG00000157890 0,983 2,621750837 0,966 0,97 0,06 

OPCs VCAN ENSG00000038427 0,994 2,941497108 0,988 0,99 0,09 

OPCs CA10 ENSG00000154975 0,962 2,319424768 0,924 0,96 0,12 

OPCs PCDH15 ENSG00000150275 0,975 2,486761309 0,95 0,99 0,15 

OPCs NXPH1 ENSG00000122584 0,925 1,934946985 0,85 0,91 0,08 

OPCs SNTG1 ENSG00000147481 0,939 1,899191889 0,878 0,98 0,15 

OPCs TNR ENSG00000116147 0,998 3,375104408 0,996 1 0,17 

OPCs MMP16 ENSG00000156103 0,977 2,578156823 0,954 0,97 0,15 

OPCs OPCML ENSG00000183715 0,979 2,510720776 0,958 0,99 0,18 

OPCs LHFPL3 ENSG00000187416 0,986 2,894139696 0,972 0,99 0,18 

OPCs GRIK1 ENSG00000171189 0,922 1,525092041 0,844 0,92 0,11 

OPCs ATRNL1 ENSG00000107518 0,97 2,311314838 0,94 0,98 0,17 

OPCs TMEM132D ENSG00000151952 0,926 1,850847178 0,852 0,89 0,09 

OPCs COL11A1 ENSG00000060718 0,929 1,869221927 0,858 0,9 0,1 

OPCs PTPRZ1 ENSG00000106278 0,99 2,517146329 0,98 1 0,2 

OPCs SOX6 ENSG00000110693 0,971 2,271712733 0,942 0,98 0,19 

OPCs BRINP3 ENSG00000162670 0,945 1,96996274 0,89 0,96 0,16 

OPCs CHST9 ENSG00000154080 0,904 1,836818823 0,808 0,83 0,04 

OPCs COL9A1 ENSG00000112280 0,898 1,621103344 0,796 0,8 0,02 

OPCs SLC35F1 ENSG00000196376 0,96 2,140495779 0,92 0,97 0,19 
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OPCs ADAMTS17 ENSG00000140470 0,911 1,826406835 0,822 0,85 0,08 

OPCs GRM7 ENSG00000196277 0,921 1,691065421 0,842 0,96 0,19 

OPCs FGF12 ENSG00000114279 0,907 1,593568017 0,814 0,95 0,19 

OPCs GRM5 ENSG00000168959 0,892 1,416298645 0,784 0,93 0,17 

OPCs LUZP2 ENSG00000187398 0,935 1,820654593 0,87 0,96 0,21 

OPCs TMEM132C ENSG00000181234 0,95 1,950322053 0,9 0,96 0,21 

OPCs BCAN ENSG00000132692 0,893 1,527816538 0,786 0,83 0,08 

OPCs FGF14 ENSG00000102466 0,948 1,983511926 0,896 0,99 0,25 

OPCs DCC ENSG00000187323 0,913 1,577760314 0,826 0,95 0,21 

OPCs HIF3A ENSG00000124440 0,881 1,213466135 0,762 0,94 0,19 

OPCs SCN1A ENSG00000144285 0,896 1,43741716 0,792 0,91 0,16 

OPCs KCNIP4 ENSG00000185774 0,93 1,645571584 0,86 0,99 0,25 

OPCs DGKG ENSG00000058866 0,958 1,984514884 0,916 0,98 0,24 

OPCs KCND2 ENSG00000184408 0,942 1,877548565 0,884 0,99 0,25 

OPCs LRRTM4 ENSG00000176204 0,947 1,95640539 0,894 0,99 0,26 

OPCs CHL1 ENSG00000134121 0,932 1,706888956 0,864 0,95 0,22 

OPCs LINC00511 ENSG00000227036 0,938 1,754459933 0,876 0,95 0,22 

OPCs NRCAM ENSG00000091129 0,983 2,256571231 0,966 1 0,27 

OPCs DSCAM ENSG00000171587 0,991 2,79017089 0,982 1 0,27 

OPCs FERMT1 ENSG00000101311 0,862 1,479737071 0,724 0,73 0,02 

OPCs UNC80 ENSG00000144406 0,89 1,416669453 0,78 0,9 0,19 

OPCs GRIK2 ENSG00000164418 0,909 1,425559135 0,818 0,97 0,26 

OPCs ARPP21 ENSG00000172995 0,898 1,429050286 0,796 0,91 0,2 

OPCs ZFPM2 ENSG00000169946 0,942 2,139775344 0,884 0,96 0,25 

OPCs CNTNAP5 ENSG00000155052 0,857 1,135780529 0,714 0,86 0,15 

OPCs SLC1A2 ENSG00000110436 0,875 1,000087503 0,75 0,92 0,22 

OPCs PCDH7 ENSG00000169851 0,893 1,444196743 0,786 0,95 0,25 

OPCs HS6ST3 ENSG00000185352 0,86 1,331689479 0,72 0,87 0,16 

OPCs SORCS3 ENSG00000156395 0,864 1,384938605 0,728 0,81 0,11 

OPCs PLPP4 ENSG00000203805 0,882 1,506936232 0,764 0,82 0,12 

OPCs MYT1 ENSG00000196132 0,868 1,385383934 0,736 0,76 0,06 

OPCs SLC24A3 ENSG00000185052 0,868 1,462547442 0,736 0,82 0,13 

OPCs UST ENSG00000111962 0,879 1,424565427 0,758 0,86 0,17 

OPCs CSMD2 ENSG00000121904 0,907 1,535903505 0,814 0,92 0,23 

OPCs CACNA1A ENSG00000141837 0,879 1,25186385 0,758 0,93 0,24 

OPCs PDZRN4 ENSG00000165966 0,863 1,587353366 0,726 0,82 0,14 

OPCs HECW1 ENSG00000002746 0,849 1,240789497 0,698 0,81 0,12 

OPCs FAM155A ENSG00000204442 0,872 1,199190208 0,744 0,98 0,3 

OPCs SEZ6L ENSG00000100095 0,86 1,487873791 0,72 0,82 0,13 

OPCs DLGAP1 ENSG00000170579 0,871 1,037708659 0,742 0,93 0,25 

OPCs NTRK3 ENSG00000140538 0,887 1,254639321 0,774 0,95 0,27 

OPCs SULF2 ENSG00000196562 0,855 1,299239131 0,71 0,77 0,09 

OPCs PID1 ENSG00000153823 0,881 1,445274894 0,762 0,87 0,19 

OPCs KCNIP1 ENSG00000182132 0,86 1,277973697 0,72 0,85 0,18 

OPCs SORCS1 ENSG00000108018 0,849 1,32487608 0,698 0,78 0,1 

OPCs AC004852.2 ENSG00000278254 0,837 1,844784452 0,674 0,68 0,01 

OPCs CSMD3 ENSG00000164796 0,939 1,736324337 0,878 0,98 0,31 

OPCs MDGA2 ENSG00000139915 0,916 1,520815274 0,832 0,98 0,32 

OPCs STK32A ENSG00000169302 0,838 1,106038091 0,676 0,8 0,13 

OPCs SMOC1 ENSG00000198732 0,96 1,944753885 0,92 0,97 0,31 

OPCs CNTN3 ENSG00000113805 0,859 1,40952387 0,718 0,81 0,14 

OPCs XKR4 ENSG00000206579 0,846 1,389903403 0,692 0,81 0,15 

OPCs SOX5 ENSG00000134532 0,894 1,391110845 0,788 0,98 0,32 

OPCs PTPRG ENSG00000144724 0,86 0,971610987 0,72 0,95 0,29 

OPCs SHISA9 ENSG00000237515 0,84 1,381418625 0,68 0,79 0,14 
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OPCs GPM6A ENSG00000150625 0,843 0,962555376 0,686 0,96 0,31 

OPCs GSG1L ENSG00000169181 0,845 1,273355132 0,69 0,74 0,08 

OPCs CHST11 ENSG00000171310 0,879 1,202847507 0,758 0,95 0,3 

OPCs CNTN1 ENSG00000018236 0,868 1,237233793 0,736 0,96 0,31 

OPCs NOL4 ENSG00000101746 0,848 1,206828232 0,696 0,83 0,18 

OPCs ALK ENSG00000171094 0,876 1,668154573 0,752 0,84 0,19 

OPCs APCDD1 ENSG00000154856 0,846 1,276587207 0,692 0,78 0,14 

OPCs AMZ1 ENSG00000174945 0,838 1,28709037 0,676 0,72 0,08 

OPCs LINC01322 ENSG00000244128 0,846 1,459728585 0,692 0,77 0,13 

OPCs CSMD1 ENSG00000183117 0,97 2,305673515 0,94 1 0,36 

OPCs LRRK2 ENSG00000188906 0,838 1,13518151 0,676 0,79 0,15 

OPCs RNF150 ENSG00000170153 0,857 1,292896627 0,714 0,84 0,21 

OPCs CDH10 ENSG00000040731 0,842 1,312630768 0,684 0,78 0,15 

OPCs SCN9A ENSG00000169432 0,83 1,140260212 0,66 0,75 0,12 

OPCs CSGALNACT1 ENSG00000147408 0,828 0,955877876 0,656 0,87 0,24 

OPCs STK32B ENSG00000152953 0,823 1,333123878 0,646 0,7 0,07 

OPCs SCN3A ENSG00000153253 0,822 1,074392342 0,644 0,76 0,14 

OPCs PLCB1 ENSG00000182621 0,827 0,892829671 0,654 0,94 0,31 

OPCs POU6F2 ENSG00000106536 0,821 1,369037632 0,642 0,7 0,08 

OPCs AC092691.1 ENSG00000239268 0,855 1,159477162 0,71 0,95 0,33 

OPCs STXBP5L ENSG00000145087 0,804 0,84414313 0,608 0,83 0,21 

OPCs KIAA1217 ENSG00000120549 0,823 1,095516424 0,646 0,83 0,22 

OPCs PLEKHH2 ENSG00000152527 0,82 1,10705455 0,64 0,71 0,09 

OPCs SEMA3E ENSG00000170381 0,821 1,301502062 0,642 0,7 0,09 

OPCs TOX ENSG00000198846 0,818 1,106050729 0,636 0,77 0,16 

OPCs OPHN1 ENSG00000079482 0,937 1,783127479 0,874 0,95 0,34 

OPCs RAB31 ENSG00000168461 0,861 1,233854048 0,722 0,88 0,26 

OPCs CACNG4 ENSG00000075461 0,82 1,196422653 0,64 0,67 0,05 

OPCs SLC22A3 ENSG00000146477 0,811 1,242234019 0,622 0,65 0,03 

OPCs CSPG4 ENSG00000173546 0,805 1,061066642 0,61 0,63 0,02 

OPCs ATP13A4 ENSG00000127249 0,836 1,132752753 0,672 0,81 0,2 

OPCs ZEB1 ENSG00000148516 0,856 1,141916074 0,712 0,92 0,31 

OPCs AC007563.2 ENSG00000236886 0,812 1,502134699 0,624 0,67 0,06 

OPCs KIF26B ENSG00000162849 0,832 1,245719855 0,664 0,78 0,18 

OPCs NLGN4X ENSG00000146938 0,9 1,572748331 0,8 0,9 0,3 

OPCs CDH13 ENSG00000140945 0,816 1,087141023 0,632 0,77 0,17 

OPCs IGSF21 ENSG00000117154 0,804 0,937286988 0,608 0,71 0,11 

OPCs LRRN1 ENSG00000175928 0,828 1,196380931 0,656 0,74 0,14 

OPCs TAFA1 ENSG00000183662 0,809 1,360035609 0,618 0,71 0,12 

OPCs PRRX1 ENSG00000116132 0,793 1,026790704 0,586 0,69 0,1 

OPCs NTN1 ENSG00000065320 0,802 1,070793247 0,604 0,66 0,07 

OPCs NRXN1 ENSG00000179915 0,917 1,531849618 0,834 0,99 0,4 

OPCs CRISPLD2 ENSG00000103196 0,797 1,199003818 0,594 0,62 0,04 

OPCs MAP2 ENSG00000078018 0,88 1,270113266 0,76 0,96 0,37 

OPCs MPPED2 ENSG00000066382 0,823 1,206892975 0,646 0,75 0,17 

OPCs PDZD2 ENSG00000133401 0,979 2,352019131 0,958 0,99 0,41 

OPCs TNK2 ENSG00000061938 0,864 1,273514614 0,728 0,84 0,26 

OPCs SHC3 ENSG00000148082 0,817 1,142888696 0,634 0,72 0,14 

OPCs LINC02588 ENSG00000257842 0,803 1,37314315 0,606 0,65 0,07 

OPCs C1orf21 ENSG00000116667 0,82 1,082412586 0,64 0,78 0,2 

OPCs PARD3 ENSG00000148498 0,847 1,021239183 0,694 0,96 0,39 

OPCs CALCRL ENSG00000064989 0,788 1,098418445 0,576 0,62 0,05 

OPCs LRP1 ENSG00000123384 0,822 0,995192186 0,644 0,82 0,25 

OPCs EGFR ENSG00000146648 0,782 0,907309503 0,564 0,73 0,16 

OPCs SEMA5A ENSG00000112902 0,888 1,439629577 0,776 0,93 0,37 
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OPCs ETV1 ENSG00000006468 0,787 1,04532403 0,574 0,63 0,07 

OPCs CCSER1 ENSG00000184305 0,779 0,804425878 0,558 0,82 0,26 

OPCs PTPRT ENSG00000196090 0,784 0,996319266 0,568 0,68 0,12 

OPCs TAFA2 ENSG00000198673 0,794 1,075021796 0,588 0,75 0,19 

OPCs PHLDA1 ENSG00000139289 0,789 1,05418305 0,578 0,61 0,05 

OPCs AFAP1L2 ENSG00000169129 0,782 0,984930048 0,564 0,6 0,05 

OPCs TMEM108 ENSG00000144868 0,805 1,036161213 0,61 0,8 0,25 

OPCs PDGFRA ENSG00000134853 0,775 0,985623489 0,55 0,55 0 

OPCs ASIC2 ENSG00000108684 0,777 0,867705781 0,554 0,67 0,12 

OPCs MEG8 ENSG00000225746 0,766 0,810825507 0,532 0,68 0,14 

OPCs MGLL ENSG00000074416 0,802 1,140165804 0,604 0,73 0,19 

OPCs RAMP1 ENSG00000132329 0,797 0,988554303 0,594 0,72 0,18 

OPCs FAM110B ENSG00000169122 0,799 1,03910985 0,598 0,73 0,19 

OPCs MTSS2 ENSG00000132613 0,805 0,969738269 0,61 0,76 0,22 

OPCs GRAMD1C ENSG00000178075 0,776 0,916970221 0,552 0,67 0,13 

OPCs XYLT1 ENSG00000103489 0,929 1,815419323 0,858 0,96 0,42 

OPCs DAB1 ENSG00000173406 0,815 0,884036724 0,63 0,89 0,36 

OPCs ASTN1 ENSG00000152092 0,804 0,976545896 0,608 0,79 0,26 

OPCs ARHGAP31 ENSG00000031081 0,766 0,814271586 0,532 0,73 0,2 

OPCs KCNMA1 ENSG00000156113 0,833 0,880628422 0,666 0,95 0,42 

OPCs CTNNA2 ENSG00000066032 0,806 0,814806999 0,612 0,96 0,43 

OPCs MARCKS ENSG00000277443 0,807 1,068166661 0,614 0,76 0,23 

OPCs GRIK3 ENSG00000163873 0,77 0,961641663 0,54 0,61 0,09 

OPCs CCDC50 ENSG00000152492 0,829 1,056002212 0,658 0,81 0,3 

OPCs RHBDL3 ENSG00000141314 0,766 0,909360877 0,532 0,63 0,11 

OPCs OLIG1 ENSG00000184221 0,81 1,08743951 0,62 0,8 0,29 

OPCs RAPGEF4 ENSG00000091428 0,794 0,885945421 0,588 0,83 0,32 

OPCs NCALD ENSG00000104490 0,78 1,177522359 0,56 0,67 0,16 

OPCs KCNMB2-AS1 ENSG00000237978 0,768 1,018500011 0,536 0,64 0,13 

OPCs KLF12 ENSG00000118922 0,808 1,00304597 0,616 0,84 0,33 

OPCs RGS7 ENSG00000182901 0,799 0,865352029 0,598 0,9 0,39 

OPCs OLIG2 ENSG00000205927 0,766 0,93889797 0,532 0,62 0,11 

OPCs C1orf61 ENSG00000125462 0,774 0,778845352 0,548 0,75 0,25 

OPCs PRKG2 ENSG00000138669 0,761 1,004005704 0,522 0,56 0,05 

OPCs CMYA5 ENSG00000164309 0,762 0,917293389 0,524 0,6 0,1 

OPCs GRID2 ENSG00000152208 0,885 1,184504473 0,77 0,98 0,48 

OPCs KHDRBS3 ENSG00000131773 0,833 1,154604814 0,666 0,84 0,34 

OPCs TNS3 ENSG00000136205 0,758 0,81484995 0,516 0,69 0,19 

OPCs LRRC7 ENSG00000033122 0,747 0,658071167 0,494 0,79 0,29 

OPCs SLC44A5 ENSG00000137968 0,752 0,900278436 0,504 0,63 0,13 

OPCs KCNT2 ENSG00000162687 0,751 0,83377697 0,502 0,61 0,11 

OPCs BEST3 ENSG00000127325 0,747 1,037704116 0,494 0,5 0 

OPCs GRIA3 ENSG00000125675 0,797 0,887793682 0,594 0,81 0,32 

OPCs ITGA9 ENSG00000144668 0,758 0,932852898 0,516 0,61 0,11 

OPCs PALLD ENSG00000129116 0,769 0,875110907 0,538 0,69 0,2 

OPCs NTNG1 ENSG00000162631 0,745 0,744022542 0,49 0,66 0,17 

OPCs CST3 ENSG00000101439 0,778 0,919144394 0,556 0,81 0,32 

OPCs SERPINE2 ENSG00000135919 0,751 0,715407613 0,502 0,67 0,18 

OPCs LRRTM3 ENSG00000198739 0,826 1,101004242 0,652 0,87 0,38 

OPCs ARHGAP10 ENSG00000071205 0,746 0,771955524 0,492 0,59 0,11 

OPCs ARHGAP42 ENSG00000165895 0,738 0,677719093 0,476 0,61 0,13 

OPCs KCND3 ENSG00000171385 0,761 0,889806597 0,522 0,66 0,18 

OPCs IL1RAP ENSG00000196083 0,746 0,862711327 0,492 0,58 0,1 

OPCs ARHGEF4 ENSG00000136002 0,77 0,697066794 0,54 0,77 0,29 

OPCs AL133346.1 ENSG00000227220 0,752 1,044589996 0,504 0,58 0,1 
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OPCs GALNT13 ENSG00000144278 0,911 1,529046966 0,822 0,96 0,48 

OPCs SCN2A ENSG00000136531 0,735 0,681974115 0,47 0,66 0,18 

OPCs LINC02223 ENSG00000249937 0,747 1,027435167 0,494 0,55 0,07 

OPCs GUCY1A2 ENSG00000152402 0,741 0,733460701 0,482 0,66 0,18 

OPCs RIT2 ENSG00000152214 0,741 0,937406621 0,482 0,56 0,09 

OPCs AFAP1 ENSG00000196526 0,756 0,94891714 0,512 0,58 0,11 

OPCs RUNX1T1 ENSG00000079102 0,747 0,742829283 0,494 0,74 0,27 

OPCs RALYL ENSG00000184672 0,743 0,924897331 0,486 0,71 0,24 

OPCs RIMS1 ENSG00000079841 0,739 0,658577654 0,478 0,73 0,26 

OPCs LRRC4C ENSG00000148948 0,985 2,346357992 0,97 1 0,53 

OPCs NLGN1 ENSG00000169760 0,949 1,582617007 0,898 1 0,53 

OPCs CABLES1 ENSG00000134508 0,733 0,788176446 0,466 0,61 0,14 

OPCs ABHD2 ENSG00000140526 0,812 1,025709429 0,624 0,81 0,35 

OPCs GRIA4 ENSG00000152578 0,949 1,720371038 0,898 0,99 0,52 

OPCs CD82 ENSG00000085117 0,738 0,786327001 0,476 0,58 0,12 

OPCs SYT17 ENSG00000103528 0,734 0,660504826 0,468 0,65 0,18 

OPCs DGKI ENSG00000157680 0,783 0,822271157 0,566 0,84 0,38 

OPCs SLC1A1 ENSG00000106688 0,745 0,802968893 0,49 0,59 0,13 

OPCs ASCL1 ENSG00000139352 0,734 0,84091111 0,468 0,48 0,01 

OPCs THSD7A ENSG00000005108 0,743 0,694299155 0,486 0,72 0,26 

OPCs KCNAB1 ENSG00000169282 0,739 0,744151111 0,478 0,66 0,2 

OPCs ATCAY ENSG00000167654 0,744 0,785063813 0,488 0,58 0,12 

OPCs TRIM9 ENSG00000100505 0,879 1,22641127 0,758 0,95 0,49 

OPCs ATP2B4 ENSG00000058668 0,815 0,955196664 0,63 0,86 0,41 

OPCs TACC2 ENSG00000138162 0,75 0,835339484 0,5 0,59 0,14 

OPCs SPSB4 ENSG00000175093 0,73 0,839250929 0,46 0,47 0,02 

OPCs ADARB2 ENSG00000185736 0,874 1,16177107 0,748 0,95 0,5 

OPCs SLC2A13 ENSG00000151229 0,722 0,622069041 0,444 0,67 0,22 

OPCs SAMHD1 ENSG00000101347 0,742 0,816994951 0,484 0,64 0,19 

OPCs NKAIN3 ENSG00000185942 0,722 0,708987914 0,444 0,64 0,19 

OPCs FIGN ENSG00000182263 0,738 0,670187833 0,476 0,78 0,34 

OPCs BMP7 ENSG00000101144 0,737 0,735869776 0,474 0,6 0,15 

OPCs SGCZ ENSG00000185053 0,722 0,85556654 0,444 0,61 0,17 

OPCs ST8SIA1 ENSG00000111728 0,739 0,79390635 0,478 0,67 0,23 

OPCs SEMA3D ENSG00000153993 0,725 0,826621036 0,45 0,5 0,06 

OPCs CDK14 ENSG00000058091 0,778 0,840905568 0,556 0,82 0,38 

OPCs AL445250.1 ENSG00000225096 0,749 1,140350013 0,498 0,65 0,21 

OPCs LMO3 ENSG00000048540 0,724 0,753352241 0,448 0,56 0,13 

OPCs CSPG5 ENSG00000114646 0,732 0,85367895 0,464 0,52 0,08 

OPCs NFIB ENSG00000147862 0,775 0,696631397 0,55 0,92 0,49 

OPCs RORA ENSG00000069667 0,829 0,880220684 0,658 0,98 0,55 

OPCs TMEM132B ENSG00000139364 0,727 0,788436254 0,454 0,59 0,15 

OPCs ATP2C2 ENSG00000064270 0,72 0,823421301 0,44 0,46 0,03 

OPCs COL4A3 ENSG00000169031 0,72 0,781138628 0,44 0,5 0,07 

OPCs GFRA1 ENSG00000151892 0,721 0,856195829 0,442 0,47 0,04 

OPCs PRKD1 ENSG00000184304 0,757 0,780366365 0,514 0,81 0,38 

OPCs TNIK ENSG00000154310 0,763 0,625519204 0,526 0,91 0,48 

OPCs ADCY1 ENSG00000164742 0,726 0,760362433 0,452 0,57 0,14 

OPCs C1QL1 ENSG00000131094 0,716 0,899952217 0,432 0,45 0,02 

OPCs PLPPR1 ENSG00000148123 0,748 0,81362709 0,496 0,73 0,31 

OPCs GNPTAB ENSG00000111670 0,75 0,838008734 0,5 0,66 0,23 

OPCs THRB ENSG00000151090 0,756 0,823048072 0,512 0,77 0,34 

OPCs LRFN5 ENSG00000165379 0,701 0,600787062 0,402 0,6 0,17 

OPCs ITGA8 ENSG00000077943 0,713 0,942861017 0,426 0,46 0,04 

OPCs SNAP91 ENSG00000065609 0,716 0,593147336 0,432 0,73 0,31 
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OPCs GPR37L1 ENSG00000170075 0,72 0,685725127 0,44 0,6 0,18 

OPCs SPRED2 ENSG00000198369 0,737 0,77870847 0,474 0,68 0,26 

OPCs GRIA2 ENSG00000120251 0,867 1,06819506 0,734 0,95 0,54 

OPCs TENM1 ENSG00000009694 0,706 0,61536445 0,412 0,54 0,13 

OPCs PTN ENSG00000105894 0,734 0,695298192 0,468 0,72 0,31 

OPCs DZIP1 ENSG00000134874 0,725 0,689010963 0,45 0,59 0,18 

OPCs WSCD1 ENSG00000179314 0,728 0,803124625 0,456 0,56 0,15 

OPCs PLAAT1 ENSG00000127252 0,711 0,843524196 0,422 0,45 0,04 

OPCs NSG2 ENSG00000170091 0,71 0,679638028 0,42 0,53 0,12 

OPCs KANK1 ENSG00000107104 0,757 0,673759464 0,514 0,87 0,47 

OPCs VIPR2 ENSG00000106018 0,703 0,810125069 0,406 0,41 0,01 

OPCs GLCCI1 ENSG00000106415 0,77 0,923507852 0,54 0,77 0,37 

OPCs FGFR1 ENSG00000077782 0,732 0,749303155 0,464 0,65 0,25 

OPCs ADRA1A ENSG00000120907 0,704 0,740807847 0,408 0,5 0,1 

OPCs GPC6 ENSG00000183098 0,705 0,73167646 0,41 0,59 0,19 

OPCs OLFM2 ENSG00000105088 0,71 0,682123531 0,42 0,54 0,14 

OPCs CSRNP3 ENSG00000178662 0,739 0,718604448 0,478 0,77 0,37 

OPCs SNX22 ENSG00000157734 0,705 0,73768128 0,41 0,47 0,07 

OPCs MAP3K1 ENSG00000095015 0,715 0,736549372 0,43 0,59 0,19 

OPCs HS3ST1 ENSG00000002587 0,702 0,783310883 0,404 0,43 0,03 

OPCs ANO6 ENSG00000177119 0,712 0,665111447 0,424 0,61 0,22 

OPCs SDC3 ENSG00000162512 0,71 0,703737745 0,42 0,53 0,13 

OPCs DPY19L2 ENSG00000177990 0,708 0,650843319 0,416 0,55 0,15 

OPCs ZNF462 ENSG00000148143 0,844 1,109162412 0,688 0,9 0,51 

OPCs CPNE5 ENSG00000124772 0,704 0,726147952 0,408 0,47 0,08 

OPCs APOD ENSG00000189058 0,763 0,868344521 0,526 0,85 0,46 

OPCs ILDR2 ENSG00000143195 0,708 0,689745852 0,416 0,51 0,12 

OPCs GPR158 ENSG00000151025 0,721 0,776154644 0,442 0,68 0,3 

OPCs HIP1R ENSG00000130787 0,823 0,952432072 0,646 0,9 0,51 

OPCs BAALC ENSG00000164929 0,703 0,657681218 0,406 0,58 0,19 

OPCs RXRA ENSG00000186350 0,71 0,685552913 0,42 0,56 0,17 

OPCs SOX8 ENSG00000005513 0,716 0,730776654 0,432 0,63 0,24 

OPCs U91319.1 ENSG00000262801 0,702 0,935875385 0,404 0,47 0,09 

OPCs PLPPR5 ENSG00000117598 0,701 0,719726546 0,402 0,46 0,08 

OPCs GRIK4 ENSG00000149403 0,709 0,623965478 0,418 0,69 0,33 

OPCs USP24 ENSG00000162402 0,822 0,97147449 0,644 0,88 0,52 

OPCs CTNND2 ENSG00000169862 0,797 0,68155909 0,594 0,98 0,62 

OPCs SGCD ENSG00000170624 0,74 0,796069144 0,48 0,81 0,45 

OPCs CASK ENSG00000147044 0,732 0,666974521 0,464 0,79 0,44 

OPCs ASTN2 ENSG00000148219 0,789 0,766109164 0,578 0,94 0,59 

OPCs SAMD4A ENSG00000020577 0,727 0,619420455 0,454 0,82 0,48 

OPCs CYFIP2 ENSG00000055163 0,704 0,623097362 0,408 0,65 0,3 

OPCs KAT2B ENSG00000114166 0,877 1,161821727 0,754 0,95 0,61 

OPCs DNER ENSG00000187957 0,787 0,759458751 0,574 0,91 0,57 

OPCs DPP6 ENSG00000130226 0,951 1,52357438 0,902 0,99 0,66 

OPCs ADAM22 ENSG00000008277 0,704 0,587166521 0,408 0,72 0,38 

OPCs TRIO ENSG00000038382 0,826 0,910052656 0,652 0,95 0,62 

OPCs DMD ENSG00000198947 0,811 0,902773478 0,622 0,94 0,61 

OPCs NBEA ENSG00000172915 0,764 0,652546936 0,528 0,9 0,58 

OPCs NAV1 ENSG00000134369 0,868 1,137041711 0,736 0,95 0,63 

OPCs KAZN ENSG00000189337 0,833 0,934025237 0,666 0,98 0,65 

OPCs RIN2 ENSG00000132669 0,73 0,672652446 0,46 0,81 0,49 

OPCs NOVA1 ENSG00000139910 0,899 1,256159349 0,798 0,97 0,66 

OPCs MTSS1 ENSG00000170873 0,745 0,689289718 0,49 0,85 0,54 

OPCs PIK3R1 ENSG00000145675 0,832 1,008605363 0,664 0,92 0,61 
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OPCs HIP1 ENSG00000127946 0,788 0,862751612 0,576 0,93 0,63 

OPCs ZDHHC14 ENSG00000175048 0,807 0,898773308 0,614 0,93 0,62 

OPCs MAML2 ENSG00000184384 0,749 0,597160805 0,498 0,94 0,63 

OPCs PHYHIPL ENSG00000165443 0,738 0,678912588 0,476 0,85 0,55 

OPCs ARNT2 ENSG00000172379 0,726 0,616769085 0,452 0,81 0,51 

OPCs ERBB4 ENSG00000178568 0,83 0,864088932 0,66 0,99 0,7 

OPCs EPN2 ENSG00000072134 0,895 1,359761412 0,79 0,96 0,68 

OPCs NAV2 ENSG00000166833 0,788 0,777345358 0,576 0,96 0,68 

OPCs NLGN4Y ENSG00000165246 0,74 1,030594788 0,48 0,74 0,46 

OPCs PHACTR3 ENSG00000087495 0,744 0,65857457 0,488 0,91 0,65 

OPCs ASAP1 ENSG00000153317 0,787 0,745337837 0,574 0,94 0,69 

OPCs KIF13A ENSG00000137177 0,814 0,929573604 0,628 0,94 0,7 

OPCs SCD5 ENSG00000145284 0,84 0,89403382 0,68 0,98 0,74 

OPCs PRKCA ENSG00000154229 0,829 0,82299835 0,658 0,98 0,75 

OPCs ADGRL3 ENSG00000150471 0,893 1,030822425 0,786 0,99 0,77 

OPCs LSAMP ENSG00000185565 0,851 0,930199912 0,702 1 0,78 

OPCs ZHX2 ENSG00000178764 0,713 0,609677772 0,426 0,87 0,65 

OPCs LRP1B ENSG00000168702 0,909 1,137687638 0,818 0,99 0,78 

OPCs ADGRB3 ENSG00000135298 0,821 0,76188164 0,642 0,99 0,8 

OPCs ZSWIM6 ENSG00000130449 0,737 0,593003858 0,474 0,97 0,88 

Astrocytes OBI1-AS1 ENSG00000234377 0,951 2,736114088 0,902 0,91 0,05 

Astrocytes RFX4 ENSG00000111783 0,955 2,396612762 0,91 0,92 0,06 

Astrocytes HPSE2 ENSG00000172987 0,959 3,328073605 0,918 0,93 0,07 

Astrocytes SLC14A1 ENSG00000141469 0,936 2,627401325 0,872 0,88 0,03 

Astrocytes AQP4 ENSG00000171885 0,934 2,198522936 0,868 0,88 0,06 

Astrocytes RYR3 ENSG00000198838 0,963 2,49723103 0,926 0,95 0,13 

Astrocytes TRPM3 ENSG00000083067 0,986 2,941241796 0,972 0,99 0,18 

Astrocytes LINC01088 ENSG00000249307 0,953 2,814103486 0,906 0,93 0,12 

Astrocytes ATP1A2 ENSG00000018625 0,934 1,784140078 0,868 0,93 0,13 

Astrocytes ADCY2 ENSG00000078295 0,968 2,416138821 0,936 0,96 0,16 

Astrocytes TNC ENSG00000041982 0,893 2,284663774 0,786 0,79 0,01 

Astrocytes GLIS3 ENSG00000107249 0,95 2,248201841 0,9 0,95 0,17 

Astrocytes HIF3A ENSG00000124440 0,92 1,757852621 0,84 0,93 0,15 

Astrocytes MAPK4 ENSG00000141639 0,913 2,068757784 0,826 0,85 0,08 

Astrocytes GJA1 ENSG00000152661 0,896 1,944073055 0,792 0,82 0,06 

Astrocytes RGMA ENSG00000182175 0,893 1,798417354 0,786 0,8 0,05 

Astrocytes GPC5 ENSG00000179399 0,939 2,311162187 0,878 0,95 0,21 

Astrocytes FAM189A2 ENSG00000135063 0,891 1,938869812 0,782 0,8 0,06 

Astrocytes SDC4 ENSG00000124145 0,872 1,714830508 0,744 0,76 0,03 

Astrocytes WDR49 ENSG00000174776 0,867 1,623923044 0,734 0,77 0,04 

Astrocytes PTCHD1-AS ENSG00000233067 0,89 1,998057609 0,78 0,83 0,11 

Astrocytes SLC4A4 ENSG00000080493 0,88 1,95809425 0,76 0,79 0,07 

Astrocytes PTPRZ1 ENSG00000106278 0,865 1,045668638 0,73 0,89 0,17 

Astrocytes EFEMP1 ENSG00000115380 0,862 1,697939471 0,724 0,74 0,03 

Astrocytes SLC25A18 ENSG00000182902 0,884 1,723803384 0,768 0,8 0,09 

Astrocytes SLC1A2 ENSG00000110436 0,914 2,339001231 0,828 0,89 0,19 

Astrocytes MGST1 ENSG00000008394 0,866 1,686291455 0,732 0,76 0,06 

Astrocytes AC073941.1 ENSG00000259255 0,852 1,900075379 0,704 0,71 0,01 

Astrocytes BMPR1B ENSG00000138696 0,859 1,635364897 0,718 0,74 0,05 

Astrocytes GPM6A ENSG00000150625 0,929 1,828722317 0,858 0,97 0,27 

Astrocytes SOX5 ENSG00000134532 0,919 1,667328543 0,838 0,97 0,28 

Astrocytes SPON1 ENSG00000262655 0,865 1,635082724 0,73 0,79 0,1 

Astrocytes PAMR1 ENSG00000149090 0,851 1,605223282 0,702 0,72 0,03 

Astrocytes FMN2 ENSG00000155816 0,951 1,97231427 0,902 0,95 0,27 

Astrocytes MGAT4C ENSG00000182050 0,851 1,366257916 0,702 0,81 0,13 
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Astrocytes NRG3 ENSG00000185737 0,963 2,082791891 0,926 1 0,32 

Astrocytes NEBL ENSG00000078114 0,936 1,784006973 0,872 0,97 0,3 

Astrocytes RANBP3L ENSG00000164188 0,846 1,826604486 0,692 0,71 0,04 

Astrocytes GFAP ENSG00000131095 0,93 2,178838532 0,86 0,93 0,26 

Astrocytes PITPNC1 ENSG00000154217 0,965 2,251227336 0,93 0,98 0,31 

Astrocytes ADCY8 ENSG00000155897 0,872 1,634481984 0,744 0,81 0,14 

Astrocytes KCNN3 ENSG00000143603 0,884 1,734348874 0,768 0,82 0,15 

Astrocytes SLC24A4 ENSG00000140090 0,849 1,634306229 0,698 0,72 0,06 

Astrocytes CNTN1 ENSG00000018236 0,875 1,385205023 0,75 0,94 0,27 

Astrocytes ABLIM1 ENSG00000099204 0,901 1,620993618 0,802 0,89 0,24 

Astrocytes APOE ENSG00000130203 0,881 1,663126404 0,762 0,89 0,24 

Astrocytes ANKFN1 ENSG00000153930 0,853 1,474960654 0,706 0,78 0,13 

Astrocytes TSHZ2 ENSG00000182463 0,843 1,484877038 0,686 0,78 0,13 

Astrocytes NTRK3 ENSG00000140538 0,865 1,311641617 0,73 0,89 0,24 

Astrocytes ACSBG1 ENSG00000103740 0,843 1,370814277 0,686 0,78 0,14 

Astrocytes ACOT11 ENSG00000162390 0,86 1,512399423 0,72 0,78 0,14 

Astrocytes NRCAM ENSG00000091129 0,834 0,904096303 0,668 0,89 0,25 

Astrocytes EYA2 ENSG00000064655 0,833 1,47256884 0,666 0,7 0,06 

Astrocytes SORBS1 ENSG00000095637 0,968 2,187876208 0,936 0,98 0,35 

Astrocytes BOC ENSG00000144857 0,831 1,511641789 0,662 0,69 0,05 

Astrocytes AC092691.1 ENSG00000239268 0,871 1,377153617 0,742 0,93 0,3 

Astrocytes WWC1 ENSG00000113645 0,839 1,511462404 0,678 0,72 0,09 

Astrocytes CARMIL1 ENSG00000079691 0,856 1,59462575 0,712 0,79 0,16 

Astrocytes STK32A ENSG00000169302 0,83 1,434924529 0,66 0,73 0,11 

Astrocytes NHSL1 ENSG00000135540 0,826 1,132918485 0,652 0,77 0,14 

Astrocytes FGFR3 ENSG00000068078 0,822 1,476616242 0,644 0,67 0,05 

Astrocytes FAT3 ENSG00000165323 0,839 1,46916525 0,678 0,78 0,16 

Astrocytes NKAIN3 ENSG00000185942 0,837 1,480427525 0,674 0,77 0,15 

Astrocytes CD44 ENSG00000026508 0,828 1,969816778 0,656 0,69 0,08 

Astrocytes PLCB1 ENSG00000182621 0,855 1,337713073 0,71 0,9 0,28 

Astrocytes ATP1B2 ENSG00000129244 0,845 1,504547461 0,69 0,76 0,14 

Astrocytes SERPINI2 ENSG00000114204 0,81 1,324252675 0,62 0,64 0,03 

Astrocytes ARHGEF4 ENSG00000136002 0,892 1,664189467 0,784 0,86 0,25 

Astrocytes AQP1 ENSG00000240583 0,811 1,842175799 0,622 0,64 0,03 

Astrocytes RGS6 ENSG00000182732 0,823 1,571644835 0,646 0,75 0,14 

Astrocytes PARD3 ENSG00000148498 0,919 1,603329353 0,838 0,97 0,36 

Astrocytes GRAMD2B ENSG00000155324 0,886 1,523491372 0,772 0,88 0,27 

Astrocytes SLC7A11 ENSG00000151012 0,843 1,560308875 0,686 0,77 0,17 

Astrocytes DGKG ENSG00000058866 0,831 1,211901226 0,662 0,82 0,22 

Astrocytes CDHR3 ENSG00000128536 0,82 1,373431355 0,64 0,7 0,1 

Astrocytes IQCA1 ENSG00000132321 0,83 1,524617771 0,66 0,72 0,12 

Astrocytes ITGB4 ENSG00000132470 0,81 1,35730368 0,62 0,66 0,07 

Astrocytes WLS ENSG00000116729 0,827 1,324632322 0,654 0,73 0,14 

Astrocytes ALDH1L1 ENSG00000144908 0,805 1,323376211 0,61 0,64 0,05 

Astrocytes ADGRA3 ENSG00000152990 0,82 1,352441016 0,64 0,69 0,1 

Astrocytes NPL ENSG00000135838 0,849 1,499434483 0,698 0,79 0,2 

Astrocytes SOX6 ENSG00000110693 0,792 0,797108775 0,584 0,76 0,17 

Astrocytes PRKG1 ENSG00000185532 0,802 1,078190314 0,604 0,78 0,2 

Astrocytes MAP3K5 ENSG00000197442 0,853 1,334536512 0,706 0,85 0,28 

Astrocytes SLC6A11 ENSG00000132164 0,805 1,661729589 0,61 0,64 0,07 

Astrocytes UTRN ENSG00000152818 0,806 0,968274077 0,612 0,84 0,26 

Astrocytes SPARCL1 ENSG00000152583 0,814 1,242558849 0,628 0,79 0,22 

Astrocytes SERPINE2 ENSG00000135919 0,82 1,353579634 0,64 0,72 0,15 

Astrocytes RFX2 ENSG00000087903 0,808 1,266469458 0,616 0,69 0,12 

Astrocytes ACACB ENSG00000076555 0,859 1,538639475 0,718 0,81 0,25 
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Astrocytes LGI1 ENSG00000108231 0,81 1,394567011 0,62 0,67 0,11 

Astrocytes CPE ENSG00000109472 0,876 1,497618354 0,752 0,87 0,3 

Astrocytes COL5A3 ENSG00000080573 0,785 1,39538187 0,57 0,61 0,05 

Astrocytes ARHGEF26 ENSG00000114790 0,807 1,303460832 0,614 0,67 0,11 

Astrocytes CAMK2G ENSG00000148660 0,848 1,492643191 0,696 0,79 0,23 

Astrocytes LHFPL6 ENSG00000183722 0,856 1,386920828 0,712 0,88 0,33 

Astrocytes CTNNA2 ENSG00000066032 0,869 1,37871502 0,738 0,96 0,41 

Astrocytes DCLK2 ENSG00000170390 0,889 1,611444284 0,778 0,88 0,33 

Astrocytes MED12L ENSG00000144893 0,826 1,356830241 0,652 0,77 0,22 

Astrocytes ATP13A4 ENSG00000127249 0,808 1,191663774 0,616 0,73 0,18 

Astrocytes GMPR ENSG00000137198 0,781 1,24448954 0,562 0,59 0,05 

Astrocytes EGFR ENSG00000146648 0,784 1,155428618 0,568 0,68 0,14 

Astrocytes LINC01748 ENSG00000226476 0,776 1,304526178 0,552 0,57 0,02 

Astrocytes GLI3 ENSG00000106571 0,777 1,317242984 0,554 0,58 0,03 

Astrocytes FRMPD2 ENSG00000170324 0,771 1,127254621 0,542 0,57 0,02 

Astrocytes PRRX1 ENSG00000116132 0,777 1,238466155 0,554 0,62 0,08 

Astrocytes NTRK2 ENSG00000148053 0,941 1,78894997 0,882 0,97 0,43 

Astrocytes AHCYL1 ENSG00000168710 0,939 1,898526446 0,878 0,93 0,39 

Astrocytes PCDH7 ENSG00000169851 0,752 0,66849013 0,504 0,77 0,23 

Astrocytes YAP1 ENSG00000137693 0,774 1,094831828 0,548 0,61 0,07 

Astrocytes CACNA2D3 ENSG00000157445 0,811 1,562850759 0,622 0,77 0,24 

Astrocytes CACHD1 ENSG00000158966 0,798 1,208384168 0,596 0,71 0,17 

Astrocytes ETNPPL ENSG00000164089 0,77 1,314193124 0,54 0,55 0,01 

Astrocytes NPAS2 ENSG00000170485 0,8 1,301360439 0,6 0,72 0,18 

Astrocytes GABRB1 ENSG00000163288 0,78 1,082387962 0,56 0,74 0,21 

Astrocytes PCSK5 ENSG00000099139 0,791 1,221497402 0,582 0,68 0,15 

Astrocytes BCL6 ENSG00000113916 0,844 1,411112451 0,688 0,81 0,28 

Astrocytes TCF7L1 ENSG00000152284 0,771 1,177806378 0,542 0,59 0,06 

Astrocytes KALRN ENSG00000160145 0,86 1,312482901 0,72 0,9 0,37 

Astrocytes LRIG1 ENSG00000144749 0,853 1,541096098 0,706 0,81 0,28 

Astrocytes C1orf61 ENSG00000125462 0,82 1,368678963 0,64 0,75 0,22 

Astrocytes ABCA1 ENSG00000165029 0,828 1,38256521 0,656 0,79 0,26 

Astrocytes ADAMTS9-AS2 ENSG00000241684 0,772 1,249401605 0,544 0,64 0,12 

Astrocytes PDE7B ENSG00000171408 0,784 1,054438899 0,568 0,73 0,21 

Astrocytes LINC00299 ENSG00000236790 0,767 1,290589335 0,534 0,55 0,03 

Astrocytes MRVI1 ENSG00000072952 0,764 1,271008346 0,528 0,54 0,02 

Astrocytes AGT ENSG00000135744 0,771 1,257201718 0,542 0,59 0,07 

Astrocytes MCC ENSG00000171444 0,786 1,122086602 0,572 0,69 0,17 

Astrocytes COL27A1 ENSG00000196739 0,772 1,308038973 0,544 0,6 0,08 

Astrocytes LAMA1 ENSG00000101680 0,764 1,160199521 0,528 0,55 0,03 

Astrocytes NR2F1-AS1 ENSG00000237187 0,782 1,132506005 0,564 0,67 0,15 

Astrocytes CABLES1 ENSG00000134508 0,781 1,714689351 0,562 0,63 0,11 

Astrocytes RASL12 ENSG00000103710 0,759 1,126040051 0,518 0,53 0,02 

Astrocytes PRDM16 ENSG00000142611 0,761 1,126990913 0,522 0,55 0,04 

Astrocytes PSD2 ENSG00000146005 0,782 1,172829678 0,564 0,63 0,12 

Astrocytes SFXN5 ENSG00000144040 0,851 1,416851492 0,702 0,81 0,3 

Astrocytes NRXN1 ENSG00000179915 0,771 0,822554189 0,542 0,89 0,39 

Astrocytes EYA1 ENSG00000104313 0,752 1,182442959 0,504 0,55 0,05 

Astrocytes ACSS3 ENSG00000111058 0,759 1,142241679 0,518 0,57 0,07 

Astrocytes ZNRF3 ENSG00000183579 0,798 1,258796473 0,596 0,71 0,21 

Astrocytes PHF21B ENSG00000056487 0,764 1,109693225 0,528 0,6 0,11 

Astrocytes LUZP2 ENSG00000187398 0,751 0,906738883 0,502 0,7 0,21 

Astrocytes GRAMD1C ENSG00000178075 0,761 1,121926444 0,522 0,6 0,11 

Astrocytes OGFRL1 ENSG00000119900 0,801 1,180112982 0,602 0,75 0,26 

Astrocytes SYTL4 ENSG00000102362 0,758 1,094126304 0,516 0,57 0,08 
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Astrocytes ATP2B2 ENSG00000157087 0,766 1,050660963 0,532 0,67 0,18 

Astrocytes CSGALNACT1 ENSG00000147408 0,744 0,709422674 0,488 0,72 0,23 

Astrocytes TOGARAM2 ENSG00000189350 0,75 1,13395865 0,5 0,55 0,06 

Astrocytes PBXIP1 ENSG00000163346 0,751 1,063078889 0,502 0,54 0,06 

Astrocytes DAPK1 ENSG00000196730 0,766 1,107702638 0,532 0,62 0,15 

Astrocytes ZFP36L1 ENSG00000185650 0,742 0,832891104 0,484 0,66 0,18 

Astrocytes BCAR3 ENSG00000137936 0,767 1,102746247 0,534 0,64 0,17 

Astrocytes EDNRB ENSG00000136160 0,741 1,08599258 0,482 0,5 0,03 

Astrocytes TNIK ENSG00000154310 0,874 1,383844992 0,748 0,93 0,46 

Astrocytes DOCK7 ENSG00000116641 0,841 1,312862152 0,682 0,81 0,34 

Astrocytes RORA ENSG00000069667 0,923 1,576514852 0,846 0,99 0,52 

Astrocytes FARP1 ENSG00000152767 0,774 1,051990659 0,548 0,71 0,24 

Astrocytes KIAA1671 ENSG00000197077 0,763 1,081945016 0,526 0,62 0,15 

Astrocytes SLC39A12 ENSG00000148482 0,736 1,15099676 0,472 0,49 0,02 

Astrocytes SOX9 ENSG00000125398 0,74 1,073078401 0,48 0,52 0,05 

Astrocytes BAALC ENSG00000164929 0,762 1,157282085 0,524 0,63 0,17 

Astrocytes ITPKB ENSG00000143772 0,885 1,393128482 0,77 0,92 0,45 

Astrocytes MARCH3 ENSG00000173926 0,757 1,164860916 0,514 0,65 0,19 

Astrocytes AQP4-AS1 ENSG00000260372 0,746 1,449654037 0,492 0,54 0,08 

Astrocytes LINC00461 ENSG00000245526 0,786 1,128906359 0,572 0,72 0,25 

Astrocytes OPHN1 ENSG00000079482 0,788 0,980905679 0,576 0,78 0,33 

Astrocytes PHYHD1 ENSG00000175287 0,731 1,061904599 0,462 0,48 0,02 

Astrocytes CHL1 ENSG00000134121 0,727 0,686653796 0,454 0,67 0,22 

Astrocytes ARHGAP26 ENSG00000145819 0,787 0,709034397 0,574 0,89 0,44 

Astrocytes MIR4300HG ENSG00000245832 0,75 1,50402946 0,5 0,57 0,12 

Astrocytes ARHGEF10L ENSG00000074964 0,763 1,094574406 0,526 0,63 0,18 

Astrocytes AC099792.1 ENSG00000231252 0,729 1,127280698 0,458 0,47 0,02 

Astrocytes PTCHD1 ENSG00000165186 0,737 1,088115754 0,474 0,51 0,06 

Astrocytes RBPMS ENSG00000157110 0,726 0,919378042 0,452 0,53 0,08 

Astrocytes CLU ENSG00000120885 0,929 2,018319861 0,858 0,95 0,5 

Astrocytes ECHDC2 ENSG00000121310 0,771 1,075353371 0,542 0,66 0,21 

Astrocytes IGFBP7 ENSG00000163453 0,719 0,750070547 0,438 0,55 0,1 

Astrocytes CDH23 ENSG00000107736 0,739 1,150025564 0,478 0,55 0,1 

Astrocytes COLEC12 ENSG00000158270 0,726 0,98154504 0,452 0,52 0,07 

Astrocytes PLEKHA5 ENSG00000052126 0,809 1,28757527 0,618 0,83 0,39 

Astrocytes C1orf21 ENSG00000116667 0,75 1,025868482 0,5 0,64 0,19 

Astrocytes DNAH7 ENSG00000118997 0,733 1,043529881 0,466 0,53 0,08 

Astrocytes FGF2 ENSG00000138685 0,745 1,038473696 0,49 0,56 0,12 

Astrocytes FLRT2 ENSG00000185070 0,739 1,024297385 0,478 0,61 0,17 

Astrocytes LINC01094 ENSG00000251442 0,722 1,167564215 0,444 0,5 0,06 

Astrocytes DPP10 ENSG00000175497 0,781 2,139438944 0,562 0,71 0,28 

Astrocytes SYT17 ENSG00000103528 0,735 0,909040894 0,47 0,6 0,16 

Astrocytes CHPT1 ENSG00000111666 0,78 1,118007825 0,56 0,71 0,27 

Astrocytes ABR ENSG00000159842 0,747 0,612361948 0,494 0,74 0,31 

Astrocytes MRAS ENSG00000158186 0,78 1,304820214 0,56 0,67 0,24 

Astrocytes CST3 ENSG00000101439 0,764 1,135807461 0,528 0,74 0,31 

Astrocytes SNTA1 ENSG00000101400 0,735 0,995597284 0,47 0,53 0,09 

Astrocytes CPAMD8 ENSG00000160111 0,721 1,566456592 0,442 0,46 0,03 

Astrocytes NWD1 ENSG00000188039 0,72 1,06713276 0,44 0,46 0,03 

Astrocytes BBOX1 ENSG00000129151 0,718 1,000317873 0,436 0,45 0,02 

Astrocytes STON2 ENSG00000140022 0,745 1,086015197 0,49 0,58 0,15 

Astrocytes DCLK1 ENSG00000133083 0,742 1,350035078 0,484 0,64 0,21 

Astrocytes MT1E ENSG00000169715 0,723 0,982330743 0,446 0,54 0,12 

Astrocytes ARHGAP42 ENSG00000165895 0,714 0,76752919 0,428 0,53 0,11 

Astrocytes COL21A1 ENSG00000124749 0,722 1,071171067 0,444 0,5 0,08 
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Astrocytes LPIN1 ENSG00000134324 0,823 1,311436582 0,646 0,78 0,36 

Astrocytes TMTC1 ENSG00000133687 0,727 0,866859669 0,454 0,62 0,2 

Astrocytes LINC00836 ENSG00000280809 0,713 1,174086461 0,426 0,43 0,01 

Astrocytes WFS1 ENSG00000109501 0,721 0,94990066 0,442 0,49 0,07 

Astrocytes MT2A ENSG00000125148 0,769 0,989867021 0,538 0,75 0,33 

Astrocytes PLSCR4 ENSG00000114698 0,716 0,829569238 0,432 0,52 0,1 

Astrocytes ALDH1A1 ENSG00000165092 0,711 1,258211464 0,422 0,44 0,02 

Astrocytes PARD3B ENSG00000116117 0,848 1,193626253 0,696 0,9 0,48 

Astrocytes MAOB ENSG00000069535 0,726 1,163723155 0,452 0,52 0,1 

Astrocytes RNF19A ENSG00000034677 0,797 1,236547037 0,594 0,75 0,33 

Astrocytes PAPLN ENSG00000100767 0,708 0,917979386 0,416 0,42 0,01 

Astrocytes PLEC ENSG00000178209 0,737 0,974580581 0,474 0,59 0,18 

Astrocytes CHI3L1 ENSG00000133048 0,709 1,760233603 0,418 0,45 0,05 

Astrocytes PHKA1 ENSG00000067177 0,719 0,994921707 0,438 0,49 0,08 

Astrocytes ANTXR1 ENSG00000169604 0,73 1,01871846 0,46 0,58 0,17 

Astrocytes TCF7L2 ENSG00000148737 0,777 0,946496037 0,554 0,79 0,39 

Astrocytes AL160272.2 ENSG00000285082 0,706 0,947138596 0,412 0,44 0,03 

Astrocytes ASPH ENSG00000198363 0,811 1,15399267 0,622 0,79 0,39 

Astrocytes NTNG1 ENSG00000162631 0,706 0,677878826 0,412 0,56 0,16 

Astrocytes SLC16A9 ENSG00000165449 0,711 0,925143369 0,422 0,45 0,05 

Astrocytes ANGPTL4 ENSG00000167772 0,709 1,444962314 0,418 0,46 0,05 

Astrocytes PFKP ENSG00000067057 0,722 1,073705831 0,444 0,51 0,11 

Astrocytes NDRG2 ENSG00000165795 0,782 1,024134897 0,564 0,81 0,41 

Astrocytes KIAA1217 ENSG00000120549 0,713 0,932646694 0,426 0,61 0,21 

Astrocytes AC027117.2 ENSG00000253944 0,732 1,006873797 0,464 0,6 0,2 

Astrocytes TIMP3 ENSG00000100234 0,705 0,693264037 0,41 0,55 0,15 

Astrocytes MTSS2 ENSG00000132613 0,732 0,893040736 0,464 0,6 0,21 

Astrocytes GPR37L1 ENSG00000170075 0,719 0,894181677 0,438 0,56 0,16 

Astrocytes STK33 ENSG00000130413 0,732 0,9078295 0,464 0,62 0,23 

Astrocytes SHROOM3 ENSG00000138771 0,706 1,04113941 0,412 0,46 0,06 

Astrocytes OSBPL11 ENSG00000144909 0,729 0,965265465 0,458 0,58 0,19 

Astrocytes NFIB ENSG00000147862 0,765 0,775927535 0,53 0,86 0,47 

Astrocytes DDR2 ENSG00000162733 0,704 1,032656004 0,408 0,46 0,07 

Astrocytes CTNND2 ENSG00000169862 0,925 1,441852914 0,85 0,99 0,6 

Astrocytes PRKD1 ENSG00000184304 0,739 0,778243668 0,478 0,75 0,36 

Astrocytes CACNB2 ENSG00000165995 0,718 1,09978946 0,436 0,63 0,25 

Astrocytes PALLD ENSG00000129116 0,72 0,943827207 0,44 0,57 0,19 

Astrocytes LINC00511 ENSG00000227036 0,711 0,880967681 0,422 0,61 0,23 

Astrocytes GAN ENSG00000261609 0,744 0,980005702 0,488 0,64 0,26 

Astrocytes ZBTB7C ENSG00000184828 0,701 0,895863201 0,402 0,48 0,11 

Astrocytes LRP1 ENSG00000123384 0,714 0,734618291 0,428 0,62 0,25 

Astrocytes MICALL2 ENSG00000164877 0,703 0,874796087 0,406 0,48 0,11 

Astrocytes TTYH1 ENSG00000167614 0,761 0,953454281 0,522 0,74 0,37 

Astrocytes ST8SIA1 ENSG00000111728 0,714 0,893384984 0,428 0,59 0,22 

Astrocytes SAMD4A ENSG00000020577 0,804 1,302964445 0,608 0,83 0,46 

Astrocytes SPARC ENSG00000113140 0,731 1,008286559 0,462 0,68 0,32 

Astrocytes ANKDD1A ENSG00000166839 0,705 0,898681644 0,41 0,5 0,14 

Astrocytes RAMP1 ENSG00000132329 0,701 0,78207011 0,402 0,54 0,18 

Astrocytes FUT9 ENSG00000172461 0,813 1,017406787 0,626 0,88 0,51 

Astrocytes CTDSPL ENSG00000144677 0,753 0,965801275 0,506 0,7 0,35 

Astrocytes NAV3 ENSG00000067798 0,782 0,773334059 0,564 0,93 0,57 

Astrocytes CNN3 ENSG00000117519 0,706 0,861572391 0,412 0,55 0,19 

Astrocytes ACSS1 ENSG00000154930 0,702 0,89607762 0,404 0,53 0,18 

Astrocytes GABBR1 ENSG00000204681 0,715 0,869592084 0,43 0,57 0,21 

Astrocytes PFKFB3 ENSG00000170525 0,735 0,868057364 0,47 0,67 0,32 
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Astrocytes PDLIM5 ENSG00000163110 0,709 0,728049049 0,418 0,64 0,29 

Astrocytes DKK3 ENSG00000050165 0,708 0,833904869 0,416 0,56 0,22 

Astrocytes ACADVL ENSG00000072778 0,722 0,933471045 0,444 0,6 0,26 

Astrocytes BCL2 ENSG00000171791 0,796 0,976107359 0,592 0,87 0,53 

Astrocytes EGLN3 ENSG00000129521 0,718 1,31622593 0,436 0,59 0,25 

Astrocytes ASTN2 ENSG00000148219 0,8 0,972645927 0,6 0,9 0,58 

Astrocytes ATP2B4 ENSG00000058668 0,726 0,771716959 0,452 0,72 0,4 

Astrocytes PALM ENSG00000099864 0,703 0,834517498 0,406 0,56 0,25 

Astrocytes TEAD1 ENSG00000187079 0,745 0,826327977 0,49 0,76 0,45 

Astrocytes NAV2 ENSG00000166833 0,881 1,251127605 0,762 0,97 0,66 

Astrocytes PLXNB1 ENSG00000164050 0,706 0,816874155 0,412 0,63 0,33 

Astrocytes MAPK10 ENSG00000109339 0,892 1,225806367 0,784 0,96 0,66 

Astrocytes LIFR ENSG00000113594 0,828 1,07515354 0,656 0,9 0,6 

Astrocytes SRGAP1 ENSG00000196935 0,735 0,64965647 0,47 0,8 0,5 

Astrocytes TRPS1 ENSG00000104447 0,87 1,203471496 0,74 0,94 0,64 

Astrocytes CDH20 ENSG00000101542 0,801 0,911911321 0,602 0,97 0,67 

Astrocytes ERBB4 ENSG00000178568 0,782 0,735505171 0,564 0,98 0,68 

Astrocytes APC2 ENSG00000115266 0,707 0,857403516 0,414 0,61 0,32 

Astrocytes MAML2 ENSG00000184384 0,752 0,721075865 0,504 0,91 0,62 

Astrocytes PDE4DIP ENSG00000178104 0,897 1,308717416 0,794 0,96 0,67 

Astrocytes RHOBTB3 ENSG00000164292 0,723 0,833810741 0,446 0,7 0,42 

Astrocytes APC ENSG00000134982 0,766 0,946905067 0,532 0,78 0,5 

Astrocytes MSI2 ENSG00000153944 0,927 1,365474652 0,854 0,98 0,7 

Astrocytes DTNA ENSG00000134769 0,977 1,829188811 0,954 1 0,73 

Astrocytes FYN ENSG00000010810 0,83 1,079625317 0,66 0,9 0,63 

Astrocytes BCKDHB ENSG00000083123 0,738 0,840614427 0,476 0,76 0,5 

Astrocytes GLUD1 ENSG00000148672 0,711 0,826502511 0,422 0,66 0,4 

Astrocytes SLC39A11 ENSG00000133195 0,775 0,911307466 0,55 0,93 0,68 

Astrocytes ZHX3 ENSG00000174306 0,764 0,85024105 0,528 0,82 0,57 

Astrocytes REPS1 ENSG00000135597 0,703 0,741952139 0,406 0,66 0,41 

Astrocytes KIAA0930 ENSG00000100364 0,703 0,673826753 0,406 0,73 0,49 

Astrocytes CLEC16A ENSG00000038532 0,753 0,913479465 0,506 0,79 0,55 

Astrocytes ARNT2 ENSG00000172379 0,709 0,713087418 0,418 0,74 0,5 

Astrocytes LSAMP ENSG00000185565 0,928 1,397229682 0,856 1 0,77 

Astrocytes CKB ENSG00000166165 0,715 0,785043969 0,43 0,76 0,54 

Astrocytes SASH1 ENSG00000111961 0,784 0,863777122 0,568 0,92 0,7 

Astrocytes TRAK1 ENSG00000182606 0,706 0,73562172 0,412 0,71 0,48 

Astrocytes LRP1B ENSG00000168702 0,818 0,848525891 0,636 0,99 0,77 

Astrocytes PRKCA ENSG00000154229 0,816 0,922006164 0,632 0,95 0,74 

Astrocytes REV3L ENSG00000009413 0,73 0,77201734 0,46 0,81 0,62 

Astrocytes NPAS3 ENSG00000151322 0,845 0,874976655 0,69 0,99 0,82 

Astrocytes MIR99AHG ENSG00000215386 0,892 1,156373342 0,784 0,98 0,8 

Astrocytes NFIA ENSG00000162599 0,828 0,876962256 0,656 0,97 0,8 

Astrocytes TNRC6A ENSG00000090905 0,856 0,978881535 0,712 0,97 0,82 

Astrocytes SSBP2 ENSG00000145687 0,737 0,707813636 0,474 0,88 0,74 

Astrocytes AC245297.3 ENSG00000274265 0,702 0,698096865 0,404 0,8 0,66 

Astrocytes NEAT1 ENSG00000245532 0,806 1,070522977 0,612 1 0,87 

Astrocytes MKLN1 ENSG00000128585 0,838 0,858508804 0,676 0,96 0,87 

Astrocytes MACF1 ENSG00000127603 0,91 1,048599585 0,82 0,99 0,9 

Endothelial cells CLDN5 ENSG00000184113 0,987 3,171582047 0,974 0,98 0,04 

Endothelial cells FLT1 ENSG00000102755 0,99 3,542137792 0,98 0,99 0,06 

Endothelial cells ATP10A ENSG00000206190 0,979 3,213763802 0,958 0,97 0,04 

Endothelial cells ABCB1 ENSG00000085563 0,983 3,329673439 0,966 0,97 0,05 

Endothelial cells VWF ENSG00000110799 0,983 3,088698552 0,966 0,97 0,05 

Endothelial cells EPAS1 ENSG00000116016 0,979 2,717071709 0,958 0,98 0,07 
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Endothelial cells ERG ENSG00000157554 0,954 2,367403183 0,908 0,92 0,02 

Endothelial cells ANO2 ENSG00000047617 0,958 2,909174449 0,916 0,93 0,05 

Endothelial cells COBLL1 ENSG00000082438 0,951 2,511059011 0,902 0,93 0,06 

Endothelial cells ADGRL4 ENSG00000162618 0,936 2,181629371 0,872 0,88 0,02 

Endothelial cells PODXL ENSG00000128567 0,948 2,198738402 0,896 0,91 0,05 

Endothelial cells EGFL7 ENSG00000172889 0,944 2,16155874 0,888 0,9 0,05 

Endothelial cells HLA-E ENSG00000204592 0,964 2,301178019 0,928 0,96 0,11 

Endothelial cells IFITM3 ENSG00000142089 0,94 2,198961462 0,88 0,92 0,08 

Endothelial cells FLI1 ENSG00000151702 0,935 2,078844055 0,87 0,92 0,1 

Endothelial cells TGM2 ENSG00000198959 0,916 2,094136474 0,832 0,84 0,02 

Endothelial cells PECAM1 ENSG00000261371 0,934 2,043588868 0,868 0,89 0,07 

Endothelial cells MECOM ENSG00000085276 0,964 2,804102615 0,928 0,95 0,13 

Endothelial cells PTPRB ENSG00000127329 0,941 2,344455769 0,882 0,9 0,09 

Endothelial cells IFI27 ENSG00000165949 0,913 2,344182971 0,826 0,84 0,04 

Endothelial cells BTNL9 ENSG00000165810 0,907 2,033572357 0,814 0,82 0,02 

Endothelial cells SYNE2 ENSG00000054654 0,936 1,974373788 0,872 0,91 0,12 

Endothelial cells ADGRF5 ENSG00000069122 0,899 1,880431431 0,798 0,81 0,03 

Endothelial cells ARHGAP29 ENSG00000137962 0,928 1,998917035 0,856 0,9 0,11 

Endothelial cells ABCG2 ENSG00000118777 0,899 2,187659149 0,798 0,81 0,02 

Endothelial cells THSD4 ENSG00000187720 0,935 2,883039223 0,87 0,9 0,11 

Endothelial cells PRKCH ENSG00000027075 0,928 2,047408372 0,856 0,9 0,12 

Endothelial cells A2M ENSG00000175899 0,921 1,947483353 0,842 0,9 0,12 

Endothelial cells TMSB10 ENSG00000034510 0,965 2,667374806 0,93 0,96 0,19 

Endothelial cells ITGA1 ENSG00000213949 0,901 1,944969911 0,802 0,83 0,06 

Endothelial cells SLC7A5 ENSG00000103257 0,937 2,470558572 0,874 0,91 0,14 

Endothelial cells SLCO4A1 ENSG00000101187 0,892 1,933027003 0,784 0,8 0,03 

Endothelial cells ENG ENSG00000106991 0,896 1,873483692 0,792 0,82 0,06 

Endothelial cells IGFBP7 ENSG00000163453 0,899 1,765797173 0,798 0,88 0,12 

Endothelial cells CMTM8 ENSG00000170293 0,88 2,006984157 0,76 0,77 0,03 

Endothelial cells CGNL1 ENSG00000128849 0,891 1,817559967 0,782 0,83 0,09 

Endothelial cells CD34 ENSG00000174059 0,871 1,797393396 0,742 0,75 0,01 

Endothelial cells ST8SIA6 ENSG00000148488 0,884 1,977330008 0,768 0,79 0,06 

Endothelial cells SLC2A1 ENSG00000117394 0,915 2,027083075 0,83 0,87 0,14 

Endothelial cells TAGLN2 ENSG00000158710 0,879 1,696329337 0,758 0,79 0,07 

Endothelial cells TBC1D4 ENSG00000136111 0,93 2,123052116 0,86 0,91 0,18 

Endothelial cells HLA-B ENSG00000234745 0,898 1,809352509 0,796 0,86 0,14 

Endothelial cells ITM2A ENSG00000078596 0,872 1,893568732 0,744 0,77 0,05 

Endothelial cells IFITM2 ENSG00000185201 0,864 1,627786756 0,728 0,76 0,04 

Endothelial cells SPARCL1 ENSG00000152583 0,927 1,763342735 0,854 0,97 0,25 

Endothelial cells ITGA6 ENSG00000091409 0,89 1,983521311 0,78 0,82 0,11 

Endothelial cells GALNT18 ENSG00000110328 0,945 2,376696322 0,89 0,94 0,23 

Endothelial cells RNF144B ENSG00000137393 0,872 1,960926789 0,744 0,79 0,08 

Endothelial cells PAPSS2 ENSG00000198682 0,859 1,743648911 0,718 0,74 0,03 

Endothelial cells ID1 ENSG00000125968 0,859 1,963298288 0,718 0,74 0,03 

Endothelial cells IL4R ENSG00000077238 0,864 1,676472827 0,728 0,77 0,07 

Endothelial cells EMP2 ENSG00000213853 0,863 1,585936347 0,726 0,76 0,06 

Endothelial cells NXN ENSG00000167693 0,896 1,851863793 0,792 0,84 0,15 

Endothelial cells SLC9A3R2 ENSG00000065054 0,861 1,694958562 0,722 0,75 0,05 

Endothelial cells LEF1 ENSG00000138795 0,861 1,792360534 0,722 0,76 0,07 

Endothelial cells VIM ENSG00000026025 0,857 1,555039173 0,714 0,77 0,08 

Endothelial cells IRAK3 ENSG00000090376 0,852 1,44090473 0,704 0,79 0,1 

Endothelial cells NOSTRIN ENSG00000163072 0,847 1,624011616 0,694 0,71 0,02 

Endothelial cells NEDD9 ENSG00000111859 0,864 1,685217132 0,728 0,77 0,09 

Endothelial cells SRGN ENSG00000122862 0,845 1,403444168 0,69 0,76 0,08 

Endothelial cells CRIM1 ENSG00000150938 0,928 2,381640445 0,856 0,91 0,23 
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Endothelial cells ICAM2 ENSG00000108622 0,841 1,528116736 0,682 0,69 0,02 

Endothelial cells LIMS2 ENSG00000072163 0,844 1,480284712 0,688 0,7 0,03 

Endothelial cells SORBS2 ENSG00000154556 0,904 1,98549362 0,808 0,89 0,22 

Endothelial cells CDYL2 ENSG00000166446 0,871 1,755625482 0,742 0,78 0,11 

Endothelial cells TM4SF1 ENSG00000169908 0,838 1,582744048 0,676 0,69 0,02 

Endothelial cells ID3 ENSG00000117318 0,841 1,65584821 0,682 0,72 0,05 

Endothelial cells SLCO2B1 ENSG00000137491 0,827 1,147634641 0,654 0,77 0,11 

Endothelial cells TIE1 ENSG00000066056 0,833 1,454577999 0,666 0,68 0,02 

Endothelial cells PTPRG ENSG00000144724 0,948 2,257232525 0,896 0,97 0,31 

Endothelial cells STOM ENSG00000148175 0,875 1,520990488 0,75 0,83 0,17 

Endothelial cells PALMD ENSG00000099260 0,836 1,679680134 0,672 0,69 0,03 

Endothelial cells CPNE8 ENSG00000139117 0,865 1,656543818 0,73 0,79 0,14 

Endothelial cells FAM107A ENSG00000168309 0,857 1,560756937 0,714 0,79 0,13 

Endothelial cells TGFBR2 ENSG00000163513 0,836 1,37025601 0,672 0,77 0,11 

Endothelial cells ETS2 ENSG00000157557 0,849 1,629742196 0,698 0,76 0,11 

Endothelial cells CADPS2 ENSG00000081803 0,872 1,643784171 0,744 0,84 0,19 

Endothelial cells OSMR ENSG00000145623 0,839 1,504222109 0,678 0,72 0,08 

Endothelial cells RGS5 ENSG00000143248 0,84 1,656157275 0,68 0,74 0,1 

Endothelial cells HLA-C ENSG00000204525 0,862 1,627774362 0,724 0,79 0,15 

Endothelial cells ELOVL7 ENSG00000164181 0,971 2,49835492 0,942 0,97 0,33 

Endothelial cells SLC1A1 ENSG00000106688 0,858 1,728428935 0,716 0,77 0,13 

Endothelial cells JCAD ENSG00000165757 0,826 1,40853077 0,652 0,67 0,03 

Endothelial cells WWTR1 ENSG00000018408 0,883 1,723457092 0,766 0,85 0,21 

Endothelial cells XAF1 ENSG00000132530 0,829 1,398008273 0,658 0,71 0,07 

Endothelial cells SLC7A1 ENSG00000139514 0,877 2,06497787 0,754 0,8 0,17 

Endothelial cells S100A10 ENSG00000197747 0,826 1,577376079 0,652 0,68 0,04 

Endothelial cells UTRN ENSG00000152818 0,883 1,40802982 0,766 0,93 0,3 

Endothelial cells CRIP2 ENSG00000182809 0,843 1,444447494 0,686 0,74 0,11 

Endothelial cells CYYR1 ENSG00000166265 0,82 1,621069684 0,64 0,65 0,02 

Endothelial cells RBMS2 ENSG00000076067 0,848 1,389983319 0,696 0,76 0,13 

Endothelial cells ANXA3 ENSG00000138772 0,818 1,550601685 0,636 0,65 0,02 

Endothelial cells PLXNA2 ENSG00000076356 0,862 1,680392639 0,724 0,8 0,18 

Endothelial cells SGPP2 ENSG00000163082 0,839 1,665615316 0,678 0,72 0,09 

Endothelial cells EMCN ENSG00000164035 0,815 1,65702389 0,63 0,64 0,02 

Endothelial cells SRARP ENSG00000183888 0,81 1,375284899 0,62 0,63 0,01 

Endothelial cells CEMIP2 ENSG00000135048 0,841 1,616012461 0,682 0,75 0,13 

Endothelial cells MRTFB ENSG00000186260 0,931 2,084390837 0,862 0,92 0,31 

Endothelial cells LRRC32 ENSG00000137507 0,806 1,44808985 0,612 0,63 0,02 

Endothelial cells ADAMTS9 ENSG00000163638 0,814 2,145084682 0,628 0,68 0,08 

Endothelial cells ESAM ENSG00000149564 0,805 1,29613925 0,61 0,63 0,02 

Endothelial cells NAMPT ENSG00000105835 0,849 1,675427787 0,698 0,77 0,17 

Endothelial cells BSG ENSG00000172270 0,948 2,497179755 0,896 0,96 0,36 

Endothelial cells ITIH5 ENSG00000123243 0,799 1,430999738 0,598 0,65 0,06 

Endothelial cells PARP14 ENSG00000173193 0,81 1,301828504 0,62 0,7 0,11 

Endothelial cells APOLD1 ENSG00000178878 0,846 1,369004914 0,692 0,82 0,23 

Endothelial cells CAVIN2 ENSG00000168497 0,794 1,443722658 0,588 0,6 0,02 

Endothelial cells EBF1 ENSG00000164330 0,798 1,187433123 0,596 0,71 0,13 

Endothelial cells RPGR ENSG00000156313 0,843 1,522940217 0,686 0,76 0,18 

Endothelial cells MYRIP ENSG00000170011 0,881 2,015033567 0,762 0,85 0,27 

Endothelial cells AHNAK ENSG00000124942 0,801 1,115003822 0,602 0,69 0,11 

Endothelial cells ZNF366 ENSG00000178175 0,791 1,613239201 0,582 0,59 0,02 

Endothelial cells BST2 ENSG00000130303 0,792 1,29691963 0,584 0,62 0,04 

Endothelial cells GIMAP7 ENSG00000179144 0,789 1,300356638 0,578 0,59 0,02 

Endothelial cells ADGRL2 ENSG00000117114 0,801 1,32318412 0,602 0,71 0,13 

Endothelial cells PTPN14 ENSG00000152104 0,802 1,249873302 0,604 0,68 0,11 
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Endothelial cells ARHGAP31 ENSG00000031081 0,814 1,198763534 0,628 0,78 0,21 

Endothelial cells ACSL5 ENSG00000197142 0,787 1,230690803 0,574 0,59 0,02 

Endothelial cells GNG11 ENSG00000127920 0,784 1,254502536 0,568 0,59 0,03 

Endothelial cells HLA-A ENSG00000206503 0,843 1,513684904 0,686 0,78 0,22 

Endothelial cells MT2A ENSG00000125148 0,899 2,171978902 0,798 0,91 0,35 

Endothelial cells GGT5 ENSG00000099998 0,78 1,083395128 0,56 0,61 0,05 

Endothelial cells FN1 ENSG00000115414 0,798 1,409446836 0,596 0,66 0,1 

Endothelial cells ACER2 ENSG00000177076 0,797 1,551197214 0,594 0,63 0,07 

Endothelial cells YBX3 ENSG00000060138 0,792 1,302118874 0,584 0,65 0,09 

Endothelial cells RUNDC3B ENSG00000105784 0,807 1,411601913 0,614 0,7 0,14 

Endothelial cells CFH ENSG00000000971 0,781 1,734162634 0,562 0,58 0,03 

Endothelial cells ANGPT2 ENSG00000091879 0,798 2,684612869 0,596 0,63 0,08 

Endothelial cells ST6GAL1 ENSG00000073849 0,789 0,933453895 0,578 0,78 0,22 

Endothelial cells EPB41L4A ENSG00000129595 0,834 1,46175371 0,668 0,77 0,21 

Endothelial cells SP100 ENSG00000067066 0,782 1,093029658 0,564 0,68 0,13 

Endothelial cells TIMP3 ENSG00000100234 0,804 1,301225372 0,608 0,72 0,17 

Endothelial cells LY6E ENSG00000160932 0,789 1,310077682 0,578 0,61 0,06 

Endothelial cells PAM ENSG00000145730 0,825 1,271382607 0,65 0,82 0,26 

Endothelial cells ACVRL1 ENSG00000139567 0,777 1,130664335 0,554 0,56 0,01 

Endothelial cells SMAD6 ENSG00000137834 0,781 1,623825405 0,562 0,59 0,04 

Endothelial cells NOTCH4 ENSG00000204301 0,775 1,142628776 0,55 0,56 0,01 

Endothelial cells ETS1 ENSG00000134954 0,784 1,209650115 0,568 0,63 0,08 

Endothelial cells PARVB ENSG00000188677 0,816 1,357638402 0,632 0,71 0,16 

Endothelial cells GALNT15 ENSG00000131386 0,855 1,438197361 0,71 0,84 0,3 

Endothelial cells CDH5 ENSG00000179776 0,773 1,114642302 0,546 0,55 0,01 

Endothelial cells B2M ENSG00000166710 0,922 1,896244497 0,844 0,94 0,39 

Endothelial cells DIPK2B ENSG00000147113 0,805 1,321213124 0,61 0,7 0,16 

Endothelial cells LGALS3 ENSG00000131981 0,776 1,215933392 0,552 0,58 0,03 

Endothelial cells MYOF ENSG00000138119 0,781 1,256870279 0,562 0,64 0,1 

Endothelial cells ROBO4 ENSG00000154133 0,772 1,14052962 0,544 0,55 0,01 

Endothelial cells NFKBIA ENSG00000100906 0,818 1,442210431 0,636 0,73 0,19 

Endothelial cells MFSD2A ENSG00000168389 0,776 1,375516769 0,552 0,57 0,03 

Endothelial cells C22orf34 ENSG00000188511 0,776 1,304894161 0,552 0,6 0,06 

Endothelial cells HIF1A-AS3 ENSG00000258667 0,786 1,88547011 0,572 0,63 0,1 

Endothelial cells SLC16A1 ENSG00000155380 0,797 1,782931914 0,594 0,65 0,12 

Endothelial cells DOCK6 ENSG00000130158 0,776 1,147627709 0,552 0,6 0,07 

Endothelial cells PDE10A ENSG00000112541 0,824 1,430451043 0,648 0,78 0,25 

Endothelial cells INPP5D ENSG00000168918 0,755 0,744362704 0,51 0,65 0,12 

Endothelial cells SLC2A3 ENSG00000059804 0,79 1,574128932 0,58 0,66 0,13 

Endothelial cells TEK ENSG00000120156 0,776 1,269242851 0,552 0,59 0,06 

Endothelial cells PPFIBP1 ENSG00000110841 0,92 1,786420814 0,84 0,93 0,4 

Endothelial cells SPOCK2 ENSG00000107742 0,812 1,314115549 0,624 0,73 0,2 

Endothelial cells TFRC ENSG00000072274 0,795 1,441857488 0,59 0,66 0,13 

Endothelial cells FGD5 ENSG00000154783 0,766 1,094428866 0,532 0,55 0,02 

Endothelial cells DEPP1 ENSG00000165507 0,769 1,617427409 0,538 0,56 0,04 

Endothelial cells SLC39A10 ENSG00000196950 0,86 1,815087034 0,72 0,82 0,3 

Endothelial cells PLSCR1 ENSG00000188313 0,783 1,173834047 0,566 0,65 0,13 

Endothelial cells SEC14L1 ENSG00000129657 0,916 1,74706784 0,832 0,91 0,39 

Endothelial cells CHSY1 ENSG00000131873 0,834 1,465939962 0,668 0,79 0,27 

Endothelial cells HERPUD1 ENSG00000051108 0,819 1,390055661 0,638 0,74 0,22 

Endothelial cells CCDC85A ENSG00000055813 0,785 1,490280014 0,57 0,66 0,14 

Endothelial cells PLSCR4 ENSG00000114698 0,778 1,207749016 0,556 0,65 0,13 

Endothelial cells EPHA4 ENSG00000116106 0,778 1,314423309 0,556 0,62 0,1 

Endothelial cells HYAL2 ENSG00000068001 0,765 1,188813578 0,53 0,55 0,03 

Endothelial cells CP ENSG00000047457 0,775 1,95218664 0,55 0,6 0,08 
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Endothelial cells MEF2C ENSG00000081189 0,768 0,734464007 0,536 0,75 0,23 

Endothelial cells KANK3 ENSG00000186994 0,762 1,029622962 0,524 0,55 0,04 

Endothelial cells ESYT2 ENSG00000117868 0,923 1,806800913 0,846 0,93 0,41 

Endothelial cells ZEB1 ENSG00000148516 0,8 0,993972298 0,6 0,85 0,33 

Endothelial cells TPM1 ENSG00000140416 0,807 1,187144168 0,614 0,73 0,22 

Endothelial cells DUSP1 ENSG00000120129 0,772 1,255170713 0,544 0,62 0,12 

Endothelial cells TMEM123 ENSG00000152558 0,828 1,330151745 0,656 0,78 0,28 

Endothelial cells SAT1 ENSG00000130066 0,794 1,403456665 0,588 0,73 0,22 

Endothelial cells GRASP ENSG00000161835 0,755 1,104817955 0,51 0,52 0,02 

Endothelial cells LMO2 ENSG00000135363 0,76 1,060242851 0,52 0,57 0,06 

Endothelial cells RHOC ENSG00000155366 0,76 1,065944787 0,52 0,57 0,06 

Endothelial cells LHFPL6 ENSG00000183722 0,832 1,352608752 0,664 0,87 0,37 

Endothelial cells SVIL ENSG00000197321 0,78 1,326495258 0,56 0,63 0,13 

Endothelial cells TPST2 ENSG00000128294 0,766 1,185154447 0,532 0,58 0,07 

Endothelial cells FOSL2 ENSG00000075426 0,757 1,147011312 0,514 0,55 0,04 

Endothelial cells RBMS3 ENSG00000144642 0,778 1,222939575 0,556 0,67 0,17 

Endothelial cells RELL1 ENSG00000181826 0,792 1,254123642 0,584 0,68 0,18 

Endothelial cells ABLIM1 ENSG00000099204 0,79 1,036041003 0,58 0,79 0,29 

Endothelial cells MYH9 ENSG00000100345 0,82 1,192065106 0,64 0,78 0,27 

Endothelial cells RAMP2 ENSG00000131477 0,753 1,16912527 0,506 0,52 0,02 

Endothelial cells SCARB1 ENSG00000073060 0,819 1,47602711 0,638 0,75 0,26 

Endothelial cells MCC ENSG00000171444 0,789 1,462361878 0,578 0,71 0,21 

Endothelial cells MYO10 ENSG00000145555 0,795 1,2858151 0,59 0,71 0,21 

Endothelial cells PLEKHG1 ENSG00000120278 0,866 1,500788953 0,732 0,88 0,39 

Endothelial cells ANXA2 ENSG00000182718 0,752 1,073928002 0,504 0,55 0,05 

Endothelial cells HEG1 ENSG00000173706 0,814 1,321423719 0,628 0,76 0,27 

Endothelial cells EDN1 ENSG00000078401 0,749 1,863044192 0,498 0,51 0,02 

Endothelial cells SPARC ENSG00000113140 0,82 1,100299861 0,64 0,83 0,34 

Endothelial cells NEBL ENSG00000078114 0,751 0,718886283 0,502 0,84 0,35 

Endothelial cells DGKH ENSG00000102780 0,782 1,186743198 0,564 0,67 0,18 

Endothelial cells SULF2 ENSG00000196562 0,758 1,036946762 0,516 0,61 0,12 

Endothelial cells SLC19A3 ENSG00000135917 0,751 1,101623798 0,502 0,52 0,04 

Endothelial cells NPAS2 ENSG00000170485 0,776 1,215182186 0,552 0,71 0,22 

Endothelial cells RBPMS ENSG00000157110 0,747 1,005722863 0,494 0,6 0,11 

Endothelial cells PCAT19 ENSG00000267107 0,745 1,109286918 0,49 0,5 0,01 

Endothelial cells SLC39A8 ENSG00000138821 0,752 1,113142012 0,504 0,54 0,05 

Endothelial cells UACA ENSG00000137831 0,809 1,172979811 0,618 0,77 0,29 

Endothelial cells SLC38A5 ENSG00000017483 0,742 1,18392068 0,484 0,49 0,01 

Endothelial cells LRCH1 ENSG00000136141 0,798 1,143699279 0,596 0,76 0,29 

Endothelial cells KCTD12 ENSG00000178695 0,747 1,03993489 0,494 0,58 0,1 

Endothelial cells SDCBP ENSG00000137575 0,778 1,089972957 0,556 0,67 0,19 

Endothelial cells CAVIN1 ENSG00000177469 0,758 1,043061864 0,516 0,59 0,12 

Endothelial cells KLF2 ENSG00000127528 0,739 1,190432358 0,478 0,5 0,02 

Endothelial cells SLC30A1 ENSG00000170385 0,745 1,018520658 0,49 0,53 0,06 

Endothelial cells ACVR1 ENSG00000115170 0,788 1,334634449 0,576 0,68 0,21 

Endothelial cells TSPAN14 ENSG00000108219 0,772 0,997117525 0,544 0,68 0,21 

Endothelial cells CEP112 ENSG00000154240 0,773 1,035524235 0,546 0,73 0,26 

Endothelial cells RASIP1 ENSG00000105538 0,739 0,988883238 0,478 0,49 0,02 

Endothelial cells SORBS1 ENSG00000095637 0,795 0,793634869 0,59 0,87 0,4 

Endothelial cells PON2 ENSG00000105854 0,858 1,416025579 0,716 0,86 0,39 

Endothelial cells FOXC1 ENSG00000054598 0,736 0,979725068 0,472 0,49 0,02 

Endothelial cells TM4SF18 ENSG00000163762 0,736 1,091154179 0,472 0,48 0,01 

Endothelial cells MAP3K20 ENSG00000091436 0,753 1,032501066 0,506 0,61 0,15 

Endothelial cells SNED1 ENSG00000162804 0,753 1,122366342 0,506 0,62 0,15 

Endothelial cells S1PR1 ENSG00000170989 0,732 0,980010552 0,464 0,49 0,03 
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Endothelial cells CEBPD ENSG00000221869 0,741 1,053979699 0,482 0,6 0,14 

Endothelial cells PTPRM ENSG00000173482 0,914 1,88520418 0,828 0,94 0,48 

Endothelial cells MT1E ENSG00000169715 0,743 1,244729372 0,486 0,6 0,14 

Endothelial cells ARL15 ENSG00000185305 0,881 1,887434772 0,762 0,9 0,45 

Endothelial cells GPCPD1 ENSG00000125772 0,76 1,222133542 0,52 0,64 0,19 

Endothelial cells S100A11 ENSG00000163191 0,729 0,962078544 0,458 0,51 0,06 

Endothelial cells CFLAR ENSG00000003402 0,853 1,314734464 0,706 0,85 0,39 

Endothelial cells VAMP5 ENSG00000168899 0,73 1,046431419 0,46 0,49 0,05 

Endothelial cells EPSTI1 ENSG00000133106 0,728 1,11718168 0,456 0,51 0,06 

Endothelial cells PDXK ENSG00000160209 0,795 1,233750605 0,59 0,73 0,28 

Endothelial cells PTTG1IP ENSG00000183255 0,794 1,065214304 0,588 0,74 0,29 

Endothelial cells RBMS1 ENSG00000153250 0,773 1,026878708 0,546 0,73 0,28 

Endothelial cells MYL12B ENSG00000118680 0,758 1,111476083 0,516 0,61 0,16 

Endothelial cells EGFR ENSG00000146648 0,734 0,970563932 0,468 0,63 0,18 

Endothelial cells NET1 ENSG00000173848 0,733 1,207283768 0,466 0,5 0,06 

Endothelial cells USP6NL ENSG00000148429 0,777 1,040931516 0,554 0,72 0,27 

Endothelial cells TMEM132C ENSG00000181234 0,754 1,176706078 0,508 0,69 0,24 

Endothelial cells UNC13B ENSG00000198722 0,79 1,264605051 0,58 0,71 0,26 

Endothelial cells TMEM204 ENSG00000131634 0,723 0,938082652 0,446 0,46 0,02 

Endothelial cells MGLL ENSG00000074416 0,748 0,952755492 0,496 0,65 0,2 

Endothelial cells PLAT ENSG00000104368 0,727 1,197332667 0,454 0,48 0,04 

Endothelial cells TSPAN9 ENSG00000011105 0,735 0,979724814 0,47 0,53 0,09 

Endothelial cells THSD7A ENSG00000005108 0,772 1,401447077 0,544 0,71 0,27 

Endothelial cells GBP4 ENSG00000162654 0,719 1,406470974 0,438 0,45 0,02 

Endothelial cells DAB2IP ENSG00000136848 0,744 1,038861882 0,488 0,59 0,15 

Endothelial cells MSRB3 ENSG00000174099 0,739 1,060483706 0,478 0,57 0,14 

Endothelial cells LSR ENSG00000105699 0,719 0,906778035 0,438 0,45 0,01 

Endothelial cells RAPGEF4 ENSG00000091428 0,773 1,04745858 0,546 0,76 0,33 

Endothelial cells GPR85 ENSG00000164604 0,725 1,242988213 0,45 0,48 0,05 

Endothelial cells BMPR2 ENSG00000204217 0,893 1,468382511 0,786 0,93 0,5 

Endothelial cells SLC52A3 ENSG00000101276 0,714 0,937419278 0,428 0,43 0,01 

Endothelial cells TMOD3 ENSG00000138594 0,76 0,992262291 0,52 0,66 0,23 

Endothelial cells CLIC1 ENSG00000213719 0,715 0,861014506 0,43 0,46 0,04 

Endothelial cells YES1 ENSG00000176105 0,733 0,988364306 0,466 0,55 0,13 

Endothelial cells BMP6 ENSG00000153162 0,717 1,712003479 0,434 0,45 0,03 

Endothelial cells CST3 ENSG00000101439 0,739 0,733381076 0,478 0,76 0,34 

Endothelial cells LEPR ENSG00000116678 0,744 1,036343476 0,488 0,61 0,19 

Endothelial cells ADIRF ENSG00000148671 0,713 1,040423974 0,426 0,47 0,05 

Endothelial cells ITPR3 ENSG00000096433 0,712 0,899599528 0,424 0,43 0,01 

Endothelial cells WWC2 ENSG00000151718 0,808 1,268318988 0,616 0,78 0,36 

Endothelial cells RIMKLB ENSG00000166532 0,755 1,378807418 0,51 0,63 0,22 

Endothelial cells JAM2 ENSG00000154721 0,723 1,03242282 0,446 0,53 0,11 

Endothelial cells TINAGL1 ENSG00000142910 0,71 0,832104169 0,42 0,43 0,02 

Endothelial cells AKAP12 ENSG00000131016 0,737 1,245145476 0,474 0,59 0,17 

Endothelial cells TCN2 ENSG00000185339 0,715 0,893561419 0,43 0,46 0,04 

Endothelial cells CNOT8 ENSG00000155508 0,736 0,94623393 0,472 0,56 0,14 

Endothelial cells CNTNAP3B ENSG00000154529 0,735 1,121518738 0,47 0,6 0,18 

Endothelial cells TUBB6 ENSG00000176014 0,711 0,874988158 0,422 0,45 0,03 

Endothelial cells MT1M ENSG00000205364 0,716 1,114499293 0,432 0,5 0,09 

Endothelial cells SLC3A2 ENSG00000168003 0,744 1,073482563 0,488 0,61 0,19 

Endothelial cells RHOJ ENSG00000126785 0,71 0,947956171 0,42 0,48 0,06 

Endothelial cells NES ENSG00000132688 0,713 0,896465609 0,426 0,47 0,05 

Endothelial cells MYL12A ENSG00000101608 0,716 0,927899779 0,432 0,48 0,07 

Endothelial cells SHE ENSG00000169291 0,708 0,869740079 0,416 0,42 0,01 

Endothelial cells CCDC85B ENSG00000175602 0,735 0,952874695 0,47 0,57 0,16 
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Endothelial cells LAMA5 ENSG00000130702 0,715 0,888763895 0,43 0,47 0,06 

Endothelial cells IFI16 ENSG00000163565 0,722 0,863341009 0,444 0,61 0,2 

Endothelial cells RAPGEF1 ENSG00000107263 0,795 1,07248656 0,59 0,8 0,39 

Endothelial cells LMBR1 ENSG00000105983 0,823 1,172838978 0,646 0,81 0,4 

Endothelial cells VSIR ENSG00000107738 0,723 0,912399711 0,446 0,58 0,17 

Endothelial cells PXN ENSG00000089159 0,728 0,948851235 0,456 0,56 0,15 

Endothelial cells LAMA3 ENSG00000053747 0,712 1,149026295 0,424 0,46 0,05 

Endothelial cells AP3S1 ENSG00000177879 0,777 1,154367591 0,554 0,7 0,29 

Endothelial cells HMCN1 ENSG00000143341 0,707 1,208872993 0,414 0,44 0,03 

Endothelial cells KLF6 ENSG00000067082 0,729 0,93016606 0,458 0,58 0,18 

Endothelial cells PRSS23 ENSG00000150687 0,714 1,150193819 0,428 0,47 0,07 

Endothelial cells TSC22D1 ENSG00000102804 0,889 1,604183134 0,778 0,92 0,52 

Endothelial cells TPT1 ENSG00000133112 0,802 1,155021151 0,604 0,8 0,4 

Endothelial cells ARHGAP26 ENSG00000145819 0,772 0,808599201 0,544 0,87 0,47 

Endothelial cells WARS ENSG00000140105 0,731 1,324949149 0,462 0,55 0,15 

Endothelial cells PTMS ENSG00000159335 0,714 0,876511071 0,428 0,51 0,11 

Endothelial cells MSN ENSG00000147065 0,724 0,860749317 0,448 0,6 0,2 

Endothelial cells CTNNB1 ENSG00000168036 0,812 1,143357328 0,624 0,81 0,41 

Endothelial cells CLEC14A ENSG00000176435 0,701 0,863731333 0,402 0,42 0,03 

Endothelial cells PERP ENSG00000112378 0,701 0,871121511 0,402 0,42 0,03 

Endothelial cells TMEM87B ENSG00000153214 0,73 0,978430179 0,46 0,58 0,18 

Endothelial cells NEDD4 ENSG00000069869 0,727 0,980577398 0,454 0,58 0,2 

Endothelial cells PRICKLE2 ENSG00000163637 0,752 1,231382622 0,504 0,69 0,3 

Endothelial cells MCTP1 ENSG00000175471 0,719 1,396973486 0,438 0,55 0,16 

Endothelial cells CNOT6L ENSG00000138767 0,792 1,152849901 0,584 0,76 0,37 

Endothelial cells PDZRN3 ENSG00000121440 0,716 1,31270756 0,432 0,56 0,18 

Endothelial cells GNAI2 ENSG00000114353 0,798 1,055105003 0,596 0,79 0,41 

Endothelial cells OCLN ENSG00000197822 0,712 0,903917689 0,424 0,5 0,12 

Endothelial cells NFIB ENSG00000147862 0,803 1,120520597 0,606 0,89 0,5 

Endothelial cells SYNE1 ENSG00000131018 0,88 1,546591985 0,76 0,94 0,55 

Endothelial cells SHANK3 ENSG00000251322 0,741 0,932569103 0,482 0,63 0,25 

Endothelial cells TDRP ENSG00000180190 0,713 0,957461617 0,426 0,51 0,13 

Endothelial cells EEF1A1 ENSG00000156508 0,82 1,195585662 0,64 0,84 0,47 

Endothelial cells KLHL5 ENSG00000109790 0,754 0,972863887 0,508 0,71 0,34 

Endothelial cells CCDC50 ENSG00000152492 0,747 0,887058268 0,494 0,69 0,32 

Endothelial cells SWAP70 ENSG00000133789 0,715 0,829114397 0,43 0,58 0,21 

Endothelial cells TMSB4X ENSG00000205542 0,822 1,137556506 0,644 0,87 0,5 

Endothelial cells ITGB1 ENSG00000150093 0,777 0,969729144 0,554 0,75 0,38 

Endothelial cells CD2AP ENSG00000198087 0,731 0,926590839 0,462 0,61 0,24 

Endothelial cells ACTN1 ENSG00000072110 0,707 0,936093007 0,414 0,51 0,14 

Endothelial cells PRKD3 ENSG00000115825 0,701 0,804435549 0,402 0,54 0,17 

Endothelial cells GFAP ENSG00000131095 0,703 0,636374964 0,406 0,69 0,32 

Endothelial cells KIAA1549 ENSG00000122778 0,706 0,884697985 0,412 0,51 0,14 

Endothelial cells FAT4 ENSG00000196159 0,704 0,990298282 0,408 0,53 0,16 

Endothelial cells ETV6 ENSG00000139083 0,717 0,68085918 0,434 0,71 0,35 

Endothelial cells BACE2 ENSG00000182240 0,711 1,130396952 0,422 0,59 0,23 

Endothelial cells TPM3 ENSG00000143549 0,722 0,874594696 0,444 0,59 0,23 

Endothelial cells CTTNBP2NL ENSG00000143079 0,721 0,88999629 0,442 0,61 0,25 

Endothelial cells FNDC3B ENSG00000075420 0,729 0,799952281 0,458 0,72 0,36 

Endothelial cells RAC1 ENSG00000136238 0,795 1,010758264 0,59 0,81 0,46 

Endothelial cells SPTAN1 ENSG00000197694 0,714 0,747185309 0,428 0,67 0,32 

Endothelial cells SERPINB6 ENSG00000124570 0,775 0,980103386 0,55 0,76 0,41 

Endothelial cells GMDS ENSG00000112699 0,741 0,981775819 0,482 0,7 0,36 

Endothelial cells SUSD6 ENSG00000100647 0,709 0,786281943 0,418 0,62 0,28 

Endothelial cells ARHGEF12 ENSG00000196914 0,754 0,819125955 0,508 0,79 0,45 
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Endothelial cells HIVEP1 ENSG00000095951 0,706 1,061386869 0,412 0,57 0,23 

Endothelial cells NPIPB5 ENSG00000243716 0,741 1,263472767 0,482 0,65 0,32 

Endothelial cells GFOD1 ENSG00000145990 0,723 1,048114151 0,446 0,61 0,29 

Endothelial cells STAT3 ENSG00000168610 0,76 0,854926595 0,52 0,78 0,46 

Endothelial cells SERF2 ENSG00000140264 0,758 0,916454921 0,516 0,76 0,44 

Endothelial cells TACC1 ENSG00000147526 0,932 1,584014363 0,864 0,97 0,66 

Endothelial cells ANKS1A ENSG00000064999 0,796 1,186122411 0,592 0,82 0,5 

Endothelial cells ARFGEF2 ENSG00000124198 0,749 0,936985783 0,498 0,72 0,4 

Endothelial cells HIPK3 ENSG00000110422 0,759 1,101773836 0,518 0,74 0,42 

Endothelial cells PDLIM5 ENSG00000163110 0,702 0,839056854 0,404 0,63 0,32 

Endothelial cells SH3BP4 ENSG00000130147 0,702 0,797347234 0,404 0,6 0,29 

Endothelial cells EXOC6 ENSG00000138190 0,738 0,96637052 0,476 0,7 0,39 

Endothelial cells PPP3CC ENSG00000120910 0,743 0,936165683 0,486 0,7 0,39 

Endothelial cells RBM17 ENSG00000134453 0,708 0,857562506 0,416 0,59 0,28 

Endothelial cells MCF2L ENSG00000126217 0,749 0,879107175 0,498 0,74 0,43 

Endothelial cells TPM4 ENSG00000167460 0,703 0,771922811 0,406 0,6 0,29 

Endothelial cells DSTN ENSG00000125868 0,712 0,834503872 0,424 0,61 0,31 

Endothelial cells UBC ENSG00000150991 0,788 1,035214075 0,576 0,85 0,55 

Endothelial cells TNS1 ENSG00000079308 0,715 0,816802144 0,43 0,71 0,41 

Endothelial cells RASAL2 ENSG00000075391 0,763 0,96802948 0,526 0,81 0,51 

Endothelial cells GRB10 ENSG00000106070 0,766 1,085536084 0,532 0,78 0,48 

Endothelial cells CD46 ENSG00000117335 0,734 0,905249818 0,468 0,68 0,38 

Endothelial cells ST6GALNAC3 ENSG00000184005 0,94 1,696170693 0,88 0,98 0,69 

Endothelial cells AGFG1 ENSG00000173744 0,8 1,024297362 0,6 0,82 0,52 

Endothelial cells FLNB ENSG00000136068 0,728 0,901920933 0,456 0,67 0,37 

Endothelial cells H3F3B ENSG00000132475 0,74 0,773010209 0,48 0,77 0,47 

Endothelial cells RBFOX2 ENSG00000100320 0,779 0,891825917 0,558 0,84 0,55 

Endothelial cells TUBA1B ENSG00000123416 0,711 0,756843747 0,422 0,68 0,39 

Endothelial cells NR3C2 ENSG00000151623 0,756 1,08553587 0,512 0,78 0,49 

Endothelial cells FCHO2 ENSG00000157107 0,714 0,865106496 0,428 0,65 0,36 

Endothelial cells ACTG1 ENSG00000184009 0,76 0,93149781 0,52 0,8 0,51 

Endothelial cells AFF1 ENSG00000172493 0,74 0,843361834 0,48 0,78 0,5 

Endothelial cells PIK3C2A ENSG00000011405 0,744 0,856264985 0,488 0,74 0,46 

Endothelial cells PTPN12 ENSG00000127947 0,731 0,806343441 0,462 0,72 0,43 

Endothelial cells KIAA0355 ENSG00000166398 0,703 0,811330393 0,406 0,62 0,34 

Endothelial cells PPP3CA ENSG00000138814 0,716 0,727966848 0,432 0,81 0,54 

Endothelial cells RAP1B ENSG00000127314 0,712 0,762575833 0,424 0,68 0,41 

Endothelial cells HERC2 ENSG00000128731 0,922 1,705746009 0,844 0,95 0,68 

Endothelial cells ADIPOR2 ENSG00000006831 0,79 0,925645015 0,58 0,93 0,66 

Endothelial cells FEZ2 ENSG00000171055 0,706 0,763026251 0,412 0,66 0,39 

Endothelial cells DOCK9 ENSG00000088387 0,892 1,305233956 0,784 0,97 0,71 

Endothelial cells RAPGEF2 ENSG00000109756 0,821 1,103897525 0,642 0,88 0,63 

Endothelial cells TRIO ENSG00000038382 0,77 0,829651418 0,54 0,89 0,63 

Endothelial cells TANC1 ENSG00000115183 0,752 0,814627813 0,504 0,84 0,59 

Endothelial cells RIN2 ENSG00000132669 0,711 0,780892578 0,422 0,75 0,5 

Endothelial cells LDLRAD3 ENSG00000179241 0,735 0,900122704 0,47 0,79 0,54 

Endothelial cells EIF1 ENSG00000173812 0,725 0,766214438 0,45 0,77 0,53 

Endothelial cells IGF1R ENSG00000140443 0,856 1,27269968 0,712 0,93 0,69 

Endothelial cells ACTN4 ENSG00000130402 0,736 0,733864953 0,472 0,81 0,58 

Endothelial cells ASAP1 ENSG00000153317 0,801 0,925225655 0,602 0,91 0,69 

Endothelial cells TTC28 ENSG00000100154 0,729 0,802530557 0,458 0,82 0,6 

Endothelial cells ZBTB38 ENSG00000177311 0,708 0,712043331 0,416 0,73 0,52 

Endothelial cells MEF2A ENSG00000068305 0,741 0,596746983 0,482 0,87 0,66 

Endothelial cells PTMA ENSG00000187514 0,741 0,803397725 0,482 0,86 0,66 

Endothelial cells SPTBN1 ENSG00000115306 0,847 1,053559229 0,694 0,94 0,74 
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Endothelial cells GAPDH ENSG00000111640 0,735 0,694219085 0,47 0,87 0,7 

Endothelial cells SMCHD1 ENSG00000101596 0,708 0,783131586 0,416 0,74 0,57 

Endothelial cells ADD1 ENSG00000087274 0,762 0,815775663 0,524 0,85 0,68 

Endothelial cells AFDN ENSG00000130396 0,718 0,722865105 0,436 0,82 0,65 

Endothelial cells CCNY ENSG00000108100 0,828 1,124076879 0,656 0,93 0,76 

Endothelial cells KAT6A ENSG00000083168 0,718 0,687498049 0,436 0,78 0,61 

Endothelial cells ACTB ENSG00000075624 0,753 0,754994248 0,506 0,92 0,77 

Endothelial cells KTN1 ENSG00000126777 0,702 0,619467061 0,404 0,79 0,64 

Endothelial cells INSR ENSG00000171105 0,717 0,970673537 0,434 0,8 0,66 

Endothelial cells TCF4 ENSG00000196628 0,806 0,895752074 0,612 0,96 0,84 

Endothelial cells CSNK1A1 ENSG00000113712 0,712 0,60404674 0,424 0,84 0,73 

Endothelial cells FOXP1 ENSG00000114861 0,725 0,636648476 0,45 0,91 0,81 

Endothelial cells RALGAPA1 ENSG00000174373 0,713 0,801664277 0,426 0,85 0,76 

Pericytes PDGFRB ENSG00000113721 0,961 2,339882991 0,922 0,94 0,08 

Pericytes COBLL1 ENSG00000082438 0,941 1,99810348 0,882 0,93 0,07 

Pericytes PTH1R ENSG00000160801 0,944 2,446474131 0,888 0,9 0,04 

Pericytes DCN ENSG00000011465 0,933 2,249121022 0,866 0,87 0,02 

Pericytes NDUFA4L2 ENSG00000185633 0,931 2,436985004 0,862 0,87 0,03 

Pericytes NOTCH3 ENSG00000074181 0,921 2,129174017 0,842 0,85 0,01 

Pericytes EBF1 ENSG00000164330 0,961 2,44401493 0,922 0,96 0,13 

Pericytes MYO1B ENSG00000128641 0,926 2,011191797 0,852 0,87 0,05 

Pericytes IFITM3 ENSG00000142089 0,93 2,090321944 0,86 0,91 0,09 

Pericytes GGT5 ENSG00000099998 0,914 1,836593641 0,828 0,86 0,05 

Pericytes SLC6A12 ENSG00000111181 0,91 2,304409469 0,82 0,83 0,02 

Pericytes RGS5 ENSG00000143248 0,938 2,463966182 0,876 0,9 0,1 

Pericytes ITIH5 ENSG00000123243 0,914 2,021194478 0,828 0,86 0,06 

Pericytes IGFBP7 ENSG00000163453 0,938 2,23398022 0,876 0,93 0,13 

Pericytes SLC38A11 ENSG00000169507 0,901 2,185125767 0,802 0,8 0,01 

Pericytes EPAS1 ENSG00000116016 0,902 1,757601673 0,804 0,87 0,08 

Pericytes ARHGAP29 ENSG00000137962 0,927 1,85985594 0,854 0,91 0,12 

Pericytes RBPMS ENSG00000157110 0,91 1,863850017 0,82 0,88 0,11 

Pericytes NID1 ENSG00000116962 0,897 1,833652478 0,794 0,81 0,04 

Pericytes PRELP ENSG00000188783 0,885 1,896307632 0,77 0,78 0,02 

Pericytes BGN ENSG00000182492 0,886 1,902660268 0,772 0,79 0,03 

Pericytes GJC1 ENSG00000182963 0,88 1,745315843 0,76 0,77 0,01 

Pericytes HES4 ENSG00000188290 0,889 1,910801169 0,778 0,8 0,06 

Pericytes TIMP3 ENSG00000100234 0,92 2,050179382 0,84 0,9 0,17 

Pericytes ARHGAP10 ENSG00000071205 0,9 1,821159034 0,8 0,85 0,12 

Pericytes ARHGAP42 ENSG00000165895 0,902 1,817070182 0,804 0,87 0,14 

Pericytes MYL9 ENSG00000101335 0,868 1,740806178 0,736 0,75 0,01 

Pericytes SYNE2 ENSG00000054654 0,891 1,563994762 0,782 0,85 0,13 

Pericytes LAMA2 ENSG00000196569 0,934 2,330059004 0,868 0,95 0,23 

Pericytes NR2F2-AS1 ENSG00000247809 0,883 1,778252792 0,766 0,84 0,12 

Pericytes NR2F2 ENSG00000185551 0,88 1,601655402 0,76 0,79 0,07 

Pericytes SLC30A10 ENSG00000196660 0,882 1,794722117 0,764 0,79 0,08 

Pericytes CARMN ENSG00000249669 0,857 1,759181624 0,714 0,72 0 

Pericytes ATP1A2 ENSG00000018625 0,901 2,095947337 0,802 0,91 0,2 

Pericytes TFPI ENSG00000003436 0,856 1,652987272 0,712 0,72 0,01 

Pericytes FN1 ENSG00000115414 0,883 1,846996816 0,766 0,81 0,11 

Pericytes RBMS3 ENSG00000144642 0,898 1,69621362 0,796 0,87 0,17 

Pericytes LZTS1 ENSG00000061337 0,856 1,572996396 0,712 0,72 0,01 

Pericytes MIR4435-2HG ENSG00000172965 0,885 2,165707558 0,77 0,81 0,11 

Pericytes PRKG1 ENSG00000185532 0,915 1,904190267 0,83 0,94 0,25 

Pericytes RHOJ ENSG00000126785 0,854 1,677253254 0,708 0,75 0,06 

Pericytes SPARCL1 ENSG00000152583 0,925 1,939554268 0,85 0,95 0,26 
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Pericytes RIPOR3 ENSG00000042062 0,849 1,644118815 0,698 0,71 0,03 

Pericytes COLEC12 ENSG00000158270 0,86 1,966114718 0,72 0,78 0,1 

Pericytes ITGA1 ENSG00000213949 0,848 1,455318357 0,696 0,75 0,07 

Pericytes PDE7B ENSG00000171408 0,92 2,185156834 0,84 0,92 0,25 

Pericytes PLXDC1 ENSG00000161381 0,846 1,575173583 0,692 0,71 0,04 

Pericytes COL5A3 ENSG00000080573 0,839 1,382268353 0,678 0,76 0,09 

Pericytes HIGD1B ENSG00000131097 0,835 1,572186887 0,67 0,68 0,02 

Pericytes CFH ENSG00000000971 0,831 1,463712764 0,662 0,69 0,03 

Pericytes COL1A2 ENSG00000164692 0,831 1,430815902 0,662 0,66 0 

Pericytes COL4A2 ENSG00000134871 0,849 1,827888779 0,698 0,74 0,08 

Pericytes AC092957.1 ENSG00000243620 0,835 1,847297301 0,67 0,7 0,04 

Pericytes FRMD3 ENSG00000172159 0,886 1,981649999 0,772 0,83 0,17 

Pericytes CEBPD ENSG00000221869 0,863 1,78864675 0,726 0,8 0,14 

Pericytes UTRN ENSG00000152818 0,919 1,619731605 0,838 0,96 0,31 

Pericytes C11orf96 ENSG00000187479 0,838 2,010205619 0,676 0,7 0,05 

Pericytes SLC12A7 ENSG00000113504 0,832 1,488145995 0,664 0,69 0,04 

Pericytes KCNT2 ENSG00000162687 0,847 1,597972849 0,694 0,78 0,13 

Pericytes PTPRG ENSG00000144724 0,903 1,565141098 0,806 0,96 0,32 

Pericytes ZIC1 ENSG00000152977 0,848 1,453562857 0,696 0,78 0,14 

Pericytes FLNA ENSG00000196924 0,844 1,505333234 0,688 0,75 0,11 

Pericytes RNF152 ENSG00000176641 0,885 2,135966664 0,77 0,83 0,19 

Pericytes LAMC3 ENSG00000050555 0,82 1,446904582 0,64 0,65 0,02 

Pericytes VIM ENSG00000026025 0,821 1,239307774 0,642 0,72 0,09 

Pericytes TRPC4 ENSG00000133107 0,833 1,763201987 0,666 0,71 0,08 

Pericytes PLCB4 ENSG00000101333 0,856 1,398153024 0,712 0,86 0,24 

Pericytes PTMS ENSG00000159335 0,838 1,368602023 0,676 0,73 0,11 

Pericytes COL4A1 ENSG00000187498 0,823 1,909486632 0,646 0,67 0,04 

Pericytes SLC19A1 ENSG00000173638 0,824 1,459258168 0,648 0,67 0,05 

Pericytes ZEB1 ENSG00000148516 0,914 1,695229522 0,828 0,96 0,34 

Pericytes COL4A3 ENSG00000169031 0,83 1,581376316 0,66 0,7 0,08 

Pericytes SMOC2 ENSG00000112562 0,817 1,492448558 0,634 0,65 0,03 

Pericytes DOCK6 ENSG00000130158 0,822 1,313103891 0,644 0,69 0,07 

Pericytes TAGLN2 ENSG00000158710 0,818 1,276608993 0,636 0,7 0,08 

Pericytes RBMS1 ENSG00000153250 0,897 1,513887188 0,794 0,9 0,28 

Pericytes P2RY14 ENSG00000174944 0,822 1,654021685 0,644 0,67 0,05 

Pericytes COL4A4 ENSG00000081052 0,822 1,546376049 0,644 0,68 0,06 

Pericytes AXL ENSG00000167601 0,818 1,225586264 0,636 0,71 0,09 

Pericytes GRM8 ENSG00000179603 0,832 2,047637433 0,664 0,72 0,11 

Pericytes IFITM2 ENSG00000185201 0,81 1,319133974 0,62 0,67 0,05 

Pericytes TMSB10 ENSG00000034510 0,854 1,706311196 0,708 0,82 0,2 

Pericytes LEF1 ENSG00000138795 0,814 1,345157107 0,628 0,69 0,08 

Pericytes ABCC9 ENSG00000069431 0,813 1,477072212 0,626 0,66 0,05 

Pericytes GNG11 ENSG00000127920 0,805 1,188803255 0,61 0,64 0,03 

Pericytes ETS1 ENSG00000134954 0,812 1,193594436 0,624 0,69 0,09 

Pericytes C1QTNF1 ENSG00000173918 0,804 1,244932179 0,608 0,62 0,02 

Pericytes FLT1 ENSG00000102755 0,799 1,329009137 0,598 0,68 0,08 

Pericytes ADIRF ENSG00000148671 0,808 1,550403776 0,616 0,65 0,05 

Pericytes LGALS1 ENSG00000100097 0,863 1,648428692 0,726 0,82 0,22 

Pericytes ADAMTS9-AS2 ENSG00000241684 0,824 1,642072858 0,648 0,76 0,16 

Pericytes ADGRF5 ENSG00000069122 0,798 1,170088755 0,596 0,64 0,04 

Pericytes CACNA1C ENSG00000151067 0,909 1,807501478 0,818 0,94 0,34 

Pericytes MGLL ENSG00000074416 0,842 1,321423786 0,684 0,8 0,2 

Pericytes A2M ENSG00000175899 0,809 1,16115623 0,618 0,73 0,14 

Pericytes TIMP1 ENSG00000102265 0,805 2,065761923 0,61 0,64 0,04 

Pericytes CASC15 ENSG00000272168 0,844 1,538581169 0,688 0,77 0,17 
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Pericytes EHD2 ENSG00000024422 0,799 1,164014684 0,598 0,63 0,03 

Pericytes SNTB1 ENSG00000172164 0,808 1,404564089 0,616 0,69 0,1 

Pericytes JAG1 ENSG00000101384 0,806 1,356303968 0,612 0,65 0,06 

Pericytes GPC5 ENSG00000179399 0,828 1,305407381 0,656 0,86 0,28 

Pericytes CDH6 ENSG00000113361 0,812 1,501308264 0,624 0,67 0,09 

Pericytes PLCE1 ENSG00000138193 0,82 1,389706205 0,64 0,73 0,15 

Pericytes LINC02147 ENSG00000249797 0,791 1,904490248 0,582 0,6 0,03 

Pericytes PDE3A ENSG00000172572 0,801 1,55812963 0,602 0,69 0,12 

Pericytes COL6A2 ENSG00000142173 0,789 1,153296255 0,578 0,59 0,02 

Pericytes HLA-E ENSG00000204592 0,791 1,157605029 0,582 0,69 0,13 

Pericytes KCNE4 ENSG00000152049 0,788 1,55761556 0,576 0,6 0,03 

Pericytes KANK3 ENSG00000186994 0,787 1,062119181 0,574 0,61 0,04 

Pericytes CLDN5 ENSG00000184113 0,781 1,383390528 0,562 0,63 0,06 

Pericytes LHFPL6 ENSG00000183722 0,886 1,546003975 0,772 0,94 0,37 

Pericytes TBX2 ENSG00000121068 0,785 1,23893374 0,57 0,57 0,01 

Pericytes CYTH3 ENSG00000008256 0,82 1,296620692 0,64 0,74 0,17 

Pericytes SLC6A13 ENSG00000010379 0,787 1,469601849 0,574 0,58 0,02 

Pericytes ADAMTS9 ENSG00000163638 0,794 2,173499218 0,588 0,65 0,09 

Pericytes MAP3K20 ENSG00000091436 0,801 1,116716415 0,602 0,71 0,15 

Pericytes PAPSS2 ENSG00000198682 0,78 1,166956492 0,56 0,61 0,05 

Pericytes RHOC ENSG00000155366 0,785 1,080777123 0,57 0,62 0,07 

Pericytes SOX5 ENSG00000134532 0,782 0,801725414 0,564 0,9 0,34 

Pericytes MSC-AS1 ENSG00000235531 0,779 1,347306446 0,558 0,56 0,01 

Pericytes YBX3 ENSG00000060138 0,787 1,149854035 0,574 0,65 0,1 

Pericytes PCBP3 ENSG00000183570 0,846 1,90998112 0,692 0,79 0,23 

Pericytes PARD3 ENSG00000148498 0,844 1,128095909 0,688 0,96 0,41 

Pericytes SPARC ENSG00000113140 0,878 1,470331588 0,756 0,89 0,34 

Pericytes PLAC9 ENSG00000189129 0,774 1,104403217 0,548 0,55 0,01 

Pericytes GRK5 ENSG00000198873 0,811 1,343866741 0,622 0,72 0,17 

Pericytes ARHGAP6 ENSG00000047648 0,789 1,25648784 0,578 0,7 0,16 

Pericytes CNTN4 ENSG00000144619 0,771 0,89892499 0,542 0,71 0,17 

Pericytes PHLDB2 ENSG00000144824 0,773 1,084432056 0,546 0,57 0,03 

Pericytes TESC ENSG00000088992 0,774 1,113596951 0,548 0,56 0,03 

Pericytes IFI27 ENSG00000165949 0,769 1,274750094 0,538 0,59 0,06 

Pericytes TRPC3 ENSG00000138741 0,776 1,290303933 0,552 0,57 0,04 

Pericytes TNS2 ENSG00000111077 0,807 1,105775842 0,614 0,73 0,19 

Pericytes ISYNA1 ENSG00000105655 0,775 1,263004452 0,55 0,57 0,03 

Pericytes SNRK ENSG00000163788 0,817 1,303841668 0,634 0,74 0,21 

Pericytes ARHGEF17 ENSG00000110237 0,79 1,123962549 0,58 0,65 0,12 

Pericytes ADGRD1 ENSG00000111452 0,767 1,298842132 0,534 0,55 0,02 

Pericytes VWF ENSG00000110799 0,764 1,317763846 0,528 0,6 0,07 

Pericytes AC012409.2 ENSG00000275443 0,769 1,426883627 0,538 0,55 0,03 

Pericytes MYOF ENSG00000138119 0,764 0,971672767 0,528 0,63 0,1 

Pericytes MYH9 ENSG00000100345 0,835 1,201675879 0,67 0,8 0,28 

Pericytes GPER1 ENSG00000164850 0,762 1,161302228 0,524 0,53 0,01 

Pericytes PID1 ENSG00000153823 0,792 1,292353497 0,584 0,74 0,22 

Pericytes EPS8 ENSG00000151491 0,957 2,061150168 0,914 0,97 0,45 

Pericytes DACH1 ENSG00000276644 0,772 1,256352681 0,544 0,63 0,11 

Pericytes UACA ENSG00000137831 0,832 1,250887875 0,664 0,81 0,3 

Pericytes HSPB1 ENSG00000106211 0,786 1,130402138 0,572 0,71 0,2 

Pericytes VCL ENSG00000035403 0,788 1,102539071 0,576 0,68 0,17 

Pericytes RAPH1 ENSG00000173166 0,818 1,281003589 0,636 0,76 0,25 

Pericytes ECE1 ENSG00000117298 0,802 1,042840862 0,604 0,77 0,26 

Pericytes TMTC1 ENSG00000133687 0,784 1,141396742 0,568 0,74 0,23 

Pericytes STOM ENSG00000148175 0,779 0,986030926 0,558 0,69 0,18 
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Pericytes BSG ENSG00000172270 0,877 1,568101709 0,754 0,88 0,37 

Pericytes RRAS ENSG00000126458 0,759 1,029121063 0,518 0,54 0,03 

Pericytes PLOD1 ENSG00000083444 0,78 1,072298997 0,56 0,64 0,13 

Pericytes TGFBR2 ENSG00000163513 0,752 0,925902613 0,504 0,63 0,12 

Pericytes ZBTB46 ENSG00000130584 0,776 1,057565606 0,552 0,65 0,14 

Pericytes S100A11 ENSG00000163191 0,754 0,984800533 0,508 0,57 0,06 

Pericytes GJA4 ENSG00000187513 0,753 1,154313346 0,506 0,51 0 

Pericytes MFGE8 ENSG00000140545 0,774 1,043650764 0,548 0,64 0,13 

Pericytes AHNAK ENSG00000124942 0,76 0,966276517 0,52 0,63 0,12 

Pericytes SLC9A3R2 ENSG00000065054 0,758 1,075991333 0,516 0,57 0,07 

Pericytes APOLD1 ENSG00000178878 0,792 1,114396043 0,584 0,74 0,24 

Pericytes CRIP2 ENSG00000182809 0,766 0,994736544 0,532 0,62 0,12 

Pericytes ZFHX3 ENSG00000140836 0,84 1,17715434 0,68 0,92 0,42 

Pericytes HLA-B ENSG00000234745 0,759 0,989126184 0,518 0,65 0,15 

Pericytes DGKB ENSG00000136267 0,761 1,01743441 0,522 0,7 0,21 

Pericytes KIRREL1 ENSG00000183853 0,756 1,054044601 0,512 0,55 0,05 

Pericytes EDNRA ENSG00000151617 0,748 1,161094948 0,496 0,51 0,02 

Pericytes HLA-C ENSG00000204525 0,768 1,037435321 0,536 0,65 0,16 

Pericytes BCAM ENSG00000187244 0,747 0,941295139 0,494 0,52 0,03 

Pericytes KANK2 ENSG00000197256 0,749 0,9752534 0,498 0,53 0,04 

Pericytes EVA1B ENSG00000142694 0,745 0,932554788 0,49 0,51 0,03 

Pericytes CYSLTR2 ENSG00000152207 0,743 1,304641751 0,486 0,49 0,01 

Pericytes NR2F1 ENSG00000175745 0,757 1,03812448 0,514 0,61 0,12 

Pericytes ITGA10 ENSG00000143127 0,747 0,969303321 0,494 0,52 0,03 

Pericytes FBLN1 ENSG00000077942 0,745 1,213624124 0,49 0,52 0,03 

Pericytes MEF2C ENSG00000081189 0,745 0,588903279 0,49 0,72 0,24 

Pericytes EGFR ENSG00000146648 0,741 0,819929978 0,482 0,67 0,19 

Pericytes TPM1 ENSG00000140416 0,788 1,151346812 0,576 0,71 0,23 

Pericytes GRAMD2B ENSG00000155324 0,781 0,96673839 0,562 0,81 0,33 

Pericytes LAMA4 ENSG00000112769 0,75 1,104034318 0,5 0,6 0,12 

Pericytes CDC42EP4 ENSG00000179604 0,747 0,877995703 0,494 0,58 0,1 

Pericytes ESAM ENSG00000149564 0,738 0,834166844 0,476 0,51 0,03 

Pericytes ZFP36L1 ENSG00000185650 0,734 0,667907714 0,468 0,7 0,22 

Pericytes S1PR3 ENSG00000213694 0,739 0,973886018 0,478 0,49 0,01 

Pericytes CD151 ENSG00000177697 0,747 0,941571202 0,494 0,54 0,06 

Pericytes SERPING1 ENSG00000149131 0,744 0,926476879 0,488 0,54 0,06 

Pericytes TRIB2 ENSG00000071575 0,747 0,925667702 0,494 0,54 0,07 

Pericytes CYBA ENSG00000051523 0,736 0,835502407 0,472 0,55 0,08 

Pericytes PDE5A ENSG00000138735 0,779 1,125111645 0,558 0,66 0,19 

Pericytes CSPG4 ENSG00000173546 0,738 0,920757965 0,476 0,52 0,05 

Pericytes BTG1 ENSG00000133639 0,766 1,037141379 0,532 0,64 0,16 

Pericytes EMP2 ENSG00000213853 0,737 0,87849916 0,474 0,54 0,07 

Pericytes SVIL ENSG00000197321 0,757 1,184854557 0,514 0,6 0,13 

Pericytes CPE ENSG00000109472 0,788 1,06933841 0,576 0,82 0,35 

Pericytes TNS1 ENSG00000079308 0,846 1,188194942 0,692 0,87 0,4 

Pericytes HEYL ENSG00000163909 0,734 1,091222987 0,468 0,48 0,01 

Pericytes FAM107A ENSG00000168309 0,746 1,057480788 0,492 0,61 0,15 

Pericytes SMIM3 ENSG00000256235 0,733 0,848795083 0,466 0,5 0,04 

Pericytes PDZD2 ENSG00000133401 0,816 0,899380345 0,632 0,89 0,43 

Pericytes CALD1 ENSG00000122786 0,97 2,148469232 0,94 0,98 0,52 

Pericytes DGKH ENSG00000102780 0,757 0,978968745 0,514 0,65 0,19 

Pericytes LPL ENSG00000175445 0,737 1,150014987 0,474 0,52 0,06 

Pericytes RGL3 ENSG00000205517 0,732 1,010323512 0,464 0,51 0,05 

Pericytes VAMP5 ENSG00000168899 0,731 0,877412899 0,462 0,51 0,05 

Pericytes FRY ENSG00000073910 0,777 1,012831322 0,554 0,8 0,35 
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Pericytes MAOA ENSG00000189221 0,737 0,945495707 0,474 0,55 0,09 

Pericytes FSTL1 ENSG00000163430 0,735 0,975639363 0,47 0,53 0,08 

Pericytes B2M ENSG00000166710 0,833 1,248150847 0,666 0,86 0,4 

Pericytes ANXA2 ENSG00000182718 0,728 0,867929933 0,456 0,51 0,06 

Pericytes TBX3 ENSG00000135111 0,725 0,92302553 0,45 0,47 0,02 

Pericytes TGM2 ENSG00000198959 0,722 0,965239893 0,444 0,49 0,04 

Pericytes WWTR1 ENSG00000018408 0,751 0,8817815 0,502 0,68 0,23 

Pericytes PAWR ENSG00000177425 0,729 0,899084518 0,458 0,54 0,1 

Pericytes LAMB2 ENSG00000172037 0,726 0,835832485 0,452 0,49 0,05 

Pericytes GUCY1B1 ENSG00000061918 0,746 0,983967884 0,492 0,57 0,13 

Pericytes PMEPA1 ENSG00000124225 0,755 1,010268371 0,51 0,63 0,18 

Pericytes TMEM204 ENSG00000131634 0,722 0,798875335 0,444 0,47 0,03 

Pericytes EGFL7 ENSG00000172889 0,723 0,871308105 0,446 0,51 0,07 

Pericytes TXNIP ENSG00000265972 0,827 1,396517566 0,654 0,85 0,4 

Pericytes UST ENSG00000111962 0,732 0,922899031 0,464 0,65 0,2 

Pericytes GSTP1 ENSG00000084207 0,782 1,070324536 0,564 0,72 0,28 

Pericytes LRRC32 ENSG00000137507 0,718 0,888185038 0,436 0,47 0,03 

Pericytes SLC2A3 ENSG00000059804 0,733 1,030130237 0,466 0,57 0,13 

Pericytes NBL1 ENSG00000158747 0,727 0,885131592 0,454 0,49 0,05 

Pericytes CST3 ENSG00000101439 0,741 0,648708641 0,482 0,78 0,34 

Pericytes FARP1 ENSG00000152767 0,735 0,751442228 0,47 0,71 0,28 

Pericytes MT2A ENSG00000125148 0,788 1,201829884 0,576 0,8 0,36 

Pericytes YAP1 ENSG00000137693 0,714 0,702611755 0,428 0,55 0,12 

Pericytes NTRK3 ENSG00000140538 0,739 1,18572231 0,478 0,73 0,3 

Pericytes PTEN ENSG00000171862 0,904 1,575694807 0,808 0,94 0,51 

Pericytes ACSS3 ENSG00000111058 0,721 0,894162525 0,442 0,55 0,12 

Pericytes INPP4B ENSG00000109452 0,755 0,999949142 0,51 0,71 0,28 

Pericytes CLIC1 ENSG00000213719 0,716 0,816689618 0,432 0,47 0,04 

Pericytes CPM ENSG00000135678 0,82 1,396510717 0,64 0,83 0,4 

Pericytes LIN7A ENSG00000111052 0,732 0,990400536 0,464 0,56 0,13 

Pericytes COL6A1 ENSG00000142156 0,729 0,900431285 0,458 0,54 0,12 

Pericytes FOXD1 ENSG00000251493 0,714 0,842356106 0,428 0,43 0 

Pericytes ABCB1 ENSG00000085563 0,713 1,103636554 0,426 0,5 0,07 

Pericytes RHOB ENSG00000143878 0,788 1,111238458 0,576 0,76 0,33 

Pericytes IL1R1 ENSG00000115594 0,713 0,889719408 0,426 0,44 0,02 

Pericytes ID3 ENSG00000117318 0,71 0,837830511 0,42 0,49 0,07 

Pericytes HLA-A ENSG00000206503 0,747 0,950039819 0,494 0,65 0,23 

Pericytes KLF6 ENSG00000067082 0,735 0,867144169 0,47 0,6 0,18 

Pericytes CAV1 ENSG00000105974 0,715 0,833510992 0,43 0,47 0,05 

Pericytes FOXC1 ENSG00000054598 0,71 0,777861541 0,42 0,44 0,02 

Pericytes MYL6 ENSG00000092841 0,758 0,991106852 0,516 0,66 0,24 

Pericytes SMTN ENSG00000183963 0,711 0,745276964 0,422 0,49 0,07 

Pericytes FRMD6 ENSG00000139926 0,724 0,964496827 0,448 0,53 0,11 

Pericytes SORBS3 ENSG00000120896 0,725 0,865386514 0,45 0,55 0,13 

Pericytes CPT1A ENSG00000110090 0,718 0,849001363 0,436 0,52 0,1 

Pericytes LAMC1 ENSG00000135862 0,725 1,049094864 0,45 0,54 0,12 

Pericytes PDE8B ENSG00000113231 0,72 0,87320983 0,44 0,5 0,09 

Pericytes RBMS2 ENSG00000076067 0,718 0,755277463 0,436 0,56 0,14 

Pericytes AC002546.1 ENSG00000267653 0,706 0,839008445 0,412 0,42 0,01 

Pericytes KLHL23 ENSG00000213160 0,749 1,008819776 0,498 0,64 0,22 

Pericytes AL138828.1 ENSG00000237596 0,713 0,983633373 0,426 0,46 0,05 

Pericytes PODXL ENSG00000128567 0,708 0,863633553 0,416 0,49 0,08 

Pericytes NXN ENSG00000167693 0,725 0,95214352 0,45 0,58 0,17 

Pericytes CD63 ENSG00000135404 0,748 0,902117152 0,496 0,66 0,25 

Pericytes ARHGEF12 ENSG00000196914 0,816 1,024846294 0,632 0,86 0,45 
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Pericytes RBMS3-AS3 ENSG00000235904 0,71 0,862028551 0,42 0,46 0,05 

Pericytes CERS6 ENSG00000172292 0,731 0,851336554 0,462 0,69 0,28 

Pericytes RORA ENSG00000069667 0,822 1,089941873 0,644 0,97 0,57 

Pericytes JAK1 ENSG00000162434 0,785 0,930308066 0,57 0,78 0,37 

Pericytes PARVA ENSG00000197702 0,716 0,843646641 0,432 0,5 0,1 

Pericytes CRISPLD2 ENSG00000103196 0,709 1,293821653 0,418 0,47 0,06 

Pericytes KALRN ENSG00000160145 0,753 0,841838107 0,506 0,82 0,42 

Pericytes ADGRL2 ENSG00000117114 0,702 0,66351076 0,404 0,55 0,15 

Pericytes NOSTRIN ENSG00000163072 0,701 0,79449528 0,402 0,44 0,04 

Pericytes PACSIN2 ENSG00000100266 0,756 0,953907575 0,512 0,7 0,29 

Pericytes ENG ENSG00000106991 0,702 0,78240275 0,404 0,49 0,08 

Pericytes SEPTIN11 ENSG00000138758 0,734 0,879137146 0,468 0,63 0,23 

Pericytes TAGLN ENSG00000149591 0,727 2,032769944 0,454 0,52 0,12 

Pericytes GUCY1A1 ENSG00000164116 0,712 0,920522461 0,424 0,5 0,09 

Pericytes MYO1C ENSG00000197879 0,706 0,760531837 0,412 0,46 0,06 

Pericytes OSMR ENSG00000145623 0,705 0,844281784 0,41 0,5 0,09 

Pericytes CEBPB ENSG00000172216 0,704 0,739602812 0,408 0,48 0,08 

Pericytes MRC2 ENSG00000011028 0,701 0,75897503 0,402 0,46 0,06 

Pericytes AGRN ENSG00000188157 0,717 0,936807688 0,434 0,53 0,13 

Pericytes SELENOM ENSG00000198832 0,725 0,853485045 0,45 0,57 0,17 

Pericytes CACHD1 ENSG00000158966 0,714 0,881292336 0,428 0,62 0,22 

Pericytes NT5DC2 ENSG00000168268 0,702 0,790494509 0,404 0,44 0,04 

Pericytes MSN ENSG00000147065 0,716 0,736508408 0,432 0,6 0,21 

Pericytes C2CD2 ENSG00000157617 0,767 1,062376422 0,534 0,73 0,33 

Pericytes CYTOR ENSG00000222041 0,702 0,90107519 0,404 0,44 0,04 

Pericytes JUNB ENSG00000171223 0,703 1,193365385 0,406 0,47 0,07 

Pericytes CNN3 ENSG00000117519 0,72 0,742899884 0,44 0,61 0,22 

Pericytes MECOM ENSG00000085276 0,711 0,99902004 0,422 0,54 0,15 

Pericytes MYL12A ENSG00000101608 0,702 0,780545082 0,404 0,47 0,08 

Pericytes HIF1A-AS3 ENSG00000258667 0,702 1,034233369 0,404 0,5 0,11 

Pericytes PRKCH ENSG00000027075 0,701 0,850977259 0,402 0,53 0,14 

Pericytes NR2F1-AS1 ENSG00000237187 0,706 0,86998222 0,412 0,59 0,2 

Pericytes PPFIBP1 ENSG00000110841 0,773 0,890170481 0,546 0,8 0,41 

Pericytes KLF9 ENSG00000119138 0,756 0,940833501 0,512 0,71 0,33 

Pericytes PAG1 ENSG00000076641 0,754 0,997138697 0,508 0,73 0,34 

Pericytes RUNX1T1 ENSG00000079102 0,707 0,732801826 0,414 0,67 0,29 

Pericytes MSRB3 ENSG00000174099 0,703 0,753020065 0,406 0,53 0,14 

Pericytes FNDC3B ENSG00000075420 0,736 0,816688616 0,472 0,75 0,37 

Pericytes MYL12B ENSG00000118680 0,715 0,811764687 0,43 0,55 0,17 

Pericytes CAVIN1 ENSG00000177469 0,703 0,793176296 0,406 0,51 0,13 

Pericytes TMOD3 ENSG00000138594 0,725 0,797005743 0,45 0,62 0,24 

Pericytes ROCK2 ENSG00000134318 0,802 1,001160884 0,604 0,82 0,44 

Pericytes SLC25A6 ENSG00000169100 0,713 0,743169942 0,426 0,56 0,18 

Pericytes PDZRN3 ENSG00000121440 0,702 1,019199853 0,404 0,56 0,18 

Pericytes TLN1 ENSG00000137076 0,713 0,725952928 0,426 0,57 0,19 

Pericytes CRIM1 ENSG00000150938 0,723 1,023145503 0,446 0,63 0,25 

Pericytes ITGB5 ENSG00000082781 0,708 0,815516355 0,416 0,56 0,19 

Pericytes CYB5R3 ENSG00000100243 0,734 0,847771287 0,468 0,63 0,26 

Pericytes AKAP13 ENSG00000170776 0,717 0,598644718 0,434 0,73 0,36 

Pericytes PTN ENSG00000105894 0,728 0,859674486 0,456 0,7 0,33 

Pericytes KLF12 ENSG00000118922 0,722 0,802452514 0,444 0,73 0,36 

Pericytes STK24 ENSG00000102572 0,714 0,749467453 0,428 0,59 0,21 

Pericytes RELL1 ENSG00000181826 0,706 0,735269731 0,412 0,56 0,19 

Pericytes ITGB1 ENSG00000150093 0,767 0,892735406 0,534 0,75 0,38 

Pericytes TPT1 ENSG00000133112 0,764 0,935406667 0,528 0,77 0,4 
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Pericytes SEPTIN9 ENSG00000184640 0,701 0,72823818 0,402 0,54 0,19 

Pericytes PFN1 ENSG00000108518 0,709 0,796185581 0,418 0,57 0,22 

Pericytes MAST4 ENSG00000069020 0,752 0,911129152 0,504 0,79 0,44 

Pericytes DENND2A ENSG00000146966 0,721 0,885820314 0,442 0,67 0,32 

Pericytes SERF2 ENSG00000140264 0,778 0,997454292 0,556 0,78 0,44 

Pericytes BACH1 ENSG00000156273 0,71 0,725606386 0,42 0,68 0,34 

Pericytes TMSB4X ENSG00000205542 0,794 1,088113558 0,588 0,84 0,5 

Pericytes RASAL2 ENSG00000075391 0,785 0,937653521 0,57 0,86 0,52 

Pericytes SLC6A1 ENSG00000157103 0,791 1,264738865 0,582 0,82 0,48 

Pericytes TLE5 ENSG00000104964 0,726 0,765780216 0,452 0,68 0,35 

Pericytes RHOA ENSG00000067560 0,736 0,806804044 0,472 0,7 0,37 

Pericytes TPM4 ENSG00000167460 0,715 0,848953149 0,43 0,62 0,29 

Pericytes H3F3B ENSG00000132475 0,774 0,923238759 0,548 0,8 0,48 

Pericytes NBEAL1 ENSG00000144426 0,821 1,034906515 0,642 0,88 0,56 

Pericytes SH3RF1 ENSG00000154447 0,725 0,833659813 0,45 0,75 0,43 

Pericytes TUBA1B ENSG00000123416 0,713 0,718759255 0,426 0,7 0,39 

Pericytes TSC22D1 ENSG00000102804 0,77 0,915204099 0,54 0,83 0,53 

Pericytes CFLAR ENSG00000003402 0,711 0,653658941 0,422 0,7 0,4 

Pericytes SLC38A2 ENSG00000134294 0,753 0,903779535 0,506 0,81 0,52 

Pericytes UBA2 ENSG00000126261 0,706 0,726337355 0,412 0,65 0,36 

Pericytes CD81 ENSG00000110651 0,735 0,73331625 0,47 0,8 0,52 

Pericytes TACC1 ENSG00000147526 0,866 1,16267375 0,732 0,94 0,66 

Pericytes EEF1A1 ENSG00000156508 0,732 0,851414064 0,464 0,75 0,48 

Pericytes TXNRD1 ENSG00000198431 0,714 0,727460591 0,428 0,7 0,43 

Pericytes PTPN12 ENSG00000127947 0,709 0,664534797 0,418 0,71 0,44 

Pericytes PTPRM ENSG00000173482 0,72 0,792923412 0,44 0,76 0,5 

Pericytes CAST ENSG00000153113 0,704 0,655608614 0,408 0,7 0,43 

Pericytes ESYT2 ENSG00000117868 0,705 0,76208513 0,41 0,69 0,42 

Pericytes DLC1 ENSG00000164741 0,935 1,915572047 0,87 0,97 0,71 

Pericytes RAC1 ENSG00000136238 0,708 0,662855641 0,416 0,72 0,46 

Pericytes ZBTB38 ENSG00000177311 0,736 0,765365753 0,472 0,77 0,52 

Pericytes EIF1 ENSG00000173812 0,718 0,686179259 0,436 0,78 0,53 

Pericytes SLC20A2 ENSG00000168575 0,738 1,022555412 0,476 0,81 0,57 

Pericytes UBC ENSG00000150991 0,715 0,645400165 0,43 0,79 0,55 

Pericytes NCKAP1 ENSG00000061676 0,701 0,592175291 0,402 0,75 0,52 

Pericytes LPP ENSG00000145012 0,855 1,193702009 0,71 0,95 0,72 

Pericytes SLC12A2 ENSG00000064651 0,724 0,840523695 0,448 0,81 0,6 

Pericytes PTPRK ENSG00000152894 0,725 0,655706151 0,45 0,95 0,75 

Pericytes BTBD9 ENSG00000183826 0,72 0,890933455 0,44 0,81 0,61 

Pericytes PTMA ENSG00000187514 0,724 0,67728879 0,448 0,86 0,66 

Pericytes SPTBN1 ENSG00000115306 0,824 0,862875255 0,648 0,94 0,75 

Pericytes SGIP1 ENSG00000118473 0,718 0,906342271 0,436 0,87 0,7 

Pericytes GAPDH ENSG00000111640 0,747 0,796488991 0,494 0,87 0,7 

Pericytes KIAA1109 ENSG00000138688 0,753 0,802901763 0,506 0,87 0,7 

Pericytes ACTB ENSG00000075624 0,797 1,124369314 0,594 0,92 0,77 

Pericytes MALAT1 ENSG00000251562 0,858 0,799895867 0,716 1 1 

Inhibitory GAD2 ENSG00000136750 0,923 1,397908849 0,846 0,88 0,03 

Inhibitory SRRM3 ENSG00000177679 0,918 1,103087194 0,836 0,96 0,12 

Inhibitory GRIN1 ENSG00000176884 0,921 1,161657744 0,842 0,95 0,11 

Inhibitory PAK3 ENSG00000077264 0,935 1,501764919 0,87 0,97 0,13 

Inhibitory CELF4 ENSG00000101489 0,93 1,446027046 0,86 0,96 0,12 

Inhibitory MYT1L ENSG00000186487 0,936 1,615282481 0,872 0,98 0,15 

Inhibitory SYT1 ENSG00000067715 0,935 1,876918171 0,87 0,97 0,15 

Inhibitory ANKRD30BL ENSG00000163046 0,925 1,424473661 0,85 0,96 0,15 

Inhibitory SYN2 ENSG00000157152 0,907 1,189138171 0,814 0,94 0,13 
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Inhibitory GRIN2B ENSG00000273079 0,901 1,170996221 0,802 0,94 0,14 

Inhibitory ATP8A2 ENSG00000132932 0,935 1,588379993 0,87 0,98 0,18 

Inhibitory LINGO2 ENSG00000174482 0,909 1,842833173 0,818 0,91 0,11 

Inhibitory MEG8 ENSG00000225746 0,916 1,382592735 0,832 0,94 0,14 

Inhibitory CACNA1B ENSG00000148408 0,915 1,350261751 0,83 0,96 0,16 

Inhibitory SLC4A10 ENSG00000144290 0,907 1,240655264 0,814 0,93 0,13 

Inhibitory RIMS2 ENSG00000176406 0,934 1,717285279 0,868 0,99 0,19 

Inhibitory GRIA1 ENSG00000155511 0,908 1,629677278 0,816 0,91 0,11 

Inhibitory GABBR2 ENSG00000136928 0,896 1,071317696 0,792 0,91 0,11 

Inhibitory RAB3C ENSG00000152932 0,907 1,293398766 0,814 0,93 0,14 

Inhibitory STMN2 ENSG00000104435 0,9 1,214506105 0,8 0,88 0,09 

Inhibitory GAD1 ENSG00000128683 0,899 1,273719137 0,798 0,85 0,07 

Inhibitory SCN2A ENSG00000136531 0,914 1,180738096 0,828 0,96 0,18 

Inhibitory CELF5 ENSG00000161082 0,891 0,903235428 0,782 0,89 0,11 

Inhibitory KSR2 ENSG00000171435 0,905 1,217203155 0,81 0,94 0,16 

Inhibitory CALY ENSG00000130643 0,898 1,300353501 0,796 0,88 0,1 

Inhibitory GABRB3 ENSG00000166206 0,899 1,185011986 0,798 0,95 0,17 

Inhibitory NMNAT2 ENSG00000157064 0,895 1,074049043 0,79 0,92 0,15 

Inhibitory DLGAP2 ENSG00000198010 0,894 1,375908015 0,788 0,9 0,13 

Inhibitory CHD5 ENSG00000116254 0,884 0,798762583 0,768 0,86 0,08 

Inhibitory GABRG2 ENSG00000113327 0,885 0,927703919 0,77 0,86 0,08 

Inhibitory DNM1 ENSG00000106976 0,901 1,020386023 0,802 0,93 0,16 

Inhibitory LRFN5 ENSG00000165379 0,904 1,439328787 0,808 0,94 0,17 

Inhibitory CDH18 ENSG00000145526 0,907 1,741167107 0,814 0,93 0,16 

Inhibitory SCN3A ENSG00000153253 0,882 0,992108952 0,764 0,92 0,15 

Inhibitory CAMK2B ENSG00000058404 0,877 0,85566681 0,754 0,92 0,16 

Inhibitory SYN3 ENSG00000185666 0,891 1,359065841 0,782 0,9 0,13 

Inhibitory FGF12 ENSG00000114279 0,908 1,497652419 0,816 0,97 0,21 

Inhibitory XKR4 ENSG00000206579 0,88 1,206421068 0,76 0,92 0,16 

Inhibitory IQSEC3 ENSG00000120645 0,88 0,822636302 0,76 0,84 0,08 

Inhibitory SNAP25 ENSG00000132639 0,916 1,306283357 0,832 0,97 0,21 

Inhibitory PTPRN2 ENSG00000155093 0,92 1,421382435 0,84 0,97 0,21 

Inhibitory CADPS ENSG00000163618 0,918 1,441645933 0,836 0,98 0,22 

Inhibitory SHANK2 ENSG00000162105 0,874 0,926367262 0,748 0,91 0,15 

Inhibitory ARHGAP44 ENSG00000006740 0,895 1,072561869 0,79 0,93 0,18 

Inhibitory TMEM130 ENSG00000166448 0,877 0,816011651 0,754 0,84 0,08 

Inhibitory PRKAR1B ENSG00000188191 0,887 0,898521826 0,774 0,91 0,15 

Inhibitory MAST1 ENSG00000105613 0,876 0,801430087 0,752 0,85 0,1 

Inhibitory RUNDC3B ENSG00000105784 0,869 0,860614013 0,738 0,89 0,14 

Inhibitory FRRS1L ENSG00000260230 0,885 0,885738038 0,77 0,91 0,16 

Inhibitory ELAVL4 ENSG00000162374 0,876 0,898241692 0,752 0,86 0,11 

Inhibitory ROBO2 ENSG00000185008 0,915 1,947208306 0,83 0,95 0,2 

Inhibitory TENM2 ENSG00000145934 0,909 1,939476844 0,818 0,93 0,18 

Inhibitory NRG1 ENSG00000157168 0,888 1,989118635 0,776 0,88 0,13 

Inhibitory JPH4 ENSG00000092051 0,869 0,765404704 0,738 0,85 0,1 

Inhibitory STXBP5L ENSG00000145087 0,907 1,415515203 0,814 0,96 0,22 

Inhibitory DNAH14 ENSG00000185842 0,884 1,128068536 0,768 0,89 0,14 

Inhibitory UNC80 ENSG00000144406 0,87 0,960477595 0,74 0,95 0,21 

Inhibitory MIAT ENSG00000225783 0,864 0,828659603 0,728 0,87 0,12 

Inhibitory EPHA6 ENSG00000080224 0,881 1,615982851 0,762 0,85 0,11 

Inhibitory HECW1 ENSG00000002746 0,863 1,026793938 0,726 0,88 0,14 

Inhibitory WNK2 ENSG00000165238 0,862 0,801954029 0,724 0,9 0,16 

Inhibitory SCN1A ENSG00000144285 0,876 1,133632597 0,752 0,92 0,18 

Inhibitory PNMA2 ENSG00000240694 0,874 0,909834707 0,748 0,84 0,1 

Inhibitory TUSC3 ENSG00000104723 0,87 0,85947116 0,74 0,86 0,13 
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Inhibitory AMPH ENSG00000078053 0,87 0,950499396 0,74 0,87 0,14 

Inhibitory SYT16 ENSG00000139973 0,87 0,992562711 0,74 0,88 0,15 

Inhibitory CACNA1E ENSG00000198216 0,866 1,002141388 0,732 0,87 0,14 

Inhibitory NSG2 ENSG00000170091 0,864 0,834742378 0,728 0,86 0,12 

Inhibitory UNC5D ENSG00000156687 0,878 1,770226423 0,756 0,86 0,12 

Inhibitory GALNT17 ENSG00000185274 0,865 1,068898433 0,73 0,86 0,13 

Inhibitory NHS ENSG00000188158 0,87 1,037517622 0,74 0,87 0,14 

Inhibitory DCLK1 ENSG00000133083 0,87 1,042346879 0,74 0,96 0,23 

Inhibitory SPTBN4 ENSG00000160460 0,903 1,130729588 0,806 0,96 0,23 

Inhibitory NEXMIF ENSG00000050030 0,864 0,933752822 0,728 0,86 0,13 

Inhibitory SRRM4 ENSG00000139767 0,86 0,8637414 0,72 0,81 0,08 

Inhibitory OPCML ENSG00000183715 0,85 1,049931609 0,7 0,93 0,2 

Inhibitory SYBU ENSG00000147642 0,855 0,812093721 0,71 0,89 0,17 

Inhibitory KCNB2 ENSG00000182674 0,859 1,327553616 0,718 0,8 0,08 

Inhibitory AGBL4 ENSG00000186094 0,901 1,37057013 0,802 0,97 0,25 

Inhibitory FGF14 ENSG00000102466 0,895 1,40444024 0,79 0,99 0,27 

Inhibitory ATCAY ENSG00000167654 0,857 0,741221493 0,714 0,85 0,12 

Inhibitory SNTG1 ENSG00000147481 0,862 1,428111885 0,724 0,9 0,18 

Inhibitory ELAVL2 ENSG00000107105 0,862 1,019827293 0,724 0,79 0,07 

Inhibitory REEP1 ENSG00000068615 0,859 0,780515137 0,718 0,84 0,12 

Inhibitory GRM7 ENSG00000196277 0,872 1,314210616 0,744 0,93 0,21 

Inhibitory SV2A ENSG00000159164 0,872 0,924774382 0,744 0,88 0,16 

Inhibitory GRIP1 ENSG00000155974 0,909 1,812895749 0,818 0,94 0,22 

Inhibitory VSNL1 ENSG00000163032 0,86 0,960322804 0,72 0,8 0,09 

Inhibitory BASP1 ENSG00000176788 0,861 0,894255046 0,722 0,91 0,2 

Inhibitory SCN8A ENSG00000196876 0,877 0,980368003 0,754 0,92 0,2 

Inhibitory ATP2B2 ENSG00000157087 0,852 0,851437559 0,704 0,92 0,21 

Inhibitory TENM3 ENSG00000218336 0,875 1,36597033 0,75 0,9 0,19 

Inhibitory GABRG3 ENSG00000182256 0,862 1,626489973 0,724 0,79 0,08 

Inhibitory ADD2 ENSG00000075340 0,852 0,723632421 0,704 0,81 0,1 

Inhibitory GRM5 ENSG00000168959 0,86 1,259528945 0,72 0,9 0,19 

Inhibitory DOK6 ENSG00000206052 0,861 1,196311109 0,722 0,86 0,15 

Inhibitory CCSER1 ENSG00000184305 0,92 1,593809097 0,84 0,98 0,27 

Inhibitory OSBPL6 ENSG00000079156 0,858 0,922246959 0,716 0,93 0,23 

Inhibitory SNRPN ENSG00000128739 0,91 1,340384 0,82 0,95 0,25 

Inhibitory SUSD4 ENSG00000143502 0,843 0,727688198 0,686 0,82 0,12 

Inhibitory GRIK2 ENSG00000164418 0,923 1,690183704 0,846 0,98 0,28 

Inhibitory ANK1 ENSG00000029534 0,849 0,90097065 0,698 0,79 0,09 

Inhibitory NOL4 ENSG00000101746 0,839 0,805841303 0,678 0,9 0,2 

Inhibitory FRMPD4 ENSG00000169933 0,852 1,205309007 0,704 0,86 0,16 

Inhibitory GAP43 ENSG00000172020 0,847 0,863428352 0,694 0,8 0,1 

Inhibitory SLC35F1 ENSG00000196376 0,836 0,765124243 0,672 0,91 0,22 

Inhibitory CACNA1A ENSG00000141837 0,858 0,944166512 0,716 0,96 0,26 

Inhibitory CLSTN3 ENSG00000139182 0,845 0,666068914 0,69 0,79 0,09 

Inhibitory MTUS2 ENSG00000132938 0,848 1,292901538 0,696 0,8 0,11 

Inhibitory ATRNL1 ENSG00000107518 0,828 0,798592829 0,656 0,9 0,2 

Inhibitory KCNC2 ENSG00000166006 0,845 1,185218603 0,69 0,77 0,08 

Inhibitory THY1 ENSG00000154096 0,847 0,841032462 0,694 0,8 0,11 

Inhibitory ZNF385D ENSG00000151789 0,856 1,494525072 0,712 0,82 0,12 

Inhibitory KCNJ3 ENSG00000162989 0,838 0,906611325 0,676 0,83 0,14 

Inhibitory KCNC1 ENSG00000129159 0,845 0,669656256 0,69 0,78 0,09 

Inhibitory BTBD11 ENSG00000151136 0,839 0,862978323 0,678 0,8 0,11 

Inhibitory RIMBP2 ENSG00000060709 0,848 0,802025713 0,696 0,83 0,14 

Inhibitory PLCB4 ENSG00000101333 0,843 0,930028884 0,686 0,92 0,23 

Inhibitory CACNG2 ENSG00000166862 0,842 0,756705235 0,684 0,79 0,1 
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Inhibitory PLPPR4 ENSG00000117600 0,838 0,658868444 0,676 0,8 0,11 

Inhibitory MYH10 ENSG00000133026 0,847 0,770543287 0,694 0,87 0,18 

Inhibitory SLC12A5 ENSG00000124140 0,845 0,689128543 0,69 0,76 0,07 

Inhibitory RPH3A ENSG00000089169 0,844 0,969802767 0,688 0,77 0,08 

Inhibitory BICDL1 ENSG00000135127 0,842 0,693943328 0,684 0,8 0,12 

Inhibitory RIMS1 ENSG00000079841 0,877 1,096066305 0,754 0,95 0,26 

Inhibitory VAT1L ENSG00000171724 0,852 0,985925217 0,704 0,83 0,14 

Inhibitory GABRB1 ENSG00000163288 0,859 1,116021983 0,718 0,93 0,25 

Inhibitory GABRB2 ENSG00000145864 0,844 1,191585426 0,688 0,78 0,1 

Inhibitory SGCZ ENSG00000185053 0,86 1,674728273 0,72 0,86 0,17 

Inhibitory ADAM23 ENSG00000114948 0,846 0,868605947 0,692 0,89 0,2 

Inhibitory NRSN1 ENSG00000152954 0,839 0,675950697 0,678 0,77 0,09 

Inhibitory KIAA1549L ENSG00000110427 0,833 0,801089812 0,666 0,81 0,13 

Inhibitory STXBP5-AS1 ENSG00000233452 0,847 1,063369731 0,694 0,83 0,15 

Inhibitory SLC41A2 ENSG00000136052 0,836 0,716423378 0,672 0,82 0,14 

Inhibitory CNTNAP5 ENSG00000155052 0,848 1,334142491 0,696 0,86 0,17 

Inhibitory SORBS2 ENSG00000154556 0,84 0,895388351 0,68 0,9 0,22 

Inhibitory KLHL29 ENSG00000119771 0,838 0,838466676 0,676 0,81 0,13 

Inhibitory MAP7D2 ENSG00000184368 0,839 0,645305241 0,678 0,76 0,08 

Inhibitory DPY19L2 ENSG00000177990 0,835 0,708174251 0,67 0,83 0,16 

Inhibitory OLFM3 ENSG00000118733 0,844 1,11639857 0,688 0,8 0,13 

Inhibitory SLC8A3 ENSG00000100678 0,828 0,685829891 0,656 0,81 0,13 

Inhibitory FHOD3 ENSG00000134775 0,839 0,892411753 0,678 0,82 0,14 

Inhibitory GNB5 ENSG00000069966 0,832 0,613790787 0,664 0,81 0,14 

Inhibitory FAM155A ENSG00000204442 0,92 1,666660882 0,84 1 0,32 

Inhibitory PTPRN ENSG00000054356 0,837 0,671626395 0,674 0,75 0,07 

Inhibitory CACNB2 ENSG00000165995 0,862 1,116516623 0,724 0,95 0,27 

Inhibitory GUCY1A2 ENSG00000152402 0,841 1,004564084 0,682 0,86 0,19 

Inhibitory KIF5A ENSG00000155980 0,838 0,648924338 0,676 0,79 0,12 

Inhibitory PLXNA4 ENSG00000221866 0,834 0,908346883 0,668 0,81 0,14 

Inhibitory PRICKLE1 ENSG00000139174 0,831 0,834727785 0,662 0,79 0,11 

Inhibitory ELMOD1 ENSG00000110675 0,827 0,672459681 0,654 0,82 0,14 

Inhibitory PPM1E ENSG00000175175 0,87 1,038778265 0,74 0,94 0,26 

Inhibitory DSCAM ENSG00000171587 0,852 0,793775248 0,704 0,97 0,3 

Inhibitory CNTN4 ENSG00000144619 0,848 1,413660015 0,696 0,83 0,16 

Inhibitory KHDRBS2 ENSG00000112232 0,857 1,19826517 0,714 0,9 0,23 

Inhibitory DGKB ENSG00000136267 0,844 1,170541804 0,688 0,87 0,2 

Inhibitory SYN1 ENSG00000008056 0,834 0,671378849 0,668 0,75 0,08 

Inhibitory SLC24A3 ENSG00000185052 0,828 0,949229612 0,656 0,82 0,15 

Inhibitory TMEM196 ENSG00000173452 0,836 0,757045053 0,672 0,73 0,06 

Inhibitory PTPRR ENSG00000153233 0,834 0,939827042 0,668 0,75 0,08 

Inhibitory PAM ENSG00000145730 0,852 1,082241382 0,704 0,93 0,26 

Inhibitory CLVS1 ENSG00000177182 0,826 0,689423136 0,652 0,83 0,17 

Inhibitory CNNM1 ENSG00000119946 0,829 0,592547848 0,658 0,75 0,08 

Inhibitory LRRTM4 ENSG00000176204 0,883 1,560585365 0,766 0,95 0,28 

Inhibitory ABLIM2 ENSG00000163995 0,834 0,73292776 0,668 0,85 0,19 

Inhibitory TENM1 ENSG00000009694 0,84 1,148241861 0,68 0,79 0,13 

Inhibitory SLC38A1 ENSG00000111371 0,819 0,630666083 0,638 0,88 0,22 

Inhibitory SLC8A1 ENSG00000183023 0,814 0,759841661 0,628 0,95 0,28 

Inhibitory CNTN5 ENSG00000149972 0,847 1,800391895 0,694 0,79 0,13 

Inhibitory LHFPL4 ENSG00000156959 0,823 0,585387039 0,646 0,78 0,12 

Inhibitory RYR2 ENSG00000198626 0,886 1,421852643 0,772 0,93 0,27 

Inhibitory RALYL ENSG00000184672 0,841 1,25587784 0,682 0,9 0,24 

Inhibitory HS6ST3 ENSG00000185352 0,842 1,442066043 0,684 0,84 0,19 

Inhibitory ASIC2 ENSG00000108684 0,837 1,293497585 0,674 0,79 0,13 
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Inhibitory RNF175 ENSG00000145428 0,826 0,620386427 0,652 0,74 0,09 

Inhibitory SIDT1 ENSG00000072858 0,823 0,691161446 0,646 0,76 0,1 

Inhibitory C11orf80 ENSG00000173715 0,823 0,643993765 0,646 0,81 0,15 

Inhibitory STXBP1 ENSG00000136854 0,873 0,877591398 0,746 0,94 0,29 

Inhibitory RALGPS2 ENSG00000116191 0,816 0,660407037 0,632 0,84 0,18 

Inhibitory ZNF804A ENSG00000170396 0,833 1,332745368 0,666 0,79 0,13 

Inhibitory DLGAP1 ENSG00000170579 0,857 1,230465092 0,714 0,93 0,27 

Inhibitory KCNH7 ENSG00000184611 0,831 1,274707872 0,662 0,76 0,1 

Inhibitory SNAP91 ENSG00000065609 0,887 1,067245227 0,774 0,97 0,32 

Inhibitory HSPA4L ENSG00000164070 0,832 0,727358956 0,664 0,84 0,19 

Inhibitory SYP ENSG00000102003 0,83 0,68455285 0,66 0,85 0,2 

Inhibitory SLC2A13 ENSG00000151229 0,821 0,867318017 0,642 0,88 0,23 

Inhibitory CNTN1 ENSG00000018236 0,808 0,755257716 0,616 0,98 0,32 

Inhibitory KCND2 ENSG00000184408 0,808 0,770919252 0,616 0,93 0,27 

Inhibitory EPHA5 ENSG00000145242 0,828 1,055605463 0,656 0,75 0,09 

Inhibitory RBFOX3 ENSG00000167281 0,823 0,728881982 0,646 0,73 0,08 

Inhibitory SEZ6L ENSG00000100095 0,813 0,837740692 0,626 0,81 0,16 

Inhibitory EPB41L4B ENSG00000095203 0,825 0,726715165 0,65 0,77 0,12 

Inhibitory SLC44A5 ENSG00000137968 0,83 1,150342245 0,66 0,79 0,14 

Inhibitory ANO5 ENSG00000171714 0,812 0,611031978 0,624 0,79 0,14 

Inhibitory CSMD2 ENSG00000121904 0,826 0,844968183 0,652 0,9 0,25 

Inhibitory INA ENSG00000148798 0,825 0,691027456 0,65 0,71 0,06 

Inhibitory GNAL ENSG00000141404 0,818 0,703495804 0,636 0,78 0,13 

Inhibitory MDGA2 ENSG00000139915 0,873 1,247088384 0,746 0,98 0,34 

Inhibitory LRRC7 ENSG00000033122 0,858 1,126787265 0,716 0,94 0,3 

Inhibitory NAP1L3 ENSG00000186310 0,826 0,708274419 0,652 0,76 0,12 

Inhibitory SCN7A ENSG00000136546 0,821 0,738566027 0,642 0,72 0,07 

Inhibitory DENND1B ENSG00000213047 0,809 0,614360383 0,618 0,81 0,16 

Inhibitory EFNA5 ENSG00000184349 0,819 1,037187884 0,638 0,79 0,14 

Inhibitory ADGRL2 ENSG00000117114 0,823 1,168856954 0,646 0,78 0,13 

Inhibitory TRERF1 ENSG00000124496 0,81 0,64224479 0,62 0,81 0,17 

Inhibitory RNF150 ENSG00000170153 0,799 0,612670477 0,598 0,87 0,23 

Inhibitory PCDH7 ENSG00000169851 0,841 1,223159193 0,682 0,91 0,27 

Inhibitory AC073050.1 ENSG00000228222 0,827 1,094393444 0,654 0,81 0,17 

Inhibitory ASTN1 ENSG00000152092 0,813 0,690379015 0,626 0,91 0,27 

Inhibitory SYT14 ENSG00000143469 0,831 0,745663131 0,662 0,91 0,27 

Inhibitory FP700111.1 ENSG00000224363 0,826 0,764814838 0,652 0,9 0,26 

Inhibitory PRR16 ENSG00000184838 0,818 1,054337686 0,636 0,73 0,09 

Inhibitory AC092683.1 ENSG00000230606 0,888 1,095017179 0,776 0,96 0,32 

Inhibitory CSMD3 ENSG00000164796 0,875 1,301400114 0,75 0,97 0,33 

Inhibitory TMEM59L ENSG00000105696 0,817 0,681121866 0,634 0,76 0,12 

Inhibitory KIAA1211 ENSG00000109265 0,816 0,760794592 0,632 0,85 0,21 

Inhibitory PODXL2 ENSG00000114631 0,816 0,592125932 0,632 0,82 0,18 

Inhibitory CAP2 ENSG00000112186 0,812 0,62225382 0,624 0,76 0,12 

Inhibitory TSPYL1 ENSG00000189241 0,819 0,665194455 0,638 0,76 0,13 

Inhibitory LINC00599 ENSG00000253230 0,816 0,597439322 0,632 0,72 0,08 

Inhibitory GABRA2 ENSG00000151834 0,814 0,762712277 0,628 0,73 0,1 

Inhibitory CAMK4 ENSG00000152495 0,813 0,758696983 0,626 0,76 0,13 

Inhibitory KCTD16 ENSG00000183775 0,832 1,127332933 0,664 0,84 0,21 

Inhibitory CACNA1D ENSG00000157388 0,817 0,699645657 0,634 0,91 0,27 

Inhibitory PAK5 ENSG00000101349 0,804 0,590516517 0,608 0,75 0,12 

Inhibitory HCN1 ENSG00000164588 0,817 1,081787809 0,634 0,71 0,08 

Inhibitory SPTAN1 ENSG00000197694 0,838 0,777238692 0,676 0,94 0,31 

Inhibitory PCSK1N ENSG00000102109 0,836 1,143816 0,672 0,84 0,21 

Inhibitory CIT ENSG00000122966 0,811 0,606386437 0,622 0,83 0,2 
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Inhibitory PWRN1 ENSG00000259905 0,814 0,742698781 0,628 0,88 0,26 

Inhibitory RGS17 ENSG00000091844 0,813 0,699702243 0,626 0,73 0,1 

Inhibitory TSPYL2 ENSG00000184205 0,81 0,621790103 0,62 0,8 0,17 

Inhibitory JAKMIP1 ENSG00000152969 0,808 0,614610455 0,616 0,72 0,1 

Inhibitory NYAP2 ENSG00000144460 0,808 0,626023842 0,616 0,7 0,07 

Inhibitory EPHB1 ENSG00000154928 0,82 0,886315092 0,64 0,8 0,17 

Inhibitory EPB41 ENSG00000159023 0,799 0,590256943 0,598 0,82 0,19 

Inhibitory PCDH15 ENSG00000150275 0,808 1,151708947 0,616 0,81 0,18 

Inhibitory CACNA1C ENSG00000151067 0,86 0,982182814 0,72 0,96 0,33 

Inhibitory CERS6 ENSG00000172292 0,799 0,654044099 0,598 0,9 0,27 

Inhibitory CNKSR2 ENSG00000149970 0,796 0,678234012 0,592 0,8 0,18 

Inhibitory ANKRD34C-
AS1 

ENSG00000259234 0,807 0,702402537 0,614 0,69 0,07 

Inhibitory PCLO ENSG00000186472 0,897 1,195580292 0,794 0,97 0,35 

Inhibitory LONRF2 ENSG00000170500 0,819 0,741615047 0,638 0,86 0,25 

Inhibitory NDRG4 ENSG00000103034 0,803 0,637434458 0,606 0,75 0,13 

Inhibitory SCG2 ENSG00000171951 0,805 0,901597428 0,61 0,7 0,09 

Inhibitory GALNTL6 ENSG00000174473 0,811 1,531383094 0,622 0,74 0,13 

Inhibitory PGM2L1 ENSG00000165434 0,798 0,586661053 0,596 0,72 0,11 

Inhibitory BRINP1 ENSG00000078725 0,792 0,664313409 0,584 0,77 0,16 

Inhibitory NRG3 ENSG00000185737 0,818 0,865418522 0,636 0,98 0,38 

Inhibitory XKR6 ENSG00000171044 0,874 1,080168463 0,748 0,96 0,36 

Inhibitory DAAM1 ENSG00000100592 0,807 0,62545302 0,614 0,91 0,31 

Inhibitory KCNJ6 ENSG00000157542 0,795 0,684701719 0,59 0,7 0,1 

Inhibitory MAP2 ENSG00000078018 0,908 1,262956737 0,816 0,99 0,39 

Inhibitory TMEM132B ENSG00000139364 0,797 0,806746456 0,594 0,76 0,16 

Inhibitory SEZ6L2 ENSG00000174938 0,808 0,659791481 0,616 0,84 0,24 

Inhibitory SAMD5 ENSG00000203727 0,802 1,081841077 0,604 0,67 0,07 

Inhibitory FBXL2 ENSG00000153558 0,796 0,604574873 0,592 0,85 0,24 

Inhibitory ADCY1 ENSG00000164742 0,792 0,599426349 0,584 0,75 0,14 

Inhibitory GPC6 ENSG00000183098 0,821 1,468298647 0,642 0,8 0,2 

Inhibitory PATJ ENSG00000132849 0,819 0,788143299 0,638 0,9 0,3 

Inhibitory FRY ENSG00000073910 0,795 0,663852359 0,59 0,93 0,34 

Inhibitory MPP6 ENSG00000105926 0,793 0,657550084 0,586 0,74 0,15 

Inhibitory NDST3 ENSG00000164100 0,797 0,906800784 0,594 0,68 0,08 

Inhibitory SNCG ENSG00000173267 0,797 0,730569437 0,594 0,67 0,08 

Inhibitory RAPGEF4 ENSG00000091428 0,805 0,70426135 0,61 0,92 0,33 

Inhibitory AFF2 ENSG00000155966 0,797 0,875558596 0,594 0,67 0,07 

Inhibitory KCNIP4 ENSG00000185774 0,819 1,23998003 0,638 0,87 0,27 

Inhibitory VPS13A ENSG00000197969 0,793 0,586151107 0,586 0,87 0,28 

Inhibitory PIP5K1B ENSG00000107242 0,787 0,59102149 0,574 0,74 0,14 

Inhibitory EML6 ENSG00000214595 0,784 0,629050424 0,568 0,82 0,22 

Inhibitory GRM1 ENSG00000152822 0,797 1,010832377 0,594 0,68 0,08 

Inhibitory KIAA0825 ENSG00000185261 0,793 0,653278166 0,586 0,87 0,28 

Inhibitory KCNQ5 ENSG00000185760 0,801 1,625554606 0,602 0,67 0,08 

Inhibitory LINC02389 ENSG00000255693 0,795 0,702492662 0,59 0,67 0,08 

Inhibitory TMEM178B ENSG00000261115 0,865 1,046041374 0,73 0,96 0,37 

Inhibitory ERC2 ENSG00000187672 0,836 0,967397707 0,672 0,93 0,34 

Inhibitory EEF1A2 ENSG00000101210 0,798 0,661161819 0,596 0,7 0,11 

Inhibitory TMEM108 ENSG00000144868 0,782 0,626305544 0,564 0,85 0,26 

Inhibitory SGSM1 ENSG00000167037 0,796 0,625693084 0,592 0,88 0,29 

Inhibitory UCHL1 ENSG00000154277 0,811 0,772175085 0,622 0,86 0,27 

Inhibitory VSTM2A ENSG00000170419 0,795 0,640372607 0,59 0,64 0,06 

Inhibitory BEND6 ENSG00000151917 0,789 0,606728012 0,578 0,73 0,14 

Inhibitory SHISA9 ENSG00000237515 0,785 0,854564228 0,57 0,75 0,16 
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Inhibitory AL033504.1 ENSG00000227681 0,794 1,068356182 0,588 0,65 0,07 

Inhibitory BAIAP3 ENSG00000007516 0,789 0,703725622 0,578 0,68 0,09 

Inhibitory LINC00632 ENSG00000203930 0,872 0,983036755 0,744 0,95 0,36 

Inhibitory PACRG ENSG00000112530 0,788 0,693893988 0,576 0,81 0,22 

Inhibitory GABRA1 ENSG00000022355 0,792 0,788009771 0,584 0,65 0,07 

Inhibitory LINC01122 ENSG00000233723 0,783 0,720976516 0,566 0,78 0,2 

Inhibitory DAB1 ENSG00000173406 0,873 1,374225675 0,746 0,95 0,37 

Inhibitory AFF3 ENSG00000144218 0,828 0,848989304 0,656 0,95 0,36 

Inhibitory PLCXD3 ENSG00000182836 0,788 0,823298858 0,576 0,68 0,1 

Inhibitory PCSK2 ENSG00000125851 0,782 0,721793257 0,564 0,69 0,11 

Inhibitory GPR158 ENSG00000151025 0,781 0,655627662 0,562 0,88 0,3 

Inhibitory CCDC85A ENSG00000055813 0,78 0,704837887 0,56 0,73 0,14 

Inhibitory BRINP3 ENSG00000162670 0,783 0,863121488 0,566 0,78 0,2 

Inhibitory RAB27B ENSG00000041353 0,787 0,681203621 0,574 0,65 0,07 

Inhibitory FAM189A1 ENSG00000104059 0,783 0,61656823 0,566 0,68 0,1 

Inhibitory CSMD1 ENSG00000183117 0,862 1,208347276 0,724 0,96 0,38 

Inhibitory PRKG1 ENSG00000185532 0,799 1,141678735 0,598 0,82 0,24 

Inhibitory MIR137HG ENSG00000225206 0,789 0,937050277 0,578 0,67 0,09 

Inhibitory LY6H ENSG00000176956 0,787 0,67699362 0,574 0,65 0,07 

Inhibitory CSRNP3 ENSG00000178662 0,844 0,855791063 0,688 0,95 0,37 

Inhibitory AC025159.1 ENSG00000257815 0,809 0,892567737 0,618 0,87 0,3 

Inhibitory EPHA7 ENSG00000135333 0,783 0,814235887 0,566 0,66 0,09 

Inhibitory NRXN1 ENSG00000179915 0,826 0,9549001 0,652 0,99 0,42 

Inhibitory SLC35F4 ENSG00000151812 0,786 1,080945425 0,572 0,64 0,07 

Inhibitory RANBP17 ENSG00000204764 0,781 0,649056774 0,562 0,86 0,29 

Inhibitory FAAH2 ENSG00000165591 0,78 0,593010027 0,56 0,72 0,16 

Inhibitory NELL2 ENSG00000184613 0,772 0,662350851 0,544 0,7 0,13 

Inhibitory SCN9A ENSG00000169432 0,774 0,678715056 0,548 0,71 0,14 

Inhibitory LINC01414 ENSG00000253554 0,782 0,895161395 0,564 0,66 0,09 

Inhibitory FLRT2 ENSG00000185070 0,773 0,757354018 0,546 0,76 0,2 

Inhibitory ZFYVE9 ENSG00000157077 0,79 0,587965924 0,58 0,89 0,33 

Inhibitory FAT3 ENSG00000165323 0,765 0,697816077 0,53 0,77 0,21 

Inhibitory FOCAD ENSG00000188352 0,836 0,901211492 0,672 0,94 0,38 

Inhibitory SLC25A12 ENSG00000115840 0,814 0,715639321 0,628 0,91 0,35 

Inhibitory KIAA1217 ENSG00000120549 0,782 0,981066822 0,564 0,8 0,24 

Inhibitory LIN7A ENSG00000111052 0,77 0,585167011 0,54 0,68 0,13 

Inhibitory LINC01250 ENSG00000234423 0,777 0,591919153 0,554 0,63 0,08 

Inhibitory KLHL1 ENSG00000150361 0,773 0,882366615 0,546 0,65 0,1 

Inhibitory PCNX2 ENSG00000135749 0,804 0,639704512 0,608 0,94 0,39 

Inhibitory INPP4B ENSG00000109452 0,809 1,117520692 0,618 0,83 0,28 

Inhibitory CHRM2 ENSG00000181072 0,775 1,14696824 0,55 0,61 0,06 

Inhibitory RGS7 ENSG00000182901 0,831 1,042741003 0,662 0,96 0,41 

Inhibitory SLC22A17 ENSG00000092096 0,799 0,7092015 0,598 0,88 0,33 

Inhibitory IDS ENSG00000010404 0,816 0,799009776 0,632 0,89 0,34 

Inhibitory PCDH11X ENSG00000102290 0,783 1,441847982 0,566 0,65 0,1 

Inhibitory MCF2L2 ENSG00000053524 0,8 0,693422173 0,6 0,91 0,36 

Inhibitory KIFAP3 ENSG00000075945 0,815 0,70150334 0,63 0,92 0,37 

Inhibitory TENM4 ENSG00000149256 0,807 0,875324106 0,614 0,9 0,35 

Inhibitory MAGI3 ENSG00000081026 0,772 0,614709142 0,544 0,85 0,31 

Inhibitory HSPA12A ENSG00000165868 0,818 0,752969966 0,636 0,92 0,38 

Inhibitory CALM3 ENSG00000160014 0,773 0,612167635 0,546 0,77 0,23 

Inhibitory BEX1 ENSG00000133169 0,77 0,632974569 0,54 0,64 0,1 

Inhibitory MARCH11 ENSG00000183654 0,773 0,612612118 0,546 0,59 0,05 

Inhibitory SORCS3 ENSG00000156395 0,763 0,768088123 0,526 0,68 0,14 

Inhibitory PLEKHA5 ENSG00000052126 0,802 0,698636277 0,604 0,96 0,42 
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Inhibitory TMTC1 ENSG00000133687 0,754 0,586473116 0,508 0,77 0,23 

Inhibitory NEFL ENSG00000277586 0,77 0,614900383 0,54 0,6 0,06 

Inhibitory YWHAG ENSG00000170027 0,783 0,604144863 0,566 0,89 0,35 

Inhibitory PTPRO ENSG00000151490 0,765 0,885093642 0,53 0,65 0,11 

Inhibitory KIF26B ENSG00000162849 0,762 0,776723642 0,524 0,74 0,2 

Inhibitory PEG10 ENSG00000242265 0,765 0,733380884 0,53 0,67 0,14 

Inhibitory DCC ENSG00000187323 0,778 1,178689617 0,556 0,77 0,24 

Inhibitory FGF13 ENSG00000129682 0,761 0,850179742 0,522 0,61 0,08 

Inhibitory DGKI ENSG00000157680 0,802 0,78458939 0,604 0,92 0,39 

Inhibitory CLSTN2 ENSG00000158258 0,764 0,871855219 0,528 0,65 0,12 

Inhibitory AC090578.1 ENSG00000253553 0,76 0,632594494 0,52 0,62 0,1 

Inhibitory RUNX1T1 ENSG00000079102 0,752 0,599287068 0,504 0,81 0,28 

Inhibitory ADAM22 ENSG00000008277 0,793 0,663909384 0,586 0,91 0,39 

Inhibitory KCNH5 ENSG00000140015 0,761 0,760245231 0,522 0,6 0,07 

Inhibitory NSF ENSG00000073969 0,856 0,922774397 0,712 0,96 0,44 

Inhibitory UNC79 ENSG00000133958 0,831 0,817328033 0,662 0,96 0,43 

Inhibitory CTNNA2 ENSG00000066032 0,784 0,750675418 0,568 0,98 0,45 

Inhibitory UNC13C ENSG00000137766 0,76 0,930225392 0,52 0,6 0,08 

Inhibitory CNTN3 ENSG00000113805 0,749 0,600378802 0,498 0,69 0,17 

Inhibitory MGAT4C ENSG00000182050 0,757 1,009028254 0,514 0,71 0,19 

Inhibitory KALRN ENSG00000160145 0,763 0,591984388 0,526 0,93 0,41 

Inhibitory AC120193.1 ENSG00000253535 0,759 1,003448804 0,518 0,63 0,12 

Inhibitory PTCHD4 ENSG00000244694 0,755 0,764093843 0,51 0,59 0,08 

Inhibitory FSTL5 ENSG00000168843 0,772 1,075541621 0,544 0,74 0,22 

Inhibitory VWC2L ENSG00000174453 0,754 0,701724206 0,508 0,58 0,06 

Inhibitory GRM8 ENSG00000179603 0,757 1,059625104 0,514 0,62 0,11 

Inhibitory SCN1A-AS1 ENSG00000236107 0,753 0,691597659 0,506 0,59 0,08 

Inhibitory UBA6-AS1 ENSG00000248049 0,776 0,727422578 0,552 0,89 0,39 

Inhibitory CACNA2D3 ENSG00000157445 0,748 0,743877261 0,496 0,78 0,28 

Inhibitory PTPRT ENSG00000196090 0,752 1,165129105 0,504 0,64 0,14 

Inhibitory CDH4 ENSG00000179242 0,757 0,856863091 0,514 0,71 0,22 

Inhibitory TRPC5 ENSG00000072315 0,746 0,702327319 0,492 0,58 0,08 

Inhibitory MCTP1 ENSG00000175471 0,739 0,623524658 0,478 0,66 0,16 

Inhibitory DPP10 ENSG00000175497 0,754 0,732469881 0,508 0,8 0,31 

Inhibitory TAFA2 ENSG00000198673 0,748 0,893919966 0,496 0,7 0,21 

Inhibitory GRIN3A ENSG00000198785 0,745 0,630432596 0,49 0,55 0,06 

Inhibitory CNTN6 ENSG00000134115 0,745 0,681287378 0,49 0,58 0,08 

Inhibitory NXPH1 ENSG00000122584 0,745 1,249871182 0,49 0,61 0,11 

Inhibitory MYO16 ENSG00000041515 0,75 0,96508435 0,5 0,59 0,11 

Inhibitory RIT2 ENSG00000152214 0,74 0,790470423 0,48 0,59 0,1 

Inhibitory ZNF385B ENSG00000144331 0,738 0,799711423 0,476 0,59 0,1 

Inhibitory ST6GALNAC5 ENSG00000117069 0,743 1,138927966 0,486 0,54 0,06 

Inhibitory LUZP2 ENSG00000187398 0,728 0,686209141 0,456 0,73 0,24 

Inhibitory ZMAT4 ENSG00000165061 0,739 0,885234803 0,478 0,55 0,07 

Inhibitory GRIN2A ENSG00000183454 0,737 0,861093227 0,474 0,62 0,14 

Inhibitory FRMD4A ENSG00000151474 0,832 0,834691255 0,664 0,98 0,5 

Inhibitory HTR2C ENSG00000147246 0,741 1,324997194 0,482 0,55 0,08 

Inhibitory CDH12 ENSG00000154162 0,757 1,46445356 0,514 0,65 0,17 

Inhibitory ZFPM2 ENSG00000169946 0,747 0,802255189 0,494 0,76 0,28 

Inhibitory PREPL ENSG00000138078 0,815 0,71226972 0,63 0,94 0,47 

Inhibitory GRIA3 ENSG00000125675 0,743 0,629124702 0,486 0,81 0,34 

Inhibitory CPNE4 ENSG00000196353 0,731 0,708902701 0,462 0,56 0,09 

Inhibitory THSD7A ENSG00000005108 0,728 0,639084663 0,456 0,74 0,27 

Inhibitory AC233296.1 ENSG00000280870 0,742 0,733442457 0,484 0,81 0,34 

Inhibitory CHRM3 ENSG00000133019 0,735 1,04545439 0,47 0,54 0,07 
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Inhibitory SLIT2 ENSG00000145147 0,731 0,789192033 0,462 0,66 0,19 

Inhibitory MPPED2 ENSG00000066382 0,727 0,605157786 0,454 0,65 0,19 

Inhibitory GRID2 ENSG00000152208 0,848 1,294900442 0,696 0,96 0,5 

Inhibitory ZNF804B ENSG00000182348 0,733 1,201914001 0,466 0,54 0,08 

Inhibitory DANT2 ENSG00000235244 0,79 0,683248501 0,58 0,94 0,48 

Inhibitory RBFOX1 ENSG00000078328 0,795 1,236704788 0,59 0,91 0,45 

Inhibitory HS6ST2 ENSG00000171004 0,727 0,623112734 0,454 0,54 0,08 

Inhibitory DYNC1I1 ENSG00000158560 0,789 0,691993606 0,578 0,96 0,5 

Inhibitory SEMA6D ENSG00000137872 0,737 0,876412526 0,474 0,73 0,27 

Inhibitory VWC2 ENSG00000188730 0,721 0,588096734 0,442 0,55 0,1 

Inhibitory SLC35F3 ENSG00000183780 0,713 0,605319691 0,426 0,74 0,29 

Inhibitory MACROD2 ENSG00000172264 0,795 0,794784511 0,59 0,98 0,53 

Inhibitory CUX2 ENSG00000111249 0,72 0,676735194 0,44 0,52 0,08 

Inhibitory DENND5B ENSG00000170456 0,779 0,612499857 0,558 0,95 0,5 

Inhibitory CEP112 ENSG00000154240 0,715 0,59922875 0,43 0,71 0,26 

Inhibitory KCNT2 ENSG00000162687 0,714 0,609211295 0,428 0,57 0,13 

Inhibitory TAFA1 ENSG00000183662 0,715 0,906919816 0,43 0,58 0,14 

Inhibitory GRIK1 ENSG00000171189 0,716 0,938906971 0,432 0,58 0,15 

Inhibitory NELL1 ENSG00000165973 0,718 1,170079019 0,436 0,5 0,07 

Inhibitory NLGN1 ENSG00000169760 0,78 0,779300502 0,56 0,98 0,54 

Inhibitory ANKRD30B ENSG00000180777 0,716 0,612700257 0,432 0,47 0,04 

Inhibitory LDB2 ENSG00000169744 0,711 0,718556445 0,422 0,6 0,18 

Inhibitory TMEM132D ENSG00000151952 0,707 0,690964702 0,414 0,56 0,13 

Inhibitory ZFHX3 ENSG00000140836 0,722 0,699366013 0,444 0,84 0,42 

Inhibitory PCDH11Y ENSG00000099715 0,713 1,121597 0,426 0,51 0,08 

Inhibitory FRAS1 ENSG00000138759 0,707 0,647815308 0,414 0,49 0,07 

Inhibitory CNTNAP2 ENSG00000174469 0,86 1,256891233 0,72 0,99 0,57 

Inhibitory SDK1 ENSG00000146555 0,705 0,70876211 0,41 0,67 0,26 

Inhibitory GULP1 ENSG00000144366 0,706 0,800482515 0,412 0,5 0,09 

Inhibitory LRRC4C ENSG00000148948 0,811 0,819884656 0,622 0,96 0,54 

Inhibitory PPFIA2 ENSG00000139220 0,795 0,74314529 0,59 0,97 0,56 

Inhibitory SYNE1 ENSG00000131018 0,786 0,585089578 0,572 0,96 0,56 

Inhibitory COL25A1 ENSG00000188517 0,701 0,843559511 0,402 0,49 0,08 

Inhibitory TTTY14 ENSG00000176728 0,745 0,744464688 0,49 0,81 0,41 

Inhibitory GRIA4 ENSG00000152578 0,771 0,742107738 0,542 0,94 0,54 

Inhibitory CDH13 ENSG00000140945 0,704 0,890473727 0,408 0,59 0,2 

Inhibitory HDAC9 ENSG00000048052 0,726 0,613625587 0,452 0,88 0,48 

Inhibitory NBEA ENSG00000172915 0,87 1,100140504 0,74 0,97 0,58 

Inhibitory AC124312.1 ENSG00000214265 0,89 1,011345238 0,78 0,98 0,6 

Inhibitory ROBO1 ENSG00000169855 0,869 1,518487213 0,738 0,96 0,58 

Inhibitory SMYD3 ENSG00000185420 0,781 0,704915435 0,562 0,96 0,6 

Inhibitory NEGR1 ENSG00000172260 0,817 1,046426234 0,634 0,98 0,62 

Inhibitory GNAS ENSG00000087460 0,887 1,30332537 0,774 0,98 0,63 

Inhibitory NRXN3 ENSG00000021645 0,896 1,380081004 0,792 0,98 0,63 

Inhibitory KAZN ENSG00000189337 0,851 1,108212135 0,702 0,98 0,66 

Inhibitory MAP1B ENSG00000131711 0,81 0,77881359 0,62 0,98 0,67 

Inhibitory NOVA1 ENSG00000139910 0,774 0,670371029 0,548 0,97 0,67 

Inhibitory AHI1 ENSG00000135541 0,851 0,856484916 0,702 0,98 0,68 

Inhibitory PDE4D ENSG00000113448 0,775 0,820152719 0,55 0,97 0,69 

Inhibitory ANKS1B ENSG00000185046 0,748 0,608692262 0,496 0,98 0,75 

Inhibitory CAMTA1 ENSG00000171735 0,797 0,611284782 0,594 0,98 0,75 

Inhibitory ADGRB3 ENSG00000135298 0,787 0,72157357 0,574 0,99 0,8 

Inhibitory TNRC6A ENSG00000090905 0,811 0,632008386 0,622 0,99 0,83 

Ependymal ARMC3 ENSG00000165309 0,988 2,454235417 0,976 0,98 0,06 

Ependymal VWA3A ENSG00000175267 0,978 2,331218792 0,956 0,96 0,05 
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Ependymal SPAG17 ENSG00000155761 0,97 2,649520041 0,94 0,94 0,04 

Ependymal ADGB ENSG00000118492 0,953 2,436900377 0,906 0,91 0,01 

Ependymal CFAP299 ENSG00000197826 0,969 3,628812551 0,938 0,94 0,04 

Ependymal LMNTD1 ENSG00000152936 0,963 2,26270833 0,926 0,94 0,04 

Ependymal ZBBX ENSG00000169064 0,959 2,258773969 0,918 0,92 0,03 

Ependymal CFAP157 ENSG00000160401 0,942 2,170514203 0,884 0,88 0,01 

Ependymal LRRIQ1 ENSG00000133640 0,966 2,333707195 0,932 0,94 0,07 

Ependymal DNAH11 ENSG00000105877 0,956 2,66537352 0,912 0,92 0,04 

Ependymal CFAP43 ENSG00000197748 0,979 2,760995413 0,958 0,97 0,09 

Ependymal CFAP47 ENSG00000165164 0,967 2,518603335 0,934 0,94 0,07 

Ependymal DTHD1 ENSG00000197057 0,942 2,230561005 0,884 0,89 0,02 

Ependymal WDR49 ENSG00000174776 0,97 2,12616289 0,94 0,98 0,11 

Ependymal SPATA17 ENSG00000162814 0,949 2,138778585 0,898 0,91 0,04 

Ependymal FRMPD2 ENSG00000170324 0,949 1,814280637 0,898 0,93 0,07 

Ependymal DNAH7 ENSG00000118997 0,981 2,4804796 0,962 0,98 0,12 

Ependymal TOGARAM2 ENSG00000189350 0,964 1,940382989 0,928 0,96 0,11 

Ependymal LRRC9 ENSG00000131951 0,951 2,038646185 0,902 0,91 0,06 

Ependymal CFAP73 ENSG00000186710 0,929 1,73835261 0,858 0,86 0,01 

Ependymal DNAAF1 ENSG00000154099 0,944 1,98066704 0,888 0,9 0,04 

Ependymal CFAP54 ENSG00000188596 0,99 3,074637821 0,98 0,99 0,14 

Ependymal DCDC1 ENSG00000170959 0,964 2,64179765 0,928 0,94 0,09 

Ependymal TEKT1 ENSG00000167858 0,928 1,71393145 0,856 0,86 0,02 

Ependymal TTC6 ENSG00000139865 0,94 2,100981861 0,88 0,9 0,06 

Ependymal TTC29 ENSG00000137473 0,933 2,139794918 0,866 0,87 0,03 

Ependymal KIAA2012 ENSG00000182329 0,935 1,888336335 0,87 0,88 0,04 

Ependymal DNAH5 ENSG00000039139 0,933 2,120426539 0,866 0,88 0,04 

Ependymal SPAG6 ENSG00000077327 0,937 1,934474035 0,874 0,89 0,05 

Ependymal ARMC4 ENSG00000169126 0,924 1,772874942 0,848 0,85 0,02 

Ependymal DNAH6 ENSG00000115423 0,97 2,523769593 0,94 0,95 0,12 

Ependymal C8orf34 ENSG00000165084 0,963 2,418997373 0,926 0,95 0,12 

Ependymal DNAI1 ENSG00000122735 0,927 1,785511969 0,854 0,86 0,03 

Ependymal MAP3K19 ENSG00000176601 0,922 1,818669682 0,844 0,85 0,03 

Ependymal CFAP46 ENSG00000171811 0,945 1,996554482 0,89 0,9 0,08 

Ependymal SERPINI2 ENSG00000114204 0,926 1,604873337 0,852 0,91 0,09 

Ependymal CFAP52 ENSG00000166596 0,921 1,8231822 0,842 0,85 0,03 

Ependymal RSPH1 ENSG00000160188 0,925 1,712179681 0,85 0,86 0,04 

Ependymal VWA3B ENSG00000168658 0,916 1,616118577 0,832 0,84 0,02 

Ependymal PPP1R42 ENSG00000178125 0,928 1,684137626 0,856 0,88 0,06 

Ependymal NEK5 ENSG00000197168 0,931 1,813790684 0,862 0,88 0,07 

Ependymal C6orf118 ENSG00000112539 0,911 1,48257634 0,822 0,83 0,02 

Ependymal CCDC173 ENSG00000154479 0,912 1,578378327 0,824 0,83 0,03 

Ependymal FANK1 ENSG00000203780 0,942 1,899606156 0,884 0,91 0,1 

Ependymal WDR63 ENSG00000162643 0,905 1,557775845 0,81 0,82 0,02 

Ependymal SLC47A2 ENSG00000180638 0,902 1,639678802 0,804 0,81 0,02 

Ependymal DNAH12 ENSG00000174844 0,938 2,27628678 0,876 0,9 0,11 

Ependymal CFAP61 ENSG00000089101 0,926 1,665951057 0,852 0,88 0,09 

Ependymal CFAP100 ENSG00000163885 0,906 1,575898509 0,812 0,82 0,03 

Ependymal CCDC170 ENSG00000120262 0,907 1,562882606 0,814 0,83 0,05 

Ependymal ROPN1L ENSG00000145491 0,897 1,522130663 0,794 0,8 0,01 

Ependymal DNAH9 ENSG00000007174 0,967 3,062582906 0,934 0,95 0,17 

Ependymal CFAP221 ENSG00000163075 0,922 1,675093487 0,844 0,87 0,09 

Ependymal LINC01088 ENSG00000249307 0,934 1,864973971 0,868 0,98 0,21 

Ependymal CASC1 ENSG00000118307 0,91 1,710271311 0,82 0,84 0,06 

Ependymal LRGUK ENSG00000155530 0,905 1,552172179 0,81 0,83 0,06 

Ependymal FAM227A ENSG00000184949 0,918 1,534906397 0,836 0,87 0,09 
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Ependymal FHAD1 ENSG00000142621 0,895 1,622421223 0,79 0,8 0,03 

Ependymal CASC2 ENSG00000177640 0,931 1,806731392 0,862 0,91 0,14 

Ependymal CFAP44 ENSG00000206530 0,97 2,247711058 0,94 0,96 0,19 

Ependymal CCDC40 ENSG00000141519 0,911 1,416005647 0,822 0,87 0,1 

Ependymal DRC3 ENSG00000171962 0,891 1,367044917 0,782 0,8 0,03 

Ependymal DNAH3 ENSG00000158486 0,889 1,66909286 0,778 0,79 0,02 

Ependymal MOK ENSG00000080823 0,941 1,718603796 0,882 0,92 0,16 

Ependymal RFX2 ENSG00000087903 0,941 1,808324488 0,882 0,93 0,18 

Ependymal CAPS ENSG00000105519 0,921 2,059121696 0,842 0,88 0,13 

Ependymal PLCH1 ENSG00000114805 0,899 1,499587693 0,798 0,86 0,11 

Ependymal DLEC1 ENSG00000008226 0,882 1,367451258 0,764 0,78 0,03 

Ependymal SPEF2 ENSG00000152582 0,935 1,885036549 0,87 0,9 0,15 

Ependymal DOC2A ENSG00000149927 0,893 1,563109568 0,786 0,81 0,06 

Ependymal TMEM67 ENSG00000164953 0,914 1,570526022 0,828 0,86 0,11 

Ependymal AL357093.2 ENSG00000258752 0,875 1,490493984 0,75 0,75 0,01 

Ependymal LRRC6 ENSG00000129295 0,915 1,553965198 0,83 0,86 0,12 

Ependymal CFAP69 ENSG00000105792 0,912 1,5683774 0,824 0,86 0,11 

Ependymal RGS22 ENSG00000132554 0,889 1,611392284 0,778 0,81 0,07 

Ependymal WDR78 ENSG00000152763 0,933 1,715816911 0,866 0,91 0,17 

Ependymal C4orf47 ENSG00000205129 0,908 1,507988604 0,816 0,86 0,12 

Ependymal DNAI2 ENSG00000171595 0,871 1,436523874 0,742 0,75 0,01 

Ependymal AL022068.1 ENSG00000228412 0,901 1,800782344 0,802 0,86 0,12 

Ependymal PPIL6 ENSG00000185250 0,891 1,406977731 0,782 0,81 0,08 

Ependymal SPAG8 ENSG00000137098 0,876 1,355107529 0,752 0,77 0,03 

Ependymal PACRG ENSG00000112530 0,962 2,044212863 0,924 0,97 0,23 

Ependymal ANKFN1 ENSG00000153930 0,905 1,431795043 0,81 0,93 0,19 

Ependymal DNAH10 ENSG00000197653 0,891 1,57662468 0,782 0,8 0,07 

Ependymal LINC02055 ENSG00000254101 0,875 1,980722426 0,75 0,77 0,04 

Ependymal EFHC2 ENSG00000183690 0,873 1,357166171 0,746 0,77 0,04 

Ependymal SOX6 ENSG00000110693 0,887 1,208972419 0,774 0,96 0,23 

Ependymal IQCA1 ENSG00000132321 0,9 1,37229954 0,8 0,9 0,17 

Ependymal EFCAB6 ENSG00000186976 0,919 1,751597302 0,838 0,88 0,15 

Ependymal EYA1 ENSG00000104313 0,875 1,517407545 0,75 0,82 0,1 

Ependymal YAP1 ENSG00000137693 0,871 1,205971198 0,742 0,85 0,12 

Ependymal DRC1 ENSG00000157856 0,871 1,189835292 0,742 0,76 0,03 

Ependymal GLIS3 ENSG00000107249 0,927 1,725164399 0,854 0,98 0,25 

Ependymal TCTEX1D1 ENSG00000152760 0,874 1,322203643 0,748 0,76 0,04 

Ependymal CFAP70 ENSG00000156042 0,939 1,829896505 0,878 0,93 0,21 

Ependymal SLC9C2 ENSG00000162753 0,869 1,319979384 0,738 0,76 0,04 

Ependymal DCDC2 ENSG00000146038 0,87 1,412524163 0,74 0,76 0,04 

Ependymal SHANK2 ENSG00000162105 0,908 1,655712857 0,816 0,89 0,17 

Ependymal AGBL4 ENSG00000186094 0,969 2,276763903 0,938 0,98 0,27 

Ependymal NEK10 ENSG00000163491 0,912 1,740348959 0,824 0,87 0,16 

Ependymal CDHR3 ENSG00000128536 0,896 1,75010446 0,792 0,87 0,15 

Ependymal SPAG1 ENSG00000104450 0,893 1,393255369 0,786 0,84 0,13 

Ependymal COL21A1 ENSG00000124749 0,878 1,468494985 0,756 0,83 0,12 

Ependymal STK33 ENSG00000130413 0,957 1,814424295 0,914 0,97 0,26 

Ependymal DNAH2 ENSG00000183914 0,861 1,288241123 0,722 0,73 0,02 

Ependymal NEK11 ENSG00000114670 0,967 2,093772275 0,934 0,96 0,25 

Ependymal DAW1 ENSG00000123977 0,86 1,248497263 0,72 0,73 0,02 

Ependymal WDR66 ENSG00000158023 0,886 1,462330014 0,772 0,81 0,1 

Ependymal CASC15 ENSG00000272168 0,914 1,775291255 0,828 0,89 0,18 

Ependymal MAATS1 ENSG00000183833 0,881 1,302565411 0,762 0,81 0,11 

Ependymal ADCY2 ENSG00000078295 0,888 1,325373449 0,776 0,95 0,25 

Ependymal CFAP77 ENSG00000188523 0,854 1,195258162 0,708 0,72 0,01 
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Ependymal PAMR1 ENSG00000149090 0,85 1,211651764 0,7 0,8 0,1 

Ependymal TTC34 ENSG00000215912 0,854 1,300244938 0,708 0,72 0,02 

Ependymal SPATA6L ENSG00000106686 0,892 1,384545764 0,784 0,84 0,14 

Ependymal EFCAB1 ENSG00000034239 0,852 1,155345504 0,704 0,71 0,01 

Ependymal TEX9 ENSG00000151575 0,887 1,420646416 0,774 0,84 0,15 

Ependymal C1orf87 ENSG00000162598 0,847 1,37886183 0,694 0,7 0,01 

Ependymal EYA4 ENSG00000112319 0,909 1,836432886 0,818 0,88 0,2 

Ependymal WWC1 ENSG00000113645 0,86 1,280490855 0,72 0,83 0,15 

Ependymal TRDN ENSG00000186439 0,845 1,570802447 0,69 0,71 0,03 

Ependymal RFX4 ENSG00000111783 0,825 0,885825619 0,65 0,82 0,15 

Ependymal PLTP ENSG00000100979 0,841 1,14856394 0,682 0,72 0,05 

Ependymal ACOT11 ENSG00000162390 0,864 1,114580896 0,728 0,88 0,2 

Ependymal CEP126 ENSG00000110318 0,941 1,715389292 0,882 0,94 0,27 

Ependymal VWA5B1 ENSG00000158816 0,84 1,18725514 0,68 0,69 0,03 

Ependymal ARMC2 ENSG00000118690 0,913 1,405724083 0,826 0,9 0,24 

Ependymal IQCG ENSG00000114473 0,868 1,310550311 0,736 0,8 0,13 

Ependymal NRG4 ENSG00000169752 0,852 1,312685997 0,704 0,74 0,07 

Ependymal BMPR1B ENSG00000138696 0,829 1,073727368 0,658 0,78 0,12 

Ependymal NELL2 ENSG00000184613 0,849 1,241022635 0,698 0,8 0,14 

Ependymal SNTB1 ENSG00000172164 0,836 1,124525927 0,672 0,77 0,11 

Ependymal CCDC60 ENSG00000183273 0,833 1,480096039 0,666 0,67 0,01 

Ependymal CCDC30 ENSG00000186409 0,959 2,070016522 0,918 0,96 0,3 

Ependymal GYG2 ENSG00000056998 0,842 1,179066984 0,684 0,73 0,08 

Ependymal ARHGEF26 ENSG00000114790 0,85 1,123192947 0,7 0,82 0,17 

Ependymal GMPR ENSG00000137198 0,833 1,153444947 0,666 0,75 0,1 

Ependymal CD36 ENSG00000135218 0,832 1,280499201 0,664 0,68 0,03 

Ependymal IQCH ENSG00000103599 0,849 1,252289848 0,698 0,75 0,1 

Ependymal CFAP65 ENSG00000181378 0,828 1,044006038 0,656 0,66 0,01 

Ependymal TTLL9 ENSG00000131044 0,869 1,233911488 0,738 0,82 0,17 

Ependymal ADGRA3 ENSG00000152990 0,842 1,112629945 0,684 0,81 0,16 

Ependymal AC013470.2 ENSG00000226690 0,827 1,122063689 0,654 0,66 0,01 

Ependymal IL16 ENSG00000172349 0,829 1,059777987 0,658 0,69 0,04 

Ependymal TMEM232 ENSG00000186952 0,968 2,657294612 0,936 0,97 0,32 

Ependymal RNF213-AS1 ENSG00000263069 0,868 1,362037888 0,736 0,81 0,17 

Ependymal CCDC114 ENSG00000105479 0,823 1,031768051 0,646 0,65 0,01 

Ependymal BAIAP3 ENSG00000007516 0,835 1,130441119 0,67 0,75 0,1 

Ependymal RPGR ENSG00000156313 0,862 1,141540969 0,724 0,84 0,2 

Ependymal BBOF1 ENSG00000119636 0,852 1,104141155 0,704 0,77 0,13 

Ependymal AK8 ENSG00000165695 0,832 1,182689304 0,664 0,7 0,06 

Ependymal ULK4 ENSG00000168038 0,948 2,281681137 0,896 0,94 0,3 

Ependymal SNCAIP ENSG00000064692 0,832 1,112367295 0,664 0,73 0,09 

Ependymal DYNLRB2 ENSG00000168589 0,824 1,037597299 0,648 0,66 0,03 

Ependymal IQGAP2 ENSG00000145703 0,819 1,1737774 0,638 0,67 0,04 

Ependymal FBXL13 ENSG00000161040 0,859 1,36415391 0,718 0,79 0,16 

Ependymal MLF1 ENSG00000178053 0,841 1,097757984 0,682 0,74 0,11 

Ependymal EFHC1 ENSG00000096093 0,886 1,329083454 0,772 0,85 0,22 

Ependymal NPHP1 ENSG00000144061 0,851 1,106812861 0,702 0,78 0,15 

Ependymal CFAP53 ENSG00000172361 0,828 1,040011948 0,656 0,69 0,06 

Ependymal GABRG1 ENSG00000163285 0,828 1,117115634 0,656 0,74 0,11 

Ependymal AGBL1 ENSG00000273540 0,849 2,198136071 0,698 0,74 0,11 

Ependymal AP001831.1 ENSG00000254733 0,835 1,20430455 0,67 0,72 0,09 

Ependymal EFCAB12 ENSG00000172771 0,819 0,929371492 0,638 0,65 0,02 

Ependymal KIAA0319 ENSG00000137261 0,835 1,047999666 0,67 0,78 0,15 

Ependymal USP2-AS1 ENSG00000245248 0,821 1,222721476 0,642 0,66 0,03 

Ependymal PLCB4 ENSG00000101333 0,835 1,070906809 0,67 0,87 0,25 
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Ependymal MNS1 ENSG00000138587 0,823 1,03852148 0,646 0,68 0,05 

Ependymal EZR ENSG00000092820 0,813 0,921621389 0,626 0,72 0,09 

Ependymal CRB1 ENSG00000134376 0,911 1,641764319 0,822 0,92 0,3 

Ependymal ARMH1 ENSG00000198520 0,83 1,094163774 0,66 0,74 0,12 

Ependymal ROR2 ENSG00000169071 0,816 1,323982413 0,632 0,66 0,04 

Ependymal CFAP45 ENSG00000213085 0,812 0,94604214 0,624 0,63 0 

Ependymal USP43 ENSG00000154914 0,817 1,096758709 0,634 0,66 0,04 

Ependymal FZD3 ENSG00000104290 0,857 1,234451807 0,714 0,82 0,2 

Ependymal MYLK3 ENSG00000140795 0,812 1,257308618 0,624 0,63 0,01 

Ependymal CLIC6 ENSG00000159212 0,812 1,204604862 0,624 0,63 0,01 

Ependymal CCDC146 ENSG00000135205 0,94 1,775868277 0,88 0,94 0,33 

Ependymal SOX5 ENSG00000134532 0,859 1,179129609 0,718 0,97 0,35 

Ependymal TRMT9B ENSG00000250305 0,831 1,068429725 0,662 0,76 0,14 

Ependymal GJA1 ENSG00000152661 0,796 0,824219976 0,592 0,76 0,14 

Ependymal C8orf37-AS1 ENSG00000253773 0,822 1,374250045 0,644 0,71 0,1 

Ependymal CCDC81 ENSG00000149201 0,812 1,049029113 0,624 0,65 0,04 

Ependymal NEBL ENSG00000078114 0,87 1,258221256 0,74 0,98 0,36 

Ependymal C5AR1 ENSG00000197405 0,811 1,01141145 0,622 0,65 0,04 

Ependymal KIAA0825 ENSG00000185261 0,905 1,655306789 0,81 0,9 0,29 

Ependymal C5orf49 ENSG00000215217 0,81 0,987130317 0,62 0,63 0,02 

Ependymal NWD1 ENSG00000188039 0,807 1,118671908 0,614 0,68 0,07 

Ependymal DPP10 ENSG00000175497 0,89 1,89012931 0,78 0,93 0,32 

Ependymal HSPB8 ENSG00000152137 0,813 1,536422278 0,626 0,69 0,08 

Ependymal NSMF ENSG00000165802 0,824 0,975028771 0,648 0,76 0,15 

Ependymal KIAA1671 ENSG00000197077 0,83 1,021384518 0,66 0,8 0,2 

Ependymal ZBTB7C ENSG00000184828 0,816 1,067085521 0,632 0,75 0,14 

Ependymal SPATA18 ENSG00000163071 0,805 1,016887799 0,61 0,62 0,01 

Ependymal FMN2 ENSG00000155816 0,86 1,076302125 0,72 0,95 0,34 

Ependymal MARCH10 ENSG00000173838 0,809 1,0756067 0,618 0,64 0,04 

Ependymal CD99 ENSG00000002586 0,801 0,88092445 0,602 0,72 0,12 

Ependymal FAM81B ENSG00000153347 0,801 0,959816061 0,602 0,61 0,01 

Ependymal WLS ENSG00000116729 0,805 0,896400044 0,61 0,8 0,2 

Ependymal CFAP97D2 ENSG00000283361 0,801 0,974098542 0,602 0,61 0,01 

Ependymal KIF27 ENSG00000165115 0,865 1,182718719 0,73 0,85 0,25 

Ependymal FOXP2 ENSG00000128573 0,789 0,792212816 0,578 0,77 0,18 

Ependymal KCNN3 ENSG00000143603 0,807 0,737906201 0,614 0,81 0,22 

Ependymal CROCC2 ENSG00000226321 0,799 1,123138377 0,598 0,6 0 

Ependymal CEP112 ENSG00000154240 0,829 0,988159658 0,658 0,87 0,27 

Ependymal WWTR1 ENSG00000018408 0,829 1,147578042 0,658 0,83 0,23 

Ependymal TTC26 ENSG00000105948 0,817 1,011257285 0,634 0,7 0,11 

Ependymal SPAG16 ENSG00000144451 0,932 2,047599244 0,864 0,92 0,33 

Ependymal CNTN3 ENSG00000113805 0,813 1,127145444 0,626 0,77 0,18 

Ependymal NRG3 ENSG00000185737 0,804 0,855570836 0,608 0,98 0,39 

Ependymal AK7 ENSG00000140057 0,801 1,0060597 0,602 0,63 0,04 

Ependymal SDK1 ENSG00000146555 0,849 1,357832247 0,698 0,85 0,26 

Ependymal SLC6A16 ENSG00000063127 0,8 0,928569354 0,6 0,63 0,04 

Ependymal CCDC191 ENSG00000163617 0,827 0,918575121 0,654 0,77 0,19 

Ependymal GRAMD2B ENSG00000155324 0,862 1,162546894 0,724 0,92 0,34 

Ependymal COL8A1 ENSG00000144810 0,793 1,165453491 0,586 0,62 0,04 

Ependymal CSMD3 ENSG00000164796 0,816 0,895175646 0,632 0,93 0,35 

Ependymal DNAAF4 ENSG00000256061 0,812 0,951449207 0,624 0,71 0,12 

Ependymal AC007906.2 ENSG00000277639 0,791 1,018325377 0,582 0,58 0 

Ependymal CACHD1 ENSG00000158966 0,801 0,880081523 0,602 0,81 0,23 

Ependymal PLCE1 ENSG00000138193 0,794 0,829658111 0,588 0,74 0,16 

Ependymal NME5 ENSG00000112981 0,816 0,993955842 0,632 0,72 0,14 
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Ependymal C9orf135 ENSG00000204711 0,789 1,090889269 0,578 0,58 0,01 

Ependymal TTC23L ENSG00000205838 0,81 1,110603215 0,62 0,68 0,1 

Ependymal SOX9 ENSG00000125398 0,786 0,93103583 0,572 0,67 0,1 

Ependymal ZNF273 ENSG00000198039 0,817 1,018226924 0,634 0,73 0,16 

Ependymal TTC21A ENSG00000168026 0,8 0,898656453 0,6 0,66 0,09 

Ependymal KNDC1 ENSG00000171798 0,802 0,844034156 0,604 0,72 0,15 

Ependymal DYNC2H1 ENSG00000187240 0,945 1,781094208 0,89 0,96 0,39 

Ependymal LRP2BP ENSG00000109771 0,821 0,957008021 0,642 0,77 0,2 

Ependymal B3GLCT ENSG00000187676 0,793 0,920666304 0,586 0,68 0,11 

Ependymal C2orf73 ENSG00000177994 0,788 0,913288249 0,576 0,6 0,04 

Ependymal PARD3 ENSG00000148498 0,873 1,156822995 0,746 0,99 0,42 

Ependymal PPARGC1A ENSG00000109819 0,8 1,201362692 0,6 0,7 0,13 

Ependymal CNTNAP3B ENSG00000154529 0,799 0,990036978 0,598 0,75 0,19 

Ependymal GRIN2A ENSG00000183454 0,795 1,171477865 0,59 0,72 0,15 

Ependymal ZMYND10 ENSG00000004838 0,783 0,948632553 0,566 0,58 0,02 

Ependymal CABCOCO1 ENSG00000183346 0,791 0,969942814 0,582 0,66 0,1 

Ependymal FAM183A ENSG00000186973 0,78 0,833392645 0,56 0,56 0 

Ependymal TRPC6 ENSG00000137672 0,784 0,947354014 0,568 0,6 0,04 

Ependymal SLC7A11 ENSG00000151012 0,793 0,903816626 0,586 0,79 0,23 

Ependymal PTPRG ENSG00000144724 0,782 0,622730232 0,564 0,89 0,33 

Ependymal CFAP74 ENSG00000142609 0,782 0,863554608 0,564 0,58 0,02 

Ependymal GRAMD2A ENSG00000175318 0,782 1,104035599 0,564 0,58 0,02 

Ependymal CDS1 ENSG00000163624 0,796 0,922423001 0,592 0,66 0,1 

Ependymal BBOX1 ENSG00000129151 0,776 0,885035529 0,552 0,62 0,06 

Ependymal EXPH5 ENSG00000110723 0,779 0,983248097 0,558 0,61 0,05 

Ependymal ZFP36L1 ENSG00000185650 0,772 0,770329408 0,544 0,79 0,23 

Ependymal PITPNC1 ENSG00000154217 0,808 0,737383482 0,616 0,94 0,38 

Ependymal SORBS1 ENSG00000095637 0,886 1,367055105 0,772 0,97 0,41 

Ependymal IQUB ENSG00000164675 0,786 0,868105158 0,572 0,62 0,06 

Ependymal RASSF9 ENSG00000198774 0,777 0,920599678 0,554 0,57 0,01 

Ependymal CCDC175 ENSG00000151838 0,783 0,920112556 0,566 0,61 0,05 

Ependymal PCAT1 ENSG00000253438 0,789 1,424283356 0,578 0,64 0,09 

Ependymal WDR93 ENSG00000140527 0,776 0,884813566 0,552 0,56 0,01 

Ependymal AKAP13 ENSG00000170776 0,837 0,970061832 0,674 0,9 0,36 

Ependymal WDR19 ENSG00000157796 0,814 0,966616118 0,628 0,76 0,22 

Ependymal ENPEP ENSG00000138792 0,773 0,925245549 0,546 0,56 0,02 

Ependymal ADGRV1 ENSG00000164199 0,791 1,182527578 0,582 0,67 0,13 

Ependymal SSBP4 ENSG00000130511 0,789 0,850708523 0,578 0,68 0,13 

Ependymal AC004949.1 ENSG00000283117 0,774 1,567178066 0,548 0,56 0,02 

Ependymal DZANK1 ENSG00000089091 0,797 0,918195504 0,594 0,69 0,15 

Ependymal PLEKHA5 ENSG00000052126 0,913 1,511321287 0,826 0,97 0,43 

Ependymal TTC8 ENSG00000165533 0,793 0,886674011 0,586 0,69 0,16 

Ependymal DPY19L2 ENSG00000177990 0,787 0,867822284 0,574 0,71 0,17 

Ependymal ANTXR1 ENSG00000169604 0,785 0,850823882 0,57 0,74 0,21 

Ependymal ST8SIA1 ENSG00000111728 0,795 0,955738998 0,59 0,79 0,25 

Ependymal RSPH3 ENSG00000130363 0,786 0,853200815 0,572 0,66 0,12 

Ependymal C7orf57 ENSG00000164746 0,768 0,800724516 0,536 0,54 0 

Ependymal PRKG1 ENSG00000185532 0,767 0,831529738 0,534 0,79 0,26 

Ependymal NELFA ENSG00000185049 0,825 0,990294643 0,65 0,79 0,26 

Ependymal JHY ENSG00000109944 0,787 0,861190279 0,574 0,65 0,12 

Ependymal HPSE2 ENSG00000172987 0,759 0,901414064 0,518 0,69 0,16 

Ependymal TRAF3IP1 ENSG00000204104 0,798 0,905769788 0,596 0,72 0,19 

Ependymal RABL2A ENSG00000144134 0,792 0,93307074 0,584 0,69 0,16 

Ependymal CFAP300 ENSG00000137691 0,767 0,805641109 0,534 0,55 0,03 

Ependymal CAPSL ENSG00000152611 0,763 0,77972685 0,526 0,53 0 
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Ependymal FAM92B ENSG00000153789 0,763 0,790531355 0,526 0,53 0,01 

Ependymal CC2D2A ENSG00000048342 0,789 0,889544797 0,578 0,69 0,17 

Ependymal KIF9 ENSG00000088727 0,769 0,792152991 0,538 0,57 0,04 

Ependymal PTPN3 ENSG00000070159 0,762 0,817530978 0,524 0,54 0,02 

Ependymal STRBP ENSG00000165209 0,871 1,387544565 0,742 0,88 0,36 

Ependymal RAD9A ENSG00000172613 0,794 0,867267426 0,588 0,76 0,24 

Ependymal EFCAB2 ENSG00000203666 0,893 1,388371832 0,786 0,92 0,4 

Ependymal RIPOR2 ENSG00000111913 0,777 1,030137809 0,554 0,65 0,13 

Ependymal ANKRD45 ENSG00000183831 0,764 0,772485612 0,528 0,55 0,02 

Ependymal GPM6A ENSG00000150625 0,756 0,740836999 0,512 0,86 0,34 

Ependymal LRRC23 ENSG00000010626 0,779 0,81926431 0,558 0,66 0,14 

Ependymal FLACC1 ENSG00000155749 0,772 0,884365306 0,544 0,6 0,08 

Ependymal AC091078.1 ENSG00000257060 0,767 1,05578499 0,534 0,61 0,09 

Ependymal C11orf88 ENSG00000183644 0,76 0,818285186 0,52 0,52 0 

Ependymal FOS ENSG00000170345 0,766 1,190732233 0,532 0,59 0,07 

Ependymal PAWR ENSG00000177425 0,759 0,730566275 0,518 0,62 0,1 

Ependymal JUN ENSG00000177606 0,777 1,08382925 0,554 0,67 0,15 

Ependymal COLEC12 ENSG00000158270 0,756 0,834003556 0,512 0,63 0,12 

Ependymal CTNNA2 ENSG00000066032 0,832 1,015751618 0,664 0,98 0,46 

Ependymal STON2 ENSG00000140022 0,773 0,77792102 0,546 0,71 0,19 

Ependymal TGFBR3 ENSG00000069702 0,762 0,75928977 0,524 0,65 0,13 

Ependymal ANTXR2 ENSG00000163297 0,761 0,848672746 0,522 0,58 0,06 

Ependymal PPP1R14C ENSG00000198729 0,77 0,941609747 0,54 0,59 0,08 

Ependymal MED12L ENSG00000144893 0,782 0,87224637 0,564 0,79 0,28 

Ependymal AC093689.1 ENSG00000250597 0,757 0,792568373 0,514 0,52 0 

Ependymal FAM160A1 ENSG00000164142 0,758 1,042601443 0,516 0,53 0,02 

Ependymal FAM184A ENSG00000111879 0,798 1,148526244 0,596 0,72 0,21 

Ependymal STIM1 ENSG00000167323 0,79 1,001448619 0,58 0,74 0,23 

Ependymal CCDC180 ENSG00000197816 0,788 0,893826411 0,576 0,68 0,17 

Ependymal SYT17 ENSG00000103528 0,758 0,73387949 0,516 0,72 0,2 

Ependymal CD24 ENSG00000272398 0,758 0,958559912 0,516 0,53 0,02 

Ependymal IFT81 ENSG00000122970 0,777 0,798578803 0,554 0,66 0,15 

Ependymal RPGRIP1L ENSG00000103494 0,776 0,85170169 0,552 0,64 0,13 

Ependymal NFATC2 ENSG00000101096 0,747 0,843589527 0,494 0,63 0,12 

Ependymal PLEKHA7 ENSG00000166689 0,887 1,348984215 0,774 0,92 0,41 

Ependymal TACC2 ENSG00000138162 0,776 0,83884369 0,552 0,67 0,16 

Ependymal ECHDC2 ENSG00000121310 0,772 0,692259219 0,544 0,77 0,26 

Ependymal KIAA1257 ENSG00000114656 0,763 0,806574483 0,526 0,56 0,05 

Ependymal EFHB ENSG00000163576 0,76 0,817025099 0,52 0,55 0,05 

Ependymal SLC39A12 ENSG00000148482 0,75 0,828448673 0,5 0,57 0,07 

Ependymal ACSS3 ENSG00000111058 0,75 0,670374131 0,5 0,63 0,12 

Ependymal CEP83 ENSG00000173588 0,811 1,06477416 0,622 0,77 0,27 

Ependymal TTC25 ENSG00000204815 0,76 0,73789821 0,52 0,55 0,05 

Ependymal CFAP57 ENSG00000243710 0,754 0,738944581 0,508 0,52 0,01 

Ependymal HYDIN ENSG00000157423 0,97 2,220043231 0,94 0,97 0,47 

Ependymal DPYSL3 ENSG00000113657 0,765 0,833579225 0,53 0,67 0,16 

Ependymal TMEM47 ENSG00000147027 0,764 0,90804501 0,528 0,62 0,11 

Ependymal TCTN1 ENSG00000204852 0,763 0,761423788 0,526 0,62 0,12 

Ependymal MOB1B ENSG00000173542 0,787 0,915228596 0,574 0,73 0,23 

Ependymal KIAA1217 ENSG00000120549 0,742 0,649742539 0,484 0,75 0,25 

Ependymal NME9 ENSG00000181322 0,8 1,037394348 0,6 0,75 0,25 

Ependymal AL645937.2 ENSG00000227206 0,751 0,786399229 0,502 0,5 0 

Ependymal LAMA1 ENSG00000101680 0,747 0,757667007 0,494 0,58 0,08 

Ependymal STK32A ENSG00000169302 0,742 0,670916645 0,484 0,67 0,17 

Ependymal WDR60 ENSG00000126870 0,892 1,296991855 0,784 0,92 0,43 
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Ependymal KCNMA1 ENSG00000156113 0,797 0,739794525 0,594 0,95 0,45 

Ependymal ACACB ENSG00000076555 0,767 0,635691947 0,534 0,8 0,3 

Ependymal FBXO15 ENSG00000141665 0,764 0,869452452 0,528 0,6 0,11 

Ependymal COL6A2 ENSG00000142173 0,746 0,718970707 0,492 0,53 0,03 

Ependymal CCDC88C ENSG00000015133 0,756 0,793326839 0,512 0,57 0,07 

Ependymal CLHC1 ENSG00000162994 0,77 0,832090657 0,54 0,64 0,15 

Ependymal BCAR3 ENSG00000137936 0,749 0,646287881 0,498 0,71 0,21 

Ependymal SPEF1 ENSG00000101222 0,748 0,724782588 0,496 0,5 0,01 

Ependymal ABCC9 ENSG00000069431 0,744 0,714902451 0,488 0,55 0,06 

Ependymal CSPP1 ENSG00000104218 0,911 1,391476178 0,822 0,94 0,45 

Ependymal INTU ENSG00000164066 0,826 0,909141851 0,652 0,86 0,37 

Ependymal MAPK15 ENSG00000181085 0,746 0,69580291 0,492 0,49 0 

Ependymal ARHGAP18 ENSG00000146376 0,751 0,755377525 0,502 0,64 0,15 

Ependymal MIPEP ENSG00000027001 0,784 0,910026463 0,568 0,73 0,24 

Ependymal DNAJB1 ENSG00000132002 0,779 0,883765534 0,558 0,72 0,23 

Ependymal GRIA1 ENSG00000155511 0,735 0,696324603 0,47 0,63 0,14 

Ependymal ANKMY1 ENSG00000144504 0,781 0,845343589 0,562 0,72 0,23 

Ependymal AC234582.1 ENSG00000231064 0,744 0,729399413 0,488 0,52 0,03 

Ependymal RABL2B ENSG00000079974 0,763 0,747301884 0,526 0,62 0,13 

Ependymal NTRK2 ENSG00000148053 0,87 1,118823473 0,74 0,98 0,49 

Ependymal ZNRF3 ENSG00000183579 0,765 0,744449718 0,53 0,75 0,26 

Ependymal LCA5 ENSG00000135338 0,76 0,793254618 0,52 0,62 0,13 

Ependymal ITGB4 ENSG00000132470 0,734 0,594367268 0,468 0,62 0,13 

Ependymal ODF2L ENSG00000122417 0,825 1,035040963 0,65 0,83 0,34 

Ependymal NR2F1 ENSG00000175745 0,744 0,659685922 0,488 0,62 0,13 

Ependymal ZNF19 ENSG00000157429 0,745 0,81980082 0,49 0,51 0,03 

Ependymal MAK ENSG00000111837 0,757 0,748496202 0,514 0,61 0,13 

Ependymal COL6A1 ENSG00000142156 0,748 0,716303751 0,496 0,6 0,12 

Ependymal CCN1 ENSG00000142871 0,743 1,313729223 0,486 0,5 0,02 

Ependymal CFAP58 ENSG00000120051 0,742 0,852299144 0,484 0,49 0,01 

Ependymal CRISPLD1 ENSG00000121005 0,745 0,89853676 0,49 0,55 0,07 

Ependymal TSGA10 ENSG00000135951 0,855 1,349461556 0,71 0,85 0,37 

Ependymal ZNF487 ENSG00000243660 0,753 0,717272295 0,506 0,57 0,09 

Ependymal SYNE2 ENSG00000054654 0,74 0,624420051 0,48 0,63 0,14 

Ependymal BOC ENSG00000144857 0,733 0,59814224 0,466 0,6 0,12 

Ependymal SDK2 ENSG00000069188 0,753 0,829086491 0,506 0,59 0,11 

Ependymal NR2F1-AS1 ENSG00000237187 0,737 0,673642466 0,474 0,68 0,2 

Ependymal CERKL ENSG00000188452 0,741 0,75930821 0,482 0,49 0,01 

Ependymal OSBPL6 ENSG00000079156 0,74 0,690168439 0,48 0,72 0,25 

Ependymal TTC12 ENSG00000149292 0,749 0,72172846 0,498 0,6 0,12 

Ependymal MAOB ENSG00000069535 0,747 0,790593662 0,494 0,62 0,14 

Ependymal LMO2 ENSG00000135363 0,739 0,826018164 0,478 0,56 0,08 

Ependymal C9orf24 ENSG00000164972 0,748 0,79627305 0,496 0,54 0,07 

Ependymal DAAM1 ENSG00000100592 0,776 0,852430519 0,552 0,8 0,32 

Ependymal EML6 ENSG00000214595 0,759 0,822269804 0,518 0,72 0,24 

Ependymal PRR29 ENSG00000224383 0,737 0,794028742 0,474 0,48 0 

Ependymal IQCK ENSG00000174628 0,802 0,935666464 0,604 0,81 0,34 

Ependymal FOXJ1 ENSG00000129654 0,736 0,760737777 0,472 0,48 0,01 

Ependymal AGBL2 ENSG00000165923 0,736 0,725386982 0,472 0,48 0,01 

Ependymal AGT ENSG00000135744 0,734 0,729645789 0,468 0,59 0,12 

Ependymal KATNAL2 ENSG00000167216 0,787 0,950760961 0,574 0,77 0,3 

Ependymal SHROOM3 ENSG00000138771 0,738 0,772802507 0,476 0,57 0,1 

Ependymal CCDC57 ENSG00000176155 0,76 0,73614487 0,52 0,68 0,21 

Ependymal FGFR1OP ENSG00000213066 0,762 0,771196175 0,524 0,67 0,2 

Ependymal COL28A1 ENSG00000215018 0,754 1,167509166 0,508 0,58 0,11 
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Ependymal ARMC9 ENSG00000135931 0,773 0,756625475 0,546 0,77 0,3 

Ependymal AK9 ENSG00000155085 0,776 0,835570769 0,552 0,73 0,27 

Ependymal HSPA1B ENSG00000204388 0,752 0,907624303 0,504 0,67 0,21 

Ependymal PLOD2 ENSG00000152952 0,739 0,659447955 0,478 0,65 0,19 

Ependymal DZIP3 ENSG00000198919 0,795 0,804661616 0,59 0,83 0,37 

Ependymal ANKRD26 ENSG00000107890 0,844 1,035335354 0,688 0,88 0,42 

Ependymal ENKUR ENSG00000151023 0,734 0,69006597 0,468 0,5 0,04 

Ependymal FBXL2 ENSG00000153558 0,754 0,729641507 0,508 0,72 0,26 

Ependymal AC063979.2 ENSG00000251613 0,733 0,843988121 0,466 0,48 0,02 

Ependymal ID4 ENSG00000172201 0,732 0,711633586 0,464 0,53 0,07 

Ependymal DUSP18 ENSG00000167065 0,751 0,757248271 0,502 0,62 0,16 

Ependymal GNG12 ENSG00000172380 0,731 0,661914644 0,462 0,58 0,12 

Ependymal VIM ENSG00000026025 0,722 0,692823604 0,444 0,56 0,1 

Ependymal C20orf96 ENSG00000196476 0,735 0,656333732 0,47 0,52 0,06 

Ependymal ANXA1 ENSG00000135046 0,729 0,9829546 0,458 0,48 0,02 

Ependymal FSTL1 ENSG00000163430 0,73 0,642464272 0,46 0,54 0,08 

Ependymal PARD3B ENSG00000116117 0,922 1,430523538 0,844 0,98 0,52 

Ependymal HSPB1 ENSG00000106211 0,746 0,920917539 0,492 0,66 0,21 

Ependymal DAPK1 ENSG00000196730 0,732 0,648625415 0,464 0,65 0,19 

Ependymal FAM81A ENSG00000157470 0,744 0,775903465 0,488 0,58 0,12 

Ependymal CROCC ENSG00000058453 0,781 0,928240375 0,562 0,74 0,29 

Ependymal FAM182B ENSG00000175170 0,78 0,821406445 0,56 0,8 0,34 

Ependymal DNALI1 ENSG00000163879 0,731 0,629236204 0,462 0,49 0,04 

Ependymal MEIS2 ENSG00000134138 0,794 0,929040642 0,588 0,86 0,41 

Ependymal EFCAB11 ENSG00000140025 0,744 0,826563261 0,488 0,66 0,21 

Ependymal PROS1 ENSG00000184500 0,739 0,881380994 0,478 0,56 0,11 

Ependymal ANKDD1B ENSG00000189045 0,734 0,839011336 0,468 0,51 0,05 

Ependymal RIBC2 ENSG00000128408 0,727 0,646577224 0,454 0,46 0,01 

Ependymal WNK2 ENSG00000165238 0,725 0,614458114 0,45 0,63 0,18 

Ependymal PRKD1 ENSG00000184304 0,765 0,757728998 0,53 0,85 0,4 

Ependymal LEKR1 ENSG00000197980 0,732 0,84901465 0,464 0,51 0,06 

Ependymal OCA2 ENSG00000104044 0,73 0,882853303 0,46 0,49 0,04 

Ependymal DRC7 ENSG00000159625 0,726 0,67711745 0,452 0,46 0 

Ependymal AEBP1 ENSG00000106624 0,721 0,676058333 0,442 0,51 0,06 

Ependymal KCTD1 ENSG00000134504 0,748 0,766355865 0,496 0,7 0,25 

Ependymal PRICKLE2 ENSG00000163637 0,763 0,94634237 0,526 0,76 0,31 

Ependymal PHF21B ENSG00000056487 0,725 0,628518054 0,45 0,61 0,16 

Ependymal GALNS ENSG00000141012 0,734 0,672799735 0,468 0,55 0,1 

Ependymal TUBA4B ENSG00000243910 0,725 0,725388112 0,45 0,45 0 

Ependymal ECT2L ENSG00000203734 0,728 0,934484132 0,456 0,48 0,04 

Ependymal BAIAP2 ENSG00000175866 0,737 0,828117624 0,474 0,58 0,14 

Ependymal CATIP ENSG00000158428 0,723 0,643169254 0,446 0,45 0,01 

Ependymal COL5A1 ENSG00000130635 0,725 0,832430102 0,45 0,48 0,03 

Ependymal ENO4 ENSG00000188316 0,735 0,792163248 0,47 0,56 0,12 

Ependymal BICC1 ENSG00000122870 0,731 0,90190594 0,462 0,55 0,11 

Ependymal PTRH1 ENSG00000187024 0,726 0,630745533 0,452 0,49 0,05 

Ependymal TPPP3 ENSG00000159713 0,739 0,900629982 0,478 0,6 0,16 

Ependymal TUSC3 ENSG00000104723 0,726 0,669091267 0,452 0,59 0,15 

Ependymal DDAH1 ENSG00000153904 0,733 0,719214021 0,466 0,64 0,2 

Ependymal NME7 ENSG00000143156 0,776 0,859995721 0,552 0,78 0,34 

Ependymal STOX1 ENSG00000165730 0,723 0,607669869 0,446 0,53 0,09 

Ependymal PPP1R15A ENSG00000087074 0,724 0,909492663 0,448 0,49 0,05 

Ependymal AC046134.2 ENSG00000248932 0,762 0,710486058 0,524 0,81 0,37 

Ependymal IFT122 ENSG00000163913 0,738 0,668971619 0,476 0,62 0,18 

Ependymal LINC00880 ENSG00000243629 0,72 0,744290653 0,44 0,46 0,02 
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Ependymal DNAH1 ENSG00000114841 0,729 0,624351458 0,458 0,55 0,11 

Ependymal IFT88 ENSG00000032742 0,804 0,881283938 0,608 0,85 0,41 

Ependymal ERICH3 ENSG00000178965 0,73 0,732990162 0,46 0,52 0,09 

Ependymal TCF7L1 ENSG00000152284 0,713 0,633827398 0,426 0,55 0,11 

Ependymal TCF7L2 ENSG00000148737 0,762 0,69571044 0,524 0,86 0,43 

Ependymal FAM167A-AS1 ENSG00000184608 0,719 0,715194244 0,438 0,45 0,02 

Ependymal OSMR-AS1 ENSG00000249740 0,714 0,601600911 0,428 0,52 0,08 

Ependymal TNIK ENSG00000154310 0,783 0,74783152 0,566 0,94 0,5 

Ependymal HAGHL ENSG00000103253 0,734 0,703953045 0,468 0,59 0,15 

Ependymal AC110023.1 ENSG00000258631 0,724 1,077486506 0,448 0,52 0,09 

Ependymal REEP1 ENSG00000068615 0,726 0,706403064 0,452 0,58 0,14 

Ependymal HSPH1 ENSG00000120694 0,787 1,148054693 0,574 0,78 0,35 

Ependymal SUN1 ENSG00000164828 0,782 0,757168752 0,564 0,79 0,35 

Ependymal UBXN11 ENSG00000158062 0,721 0,596964785 0,442 0,47 0,04 

Ependymal LINC00271 ENSG00000231028 0,731 0,812189811 0,462 0,58 0,14 

Ependymal MYO5C ENSG00000128833 0,72 0,776687289 0,44 0,5 0,07 

Ependymal DNAJB13 ENSG00000187726 0,717 0,606422962 0,434 0,44 0,01 

Ependymal DCLK2 ENSG00000170390 0,754 0,744588897 0,508 0,82 0,38 

Ependymal PHTF1 ENSG00000116793 0,731 0,66096666 0,462 0,6 0,17 

Ependymal NADK2 ENSG00000152620 0,734 0,674674001 0,468 0,63 0,2 

Ependymal CLYBL ENSG00000125246 0,73 0,769321114 0,46 0,6 0,16 

Ependymal TEAD1 ENSG00000187079 0,826 0,970838995 0,652 0,91 0,48 

Ependymal C1orf158 ENSG00000157330 0,715 0,710226984 0,43 0,43 0 

Ependymal ST5 ENSG00000166444 0,728 0,636316799 0,456 0,67 0,24 

Ependymal BMP7 ENSG00000101144 0,721 0,596906301 0,442 0,61 0,18 

Ependymal LMLN ENSG00000185621 0,732 0,671372974 0,464 0,57 0,14 

Ependymal HIPK1 ENSG00000163349 0,74 0,715885919 0,48 0,65 0,22 

Ependymal FRMD6 ENSG00000139926 0,72 0,698921576 0,44 0,55 0,12 

Ependymal MORN1 ENSG00000116151 0,718 0,616216403 0,436 0,48 0,06 

Ependymal CLU ENSG00000120885 0,903 1,542070405 0,806 0,97 0,55 

Ependymal TOB1 ENSG00000141232 0,737 0,970789292 0,474 0,59 0,17 

Ependymal CRLF1 ENSG00000006016 0,72 0,724152892 0,44 0,5 0,07 

Ependymal COL4A6 ENSG00000197565 0,712 0,711867116 0,424 0,44 0,01 

Ependymal SYNE1 ENSG00000131018 0,94 1,608089834 0,88 0,99 0,57 

Ependymal IFT140 ENSG00000187535 0,722 0,592561511 0,444 0,55 0,13 

Ependymal LRRC74B ENSG00000187905 0,712 0,669499902 0,424 0,43 0,01 

Ependymal NSUN7 ENSG00000179299 0,713 0,660243492 0,426 0,45 0,03 

Ependymal LRRC46 ENSG00000141294 0,711 0,60428762 0,422 0,43 0 

Ependymal CCDC113 ENSG00000103021 0,714 0,634987121 0,428 0,46 0,04 

Ependymal CELSR1 ENSG00000075275 0,711 0,630760743 0,422 0,44 0,02 

Ependymal AC016705.2 ENSG00000259495 0,724 0,6932755 0,448 0,58 0,16 

Ependymal IFT43 ENSG00000119650 0,746 0,664232762 0,492 0,71 0,29 

Ependymal GALNT8 ENSG00000130035 0,722 0,699894268 0,444 0,54 0,12 

Ependymal FGFR1 ENSG00000077782 0,728 0,624436044 0,456 0,68 0,27 

Ependymal ASPH ENSG00000198363 0,77 0,738238746 0,54 0,85 0,43 

Ependymal DSE ENSG00000111817 0,751 0,763458773 0,502 0,75 0,33 

Ependymal FSIP1 ENSG00000150667 0,717 0,775854236 0,434 0,49 0,07 

Ependymal DENND6B ENSG00000205593 0,719 0,656430826 0,438 0,51 0,1 

Ependymal FAT1 ENSG00000083857 0,72 0,732760378 0,44 0,57 0,16 

Ependymal LTBP1 ENSG00000049323 0,714 0,685973545 0,428 0,61 0,2 

Ependymal PALLD ENSG00000129116 0,718 0,679147453 0,436 0,64 0,22 

Ependymal TGFB2 ENSG00000092969 0,705 0,643131914 0,41 0,5 0,09 

Ependymal MUSK ENSG00000030304 0,707 0,733174412 0,414 0,44 0,03 

Ependymal ROR1 ENSG00000185483 0,705 0,772811759 0,41 0,52 0,11 

Ependymal CDC14A ENSG00000079335 0,701 0,608458493 0,402 0,57 0,16 
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Ependymal STXBP4 ENSG00000166263 0,728 0,683396658 0,456 0,66 0,25 

Ependymal CST3 ENSG00000101439 0,71 0,693113814 0,42 0,76 0,35 

Ependymal PIFO ENSG00000173947 0,704 0,58585111 0,408 0,41 0,01 

Ependymal METRN ENSG00000103260 0,744 0,74563816 0,488 0,75 0,34 

Ependymal LINC00907 ENSG00000267586 0,714 1,378390019 0,428 0,5 0,1 

Ependymal RALGPS2 ENSG00000116191 0,706 0,602823429 0,412 0,6 0,2 

Ependymal WDR86 ENSG00000187260 0,703 0,657435804 0,406 0,41 0,01 

Ependymal ANKUB1 ENSG00000206199 0,737 1,09747125 0,474 0,61 0,21 

Ependymal MIR4300HG ENSG00000245832 0,719 1,224257668 0,438 0,57 0,17 

Ependymal CRNDE ENSG00000245694 0,711 0,585693865 0,422 0,59 0,19 

Ependymal DGLUCY ENSG00000133943 0,766 0,77518583 0,532 0,81 0,41 

Ependymal HIPK3 ENSG00000110422 0,78 0,782249061 0,56 0,83 0,43 

Ependymal TUBB4B ENSG00000188229 0,723 0,890715418 0,446 0,58 0,18 

Ependymal NFIB ENSG00000147862 0,755 0,659093294 0,51 0,91 0,51 

Ependymal LCLAT1 ENSG00000172954 0,719 0,64097075 0,438 0,62 0,22 

Ependymal BCO2 ENSG00000197580 0,719 0,599727082 0,438 0,6 0,21 

Ependymal SYNGAP1 ENSG00000197283 0,711 0,591158358 0,422 0,52 0,13 

Ependymal HSPD1 ENSG00000144381 0,739 0,814622848 0,478 0,7 0,3 

Ependymal UBE3D ENSG00000118420 0,751 0,984241137 0,502 0,71 0,32 

Ependymal MAN1C1 ENSG00000117643 0,714 0,659369748 0,428 0,65 0,26 

Ependymal LINC00535 ENSG00000246662 0,701 0,598576535 0,402 0,49 0,1 

Ependymal KIAA0556 ENSG00000047578 0,736 0,674016418 0,472 0,71 0,32 

Ependymal ZFHX2 ENSG00000136367 0,714 0,591010544 0,428 0,59 0,21 

Ependymal C11orf49 ENSG00000149179 0,774 0,786111591 0,548 0,84 0,45 

Ependymal CAPS2 ENSG00000180881 0,743 0,644619797 0,486 0,83 0,44 

Ependymal SUGCT ENSG00000175600 0,707 0,720597745 0,414 0,57 0,18 

Ependymal CNTRL ENSG00000119397 0,732 0,648893405 0,464 0,74 0,35 

Ependymal IFT172 ENSG00000138002 0,744 0,675690507 0,488 0,73 0,35 

Ependymal RFX3-AS1 ENSG00000232104 0,722 0,650973064 0,444 0,76 0,38 

Ependymal CDKL3 ENSG00000006837 0,715 0,589283016 0,43 0,66 0,28 

Ependymal CCDC148 ENSG00000153237 0,706 0,678373604 0,412 0,57 0,18 

Ependymal DOCK7 ENSG00000116641 0,72 0,592611227 0,44 0,77 0,39 

Ependymal RHOXF1-AS1 ENSG00000258545 0,701 0,592826815 0,402 0,51 0,13 

Ependymal CCDC138 ENSG00000163006 0,707 0,656786417 0,414 0,61 0,24 

Ependymal TTLL5 ENSG00000119685 0,774 0,722091607 0,548 0,88 0,52 

Ependymal PHACTR1 ENSG00000112137 0,77 0,670021093 0,54 0,92 0,56 

Ependymal CMSS1 ENSG00000184220 0,752 0,898010977 0,504 0,8 0,46 

Ependymal ARNT2 ENSG00000172379 0,748 0,678066861 0,496 0,86 0,52 

Ependymal SRGAP3 ENSG00000196220 0,762 0,666706695 0,524 0,92 0,58 

Ependymal RFX3 ENSG00000080298 0,958 1,550950967 0,916 0,99 0,67 

Ependymal PTGES3 ENSG00000110958 0,759 0,871890276 0,518 0,81 0,49 

Ependymal ITGB8 ENSG00000105855 0,731 0,604959599 0,462 0,87 0,56 

Ependymal DPP6 ENSG00000130226 0,812 0,827587537 0,624 0,98 0,68 

Ependymal MAML2 ENSG00000184384 0,764 0,67282152 0,528 0,96 0,65 

Ependymal MAPK10 ENSG00000109339 0,922 1,231518389 0,844 0,99 0,69 

Ependymal TRPS1 ENSG00000104447 0,823 0,876366553 0,646 0,97 0,67 

Ependymal UBC ENSG00000150991 0,764 0,856703618 0,528 0,86 0,56 

Ependymal CKB ENSG00000166165 0,725 0,725297546 0,45 0,86 0,56 

Ependymal TLN2 ENSG00000171914 0,727 0,822715389 0,454 0,82 0,53 

Ependymal LIFR ENSG00000113594 0,726 0,589247412 0,452 0,9 0,63 

Ependymal LDLRAD4 ENSG00000168675 0,796 0,700832933 0,592 0,96 0,69 

Ependymal EVI5 ENSG00000067208 0,734 0,602330892 0,468 0,86 0,6 

Ependymal MSI2 ENSG00000153944 0,936 1,420196003 0,872 0,99 0,73 

Ependymal PDE4DIP ENSG00000178104 0,783 0,74275249 0,566 0,96 0,7 

Ependymal ARHGAP5 ENSG00000100852 0,736 0,593741266 0,472 0,89 0,64 
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Ependymal MPDZ ENSG00000107186 0,747 0,641731844 0,494 0,89 0,65 

Ependymal KAZN ENSG00000189337 0,735 0,830717534 0,47 0,91 0,67 

Ependymal BBS9 ENSG00000122507 0,742 0,628588476 0,484 0,9 0,67 

Ependymal PPP1R12B ENSG00000077157 0,876 1,076343031 0,752 0,97 0,74 

Ependymal DTNA ENSG00000134769 0,837 0,799701127 0,674 0,99 0,76 

Ependymal AKAP9 ENSG00000127914 0,759 0,619817434 0,518 0,93 0,71 

Ependymal TMEM161B-AS1 ENSG00000247828 0,711 0,587948878 0,422 0,89 0,67 

Ependymal SSBP2 ENSG00000145687 0,776 0,664457187 0,552 0,96 0,75 

Ependymal NFIA ENSG00000162599 0,803 0,682544109 0,606 0,98 0,82 

Ependymal MIR99AHG ENSG00000215386 0,871 1,007117353 0,742 0,98 0,82 

Ependymal HSP90AA1 ENSG00000080824 0,839 1,413441761 0,678 0,96 0,83 

Ependymal WWOX ENSG00000186153 0,84 0,855489244 0,68 0,99 0,88 

CADPS2+ neurons UNC13C ENSG00000137766 0,99 2,777175102 0,98 0,99 0,1 

CADPS2+ neurons RBFOX3 ENSG00000167281 0,977 2,47934312 0,954 0,97 0,1 

CADPS2+ neurons ZNF385D ENSG00000151789 0,985 3,208041293 0,97 0,98 0,15 

CADPS2+ neurons SYT1 ENSG00000067715 0,946 1,951045928 0,892 0,99 0,18 

CADPS2+ neurons CDH18 ENSG00000145526 0,975 2,523615503 0,95 0,99 0,19 

CADPS2+ neurons RELN ENSG00000189056 0,947 2,31028535 0,894 0,92 0,11 

CADPS2+ neurons CAMK4 ENSG00000152495 0,962 2,487741773 0,924 0,94 0,15 

CADPS2+ neurons GALNT17 ENSG00000185274 0,955 2,076377322 0,91 0,95 0,16 

CADPS2+ neurons ZNF385B ENSG00000144331 0,931 2,147834852 0,862 0,91 0,12 

CADPS2+ neurons GABRB2 ENSG00000145864 0,936 2,146970592 0,872 0,91 0,12 

CADPS2+ neurons SLIT3 ENSG00000184347 0,918 2,0997395 0,836 0,87 0,09 

CADPS2+ neurons KCNJ3 ENSG00000162989 0,954 2,181757234 0,908 0,94 0,16 

CADPS2+ neurons EPHA6 ENSG00000080224 0,916 1,893206344 0,832 0,91 0,14 

CADPS2+ neurons CA10 ENSG00000154975 0,927 1,863482614 0,854 0,94 0,17 

CADPS2+ neurons CADPS2 ENSG00000081803 0,982 2,605175186 0,964 0,98 0,21 

CADPS2+ neurons MCTP1 ENSG00000175471 0,947 2,105098657 0,894 0,94 0,17 

CADPS2+ neurons SPHKAP ENSG00000153820 0,893 1,724963498 0,786 0,83 0,07 

CADPS2+ neurons ETV1 ENSG00000006468 0,913 1,984433417 0,826 0,86 0,1 

CADPS2+ neurons SRRM4 ENSG00000139767 0,915 1,889212739 0,83 0,86 0,11 

CADPS2+ neurons CNTN4 ENSG00000144619 0,904 1,542723997 0,808 0,93 0,18 

CADPS2+ neurons STXBP5L ENSG00000145087 0,979 2,258784124 0,958 0,99 0,24 

CADPS2+ neurons SH3GL2 ENSG00000107295 0,932 2,018139739 0,864 0,92 0,17 

CADPS2+ neurons FSTL5 ENSG00000168843 0,984 2,648378905 0,968 0,98 0,24 

CADPS2+ neurons SNAP25 ENSG00000132639 0,97 2,093971667 0,94 0,98 0,24 

CADPS2+ neurons GRM4 ENSG00000124493 0,893 1,832618989 0,786 0,8 0,06 

CADPS2+ neurons RIMS2 ENSG00000176406 0,896 1,549625106 0,792 0,96 0,22 

CADPS2+ neurons ATP8A2 ENSG00000132932 0,923 1,766792193 0,846 0,93 0,2 

CADPS2+ neurons GRM1 ENSG00000152822 0,893 1,848514542 0,786 0,83 0,11 

CADPS2+ neurons RALYL ENSG00000184672 0,953 1,993854351 0,906 0,99 0,27 

CADPS2+ neurons TRMT9B ENSG00000250305 0,91 1,84491925 0,82 0,87 0,15 

CADPS2+ neurons SCN2A ENSG00000136531 0,929 1,820666991 0,858 0,92 0,21 

CADPS2+ neurons CACNA1A ENSG00000141837 0,97 2,003253922 0,94 0,99 0,29 

CADPS2+ neurons TRPM3 ENSG00000083067 0,861 1,041799208 0,722 0,97 0,27 

CADPS2+ neurons FGF14 ENSG00000102466 0,975 2,31710241 0,95 0,99 0,29 

CADPS2+ neurons SV2B ENSG00000185518 0,87 1,829235518 0,74 0,77 0,07 

CADPS2+ neurons OPCML ENSG00000183715 0,854 1,217549447 0,708 0,93 0,23 

CADPS2+ neurons AC007614.1 ENSG00000279249 0,859 1,770834481 0,718 0,73 0,04 

CADPS2+ neurons KCND2 ENSG00000184408 0,952 2,086957059 0,904 0,98 0,3 

CADPS2+ neurons RIMS1 ENSG00000079841 0,97 2,216184966 0,94 0,98 0,29 

CADPS2+ neurons GRIK2 ENSG00000164418 0,96 2,022130531 0,92 0,99 0,31 

CADPS2+ neurons PLCB4 ENSG00000101333 0,906 1,567689011 0,812 0,93 0,25 

CADPS2+ neurons RIT2 ENSG00000152214 0,875 1,977454083 0,75 0,8 0,12 

CADPS2+ neurons SRRM3 ENSG00000177679 0,865 1,39402854 0,73 0,83 0,15 
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CADPS2+ neurons TRHDE ENSG00000072657 0,858 1,634281126 0,716 0,77 0,09 

CADPS2+ neurons KCNIP4 ENSG00000185774 0,915 1,84229616 0,83 0,97 0,29 

CADPS2+ neurons ZFPM2 ENSG00000169946 0,942 2,020875624 0,884 0,97 0,3 

CADPS2+ neurons RYR2 ENSG00000198626 0,926 1,600233899 0,852 0,97 0,3 

CADPS2+ neurons UBASH3B ENSG00000154127 0,882 1,777778513 0,764 0,82 0,15 

CADPS2+ neurons MYT1L ENSG00000186487 0,837 1,200908307 0,674 0,84 0,18 

CADPS2+ neurons SLC35F4 ENSG00000151812 0,849 1,734475227 0,698 0,75 0,09 

CADPS2+ neurons CNKSR2 ENSG00000149970 0,896 1,76927157 0,792 0,86 0,2 

CADPS2+ neurons MTCL1 ENSG00000168502 0,911 1,830723157 0,822 0,87 0,21 

CADPS2+ neurons ARPP21 ENSG00000172995 0,881 1,493840122 0,762 0,9 0,25 

CADPS2+ neurons NMNAT2 ENSG00000157064 0,872 1,509145594 0,744 0,83 0,17 

CADPS2+ neurons TMEM178A ENSG00000152154 0,871 1,490600331 0,742 0,81 0,17 

CADPS2+ neurons SYN2 ENSG00000157152 0,841 1,315237403 0,682 0,79 0,16 

CADPS2+ neurons ABLIM1 ENSG00000099204 0,913 1,578935198 0,826 0,94 0,31 

CADPS2+ neurons SYNPR ENSG00000163630 0,826 1,596406008 0,652 0,7 0,07 

CADPS2+ neurons DLGAP1 ENSG00000170579 0,879 1,356443192 0,758 0,93 0,29 

CADPS2+ neurons TENM1 ENSG00000009694 0,853 1,69100763 0,706 0,78 0,15 

CADPS2+ neurons CNTN1 ENSG00000018236 0,876 1,327020006 0,752 0,97 0,35 

CADPS2+ neurons TLL1 ENSG00000038295 0,818 1,62893443 0,636 0,66 0,04 

CADPS2+ neurons CCSER1 ENSG00000184305 0,878 1,565657023 0,756 0,92 0,3 

CADPS2+ neurons EPHB1 ENSG00000154928 0,858 1,480898711 0,716 0,81 0,19 

CADPS2+ neurons PTPRR ENSG00000153233 0,831 1,513183879 0,662 0,72 0,1 

CADPS2+ neurons MTUS2 ENSG00000132938 0,822 1,30860874 0,644 0,74 0,13 

CADPS2+ neurons MDGA1 ENSG00000112139 0,819 1,245227912 0,638 0,67 0,06 

CADPS2+ neurons ATP2B2 ENSG00000157087 0,854 1,369579412 0,708 0,83 0,23 

CADPS2+ neurons PATJ ENSG00000132849 0,92 1,688138704 0,84 0,92 0,32 

CADPS2+ neurons PCLO ENSG00000186472 0,944 1,761554965 0,888 0,97 0,37 

CADPS2+ neurons PDE3B ENSG00000152270 0,841 1,473390184 0,682 0,8 0,21 

CADPS2+ neurons IL16 ENSG00000172349 0,803 1,379980625 0,606 0,63 0,05 

CADPS2+ neurons SEL1L3 ENSG00000091490 0,804 1,415429278 0,608 0,64 0,06 

CADPS2+ neurons ANK1 ENSG00000029534 0,814 1,385323876 0,628 0,69 0,11 

CADPS2+ neurons KSR2 ENSG00000171435 0,816 1,213782528 0,632 0,77 0,19 

CADPS2+ neurons FGF12 ENSG00000114279 0,788 0,900804714 0,576 0,82 0,24 

CADPS2+ neurons NDRG4 ENSG00000103034 0,83 1,347652309 0,66 0,73 0,15 

CADPS2+ neurons CLVS2 ENSG00000146352 0,812 1,542385605 0,624 0,67 0,1 

CADPS2+ neurons EPB41 ENSG00000159023 0,839 1,370986757 0,678 0,78 0,21 

CADPS2+ neurons UNC80 ENSG00000144406 0,811 1,109186903 0,622 0,8 0,23 

CADPS2+ neurons PLCXD3 ENSG00000182836 0,809 1,451589916 0,618 0,68 0,12 

CADPS2+ neurons PDE1A ENSG00000115252 0,914 1,621042322 0,828 0,95 0,38 

CADPS2+ neurons MYRIP ENSG00000170011 0,842 1,131650888 0,684 0,86 0,3 

CADPS2+ neurons FAT2 ENSG00000086570 0,782 1,368735206 0,564 0,57 0,01 

CADPS2+ neurons NRXN1 ENSG00000179915 0,932 1,542046815 0,864 1 0,44 

CADPS2+ neurons LINC01798 ENSG00000232046 0,781 1,447516188 0,562 0,57 0,01 

CADPS2+ neurons RUNX1T1 ENSG00000079102 0,847 1,387376059 0,694 0,85 0,3 

CADPS2+ neurons PAK5 ENSG00000101349 0,812 1,452446843 0,624 0,69 0,14 

CADPS2+ neurons NTRK3 ENSG00000140538 0,803 0,95600179 0,606 0,86 0,31 

CADPS2+ neurons SPTBN4 ENSG00000160460 0,82 1,14172363 0,64 0,8 0,26 

CADPS2+ neurons NRG1 ENSG00000157168 0,78 1,247321151 0,56 0,7 0,16 

CADPS2+ neurons MICAL2 ENSG00000133816 0,815 1,413465944 0,63 0,69 0,15 

CADPS2+ neurons OLFM3 ENSG00000118733 0,79 1,255049656 0,58 0,68 0,15 

CADPS2+ neurons TIAM1 ENSG00000156299 0,993 2,249162453 0,986 1 0,47 

CADPS2+ neurons RGS7 ENSG00000182901 0,907 1,521579769 0,814 0,96 0,43 

CADPS2+ neurons CELF4 ENSG00000101489 0,775 1,132802599 0,55 0,68 0,15 

CADPS2+ neurons RBFOX1 ENSG00000078328 0,939 1,659087428 0,878 1 0,47 

CADPS2+ neurons LINC00599 ENSG00000253230 0,787 1,20496658 0,574 0,63 0,1 
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CADPS2+ neurons GRIN2A ENSG00000183454 0,784 1,260847342 0,568 0,68 0,16 

CADPS2+ neurons CALN1 ENSG00000183166 0,923 1,613049895 0,846 0,97 0,45 

CADPS2+ neurons DGKG ENSG00000058866 0,777 0,793123841 0,554 0,8 0,28 

CADPS2+ neurons AFF3 ENSG00000144218 0,84 1,133324606 0,68 0,9 0,38 

CADPS2+ neurons CDH22 ENSG00000149654 0,772 1,250915601 0,544 0,58 0,07 

CADPS2+ neurons ZNF521 ENSG00000198795 0,91 1,555541046 0,82 0,93 0,41 

CADPS2+ neurons VWC2 ENSG00000188730 0,775 1,345885903 0,55 0,63 0,11 

CADPS2+ neurons CADPS ENSG00000163618 0,755 0,716869349 0,51 0,76 0,25 

CADPS2+ neurons XKR6 ENSG00000171044 0,837 1,243804748 0,674 0,88 0,38 

CADPS2+ neurons STMN2 ENSG00000104435 0,769 1,118692197 0,538 0,63 0,12 

CADPS2+ neurons NEBL ENSG00000078114 0,779 0,818619524 0,558 0,88 0,37 

CADPS2+ neurons CAMK2B ENSG00000058404 0,78 1,088973388 0,56 0,68 0,18 

CADPS2+ neurons TMEM266 ENSG00000169758 0,77 1,392710289 0,54 0,58 0,08 

CADPS2+ neurons PKIB ENSG00000135549 0,764 1,239929415 0,528 0,57 0,07 

CADPS2+ neurons ZNF804A ENSG00000170396 0,772 1,482431553 0,544 0,65 0,15 

CADPS2+ neurons EBF1 ENSG00000164330 0,757 1,043877149 0,514 0,65 0,15 

CADPS2+ neurons MAP2 ENSG00000078018 0,799 0,876222562 0,598 0,9 0,41 

CADPS2+ neurons PPFIA4 ENSG00000143847 0,769 1,217616583 0,538 0,59 0,1 

CADPS2+ neurons ZIC1 ENSG00000152977 0,766 1,081667899 0,532 0,64 0,15 

CADPS2+ neurons ZBTB18 ENSG00000179456 0,772 1,175107218 0,544 0,62 0,13 

CADPS2+ neurons NHSL2 ENSG00000204131 0,763 1,252097596 0,526 0,58 0,11 

CADPS2+ neurons FRY ENSG00000073910 0,819 1,16009727 0,638 0,83 0,36 

CADPS2+ neurons CACNA1B ENSG00000148408 0,74 0,829502995 0,48 0,66 0,18 

CADPS2+ neurons AKAP12 ENSG00000131016 0,766 1,04457593 0,532 0,66 0,19 

CADPS2+ neurons SNAP91 ENSG00000065609 0,799 1,045525401 0,598 0,81 0,34 

CADPS2+ neurons AC092957.1 ENSG00000243620 0,742 1,726616911 0,484 0,53 0,06 

CADPS2+ neurons MSRA ENSG00000175806 0,967 1,924720338 0,934 0,98 0,51 

CADPS2+ neurons LHFPL6 ENSG00000183722 0,774 0,807292673 0,548 0,86 0,39 

CADPS2+ neurons GABBR2 ENSG00000136928 0,752 1,095051228 0,504 0,61 0,14 

CADPS2+ neurons C1orf21 ENSG00000116667 0,771 0,946298144 0,542 0,71 0,24 

CADPS2+ neurons TSPAN9 ENSG00000011105 0,751 1,135777672 0,502 0,58 0,11 

CADPS2+ neurons SCN8A ENSG00000196876 0,771 1,022719919 0,542 0,69 0,23 

CADPS2+ neurons PCBP3 ENSG00000183570 0,779 1,02077101 0,558 0,71 0,25 

CADPS2+ neurons GRID2 ENSG00000152208 0,844 0,969150871 0,688 0,98 0,52 

CADPS2+ neurons CFAP299 ENSG00000197826 0,734 1,084444667 0,468 0,51 0,05 

CADPS2+ neurons GPR158 ENSG00000151025 0,802 1,26926028 0,604 0,78 0,32 

CADPS2+ neurons ARHGAP44 ENSG00000006740 0,758 1,096229211 0,516 0,66 0,2 

CADPS2+ neurons GRAMD1B ENSG00000023171 0,774 1,068856908 0,548 0,71 0,26 

CADPS2+ neurons PDE10A ENSG00000112541 0,773 1,258545359 0,546 0,72 0,27 

CADPS2+ neurons LRCH1 ENSG00000136141 0,767 0,855360081 0,534 0,75 0,3 

CADPS2+ neurons SGCZ ENSG00000185053 0,731 1,041250763 0,462 0,64 0,2 

CADPS2+ neurons KCNH7 ENSG00000184611 0,735 1,225311505 0,47 0,57 0,13 

CADPS2+ neurons CACNB2 ENSG00000165995 0,736 0,768758949 0,472 0,73 0,29 

CADPS2+ neurons ADD2 ENSG00000075340 0,745 1,007405123 0,49 0,57 0,13 

CADPS2+ neurons IQSEC3 ENSG00000120645 0,738 1,02558318 0,476 0,54 0,11 

CADPS2+ neurons KCNK1 ENSG00000135750 0,781 1,14363409 0,562 0,71 0,27 

CADPS2+ neurons PLD5 ENSG00000180287 0,82 1,165399902 0,64 0,86 0,42 

CADPS2+ neurons KCND3 ENSG00000171385 0,752 1,126814758 0,504 0,64 0,21 

CADPS2+ neurons CDON ENSG00000064309 0,744 1,188474489 0,488 0,55 0,12 

CADPS2+ neurons LIMA1 ENSG00000050405 0,795 1,347953085 0,59 0,7 0,27 

CADPS2+ neurons CCDC175 ENSG00000151838 0,726 1,131420882 0,452 0,49 0,06 

CADPS2+ neurons WSCD2 ENSG00000075035 0,726 1,025614162 0,452 0,48 0,05 

CADPS2+ neurons TUSC3 ENSG00000104723 0,739 0,975747557 0,478 0,58 0,15 

CADPS2+ neurons CLIP1 ENSG00000130779 0,82 1,138976672 0,64 0,81 0,38 

CADPS2+ neurons EXPH5 ENSG00000110723 0,718 1,044236687 0,436 0,48 0,06 

110 Results



CADPS2+ neurons ARHGAP29 ENSG00000137962 0,717 0,658605438 0,434 0,57 0,14 

CADPS2+ neurons SEZ6L ENSG00000100095 0,718 0,899611452 0,436 0,6 0,18 

CADPS2+ neurons ADAM22 ENSG00000008277 0,839 1,277336287 0,678 0,83 0,4 

CADPS2+ neurons KCNC1 ENSG00000129159 0,732 0,918286412 0,464 0,53 0,11 

CADPS2+ neurons ALS2 ENSG00000003393 0,782 1,172662254 0,564 0,69 0,27 

CADPS2+ neurons GPRIN3 ENSG00000185477 0,731 0,973825999 0,462 0,58 0,16 

CADPS2+ neurons ZFYVE28 ENSG00000159733 0,779 1,086869824 0,558 0,72 0,3 

CADPS2+ neurons MMP24 ENSG00000125966 0,736 1,081095847 0,472 0,54 0,13 

CADPS2+ neurons STXBP1 ENSG00000136854 0,777 1,003458479 0,554 0,73 0,31 

CADPS2+ neurons SYNE1 ENSG00000131018 0,942 1,664489256 0,884 0,98 0,57 

CADPS2+ neurons SHROOM3 ENSG00000138771 0,716 0,950792127 0,432 0,52 0,11 

CADPS2+ neurons PLCL2 ENSG00000154822 0,743 0,936467887 0,486 0,64 0,24 

CADPS2+ neurons SNAP25-AS1 ENSG00000227906 0,722 1,035959409 0,444 0,51 0,1 

CADPS2+ neurons DNM1 ENSG00000106976 0,727 0,874696028 0,454 0,59 0,19 

CADPS2+ neurons ADAMTS16 ENSG00000145536 0,706 1,077010064 0,412 0,43 0,02 

CADPS2+ neurons ST7 ENSG00000004866 0,802 1,125357485 0,604 0,79 0,39 

CADPS2+ neurons HCN1 ENSG00000164588 0,712 1,016921978 0,424 0,51 0,1 

CADPS2+ neurons RAPGEF4 ENSG00000091428 0,755 0,921849836 0,51 0,75 0,35 

CADPS2+ neurons SVEP1 ENSG00000165124 0,718 0,856917357 0,436 0,57 0,17 

CADPS2+ neurons CEP112 ENSG00000154240 0,729 0,898009373 0,458 0,68 0,28 

CADPS2+ neurons RASGRP1 ENSG00000172575 0,704 0,967515678 0,408 0,43 0,04 

CADPS2+ neurons MPP7 ENSG00000150054 0,712 1,0606733 0,424 0,48 0,08 

CADPS2+ neurons GALNT13 ENSG00000144278 0,82 1,006310929 0,64 0,91 0,51 

CADPS2+ neurons DAB1 ENSG00000173406 0,749 0,743740085 0,498 0,78 0,39 

CADPS2+ neurons CACNA1C ENSG00000151067 0,717 0,5936623 0,434 0,75 0,36 

CADPS2+ neurons CDH10 ENSG00000040731 0,706 0,740237817 0,412 0,58 0,19 

CADPS2+ neurons TRIM9 ENSG00000100505 0,829 1,015675256 0,658 0,91 0,52 

CADPS2+ neurons CPE ENSG00000109472 0,755 0,850678523 0,51 0,76 0,37 

CADPS2+ neurons GRIA4 ENSG00000152578 0,825 0,964462309 0,65 0,94 0,55 

CADPS2+ neurons GAP43 ENSG00000172020 0,714 0,994964158 0,428 0,52 0,13 

CADPS2+ neurons PIP5K1B ENSG00000107242 0,721 1,121736975 0,442 0,55 0,16 

CADPS2+ neurons LIN7A ENSG00000111052 0,712 0,837375128 0,424 0,53 0,15 

CADPS2+ neurons POLB ENSG00000070501 0,719 0,873618733 0,438 0,53 0,15 

CADPS2+ neurons PPP3CA ENSG00000138814 0,821 1,058364517 0,642 0,93 0,55 

CADPS2+ neurons ADAMTS18 ENSG00000140873 0,711 0,818088167 0,422 0,59 0,22 

CADPS2+ neurons RAP1GAP2 ENSG00000132359 0,714 0,906781899 0,428 0,55 0,18 

CADPS2+ neurons RORA ENSG00000069667 0,784 0,791220539 0,568 0,95 0,58 

CADPS2+ neurons SPTB ENSG00000070182 0,703 0,887366873 0,406 0,47 0,09 

CADPS2+ neurons CACNG2 ENSG00000166862 0,706 1,140100424 0,412 0,49 0,12 

CADPS2+ neurons BRINP1 ENSG00000078725 0,707 0,904045364 0,414 0,55 0,18 

CADPS2+ neurons CADM3 ENSG00000162706 0,703 0,853222729 0,406 0,49 0,13 

CADPS2+ neurons BMPER ENSG00000164619 0,702 1,240819479 0,404 0,48 0,11 

CADPS2+ neurons DPF3 ENSG00000205683 0,757 0,846641078 0,514 0,75 0,39 

CADPS2+ neurons NRXN3 ENSG00000021645 0,871 1,031980454 0,742 1 0,64 

CADPS2+ neurons GLCE ENSG00000138604 0,752 0,984112971 0,504 0,7 0,34 

CADPS2+ neurons PAG1 ENSG00000076641 0,731 0,734921218 0,462 0,71 0,35 

CADPS2+ neurons ST8SIA5 ENSG00000101638 0,701 0,973396765 0,402 0,49 0,14 

CADPS2+ neurons STK10 ENSG00000072786 0,705 0,883814314 0,41 0,53 0,18 

CADPS2+ neurons CAMK1D ENSG00000183049 0,702 0,708878357 0,404 0,67 0,32 

CADPS2+ neurons DYNC1I1 ENSG00000158560 0,779 0,898698843 0,558 0,86 0,52 

CADPS2+ neurons SETBP1 ENSG00000152217 0,736 0,850032853 0,472 0,72 0,38 

CADPS2+ neurons UNC79 ENSG00000133958 0,728 0,791577882 0,456 0,79 0,45 

CADPS2+ neurons JAKMIP2 ENSG00000176049 0,842 1,050894358 0,684 0,92 0,6 

CADPS2+ neurons NEGR1 ENSG00000172260 0,842 1,107899666 0,684 0,95 0,63 

CADPS2+ neurons MAML3 ENSG00000196782 0,73 0,832636785 0,46 0,78 0,46 
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CADPS2+ neurons NKAIN2 ENSG00000188580 0,74 0,700616497 0,48 0,97 0,66 

CADPS2+ neurons DPP6 ENSG00000130226 0,855 1,099819237 0,71 0,98 0,68 

CADPS2+ neurons KLHL3 ENSG00000146021 0,713 0,648685833 0,426 0,69 0,39 

CADPS2+ neurons PRKCZ ENSG00000067606 0,722 0,785578973 0,444 0,65 0,35 

CADPS2+ neurons ATP2B1 ENSG00000070961 0,732 0,908466203 0,464 0,67 0,37 

CADPS2+ neurons FAM13A ENSG00000138640 0,703 0,661217653 0,406 0,66 0,36 

CADPS2+ neurons MEIS1 ENSG00000143995 0,706 0,716552946 0,412 0,7 0,41 

CADPS2+ neurons NBEA ENSG00000172915 0,811 0,990401087 0,622 0,88 0,6 

CADPS2+ neurons OXR1 ENSG00000164830 0,73 0,887552849 0,46 0,73 0,45 

CADPS2+ neurons CBLB ENSG00000114423 0,744 0,832855499 0,488 0,73 0,45 

CADPS2+ neurons MICU1 ENSG00000107745 0,741 0,814045893 0,482 0,74 0,46 

CADPS2+ neurons SMYD3 ENSG00000185420 0,78 0,876703342 0,56 0,89 0,62 

CADPS2+ neurons KAZN ENSG00000189337 0,757 0,66221684 0,514 0,95 0,67 

CADPS2+ neurons SRGAP3 ENSG00000196220 0,804 1,008070216 0,608 0,86 0,59 

CADPS2+ neurons TTC7B ENSG00000165914 0,74 0,921853061 0,48 0,71 0,44 

CADPS2+ neurons FOXN3 ENSG00000053254 0,761 0,626064643 0,522 0,91 0,64 

CADPS2+ neurons GALNT7 ENSG00000109586 0,709 0,839344542 0,418 0,64 0,38 

CADPS2+ neurons ERC1 ENSG00000082805 0,855 1,007387547 0,71 0,97 0,7 

CADPS2+ neurons FUT9 ENSG00000172461 0,714 0,652529856 0,428 0,82 0,55 

CADPS2+ neurons KIF5C ENSG00000168280 0,752 0,730467347 0,504 0,84 0,58 

CADPS2+ neurons PRKCE ENSG00000171132 0,742 0,758957509 0,484 0,79 0,53 

CADPS2+ neurons MAP1B ENSG00000131711 0,789 0,728825415 0,578 0,93 0,68 

CADPS2+ neurons TSPAN5 ENSG00000168785 0,797 0,889705729 0,594 0,91 0,65 

CADPS2+ neurons SPOCK1 ENSG00000152377 0,744 0,637341688 0,488 0,95 0,7 

CADPS2+ neurons PDE4DIP ENSG00000178104 0,817 0,816033756 0,634 0,96 0,71 

CADPS2+ neurons RBFOX2 ENSG00000100320 0,737 0,714034663 0,474 0,81 0,56 

CADPS2+ neurons ANKS1B ENSG00000185046 0,894 1,102245017 0,788 1 0,75 

CADPS2+ neurons CHD7 ENSG00000171316 0,76 0,862719905 0,52 0,83 0,59 

CADPS2+ neurons MAGI1 ENSG00000151276 0,871 1,038017737 0,742 0,98 0,74 

CADPS2+ neurons EPB41L3 ENSG00000082397 0,701 0,719897038 0,402 0,71 0,48 

CADPS2+ neurons AC124312.1 ENSG00000214265 0,73 0,616739448 0,46 0,83 0,61 

CADPS2+ neurons HECTD4 ENSG00000173064 0,739 0,653006008 0,478 0,83 0,62 

CADPS2+ neurons CADM1 ENSG00000182985 0,874 1,018239227 0,748 0,99 0,79 

CADPS2+ neurons CAMK2D ENSG00000145349 0,719 0,667175024 0,438 0,79 0,6 

CADPS2+ neurons ANKRD36 ENSG00000135976 0,713 0,723485143 0,426 0,72 0,52 

CADPS2+ neurons ADGRB3 ENSG00000135298 0,939 1,261192088 0,878 0,99 0,81 

CADPS2+ neurons CUX1 ENSG00000257923 0,747 0,750673397 0,494 0,86 0,68 

CADPS2+ neurons GLS ENSG00000115419 0,708 0,757521229 0,416 0,71 0,53 

CADPS2+ neurons MICAL3 ENSG00000243156 0,721 0,67769632 0,442 0,82 0,65 

CADPS2+ neurons BICD1 ENSG00000151746 0,713 0,662328205 0,426 0,77 0,6 

CADPS2+ neurons WAC ENSG00000095787 0,739 0,657161561 0,478 0,84 0,68 

CADPS2+ neurons RABGAP1L ENSG00000152061 0,764 0,756795375 0,528 0,91 0,76 

CADPS2+ neurons STXBP5 ENSG00000164506 0,703 0,720059669 0,406 0,74 0,6 

CADPS2+ neurons NFIA ENSG00000162599 0,789 0,739417036 0,578 0,96 0,82 

CADPS2+ neurons JMJD1C ENSG00000171988 0,816 0,877343567 0,632 0,94 0,86 

CADPS2+ neurons MED13L ENSG00000123066 0,719 0,621740245 0,438 0,88 0,81 

GABA SPHKAP ENSG00000153820 0,989 2,647609868 0,978 0,99 0,06 

GABA SYNPR ENSG00000163630 0,986 2,686348206 0,972 0,98 0,06 

GABA OTX2-AS1 ENSG00000248550 0,978 2,573779936 0,956 0,96 0,05 

GABA CHRM2 ENSG00000181072 0,979 2,371909041 0,958 0,97 0,06 

GABA ZMAT4 ENSG00000165061 0,986 2,283799187 0,972 0,99 0,08 

GABA GAD2 ENSG00000136750 0,964 1,919867344 0,928 0,95 0,05 

GABA NYAP2 ENSG00000144460 0,982 2,298007962 0,964 0,97 0,09 

GABA UNC13C ENSG00000137766 0,969 2,172139611 0,938 0,97 0,09 

GABA GALNT14 ENSG00000158089 0,964 2,020474157 0,928 0,94 0,06 
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GABA NELL1 ENSG00000165973 0,961 2,360182511 0,922 0,95 0,08 

GABA LINGO2 ENSG00000174482 0,959 2,11564076 0,918 0,98 0,13 

GABA GALNTL6 ENSG00000174473 0,984 2,906185639 0,968 0,99 0,14 

GABA GRIK1 ENSG00000171189 0,998 3,394927869 0,996 1 0,15 

GABA GULP1 ENSG00000144366 0,952 1,850886341 0,904 0,94 0,09 

GABA NR2F2-AS1 ENSG00000247809 0,961 1,977978347 0,922 0,97 0,13 

GABA UNC5D ENSG00000156687 0,948 1,87900968 0,896 0,98 0,14 

GABA SYN3 ENSG00000185666 0,98 2,293378963 0,96 0,99 0,15 

GABA ZNF385D ENSG00000151789 0,956 1,732230676 0,912 0,98 0,14 

GABA CELF4 ENSG00000101489 0,944 1,602257529 0,888 0,97 0,14 

GABA BTBD11 ENSG00000151136 0,966 2,015712317 0,932 0,96 0,13 

GABA LINC01414 ENSG00000253554 0,947 1,892171925 0,894 0,94 0,11 

GABA SYT1 ENSG00000067715 0,99 2,753031609 0,98 1 0,17 

GABA SRRM3 ENSG00000177679 0,951 1,562572223 0,902 0,97 0,14 

GABA KIT ENSG00000157404 0,927 1,50867724 0,854 0,88 0,05 

GABA GRIN1 ENSG00000176884 0,943 1,537260097 0,886 0,96 0,13 

GABA RORB ENSG00000198963 0,939 1,699842726 0,878 0,94 0,11 

GABA LINC01210 ENSG00000239513 0,915 1,174313518 0,83 0,84 0,01 

GABA PTCHD4 ENSG00000244694 0,927 1,478311548 0,854 0,91 0,08 

GABA SYN2 ENSG00000157152 0,966 2,039598346 0,932 0,97 0,15 

GABA SAMD5 ENSG00000203727 0,92 1,47586386 0,84 0,9 0,08 

GABA CUX2 ENSG00000111249 0,922 1,449598794 0,844 0,9 0,08 

GABA CPNE4 ENSG00000196353 0,93 1,729282361 0,86 0,91 0,1 

GABA FRMPD4 ENSG00000169933 0,966 2,107815977 0,932 0,98 0,17 

GABA CNTN4 ENSG00000144619 0,969 2,244684221 0,938 0,99 0,18 

GABA GAD1 ENSG00000128683 0,925 1,513654713 0,85 0,9 0,08 

GABA GABBR2 ENSG00000136928 0,93 1,444644685 0,86 0,94 0,13 

GABA NRG1 ENSG00000157168 0,932 2,044739082 0,864 0,95 0,15 

GABA DOK6 ENSG00000206052 0,954 1,787237585 0,908 0,97 0,17 

GABA SLC4A10 ENSG00000144290 0,941 1,620011025 0,882 0,95 0,15 

GABA SGCZ ENSG00000185053 0,943 1,858623351 0,886 0,98 0,19 

GABA MYT1L ENSG00000186487 0,902 1,298351242 0,804 0,97 0,17 

GABA CNTNAP5 ENSG00000155052 0,968 2,340838035 0,936 0,99 0,19 

GABA KCNJ6 ENSG00000157542 0,921 1,33508856 0,842 0,9 0,11 

GABA GRIN2B ENSG00000273079 0,933 1,518988977 0,866 0,95 0,15 

GABA VAV3 ENSG00000134215 0,912 1,474312763 0,824 0,88 0,09 

GABA PRICKLE1 ENSG00000139174 0,929 1,586069816 0,858 0,91 0,13 

GABA GRIA1 ENSG00000155511 0,891 1,178327323 0,782 0,92 0,13 

GABA RIMS2 ENSG00000176406 0,938 1,711792365 0,876 0,99 0,21 

GABA TOX ENSG00000198846 0,942 1,682040428 0,884 0,97 0,19 

GABA GRIP2 ENSG00000144596 0,911 1,315199936 0,822 0,84 0,06 

GABA PAK3 ENSG00000077264 0,906 1,341331338 0,812 0,94 0,15 

GABA KCNJ3 ENSG00000162989 0,926 1,485582623 0,852 0,94 0,16 

GABA ROBO2 ENSG00000185008 0,972 2,491631027 0,944 1 0,22 

GABA CDH13 ENSG00000140945 0,956 1,797938547 0,912 0,98 0,2 

GABA LYPD6B ENSG00000150556 0,897 1,257055456 0,794 0,82 0,04 

GABA KIAA1549L ENSG00000110427 0,924 1,404823164 0,848 0,92 0,14 

GABA GRM5 ENSG00000168959 0,955 1,905480605 0,91 0,99 0,21 

GABA OPCML ENSG00000183715 0,915 1,529749488 0,83 0,99 0,22 

GABA SHANK2 ENSG00000162105 0,933 1,495582205 0,866 0,94 0,17 

GABA CACNA1B ENSG00000148408 0,888 1,163461345 0,776 0,95 0,18 

GABA RBFOX3 ENSG00000167281 0,898 1,157118278 0,796 0,86 0,09 

GABA MIR124-2HG ENSG00000254377 0,906 1,249970729 0,812 0,85 0,08 

GABA AFF2 ENSG00000155966 0,897 1,237364955 0,794 0,85 0,08 

GABA IGF1 ENSG00000017427 0,886 1,200808043 0,772 0,79 0,02 
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GABA PDZRN3 ENSG00000121440 0,933 1,649977028 0,866 0,95 0,18 

GABA FOXP2 ENSG00000128573 0,904 1,387317363 0,808 0,94 0,18 

GABA ATP8A2 ENSG00000132932 0,91 1,38169639 0,82 0,96 0,2 

GABA FAT3 ENSG00000165323 0,955 1,796782432 0,91 0,99 0,22 

GABA GUCY1A1 ENSG00000164116 0,903 1,309816995 0,806 0,86 0,1 

GABA AL033504.1 ENSG00000227681 0,889 1,339871874 0,778 0,84 0,08 

GABA GABRB3 ENSG00000166206 0,932 1,513750082 0,864 0,95 0,19 

GABA RAB3C ENSG00000152932 0,909 1,350690844 0,818 0,92 0,16 

GABA KSR2 ENSG00000171435 0,906 1,294100071 0,812 0,94 0,18 

GABA LRFN5 ENSG00000165379 0,898 1,290413426 0,796 0,95 0,19 

GABA CADPS ENSG00000163618 0,991 2,403798834 0,982 1 0,24 

GABA PAK5 ENSG00000101349 0,907 1,255947147 0,814 0,89 0,13 

GABA CA10 ENSG00000154975 0,887 1,341440112 0,774 0,92 0,16 

GABA LRFN2 ENSG00000156564 0,911 1,426294635 0,822 0,88 0,12 

GABA DLGAP2 ENSG00000198010 0,878 1,113955463 0,756 0,9 0,14 

GABA RELN ENSG00000189056 0,88 1,122523983 0,76 0,86 0,11 

GABA AMPH ENSG00000078053 0,901 1,182339531 0,802 0,91 0,16 

GABA PTPRN2 ENSG00000155093 0,914 1,334048527 0,828 0,97 0,23 

GABA RGS6 ENSG00000182732 0,914 1,582186237 0,828 0,94 0,19 

GABA PDE3A ENSG00000172572 0,886 1,291455315 0,772 0,87 0,12 

GABA CELF5 ENSG00000161082 0,882 1,02414637 0,764 0,87 0,13 

GABA OLFM3 ENSG00000118733 0,893 1,279052469 0,786 0,89 0,14 

GABA XKR4 ENSG00000206579 0,882 1,225444028 0,764 0,93 0,18 

GABA B4GALT6 ENSG00000118276 0,908 1,324166185 0,816 0,86 0,12 

GABA PTPRO ENSG00000151490 0,892 1,350520964 0,784 0,87 0,13 

GABA LAMB1 ENSG00000091136 0,882 1,057593932 0,764 0,8 0,06 

GABA GREM2 ENSG00000180875 0,881 1,263993869 0,762 0,79 0,05 

GABA GRIN2A ENSG00000183454 0,909 1,667478628 0,818 0,89 0,15 

GABA NR2F2 ENSG00000185551 0,873 1,060381371 0,746 0,82 0,08 

GABA SNAP25 ENSG00000132639 0,943 1,622563451 0,886 0,97 0,23 

GABA RALYL ENSG00000184672 0,909 1,426153167 0,818 0,99 0,26 

GABA EPHA4 ENSG00000116106 0,876 1,07758026 0,752 0,85 0,11 

GABA SNTG1 ENSG00000147481 0,848 0,958452766 0,696 0,93 0,19 

GABA STXBP5L ENSG00000145087 0,893 1,234952586 0,786 0,97 0,24 

GABA PCBP3 ENSG00000183570 0,958 1,858586875 0,916 0,97 0,24 

GABA ELMOD1 ENSG00000110675 0,9 1,221212582 0,8 0,89 0,16 

GABA FAM135B ENSG00000147724 0,939 1,459690342 0,878 0,96 0,23 

GABA TAFA2 ENSG00000198673 0,905 1,523490288 0,81 0,94 0,22 

GABA EFNA5 ENSG00000184349 0,88 1,351668959 0,76 0,88 0,16 

GABA ATP2B2 ENSG00000157087 0,923 1,448700456 0,846 0,94 0,22 

GABA NHS ENSG00000188158 0,876 1,092922757 0,752 0,88 0,16 

GABA IGSF3 ENSG00000143061 0,872 1,019742463 0,744 0,77 0,05 

GABA LYPD6 ENSG00000187123 0,863 1,077175376 0,726 0,78 0,06 

GABA KHDRBS2 ENSG00000112232 0,929 1,584325041 0,858 0,96 0,25 

GABA FLRT2 ENSG00000185070 0,878 1,118983491 0,756 0,92 0,21 

GABA KCNIP4 ENSG00000185774 0,991 2,87256816 0,982 1 0,29 

GABA DLGAP1 ENSG00000170579 0,992 2,839151733 0,984 1 0,29 

GABA TRPC5 ENSG00000072315 0,867 1,244012597 0,734 0,8 0,09 

GABA SYT7 ENSG00000011347 0,866 0,898775844 0,732 0,78 0,07 

GABA PTPRT ENSG00000196090 0,876 1,655021039 0,752 0,86 0,15 

GABA NOL4 ENSG00000101746 0,889 1,174154619 0,778 0,93 0,22 

GABA GRM7 ENSG00000196277 0,851 1,005816243 0,702 0,94 0,23 

GABA ANKRD30BL ENSG00000163046 0,85 0,992414633 0,7 0,88 0,17 

GABA FGF14 ENSG00000102466 0,935 1,69958546 0,87 0,99 0,29 

GABA SCN2A ENSG00000136531 0,865 1,010418904 0,73 0,91 0,2 
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GABA KCTD16 ENSG00000183775 0,898 1,376447679 0,796 0,93 0,22 

GABA ANKRD34C-

AS1 

ENSG00000259234 0,864 1,085746487 0,728 0,79 0,08 

GABA HS3ST2 ENSG00000122254 0,858 1,095425728 0,716 0,74 0,04 

GABA KCND2 ENSG00000184408 0,957 2,059504723 0,914 0,99 0,29 

GABA RGS7BP ENSG00000186479 0,873 1,122198867 0,746 0,81 0,11 

GABA CHD5 ENSG00000116254 0,851 0,816209489 0,702 0,81 0,1 

GABA SLC2A13 ENSG00000151229 0,896 1,201517465 0,792 0,94 0,24 

GABA ANK1 ENSG00000029534 0,853 0,918005087 0,706 0,8 0,1 

GABA PLCB4 ENSG00000101333 0,902 1,302562637 0,804 0,95 0,25 

GABA LRRTM4 ENSG00000176204 0,905 1,458041991 0,81 1 0,3 

GABA GABRB2 ENSG00000145864 0,847 0,99119138 0,694 0,82 0,12 

GABA ZFPM2 ENSG00000169946 0,942 1,714288768 0,884 0,99 0,29 

GABA TMEM108 ENSG00000144868 0,952 1,749097426 0,904 0,97 0,28 

GABA SYNDIG1L ENSG00000183379 0,853 0,928974568 0,706 0,72 0,02 

GABA SLC8A1 ENSG00000183023 0,934 1,59564252 0,868 1 0,3 

GABA SLC6A11 ENSG00000132164 0,842 0,745199513 0,684 0,82 0,12 

GABA IQSEC3 ENSG00000120645 0,859 0,922125628 0,718 0,8 0,1 

GABA B3GLCT ENSG00000187676 0,855 0,946947683 0,71 0,81 0,11 

GABA OSBPL6 ENSG00000079156 0,92 1,520107822 0,84 0,94 0,24 

GABA CCSER1 ENSG00000184305 0,92 1,49222058 0,84 0,99 0,29 

GABA CDH12 ENSG00000154162 0,896 1,802703624 0,792 0,88 0,18 

GABA ADGRB1 ENSG00000181790 0,865 0,963464401 0,73 0,82 0,12 

GABA VSNL1 ENSG00000163032 0,847 0,905317336 0,694 0,8 0,11 

GABA ARHGAP44 ENSG00000006740 0,869 1,037249787 0,738 0,89 0,2 

GABA FRMD3 ENSG00000172159 0,865 0,956286613 0,73 0,87 0,18 

GABA PCDH7 ENSG00000169851 0,886 1,26323873 0,772 0,97 0,29 

GABA NPAS2 ENSG00000170485 0,863 0,972014836 0,726 0,92 0,23 

GABA DSCAM ENSG00000171587 0,921 1,456355375 0,842 1 0,31 

GABA CNKSR2 ENSG00000149970 0,871 1,167768549 0,742 0,88 0,19 

GABA SLC8A3 ENSG00000100678 0,846 0,865627549 0,692 0,83 0,15 

GABA SH3GL2 ENSG00000107295 0,87 1,292463084 0,74 0,85 0,17 

GABA ATRNL1 ENSG00000107518 0,833 0,860479784 0,666 0,9 0,22 

GABA SRRM4 ENSG00000139767 0,847 0,976785024 0,694 0,78 0,1 

GABA MIAT ENSG00000225783 0,842 0,876893558 0,684 0,82 0,14 

GABA WNK2 ENSG00000165238 0,838 0,83892308 0,676 0,85 0,18 

GABA ARHGEF33 ENSG00000214694 0,846 0,925283923 0,692 0,73 0,05 

GABA SCN3A ENSG00000153253 0,825 0,809945183 0,65 0,85 0,17 

GABA SEZ6L ENSG00000100095 0,824 0,808260133 0,648 0,85 0,17 

GABA VSTM2L ENSG00000132821 0,848 1,017057195 0,696 0,74 0,07 

GABA CACNA1D ENSG00000157388 0,955 1,94224382 0,91 0,96 0,29 

GABA NSG2 ENSG00000170091 0,853 1,012535087 0,706 0,81 0,14 

GABA SV2C ENSG00000122012 0,843 1,159715455 0,686 0,73 0,06 

GABA BCL11A ENSG00000119866 0,838 0,85578602 0,676 0,73 0,06 

GABA PLCH1 ENSG00000114805 0,835 0,902484946 0,67 0,78 0,11 

GABA EPHA3 ENSG00000044524 0,838 1,025617998 0,676 0,77 0,11 

GABA JPH4 ENSG00000092051 0,839 0,841227784 0,678 0,79 0,12 

GABA AGBL4 ENSG00000186094 0,832 0,86935489 0,664 0,93 0,27 

GABA EML6 ENSG00000214595 0,886 1,215620322 0,772 0,91 0,24 

GABA SCN8A ENSG00000196876 0,867 1,036023212 0,734 0,89 0,22 

GABA CDH10 ENSG00000040731 0,847 1,050027343 0,694 0,85 0,18 

GABA FAM155A ENSG00000204442 0,959 1,861710595 0,918 1 0,34 

GABA SLC12A5 ENSG00000124140 0,847 0,979615787 0,694 0,75 0,08 

GABA FBN2 ENSG00000138829 0,836 0,968938244 0,672 0,71 0,05 

GABA PLCXD3 ENSG00000182836 0,836 0,957609471 0,672 0,77 0,11 
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GABA STXBP5-AS1 ENSG00000233452 0,843 1,057201286 0,686 0,83 0,17 

GABA ADCY8 ENSG00000155897 0,832 0,843447485 0,664 0,87 0,21 

GABA OTX2 ENSG00000165588 0,831 0,837022813 0,662 0,68 0,02 

GABA RYR2 ENSG00000198626 0,906 1,72491355 0,812 0,95 0,29 

GABA LINC00599 ENSG00000253230 0,84 0,853693711 0,68 0,75 0,09 

GABA SORBS2 ENSG00000154556 0,819 0,720597173 0,638 0,9 0,24 

GABA SIPA1L2 ENSG00000116991 0,869 1,062183248 0,738 0,88 0,23 

GABA SPTBN4 ENSG00000160460 0,856 0,97264885 0,712 0,9 0,25 

GABA GALNT18 ENSG00000110328 0,851 0,854746673 0,702 0,9 0,25 

GABA TSPAN18 ENSG00000157570 0,828 0,783538634 0,656 0,7 0,05 

GABA CACNA1E ENSG00000198216 0,814 0,713433734 0,628 0,81 0,15 

GABA KIRREL1 ENSG00000183853 0,828 0,757996409 0,656 0,71 0,06 

GABA CAMK2B ENSG00000058404 0,828 0,833711541 0,656 0,83 0,18 

GABA CACHD1 ENSG00000158966 0,845 0,988067465 0,69 0,88 0,23 

GABA NCALD ENSG00000104490 0,844 1,012550422 0,688 0,83 0,18 

GABA CACNB4 ENSG00000182389 0,835 0,995904634 0,67 0,76 0,11 

GABA LDB2 ENSG00000169744 0,833 1,006503329 0,666 0,83 0,19 

GABA CACNA1A ENSG00000141837 0,87 1,313194694 0,74 0,93 0,28 

GABA SDK1 ENSG00000146555 0,864 1,476696257 0,728 0,91 0,26 

GABA MDGA2 ENSG00000139915 0,949 1,728672957 0,898 0,99 0,35 

GABA SYT16 ENSG00000139973 0,819 0,792259878 0,638 0,81 0,16 

GABA UNC80 ENSG00000144406 0,797 0,654157993 0,594 0,87 0,23 

GABA ADARB1 ENSG00000197381 0,853 1,001188954 0,706 0,82 0,18 

GABA PLCB1 ENSG00000182621 0,957 1,97142274 0,914 0,99 0,35 

GABA ZEB1 ENSG00000148516 0,922 1,356258245 0,844 0,99 0,35 

GABA GPM6A ENSG00000150625 0,89 1,240226498 0,78 0,98 0,34 

GABA SIDT1 ENSG00000072858 0,824 0,79454125 0,648 0,76 0,12 

GABA GATA3 ENSG00000107485 0,82 0,69200817 0,64 0,66 0,02 

GABA PHACTR2 ENSG00000112419 0,838 0,888664568 0,676 0,86 0,23 

GABA LIN7A ENSG00000111052 0,815 0,727567393 0,63 0,77 0,14 

GABA NRSN1 ENSG00000152954 0,825 0,811313907 0,65 0,74 0,1 

GABA ANTXR1 ENSG00000169604 0,824 0,810049999 0,648 0,84 0,21 

GABA SCN1A ENSG00000144285 0,792 0,669891802 0,584 0,84 0,2 

GABA SNRPN ENSG00000128739 0,844 0,943297332 0,688 0,9 0,27 

GABA CNTN5 ENSG00000149972 0,816 0,765440942 0,632 0,78 0,15 

GABA CSMD3 ENSG00000164796 0,844 0,93530077 0,688 0,98 0,35 

GABA DNM1 ENSG00000106976 0,827 0,855773332 0,654 0,81 0,18 

GABA GUCY1A2 ENSG00000152402 0,82 0,904866289 0,64 0,83 0,21 

GABA HS6ST3 ENSG00000185352 0,811 0,971360303 0,622 0,83 0,2 

GABA ASIC4 ENSG00000072182 0,814 0,711803981 0,628 0,67 0,04 

GABA CACNA1C ENSG00000151067 0,901 1,244960428 0,802 0,98 0,35 

GABA PPM1E ENSG00000175175 0,855 0,997258103 0,71 0,91 0,28 

GABA DLGAP3 ENSG00000116544 0,824 0,749269244 0,648 0,69 0,07 

GABA AKAP12 ENSG00000131016 0,816 0,694857369 0,632 0,81 0,18 

GABA PRSS12 ENSG00000164099 0,815 0,820137223 0,63 0,64 0,02 

GABA KCNIP2 ENSG00000120049 0,818 0,733758117 0,636 0,69 0,06 

GABA CAMK4 ENSG00000152495 0,815 0,837783471 0,63 0,77 0,14 

GABA CASC15 ENSG00000272168 0,823 0,752566565 0,646 0,81 0,18 

GABA NMNAT2 ENSG00000157064 0,796 0,667737757 0,592 0,79 0,17 

GABA CNTN1 ENSG00000018236 0,792 0,695073684 0,584 0,96 0,34 

GABA CASR ENSG00000036828 0,812 0,952282901 0,624 0,63 0,01 

GABA SEZ6 ENSG00000063015 0,819 0,802161638 0,638 0,69 0,07 

GABA DDAH1 ENSG00000153904 0,819 0,798536439 0,638 0,81 0,19 

GABA GRAMD1B ENSG00000023171 0,84 0,924342236 0,68 0,87 0,25 

GABA GUCY1B1 ENSG00000061918 0,821 0,788738154 0,642 0,75 0,13 
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GABA SLC16A10 ENSG00000112394 0,818 0,840409555 0,636 0,7 0,09 

GABA CACNA1G ENSG00000006283 0,814 0,721115131 0,628 0,68 0,06 

GABA CLVS2 ENSG00000146352 0,812 0,728424462 0,624 0,71 0,09 

GABA SV2A ENSG00000159164 0,835 0,981389959 0,67 0,8 0,18 

GABA ADD2 ENSG00000075340 0,81 0,732999698 0,62 0,74 0,12 

GABA SLC38A1 ENSG00000111371 0,819 0,754240776 0,638 0,85 0,23 

GABA TENM3 ENSG00000218336 0,803 0,760257487 0,606 0,83 0,21 

GABA ERC2 ENSG00000187672 0,925 1,415890217 0,85 0,97 0,36 

GABA AC092691.1 ENSG00000239268 0,864 1,101518318 0,728 0,98 0,36 

GABA CLSTN3 ENSG00000139182 0,815 0,774949141 0,63 0,72 0,11 

GABA GSG1L ENSG00000169181 0,805 0,731114495 0,61 0,73 0,12 

GABA PPP4R4 ENSG00000119698 0,806 0,673374201 0,612 0,76 0,15 

GABA ALK ENSG00000171094 0,821 0,859444851 0,642 0,84 0,23 

GABA DOK5 ENSG00000101134 0,812 0,802382009 0,624 0,74 0,13 

GABA SYBU ENSG00000147642 0,794 0,649193671 0,588 0,79 0,19 

GABA NRG3 ENSG00000185737 0,887 1,27568676 0,774 1 0,39 

GABA PGM2L1 ENSG00000165434 0,816 0,834121898 0,632 0,73 0,12 

GABA RIMBP2 ENSG00000060709 0,811 0,737796689 0,622 0,76 0,16 

GABA TRMT9B ENSG00000250305 0,81 0,79638832 0,62 0,75 0,14 

GABA PPP1R14C ENSG00000198729 0,808 0,718161903 0,616 0,68 0,07 

GABA GPR158 ENSG00000151025 0,873 1,13629373 0,746 0,92 0,31 

GABA LINC01122 ENSG00000233723 0,819 1,046298261 0,638 0,82 0,21 

GABA SCG2 ENSG00000171951 0,81 0,856580982 0,62 0,71 0,11 

GABA GRM4 ENSG00000124493 0,808 0,655860847 0,616 0,66 0,05 

GABA SMAD9 ENSG00000120693 0,821 0,776709155 0,642 0,81 0,21 

GABA AP001347.1 ENSG00000224905 0,809 0,808088143 0,618 0,78 0,17 

GABA KCNQ2 ENSG00000075043 0,805 0,683611613 0,61 0,72 0,12 

GABA CDH8 ENSG00000150394 0,883 1,232462865 0,766 0,92 0,32 

GABA BASP1 ENSG00000176788 0,796 0,710196535 0,592 0,82 0,22 

GABA HTR2A ENSG00000102468 0,804 0,721709668 0,608 0,64 0,03 

GABA PLAGL1 ENSG00000118495 0,801 0,667463684 0,602 0,72 0,12 

GABA CSMD1 ENSG00000183117 0,923 1,740636952 0,846 0,99 0,39 

GABA ZEB1-AS1 ENSG00000237036 0,802 0,810352511 0,604 0,69 0,09 

GABA N4BP2 ENSG00000078177 0,808 0,740257969 0,616 0,75 0,15 

GABA TOX2 ENSG00000124191 0,8 0,717376893 0,6 0,73 0,13 

GABA LINC02253 ENSG00000259485 0,8 0,862162275 0,6 0,61 0,01 

GABA EPHA6 ENSG00000080224 0,787 0,65503902 0,574 0,73 0,13 

GABA MAGI3 ENSG00000081026 0,861 1,070791565 0,722 0,92 0,32 

GABA RTN4RL1 ENSG00000185924 0,802 0,701027074 0,604 0,65 0,05 

GABA CEP112 ENSG00000154240 0,863 1,397419275 0,726 0,87 0,27 

GABA CDR2 ENSG00000140743 0,826 0,839853815 0,652 0,86 0,27 

GABA AL390957.1 ENSG00000285280 0,809 1,192740506 0,618 0,67 0,07 

GABA KIFC3 ENSG00000140859 0,825 0,837922821 0,65 0,82 0,23 

GABA PARP8 ENSG00000151883 0,816 0,777596742 0,632 0,86 0,26 

GABA GPC6 ENSG00000183098 0,827 1,322102983 0,654 0,81 0,21 

GABA EPB41 ENSG00000159023 0,792 0,668625179 0,584 0,8 0,21 

GABA PACRG ENSG00000112530 0,821 0,966986771 0,642 0,83 0,23 

GABA SLC27A6 ENSG00000113396 0,81 1,089674437 0,62 0,7 0,11 

GABA SNAP91 ENSG00000065609 0,836 0,895769717 0,672 0,92 0,33 

GABA KLHL23 ENSG00000213160 0,816 0,734835638 0,632 0,82 0,23 

GABA KCNC1 ENSG00000129159 0,806 0,742173224 0,612 0,7 0,11 

GABA RBMS3 ENSG00000144642 0,791 0,703126089 0,582 0,77 0,18 

GABA CDH18 ENSG00000145526 0,784 0,688645402 0,568 0,77 0,18 

GABA MINAR1 ENSG00000169330 0,798 0,656727239 0,596 0,64 0,05 

GABA FMN2 ENSG00000155816 0,816 0,695077046 0,632 0,93 0,34 
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GABA AC016717.2 ENSG00000273301 0,798 0,657741315 0,596 0,61 0,02 

GABA C1orf21 ENSG00000116667 0,794 0,673583839 0,588 0,82 0,23 

GABA PAM ENSG00000145730 0,783 0,633454247 0,566 0,87 0,28 

GABA FRY ENSG00000073910 0,85 0,951362935 0,7 0,94 0,35 

GABA ANKRD6 ENSG00000135299 0,792 0,68222377 0,584 0,76 0,17 

GABA CARMIL1 ENSG00000079691 0,783 0,617511229 0,566 0,81 0,23 

GABA HTR1E ENSG00000168830 0,794 0,791575245 0,588 0,63 0,05 

GABA RNF150 ENSG00000170153 0,788 0,66556317 0,576 0,83 0,25 

GABA RAPGEF4 ENSG00000091428 0,813 0,759317975 0,626 0,93 0,34 

GABA MYH10 ENSG00000133026 0,795 0,697405935 0,59 0,78 0,2 

GABA GABRG2 ENSG00000113327 0,782 0,588302042 0,564 0,69 0,11 

GABA CACNA2D3 ENSG00000157445 0,818 1,011974034 0,636 0,87 0,29 

GABA SYT14 ENSG00000143469 0,812 0,770408634 0,624 0,86 0,28 

GABA EPHB1 ENSG00000154928 0,798 0,827141229 0,596 0,77 0,19 

GABA GRM1 ENSG00000152822 0,784 0,725490518 0,568 0,68 0,1 

GABA TMEM178B ENSG00000261115 0,916 1,379289481 0,832 0,96 0,38 

GABA REEP1 ENSG00000068615 0,787 0,665879679 0,574 0,72 0,14 

GABA FAM49A ENSG00000197872 0,796 0,664645806 0,592 0,81 0,23 

GABA ZFYVE28 ENSG00000159733 0,835 0,864759112 0,67 0,87 0,29 

GABA AC004805.1 ENSG00000266076 0,794 0,920716528 0,588 0,65 0,07 

GABA HCN1 ENSG00000164588 0,795 1,116476319 0,59 0,67 0,1 

GABA MCU ENSG00000156026 0,809 0,747056744 0,618 0,84 0,27 

GABA AFF3 ENSG00000144218 0,87 1,122280181 0,74 0,95 0,38 

GABA SUSD4 ENSG00000143502 0,785 0,673048182 0,57 0,71 0,13 

GABA MRTFB ENSG00000186260 0,807 0,59483761 0,614 0,9 0,33 

GABA GRK3 ENSG00000100077 0,829 0,826541107 0,658 0,91 0,34 

GABA GRIN3A ENSG00000198785 0,789 0,816699061 0,578 0,64 0,07 

GABA RALGPS2 ENSG00000116191 0,786 0,704617824 0,572 0,77 0,2 

GABA MEIS2 ENSG00000134138 0,928 1,484955896 0,856 0,98 0,41 

GABA NRG2 ENSG00000158458 0,855 0,991653134 0,71 0,88 0,31 

GABA ME3 ENSG00000151376 0,795 0,699271514 0,59 0,78 0,21 

GABA SEMA3E ENSG00000170381 0,791 0,939598585 0,582 0,69 0,12 

GABA CPLX1 ENSG00000168993 0,792 0,782714491 0,584 0,65 0,08 

GABA RAVER2 ENSG00000162437 0,795 0,725263429 0,59 0,73 0,16 

GABA SOX4 ENSG00000124766 0,787 0,709991345 0,574 0,62 0,06 

GABA NIPAL2 ENSG00000104361 0,787 0,736973955 0,574 0,67 0,1 

GABA PTPRR ENSG00000153233 0,782 0,75779732 0,564 0,67 0,1 

GABA MAP2 ENSG00000078018 0,84 0,922163434 0,68 0,97 0,4 

GABA DLGAP4 ENSG00000080845 0,823 0,840903666 0,646 0,83 0,26 

GABA INSYN2B ENSG00000204767 0,779 0,671829689 0,558 0,74 0,17 

GABA LRRC7 ENSG00000033122 0,803 0,886881654 0,606 0,88 0,31 

GABA KCNH5 ENSG00000140015 0,783 0,792506368 0,566 0,65 0,08 

GABA SLC6A17 ENSG00000197106 0,789 0,682538817 0,578 0,65 0,09 

GABA PRICKLE2 ENSG00000163637 0,788 0,616427883 0,576 0,87 0,31 

GABA SYN1 ENSG00000008056 0,786 0,687499636 0,572 0,67 0,1 

GABA ZNF385B ENSG00000144331 0,781 0,869549726 0,562 0,68 0,11 

GABA ANO5 ENSG00000171714 0,789 0,752272965 0,578 0,72 0,16 

GABA NEXMIF ENSG00000050030 0,774 0,65943075 0,548 0,71 0,15 

GABA VASH2 ENSG00000143494 0,785 0,705280842 0,57 0,59 0,02 

GABA RIMS3 ENSG00000117016 0,788 0,666969093 0,576 0,63 0,07 

GABA NRXN1 ENSG00000179915 0,873 1,209069923 0,746 1 0,44 

GABA ZFR2 ENSG00000105278 0,786 0,6626763 0,572 0,68 0,13 

GABA PLXNC1 ENSG00000136040 0,78 0,632778375 0,56 0,72 0,16 

GABA CELF2 ENSG00000048740 0,877 1,088038275 0,754 0,99 0,43 

GABA GABRA2 ENSG00000151834 0,777 0,674706755 0,554 0,67 0,11 
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GABA ATCAY ENSG00000167654 0,775 0,604259047 0,55 0,7 0,14 

GABA CERS6 ENSG00000172292 0,778 0,647469822 0,556 0,85 0,29 

GABA PCLO ENSG00000186472 0,812 0,747742273 0,624 0,92 0,37 

GABA PMEPA1 ENSG00000124225 0,788 0,665489342 0,576 0,74 0,19 

GABA NREP ENSG00000134986 0,783 0,738978904 0,566 0,66 0,1 

GABA PPM1L ENSG00000163590 0,857 1,048012883 0,714 0,92 0,37 

GABA LMO7 ENSG00000136153 0,797 0,704699573 0,594 0,8 0,25 

GABA SCN3B ENSG00000166257 0,784 0,764381733 0,568 0,63 0,08 

GABA HPCA ENSG00000121905 0,78 0,721941212 0,56 0,59 0,03 

GABA AC092683.1 ENSG00000230606 0,809 0,781690757 0,618 0,88 0,33 

GABA LRRC49 ENSG00000137821 0,791 0,666776133 0,582 0,8 0,25 

GABA IRAK1BP1 ENSG00000146243 0,803 0,784246805 0,606 0,84 0,29 

GABA DZIP1 ENSG00000134874 0,775 0,595126056 0,55 0,75 0,2 

GABA KIAA0825 ENSG00000185261 0,793 0,772298585 0,586 0,84 0,29 

GABA FNDC5 ENSG00000160097 0,777 0,634297022 0,554 0,59 0,04 

GABA RGS7 ENSG00000182901 0,872 1,1145233 0,744 0,96 0,42 

GABA NUP93 ENSG00000102900 0,801 0,740851274 0,602 0,8 0,26 

GABA PATJ ENSG00000132849 0,8 0,73300633 0,6 0,86 0,31 

GABA ICA1 ENSG00000003147 0,776 0,676960268 0,552 0,68 0,13 

GABA ADAMTS19 ENSG00000145808 0,78 0,929968394 0,56 0,66 0,12 

GABA NAALAD2 ENSG00000077616 0,786 0,67527952 0,572 0,78 0,24 

GABA SPTAN1 ENSG00000197694 0,786 0,675890073 0,572 0,86 0,32 

GABA AMMECR1 ENSG00000101935 0,778 0,72065931 0,556 0,69 0,15 

GABA STRIP2 ENSG00000128578 0,774 0,592923622 0,548 0,59 0,06 

GABA SLC44A5 ENSG00000137968 0,772 0,915018492 0,544 0,69 0,16 

GABA SESN3 ENSG00000149212 0,807 0,731051081 0,614 0,85 0,31 

GABA CDK14 ENSG00000058091 0,869 1,086900379 0,738 0,94 0,4 

GABA PLEKHA5 ENSG00000052126 0,853 0,906408305 0,706 0,96 0,43 

GABA ARHGEF11 ENSG00000132694 0,828 0,835400091 0,656 0,89 0,35 

GABA CDH22 ENSG00000149654 0,767 0,616690234 0,534 0,6 0,06 

GABA GRIA3 ENSG00000125675 0,828 0,948305313 0,656 0,88 0,35 

GABA KLF12 ENSG00000118922 0,809 0,847579451 0,618 0,89 0,36 

GABA GNAL ENSG00000141404 0,765 0,643057633 0,53 0,68 0,15 

GABA NPTN ENSG00000156642 0,841 0,86730376 0,682 0,88 0,35 

GABA SNCB ENSG00000074317 0,77 0,691822087 0,54 0,6 0,08 

GABA LINC02055 ENSG00000254101 0,771 2,260755515 0,542 0,57 0,04 

GABA HSPA4L ENSG00000164070 0,763 0,615804554 0,526 0,73 0,21 

GABA AC087280.2 ENSG00000283415 0,768 0,733062079 0,536 0,59 0,07 

GABA MARK1 ENSG00000116141 0,819 0,832869143 0,638 0,88 0,36 

GABA CTNNA2 ENSG00000066032 0,804 0,717072985 0,608 0,99 0,46 

GABA FIGN ENSG00000182263 0,787 0,746461811 0,574 0,88 0,36 

GABA TSHZ1 ENSG00000179981 0,764 0,596439849 0,528 0,74 0,22 

GABA PTPRN ENSG00000054356 0,761 0,594748837 0,522 0,61 0,09 

GABA EDA ENSG00000158813 0,752 0,614236347 0,504 0,7 0,18 

GABA KALRN ENSG00000160145 0,814 0,819249533 0,628 0,94 0,42 

GABA UPP2 ENSG00000007001 0,754 0,606012261 0,508 0,69 0,18 

GABA LINC00632 ENSG00000203930 0,778 0,629889782 0,556 0,89 0,38 

GABA UNC79 ENSG00000133958 0,889 1,140979466 0,778 0,95 0,45 

GABA NXPH2 ENSG00000144227 0,753 0,865315701 0,506 0,52 0,01 

GABA HIVEP2 ENSG00000010818 0,823 0,851876827 0,646 0,91 0,41 

GABA KIF9-AS1 ENSG00000227398 0,761 0,589648835 0,522 0,83 0,33 

GABA AC006148.1 ENSG00000242593 0,861 1,101134584 0,722 0,95 0,45 

GABA NWD2 ENSG00000174145 0,749 0,656773041 0,498 0,54 0,04 

GABA DGKI ENSG00000157680 0,801 0,741108195 0,602 0,9 0,4 

GABA MARCH4 ENSG00000144583 0,751 0,603885558 0,502 0,56 0,07 
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GABA GTF2IRD1 ENSG00000006704 0,769 0,620678291 0,538 0,86 0,36 

GABA MYO3B ENSG00000071909 0,749 0,845458574 0,498 0,53 0,04 

GABA VLDLR-AS1 ENSG00000236404 0,749 0,587326805 0,498 0,76 0,27 

GABA PRKCB ENSG00000166501 0,773 0,635309121 0,546 0,88 0,39 

GABA STRBP ENSG00000165209 0,772 0,594135823 0,544 0,85 0,36 

GABA LINC02398 ENSG00000256287 0,748 0,708868355 0,496 0,54 0,05 

GABA MAST4 ENSG00000069020 0,812 0,811562295 0,624 0,93 0,44 

GABA FRAS1 ENSG00000138759 0,748 1,151480708 0,496 0,57 0,08 

GABA HDAC9 ENSG00000048052 0,91 1,327607679 0,82 0,97 0,49 

GABA FRMD4A ENSG00000151474 0,814 0,643620851 0,628 0,99 0,51 

GABA CHRM3 ENSG00000133019 0,73 0,619414193 0,46 0,55 0,08 

GABA ATP2B4 ENSG00000058668 0,776 0,599114926 0,552 0,9 0,43 

GABA GALNT13 ENSG00000144278 0,913 1,352954278 0,826 0,98 0,51 

GABA NOS1AP ENSG00000198929 0,771 0,663220221 0,542 0,83 0,36 

GABA AL022068.1 ENSG00000228412 0,737 0,733532917 0,474 0,59 0,12 

GABA ADARB2 ENSG00000185736 0,95 1,675549763 0,9 0,99 0,52 

GABA AC024901.1 ENSG00000255910 0,734 0,668766728 0,468 0,55 0,08 

GABA NSF ENSG00000073969 0,805 0,769549859 0,61 0,91 0,45 

GABA SLC35F4 ENSG00000151812 0,73 0,783070082 0,46 0,55 0,09 

GABA SCAMP5 ENSG00000198794 0,745 0,59755476 0,49 0,72 0,26 

GABA FOCAD ENSG00000188352 0,768 0,69818207 0,536 0,85 0,39 

GABA PPP2R1A ENSG00000105568 0,74 0,600481366 0,48 0,74 0,29 

GABA MARCH11 ENSG00000183654 0,729 0,60507198 0,458 0,51 0,06 

GABA OXR1 ENSG00000164830 0,776 0,596282853 0,552 0,89 0,44 

GABA TRIM9 ENSG00000100505 0,835 0,787543828 0,67 0,96 0,51 

GABA FBN1 ENSG00000166147 0,886 1,168816652 0,772 0,95 0,5 

GABA NDST3 ENSG00000164100 0,723 0,691014488 0,446 0,54 0,1 

GABA CALN1 ENSG00000183166 0,746 0,595943137 0,492 0,89 0,44 

GABA DYNC1I1 ENSG00000158560 0,862 1,087665473 0,724 0,96 0,51 

GABA KIFAP3 ENSG00000075945 0,757 0,60180471 0,514 0,83 0,38 

GABA MYO16 ENSG00000041515 0,727 0,749655607 0,454 0,56 0,12 

GABA EVL ENSG00000196405 0,777 0,597278974 0,554 0,93 0,49 

GABA MSRA ENSG00000175806 0,789 0,773542648 0,578 0,95 0,51 

GABA NLGN1 ENSG00000169760 0,789 0,690585776 0,578 0,99 0,55 

GABA LRRC4C ENSG00000148948 0,894 1,260557152 0,788 0,99 0,55 

GABA AL589740.1 ENSG00000271860 0,812 0,960202049 0,624 0,92 0,49 

GABA DENND5B ENSG00000170456 0,871 0,998259596 0,742 0,95 0,51 

GABA RORA ENSG00000069667 0,913 1,332318869 0,826 1 0,57 

GABA GRIA4 ENSG00000152578 0,822 0,749704379 0,644 0,97 0,55 

GABA LARGE1 ENSG00000133424 0,832 0,888709994 0,664 0,93 0,51 

GABA PPFIA2 ENSG00000139220 0,88 1,019878084 0,76 0,99 0,57 

GABA KCNQ5 ENSG00000185760 0,708 0,880730547 0,416 0,51 0,1 

GABA FUT9 ENSG00000172461 0,871 1,062985107 0,742 0,96 0,55 

GABA DANT2 ENSG00000235244 0,748 0,589166739 0,496 0,91 0,49 

GABA NPSR1 ENSG00000187258 0,707 1,375458882 0,414 0,43 0,02 

GABA RASAL2 ENSG00000075391 0,802 0,731362537 0,604 0,93 0,52 

GABA SLC6A1 ENSG00000157103 0,786 0,646625841 0,572 0,89 0,49 

GABA PPP3CA ENSG00000138814 0,81 0,74918684 0,62 0,94 0,54 

GABA ROBO1 ENSG00000169855 0,884 1,038377227 0,768 0,99 0,59 

GABA R3HDM1 ENSG00000048991 0,901 1,163919068 0,802 0,96 0,57 

GABA MLLT3 ENSG00000171843 0,775 0,623026597 0,55 0,93 0,54 

GABA CAMK2D ENSG00000145349 0,899 1,087626613 0,798 0,98 0,59 

GABA ARHGAP32 ENSG00000134909 0,764 0,595286095 0,528 0,9 0,52 

GABA NBEA ENSG00000172915 0,802 0,66810167 0,604 0,97 0,59 

GABA RALGAPA2 ENSG00000188559 0,856 0,947087116 0,712 0,94 0,57 
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GABA NRXN3 ENSG00000021645 0,964 1,67079416 0,928 1 0,64 

GABA ASTN2 ENSG00000148219 0,803 0,837522633 0,606 0,97 0,61 

GABA KIZ ENSG00000088970 0,77 0,617478005 0,54 0,91 0,55 

GABA KIAA1958 ENSG00000165185 0,8 0,701811171 0,6 0,94 0,59 

GABA NAV3 ENSG00000067798 0,766 0,72531132 0,532 0,96 0,61 

GABA SEMA3C ENSG00000075223 0,705 0,831159115 0,41 0,64 0,3 

GABA KAZN ENSG00000189337 0,83 0,831142378 0,66 0,99 0,67 

GABA RAP1GDS1 ENSG00000138698 0,775 0,623389465 0,55 0,94 0,64 

GABA FBXL17 ENSG00000145743 0,771 0,613100626 0,542 0,95 0,66 

GABA MAGI1 ENSG00000151276 0,815 0,704380838 0,63 0,97 0,74 

GABA LSAMP ENSG00000185565 0,902 1,165778821 0,804 1 0,79 

GABA CADM1 ENSG00000182985 0,827 0,7228926 0,654 0,99 0,79 

GABA AUTS2 ENSG00000158321 0,898 1,043751165 0,796 0,99 0,86 

DaNs KCNJ6 ENSG00000157542 0,984 2,771104371 0,968 0,99 0,12 

DaNs KLHL1 ENSG00000150361 0,979 2,858055795 0,958 0,99 0,12 

DaNs TTC6 ENSG00000139865 0,935 1,51035325 0,87 0,92 0,07 

DaNs ANK1 ENSG00000029534 0,946 1,566870154 0,892 0,96 0,11 

DaNs GRIA1 ENSG00000155511 0,93 1,558093247 0,86 0,97 0,14 

DaNs STMN2 ENSG00000104435 0,915 1,047288058 0,83 0,95 0,12 

DaNs SLC18A2 ENSG00000165646 0,916 1,665896591 0,832 0,84 0,01 

DaNs ADGRV1 ENSG00000164199 0,95 1,800011928 0,9 0,96 0,14 

DaNs MIAT ENSG00000225783 0,927 1,211695932 0,854 0,97 0,15 

DaNs CELF4 ENSG00000101489 0,927 1,398864995 0,854 0,97 0,15 

DaNs ELAVL2 ENSG00000107105 0,931 1,710503052 0,862 0,92 0,1 

DaNs MIR137HG ENSG00000225206 0,927 1,662534138 0,854 0,93 0,11 

DaNs EBF3 ENSG00000108001 0,912 1,224858206 0,824 0,85 0,03 

DaNs GRIN1 ENSG00000176884 0,892 0,912857895 0,784 0,96 0,14 

DaNs GLRA3 ENSG00000145451 0,914 1,172628813 0,828 0,88 0,07 

DaNs SYT1 ENSG00000067715 0,933 2,038381203 0,866 0,99 0,18 

DaNs SV2B ENSG00000185518 0,913 1,448516286 0,826 0,88 0,07 

DaNs NRG1 ENSG00000157168 0,911 1,791332481 0,822 0,96 0,16 

DaNs SRRM3 ENSG00000177679 0,904 1,090843804 0,808 0,95 0,15 

DaNs CCDC85A ENSG00000055813 0,909 1,290616122 0,818 0,96 0,16 

DaNs ATP8A2 ENSG00000132932 0,924 1,598246984 0,848 1 0,21 

DaNs SEZ6L ENSG00000100095 0,918 1,499497304 0,836 0,97 0,18 

DaNs KCNB2 ENSG00000182674 0,903 1,853858188 0,806 0,89 0,1 

DaNs ST8SIA6 ENSG00000148488 0,903 1,598028578 0,806 0,88 0,09 

DaNs CELF5 ENSG00000161082 0,89 0,829964205 0,78 0,92 0,13 

DaNs SLIT1 ENSG00000187122 0,901 1,039244153 0,802 0,87 0,08 

DaNs ZNF385D ENSG00000151789 0,896 1,1291027 0,792 0,93 0,15 

DaNs TH ENSG00000180176 0,89 1,360356782 0,78 0,78 0 

DaNs HECW1 ENSG00000002746 0,893 1,232786039 0,786 0,95 0,17 

DaNs CLSTN2 ENSG00000158258 0,917 1,962029507 0,834 0,92 0,14 

DaNs KIAA0319 ENSG00000137261 0,915 1,204056152 0,83 0,93 0,16 

DaNs DNM1 ENSG00000106976 0,885 0,832301033 0,77 0,96 0,18 

DaNs CUX2 ENSG00000111249 0,901 1,67922719 0,802 0,87 0,09 

DaNs NMNAT2 ENSG00000157064 0,904 1,101448859 0,808 0,95 0,17 

DaNs ANKRD30BL ENSG00000163046 0,911 1,367102117 0,822 0,95 0,18 

DaNs AL445623.2 ENSG00000283982 0,894 1,281911644 0,788 0,84 0,07 

DaNs PCDH15 ENSG00000150275 0,91 1,744737984 0,82 0,97 0,2 

DaNs GRIN2B ENSG00000273079 0,889 1,240842176 0,778 0,93 0,16 

DaNs RAB3C ENSG00000152932 0,907 1,51746591 0,814 0,93 0,16 

DaNs MYT1L ENSG00000186487 0,89 1,357394692 0,78 0,95 0,18 

DaNs DOK6 ENSG00000206052 0,906 1,929995615 0,812 0,95 0,18 

DaNs EPHA5 ENSG00000145242 0,898 1,62794238 0,796 0,88 0,11 
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DaNs SCN9A ENSG00000169432 0,899 1,204124484 0,798 0,92 0,16 

DaNs ADAM23 ENSG00000114948 0,914 1,194575934 0,828 0,99 0,23 

DaNs C11orf80 ENSG00000173715 0,886 0,854754762 0,772 0,93 0,17 

DaNs KCNT2 ENSG00000162687 0,885 1,152450349 0,77 0,91 0,15 

DaNs PAK3 ENSG00000077264 0,892 1,271005043 0,784 0,92 0,16 

DaNs GALNTL6 ENSG00000174473 0,923 3,080935992 0,846 0,91 0,15 

DaNs NYAP2 ENSG00000144460 0,884 1,255026881 0,768 0,85 0,1 

DaNs AMPH ENSG00000078053 0,877 0,964846588 0,754 0,92 0,16 

DaNs RET ENSG00000165731 0,882 0,777366532 0,764 0,78 0,03 

DaNs TMEM132B ENSG00000139364 0,904 1,586101009 0,808 0,93 0,18 

DaNs CADPS ENSG00000163618 0,953 1,917357794 0,906 1 0,25 

DaNs CACNA1B ENSG00000148408 0,901 1,667704908 0,802 0,93 0,18 

DaNs MEG8 ENSG00000225746 0,897 1,433918462 0,794 0,92 0,17 

DaNs ROBO2 ENSG00000185008 0,941 2,465836256 0,882 0,97 0,23 

DaNs CAMK2B ENSG00000058404 0,854 0,678868316 0,708 0,93 0,18 

DaNs AC007091.1 ENSG00000223838 0,875 1,235258506 0,75 0,77 0,02 

DaNs CHSY3 ENSG00000198108 0,91 1,85912369 0,82 0,93 0,19 

DaNs SNAP25 ENSG00000132639 0,902 1,208123276 0,804 0,99 0,24 

DaNs AC120193.1 ENSG00000253535 0,901 1,706458073 0,802 0,88 0,13 

DaNs LINGO2 ENSG00000174482 0,861 1,243643568 0,722 0,88 0,14 

DaNs OLFM3 ENSG00000118733 0,87 1,075263285 0,74 0,89 0,15 

DaNs ELAVL4 ENSG00000162374 0,882 0,975031429 0,764 0,88 0,14 

DaNs RIMS2 ENSG00000176406 0,897 1,475246731 0,794 0,96 0,22 

DaNs FGF12 ENSG00000114279 0,906 1,728378408 0,812 0,97 0,24 

DaNs REEP1 ENSG00000068615 0,87 0,943788377 0,74 0,88 0,14 

DaNs DRD2 ENSG00000149295 0,871 1,05460594 0,742 0,76 0,02 

DaNs TOX2 ENSG00000124191 0,861 0,756591811 0,722 0,87 0,13 

DaNs GABRB1 ENSG00000163288 0,937 1,649110789 0,874 1 0,27 

DaNs SNTG1 ENSG00000147481 0,907 2,001213945 0,814 0,93 0,2 

DaNs RIMBP2 ENSG00000060709 0,889 1,232047727 0,778 0,89 0,16 

DaNs BTBD11 ENSG00000151136 0,876 1,286034884 0,752 0,87 0,14 

DaNs AC073050.1 ENSG00000228222 0,875 1,672393794 0,75 0,92 0,19 

DaNs SCN3A ENSG00000153253 0,851 0,843510408 0,702 0,91 0,18 

DaNs MAST1 ENSG00000105613 0,86 0,698141517 0,72 0,85 0,12 

DaNs SORBS2 ENSG00000154556 0,858 0,884734462 0,716 0,97 0,25 

DaNs FRMPD4 ENSG00000169933 0,855 1,064189895 0,71 0,91 0,18 

DaNs KCND3 ENSG00000171385 0,872 1,103262367 0,744 0,93 0,21 

DaNs BICDL1 ENSG00000135127 0,868 0,90087443 0,736 0,87 0,14 

DaNs KLHL29 ENSG00000119771 0,881 1,323136934 0,762 0,88 0,16 

DaNs WNK2 ENSG00000165238 0,855 0,786337874 0,71 0,91 0,19 

DaNs RALYL ENSG00000184672 0,915 1,651309355 0,83 0,99 0,27 

DaNs DCLK1 ENSG00000133083 0,886 1,416713105 0,772 0,97 0,25 

DaNs CRMP1 ENSG00000072832 0,853 0,600897121 0,706 0,85 0,13 

DaNs SPTBN4 ENSG00000160460 0,895 1,171571825 0,79 0,97 0,26 

DaNs PTPRO ENSG00000151490 0,871 1,68485314 0,742 0,85 0,13 

DaNs IQSEC3 ENSG00000120645 0,863 0,798680362 0,726 0,82 0,11 

DaNs SLC4A10 ENSG00000144290 0,846 0,892481518 0,692 0,88 0,16 

DaNs CACNA1E ENSG00000198216 0,842 0,698411132 0,684 0,88 0,16 

DaNs GRIP1 ENSG00000155974 0,903 1,544158913 0,806 0,96 0,24 

DaNs PRICKLE1 ENSG00000139174 0,854 0,970103074 0,708 0,85 0,14 

DaNs UNC13C ENSG00000137766 0,856 2,012335496 0,712 0,81 0,1 

DaNs EPHA6 ENSG00000080224 0,87 1,686949984 0,74 0,85 0,14 

DaNs UNC80 ENSG00000144406 0,853 0,869394575 0,706 0,95 0,23 

DaNs B4GALT6 ENSG00000118276 0,853 0,730467837 0,706 0,84 0,13 

DaNs GABRG2 ENSG00000113327 0,848 0,702032848 0,696 0,82 0,11 
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DaNs PRKG1 ENSG00000185532 0,879 1,385967314 0,758 0,97 0,26 

DaNs PGM2L1 ENSG00000165434 0,853 0,703575569 0,706 0,84 0,13 

DaNs SLC35F1 ENSG00000196376 0,867 1,068150055 0,734 0,95 0,24 

DaNs INPP4B ENSG00000109452 0,907 1,920887302 0,814 1 0,3 

DaNs SLC44A5 ENSG00000137968 0,875 1,620813001 0,75 0,87 0,16 

DaNs MIR2052HG ENSG00000254349 0,869 1,20760234 0,738 0,88 0,18 

DaNs XKR4 ENSG00000206579 0,851 1,005912065 0,702 0,89 0,19 

DaNs ARHGEF28 ENSG00000214944 0,848 0,720262513 0,696 0,84 0,14 

DaNs EML6 ENSG00000214595 0,868 1,010085564 0,736 0,95 0,25 

DaNs OSBPL10 ENSG00000144645 0,863 1,046949046 0,726 0,8 0,1 

DaNs SCN2A ENSG00000136531 0,849 0,942927833 0,698 0,91 0,21 

DaNs LMX1B ENSG00000136944 0,85 0,742152179 0,7 0,72 0,02 

DaNs PRR16 ENSG00000184838 0,867 1,658253999 0,734 0,81 0,11 

DaNs GABBR2 ENSG00000136928 0,844 0,956204686 0,688 0,84 0,14 

DaNs PTPRN2 ENSG00000155093 0,895 1,425941436 0,79 0,93 0,24 

DaNs GAP43 ENSG00000172020 0,852 0,892588927 0,704 0,82 0,13 

DaNs SYT14 ENSG00000143469 0,861 0,845373375 0,722 0,99 0,29 

DaNs HSPA4L ENSG00000164070 0,852 0,812136132 0,704 0,91 0,21 

DaNs MTUS2 ENSG00000132938 0,845 1,152007129 0,69 0,82 0,13 

DaNs JAKMIP1 ENSG00000152969 0,856 1,065759831 0,712 0,81 0,12 

DaNs GABRB3 ENSG00000166206 0,85 1,067647018 0,7 0,89 0,2 

DaNs RNF150 ENSG00000170153 0,858 1,13174591 0,716 0,95 0,25 

DaNs KCNIP4 ENSG00000185774 0,893 1,484625756 0,786 0,99 0,29 

DaNs STXBP5-AS1 ENSG00000233452 0,85 1,013409342 0,7 0,87 0,17 

DaNs VWC2L ENSG00000174453 0,845 1,010153699 0,69 0,77 0,08 

DaNs GPC6 ENSG00000183098 0,895 2,151896855 0,79 0,91 0,22 

DaNs GPRIN3 ENSG00000185477 0,827 0,672297519 0,654 0,85 0,16 

DaNs CACNA1A ENSG00000141837 0,868 1,222818632 0,736 0,97 0,29 

DaNs SCG2 ENSG00000171951 0,858 1,123992558 0,716 0,8 0,11 

DaNs ST6GALNAC5 ENSG00000117069 0,847 1,531780677 0,694 0,76 0,07 

DaNs MEG3 ENSG00000214548 0,848 0,721916938 0,696 0,78 0,1 

DaNs SHANK2 ENSG00000162105 0,849 1,162604021 0,698 0,87 0,18 

DaNs SLC2A13 ENSG00000151229 0,874 1,550862993 0,748 0,93 0,25 

DaNs KCNQ3 ENSG00000184156 0,88 1,218153204 0,76 0,97 0,29 

DaNs LRRC7 ENSG00000033122 0,825 0,760011767 0,65 1 0,32 

DaNs SLC8A1 ENSG00000183023 0,85 1,128561898 0,7 0,99 0,31 

DaNs KSR2 ENSG00000171435 0,852 1,102830872 0,704 0,87 0,19 

DaNs LRFN5 ENSG00000165379 0,825 0,916875232 0,65 0,88 0,2 

DaNs SRRM4 ENSG00000139767 0,828 0,651324741 0,656 0,78 0,11 

DaNs NSG2 ENSG00000170091 0,827 0,742520899 0,654 0,82 0,15 

DaNs CCSER1 ENSG00000184305 0,914 1,629477831 0,828 0,97 0,3 

DaNs SCN7A ENSG00000136546 0,83 0,61310342 0,66 0,77 0,1 

DaNs ARHGAP44 ENSG00000006740 0,859 0,993344928 0,718 0,88 0,2 

DaNs TENM3 ENSG00000218336 0,829 0,79758148 0,658 0,89 0,22 

DaNs FRRS1L ENSG00000260230 0,837 0,715652319 0,674 0,87 0,19 

DaNs SEMA6D ENSG00000137872 0,938 1,883607961 0,876 0,96 0,29 

DaNs PPM1E ENSG00000175175 0,891 1,353958387 0,782 0,96 0,29 

DaNs ADD2 ENSG00000075340 0,824 0,683472328 0,648 0,8 0,13 

DaNs DLGAP2 ENSG00000198010 0,834 1,07649953 0,668 0,82 0,15 

DaNs GNAL ENSG00000141404 0,822 0,706076027 0,644 0,82 0,15 

DaNs KIAA1211 ENSG00000109265 0,823 0,732494248 0,646 0,91 0,24 

DaNs SLITRK5 ENSG00000165300 0,83 0,641415881 0,66 0,82 0,15 

DaNs SHISA9 ENSG00000237515 0,81 0,713551764 0,62 0,85 0,18 

DaNs BASP1 ENSG00000176788 0,817 0,640713258 0,634 0,89 0,22 

DaNs ABLIM2 ENSG00000163995 0,851 0,866429879 0,702 0,88 0,21 
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DaNs SYT16 ENSG00000139973 0,828 0,788884101 0,656 0,84 0,17 

DaNs PCDH7 ENSG00000169851 0,869 1,29847983 0,738 0,96 0,29 

DaNs UCHL1 ENSG00000154277 0,871 0,888589733 0,742 0,96 0,29 

DaNs SCN8A ENSG00000196876 0,851 0,959322918 0,702 0,89 0,23 

DaNs DLGAP1 ENSG00000170579 0,833 0,797915923 0,666 0,96 0,3 

DaNs MYRIP ENSG00000170011 0,907 1,443324607 0,814 0,96 0,3 

DaNs RAP1GAP2 ENSG00000132359 0,832 0,871659909 0,664 0,84 0,18 

DaNs EPB41 ENSG00000159023 0,808 0,588163749 0,616 0,88 0,22 

DaNs LINC02389 ENSG00000255693 0,828 0,789464665 0,656 0,76 0,1 

DaNs ATP2B2 ENSG00000157087 0,806 0,607009546 0,612 0,89 0,23 

DaNs SYBU ENSG00000147642 0,818 0,682740789 0,636 0,85 0,19 

DaNs NDRG4 ENSG00000103034 0,814 0,588448657 0,628 0,81 0,15 

DaNs RUNDC3B ENSG00000105784 0,82 0,698308801 0,64 0,82 0,17 

DaNs RERG ENSG00000134533 0,824 0,946497074 0,648 0,76 0,1 

DaNs FAM155A ENSG00000204442 0,925 1,616422039 0,85 1 0,34 

DaNs RIMS1 ENSG00000079841 0,878 1,400431217 0,756 0,95 0,29 

DaNs PID1 ENSG00000153823 0,854 1,358558733 0,708 0,89 0,24 

DaNs KIF26B ENSG00000162849 0,832 0,980266303 0,664 0,88 0,22 

DaNs CALY ENSG00000130643 0,818 0,6673734 0,636 0,78 0,13 

DaNs DNAH14 ENSG00000185842 0,831 0,847290114 0,662 0,82 0,17 

DaNs SLC8A3 ENSG00000100678 0,816 0,643909329 0,632 0,81 0,16 

DaNs FOXP2 ENSG00000128573 0,839 1,267497713 0,678 0,84 0,19 

DaNs PEG10 ENSG00000242265 0,847 1,150751595 0,694 0,81 0,16 

DaNs DSCAM ENSG00000171587 0,852 0,972294583 0,704 0,97 0,32 

DaNs MCC ENSG00000171444 0,825 1,088258699 0,65 0,88 0,23 

DaNs KHDRBS2 ENSG00000112232 0,806 0,650369836 0,612 0,91 0,25 

DaNs CADPS2 ENSG00000081803 0,882 2,009136908 0,764 0,87 0,22 

DaNs PIP5K1B ENSG00000107242 0,829 0,891753269 0,658 0,81 0,16 

DaNs PLXNA4 ENSG00000221866 0,826 0,901814505 0,652 0,81 0,16 

DaNs CNNM1 ENSG00000119946 0,822 0,611453039 0,644 0,76 0,11 

DaNs SDC2 ENSG00000169439 0,827 0,925071963 0,654 0,76 0,11 

DaNs PAM ENSG00000145730 0,847 1,12936238 0,694 0,93 0,29 

DaNs AGBL4 ENSG00000186094 0,838 1,038281538 0,676 0,92 0,27 

DaNs FAM189A1 ENSG00000104059 0,819 0,704198799 0,638 0,77 0,12 

DaNs CSMD2 ENSG00000121904 0,854 1,250258683 0,708 0,92 0,27 

DaNs EFNA5 ENSG00000184349 0,835 1,282367134 0,67 0,81 0,17 

DaNs KIAA1549L ENSG00000110427 0,814 0,742904454 0,628 0,8 0,15 

DaNs LMTK3 ENSG00000142235 0,819 0,645609255 0,638 0,87 0,22 

DaNs PLA2R1 ENSG00000153246 0,823 0,827750448 0,646 0,74 0,1 

DaNs GRIN3A ENSG00000198785 0,824 0,860284607 0,648 0,72 0,08 

DaNs SVOP ENSG00000166111 0,821 0,622714711 0,642 0,73 0,09 

DaNs AMMECR1 ENSG00000101935 0,846 1,145124449 0,692 0,8 0,16 

DaNs LMX1A ENSG00000162761 0,819 0,976499459 0,638 0,65 0,01 

DaNs PLCB4 ENSG00000101333 0,812 0,803340858 0,624 0,89 0,25 

DaNs GRIK2 ENSG00000164418 0,804 0,678332838 0,608 0,95 0,31 

DaNs DGKH ENSG00000102780 0,81 0,716554387 0,62 0,84 0,2 

DaNs RAB27B ENSG00000041353 0,817 0,743104703 0,634 0,73 0,1 

DaNs CPLX2 ENSG00000145920 0,815 0,594112422 0,63 0,72 0,08 

DaNs UBASH3B ENSG00000154127 0,812 0,624185151 0,624 0,78 0,15 

DaNs SNRPN ENSG00000128739 0,855 1,293582977 0,71 0,91 0,27 

DaNs STXBP5L ENSG00000145087 0,828 1,005364762 0,656 0,88 0,25 

DaNs ADAMTS2 ENSG00000087116 0,814 0,714754162 0,628 0,69 0,06 

DaNs TENM2 ENSG00000145934 0,827 1,565636885 0,654 0,84 0,21 

DaNs SLC41A2 ENSG00000136052 0,806 0,605275396 0,612 0,8 0,17 

DaNs DGKB ENSG00000136267 0,795 0,711481884 0,59 0,85 0,22 
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DaNs KIF5A ENSG00000155980 0,815 0,610862767 0,63 0,77 0,14 

DaNs MGAT4C ENSG00000182050 0,814 0,929893928 0,628 0,84 0,21 

DaNs LINC01414 ENSG00000253554 0,809 0,742829482 0,618 0,74 0,11 

DaNs DCX ENSG00000077279 0,814 0,598048916 0,628 0,72 0,09 

DaNs LRRTM4 ENSG00000176204 0,821 0,950410994 0,642 0,93 0,31 

DaNs CNTN1 ENSG00000018236 0,861 1,260486471 0,722 0,97 0,35 

DaNs CNKSR2 ENSG00000149970 0,804 0,740771685 0,608 0,82 0,2 

DaNs CHL1 ENSG00000134121 0,797 0,669147685 0,594 0,89 0,27 

DaNs KIF9-AS1 ENSG00000227398 0,83 0,696732618 0,66 0,96 0,34 

DaNs STXBP1 ENSG00000136854 0,822 0,714320998 0,644 0,93 0,31 

DaNs RPH3A ENSG00000089169 0,805 0,790145174 0,61 0,73 0,11 

DaNs WDR17 ENSG00000150627 0,833 0,745025434 0,666 0,91 0,29 

DaNs AC092683.1 ENSG00000230606 0,832 0,756749929 0,664 0,96 0,34 

DaNs FGF13 ENSG00000129682 0,803 0,59485551 0,606 0,72 0,1 

DaNs MYH10 ENSG00000133026 0,795 0,645017266 0,59 0,82 0,21 

DaNs AC025159.1 ENSG00000257815 0,851 0,93202621 0,702 0,93 0,32 

DaNs SHISA6 ENSG00000188803 0,821 1,385350857 0,642 0,76 0,15 

DaNs CERS6 ENSG00000172292 0,821 0,833744555 0,642 0,91 0,29 

DaNs CACNA1D ENSG00000157388 0,827 0,83202211 0,654 0,91 0,3 

DaNs RGS6 ENSG00000182732 0,828 1,530262441 0,656 0,81 0,2 

DaNs RBMS1 ENSG00000153250 0,803 0,691712212 0,606 0,91 0,3 

DaNs ERC2 ENSG00000187672 0,879 1,385498872 0,758 0,97 0,37 

DaNs FAM135B ENSG00000147724 0,788 0,752514064 0,576 0,85 0,24 

DaNs GABRA4 ENSG00000109158 0,803 0,599580537 0,606 0,66 0,06 

DaNs PKNOX2 ENSG00000165495 0,798 0,626069649 0,596 0,77 0,16 

DaNs SLIT2 ENSG00000145147 0,824 1,139033346 0,648 0,81 0,21 

DaNs CAP2 ENSG00000112186 0,803 0,678237146 0,606 0,74 0,14 

DaNs TMEM255A ENSG00000125355 0,802 0,715829669 0,604 0,68 0,07 

DaNs TRPC6 ENSG00000137672 0,806 1,139566268 0,612 0,65 0,05 

DaNs PRKAR2B ENSG00000005249 0,805 0,633905783 0,61 0,74 0,14 

DaNs SPTAN1 ENSG00000197694 0,801 0,785461872 0,602 0,93 0,33 

DaNs VSNL1 ENSG00000163032 0,788 0,681907218 0,576 0,72 0,11 

DaNs ANKRD29 ENSG00000154065 0,801 0,665658288 0,602 0,69 0,09 

DaNs FBXO16 ENSG00000214050 0,798 0,613261658 0,596 0,73 0,13 

DaNs ADGRL2 ENSG00000117114 0,812 1,299549671 0,624 0,76 0,16 

DaNs FP700111.1 ENSG00000224363 0,79 0,615787832 0,58 0,88 0,28 

DaNs CSMD1 ENSG00000183117 0,923 1,779680559 0,846 1 0,4 

DaNs TMEM178B ENSG00000261115 0,887 1,213787511 0,774 0,99 0,39 

DaNs CNTNAP3B ENSG00000154529 0,795 0,668362454 0,59 0,8 0,2 

DaNs CNTN4 ENSG00000144619 0,791 0,897558323 0,582 0,78 0,19 

DaNs DAB1 ENSG00000173406 0,892 1,642859848 0,784 0,99 0,39 

DaNs CEP126 ENSG00000110318 0,801 0,601850533 0,602 0,88 0,28 

DaNs SYN2 ENSG00000157152 0,779 0,59040119 0,558 0,76 0,16 

DaNs SDK1 ENSG00000146555 0,808 1,006711809 0,616 0,87 0,27 

DaNs CACNG2 ENSG00000166862 0,793 0,616214279 0,586 0,72 0,12 

DaNs PRICKLE2 ENSG00000163637 0,825 0,882908199 0,65 0,91 0,31 

DaNs SLC6A3 ENSG00000142319 0,796 1,262554146 0,592 0,6 0 

DaNs CSMD3 ENSG00000164796 0,816 0,951944498 0,632 0,95 0,36 

DaNs PCLO ENSG00000186472 0,87 1,10661562 0,74 0,96 0,37 

DaNs LINC01876 ENSG00000226383 0,796 1,225363121 0,592 0,62 0,04 

DaNs ANKRD34C-
AS1 

ENSG00000259234 0,787 0,625168342 0,574 0,68 0,09 

DaNs SV2C ENSG00000122012 0,804 1,617055077 0,608 0,65 0,06 

DaNs PPP2R2C ENSG00000074211 0,799 0,63738079 0,598 0,96 0,37 

DaNs GRIN2A ENSG00000183454 0,806 1,331535571 0,612 0,74 0,16 
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DaNs FNBP1L ENSG00000137942 0,776 0,60049794 0,552 0,82 0,24 

DaNs LINC01250 ENSG00000234423 0,79 0,651523801 0,58 0,68 0,1 

DaNs EML5 ENSG00000165521 0,789 0,662516574 0,578 0,8 0,22 

DaNs GRIA3 ENSG00000125675 0,862 1,043525073 0,724 0,93 0,35 

DaNs CLVS1 ENSG00000177182 0,783 0,601981978 0,566 0,77 0,19 

DaNs PLCB1 ENSG00000182621 0,809 0,993094325 0,618 0,93 0,35 

DaNs GFRA1 ENSG00000151892 0,797 1,411927978 0,594 0,65 0,07 

DaNs FHOD3 ENSG00000134775 0,774 0,603659678 0,548 0,74 0,16 

DaNs PCSK2 ENSG00000125851 0,786 0,723189831 0,572 0,7 0,13 

DaNs LINC00632 ENSG00000203930 0,839 0,780204268 0,678 0,96 0,38 

DaNs SGSM1 ENSG00000167037 0,813 0,704595154 0,626 0,89 0,32 

DaNs DAAM1 ENSG00000100592 0,796 0,593579826 0,592 0,91 0,33 

DaNs GRM8 ENSG00000179603 0,789 1,121700753 0,578 0,7 0,13 

DaNs HSPA12A ENSG00000165868 0,844 0,778157028 0,688 0,97 0,4 

DaNs TENM1 ENSG00000009694 0,79 0,894527276 0,58 0,73 0,15 

DaNs TUSC3 ENSG00000104723 0,782 0,590387624 0,564 0,73 0,15 

DaNs AC092691.1 ENSG00000239268 0,809 0,96578097 0,618 0,95 0,37 

DaNs FBXL2 ENSG00000153558 0,797 0,671326784 0,594 0,84 0,26 

DaNs FGF14 ENSG00000102466 0,81 1,139988751 0,62 0,87 0,29 

DaNs RSPO2 ENSG00000147655 0,788 1,15088128 0,576 0,61 0,04 

DaNs ARHGAP6 ENSG00000047648 0,775 0,647723939 0,55 0,74 0,17 

DaNs RAPGEF4 ENSG00000091428 0,773 0,733689381 0,546 0,92 0,35 

DaNs ME1 ENSG00000065833 0,797 0,638328157 0,594 0,88 0,31 

DaNs CNTNAP5 ENSG00000155052 0,766 0,713998699 0,532 0,77 0,2 

DaNs BNC2 ENSG00000173068 0,778 0,891698968 0,556 0,73 0,16 

DaNs FLRT2 ENSG00000185070 0,771 0,634463374 0,542 0,78 0,22 

DaNs UBA6-AS1 ENSG00000248049 0,852 1,108161759 0,704 0,97 0,41 

DaNs CDH4 ENSG00000179242 0,804 1,061303198 0,608 0,8 0,23 

DaNs PLEKHA5 ENSG00000052126 0,867 1,185637213 0,734 1 0,44 

DaNs SPAG16 ENSG00000144451 0,774 0,623193672 0,548 0,91 0,34 

DaNs MAP2 ENSG00000078018 0,897 1,289059443 0,794 0,97 0,41 

DaNs KCNH7 ENSG00000184611 0,786 1,077519189 0,572 0,69 0,13 

DaNs NPNT ENSG00000168743 0,782 0,898523508 0,564 0,62 0,06 

DaNs AC024901.1 ENSG00000255910 0,781 0,812051321 0,562 0,65 0,09 

DaNs AFF3 ENSG00000144218 0,856 1,241022613 0,712 0,95 0,38 

DaNs HS6ST3 ENSG00000185352 0,775 1,016353674 0,55 0,77 0,21 

DaNs FRY ENSG00000073910 0,765 0,745253497 0,53 0,92 0,36 

DaNs NOL4 ENSG00000101746 0,779 0,903241687 0,558 0,78 0,22 

DaNs PLCXD3 ENSG00000182836 0,781 0,922197864 0,562 0,68 0,12 

DaNs LARP1B ENSG00000138709 0,769 0,621661892 0,538 0,92 0,36 

DaNs AC008591.1 ENSG00000251680 0,783 1,164105598 0,566 0,61 0,05 

DaNs ASXL3 ENSG00000141431 0,768 0,613829474 0,536 0,81 0,26 

DaNs TMEM108 ENSG00000144868 0,756 0,600298054 0,512 0,84 0,28 

DaNs PPIP5K2 ENSG00000145725 0,811 0,663111521 0,622 0,92 0,37 

DaNs SNAP91 ENSG00000065609 0,791 0,706960103 0,582 0,89 0,34 

DaNs TRPC5 ENSG00000072315 0,785 1,154301705 0,57 0,65 0,1 

DaNs CACNG3 ENSG00000006116 0,779 0,688203954 0,558 0,6 0,04 

DaNs AC096711.2 ENSG00000251555 0,82 0,705614137 0,64 0,92 0,37 

DaNs CSRNP3 ENSG00000178662 0,791 0,793898853 0,582 0,95 0,4 

DaNs MAGI3 ENSG00000081026 0,777 0,724590628 0,554 0,88 0,33 

DaNs NEXMIF ENSG00000050030 0,769 0,687361534 0,538 0,7 0,15 

DaNs EPB41L4B ENSG00000095203 0,775 0,605956499 0,55 0,69 0,14 

DaNs MTCL1 ENSG00000168502 0,772 0,769889209 0,544 0,76 0,21 

DaNs NRXN1 ENSG00000179915 0,82 1,010984375 0,64 0,99 0,44 

DaNs FSTL4 ENSG00000053108 0,781 1,253062732 0,562 0,64 0,1 
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DaNs NTN1 ENSG00000065320 0,768 0,826013722 0,536 0,65 0,11 

DaNs MPPED2 ENSG00000066382 0,757 0,630847775 0,514 0,74 0,2 

DaNs TBC1D19 ENSG00000109680 0,802 0,76635956 0,604 0,96 0,42 

DaNs NELL2 ENSG00000184613 0,765 0,724634353 0,53 0,69 0,15 

DaNs CACNA1C ENSG00000151067 0,793 0,758218625 0,586 0,89 0,36 

DaNs MIR4500HG ENSG00000228824 0,769 0,835369001 0,538 0,58 0,05 

DaNs SLC35F4 ENSG00000151812 0,765 0,942761115 0,53 0,62 0,09 

DaNs HCN1 ENSG00000164588 0,759 0,631511268 0,518 0,64 0,1 

DaNs GPR158 ENSG00000151025 0,755 0,681937303 0,51 0,85 0,32 

DaNs AJAP1 ENSG00000196581 0,766 0,620368918 0,532 0,74 0,21 

DaNs ZFHX3 ENSG00000140836 0,815 1,181505683 0,63 0,96 0,43 

DaNs CDH18 ENSG00000145526 0,768 1,163151253 0,536 0,72 0,19 

DaNs RIT2 ENSG00000152214 0,766 0,838298261 0,532 0,65 0,12 

DaNs MCTP1 ENSG00000175471 0,758 0,632368088 0,516 0,7 0,18 

DaNs CDH10 ENSG00000040731 0,754 0,629404768 0,508 0,72 0,19 

DaNs FOCAD ENSG00000188352 0,812 0,793063968 0,624 0,92 0,4 

DaNs CDK14 ENSG00000058091 0,805 0,935113215 0,61 0,93 0,41 

DaNs ZNF804A ENSG00000170396 0,745 0,672002643 0,49 0,68 0,15 

DaNs GSG1L ENSG00000169181 0,758 0,638938351 0,516 0,65 0,13 

DaNs TMEM232 ENSG00000186952 0,756 0,632851406 0,512 0,85 0,33 

DaNs MARCH4 ENSG00000144583 0,762 0,606069977 0,524 0,6 0,07 

DaNs AC090578.1 ENSG00000253553 0,756 0,607791043 0,512 0,64 0,11 

DaNs KCNH5 ENSG00000140015 0,758 0,725573892 0,516 0,61 0,09 

DaNs NSF ENSG00000073969 0,8 0,740208914 0,6 0,97 0,46 

DaNs CTNNA2 ENSG00000066032 0,763 0,625049744 0,526 0,99 0,47 

DaNs ANAPC10 ENSG00000164162 0,737 0,593153015 0,474 0,88 0,36 

DaNs CDH8 ENSG00000150394 0,753 0,887677497 0,506 0,84 0,32 

DaNs GRM5 ENSG00000168959 0,733 0,742365981 0,466 0,73 0,22 

DaNs EBF1 ENSG00000164330 0,751 0,797821781 0,502 0,66 0,15 

DaNs LUZP2 ENSG00000187398 0,738 0,742092532 0,476 0,77 0,26 

DaNs GPC5 ENSG00000179399 0,762 1,097840493 0,524 0,8 0,29 

DaNs MIPOL1 ENSG00000151338 0,76 0,659368541 0,52 0,82 0,32 

DaNs DCC ENSG00000187323 0,79 1,775809387 0,58 0,76 0,26 

DaNs CACNB4 ENSG00000182389 0,75 0,728600388 0,5 0,62 0,12 

DaNs APBA1 ENSG00000107282 0,806 0,814823635 0,612 0,92 0,42 

DaNs CACNA2D3 ENSG00000157445 0,758 0,690366413 0,516 0,8 0,3 

DaNs IQCJ-SCHIP1 ENSG00000283154 0,94 2,108105232 0,88 1 0,5 

DaNs XKR6 ENSG00000171044 0,809 0,975997368 0,618 0,88 0,38 

DaNs CDH12 ENSG00000154162 0,746 1,054422692 0,492 0,69 0,19 

DaNs MCF2L2 ENSG00000053524 0,774 0,636180447 0,548 0,88 0,38 

DaNs HS6ST2 ENSG00000171004 0,751 0,814583329 0,502 0,6 0,1 

DaNs RGS7 ENSG00000182901 0,778 0,7800691 0,556 0,92 0,43 

DaNs PWRN1 ENSG00000259905 0,743 0,681748771 0,486 0,77 0,28 

DaNs NEDD4L ENSG00000049759 0,723 0,599164296 0,446 0,91 0,42 

DaNs FRMD4A ENSG00000151474 0,882 1,322370089 0,764 1 0,52 

DaNs SGCD ENSG00000170624 0,902 2,000750288 0,804 0,96 0,48 

DaNs CNTN6 ENSG00000134115 0,734 0,71543005 0,468 0,58 0,1 

DaNs LINC00535 ENSG00000246662 0,738 0,631922882 0,476 0,58 0,1 

DaNs LINC01322 ENSG00000244128 0,736 0,617903283 0,472 0,65 0,17 

DaNs DYNC1I1 ENSG00000158560 0,83 1,023774422 0,66 0,99 0,52 

DaNs ZNF385B ENSG00000144331 0,721 0,593009581 0,442 0,58 0,12 

DaNs UNC5D ENSG00000156687 0,727 0,893914827 0,454 0,61 0,15 

DaNs MACROD2 ENSG00000172264 0,819 1,008889209 0,638 1 0,54 

DaNs UNC79 ENSG00000133958 0,76 0,630301902 0,52 0,91 0,45 

DaNs DENND5B ENSG00000170456 0,817 0,73606362 0,634 0,96 0,52 
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DaNs GDAP1 ENSG00000104381 0,803 0,812026449 0,606 0,95 0,51 

DaNs NLGN1 ENSG00000169760 0,785 0,753292243 0,57 0,99 0,56 

DaNs KCNAB1 ENSG00000169282 0,711 0,587018497 0,422 0,65 0,23 

DaNs AC110023.1 ENSG00000258631 0,714 0,85164163 0,428 0,51 0,09 

DaNs PACS1 ENSG00000175115 0,732 0,641774828 0,464 0,85 0,43 

DaNs AEBP2 ENSG00000139154 0,736 0,616646584 0,472 0,89 0,48 

DaNs CNTNAP2 ENSG00000174469 0,888 1,407147392 0,776 1 0,59 

DaNs PPFIA2 ENSG00000139220 0,818 1,188265231 0,636 0,99 0,57 

DaNs KCNC2 ENSG00000166006 0,702 0,634367481 0,404 0,51 0,1 

DaNs GABRG3 ENSG00000182256 0,701 0,777904688 0,402 0,51 0,1 

DaNs SORCS3 ENSG00000156395 0,702 0,720069837 0,404 0,57 0,16 

DaNs TOX3 ENSG00000103460 0,713 0,644170737 0,426 0,65 0,24 

DaNs PAPPA ENSG00000182752 0,706 0,624749272 0,412 0,45 0,04 

DaNs SAMD3 ENSG00000164483 0,708 0,861698327 0,416 0,46 0,05 

DaNs FUT9 ENSG00000172461 0,773 0,735281675 0,546 0,96 0,55 

DaNs PPP3CA ENSG00000138814 0,78 0,706015091 0,56 0,95 0,55 

DaNs CPEB3 ENSG00000107864 0,748 0,620375132 0,496 0,96 0,58 

DaNs ADARB2 ENSG00000185736 0,841 1,354470447 0,682 0,91 0,53 

DaNs NBEA ENSG00000172915 0,802 0,997220246 0,604 0,97 0,6 

DaNs PBX1 ENSG00000185630 0,944 1,741966297 0,888 0,99 0,62 

DaNs PBX3 ENSG00000167081 0,745 0,710847109 0,49 0,87 0,5 

DaNs AC124312.1 ENSG00000214265 0,787 0,720682119 0,574 0,97 0,61 

DaNs SMYD3 ENSG00000185420 0,764 0,716942337 0,528 0,97 0,62 

DaNs NEGR1 ENSG00000172260 0,81 1,168034816 0,62 0,99 0,63 

DaNs GRID2 ENSG00000152208 0,708 0,797802324 0,416 0,87 0,52 

DaNs RASGEF1B ENSG00000138670 0,73 0,703904302 0,46 0,95 0,61 

DaNs NRXN3 ENSG00000021645 0,842 1,443983858 0,684 0,97 0,64 

DaNs BICD1 ENSG00000151746 0,738 0,64064816 0,476 0,93 0,6 

DaNs KAZN ENSG00000189337 0,864 1,057962532 0,728 1 0,68 

DaNs MAP1B ENSG00000131711 0,829 0,795301905 0,658 1 0,68 

DaNs PDE4D ENSG00000113448 0,874 1,73363943 0,748 0,99 0,7 

DaNs FBXL17 ENSG00000145743 0,707 0,674476807 0,414 0,95 0,66 

DaNs ANKS1B ENSG00000185046 0,707 0,641848242 0,414 1 0,75 

DaNs DOCK3 ENSG00000088538 0,719 0,616625413 0,438 0,96 0,76 

DaNs ADGRL3 ENSG00000150471 0,752 0,774304415 0,504 0,99 0,79 

DaNs LSAMP ENSG00000185565 0,785 0,887660475 0,57 0,99 0,8 

DaNs LRP1B ENSG00000168702 0,704 0,738664677 0,408 0,99 0,8 

DaNs CADM2 ENSG00000175161 0,751 0,714638904 0,502 1 0,83 

DaNs ERBB4 ENSG00000178568 0,705 0,952400165 0,41 0,88 0,72 

DaNs TNRC6A ENSG00000090905 0,784 0,61695903 0,568 0,99 0,83 

DaNs ANK2 ENSG00000145362 0,773 0,774117771 0,546 0,99 0,84 

DaNs FTX ENSG00000230590 0,74 0,625379613 0,48 1 0,93 

 

myAUC   Area under the curve 

avg_diff    Mean log2 expression difference 

pct.1  Percentage of expressing cells of the query cell type 

pct.2  Percentage of expressing cells of the all but the query cell type 
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Supplementary Table 4 PD-associated variant enrichment in genes with cell type-specific 

expression patterns 

 
Control + IPD 

Cell type Ngenes Beta Beta SD SE P 

Astrocytes 288 0.1017 0.012776 0.057773 0.039178 

CADPS2 135 0.036384 0.0031427 0.085945 0.33603 

DaNs 3558 0.031252 0.012457 0.01794 0.040758 

Ependymal 789 0.021755 0.0044587 0.034048 0.26143 

Excitatory 3326 0.038489 0.014951 0.018401 0.018243 

GABA 1944 0.0038755 0.0012041 0.022954 0.43296 

Inhibitory 3653 0.032494 0.01308 0.017858 0.034424 

Microglia 312 0.12692 0.016583 0.05239 0.00771 

ODC 545 0.024234 0.0041571 0.040358 0.2741 

OPC 346 0.093397 0.012838 0.055126 0.04512 

Pericytes 763 0.04785 0.0096511 0.034697 0.083947 

endothelial 425 -0.025419 -0.0038638 0.046468 0.70781 

IPD 

Cell type Ngenes Beta Beta SD SE P 

Astrocytes 272 0.08916 0.010889 0.060035 0.068766 

CADPS2 61 0.043147 0.0025103 0.12181 0.36159 

DaNs 3298 0.0051904 0.0020097 0.018263 0.38813 

Endothelial 418 -0.0079903 -0.0012047 0.047089 0.56737 

Ependymal 811 0.057624 0.011966 0.033824 0.044233 

Excitatory 3196 0.035544 0.013595 0.018639 0.028275 

GABA 1217 0.022821 0.0057358 0.028402 0.21085 

Inhibitory 3716 0.041095 0.016648 0.017732 0.010245 

Microglia 335 0.12451 0.016846 0.050777 0.0071079 

OPC 355 0.059049 0.0082196 0.054881 0.14098 

ODC 610 0.018569 0.0033636 0.038035 0.31271 

Pericytes 418 0.067611 0.010194 0.046413 0.072609 

Controls 

Cell type Ngenes Beta Beta SD SE P 

Astrocytes 292 0.086154 0.010896 0.056941 0.065146 

DaNs 177 0.023938 0.0023648 0.071795 0.36941 

Endothelial 441 -0.028609 -0.0044278 0.045705 0.73432 

Ependymal 635 0.05483 0.010126 0.037248 0.070521 

Excitatory 2846 0.025134 0.0091787 0.019482 0.09851 

GABA 2451 0.0060464 0.0020757 0.020663 0.38491 

Inhibitory 3547 0.026985 0.010743 0.01801 0.067032 

Microglia 254 0.065616 0.007748 0.058365 0.13047 

OPC 347 0.10118 0.013928 0.054997 0.032914 

ODC 481 0.019398 0.0031317 0.042521 0.32413 

Pericytes 442 0.089193 0.013819 0.045315 0.024526 
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Ngenes: the number of genes     

Beta: the regression coefficient of the variable 

Beta SD: the semi-standardized regression coefficient, corresponding to the predicted change in Z-

value given a change of one standard deviation in the predictor gene set 

SE: the standard error of the regression coefficient 

P: p-value for the variable           
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Supplementary table 5 Per-gene information for every significant cell type within the 

MAGMA enrichment analysis. See separate Excel file

3.1. MANUSCRIPT I 131



Supplementary Table 6 T-test results for the cell type composition differences between IPD and 

control samples. 

 

 
Cell type mean cell/sample (control) mean cell/sample (IPD) Statistic Parameter P.value 

Astrocytes 0.1003201348 0.1350897162 -2.750440529 5.671063782 0.03527224809 

CADPS2+ neurons 0.0006756662773 0.00716654498 -4.143674419 3.08556866 0.02416713591 

DaNs 0.002254081783 0.002534306896 -0.1628600317 4.926478174 0.8770978439 

Endothelial cells 0.03712579331 0.03379641715 0.2551487087 6.405729353 0.8066043354 

Ependymal 0.008691805579 0.01714801578 -1.763472461 6.174108097 0.1268821922 

Excitatory 0.07705083796 0.06105230529 0.8389981942 8.563349355 0.4242711062 

GABA 0.01057109988 0.01355919251 -0.6523500725 8.899491317 0.5306619457 

Inhibitory 0.03591306145 0.03436051229 0.1246382728 8.849982953 0.9035949956 

Microglia 0.05494681848 0.1293926796 -2.967776818 4.335692391 0.03727960072 

OPCs 0.0717005494 0.06304498374 1.108974963 5.978794357 0.3100451593 

Oligodendrocytes 0.5772245274 0.4762349461 2.004862556 6.698913849 0.08684078533 

Pericytes 0.0247274284 0.0290674112 -0.5552624256 6.296609446 0.5978755141 

 

Cell type: Midbrain cell type. 

mean %cell/sample (control): Mean fraction of cells per sample for controls 

mean %cell/sample (IPD): Mean fraction of cells per sample for IPD 

Statistic: the value of the t-statistic. 

Parameter: the degrees of freedom for the t-statistic. 

P.value: the p-value of the test. 
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Supplementary Table 7 T-test results of imaging results 

 

 
DaNs 

Region .y. group1 group2 p-val p.adj p.format p.signif method # samples 

SN Area Control IPD 0.01164196 0.035 0.012 * T-test Control 
n=6;          
IPD 
n=5. 

Neuromelanin 

Region .y. group1 group2 p p.adj p.format p.signif method # samples 

SN Area Control IPD 0.006934968 0.0069 0.0069 ** T-test Control 
n=6;          
IPD 
n=5. 

Microglia 

Region .y. group1 group2 p p.adj p.format p.signif method # samples 

CC Area Control IPD 0.60947311 1 0.609 ns T-test Control 
n=6; 

Midbrain Area Control IPD 0.29191107 0.88 0.292 ns T-test IPD 

n=5. 
NR Area Control IPD 0.61652105 1 0.617 ns T-test 

 

SN Area Control IPD 0.02375746 0.12 0.024 * T-test 
 

TT Area Control IPD 0.04090638 0.16 0.041 * T-test 
 

Microglia ramification 

Region .y. group1 group2 p p.adj p.format p.signif method # samples 

SN BranchPerc IPD Control 1,57E-32 6.30E-

38 

< 2e-16 **** T-test Control 

n=5685;          
IPD  

n=6894. 

Astrocytes 

Region .y. group1 group2 p p.adj p.format p.signif method # samples 

CC Area Control IPD 0.6390098 1 0.64 ns T-test Control 
n=6; 

Midbrain Area Control IPD 0.1077312 0.54 0.11 ns T-test IPD 
n=5. 

NR Area Control IPD 0.5876515 1 0.59 ns T-test 
 

SN Area Control IPD 0.1085478 0.54 0.11 ns T-test 
 

TT Area Control IPD 0.2826889 0.85 0.28 ns T-test 
 

Oligodendrocytes 

Region .y. group1 group2 p p.adj p.format p.signif method # samples 

CC Area Control IPD 0.565291 1 0.565 ns T-test Control 
n=6l; 

Midbrain Area Control IPD 0.1221451 0.49 0.122 ns T-test IPD 

n=5. 
NR Area Control IPD 0.5709309 1 0.571 ns T-test 

 

SN Area Control IPD 0.0477596 0.24 0.048 * T-test 
 

TT Area Control IPD 0.8594471 1 0.859 ns T-test 
 

CC: Crus cerebri 

NR: Nucleus ruber 

SN: Substantia nigra 

TT: Tectum and tegmentum of the midbrain 
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Supplementary Table 8 Differentially activated genes along glial activation in IPD midbrain 

and differentially expressed genes in each cell type 

 

The Supplementary Table 8 is stored at 

https://github.com/SpielmannLab/pd_human_midbrain_snrnaseq/blob/main/scrnaseq/data/Sup

plementary%20Table%208.xlsx.zip 
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3.1.4 Additional data to Manuscript I

To additionally validate our results concerning CADPS2high neurons in an independent

disease model, we used iPSC from five IPD patients and three matched controls. We first

generated smNPCs (Reinhardt et al., 2013), and then further differentiated them into 60-

day old midbrain neurons (three independent differentiations). From these cultures, we

extracted RNA for cDNA synthesis. We then measured CADPS2 gene expression relative

to the housekeeping ACTB gene, equally revealing an upregulation of CADPS2 in the PD

patient neurons (Fig. 3.1.A).

Inspired by these results, we further wanted to characterise our CADPS2high cluster

from IPD midbrain tissues. With cell cycle scoring, excitatory, inhibitory, GABAergic,

and DaNs neurons were found in a resting state (G0/G1) (Fig. 3.1.B). Contrarily, a large

portion of CADPS2high neurons was classified as cycling (G2/M/S) (Fig. 3.1.B). We then

utilised a published snRNAseq dataset of human embryonic midbrain (La Manno et al.,

2016). After co-embedding of our DaN and CADPS2high populations with the developing

neuronal cell types of the midbrain (6-11 weeks-old) (Fig. 3.1.C), the DaNs from our

study were transcriptionaly more similar to differentiated embryonal DaNs (hDA0/1/2)

(Fig. 3.1.C,D). However, our CADPS2high neurons were clustered closely to embryonal

neuroblasts (hNbM, hNbML1/5, hNProg) (Fig. 3.1.C,D). These results might suggest a

possible cell cycle re-entry attempting to re-activate the developmental machinery in

CADPS2high neurons.
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Figure 3.1: CADPS2 validation in iPSC-derived neurons and human embryo midbrain. (A)
CADPS2 gene expression in iPSC-derived midbrain dopaminergic neurons. CADPS2 expression
was measured by real-time PCR in 2D neuronal cultures from 5 IPD patients and 3 matched
controls. Beta-Actin served as a housekeeping gene. The CADPS2:Beta-actin ratio revealed an
upregulation of CADPS2 in IPD neurons compared to control neurons. *p < 0.05. (B) Cell cy-
cle phase scoring reveals that ∼50% of IPD CADPS2high neurons are cycling cells. (C) UMAP
co-embedding of snRNAseq profiles of DaNs and CADPS2high neurons with snRNAseq profiles
of neuronal subpopulations in human embryo midbrain (La Manno et al., 2016). (D) The ma-
ture DaNs from adult IPD and control midbrain tissue cluster closely with the embryonic DaNs
(hDA0/1/2). The CADPS2high neurons cluster closely with the embryonic neuroblasts (hNbM,
hNbML1/5) and neural progenitors (hNProg).
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Corresponding author:
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3.2.1 Preface

Microglia and inflammatory processes have, in recent time, gained the reputation of a

major contributor to PD progression (Obeso et al., 2017). With ageing, or upon a chronic

exposure to stress agents, microglia can multiply, migrate and change their profile from

protective to detrimental (Imamura et al., 2003; Ouchi et al., 2009; Liddelow et al., 2017).

One such stressor, already present after the death of the first DaN, is NM. NM is a ‘brain

pigment’ which progressively accumulates with age, and consists of waste products,

misfolded proteins, toxins, lipids or oxidised DA. Once DaNs deteriorate, the toxic NM

content is exposed to the surroundings, where it can be sensed by microglia.

In our previous work, we reported microgliosis in the SN with GPNMB upregula-

tion in IPD patients as a major disease characteristic. Here, we aimed to investigate

the association of NM and microglia by (i) examining the NM distribution in the IPD

and control samples, (II) assessing the microglia abundancy, (III) determining the NM-

driven microglia accumulation and (iv) investigating NM-driven GPNMB expression in

microglia.

In IPD tissues, we observed a loss of neuronal NM (nNM) and an increase in NM

particles (pNM). We also show that NM leads to amoeboid morphological changes in

IPD microglia indicative of their activation. Additionally, we show that such microglia

upregulate GPNMB expression.

In this article, I contributed to the development of the method for automated im-

age acquisition of a manually precisely-defined region of interest on a large tissue sur-

face. I also participated in the experimental design and the conduction of experimental

procedures (immunohistochemical staining, imaging, LCM and RNA extraction, cDNA

synthesis). I further performed data analysis, figure and table creation, wrote the first

draft and later edited the manuscript.
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Abstract

Background. Large reactive microglia subtype characterized by GPNMB upregulation was

found in idiopathic Parkinson’s disease post-mortem midbrain. Similarly, in Alzheimer’s disease

brain, the GPNMB+ microglia accumulated around amyloid-beta plaques to clear it. In

Parkinson’s disease, the increase in microglial abundance was found specific to substantia nigra.

Moreover, these microglia exhibit amoeboid morphology, which all together suggests a

nigra-centric inflammation specific to Parkinson’s disease.

Objectives. We aimed to investigate the contribution of neuromelanin to nigra-specific

inflammatory GPNMB-state of microglia.

Methods.We utilized human post-mortem midbrain tissue from Parkinson’s disease patients and

age- and sex-matched controls. Immunohistochemical staining was employed to assess the

distribution of dopaminergic neurons, neuromelanin and microglia. Laser-microdissection and

transcriptomics were employed to investigate the relationship between microglia and

neuromelanin.

Results. With this approach, we confirmed the loss of dopaminergic neurons and neuromelanin,

and increase in microglia in idiopathic Parkinson’s disease patients. However, we also found a

larger proportion of undegraded neuromelanin particles in patient tissues. Moreover, we showed

that the patient's microglia tend to accumulate around neuromelanin deposits. The

neuromelanin-laden microglia in patients exhibited extremely amoeboid morphology, indicative

of a toxic character of neuromelanin in Parkinson’s disease substantia nigra. Additionally, the
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patient’s microglia around neuromelanin exhibited alleviated GPNMB expression suggesting a

similar mechanism of clearance as in Alzheimer’s disease plaques.

Conclusions. These results implicate neuromelanin as a major contributor to inflammation in

Parkinson’s disease patients, and open a new door to a potential treatment of neuroinflammation

with neuromelanin modulation.
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Introduction

Parkinson’s disease (PD) is a chronic, progressive and complex neurodegenerative disorder

affecting over 1% of the world population above 60 years1. This number is expected to double by

the year 20402. The key pathological feature of PD is the loss of neuromelanin (NM)-containing

dopaminergic neurons (DaNs) from the substantia nigra (SN), which leads to a deficiency in

dopamine levels in the brain. The disease is characterized by various symptoms, ranging from

motor and non-motor to vegetative changes1. Despite being described for the first time more than

200 years ago, the exact cause of PD remains unknown. Age, gender, environmental and genetic

factors are considered as contributing elements to the etiology of PD. However, the vast majority

of PD cases do not have a known genetic origin, and are therefore classified as idiopathic

patients (IPD)3.

Previously, the main focus of PD research was on DaN function. In recent years, however, the

pathological changes in cells other than neurons are being increasingly recognised. Microglia

and inflammatory processes have emerged as an important factor in the progression of PD4. On

the one hand, they act protective by clearing out waste material and pathogens from the brain. On

the other hand, with aging and extended exposure to stress, microglia can acquire damaging

morphological and functional characteristics4,5, and exhibit detrimental properties to which nigral

neurons react particularly sensitively4–7. One solid candidate that can be culpable for microgliosis

is NM, an often overlooked factor in PD.

NM becomes visible at the age of three, and continues to increase in size and density as it binds

the excess dopamine8. Besides dopamine, NM is a powerful quencher of metal ions, toxins or

undegraded cellular parts and proteins8–12. By binding of noxious molecules inside neurons, NM
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prevents their harmful reactions in the brain and is thus considered neuroprotective. However, in

PD, the lifetime-accumulated, insoluble and toxic NM content is released extracellularly as a

result of DaN demise13,14. Once the NM cargo leaked into the tissue parenchyma, it is reasonable

to suspect an activation of the surrounding microglia to produce proinflammatory agents that

contribute further to neuronal death and consequent NM release. Indeed, in vivo and in vitro

studies in mice demonstrated strong proinflammatory phenotypes and chemotaxis of microglia as

a response to NM15–18. In contrast to humans, rodents do not accumulate neuromelanin.

Therefore, the animal models are based on artificial injection of NM preparations, viral

transfection or toxin treatments16,19. In addition, rodents lack the complexity and the nature of the

human brain. Thus, although these studies provide valuable information on the microglia-NM

interplay, they have not yet been validated in human endogenous models.

In the current study, we applied immunohistochemistry, high-throughput confocal imaging and

laser microdissection-based transcriptomics to postmortem midbrain tissue from IPD patients

and controls to elucidate the relationship between NM and microglia at single-cell resolution.

Using this approach, we identified darker NM in IPD patients as an important driver of

morphological and transcriptional changes in microglial activation.
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Materials and Methods

Human midbrain tissue. Formalin-fixed paraffin-embedded (FFPE) midbrain tissue sections

were provided from the Parkinson’s UK Brain Bank. According to the pathological reports, the

brain was divided by the midline to separate the two hemispheres together with the

hemi-midbrains. With a transverse section, the right hemi-midbrain was removed and then

formalin-fixed, embedded into paraffin and sectioned transversely at ~5µm thickness. The

sections were then stored at 4°C. The brain banks collected written informed consent from the

patients and controls, which, together with the ethics review panel of the University of

Luxembourg, approved the study.

Genotyping of Parkinson’s disease samples using NeuroChip. DNA samples from PD cases

were genotyped at the Institute of Human Genetics at the Helmholtz Zentrum München with the

Illumina (San Diego, CA) NeuroChip20. SNP imputation was performed on NeuroChip data

using the Michigan Imputation Server21 to produce a final list of common (minor allele

frequency ≥ 1%) variants. Imputed SNP positions were based on Genome Reference Consortium

Human 37/human genome version 19 (GRCh37/hg19). All PD cases were screened for

disease-associated genetic variants in known major Parkinson’s disease genes (SNCA, LRRK2,

DJ-1, PRKN, GBA, PINK1, ATP13A2, VPS35, MAPT, DCTN1, DNAJC6, SYNJ1, VPS13C, and

MAPT) covered by the NeuroChip.

Immunohistochemistry of midbrain sections. Stainings were performed as described

previously22,23. Briefly, FFPE midbrain sections were first deparaffinized by incubating at 60°C

for 30 minutes. Secondly, the tissues were cleared with serial washes in Histoclear (2 x 5

minutes), ethanol (99%, 99%, 95%, 70% v/v, each 5 minutes) and distilled water (1 x 10
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minutes). Then, the sections were treated with 1mM EDTA for 40 minutes in a pressure cooker

for antigen retrieval, followed by washing for 5 minutes in distilled water, and 5 minutes in 1%

TBST. Blocking was done for 1 hour at room temperature in 10% natural goat serum (NGS) in

1% TBST. Finally, the staining was performed by an overnight incubation in primary antibody

solution (anti-tyrosine hydroxylase (TH) MAB318, 1:100, Millipore; anti-IBA1 019-19741,

1:500, FUJIFILM Wako) diluted in 1% NGS in 0,1% TBST. The next day, the sections were

washed 3 x 5 min in 1% TBST, and incubated at room temperature for 1 hour in secondary

antibody solution (goat anti-mouse IgG1 Alexa Fluor 647, 1:100, A21240; goat anti-rabbit IgG

Alexa Fluor 488, 1:100, A27034, Life Technologies) diluted in 1% NGS in 0.1% TBST. Lastly,

the sections were washed 3 x 5 minutes in 1% TBST, incubated in 0.3% Sudan black for 2

minutes and then rewashed 3 x 5 minutes in 1% TBST. Dried sections were mounted in Prolong

Gold mounting medium with DAPI.

Image acquisition. Images of the SN were acquired with a Yokogawa Cellvoyager CV8000.

First, the desired region for acquisition was encircled on the slide with a marker pen. Next, a

Matlab script was employed to screen the entire tissue slide in one plane using the 4x objective.

This approach allowed for later identification of the drawn region. With a second script, the

Yokogawa was programmed to reacquire the images inside the identified region with a 20x

objective and in 3D resolution (five planes with 1µm increment).

Automated image analysis. The analysis was performed with Matlab R2020a. All acquired

planes of an image were first fused into a maximum projection, and then stitched into one large

image for each channel used in the downstream analysis. Due to heterogeneity in NM intensity

between the tissues, the intensity threshold for NM identification was manually selected for each

tissue and imported as a .txt file into the in-house-developed Matlab algorithm for automated
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segmentation of NM objects. The algorithm selects a brightfield channel and segments individual

NM objects with the intensity below the selected threshold. These objects are then filtered by

area size and only those between 27 and 5000 are retained with the ‘bwareafilt’ function. Then

the algorithm calculates the roundness of each object by dividing the area and perimeter, and

keeps objects with a roundness > 1. Due to the complexity of human brain tissue, even with the

strict set of filters that was applied, the analysis resulted in false-positive objects. Therefore, each

output image mask was additionally inspected by eye, and false-positive objects were marked

manually with using the ‘ObjectSelector’ GUI script. The analysis was reinitiated, and the

marked objects were excluded from the downstream analysis.

In addition, we designed automated image analysis algorithms, which select the fluorescent

channels and segment TH-positive (DaNs) and IBA1-positive (microglia) objects extracting

different features such as area, intensity, perimeter or proximity and overlap with NM. In brief,

the segmentation of microglia was determined by convolving the raw IBA1 channel with a

Gaussian filter (hsize = 5; sigma = 1). Only objects with intensity > 700, and an area size

between 9 and 2000 were retained. Another set of analyzed features concerned microglial

ramification. The respective algorithm performed a morphological assessment of the image using

the ‘imopen’ function which utilizes a ‘disk-shaped’ structuring element with a radius of 6 pixels

to identify the microglia soma. Then, with the ‘bwmorph’ function and ‘skel’ operation, the

image skeleton was extracted.

The proximity of microglia objects to NM accumulations was performed by dilating the NM

object mask with structuring element ‘disk’ of a size 60. Then, the IBA1-positive area was

quantified inside each of the dilated NM masks.
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The segmentation of dopaminergic neurons was computed by filtering for noise of the raw TH

channel with the ‘medfilt2’ function. Then, only areas with an intensity >610 were retained.

Next, we applied the ‘difference of Gaussians’ filter for additional noise removal. To only keep

the soma, the algorithm removes objects smaller than 1000 pixels with ‘bwareaopen’. Since the

intensity of the TH staining varied between healthy and PD samples, this analysis also resulted in

false-positives. Therefore, we applied the same ‘ObjectSelector’ GUi script that was previously

applied to NM objects. Here, we confirmed the true positives by manual selection. Then, when

the final analysis was reinitiated, only selected objects were further analyzed. Due to the

inadequate TH staining, we excluded 2 IPD and 2 healthy control cases from the analysis that

involves TH area readouts.

Laser-capture microdissection of frozen tissue. Frozen human postmortem midbrain tissue

sections from 5 IPD and 5 control cases were obtained from Newcastle Brain Tissue Resource.

According to the sampling procedure in neuropathological reports, the left hemi-midbrain block

was snap-frozen at -120°C. Next, the tissue was sectioned at 20 µm thickness onto PEN slides,

which were stored at -80°C. Frozen sections were submerged in ice-cold 75% ethanol for 3

minute, and then in 99% ethanol for 1 minute24. After short air-drying, tissue was cut with PALM

Microbeam (Zeiss), and captured in 20 µL nuclease-free water with 0.2 U/µL RNase inhibitor

(Roche).

RNA extraction and cDNA synthesis. RNA was extracted with NucleoSpin RNA XS

purification kit (Macherey-Nagel) in accordance with the manufacturer’s instructions. The cDNA

was synthesized with SuperScript III Reverse Transcriptase (ThermoFisher).
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dPCR analysis. Gene expression was quantified by means of digital PCR (dPCR) using the

QuantStudio™ 3D Digital PCR System (Applied Biosystems). Samples were prepared following

the manufacturer’s instructions using QuantStudio™ 3D digital Master Mix v2 (A26359, Life

Technologies). The following primers/probes were purchased from ThermoFisher Scientific:

AIF1-VIC-MGB (4448489_Hs00610419_g1), Actin-VIC-MGB (4448489_Hs01060665_g1) and

TH-FAM-MGB (4331182_Hs00165941_m1). The sequences for GPNMB are: forward

3’-CCCACGGAGGTCTGTACCAT-5’, reverse 3’-GCAGACTGTGTTCTGGGTGATC-5’ and

probe FAM-TTCTGACCCCACCTGC-MGB. The sequences for MAP2 are: forward

3’-CCATCTTGGTGCCGAGTGA-5’, reverse 3’-GGAGTCGCAGGAGATTTTGG-5’and probe

FAM-AGGTCGCCATCATAC-MGB.. Samples were loaded on a QuantStudio™ 3D digital PCR

Chip v2 using the QuantStudio™ 3D Digital PCR Chip loader. The PCR was then performed on

the ProFlex™ 2X Flat PCR System using the following parameters: 95 °C for 5 min, 45 cycles

of 95 °C for 10 s, and 60 °C for 10 s, 72°C for 10 s. The chips were read using the

QuantStudio™ 3D Digital PCR Instrument and the data were analysed using the QuantStudio™

3D AnalysisSuite, version 3.1.6-PRC-build18

Statistical analysis. All statistical analyses and graphical representation of the results was

performed with R (v. 4.1.2). An independent t-test was used to determine statistical significance

(p < 0.05). A standardized mean difference, or Cohen’s d, was used to determine the effect size

(insignificant d < 0.2, small d > 0.2, moderate d > 0.5, large d > 0.8, very large d > 1.2)25. To

determine the modality of the data, we used Hartigan’s dip test26 in a ‘diptest’ R package (v.

0.76-0). The bimodality was assessed with ‘LaplacesDemon’ (v. 16.1.6) and the bimodality

coefficient27 was calculated with ‘mousetrap’ (v. 3.2.1) (bimodal BC > 0.555). Further, package
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‘cutoff’’ (v. 0.1.0) was used to determine the bimodality cutoff in the data. The snRNAseq data

was analyzed with ‘Seurat’ (v. 4.1.0) as described by Smajić et al23.
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Results

We obtained human midbrain tissue sections from seven iPD cases with severe neuronal loss in

the SN (Table S1). We isolated the DNA and performed SNP-Chip profiling20 of 179,467 known

variants associated with neurological diseases, including PD, and confirmed the idiopathic status

of all PD samples. Additionally, we included seven matched control cases without reported

neurological diseases (Table S1). The average age of the patients was ~78 (SEM 2.6 years), and

of matched controls ~82 years (SEM 3.6 years) (Table S1). Both groups had similar postmortem

intervals (PD: 24 hours, SEM 1.5 hours; controls: 18 hours, SEM 4 hours) (Table S1).

To elucidate the relationship between inflammation and NM in PD in more detail, we applied a

two-step approach (Fig. 1A). First, by means of immunofluorescent labeling and automated

imaging analysis, we assessed the abundance and spatial distribution of DaNs, microglia and

NM. Second, with laser-capture microdissection (LCM), we assessed the expression of selected

inflammatory and dopaminergic markers in relation to NM (Fig. 1A).

To re-evaluate our previous findings concerning the loss of NM and DaNs in the SN of IPD

patients23, we immunostained the midbrain tissues with the dopaminergic marker TH (Fig. 1B).

The SN tissue from the IPD cases showed a significant decrease in the abundance of DaNs

compared to control cases with a large effect size (d = 1.43) (Fig 1C). After a closer examination

of the tissues, we observed that IPD DaNs often lack NM. Therefore, we segregated our DaN

population according to NM load to TH+/NM+ and TH+/NM-. An independent t-test reported a

significant increase in the amount of TH+/NM+ compared to TH+/NM- DaNs for both groups,

with a large effect (control d = 1.38, IPD d = 1.02) (Fig. 1D). However, the average amount of
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NM+ DaNs in control samples was about 6-fold higher, whereas, in IPD, NM+ DaNs were only

~3 times more abundant than NM- DaNs.

When comparing the abundance of TH+/NM+ and TH+/NM- DaNs between the conditions, we

observed that IPD cases were characterized by significantly less TH+/NM+ DaNs than controls

and this difference was found to have a large effect size (d = 1.55) (Fig. 1E). By contrast, no

difference between the conditions was observed with respect to the abundance of TH+/NM- DaNs

(Fig. 1E). Together, these results indicate a higher loss of NM+ DaNs in comparison to NM-

DaNs in IPD patients.

Next, we analyzed the NM content inside the TH+ neurons and found a decrease in IPD samples

compared to controls which, however, did not reach significance threshold (p = 0.055), but had a

very large effect size (d = 1.23) (Fig. 1F).
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Fig. 1 The IPD SN is characterized by the previously described loss of TH+ neurons and a lack of

NM deposits. (A) Experimental overview to characterize the neurodegenerative and

neuroinflammatory phenotype of SN. The tissue sections were immuno-stained and

laser-microdissected for imaging and quantitative PCR. (B) Representative TH

immunofluorescence and brightfield NM images of IPD and control SN sections. (C) TH+ areas

in the SN of 10 individuals. IPD midbrain SN is associated with less TH+ areas (p = 0.04). (D)

TH+ areas divided by NM content. IPD and control SN contained more NM-laden than

NM-empty DaNs (p = 0.03 and p = 0.04, respectively). (E) IPD midbrain SN tissue is

characterized by loss of NM-laden DaNs areas (p = 0.04). The amount of NM-empty TH+ areas

at similar levels as in controls. (F) IPD SN tissue showed a trend towards depletion of
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dopaminergic NM+ areas. PD, red bar; control, blue bar; scale bar = 500μm; p-value range (* p <

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001); Cohen’s d range (insignificant d < 0.2, small

d > 0.2, moderate d > 0.5, large d > 0.8, very large d > 1.2).

Previously, we reported that, apart from being inside the TH+ DaNs, NM particles could be

observed in the extracellular space in the tissue, or found within MAP2+/TH- nigral neurons23,28.

Therefore, we expanded our cohort to 7 IPD and 7 control cases, and focused on quantifying the

overall NM load, regardless of TH abundance. With automated image analysis, we identified

NM deposits based on a specific intensity threshold in the brightfield channel (Fig. 2A). We

ordered the NM objects according to their area size in a distribution plot and revealed two

distinct populations. The bimodality coefficient (BC) = 0.69 confirmed the bimodality of the

data, separated by a dip at 899.092 pixels (Fig. 2B). Moreover, an analysis of the size distribution

of NM deposits within TH-positive neurons in IPD and control SN tissue revealed that neuronal

NM deposits are typically >1000 pixels in area (Fig. 2C). Based on these findings, we defined

two NM populations applying this cut-off: (i) ‘neuronal NM’ (nNM) with a pixel size > 899.092

and (ii) ‘NM particles’ (pNM) with a pixel size < 899.092. We then quantified the proportions of

the nNM and pNM fractions within each sample. We detected a smaller percentage of nNM

deposits in IPD compared to control tissue (Fig. 2C). By contrast, the abundance of pNM was

significantly increased in IPD samples in comparison to controls (d = 1.56) (Fig. 2D). These

results are reflected in a shift of the nNM to pNM in the IPD cases, which may suggest

enhanced NM degradation or release in IPD (control d = 0.77, IPD d = 2.08) (Fig. 2E).
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Fig. 2 Quantification of NM deposits in SN tissues. (A) Brigtfield image of NM deposits in

control and IPD midbrain SN. (B) Distribution of NM deposits over size from 14 individuals.

Two subpopulations can be identified by a dip of the NM size at 899.092 pixels. (C) Size

distribution of NM deposits within TH-positive neurons in IPD and control SN tissue. The

histogram indicates that neuronal NM deposits are typically >1000 pixels in area, implicating

that the first peaks for IPD patients and controls in (B) are of neuronal origin. (D) Percentage of

‘large’ and ‘small’ subpopulations of NM deposits between the control and IPD cases (p =

0.0014). (E) Percentage of ‘large' and ‘small’ subpopulations within a condition group (control, p

= 0.004; IPD p = 0.00058). PD, red bar; control, blue bar; scale bar = 250 μm; p-value range (* p

< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001); Cohen’s d range (insignificant d < 0.2,

small d > 0.2, moderate d > 0.5, large d > 0.8, very large d > 1.2); D, Hartigan’s dip statistics;

BC, bimodality coefficient.
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Next, we aimed to investigate the association of NM and microglia between the conditions. First,

we labeled the tissue from the seven IPD patients and healthy control individuals with the

microglial marker IBA1 (Fig. 3A), and compared the IBA1-positive areas between the control

and IPD condition (Fig. 3A, B). In line with previous reports23,28, we observed an increased

fraction of microglia in IPD SN tissue compared to the controls (p = 0.04) (Fig. 3B). Next, we

overlaid the microglia masks with the NM masks from the brightfield channel to assess the

overlap between the two features (Fig. 3A, bottom panel). Thus, we explored the presence of

NM+ and NM- microglia with this analysis. Independent of the presence of NM, IPD samples

showed an increase in both microglial populations compared to control samples, which was

statistically significant for the NM- microglia population (p = 0.04) (Fig. 3C). Further image

analysis of microglial morphological features in the SN of age- and sex-matched IPD and control

cases (Fig. 3A, mid panel) identified an IPD-related decrease in microglial ramification,

suggesting cellular activation (p < 0.00001) (Fig. 3D). Further segregation of microglia

according to NM content revealed that NM-laden IPD microglia exhibited the least ramified

morphology when compared to NM- IPD and control microglia (p < 0.00001) (Fig. 3E).

Together, these results confirm an IPD-specific increase in microgliosis and suggest that NM can

lead to microglial activation in the human brain.

In PD, microglia are exposed to chronic stimuli which can lead to their overactivation4.

Therefore, we next examined the relationship between nNM and microglia by quantifying the

IBA1 area in the proximity of nNM. With an adjusted script, we defined an exact border (green

ring) around each nNM (Fig. 3F). Then, we quantified the amount of IBA1+ areas in the

surroundings of nNM and identified an accumulation of microglia in the vicinity of nigral IPD

3.2. MANUSCRIPT II 157



nNM, compared to that of controls (p < 0.00001) (Fig. 3G). At present, these findings classify

IPD microglia as activated and sensitized by NM.

Fig. 3 Microgliosis is an IPD phenotype trait and is associated with NM. (A) IBA1

immunolabeled tissues with morphology analysis. Upper panel shows the microglia area, the mid

panel shows the skeletonization mask of microglia, and the bottom panel shows microglia mask

in green and NM mask in red. (B) IBA1+ areas in SN of 14 individuals. IPD midbrain is

characterized with more microglia areas than controls (p = 0.04). (C) IBA1+ areas divided by the

NM content. IPD midbrain SN shows a trend towards an increase in NM+ microglia (p = 0.056)

together with an increase in NM- microglia (p = 0.04). (D) Morphological analysis of IBA1+

areas reveals overall more amoeboid microglia in the SN of IPD cases (p < 0.00001). (E) The

amoeboid morphology of microglia is more pronounced in IPD especially in NM+ microglia (p <

0.00001). (F) IBA1 immunolabeled areas in proximity to NM deposits. (G) IPD NM deposits are

more surrounded with microglia than control NM (p < 0.00001). IPD, red bar; control, blue bar;

w, with; w/o, without; scale bar = 20 μm; p-value range (* p < 0.05, ** p < 0.01, *** p < 0.001,
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**** p < 0.0001); Cohen’s d range (insignificant d < 0.2, small d > 0.2, moderate d > 0.5, large d

> 0.8, very large d > 1.2).

In our previous work 23, we reported an IPD-specific microgliosis with several activated

microglia subpopulations increased in IPD samples. The largest subpopulation was characterized

by alleviated GPNMB expression (Fig. 4A). To explore this phenotype in another form of PD, we

merged our two published datasets of IPD and control samples (GSE157783)23 with

PRKN-mutant sample (GSE166790)29. PRKN-mutant midbrain exhibited an even larger upshift

in the microglial cell cluster when compared to IPD and controls 29. In this population of 45.608

nuclei, among the marker genes of activated subclusters 23, GPNMB and IL1B were found

exclusively in microglia (Fig. 4B). Next, we compared the expression of either of the genes

between the samples (Fig. 4C). We observed that the GPNMB upregulation is solely specific to

IPD microglia, while the upregulation of IL1B is a characteristic of PRKN-mutant microglia (Fig.

4C). Our results suggest that the IPD midbrains are characterized by a unique inflammatory

response labeled with GPNMB upregulation. Glycoprotein nonmetastatic melanoma protein B

(GPNMB) was reported as a phagocytic protein which controls cellular debris trafficking for

degradation30,31. Considering remaining large amounts of NM particles in IPD samples, we

hypothesized that GPNMB upregulation in microglia could be NM-dependent.
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Fig. 4. GPNMB expression is alleviated in IPD microglia. (A) Feature plot of microglial cluster

shows a larger GPNMB+ microglia subpopulation (purple) in IPD compared to control samples.

(B) The extended single-nuclei population consisting of IPD, control and Parkin midbrain shows

the expression of the two highly abundant microglia-specific genes GPNMB and IL1B. (C)

GPNMB expression is specific to IPD microglia, while IL1B expression is specific to Parkin

microglia. OPCs, oligodendrocyte precursor cells; IPD, red bar; control, blue bar; PRKN-mutant,

pink bar; p-value range (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Taken together, our current and previous results in IPD brain tissue show: (i) a microgliosis in

the SN23, (ii) a GPNMB-specific activation, (iii) an increase in pNM over nNM, (iv) more

amoeboid NM-laden microglia in the SN and (v) an increase in microglia accumulation around

NM. We, therefore, sought to assess the spatial distribution of GPNMB expression in the

midbrain and to investigate whether NM can be a trigger of GPNMB dysregulation. We utilized

frozen midbrain sections of 5 IPD and 5 control cases and microdissected (LCM) six different

areas of the midbrain: 100 dark NM (D-NM) areas, 100 light NM (L-NM) areas and 100

NM-empty (No-NM) areas in the SN per individual, as well as size-matched areas of crus

cerebri (CC), nucleus ruber (NR) and tectum/tegmentum (T/T) (Fig. 5A). To gain an impression

of cellular enrichment in each of the regions, we examined the immunofluorescent images of the

entire midbrain (Fig. 5B). The CC region mainly consists of neural tracts32 and therefore lacks
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cell nuclei (DAPI staining) (Fig. 5B). Accordingly, microglia appeared well-distributed

throughout the entire midbrain, except for the CC (Fig. 5B). Lastly, in line with established

neuropathological knowledge, high TH signal was detected in the SN (Fig. 5B).

Due to the lack of adequate antibodies for immunohistochemical labeling, we then proceeded to

quantify GPNMB abundance in the midbrain by means of dPCR. For this purpose, we employed

an independent group of frozen midbrain samples from 5 IPD and 5 control cases (Table S2).

First, to verify the identity of the dissected midbrain subregion, we examined the TH abundance.

This analysis validated the SN as the region with the highest TH expression (Fig. 5C). Second,

we measured GPNMB expression in all the midbrain subregions. GPNMB was also detected at

the highest levels in the SN, and somewhat lower in the T/T region (Fig. 5D). These results

implicate a spatially distinct distribution of GPNMB in the midbrain, directing our further

analyses towards the SN.

To validate the quality of our nigral LCM preparations, we assessed the expression of TH in

NM-containing areas and NM-empty areas. We found a significantly higher TH abundance in

areas with NM than in areas without NM, confirming the accuracy of our approach in sampling

DaNs and the remnant SN tissue (Fig. 5E). We then aimed to assess the microglial abundance

throughout the SN. Thus, we stratified the NM group into D-NM and L-NM and compared the

two cell populations with the No-NM group. dPCR analysis revealed a major upregulation of the

microglial marker (AIF1) in the D-NM group suggestive of microglial infiltration (Fig. 5E). On

the contrary, No-NM areas isolated from the SN showed reduced AIF1 expression, indicative of

reduced microglia abundance (Fig. 5F). Thus, we focused our further analysis on NM-laden

areas. When comparing the GPNMB expression between controls and IPD cases, we revealed a

tendency of an IPD-specific GPNMB upregulation (FC ~5) in microglia around D-NM (Fig. 5G).
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This effect was less pronounced in the L-NM group (FC ~2) (Fig. 5G). While our results did not

reach statistical significance, possibly due to the small number of samples included in the study,

the effect size (d = 2.79) of the D-NM-mediated phenotype in the IPD samples was very large

(Fig. 5G).
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Fig. 5. GPNMB expression is alleviated in microglia surrounding D-NM. (A) Experimental

approach to laser microdissection of frozen midbrain tissues for digital PCR. (B) Microscopy

image of immunohistochemical staining of midbrain tissue showing brightfield (BF), nuclei

(DAPI), microglia (IBA1) and DaNs (TH). (C) Midbrain: dPCR quantification of TH expression

normalized to housekeeping gene ACTB revealed the highest expression in SN, followed by T/T.

(D) Midbrain: dPCR detection of GPNMB expression normalized to housekeeping gene ACTB

showed the highest abundance in SN, followed by T/T. (E) SN: expression of TH normalized to

MAP2 was found significantly higher in NM-containing areas of SN compared to NM-empty

areas of SN (p = 0.017). (F) SN: the segregation to D-NM, L-NM and No-NM revealed the

highest AIF1 expression (microglia) normalized to housekeeping gene ACTB around D-NM (p =

0.016). (G) SN: GPNMB/AIF1 ratio served as an indicator of GPNMB upregulation in microglia,

which showed higher GPNMB expression around IPD NM. IPD, red bar; control, blue bar; CC,

crus cerebri; SN, substantia nigra; NR, nucleus ruber; T/T, tectum/tegmentum; scale bar = 3 mm;

p-value range (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001); Cohen’s d range

(insignificant d < 0.2, small d > 0.2, moderate d > 0.5, large d > 0.8, very large d > 1.2).
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Discussion

Over the past years, neuroinflammation gained a considerable interest in PD pathology focusing

on the destructive roles of microglia. In our recent work23, we reported an IPD-specific GPNMB+

subset of activated microglia. Another study in Alzheimer’s disease (AD) reported GPNMB

overexpressing microglia accumulating around amyloid plaques in the brain33. Thus, through a

multilevel approach, we examined this novel inflammatory state of microglia and a potential link

to NM in PD. By using postmortem human midbrain tissues, we assessed the spatial context of

DaNs, NM and microglia in IPD. In addition, we explored the relationship of GPNMB

expression in microglia with NM deposits in DaNs.

When assessing DaNs and NM abundance, our results confirmed a significant depletion of both

features in IPD samples compared to controls. These neuropathological results align with the

advanced Braak stages described in the neuropathological reports of the individuals (Table S1).

A more detailed inspection of the remaining DaNs revealed a significant reduction in NM+ DaNs

in IPD when compared to the controls. On the contrary, the levels of NM- DaNs, despite being

generally lower, were not different. Together, these findings indicate a higher vulnerability of

NM-laden DaNs in PD34,35. Of note, NM accumulation and PD progression, both correlate with

aging. Likewise, these two processes are only specific to humans36. In post-mortem midbrain

tissue of PD patients and incidental Lewy body disease (ILBD) cases, intraneuronal NM was

found to be denser than in healthy age-matched control individuals, and thus considered to

accumulate faster to a pathogenic level19. Moreover, common molecular processes in PD

pathology, such as inflammation, formation of inclusion bodies, mitochondrial damage,

increased ROS levels or proteasome dysfunction, were found to occur as a consequence of
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pathogenic levels of NM in rodent models19,35. Such processes likely cause neuronal demise and

consequent NM release, inducing a proinflammatory state in microglia 37.

Supporting this hypothesis, we found a larger fraction of pNM in IPD compared to control tissue.

Due to accelerated neuronal death and consequent release of NM in IPD, these pigmented

particles may, in fact, represent the remains of released undegraded NM. Accordingly, we

observed a PD-specific increase in microglia - the mediators of the innate immune system of the

brain. In addition, we reported a trend towards a higher abundance of microglia containing NM

particles in IPD compared to control midbrains. NM can activate microglia, lead to their

migration and to the adoption of immunoreactive properties such as cytokine secretion,

proliferation and morphological changes15,18,38,39. Previously, the treatment with human NM was

reported non-toxic to neuronal cultures, and the neurotoxic effect was achieved only in presence

of microglia 40. This was an indication that NM-induced reactive microglia were detrimental to

the surrounding neurons.

Indicative of NM-activated microglia, we detected a larger proportion of microglia accumulating

around NM deposits in nigral IPD compared to control tissue. In addition, IPD microglia

acquired a more amoeboid shape, suggestive of a reactive state. Furthermore, we found this

morphology change the most pronounced in NM+ IPD microglia. Together, these results

implicate NM as a potential trigger of neuroinflammation in IPD. While the movement disorder

is typically diagnosed at a stage when ~50% of DaNs are already degenerated41, the release of

neuronal NM likely starts with the death of the first DaNs. Thus, it is reasonable to consider that

NM-mediated neuroinflammation is a key pathological process throughout the development of

PD. Therefore, modulating NM clearance could be considered as a potential strategy to slow

down, or even prevent disease progression and to halt inflammation in the PD brain.
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Earlier, we reported a GPNMB-related inflammatory trajectory in IPD microglia23. GPNMB+

microglia comprised the largest fraction of the activated microglia cluster in the patients.

Remarkably, GPNMB upregulation in microglia is specific to IPD. Microglia in PRKN-mutant

midbrain tissue, the most frequent recessively inherited form of PD, do not express GPNMB.

This suggests that the microglial response in PD depends on the genotype and that different

molecular processes can lead to an induction of a distinctive proinflammatory cascade in the

patients.

Only recently, GPNMB gained attention in the field of neurodegenerative diseases. It was first

found to be expressed in amoeboid microglia surrounding amyloid beta plaques in AD brains33,42.

A study on ectopically overexpression of GPNMB in the hippocampus of an AD mouse model

reported enhanced autophagy and amyloid beta clearance, which ultimately improved AD-like

behaviours43. Thus, we sought to investigate whether the GPNMB+ microglia can also be found

in the vicinity of NM-containing DaNs.

Using a combination of quantitative immunofluorescence and dPCR analyses, we found an

increase in amoeboid IBA1+ cells as well as an upregulation of AIF1 and GPNMB expression

around NM-laden DaNs. Implicating an SN-specific effect, we detected the highest levels of

microglial GPNMB in this region. Enhanced nigral expression of GPNMB has already previously

been linked to PD44. In addition, we found higher AIF1 expression in NM-laden SN areas

suggestive of NM-driven microgliosis. Finally, we reveal that GPNMB is overabundant in

NM-laden areas in IPD, with highest levels in microglia surrounding D-NM-containing DaNs.

NM accumulates and darkens with age. According to the literature, D-NM accumulates faster,

and thus ‘ages’ faster to the point where it becomes detrimental19,34,45. Additionally, D-NM
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appears earlier in PD patients39 and therefore, is considered to reach this pathological threshold at

an earlier stage19.

Taken together, based on our findings, we hypothesize that high levels of D-NM in IPD DaNs are

detrimental and interfere with the functioning of the cells, ultimately leading to their demise.

This event is sensed by the surrounding microglia, which in turn upregulate GPNMB to mitigate

phagocytosis31. By contrast, once a critical NM load is reached, NM particles may be released

from the dying neurons together with other cellular content, which can act as a chronic stimulus

for microglia. In turn, activated microglia become detrimental to neurons and overall brain

homeostasis in IPD15. Accordingly, GPNMB might serve as a progression marker already during

the early stages of IPD. Moreover, if we could modulate NM levels in individuals with high

GPNMB abundance to counteract neuroinflammation decades before a potential onset of PD,

neuronal demise may be halted. However, more research into the interplay of NM and GPNMB

in the context of neurodegeneration and -inflammation is warranted to enable such an innovative

treatment strategy.
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Abbreviations

PD Parkinson’s disease

AD Alzheimer’s disease

NM Neuromelanin

DaNs Dopaminergic neurons

SN Substantia nigra

IPD Idiopathic Parkinson’s disease

FFPE Formalin-fixed paraffin-embedded

NGS Natural goat serum

TBST Tris-buffered saline with 0.1% Tween20

BC bimodality coefficient

d Cohen’s d coefficient

D Hartigan’s dip statistics

GPNMB Glycoprotein nonmetastatic melanoma protein B
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Supplementary materials

Table S1 Information of patients from which the FFPE midbrain tissue was obtained.

Case Sex Age at
onset

Age at
death

Disease
duration

PMI
(h)

Non-motor features SN neuron
loss

PD1 M - 82 - 23 dementia severe

PD2 M 65 84 20 22 diabetes, dementia severe

PD3 F 65 86 21 17 ovarian cancer severe

PD4 F 68 75 7 29 recurrent thyroid cancer. severe

PD5 M - 79 - 25 blindness, memory impairment severe

PD6 M 61 73 13 26 diabetes II severe

PD7 M 57 66 10 24 hallucinations, paranoia severe

mean 63.2 77.8 14.2 23.7

SEM 1.9 2.6 2.7 1.4

C1 F - 69 - 33 - none

C2 M - 90 - 12 - none

C3 M - 84 - 5 - none

C4 M - 77 - 22 - none

C5 M - 66 - 16 - none

C6 M - 88 - 8 - none

C7 M - 87 - 31 - none

mean 80.1 18.1

SEM 3.63467
8

4.13710
6

IPD: idiopathic Parkinson's disease

C: control

PMI: post-mortem interval

SN: substantia nigra
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Table S2 Information of patients from which the frozen midbrain tissue was obtained.

Case Sex Age at
onset

Age at
death

Disease
duration

PMI
(h)

Non-motor features SN neuron loss

IPD8 M 69 81 12 13 Cognitive impairment, hallucinations,
depression

severe

IPD9 M  56 61 5  90 hypophonia  severe 

IPD10 M  70 80 10  34 Impaired memory, hallucinations   severe

IPD11 M  67 72 5  41 No cognitive impairments  severe

IPD12 F  66 81 15  35 dementia, impaired consciousness,
auditory and visual hallucinations 

severe 

C8 F - 93 - 29 - mild 

C9 M - 81 - 34  Cognitive decline  none

C10 M - 90 - 80 -   none

C11 M - 96 - 16 -   none

C12 M - 92 - 9    none

IPD: idiopathic Parkinson's disease

C: control

PMI: post-mortem interval

SN: substantia nigra
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Supplementary materials

Table S1 Information of patients from which the FFPE midbrain tissue was obtained.

Case Sex Age at
onset

Age at
death

Disease
duration

PMI
(h)

Non-motor features SN neuron
loss

PD1 M - 82 - 23 dementia severe

PD2 M 65 84 20 22 diabetes, dementia severe

PD3 F 65 86 21 17 ovarian cancer severe

PD4 F 68 75 7 29 recurrent thyroid cancer. severe

PD5 M - 79 - 25 blindness, memory impairment severe

PD6 M 61 73 13 26 diabetes II severe

PD7 M 57 66 10 24 hallucinations, paranoia severe

mean 63.2 77.8 14.2 23.7

SEM 1.9 2.6 2.7 1.4

C1 F - 69 - 33 - none

C2 M - 90 - 12 - none

C3 M - 84 - 5 - none

C4 M - 77 - 22 - none

C5 M - 66 - 16 - none

C6 M - 88 - 8 - none

C7 M - 87 - 31 - none

mean 80.1 18.1

SEM 3.63467
8

4.13710
6

IPD: idiopathic Parkinson's disease

C: control

PMI: post-mortem interval

SN: substantia nigra
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Table S2 Information of patients from which the frozen midbrain tissue was obtained.

Case Sex Age at
onset

Age at
death

Disease
duration

PMI
(h)

Non-motor features SN neuron loss

IPD8 M 69 81 12 13 Cognitive impairment, hallucinations,
depression

severe

IPD9 M  56 61 5  90 hypophonia  severe 

IPD10 M  70 80 10  34 Impaired memory, hallucinations   severe

IPD11 M  67 72 5  41 No cognitive impairments  severe

IPD12 F  66 81 15  35 dementia, impaired consciousness,
auditory and visual hallucinations 

severe 

C8 F - 93 - 29 - mild 

C9 M - 81 - 34  Cognitive decline  none

C10 M - 90 - 80 -   none

C11 M - 96 - 16 -   none

C12 M - 92 - 9    none

IPD: idiopathic Parkinson's disease

C: control

PMI: post-mortem interval

SN: substantia nigra
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Chapter 4

Discussion

Since the discovery of PD, research efforts have neither been able to elucidate the cause

nor the progression mechanisms of PD. The majority of studies have focused on several

key characteristics of the disease. Moreover, many of these studies were performed in

monocellular cultures like iPSC-derived neurons alone. Recent advancement in iPSC

technology enabled the development of brain organoids, which are considered a more

physiologically and morphologically relevant multicellular model, but they still lack

some adult brain cell types. Even the more complex animal models neither provide

the classic LB pathology nor the clear formation of NM. All these efforts, although pro-

viding valuable insight into certain disease mechanisms, also emphasise the lack of the

multifactorial nature of PD models. Additionally, the importance of cells other than

neurons has been recently highlighted.

In this thesis, I aimed to extend the sparse knowledge of PD-specific changes in

cellular distribution and expression in PD pathology. Additionally, I wanted to inves-

tigate the association of NM, neuroinflammation and neurodegeneration. This work

resulted in the first single-cell transcriptome dataset of the human midbrain in IPD.

We reported that PD leads to important changes in cell type-specific representation as

well as in gene expression (Manuscript I). We further uncovered an IPD-specific popu-

lation of DaNs which was characterised by high CADPS2 expression. Amongst various

perturbations, we also identified microgliosis as one of the most prominent processes

occurring in the IPD SN, defined by high GPNMB expression. Lastly, microglia were

found to accumulate around D-NM deposits and upregulate GPNMB (Manuscript II).
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4.1 Study advantages and limitations

Prior to our work, the existing RNA expression studies were based on bulk RNAseq

technologies. Bulk RNAseq provides the expression of a single gene as an average value

of the entire sample, thus masking the contribution of individual cell types to disease

pathology. Due to the complex nature of PD and the incomplete knowledge of cell

type-specific mechanisms underlying PD, we decided to employ snRNAseq - a recently

developed single-cell transcriptomics method.

Nuclei isolation protocol from frozen tissue sections. The nuclei isolation for RNAseq,

from limited amounts of frozen ∼15 m brain tissue sections, was rather challenging.

The existing protocols were designed for tissue blocks and involve an extensive sample

clean-up process to remove cellular debris and myelin, which otherwise interfere with

later sequencing quality. However, these protocols were not suited for the type of sam-

ples we obtained due to (i) a lengthy procedure (nuclei quality is compromised with

extensive manipulation), (ii) repeated and rough washing steps (each washing step also

removes part of the nuclei population) and (iii) a small sample amount. Therefore, we

established a short protocol which included a FACS sorting step. Using our approach,

we successfully obtained intact and clean nuclei suitable for sequencing. This proto-

col was later found favourable in nuclei isolation from various frozen tissues, including

mouse organs and iPSC-derived midbrain organoids.

Single-cell atlas of PD midbrain. While providing valuable information regarding PD-

related phenotypes at a single-cell level, this work also has limitations. Considering the

lack and rarity of postmortem brain tissues, we based our study on samples from 11

individuals. Therefore, our findings need to be validated in a larger cohort. Addition-

ally, scRNAseq and snRNAseq studies do not provide anatomical or spatial informa-

tion, which requires further validation experiments. Our and other subsequent RNAseq

studies of the midbrain or the SN failed to adequately recover DaNs possibly due to: (i)

the large volume of DaN nuclei, which may have been preferentially cut during tissue
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sectioning and (ii) a higher sensitivity of DaN nuclei to nuclei extraction procedures

(Kamath et al., 2022; Wang et al., 2022). To overcome the sampling challenges of DaN

nuclei, additional protocols are needed in order to specifically enrich the DaN popula-

tion (Kamath et al., 2022). However, despite the small population size, DaNs in our study

faithfully presented an enrichment of PD-related risk variant genes, such as SNCA and

TMEM175, when combined with the latest genome-wide association study (GWAS). In

addition, we obtained a large glial population, which enabled us, for the first time, to

describe transcriptional changes and further strengthen the importance of glial cells in

PD.

Postmortem tissue as a study model. The primary understanding of any human dis-

ease is based on examination of the affected tissue. Tissues provide a legitimate rep-

resentation of the disease status, encompassing almost every underlying alteration.

Studies in tissue can also uncover disease-specific cellular subpopulations that would,

otherwise, be inexistent in other models. Moreover, the generation of truthful in vivo

and in vitro disease models depends on the knowledge obtained in studies investigating

human-derived samples. In case of complex diseases such as PD, no other model reca-

pitulates the full complexity of the brain tissue. However, postmortem brain samples

represent the last stage of disease pathology at the time of death, and thus are deficient

in providing any developmental aspect of the disease.

There is also a dilemma whether the remaining cellular population at the time of

death is accurately presenting the fundamental disease-carrying cells. In other words,

certain DaNs in PD are more susceptible to death and are lost at the beginning of

the disease. Therefore, we miss the information about the differences between those

primarily-vulnerable DaNs, and the remaining DaNs which, for what we know, may

exhibit a distinct disease-related phenotype.

Also, the elapsed time (usually in hours, or days) between an individual’s death

and brain sample collection impacts the sample quality. Therefore, the changes we

detect with subsequent analyses will not only be disease-related, but also influenced
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with biochemical perturbations occurring at the time of death (Donaldson and Lamont,

2013).

However, despite all these limitations, human postmortem brain tissue is a precious

material that provides a basis for the understanding of any neurodegenerative disease.

4.2 Patient-specific cellular landscape of the midbrain

To gain an insight into the cell type composition of the IPD midbrain, we applied snR-

NAseq to postmortem tissue from patients and age- and sex-matched healthy controls,

thus obtaining a population of 41.435 single midbrain nuclei. This population consisted

of 12 major cell types.

4.2.1 Neurons

The neuronal population represented ∼12% of the isolated midbrain nuclei. We iden-

tified five neuronal subtypes, including GABAergic, inhibitory, excitatory, DaNs and

CADPS2high neurons. Consequent pathway analysis of these PD risk gene sets that

were also found to be DaNs-specific marker genes revealed an important dysregulation

in processes concerning ‘protein phosphorylation’, ‘mitochondria’ or ‘kinase activity’,

all previously associated with PD pathology. The following immunohistochemistry ex-

ploration of the abundance of the DaN marker tyrosine hydroxylase in two separate

studies (Manuscript I and Manuscript II), consistently confirmed the PD-related loss of

DaNs and NM in the SN of patients.

Previous studies of the PD transcriptome utilised bulk RNAseq techniques, which

failed to identify cell type specificity. Therefore, having generated the first single-

nucleus IPD midbrain transcriptome dataset, we were able to identify a distinct state

of midbrain neurons, which was specific to IPD samples. These neurons are charac-

terised by CADPS2 overexpression, and low TH expression (Manuscript I). Therefore,
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we named this cluster CADPS2high. Apart from CADPS2high, we found that DaNs were

the only other cell type that also expressed CADPS2. The calcium-dependent activa-

tor of secretion (CADPS2) is involved in the regulation of exocytosis of synaptic and

dense-core vesicles in neurons and neuroendocrine cells (Berwin, Floor and Martin,

1998; Tandon et al., 1998; Renden et al., 2001). CADPS2 promotes the uptake and stor-

age of monoamines, such as dopamine (Brunk et al., 2009; Paget-Blanc et al., 2022).

A recent study on the dopaminergic synapse proteome in mouse striatum reported

CADPS2 as a new and highly abundant synaptic protein with an important role in the

nigro-striatal pathway (Paget-Blanc et al., 2022). In addition, TIAM1 was also highly

expressed in the CADPS2high cluster. TIAM1 is known to regulate DaN differentiation

via the Wnt/Dv1/Rac1 signalling pathway (Čajánek et al., 2013). Besides CADPS2 ex-

pression, the PD-specific cluster was defined by genes such as UNC13C, RELN, or SLIT,

which are involved in the regulation of dopaminergic synapses and neuronal develop-

ment (Dugan et al., 2011; Arioka et al., 2018, 2020; Banerjee et al., 2020). In line with these

findings, cell cycle scoring revealed that a great part of CADPS2high neurons were found

in the cycling phase (G2/M/S phase), and were more similar to embryonic midbrain

neuroblasts than to embryonic midbrain DaNs (Additional data to Manuscript I). More-

over, a study in human postmortem midbrain tissue showed a PD-specific upregulation

of mitotic genes in adult DaNs (Höglinger et al., 2007). This phenomenon resulted in an

incomplete cell cycle re-entry and failure to restart developmental processes, leading to

DaN death (Höglinger et al., 2007).

Considering these findings, and due to the lack of evidence of adult neurogenesis of

DaNs, we hypothesised that the CADPS2high population might represent degenerating

DaNs because: (i) CADPS2high neurons are exclusive to the PD phenotype, (ii) when

comparing with other neuronal subtypes, DaNs show the most similar expression, (iii)

CADPS2high neurons are characterised by a high expression of genes involved in synaptic

vesicle trafficking and dopaminergic differentiation and (iv) show a mitosis-associated

cell cycle profile.

To evaluate this hypothesis, we analysed the CADPS2 gene expression from 150 NM-
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containing DaNs, extracted by means of LCM from midbrain SN tissue. Here, we used

an independent cohort of 5 IPD and 5 age- and sex-matched control tissue samples. We

observed that IPD DaNs overexpress CADPS2 when compared to controls, confirming

that the CADPS2high neuronal cluster is of dopaminergic origin. To validate our hypoth-

esis even further, we analysed the CADPS2 gene expression in iPSC-derived neurons

from IPD and healthy control individuals (see additional data to Manuscript I for de-

tails). Again, we observed a significantly higher expression in IPD-derived neurons than

in control neurons. In line with our findings, a consecutive snRNAseq study described

a specific cluster of degenerating DaNs in PD, which also showed high CADPS2 expres-

sion (Wang et al., 2022).

While CADPS2 was not (yet) reported amongst the established PD-causing genes, a

mutation in CADPS2 was recently shown to cause PD-like symptoms and neurodegen-

erative phenotype in parrots (Lorenzo-Betancor et al., 2022).

In summary, this unprecedented discovery may have identified a novel putative

marker of neuronal malfunction in PD. However, it is yet to be elucidated whether

CADPS2 might potentially be used as an indicator of neuronal loss during the early

stages of PD. Additional investigation is needed to understand the functioning of CAPDS2

in DaNs, which might provide important insight into the pathophysiology in PD neu-

rons and possible treatment options.

4.2.2 Glial cells

Glial cells made up to ∼80% of the entire midbrain, where oligodendrocytes were the

most numerous (∼50%), followed by astrocytes, microglia and oligodendrocyte precursor

cells (OPCs) (∼12%, ∼10% and ∼6% respectively).

Microglia in PD. With the snRNAseq approach, we detected that every PD patient

analysed experienced a microglial population increase compared to the controls, indica-

tive of upregulated immune activity in the brain. Active microglia can further affect sur-
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rounding glial cells, such as astrocytes or oligodendrocytes, causing neurotoxic effects

(Liddelow et al., 2017). We detected massive perturbations in IPD microglia, which are

discussed in detail in a separate section (see section 4.3.) of this thesis.

Oligodendrocytes in PD. For decades, it has been widely accepted that myelination

of neuronal axons is virtually the principal role of oligodendrocytes (Simons and Nave,

2015). Interestingly, with image analysis, we showed that this highly abundant cell type

is almost equally distributed throughout the midbrain, including the SN. However, ni-

gral DaN axons are not (or are very poorly) myelinated (Braak and Del Tredici, 2004).

Therefore, the finding of a large oligodendrocytic population in the SN region suggests

that their role in the midbrain goes beyond axonal insulation. Others have shown that

the survival of cultured SN neurons was enhanced in the presence of oligodendrocyte

lineage cells, since they provide trophic support to surrounding neurons (Takeshima,

Johnston and Commissiong, 1994; Sortwell et al., 2000; Du and Dreyfus, 2002). A closer

look into our snRNA dataset showed an IPD-related decrease in oligodendrocyte num-

bers in the midbrain. To give this observation a spatial context, we performed immuno-

histochemistry and image analysis of the same tissue. We detected that oligodendro-

cyte depletion is specific to the SN of IPD patients, further suggesting an association

with PD pathology. Nigral depletion of oligodendrocytes might lead to reduced trophic

support of neurons, and thus interfere with neuronal functioning.

This hypothesis is supported by recent literature implicating oligodendrocytes in PD.

One study showed a high association of PD-risk genes to oligodendrocytes in healthy

postmortem human SN tissue (Agarwal et al., 2020). In addition, a transcriptomic study

in mice proposed that alterations in oligodendrocytes are associated with PD (Bryois et

al., 2020). Here, we provided evidence of IPD-related ‘stressed’ oligodendrocytes char-

acterised by the expression of S100B. The upregulation of S100B in the brain of an AD rat

model, in response to cytokine stimuli, resulted in the formation of dystrophic neurites

(Sheng et al., 1996). Thus, it is reasonable to suggest that these ‘stressed’ oligodendro-

cytes in IPD might emerge as a result of a higher inflammatory response detected in

microglia and astrocytes (Liddelow et al., 2017). Nevertheless, more research is needed
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to further elucidate the role of oligodendrocytes in PD.

Astrocytes in PD. The second largest glial population in the midbrain was astrocytes.

In a healthy brain, astrocytes perform versatile roles to ensure proper neuronal home-

ostasis (Kim, Park and Choi, 2019). On the contrary, in diseases such as PD and AD,

they can acquire toxic properties that can lead to worsening of the disease (Bouvier et

al., 2022). In our study, we found an increased astrocytic population in PD. The inferred

activation trajectory revealed that this increase is driven by CD44+ astrocytes. CD44 was

previously reported as a marker for reactive astrogliosis in the human brain (Bradford,

Wijaya and Mabbott, 2019). Pathway analysis in these PD-specific activated astrocytes

revealed a perturbation in ion homeostasis pathways and the unfolded protein response

(UPR) previously shown to be a characteristic of reactive astrocytes (Smith et al., 2020).

The reactive astrocytes underwent secretome changes, and these perturbations in neu-

rotrophic secretion were found to be toxic to neurons (Smith et al., 2020).

4.3 Neuroinflammation in Parkinson’s disease

Neuroinflammation emerged as a key pathological process in PD in recent years (Badan-

jak et al., 2021). This process in the brain is mediated mainly by microglia. When stim-

ulated, microglia undergo microgliosis, a process where they alter their secretome and

morphology in an attempt to protect their surroundings from damaging agents (Joers et

al., 2017; Liddelow et al., 2017). However, upon constant stimulation, they can become

reactive and detrimental to the tissue. We detected the most significant alteration re-

lated to cell type distribution in PD in microglia.

4.3.1 Microglia

To validate and spatially characterise our observation of PD-related microgliosis, we

sought to reveal the regional specificity of microglial abundance with immunohisto-
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chemical labelling. In PD, we found that microglia numbers are specifically alleviated

in the SN, which is suggestive of a nigra-specific dysregulation. Moreover, we found

that SN microglia are more amoeboid in PD than in controls, which confirmed their

activated state (Lecours et al., 2018; Badanjak et al., 2021). In addition, we found a

large subpopulation of reactive microglia in PD characterised by GPNMB expression.

In agreement with our risk-association study, others have recently also reported that

microglia share the strongest association with common PD-risk genetic variants, high-

lighting PD microglia as a central disease risk determinant (Langston et al., 2022). Thus,

microglia-mediated inflammation might be considered as a central mechanism in PD

pathology.

In our follow-up study (Manuscript II), we confirmed the microgliosis phenotype in

a larger cohort and, in addition, showed that IPD NM is a notable driver of microglial

morphology changes and activation.

4.3.2 Neuromelanin

As it progressively accumulates with age, NM in the adult human brain consists largely

of undegraded proteins, lipids, chemical toxicants and pigmentosus components, which

together can occupy the majority of the cytoplasm. Such ‘appropriation’ of intracellular

space by toxic NM content can compromise the integrity and functionality of DaNs,

which can precede neuronal death (Vila, 2019). In parallel to neuronal death, microglia

are recruited towards released NM in the parenchyma (Beach et al., 2007; Depboylu et

al., 2011; Carballo-Carbajal et al., 2019). However, NM is a substance that is difficult to

degrade in a tube (Sulzer et al., 2008; Engelen et al., 2012). Further, NM pigment consists

of a soluble and an insoluble fraction (Engelen et al., 2012), which supports the notion

that there is no evidence, to date, of a complete NM degradation in the human brain.

On the one hand, we found a larger population of small NM particles in the SN of PD

tissues when compared to matching controls (Manuscript II). These NM residues were
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possibly the products of ineffective degradation by microglia. The incomplete degra-

dation might be a result of one, or the combination of the following issues: (i) aged

microglia are less effective, (ii) PD-microglia are dysfunctional and (iii) a large number

of PD DaNs deteriorate, resulting in a large NM release, which is toxic to cells. While

remaining in the tissue for a long time, NM could act as a chronic microglial stimulus

and lead to a persistent immune activation. Therefore, modulation of NM accumulation

could prove a valid therapeutic approach from multiple disease aspects. For instance,

faster accumulation of NM was found in PD and is related to neuronal vulnerability

(Carballo-Carbajal et al., 2019; Vila, 2019). By controlling the rate of NM production, one

could prevent premature DaN loss. This would further reduce the amounts of extraneu-

ronal NM, and therefore limit reactive microgliosis, potentially delaying the occurrence

of PD.

On the other hand, we also reported PD-specific microgliosis around NM and a pre-

dominantly amoeboid phenotype in NM+ PD microglia. Considering these results, we

hypothesised that NM from PD midbrain is more toxic than the NM in control tissues.

Therefore, we investigated whether the previously reported reactive GPNMB+ microglial

population (Manuscript I) is overabundant in the SN and, furthermore, specific to NM-

rich areas in PD (Manuscript II) (discussed in the next chapter).

4.3.3 GPNMB+ microglia and neuromelanin

Together, our results provide evidence of a specific reactive microglial state charac-

terised by GPNMB expression predominantly found around NM in the PD SN. GPNMB

was reported as a phagocytic protein important for degradation of lysosomal content

(Li et al., 2010). Thus, GPNMB in microglia might be upregulated as a result of the NM

degradation process. However, as previously discussed, the degradation is most likely

incomplete due to the insoluble nature of NM, or due to the toxic effect it might have

on the cell. Further corroborating our hypothesis of incomplete NM clearance by mi-

croglia, the remaining undegraded NM particles might burden the cell and affect the
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lysosomal functioning. Accordingly, induction of lysosomal stress was shown to further

elevate GPNMB expression (Moloney et al., 2018), which is reported as a part of the

inflammatory response of activated microglia in different neurodegenerative diseases

(Keren-Shaul et al., 2017; Krasemann et al., 2017; Hüttenrauch et al., 2018; van der Poel

et al., 2019). However, whether GPNMB mediates anti- or pro-inflammatory responses

is still under debate.

On the one hand, suggestive of a pro-inflammatory role, GPNMB inhibition resulted

in a reduction of pro-inflammatory cytokines in microglia (Shi et al., 2014). In addition,

the treatment with anti-inflammatory cytokines alleviated GPNMB expression (Yu et

al., 2016).

On the other hand, suggestive of an anti-inflammatory role, studies in amyotrophic

lateral sclerosis (ALS) reported increased neuronal death upon GPNMB inhibition (Tanaka

et al., 2012). Moreover, the treatment with recombinant GPNMB resulted in diminished

cell death, suggestive of a neuroprotective function (Tanaka et al., 2012; Ono et al., 2016).

Corroborating further the anti-inflammatory role, administration of recombinant GP-

NMB protein to astrocyte cultures decreased their pro-inflammatory response through

the interaction with astrocytic CD44 receptors (Neal et al., 2018), which were reported

as a marker of reactive astrogliosis (Zamanian et al., 2012; Bradford, Wijaya and Mab-

bott, 2019). The extracellular domain of GPNMB can be cleaved by ADAM10 (Rose et

al., 2010), and this soluble fragment can then bind CD44 receptors (Sondag et al., 2016).

Interestingly, in IPD midbrain samples, we described large populations of GPNMB+ mi-

croglia and CD44+ astrocytes. Thus, it could be speculated that the upregulation of

GPNMB in microglia regulates the neuroinflammatory phenotype of astrocytes, and

possibly other cell types. Therefore, GPNMB might be considered a valid therapeutic

target for detecting and reducing the neuroinflammatory status in PD, which warrants

further investigation.
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Chapter 5

Conclusions and perspectives

During my doctoral study, I have optimised a protocol for single-nuclei isolation from

20µm thick frozen brain sections for RNAseq, which led to the generation of the first

snRNAseq dataset of human midbrain of PD patients and healthy individuals. This

dataset uncovered, besides the loss of DaNs, a specific PD-related neuronal state char-

acterised by CADPS2 uregulation. Further, we revealed the different distribution of brain

cell types in PD: an increase in microglia and astrocytes, and a decrease in oligodendro-

cytes. The altered expression profile of these cell types was indicative of pan-glial activa-

tion as a fundamental process in IPD pathology. Our study further showed that PD-risk

genes association depends on the disease context. Thus, we found that IPD-microglia

share the strongest association with PD-risk genes, whereas control microglia do not.

Therefore, we further focused our study on the microglia population and characterised

NM-induced GPNMB-expressing microglia.

Future validation experiments. To expand and strenghten our novel findings, we plan

to explore the effect of NM treatment in human iPSC-derived microglia cultures. Expos-

ing IPD and control microglia to NM would enable the evaluation of microglial phago-

cytic properties, their morphology and GPNMB expression. Furthermore, taking into

account the activation-dependent shedding of GPNMB extracellularly, we aim to apply

ELISA to the cultured medium. As a future perspective, we suggest performing RNAseq

on NM-treated microglia cultures to identify a set of differentially expressed genes and

dysregulated pathways. By employing such a dataset, we could further build gene-gene

interaction networks to understand the functional relationship of GPNMB and its tar-

gets.
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PD and control NM characterisation. From a different perspective, it would be of great

interest to characterise IPD and control NM. So far, proteomic and lipidomic studies

have been done on NM from control subjects. However, considering that NM from PD

patients differs in amount, intensity and size from NM in control subjects, it can be

expected that their compositions are different. Given that NM acts as a “sponge” that

entraps excess and detrimental material (such as proteins) in a neuron during a lifetime,

it can be considered as a “time capsule” that holds the information of early stages of

neuronal dysfunction in PD. Although such a study could be vital in understanding the

development of PD, it would be very challenging due to the limitations in the availability

of human brain tissue, and even further, the small amounts of NM in PD.

Disease model improvement for NM studies. Lastly, to study the effects of NM in a

developing brain, one could further improve existing models. Animal models, such as

mice, were successfully generated to develop NM-producing DaNs. Moreover, mice are

living organisms with an entire range of mature brain cells. However, it is unattainable to

model an idiopathic form of PD in mice. In addition, the physiological and pathological

responses of mouse cells are different from the response of human cells.

Thus, the IPD-derived iPSC models are a persuasive solution. With recent develop-

ment of microglia-containing midbrain organoids, it could be possible to identify the

pathological NM threshold and to understand the effect it has on neurons, microglia or

other surrounding cells. Furthermore, the iPSC-derived models are also beneficial for

therapeutic testing and monitoring of the effects of modulation of the target mecha-

nisms. However, the NM formation is a years-long spontaneous process, and the induc-

tion of NM in cellular models usually depends on external chemical stimuli that affect

many more than just a mere NM-formation process.

In summary, a human-derived model with immune cells, which is durable and robust

with fast and intrinsic NM formation would be ideal for the exploration of NM-mediated

effects on brain homeostasis.
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ABSTRACT: Background: Mutations in the E3 ubiquitin
ligase parkin cause autosomal recessive Parkinson’s
disease (PD). Together with PTEN-induced kinase 1
(PINK1), parkin regulates the clearance of dysfunctional
mitochondria. New mitochondria are generated through an
interplay of nuclear- and mitochondrial-encoded proteins,
and recent studies suggest that parkin influences this pro-
cess at both levels. In addition, parkin was shown to pre-
vent mitochondrial membrane permeability, impeding
mitochondrial DNA (mtDNA) escape and subsequent neu-
roinflammation. However, parkin’s regulatory roles inde-
pendent of mitophagy are not well described in patient-
derived neurons.
Objectives: We sought to investigate parkin’s role in
preventing neuronal mtDNA dyshomeostasis, release,
and glial activation at the endogenous level.
Methods: We generated induced pluripotent stem cell
(iPSC)–derived midbrain neurons from PD patients with
parkin (PRKN) mutations and healthy controls. Live-cell
imaging, proteomic, mtDNA integrity, and gene expres-
sion analyses were employed to investigate mitochondrial
biogenesis and genome maintenance. To assess neu-
roinflammation, we performed single-nuclei RNA
sequencing in postmortem tissue and quantified

interleukin expression in mtDNA/lipopolysaccharides
(LPS)-treated iPSC-derived neuron–microglia co-cultures.
Results: Neurons from patients with PRKN mutations
revealed deficits in the mitochondrial biogenesis pathway,
resulting in mtDNA dyshomeostasis. Moreover, the
energy sensor sirtuin 1, which controls mitochondrial bio-
genesis and clearance, was downregulated in parkin-
deficient cells. Linking mtDNA disintegration to neu-
roinflammation, in postmortem midbrain with PRKN muta-
tions, we confirmed mtDNA dyshomeostasis and
detected an upregulation of microglia overexpressing
proinflammatory cytokines. Finally, parkin-deficient
neuron–microglia co-cultures elicited an enhanced
immune response when exposed to mtDNA/LPS.
Conclusions: Our findings suggest that parkin core-
gulates mitophagy, mitochondrial biogenesis, and mtDNA
maintenance pathways, thereby protecting midbrain
neurons from neuroinflammation and degeneration.
© 2022 The Authors. Movement Disorders published by
Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society

Key Words: Parkinson’s disease; mitochondrial DNA;
induced pluripotent stem cells; parkin; neuroinflammation
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Introduction

Dopaminergic neurons (DANs) of the substantia
nigra pars compacta (SNpc) in the midbrain are criti-
cally involved in the regulation of movement.1 Loss of
DANs results in clinical motor disturbances of patients
with Parkinson’s disease (PD)—the second most com-
mon neurodegenerative disorder.2 Although the under-
lying biological mechanisms causing neuronal loss are
still under investigation, mitochondrial dysfunction has
been well implicated in PD pathology.3

The majority of patients with PD are sporadic, with
individuals manifesting the disease at ≥65 years of age.
The remainder are caused by genetic mutations, of
which many are linked to mitochondrial dysfunction.
Roughly 50% of patients with early-onset PD harbor
mutations in parkin (PRKN).2,4

PRKN encodes the E3 ubiquitin ligase parkin—an
established regulator of mitochondrial clearance.5

However, parkin’s substrates are involved in several
fundamental cellular processes. For instance, parkin
targets parkin-interacting substrate (PARIS)—an inhibi-
tor of the mitochondrial biogenesis regulator peroxi-
some gamma coactivator 1-alpha (PGC1-α).6

Moreover, PRKN overexpression in cell models rev-
ealed an association with the mitochondrial genome
and a direct interaction with mitochondral transcription
factor A (TFAM)—the main transcription factor of
mitochondrial DNA (mtDNA).
mtDNA has gained recent interest as a determinant of

aging and age-associated diseases, including PD.7

Improper mtDNA maintenance has been shown to
allow its escape from the mitochondrial compartment,
triggering an immune response.8,9 This phenomenon
was furthermore demonstrated in parkin-knockout
(KO) “mutator” mice, which harbor an error-prone ver-
sion of DNA polymerase γ (POLG). These animals show
elevated extracellular mtDNA levels and cyclic GMP-
AMP synthase (cGAS)-stimulator of interferon genes
(STING) signaling under stress conditions.10 However,
parkin’s involvement in these cellular processes has yet
to be investigated in patient-derived neurons.
To explore the role of parkin in mtDNA maintenance

endogenously, we generated induced pluripotent stem
cell (iPSC)–derived midbrain neurons from patients with
PD with biallelic PRKN mutations. We found that
parkin-deficient neurons exhibit impaired mitochondrial
biogenesis, mtDNA dynamics, and increased cytosolic
mtDNA levels. Parkin knockdown during mutagenic
stress mirrored these phenotypes and evidenced
upregulations of the cGAS protein and extracellular
mtDNA. Moreover, treatment with lipopolysaccharides
(LPS) and mtDNA elicited a stronger inflammatory
response in PRKN-mutant compared with control
neuron–microglia co-cultures. Finally, single-nuclei RNA
sequencing (snRNAseq) of postmortem midbrain

sections from a patient with PRKN-PD revealed micro-
gliosis and proinflammatory signaling. Our findings elu-
cidate novel parkin-regulated mitophagy-independent
mechanisms contributing toward mitochondrial quality
control. We show that parkin coordinates mitochondrial
biogenesis and mtDNA maintenance and is essential to
prevent neuroinflammation and neurodegeneration.

Materials and Methods

Generation of iPSCs was performed as described,11

and DANs and microglia were derived using established
protocols.12-14 To isolate tyrosine hydroxylase (TH)–
positive cells, iPSC-derived neurons were subjected to
fluorescence-activated cell sorting (FACS) using an
adapted protocol.15 Production of lentiviral vectors
expressing short hairpin RNA (shRNA) against human
PRKN or a control plasmid was performed as
described.16 SH-SY5Y neuroblastoma cells were treated
with 200 μM cobalt chloride (CoCl2).

17 Nicotinamide
adenine dinucleotide:nicotinamide adenine dinucleotide
hydrogen (NAD+:NADH) ratios were determined using
a kit (Sigma, St. Louis, MO). Respiratory chain com-
plex I (CI) and citrate synthase activities were assessed
in mitochondrial fractions by means of spectrophotom-
etry.18,19 Isolated extracellular mtDNA was quantified
using a Digital PCR System (Applied Biosystems, Wal-
tham, MA) and TaqMan probes specific for
mitochondrially encoded NADH:ubiquinone oxidore-
ductase core subunit 1 (MT-ND1) and beta-2-micro-
globulin (B2M).20,21 Polar metabolites from 30 day-old
neurons were extracted and then derivatized and mea-
sured as published.22 All experiments using iPSC-
derived neurons and SH-SY5Y cells were performed
with at least three biological replicates. Unpaired two-
tailed Student’s t tests or one-way analysis of variance
followed by post hoc Tukey tests were used to
determine statistical significance (P < 0.05).
Midbrain sections were immunostained, and TH-

positive neurons were isolated through laser capture
microdissection (LCM) using the PALM MicroBeam
(Zeiss, Oberkochen, Germany).20 Nuclei isolation,
snRNAseq, and data analysis of the PRKN-mutant
midbrain was carried out as described.23

A detailed description of the materials and methods
can be found in the supplement.

Results
Parkin Deficiency Impairs Mitochondrial

Biogenesis in the Neurons of Patients with PD
We generated iPSC-derived midbrain neurons from

healthy controls and PRKN mutation carriers (Fig. S1A,
B), which lack the parkin protein (Fig. S1C). Further-
more, we employed SH-SY5Y wild-type (WT) and
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isogenic parkin-KO cells, which were generated using
clustered regularly interspaced short palindromic repeats
and CRISPR-associated protein 9 (CRISPR/Cas9) tech-
nology (Fig. S1D).
Parkin targets a plethora of proteins,24 with mounting

evidence supporting regulatory roles in diverse cellular
mechanisms beyond mitophagy. Given that mitophagy
and mitochondrial biogenesis are tightly linked to pre-
serve bioenergetic homeostasis,25 we sought to investi-
gate possible alterations in mitochondrial biogenesis in
our models. Previous research demonstrated that parkin
overexpression enhances mitochondrial biogenesis
through PGC1-α, either directly or via PARIS, its tran-
scriptional repressor.6,26,27 We found significantly lower
levels of PGC1-α protein in parkin-deficient neurons and
SH-SY5Y cells compared with controls (Fig. 1A,B). Inter-
estingly, neither cell model showed differences in the
PARIS protein under basal conditions (Fig. 1A,C).
Conversely, parkin deficiency substantially reduced

sirtuin 1 (SIRT1) levels (Fig. 1A,D), an NAD+-
dependent energy sensor acting on mitochondrial bio-
genesis through regulation of PGC1-α gene expression
and protein deacetylation.28,29 Moreover, in parkin-

deficient neurons, we detected higher lactate:pyruvate
ratios (Fig. 1E), which suggests a lack of free NAD+

based on the chemical equilibrium principle.30

PGC1-α regulates the transcription of nuclear respira-
tory factors (NRFs), which in turn mediates gene
expressions of mtDNA transcription factors and repli-
cation activators TFAM and mitochondrial transcrip-
tion factor B2 (TFB2M).31 In agreement with reduced
PGC1-α abundance, we found that parkin deficiency
resulted in decreased NRF1 protein levels (Fig. 1A,F)
and reduced TFAM and TFB2M expression (Fig. 1G,
H). In addition, we detected significantly downregulated
mRNA levels of twinkle mtDNA helicase (TWNK), a
factor mainly involved in mtDNA replication (Fig. 1I).

Parkin Influences mtDNA Dynamics and
Respiratory Chain Function

Mitochondrial biogenesis may be defined as the divi-
sion and growth of preexisting mitochondria and is
accomplished by the import of nuclear-encoded pro-
teins and transcription and replication of the mitochon-
drial genome, which contains genes encoding subunits

FIG. 1. Mitochondrial biogenesis is impaired in parkin-deficient cells. (A) Representative cropped Western blot images of total cell lysates from induced
pluripotent stem cell (iPSC)–derived neurons from controls and patients with parkin-associated Parkinson’s disease (Parkin PD) as well as wild-type
and parkin-knockout (KO) SH-SY5Y neuroblastoma cells. (B-E) Quantifications from (A) peroxisome gamma coactivator 1-alpha (PGC1-α) (B), parkin-
interacting substrate (PARIS) (C), sirtuin 1 (SIRT1) (D) and nuclear respiratory factor 1 (NRF1) (F) protein levels normalized to beta-actin. (E) Lactate-to-
pyruvate ratios served as a proxy measure for free nicotinamide adenine dinucleotide:nicotinamide adenine dinucleotide hydrogen (NAD+/NADH) ratios.
(G-I) Quantitative polymerase chain reaction (qPCR) was used to quantify gene expression of mitochondrial transcription factor A (TFAM) (G), mitochon-
drial transcription factor B2 (TFB2M) (H) and twinkle mtDNA helicase (TWNK) (I) in iPSC-derived neurons from controls and patients with parkin-associ-
ated PD normalized to beta-actin. Data are presented as the mean � SEM. SEM = standard error of the mean, *P < 0.05, **P < 0.01; ns = not
significant as determined by Student’s t test.
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of the electron transport chain (ETC).32 Our experi-
ments suggest decreases in nuclear-encoded factors con-
trolling mitochondrial biogenesis. We next sought to
assess mtDNA dynamics by measuring the expression
of mtDNA-encoded genes. The expression of mito-
chondrially encoded NADH:ubiquinone oxidoreductase
core subunit 1 (MT-ND1), mitochondrially encoded
cythochrome B (MT-CYTB), and mitochondrially
encoded cytochrome C oxidase I (MT-COX1)
(encoding subunits of complexes I, III, and IV, respec-
tively) per mtDNA molecule was significantly down-
regulated in our parkin-deficient models (Fig. 2A–C). In
line with this, both parkin-deficient iPSC-derived neu-
rons and SH-SY5Y cells showed diminished 7S DNA:
MT-ND1 ratios, suggestive of fewer transcription initi-
ation events (Fig. 2D).20 Moreover, we used FACS to
isolate TH-positive neurons and found that the 7S
DNA phenotype is specific to DANs (Fig. 2E,F).
Because parkin overexpression was reported to

enhance the selective removal of mitochondria harboring
deleterious mtDNA mutations,33 we explored the abun-
dance of somatic major arc deletions. By contrast, we did
not find differences between groups (data not shown).
We further evaluated the mtDNA copy number and
detected significantly higher mtDNA levels in parkin-
deficient cells using both real-time polymerase chain reac-
tion (RT-PCR) (Fig. 3A) and immunocytochemistry
(Fig. 3B). Finally, we assessed respiratory chain function

in SH-SY5Y cells and found that parkin-KO cells
exhibited significantly reduced CI activity compared with
WT cells (Fig. 3C). These results suggest that although
parkin deficiency leads to an accumulation of mtDNA
molecules, it also hinders the mtDNA transcription pro-
cess, which likely contributes to ETC dysfunction.

Parkin Mitigates Cytosolic mtDNA Infiltration
Consistent with its evolutionary bacterial origin,

mtDNA has been identified as a damage-associated
molecular pattern (DAMP). Cytosolic mtDNA mole-
cules can activate the innate immune system via the
cGAS-STING pathway.8 Implicating mtDNA release in
the pathogenesis of PRKN-PD, our previous research
showed increased levels of circulating cell-free mtDNA
(ccf-mtDNA) and inflammatory cytokines in serum
from PRKN mutation carriers.34 Several mechanisms
have been proposed to facilitate mtDNA release into
the cytosol, including TFAM depletion.8 We next con-
firmed that reduced TFAM gene expression detected in
parkin-deficient neurons resulted in diminished TFAM
(protein):mtDNA ratios (Fig. 3D, Fig. S2A). TFAM also
acts as a packaging factor compacting the mtDNA
molecule to form the mitochondrial nucleoid, and dis-
ruption of this process is associated with mtDNA extru-
sion from mitochondria. To investigate if impaired
TFAM:mtDNA ratios coupled to disrupted mtDNA

FIG. 2. Parkin influences mitochondrial DNA (mtDNA) dynamics. (A-C) Quantitative polymerase chain reaction (qPCR) was used to measure expression
of mtDNA-encoded genes NADH:ubiquinone oxidoreductase core subunit 1 (ND1) (A), cytochrome B (CYTB) (B), and (C) cytochrome C oxidase I
(COX1) in induced pluripotent stem cell (iPSC)–derived neurons from controls and Parkinson’s disease patients with mutations in parkin (Parkin PD)
and wild-type and parkin-knockout (KO) SH-SY5Y neuroblastoma cells. Gene expression was normalized to beta-actin and mtDNA copy number. (D) A
multiplex real-time polymerase chain reaction (RT-PCR) assay was used to quantify transcription-associated 7S DNA per mtDNA molecule (with probes
targeting ND1) in iPSC-derived neurons and SH-SY5Y cells. (E, F) Neuronal cultures from three controls and three PRKN mutation carriers were sorted
using the pan-neuronal marker β-Tubulin 3 (TUJ1) and the dopaminergic neuron (DAN) marker tyrosine hydroxylase (TH) and subjected to Western blot-
ting and RT-PCR analyses. (E) Representative cropped Western blotting images of TH and TUJ1 protein abundances in sorted control and patient neu-
rons. (F) TUJ1/TH double-positive iPSC-derived neurons were separated from TUJ1-positive/TH-negative neurons derived from controls and patients
with PRKN mutations. The resulting cell populations underwent multiplex RT-PCR to quantify the abundance of 7S DNA per mtDNA molecule (with a
probe targeting ND1). RT-PCR results are from two technical replicates. n = 3 biological replicates; data are presented as the mean � SEM; SEM =
standard error of the mean, *P < 0.05, ns = not significant as determined by Student’s t test.
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dynamics could result in elevated mtDNA release, we
assessed the subcellular localization of mtDNA mole-
cules with an imaging approach. Indeed, patient neu-
rons and parkin-KO SH-SY5Y cells harbored
significantly more mtDNA molecules in the cytosol
compared with controls (Fig. 3E,F). This mtDNA
shift from mitochondria to the cytosol was indepen-
dently validated by applying an RT-PCR approach
to cellular fractions from control and parkin-KO
SH-SY5Y cells (Fig. S2B).

Hypoxic Conditions Mirror mtDNA Phenotypes
Observed in Parkin-Deficient Cells

To test our hypothesis of metabolic remodeling as
the underlying cause of mtDNA dyshomeostasis in

PRKN-PD, we exposed WT SH-SY5Y cells to the
hypoxia-inducing agent CoCl2.

17 CoCl2 treatment
triggered an upregulation of the hypoxia-inducible
factor 1-α (Fig. 4A) and a shift from oxidative phos-
phorylation to glycolysis as indicated by increased
NAD+:NADH ratios (Fig. 4B). In line with the cellu-
lar function of SIRT1, the protein was less abundant
under hypoxic conditions (Fig. 4A,C). We then inves-
tigated the SIRT1 target PGC1-α, which was also
downregulated in CoCl2-treated cells (Fig. 4A,D). To
explore the impact of PGC1-α depletion on mtDNA
maintenance, we next determined the protein levels of
NRF1 and TFAM, which were both downregulated
in response to CoCl2 exposure (Fig. 4A,E,F). In addi-
tion, the treatment reduced the 7S DNA:MT-ND1
ratio (Fig. 4G) and MT-ND1 mRNA levels (Fig. 4H).

FIG. 3. Parkin attenuates cytosolic mitochondrial DNA (mtDNA) infiltration at baseline and extracellular mtDNA release during mutagenic stress. (A) A
real-time polymerase chain reaction (RT-PCR) assay was used to quantify mtDNA copy number (with a probe targeting NADH:ubiquinone oxidoreduc-
tase core subunit 1 [ND1]) relative to the nuclear single copy gene beta-1-microglobulin (B2M) in induced pluripotent stem cell (iPSC)–derived neurons
and SH-SY5Y neuroblastoma cells in healthy controls and patients with parkin-associated Parkinson’s disease (Parkin PD) as well as wild-type (WT)
and parkin-knockout (KO) SH-SY5Y cells. (B) Immunocytochemistry analysis of mtDNA copy number in iPSC-derived neurons and SH-SY5Y cells.
Copy number was determined by mtDNA volume:nuclei volume. (C) Quantification of mitochondrial complex I activity normalized to citrate synthase
activity in SH-SY5Y cells. (D) Quantification of mitochondrial transcription factor A (TFAM) protein abundance normalized to mtDNA copy number in
iPSC-derived neurons. (E) Representative cropped immunocytochemistry images used to assess mtDNA subcellular location by targeting mtDNA,
nuclei (Hoechst 33342), the mitochondrial marker translocase of outer mitochondrial membrane 20 (TOM20) and cytosol (high content screening
CellMask Orange Stain [ThermoFisher Scientific, Waltham, MA]). (F) Analysis of mtDNA localization in iPSC-derived neurons and SH-SY5Y cells from
(E). Percentage of mtDNA in cytosol was calculated by dividing the mtDNA volume outside mitochondria by total mtDNA volume. (G) Extracellular circu-
lating cell-free mtDNA (ccf-mtDNA) in medium from polymerase γ (POLG)–mutant iPSC-derived neurons transduced with scrambled or PRKN short
hairpin RNA (shRNA). Quantification by means of multiplex digital PCR (dPCR) targeting the mtDNA fragment ND1 and the nuclear single-copy gene
B2M. ccf-mtDNA was calculated as the ratio of extracellular ND1 normalized to extracellular B2M copies to the sum of intra- and extracellular ND1 nor-
malized by their respective intra- and extracellular B2M copies. (H) cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) signaling
in POLG-mutant iPSC-derived neurons transduced with scrambled or PRKN shRNA. Quantification of cGAS protein levels relative to beta-actin from
Figure S2E. n = 3 or 5 biological replicates; data are presented as the mean � SEM; SEM = standard error of the mean, *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001 as determined by Student’s t test.
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Finally, we tested whether the CoCl2-induced meta-
bolic shift was sufficient to trigger mtDNA release.
Indeed, high-throughput imaging revealed elevated
cytosolic mtDNA levels in treated SH-SY5Y cells
(Fig. 4I,J). These data indicate that metabolic impair-
ments can interfere with mtDNA dynamics.

Mutagenic Stress Exacerbates Parkin-
Mediated Mitochondrial Biogenesis and

mtDNA Transcription Deficits
Next, we further explored the downstream effects of

parkin deficiency–induced mtDNA dyshomeostasis.
Although we observed an increase of cytosolic mtDNA in
parkin-mutant neurons, this mtDNA release from the
mitochondria was not accompanied by an upregulation
of extracellular mtDNA or immune-related factors
(Fig. S2C,D), which may be explained by the inability of
iPSC-derived cultures to model age-associated phenotypes
such as inflammation.35 To overcome the rejuvenation-
associated limitations of iPSC-derived neurons, we

adapted a mitochondrial aging strategy from mice.
Recently, an innovative mouse strain was generated that,
contrary to most established rodent PD models, recapitu-
lates motor phenotypes during the short lifetime of the
animals.10 To simulate mitochondrial aging, parkin-KO
mice were crossed with animals harboring an error-prone
version of POLG, which causes mtDNA mutagenic stress.
The resulting parkin-KO “mutator” mice showed
increased serum levels of ccf-mtDNA and inflammatory
cytokines mediated by cGAS-STING signaling.9 Inspired
by this work, we differentiated iPSCs from a patient with
compound-heterozygous mutations in POLG and sub-
jected the resulting neurons to shRNA to reduce parkin
expression (Fig. S3A).
Compared with POLG-mutant cells transduced with

scrambled shRNA, parkin shRNA reduced 7S DNA:
MT-ND1 ratios (Fig. S3B) and showed significantly
lower levels of mitochondrial biogenesis factors
PGC1-α and NRF1 (Fig. S3A,C,D), strengthening our
findings in PRKN-mutant neurons. Next, we quantified
ccf-mtDNA in the extracellular medium and found a

FIG. 4. Hypoxia-mediated metabolic alterations induce mitochondrial DNA (mtDNA) dyshomeostasis. (A) Representative cropped Western blot images
of total cell lysates from untreated and cobalt chloride (CoCl2)-treated wild-type (WT) SH-SY5Y neuroblastoma cells. (B) Nicotinamide adenine dinucle-
otide:nicotinamide adenine dinucleotide hydrogen (NAD+/NADH) ratios measured in cellular extracts from untreated and CoCl2-treated WT SH-SY5Y
cells. Quantifications from (A) sirtuin 1 (SIRT1) (C), peroxisome gamma coactivator 1-alpha (PGC1-α) (D), nuclear respiratory factor 1 (NRF1) (E), mito-
chondrial transcription factor A (TFAM) (F) protein levels normalized to Beta-actin. (G) Real-time polymerase chain reaction quantification of
transcription-associated 7S DNA per mtDNA molecule. (H) qPCR was used to quantify gene expression of the mtDNA gene NADH:ubiquinone oxidore-
ductase core subunit 1(ND1). (I) Analysis of mtDNA localization in untreated and CoCl2-treated WT SH-SY5Y cells (J). Percentage of mtDNA in cytosol
was calculated by dividing the mtDNA volume outside mitochondria by total mtDNA volume. (J) Representative cropped immunocytochemistry images
used to assess mtDNA subcellular location by targeting mtDNA, nuclei (Hoechst 33342), the mitochondrial marker translocase of outer mitochondrial
membrane 20 (TOM20), and cytosol (high content screening CellMask Orange Stain [ThermoFisher Scientific, Waltham, MA]). n ≤ 3 biological replicates;
data are presented as the mean � SEM; SEM = standard error of the mean, *P < 0.05, **P < 0.01, ****P < 0.0001 as determined by Student’s t test.
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significant upregulation, suggesting that parkin reduc-
tion in the presence of mtDNA stress elevated the
release of mtDNA from mitochondria into the extracel-
lular space (Fig. 3G). Furthermore, we found an
increase in protein abundance of the cytosolic DNA
sensor cGAS (Fig. 3H). Finally, we assessed the expres-
sion of key cytokines that were previously shown to be
upregulated in serum from parkin-KO “mutator” mice
and patients with PRKN mutations in response to
cGas/STING signaling.9 By contrast, RT-PCR analyses
still revealed very low levels of interleukin 6 (IL6) and
interleukin-1-beta (IL1B) in any of the investigated neu-
rons (Fig. S3E), likely attributed to the absence of
microglia in the cultures.

mtDNA Maintenance Impairments Propagate
Neuroinflammation in PRKN-PD Tissue

Although iPSC-derived neurons allow the study of
parkin-related mitochondrial functions, the cultures do
not reflect the cellular diversity of the midbrain. Recent
publications implicate glia-mediated inflammation in
the pathogenesis of PRKN-associated PD.9,34 In light of
these findings, we next used postmortem tissue from a
patient with PD with compound-heterozygous PRKN
mutations and two healthy controls to assess the extent
and possible consequences of mtDNA disintegration in
a more comprehensive environment (Fig. 5A).
We first sought to validate our findings concerning

mtDNA maintenance in human brain tissue. We

FIG. 5. Cell-type differences in human PRKN-mutant and control midbrains. (A) Handling of the midbrain tissue for single-cell studies. Midbrain
sections were used for (1) laser capture microdissection (LCM) of dopaminergic neurons (DAN) and (2) nuclei isolation, 10X Genomics platform
processing, and Illumina sequencing. (B) 7S DNA:mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 1 (7SDNA:MT-ND1) ratios
quantified via multiplex real-time polymerase chain reaction from single postmortem DANs of the substantia nigra pars compacta. (C) Number of nuclei
per sample. The analyzed population is composed of 4173 PRKN-mutant nuclei and 6405 control nuclei, making a population of 10,578 nuclei. (D)
Representative cell-type specific marker genes. (E) The population of 10,578 nuclei projected onto a uniform manifold approximation and projection
(UMAP) space. (F) Percentage of PRKN-mutant and control cell-type specific nuclei. (G) Fold change of interleukin 6 (IL6) expression at baseline
(NT = nontreated) or after treatment with mitochondrial DNA (mtDNA), lipopolysaccharides (LPS), or both. n = 3 patients and n = 4 controls; data are
presented as the mean � SEM; SEM = standard error of the mean, *P < 0.05, **P < 0.01, ns = not significant as determined by two-way analysis of
variance and Sidak’s multiple comparisons test. Co = healty control subjects, PD/Parkin PD = Parkinson’s disease patient with mutations in parkin,
OPCs = oligodendrocyte precursor cells, FOXj1 = forkhead box J1, CLDN5 = claudin 5, PDGFRB = platelet derived growth factor receptor beta,
AQP4 = aquaporin 4, VCAN = versican, RBFOX3 = RNA binding fox-1 homolog 3, MOBP = myelin associated oligodendrocyte basic protein.
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applied LCM to midbrain tissue to isolate single
neuromelanin- and TH-positive neurons (n = 10 per
sample) from the SNpc, which were then subjected to
RT-PCR. In line with our previous results, we found
significantly reduced 7S DNA:MT-ND1 ratios in post-
mortem patient DANs (Fig. 5B). However, we did not
detect any differences in mtDNA deletion levels or in
mtDNA copy number (data not shown).
Next, to determine whether PRKN mutation carriers

suffer from neuroinflammation, we performed
snRNAseq from postmortem ventral midbrain sections
(Fig. 5A). A total of 10,578 high-quality nuclei
(patient = 4173, controls = 2047 and 4358) were pro-
jected into two dimensions with the uniform manifold
approximation and projection (UMAP) algorithm
(Fig. 5C,E). We found eight major cell types including
neurons and glial cells (Fig. 5D,E). Each cell cluster was
annotated based on the expression of marker genes
(Fig. 5D, Table S1). The most abundant cell type mak-
ing ≈52.5% of the midbrain population are oligoden-
drocytes, followed by neurons (≈14.6%), microglia
(≈11.6%), oligodendrocyte precursor cells (≈7.3%),
and astrocytes (≈6.6%). Residual abundances were
detected for other cell types. To assess neu-
roinflammation, we first compared cell density distribu-
tions in UMAP and observed a large increase in the
microglial population and a decreased fraction of neu-
rons and astrocytes (Fig. 5F) in the PRKN-mutant mid-
brain. Our results confirm the alteration in glial cell
populations in the PRKN mutation carriers reported
previously.36 This shift infers an incorrect immune
response, which likely leads to neuroinflammation. The
resulting decrease of the PRKN midbrain neuronal pop-
ulation (Fig. 5F) compared with controls may be a trig-
ger or downstream effect of the aforementioned
immune response. Furthermore, the proinflammatory
cytokines IL1B and tumor necrosis factor (TNF) were
differentially expressed and upregulated in PRKN-
mutant microglia compared with controls (Table S2).
Accordingly, the immune response pathways, primarily
the interleukin signaling pathways, were most
perturbed in microglia from the PRKN mutation carrier
(Tables S3 and S4).
Finally, to assess the causal link between mtDNA

dyshomeostasis and neuroinflammation in PRKN-
associated PD, we generated iPSC-derived neuron–
microglia co-cultures from controls and patients with
PRKN mutations and exposed them to LPS, mtDNA
isolated from patients with PRKN-PD, or both. The
composition of the co-cultures with regard to DANs
and microglia was not affected by the different treat-
ments (Fig. S4A,B). Moreover, stimulation by mtDNA
or LPS alone did not reveal any differences in the
expression of cytokines in cells lacking parkin. How-
ever, when mtDNA was added as a secondary trigger
after LPS priming, we observed that patient-derived co-

cultures showed a greater response in the expression of
IL6 (Fig. 5G). Although IL1B was equally upregulated
after LPS/mtDNA treatment, the difference between
PRKN-PD and control co-cultures was not significant
(Fig. S4C).

Discussion

Using a multimodal approach, we explored novel
mechanisms of mitochondrial quality control exerted
by parkin. Although most parkin studies focused on its
role in mitochondrial clearance, the wide range of
parkin substrates suggests that the protein functions in
cellular processes beyond mitophagy.24 Thus, we
decided to investigate the mitochondrial biogenesis and
mtDNA maintenance pathways in parkin-deficient cells.
Mitochondrial biogenesis is synchronized in the

nucleus, with PGC1-α acting as the master regulator.27

Studies found a direct interaction between parkin and
PGC1-α,27 whereas others have shown an interaction
with PARIS—a PGC1-α transcriptional repressor.6 In
the current study, parkin-depleted cells showed reduced
PGC1-α protein levels while the abundance of PARIS
remained unchanged, insinuating an alternative mecha-
nism of PGC1-α reduction. We looked upstream and
found that the SIRT1 protein was reduced in parkin-
deficient cells. PGC1-α gene expression and protein
deacetylation is regulated by the NAD+-dependent
energy sensor SIRT1.28,29 Moreover, our and a publi-
shed metabolic study in parkin-deficient neurons rev-
ealed increased lactate:pyruvate ratios, suggesting
lower levels of freely accessible NAD+ as a result of
metabolic remodeling from oxidative phosphorylation
to glycolysis.30,37

PGC1-α can activate the NRFs, which control the
expression of the mitochondrial transcription factors
TFAM and TFB2M.31 Our gene expression and protein
analyses confirmed disruptions of this pathway at each
level in cells lacking parkin. The sole semiautonomous
organelle of human cells, mitochondria, encompass
their own system to coordinate mtDNA transcription,
replication, translation, and repair. Because of its
dynamic nature and proximity to the ETC, mtDNA
maintenance is exceptionally important for ensuring
homogeneity and preventing the expansion of aberrant
mtDNA molecules. Studies in mitotically active parkin-
overexpressing cells have shown a direct interaction
of parkin with TFAM and an association with the
mitochondrial genome.26,38

Focusing on mtDNA integrity, we found significantly
less 7S DNA per mtDNA molecule in iPSC-derived neu-
rons, SH-SY5Y cells, and postmortem DANs lacking
parkin. This is in agreement with previous findings in
postmortem DANs isolated from patients with idio-
pathic PD (IPD).20 The D-loop region of the
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mitochondrial genome serves as the initiation site for its
replication and transcription. The synthesis of 7S DNA
in the D-loop is stimulated by TFAM, consistent with
evidence showing that elevated TFAM matrix levels
increase the rate of 7S DNA synthesis.39 Indeed, calcu-
lating TFAM:mtDNA ratios, parkin-deficient neurons
exhibited a significant reduction. Moreover, we
observed decreased mtDNA gene expression that coin-
cided with diminished ETC CI activity in parkin-KO
SH-SY5Y cells. Of note, we previously reported ETC
CI impairments in iPSC-derived neurons from our
PRKN-mutant samples.40 Interestingly, experiments in
purified TH-positive neurons from patients with PRKN
mutations highlighted that the 7S DNA phenotype is
more pronounced in DANs, suggesting a link between
mtDNA homeostasis and dopamine signaling. Because
of their high energy requirements and the autoxidation
properties of the neurotransmitter, DANs are particu-
larly vulnerable to metabolic changes.41,42 Interestingly,
hypoxic conditions mimicked the mtDNA phenotypes
observed in parkin-deficient cells. These findings further
strengthened our hypothesis that a shift from oxidative
phosphorylation to glycolysis triggers mtDNA
dyshomeostasis in the absence of parkin.
Beyond alterations in the mitochondrial biogenesis

pathway, we detected elevated mtDNA copy numbers
but diminished TFAM abundance per mitochondrial
genome in parkin-deficient neurons. TFAM reduction
has previously been shown to allow mtDNA to escape
from mitochondria into the cytosol, where it is recog-
nized by the cytosolic DNA sensor cGAS, provoking
activation of an innate immune response.8 Indeed, we
observed that neurons from patients with PD and
parkin-KO SH-SY5Y cells incur higher levels of
mtDNA in the cytosolic compartment compared with
controls. We also quantified mtDNA molecules in the
extracellular medium of our cellular samples, yet we
did not detect any differences compared with controls
or increases in inflammatory cytokines.
However, keeping in mind that reprogramming of

postnatal cells can cause artificial rejuvenation,35 we bur-
dened parkin-deficient cells with mitochondrial muta-
genic stress—a normal aging phenomenon43—to
investigate mtDNA release and inflammation. To create
a neuronal aging model of PRKN-PD, we adopted an
approach by Pickrell and colleagues who crossed parkin-
KO with POLG-mutant mice.10 These animals exhibited
levodopa-reversible motor deficits, a selective loss of
nigral DANs, impaired mtDNA dynamics, and cGas/
STING-mediated inflammation.9,10 Accordingly, we gen-
erated iPSC-derived midbrain neurons from a patient
with Alper’s disease with compound-heterozygous
POLG mutations and subjected the cultures to either
scramble or parkin shRNA. Parkin knockdown in
POLG-mutant neurons replicated the 7S DNA
phenotype as well as disruptions of the mitochondrial

biogenesis pathway. In addition, we detected elevated
ccf-mtDNA levels in the cellular medium and an increase
in cGAS protein abundance. In agreement with previous
results in parkin-KO “mutator” mice, this suggests
that parkin depletion combined with mitochondrial
mutagenic stress triggers the release of mtDNA into the
cytosol and extracellular space in patient neurons.
Microglia are considered the resident innate immune

cells in the brain, which can be activated by various
DAMPs. The lack of microglial cells in our neuronal cul-
tures may explain the inability to detect inflammation in
our samples. We therefore decided to use postmortem
tissue from a patient with compound-heterozygous
PRKN-PD and controls to investigate a potential link
between parkin dysfunction and neuroinflammation
using snRNAseq. Our results showed a strong infiltra-
tion of microglia in the PRKN-mutant midbrain and an
upregulation of the proinflammatory cytokines IL1B
and TNF. This dysregulation resulted in the perturbation
of immune and oxidative stress response pathways.
To additionally evaluate the extent of the microglia phe-

notype in PRKN-PD, we made use of our recently publi-
shed single-cell data set of five patients with IPD and six
controls.23 Comparing the cell-type distribution across the
three groups (Fig. S5A-D), the PRKN-mutant midbrain
showed an even larger percentage of microglia than the
IPD tissue samples (Fig. S5D). Moreover, the expression of
microglia activation markers heat shock protein 90 alpha
family class A member 1 (HSP90AA1) and IL1B was the
highest in the PRKN-mutant cell population (Fig. S5E).
Thus, despite the limitation of examining brain tissue from
a single mutant case, this cross-comparison further sup-
ports a role for microglia in the pathogenesis of PRKN-PD.
With regard to the distribution of other glial cells, we

detected a reduction in astrocytes in PRKN-PD
(Fig. S4D), which is in line with previous observations in
the PRKN-mutant midbrain.36 The resulting lack of
astroglial neuron support likely perpetuates the inflam-
matory phenotypes in PRKN-PD as indicated by elevated
expression of the astrocyte activation marker cluster of
differentiation 44 (CD44) (Fig. S5F). Interestingly, despite
lower overall astrocyte numbers, CD44 levels in PRKN-
PD astrocytes were even higher than in IPD astrocytes
(Fig. S5F). Although additional rare PRKN-mutant mid-
brain samples need to be studied in the future, our
snRNAseq analysis, which also considered our published
results from IPD cases, provides valuable insights into the
cell-type composition and transcriptomic landscape of
the PRKN-PD midbrain.
Finally, to assess whether mtDNA dyshomeostasis and

inflammation are causally linked in PRKN-PD, we gener-
ated iPSC-derived neuron–microglia co-cultures from con-
trols and patients with PRKN mutations, which were
treated with mtDNA isolated from PRKN-mutant cells.
Our results showed that, when added as a secondary stim-
ulus to LPS priming, mtDNA caused IL6 overexpression
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in cells lacking parkin, suggesting that parkin deficiency
renders cells more responsive to proinflammatory stimuli.
Taken together, our study highlights parkin’s involve-

ment in mtDNA maintenance and supports a link
between mtDNA dyshomeostasis and inflammation in
human cellular models of PD. In iPSC-derived cultures
from patients with PRKN mutations, we observed that
mtDNA transcription-associated 7S DNA is preferen-
tially depleted in DANs. This TFAM deficiency-mediated
phenotype is likely the consequence of SIRT1 depletion
and inactivation in response to a lack of free NAD+ in
the absence of parkin. However, the origin of the mito-
chondrial energy deficit in PRKN-mutant neurons cur-
rently remains elusive. Interestingly, recent studies
suggest that parkin deficiency can be a driver of altered
mitochondrial metabolism. Either via its function in
mitochondrial clearance or through translational control
of nuclear-encoded ETC mRNAs,5,26 the mutant protein
could trigger the respiratory complex impairments
detected in patient neurons. With SIRT1 acting as a con-
nector between cell metabolism, mitophagy, and biogen-
esis pathways, further research will be needed to
determine the exact sequence of events triggering mito-
chondrial dysfunction in parkin-deficient DANs.44

Moreover, additional analyses in iPSC-derived co-culture
systems should aim at the identification of the immune
signaling pathways activated in microglia in response to
neuronal release of mitochondrial DAMPs, including
mtDNA. Such investigations will pave the way for inno-
vative anti-inflammatory treatment approaches in PD.
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1. Supplementary methods 

1.1. Cell culture 

1.1.1. Generation of small molecule neural precursor cells (smNPCs) 

smNPCs were cultured and expanded in N2B27 medium - Neurobasal (Gibco)/DMEM-F12 (Gibco) 50:50 with 1% B27 

lacking vitamin A (ThermoFisher), 0.5% N2 (Life Technologies), 1% penicillin-streptomycin (ThermoFisher) and 1% 

200 mM glutamine (Westburg) - supplemented with 3 µM CHIR 99021 (Sigma), 150 µM ascorbic acid (AA) (Sigma) 

and 0.5 µM purmorphamine (Sigma). The medium was changed every second day. 

 

1.1.2. Generation of midbrain neurons 

To initiate neuronal differentiation, smNPCs were counted using the Countess II FL Automated Cell Counter 

(ThermoFisher) and seeded onto Matrigel-coated (Corning) 6-well plates  in N2/B27 medium supplemented with 1 

µM purmorphamine, 200 µM ascorbic acid (AA) and 100 ng FGF8 (PeproTech) for 8 days. For the next 2 days, cells 

were cultured in N2/B27 medium with 0.5 µM purmorphamine and 200 µM AA. For the remainder of the 

differentiation (22 days), cells were maintained in Maturation medium: N2/B27 supplemented with 200 µM AA, 500 

µM dibutyryl-cAMP (Applichem), 1 ng/mL TGF-β3 (Peprotech), 10 ng/mL GDNF (Peprotech) and 20 ng/mL BDNF 

(PeproTech). The medium was changed every second day. 

 

1.1.3. Generation of induced pluripotent stem cells (iPSCs) 

Skin fibroblasts obtained from an Alper’s disease patient with POLG mutations (Fig. S1A) were reprogrammed into 

iPSCs using the Epi5TM Episomal iPSC Reprogramming Kit (ThermoFisher) according to the manufacturer’s 

instructions. Briefly, fibroblasts were maintained in DMEM supplemented with 10% FBS and 1% Penicillin-

Streptomycin. Once 75-90% confluent, fibroblasts were washed with PBS (Gibco) and detached by adding 0.05% 

Trypsin/EDTA (ThermoFisher) for 5 min at 37°C. Cells were then collected and counted using the Countess II FL 

Automated Cell Counter. Next, 1 x 107 cells were removed, centrifuged at 200 x g for 5 min and transduced with 

Epi5™ Reprogramming Vectors and Epi5™ p53 & EBNA Vectors using the Amaxa Nucleofector I (Lonza) with 3 pulses 

at 1650 V for 10 ms. After transfection, cells were seeded onto irritated mouse embryonic fibroblasts and cultured 
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in mTeSRTM 1 complete medium (STEMCELL Technologies). The medium was changed every day. After ~1 month, 

iPSC colonies were picked based on their stem-cell-like morphology and expanded on Matrigel-coated plates. The 

generation of smNPCs and midbrain neurons was performed identically as described for iPSCs from Parkin mutation 

carriers. 

 

1.1.4. Generation of isogenic Parkin-knockout neuroblastoma cells 

Parkin knockout neuroblastoma (SH-SY5Y) cells were generated using an RNA-guided CRISPR/Cas9 endonuclease. 

For this, SH-SY5Y cells were transiently cotransfected with plasmids expressing either a human codon-optimized 

Cas9 (hCas9 was a gift from George Church [Addgene plasmid # 41815]) and a guide RNA (gRNA_Cloning Vector was 

a gift from George Church [Addgene plasmid # 41824]) containing a 19-base long sequence that matches the human 

PRKN target sequence 5’- GTGGTTGCTAAGCGACAGG -3’. Upon transfection, cells were re-suspended in growth 

medium, counted and plated onto Petri dishes at a density of 1 cell/cm2. Cells were grown until they formed distinct, 

monoclonal colonies. The colonies were scraped off, transferred into different wells of a 6-well plate, and 

propagated to obtain enough material for the DNA extraction for Sanger sequencing. We identified one clonal cell 

line carrying a homozygous mutation c.100_101insC (p.Q34PfsX5) in the PRKN gene resulting in a premature stop 

codon, further leading to nonsense-mediated decay. To induce hypoxia, SH-SY5Y cells were plated onto a 6-well 

plate at a density of 1.1 million cells/well and, the following day, treated for 24h with 200 µM CoCl2 (Merck, C8661) 

in MOPS (ROTH, 6979.2) buffer.  

 

1.2. Parkin silencing 

For Parkin knockdown, the lentiviral pLKO.1 vector (Addgene) was used to express short hairpin RNA (shRNA) against 

human Parkin (Sense: ccggCCAGTAGCTTTGCACCTGATTctcgagAATCAGGTGCAAAGCTACTGGtttttg).1 The MISSION 

pLKO.1-puro Non-Mammalian shRNA control Plasmid DNA (Sigma), targeting no known mammalian genes, was used 

as negative control for lentiviral transduction (Sense: CCGGCAACAAGATGAAGAGCACCAACTC-

GAGTTGGTGCTCTTCATCTTGTTGTTTTT). Lentiviral constructs, as well as 2nd generation packaging plasmids (psPAX2, 

pMD2G), were transfected in HEK293T cells by calcium phosphate precipitation in the presence of 25 μM 
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chloroquine. HEK293T cell culture medium, containing the respective lentiviral particles, were harvested 48 hrs post-

transfection, passed through 0.45 μM filters and used to transduce target cells overnight, in presence of 8 μg/mL 

Polybrene. 

 

1.3. Generation and treatment of iPSC-derived neuron-microglia co-cultures 

DANs and microglia cells were generated according to previously described protocols.2-4 At day 92 of neuronal 

differentiation, 4x105 microglia precursor cells were plated onto corresponding cell lines of neurons leading to their 

maturation. Equal amounts of both cell types were co-cultured for 35 days before treatment with LPS (100 ng/mL) 

for 3 hours and mtDNA (300 ng) for 1 hour. A mixture of mtDNA extracted from all PRKN-mutant patients was used. 

 

1.4. Immunocytochemistry 

SH-SY5Y cells, iPSC-derived smNPCs and midbrains neurons were fixed in 4% paraformaldehyde for 15 min at room 

temperature and then washed three times in PBS (Gibco). Cells were then permeabilized in the blocking buffer (1% 

bovine serum albumin [Sigma], 0.25% Triton-X 100 [Sigma] in PBS) for 1 hr at room temperature. Cells were then 

stained overnight at 4°C with primary antibodies in blocking buffer. For smNPCs, cells received antibodies against 

Nestin (R&D Systems, MAB1259), Pax6 (BioLegend, 901301) and  Musashi (Abcam, ab21628). For neurons, cells were 

subjected to several combinations of antibodies (depending upon the experiment) against TUBB3 (BioLegend,  

801202), tyrosine hydroxylase (Sigma T8700), DNA (Progen AC-30-10), TOM20 (Santa Cruz SC-17764). The next day, 

cells were washed three times in PBS and then stained with fluorescent secondary antibodies in blocking buffer for 

1h at room temperature. Cells were then washed three times in PBS, and incubated with Hoechst 33342 

(ThermoFisher) for 10 min. For the assessment of mtDNA release into the cytosol, cells were incubated for 30 

minutes at room temperature with HCS CellMaskTM Orange stain (ThermoFisher) prior to the nuclear staining and 

following the manufacturer's indications. Images were taken using a 20X objective (for smNPCs) or 40X objective 

(for neurons) using the Zeiss Axio Imager 2 microscope, or 60X objective for neurons and SH-SY5Y cells on the Cell 

Voyager CV8000 high-content screening confocal microscope (Yokogawa Electric Corporation).  
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1.5. Western blotting 

Antibodies used in the study: Parkin (Santa Cruz sc-32282), SIRT1 (Abcam ab32441), PGC1-α (Novus Biologicals NBP1-

04676), NRF1 (Abcam ab175932), NRF2 (Cell Signaling abe1047), VDAC (Abcam ab14734), LC3A/B (Cell Signaling, 

4108), TFAM (Abcam ab47517), TUBB3 (Tuj1) (BioLegend  801202), tyrosine hydroxylase (Sigma T8700),  cGAS (Santa 

Cruz sc-515777) and beta-actin (Sigma A1978). 

 

1.6. Metabolite extraction and metabolomics analysis 

Metabolites from 35d-old neurons were extracted using a Methanol/Water-Chloroform mix. Neurons were seeded 

in 12-well plates at day 25 of differentiation and then maintained for 5 days. Cells were washed once with 0.9% NaCl 

(Sigma). Metabolism was quenched with 200 µL ice-cold methanol (Roth). 80 µL of 4°C water was added and the 

plate was placed on an orbital shaker for 10 min at 4°C. The mixture was transferred to a tube containing 100 µL of 

ice-cold chloroform (Roth) and then shaken on a thermomixer at 4°C for 5 min. An additional 100 µL of ice-cold 

chloroform and 4°C water were added. The samples were then vortexed and centrifuged for 5 min at 21000 x g, 4°C. 

125 µL of the upper phase were transferred to a glass vial and dried in a vacuum centrifuge. Samples were capped 

and kept at -80°C until measurement. 

Polar metabolites were derivatized and measured by GC-MS using an Agilent 7890B GC coupled to an Agilent 5977A 

Mass Selective Detector (Agilent Technologies) following an established method. The MetaboliteDetector software 

package (Version 3.220180913) was used for mass spectrometry (MS) data post processing and quantification. 

NAD+:NADH ratios were determined using the colorimetric NAD/NADH Quantification Kit from Sigma following the 

manufacturer's instructions. 

 

1.7. Mitochondrial extraction 

SH-SY5Y cells were resuspended and washed in homogenization buffer (HB) (10 mM Tris, pH 7.4, 1 mM EDTA, 250 

mM Sucrose) with protease and phosphatase inhibitors (Halt Protease & Phosphatase inhibitor cocktail). After 

washing the pellet at 4000 x g for 5 min at 4°C, fresh HB was added and the pellet was homogenized for 1 min on ice 
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using a pellet pestle (Sigma). Homogenates were then centrifuged at 1500 x g for 10 min at 4°C and the supernatant 

was removed. After two washing steps in HB, mitochondria were pelleted by centrifugation at 8000 x g for 10 min. 

 

1.8. NADH-COQ1 reductase assay 

To measure complex I activity, mitochondrial homogenates were subjected to three freeze/thaw cycles in HB buffer 

and then placed in buffer containing 20 mM K+Phosphate buffer (sodium phosphate (VWR), magnesium chloride 

(Sigma), 150 µM NADH (Sigma), 1 mM potassium cyanide (Sigma), and bovine serum albumin (BSA) (Sigma)) followed 

by an additional three freeze/thaw cycles. Samples were then placed into a 96-well plate (Greiner Bio-One) and 

kinetic measurement was evaluated at 340 nm using the Biotek Cytation 5 plate reader (Biotek). We first measured 

baseline activity for 3 min, then added 50 µM ubiquinone (Sigma) and measured kinetics for 10 min, and finally 

added 10 µM rotenone (Abcam) and measured for 10 min. 

 

1.9. Citrate synthase assay 

The citrate synthase assay was performed on the same mitochondrial extracts as in the NADH-COQ1 assay. Here, we 

followed a modified protocol based on Coore et al.5 First, we subjected mitochondria to three freeze/thaw cycles in 

HB buffer and then added a buffer containing 100 mM Tris (Sigma), 100 µM acetyl CoA (Sigma), 100 µM DTNB (Sigma) 

and 0.1% Triton X (Sigma), followed by three more freeze/thaw cycles. The samples were then added to a 96-well 

plate (Greiner Bio-One) and kinetic measurement was performed at 412 nm in the BioTek Cytation 5 plate reader 

(BioTek) at baseline for 3.5 min. We then added 100 µM oxaloacetic acid (Sigma) and measured for an additional 10 

min. 

 

1.10. Quantitative PCR analyses 

1.10.1. MtDNA integrity and copy number analyses 

DNA was extracted using the QIAmp DNA Mini Kit (Qiagen) following the manufacturer’s instructions. Transcription 

and copy number were measured using a real-time polymerase chain reaction (RT-PCR) method on the LightCycler 
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480 (Roche) with TaqMan probes for D-loop, MT-ND1, MT-ND4, and the nuclear single copy gene B2M as 

described.6,7 

 

1.10.2. Digital PCR 

DNA was quantified using a digital PCR (dPCR) assay with TaqMan probes specific for MT-ND1 and B2M. dPCR was 

executed using the QuantStudio 3D Digital PCR System (Applied Biosystems) as published.6, 7  

 

1.10.3. RNA extraction and quantitative PCR 

RNA was prepared by using the RNeasy Mini Kit (Qiagen). RNA was then reverse-transcribed into cDNA using 

SuperScript III Reverse Transcriptase (ThermoFisher) and measured via RT-PCR using iQ SYBR Green Supermix 

(Biorad) on the LightCycler 480. Primer sequences are summarized in Table S5. 

 

1.11. Laser capture microdissection 

Frozen sections were fixed with 4% paraformaldehyde for 10 min and then washed in distilled water for 10 min. 

After three 5 min washes in TBST buffer, a TH primary antibody (Merck) was applied for 1 hr at room temperature. 

After three more washes, a secondary antibody (Santa Cruz) was applied for 30 min at room temperature. Following 

more washing, sections were incubated with DAB (Millipore) and 3% H2O2 for 4 min at room temperature and then 

washed in distilled water for 5 min. Single TH-positive neurons were isolated through laser capture microdissection 

(LCM) using the PALM MicroBeam (Zeiss) and captured in 15 µL of lysis buffer (50 mM Tris-HCl, pH 8.5, 1 mM EDTA, 

0.5% Tween-20, 200 ng/mL proteinase K), centrifuged for 10 min at 20,000 x g at 4°C and then incubated for 3 hr at 

55°C and 10 min at 95°C. 

 

1.12. Single-nuclei RNA sequencing (snRNAseq) and data analysis 

1.12.1. Tissue processing 

Eight sections of the PRKN-mutant brain were pooled together for nuclei isolation. Tissue was collected in cold lysis 

buffer (10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2, 0.1% NonidetTM P40). The resulting tissue suspension was 
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filtered and pelleted by centrifugation. Pellets were washed with ‘nuclei wash and resuspension buffer’ (1xPBS, 1% 

BSA, 0.2 U/µL RNase inhibitor) and then filtered and re-pelleted. Next, pelleted nuclei were incubated in DAPI 

solution (1.5 µM DAPI in 1x PBS) for 5 min prior to FACS-sorting. After dissociation, the nuclei suspension was 

subjected to FACS-sorting with FACSDiva Cell Sorter (BD Biosciences). Single DAPI-positive nuclei were sorted. To 

sequence harvested nuclei and prepare cDNA libraries, the Chromium Next GEM Single Cell 3’Kit v3.1 was used. The 

quality of resulting cDNA was assessed with the Agilent 2100 Bioanalyzer System.  

 

1.12.2. Sequencing and data analysis  

Sequencing was performed via Illumina NovaSeq 600-S2. Resulting data was processed identically to controls.8 

Briefly, after sequencing, the quantification of transcripts and filtering FASTQ files were produced from raw base call 

outputs with the Cell Ranger (10X Genomics) mkfastq pipeline v.3.0. Further, with the Cell Ranger (10X Genomics) 

count pipeline v.3.0 with default parameters, we obtained a gene-barcode UMI count matrix per sample. Considering 

that nuclei rather than cells were sequenced, we utilized the Cell Ranger recommended variation of the human 

reference transcriptome (hg38), which also annotates introns as exons. Only barcodes with more than 1500 UMIs 

and 1000 genes were included. Moreover, only those with less than 10% of mitochondrial-encoded and 10% 

ribosomal encoded genes were kept. Only genes detected in more than three barcodes were retained and ribosomal 

and mitochondrial-encoded genes were removed. With Scrubblet57, possible multiplet barcodes were identified, 

and such were kept with an estimated duplet score smaller than 0.15. 

To determine the cell types comprising human midbrain tissue samples, we pooled the samples in a single 

embedding following the Seurat v3 integration workflow.9 The top 4000 most variable genes were identified with 

SelectIntegrationFeatures, and used to determine the between-sample cell-anchors with FindIntegrationAnchors. 

The IntegrateData function was used to build a centered expression matrix, which was further used for principal 

component analysis. After, the Shared Nearest Neighbor (SNN) cell graph was built with the top 25 principal 

components and then clustered using the Louvain algorithm (resolution = 1.5) with the FindClusters function. With 

the FindAllMarkers function we detected the marker genes (expressed in minimally 25% of the cluster) for each 

cluster by using the default ’wilcox’ test. With such top marker genes, each cell cluster was cell-type annotated. To 
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identify the differentially expressed genes in microglia, FindMarkers function with logfc.threshold=0.25 and 

min.pct=0.05 was used to compare microglia clusters between control and Parkin conditions. This list of differentially 

expressed genes was further utilized in pathway enrichment analysis with MetaCore software. 
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2. Supplementary figures 

 

 

Figure S1 Derivation and characterization of iPSC-derived midbrain neurons and SH-SY5Y cells. (A) Overview of patients 

and controls included in the in vitro part of the study. (B) iPSC-derived neurons were stained for the neuronal marker 

TUJ1 and the catecholamine rate limiting enzyme tyrosine hydroxylase (TH). Images were taken using a 40x objective. (C) 

Parkin protein abundance in iPSC-derived patient and control neurons. Protein was extracted and subjected to Western 

blotting analysis using anti-Parkin and anti-beta-actin antibodies. Representative cropped images are shown. (D) Parkin 

protein abundance in control and isogenic Parkin-knockout SH-SY5Y cells. Representative cropped images are shown.  

C
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Beta actin

CTR1 CTR2 CTR3 PD1 PD2 PD3
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WT KO
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Beta actinTUJ1
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Control Parkin PD
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A Disease Status Sample Sex Age of Sampling AAO Gene Mutation

Healthy Control 1 M 39 N/A N/A N/A

Healthy Control 2 F 37 N/A N/A N/A

Healthy Control 3 M 40 N/A N/A N/A

Parkinson’s disease Parkin-PD 1 M 58 43 PRKN c.1072Tdel (hom)

Parkinson’s disease Parkin-PD 2 M 57 15 PRKN delEx4; + c.924C>T

Parkinson’s disease Parkin-PD 3 F 41 37 PRKN del Ex1;c.924C>T

Alpers’ disease POLG M 1 month Birth POLG c.1399G>A; c.2740A>C
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Figure S2 MtDNA dynamics and inflammation in PRKN-mutant and control iPSC-derived neurons. (A) Representative cropped 

Western blot images of TFAM and beta-actin. (B) Quantification of mtDNA in cytosolic and mitochondrial fractions from Parkin-PD 

and control iPSC-derived neurons. mtDNA levels were quantified by means of real-time PCR targeting the mtDNA fragment ND1 and 

the nuclear single copy gene B2M. The proportion of cytosolic mtDNA normalized to cytosolic B2M copies was calculated relative to 

the total amount of cellular mtDNA copies. (C) Extracellular ccf-mtDNA in medium from Parkin-PD and control iPSC-derived neurons. 

Quantification by means of multiplex dPCR with probes against ND1 and B2M. The proportion of extracellular ND1 normalized to 

extracellular B2M copies was calculated relative to the total amount of mtDNA copies present in the medium and cells. (D) IL6 and 

IL1B gene expression. IL6 and IL1B levels were measured relative to the house-keeping gene Beta-actin. IL6 and IL1B expression in 

iPSC-derived control microglia served as a positive control. n = 3 or 5 biological replicates, data are presented as the mean ± SEM; 

*P < 0.05, **P < 0.01, ns = not significant as determined by student’s t-test. 
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Figure S3 MtDNA dynamics and inflammation in iPSC-derived neurons from a compound-heterozygous POLG mutation carrier 

transduced with scrambled or PRKN shRNA. (A) Representative cropped images of Western blot membranes of whole cell lysates. 

Cells were harvested 5 days post transduction and subjected to Western blot analysis. (B) Quantification of 7S-associated 

transcription via multiplex RT-PCR. mtDNA transcription initiation events were determined by calculating the 7S DNA:ND1 ratios. (C) 

Quantification of PGC1-α protein levels relative to Beta-actin from (A). (D) Quantification of NRF1 protein levels relative to Beta-

actin from (A). (E) IL6 and IL1B gene expression in POLG-mutant iPSC-derived neurons transduced with scrambled or RRKN shRNA. 

IL6 and IL1B levels were measured relative to Beta-actin. IL6 and IL1B expression in iPSC-derived control microglia served as a 

positive control. n = 3 or 5 biological replicates, data are presented as the mean ± SEM; *P < 0.05, **P < 0.01, as determined by 

student’s t-test. 
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Figure S4 Expression of neuronal, microglial and inflammatory marker genes in PRKN-PD and control neuron-microglia co-

cultures. (A) Dopaminergic neuron abundances in co-cultures. Expression of TH was measured relative to Beta-actin by means 

of qPCR. This assessment did not reveal significant differences between lines and treatments. (B) Microglia abundance in co-

cultures. Quantifying the expression of the microglial marker gene Iba1 relative to the house-keeping gene Beta-actin by qPCR 

did not show differences between investigated lines and treatments. (C) Pro-inflammatory cytokine analysis. Quantitative gene 

expression analysis of IL1B relative to Beta-actin revealed a non-significant upregulation in PRKN-PD co-cultures after co-

treatment with LPS and mtDNA. 
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Figure S5 PRKN-mutant midbrain single-nuclei transcriptome comparison with six healthy controls and five idiopathic Parkinson’s 

disease (IPD) cases. (A) Number of nuclei per sample. (B) Cell-type specific marker genes. (C) UMAP representation of 45.608 nuclei 

from PRKN-mutant, control and IPD midbrain samples. (D) Percentage of PRKN-mutant, control and IPD neuronal, astrocytic and 

microglia nuclei. (E) CD44 gene expression in astrocytes in PRKN-mutant, control and IPD samples. (F) HSP90AA1 and IL1B gene 

expression in microglia in PRKN-mutant, control and IPD samples.   
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3. Supplementary tables 

Table S1 Marker genes for cell clusters 

Table S2 Differentially expressed genes in PRKN-mutant midbrain microglia 

Table S3 PRKN-mutant midbrain microglia; upregulated pathways 

Table S4 PRKN-mutant midbrain microglia; downregulated pathways 

(Tables S2-4 were submitted as csv files) 

 

Table S5 Sequences of primers used in the study 

Gene Forward Reverse 

Beta-actin 5’ - CGAGGACTTTGATTGCACATTGTT 5’ - TGGGGTGGCTTTTAGGATGG 

MT-ND1 5’- ATACCCACACCCACCCAAGAAC 5’- GGTTTGAGGGGGAATGCTGGA 

MT-CYTB 5’- CTGATCCTCCAAATCACCACAG 5’- GCGCCATTGGCGTGAAGGTA 

MT-COX1 5’-GGAGCAGGAACAGGTTGAACAG 5’-GTTGTGATGAAATTGATGGC 

TFAM 5’-AAGATTCCAAGAAGCTAAGGGTGA 5’-CAGAGTCAGACAGATTTTTCCAGT 

TFB2M 5’-TCTGGCAATTAGCTTGTGAG 5’-CTTACGCTTTGGGTTTTCCA 

Twinkle 5’-ATTGTAGAAGGACGTGGACG 5’-TGCAGAGCTCACTCTAGGTG 
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ARTICLE

Midbrain organoids mimic early embryonic
neurodevelopment and recapitulate
LRRK2-p.Gly2019Ser-associated gene expression

Alise Zagare,1,2 Kyriaki Barmpa,1,2 Semra Smajic,1 Lisa M. Smits,1 Kamil Grzyb,1 Anne Grünewald,1

Alexander Skupin,1 Sarah L. Nickels,1,* and Jens C. Schwamborn1,*

Summary

Human brain organoid models that recapitulate the physiology and complexity of the human brain have a great potential for in vitro

disease modeling, in particular for neurodegenerative diseases, such as Parkinson disease. In the present study, we compare single-cell

RNA-sequencing data of human midbrain organoids to the developing human embryonic midbrain. We demonstrate that the in vitro

model is comparable to its in vivo equivalents in terms of developmental path and cellular composition. Moreover, we investigate the

potential of midbrain organoids for modeling early developmental changes in Parkinson disease. Therefore, we compare the single-

cell RNA-sequencing data of healthy-individual-derivedmidbrain organoids to their isogenic LRRK2-p.Gly2019Ser-mutant counterparts.

We show that the LRRK2 p.Gly2019Ser variant alters neurodevelopment, resulting in an untimely and incomplete differentiation with

reduced cellular variability. Finally, we present four candidate genes,APP,DNAJC6,GATA3, and PTN, thatmight contribute to the LRRK2-

p.Gly2019Ser-associated transcriptome changes that occur during early neurodevelopment.

Introduction

Parkinson disease (PD) is a multifactorial neurodegenera-

tive disorder with varying motor and non-motor symp-

toms, characterized by the loss of dopaminergic neurons

(DNs) in the substantia nigra pars compacta (SNpc) of

the midbrain.1 The most common mutation associated

with PD is c.6055G>A (p.Gly2019Ser) in leucine-rich

repeat kinase 2 (LRRK2) (GenBank: NM_198578.4).2–4

LRRK2 is a multidomain protein involved in many cellular

functions, including cell proliferation, survival regulation

of neural stem cells (NSCs), and neurogenesis.5,6 Altered

neurogenesis and neurodevelopment have been suggested

to have major implications in the development of neuro-

degenerative diseases, including PD.7 Accordingly, various

studies show an accelerated neuronal differentiation in

LRRK2-mutant human cellular models, with a simulta-

neous impairment specifically of DN development.8–10 In

particular, the interaction of LRRK2 with the canonical

Wnt/b-catenin signaling pathway has been linked to the

development of DNs through the regulation of axonal

guidance, dendritic morphogenesis, and synapse forma-

tion.11–14

Taking into consideration the complexity of the etiology

of PD related to age, genetics, and environmental causes

and the possibility of a neurodevelopmental component

in PD, it is essential to have an adequate model, which

can represent the human brain development and the

manifestation of the disease. Studies on human postmor-

tem brain tissue provided precious understanding of PD-

associated alterations.15 However, postmortem tissues are

generally available at the end stage of the disease and

display a late stage in the disease progression. In order to

overcome the limitation of understanding the disease

development throughout life, we rely on various experi-

mental models. Our understanding of pathological mech-

anisms underlying the disease largely depends on models

that do not fully portray the complexity of the disease pa-

thology or the cellular composition of the human brain.

Genetic and toxin-based animal models often are not

able to adequately capture the critical aspects of human

PD, resulting in incomplete disease phenotypes.16 The dis-

covery of induced pluripotent stem cells (iPSCs) and

CRISPR-Cas9 technology surpassed this obstacle and

enabled the access to human-derived cells for isogenic dis-

ease modeling.17–19 Although such 2D cultures capture the

specific effect of mutation-induced PD and its molecular

mechanisms, they still lack the cellular diversity of the

human brain. To overcome these limitations, the recent

developments in self-organizing 3D human-derived

midbrain organoids represent a promising advancement

in modeling neurodegenerative diseases.9,20–24

In order to study the role of human LRRK2 p.Gly2019Ser

in a physiological context of early human development,

we used previously published single-cell RNA-sequencing

(scRNA-seq) datasets of human embryonic midbrain be-

tween developmental week 6 and week 1125 as well as

healthy-individual-derived isogenic wild-type (WT) and

LRRK2 p.Gly2019Ser midbrain organoids of 35 and 70 days

of differentiation.26 We have previously demonstrated that

the respective midbrain organoids comprise different

neuronal types, including dopaminergic, GABAergic,
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glutamatergic, and serotonergic neurons as well as glia

cells.26 First, we sought to use the single-cell transcriptomes

of healthy midbrain organoids and the human embryonic

midbrain to analyze the shared cellular identities and corre-

lation between the in vitro and in vivo systems. Further, we

exploit the transcriptome of the healthy and isogenic (in

which LRRK2 p.Gly2019Ser has been inserted) midbrain or-

ganoids to investigate the LRRK2-p.Gly2019Ser-dependent

changes in gene expression. We report that the midbrain

organoids share proportionately similar transcriptomic pro-

file and cell-type diversity with the developing human

midbrain. Additionally, our analysis shows thatmidbrainor-

ganoids accurately adopt human midbrain development

and are able to capture a LRRK2-p.Gly2019Ser-associated

gene expression profile that might underlie LRRK2-muta-

tion-related phenotypes.

Material and methods

Midbrain organoid generation frommidbrain floorplate

neural progenitor cells
Neural progenitor cells (NPCs) were derived from iPSCs of a

healthy individual and isogenic LRRK2-p.Gly2019Ser-inserted

cell line. Gene-editing of the iPSCs was done with CRISP-Cas9

and piggyBac systems, and it has been described in Qing et al.,

2017.27 The derivation of NPCs from iPSCs and further organoid

generation have been described in detail previously9,26 (Table

S1). In brief, NPCs were cultured in N2B27 base medium supple-

mented with 2.5 mM SB-431542 (SB, Ascent Scientific), 100 nM

LDN-193189 (LDN, Sigma), 3 mM CHIR99021 (CHIR, Axon Med-

chem), 200 mM ascorbic acid (AA, Sigma), and 0.5 mM SAG

(Merck). For the derivation of midbrain, 3,000 NPCs were seeded

per well in an ultra-low-attachment 96-well plate. For 7 days, cells

were kept under maintenance conditions, following 3 days of pre-

pattering where LDN and SB were withdrawn, and CHIR concen-

tration was reduced to 0.7 mM. On day 9 of organoid culture, the

differentiation was induced by changing the medium to N2B27

with 10 ng/mL brain-derived neurotrophic factor (BDNF, Pepro-

tech), 10 ng/mL glial-cell-derived neurotrophic factor (GDNF,

Peprotech), 200 mM AA, 500 mM dibutyryl cAMP (Sigma), 1 ng/

mL TGF-b3 (Peprotech), 10 mM dual antiplatelet therapy (DAPT)

(Cayman), and 2.5 ng/mL ActivinA (Peprotech). The organoids

were cultured under static conditions with media changes every

third day for 35 or 70 days. 30 midbrain organoids of each condi-

tion (WT35,WT70,MUT35, andMUT70) were pulled for Drop-seq

analysis as described in Smits et al., 2020.26

Immunofluorescence staining
Midbrain organoids were fixed with 4% paraformaldehyde (PFA)

overnight at 4�C followed by three washes with PBS for 15 min.

The washed organoids were embedded in 3%–4% low-melting

point agarose in PBS. Embedded organoids were sectioned into

50 mm sections with vibratome (Leica VT1000s). Organoid sec-

tions were blocked with 0.5% Triton X-100, 0.1% sodium azide,

0.1% sodium citrate, 2% BSA, and 5% normal donkey serum in

PBS for 90 min at room temperature (RT) on a shaker. We diluted

the primary antibodies in the same solution but with 0.1% Triton

X-100 instead. The sections were incubated with the primary anti-

bodies for 48 h at 4�C. Next, they were washed three times with

PBS and subsequently blocked for 30 min at RT on a shaker.

Next, sections were incubated with the secondary antibodies

diluted in 0.05% Tween-20 in PBS for 2 h at RT and subsequently

washed twice with 0.05% Tween-20 in PBS and once with Milli-Q

water before mounting them in Fluoromount-G mounting me-

dium (Southern Biotech). The primary antibodies used were TH

rabbit Abcam ab112, FOXA2 mouse Santa Cruz sc-101060, and

EN1 goat Santa Cruz sc- 46101. The secondary antibodies used

were Hoechst 33342 solution (20 mM) Invitrogen 62249, anti-rab-

bit secondary 488 Thermo Fisher a21206, anti-mouse secondary

568 Invitrogen A10037, and anti-goat secondary 647 Invitrogen

A21447.

Data pre-processing
In this study, we used already published scRNA-seq datasets. The

midbrain organoids dataset was published from our lab,26 while

the other three datasets (embryonic midbrain, embryonic prefron-

tal cortex, and cortical organoids) are external25,28,29 (Figure S1).

scRNA-seq data from 30 pooled midbrain organoids per cell line

and time point were generated following the Drop-seq pipe-

line.30 Reads were mapped to human reference genome hg38

(GRCh38.87). From midbrain organoids datasets, cells having

unique feature counts over 2,500 were removed as probable dou-

blets or multiplets. Similarly, low-quality cells or empty droplets

were further filtered out with unique feature counts below 100

(for day 35 data) and 200 (for day 70 data) andmitochondrial tran-

scripts above 30% (Figure S2). Embryonic midbrain scRNA-seq

data did not include any mitochondrial (MT) genes, thus to

make midbrain organoid data more comparable to the embryonic

midbrain data, we removed all MT genes from midbrain organoid

datasets after quality control (QC). After QC,WT35midbrain orga-

noids included 2,864 cells, WT70 included 2,005 cells, MUT35

included 2,946 cells, and MUT70 included 2,660 cells.

The external datasets of embryonic midbrain, prefrontal cortex,

and cortex organoid did not show any outliers in terms of doublets

or empty droplets. Therefore, no additional QC was applied to

these datasets.

Embryonic midbrain data of developmental week 6 to 11

included in total 1,977 cells, embryonic prefrontal cortex data at

developmental stages between gestational weeks 8 and 26

included 2,309 cells, and cortex organoid data from 1 month old

organoid comprised 4,832 cells.

Data integration and normalization
To better transmit the biological information between in vivo and

in vitro ventral midbrain datasets, midbrain organoid data (WT35,

WT70, MUT35, and MUT70) and embryonic midbrain data were

integrated with the Seurat integration analysis workflow.31 Inte-

gration was performed on the basis of the top 20 dimensions.

RNA assay data of integrated object were log normalized and

scaled to 10,000 transcripts per cell.

Cell type identification
After the integration of embryonic midbrain and midbrain orga-

noid datasets, integrated object was scaled and principal-compo-

nent analysis (PCA) was applied. Cell clustering was performed

on the basis of the top 20 principal components via Louvain algo-

rithm modularity optimization with a resolution of 0.5. Uniform

manifold approximation and projection (UMAP) was used for

cell cluster visualization.32 Nine distinct cell clusters were identi-

fied in the UMAP plot. Clusters 0 and 7 were present only in
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midbrain organoids and located in a close proximity to each other

in the UMAP plot, indicating their high similarity and in vitro spec-

ificity. Because of this overclustering both clusters were pulled, re-

sulting in eight distinct cellular identities labeled 1–8. For cell type

identification, a binarized gene list across cell types from La

Manno et al., 201625 was used. This list of genes comprises infor-

mation about the marker genes in a binarized manner, where 1

means that gene is marking a specific cell population and 0 means

that it cannot be considered as a marker gene. For more details on

how this list is generated, please refer to La Manno et al., 2016.25

Expression of each cluster-defining gene was overlapped with the

marker gene (1) in the marker matrix from La Manno et al.,

2016.25 The total number of marker genes of a particular cell

type of La Manno et al., 201625 that was present in each cluster

of embryonic-midbrain- and midbrain-organoid-integrated data-

set is visualized in Figure S4A. Cellular subtypes described by La

Manno et al., 201625 were grouped in five major neuronal identity

clusters—neurons subdivided in dopaminergic neurons (DNs) and

non-dopaminergic neurons (non-DNs), then neuroblasts (NBs),

progenitors (PROGs), and radial glia cells (RGLs). In addition, we

identified non-neuronal identity cell populations—pericytes and

endothelial cells. Cell types were assigned on the basis of the high-

est number of major cluster marker genes being expressed in the

respective clusters of integrated embryonic midbrain and

midbrain organoid dataset.

Differential gene expression analysis
Differentially expressed genes (DEGs) were detected with the Find-

Markers function of the Seurat pipeline with the default thresh-

olds. In all comparisons, we used the MUT midbrain organoids

as ident.1 and the WT midbrain organoids as ident.2.

Pathway analysis
Pathway enrichment analysis was performed with MetaCore

version 21.1 build 70400 on the basis of DEGs detected with the

FindMarkers function from Seurat. DEGs were filtered for fold

change (FC) > 0.25 and p adj. value < 0.05. From the analysis,

we obtained the most significant enriched pathways, GO pro-

cesses, network processes, and related diseases lists. The most

significantly enriched pathways were illustrated in GraphPad

Prism 9.

Cytoscape
Cell-cluster-specific genes were identified with the FindAllMarkers

function from Seurat. The top 100marker genes of each cell cluster

were visualized in the network created with the Cytoscape soft-

ware version 3.8.0.

Pseudotime analysis
Pseudotime analysis was performed with the Monocle package

version 3. Merged Seurat object was uploaded in the Monocle

workflow. Cell clustering was performed on the basis of 150

principal components with default settings. UMAP was used for

visualization. Because Monocle does not allow a full metadata

integration from Seurat object, we assigned cell identities manu-

ally to correspond to the ones previously defined. For the compar-

ison between developmental stages of embryonic midbrain and

midbrain organoid, we used the align_cds function to remove

the batch effect between in vivo and in vitro midbrain systems.

As a starting point for cell ordering along the pseudotime trajec-

tory, the NB in vitro cluster of WT35 was chosen. For the compar-

ison between developmental stages of WT midbrain organoids

and MUT midbrain organoids, the same starting point of the NB

in vitro cluster of WT35 was chosen. Genes that vary the most

over the pseudotime were computed with the fit_models function.

Midbrain-organoid- and embryonic-midbrain-integrated Seurat

object was subset by pseudotime genes for the visualization of

their expression in midbrain organoids.

Statistical analysis
If not stated otherwise, statistical analysis of scRNA-seq data was

performed with RStudio R version 3.6.2 with the ggplot2 package.

For all comparison, non-parametric Kruskal-Wallis test was per-

formed. Statistical significance between comparisons are repre-

sented with asterisks: p < 0.05*, p < 0.01**, p < 0.001***, p <

0.00001****.

In vitro and in vivo midbrain data comparison to the

cortex
WT midbrain organoids and embryonic midbrain were merged

with embryonic prefrontal cortex and integrated on the basis of

the top 20 dimensions. SCTransform normalization was applied

to reduce the technical variation in the data and stabilize gene

abundance levels, which can be highly variable between in vitro

and in vivo tissues, especially between different tissue types—

midbrain and cortex.33 We determined mutual genes between

midbrain organoids, embryonic midbrain, and embryonic pre-

frontal cortex by intersecting row names of respective datasets. In-

tegrated object was subset bymutual genes. The top 2,000 variable

genes in this subset of complete integrated dataset were detected

with the FindVariableFeature function.

For the comparison of embryonic midbrain to cortical organoid,

datasets were merged, SCTranformed, and subset by the mutual

genes for the correlation analysis.

Ethical approval
The responsible national ethical commission has approved the

study under the CNER report no. 201901/01. Written informed

consent was obtained from all individuals who donated samples

to this study (Smits et al., 2020).26 The cell lines used in this study

are summarized in Table S1.

Results

Midbrain organoids show a gene expression signature

comparable to the human embryonic midbrain

To assess the similarity between the in vitro and in vivo

midbrain systems, we compared scRNA-seq data of

midbrain organoids cultured for 35 days (WT35) and

70 days (WT70)26 to the human embryonic midbrain of

developmental weeks 6–11.25 In addition, to investigate

possible transcriptome similarities between midbrain orga-

noids and other brain regions during early development,

we compared the scRNA-seq data of midbrain organoids

to scRNA-seq data of the human embryonic prefrontal

cortex.28

The transcriptome datasets of midbrain organoids, em-

bryonic midbrain, and embryonic prefrontal cortex were

embedded into a single Seurat object (Figure S3A). The

average expression of the top 500 variable mutual genes

The American Journal of Human Genetics 109, 311–327, February 3, 2022 313
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showed a clear separation of the embryonic prefrontal cor-

tex from midbrain organoids and the embryonic midbrain

(Figure 1A). This separation indicates the expected greater

similarity between midbrain organoids and the embryonic

midbrain than the embryonic prefrontal cortex. The

following correlation analysis of the average expression

of all common genes confirmed that the transcriptome of

midbrain organoids is more similar to the embryonic

midbrain (r> 0.7) than to the embryonic prefrontal cortex

(r < 0.7) (Figure S3B). Moreover, the embryonic midbrain

and midbrain organoids express typical midbrain markers,

such as TH, FOXA2, EN1, and EN2, which were absent or

expressed at low levels in the embryonic prefrontal cortex

(Figure 1B). The expression of TH, FOXA2, and EN1 in

midbrain organoids was also validated by immunofluores-

cence staining (Figure S3C). In addition, we aimed to asso-

ciatemidbrain organoids to different time points in embry-

onic midbrain development by comparing the expression

of the common genes between both datasets. The WT35

midbrain organoids highly correlated with embryonic

A

C

B

Figure 1. Midbrain organoids show a genetic signature comparable to the embryonic midbrain
(A) The top 1,000 most variable genes of Seurat integrated object of merged scRNA-seq datasets of embryonic cortex (EC), embryonic
midbrain (EM), midbrain organoids 35 days of differentiation (MO_WT35), and midbrain organoids 70 days of differentiation
(MO_WT70). The average gene expression visualized after Z score normalization.
(B) Expression of midbrain markers FOXA2, TH, EN1, and EN2 in Seurat integrated object of merged scRNA-seq datasets of embryonic
cortex (EC), embryonic midbrain (EM), midbrain organoids 35 days of differentiation (MO_WT35), and midbrain organoids 70 days of
differentiation (MO_WT70). Each dot represents a single cell.
(C) The average common gene expression correlation betweenmidbrain organoids 35 days of differentiation (MO_WT35) andmidbrain
organoids 70 days of differentiation (MO_WT70) and embryonic midbrain (EM) developmental weeks (w6–w11). The Pearson correla-
tion coefficient is displayed above each comparison. The highest correlation between midbrain organoids and embryonic develop-
mental time point is highlighted in red. Each dot represents a single cell.
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week 9 (R ¼ 0.92), while the midbrain organoids WT70

highly correlated with the week 10 (R ¼ 0.90)

(Figure 1C). These findings not only suggest that in-vitro-

derived midbrain organoids show high gene expression

similarities with the human embryonic midbrain but also

manifest a developmental pattern comparable to their

in vivo counterpart. In order to further validate the brain

regional specificity of the organoids, we compared the

scRNA-seq data of the embryonic midbrain to a cortex or-

ganoid29 in the same manner (Figure S3D). The Pearson

correlation coefficient of 0.05 showed insignificant correla-

tion between the embryonic midbrain and the cortex orga-

noid, providing evidence that organoids derived from

different brain regions exhibit no close transcriptome sim-

ilarities with the developing embryonic midbrain in vivo.

Midbrain organoids inherit physiological-relevant

cellular populations that are shared with the developing

embryonic midbrain

After confirming that midbrain organoids present a gene

expression signature comparable to embryonic midbrain

in vivo, we used the integration workflow from Seurat31

to identify shared cellular populations across the in vivo

and in vitro midbrain systems. We integrated the scRNA-

seq data of the embryonic midbrain with healthy control

and LRRK2-p.Gly2019Ser-mutant midbrain organoids of

both differentiation time points 35 and 70 days (WT35,

WT70, MUT35, and MUT70, respectively). We identified

eight different cell types and visualized them by using

UMAP (Figure 2A). To define cellular identities, we used

the cell type marker gene list proposed by La Manno and

colleagues25 and compared it to the marker gene list per

cluster of the integrated object (Figure S4). We verified

each marker expression in every cell cluster identified in

the integrated Seurat object. The number of marker genes

that were present in the cell populations (corresponding

to the cell types defined in La Manno et al., 201625) are

shown in Figure S5A. La Manno and colleagues25 reported

the presence of 25 cellular identities in the embryonic

midbrain, including several sub-clusters of radial glia, pro-

genitors, and dopaminergic neurons. To simplify cell iden-

tification, we grouped all 25 cell identities in more generic

cell type clusters, such as neurons (NEURs), neuroblasts

(NBs), progenitors, glia, pericytes, and endothelial cells.

Neurons were further separated in non-dopaminergic neu-

rons (non-DNs) and dopaminergic neurons (DNs). Cell

identities were assigned to cell populations within the in-

tegrated Seurat object on the basis of the highest number

of marker genes defining each generic cell type

(Figure S5A). Once these clusters were broadly defined, us-

ing the embryonicmidbrain data,25 we verified and refined

the assigned cell identities on the basis of additional cell

type and maturity-specific marker expression (Figure 2B,

Figure S5B). We confirmed the particularly high expression

of neuronal maturity markers34 and dopaminergic

markers9 in DNs. Therefore, we defined DNs as mature

DNs (mDNs). The neuronal cluster presenting lower

expression of maturity and neuronal-type-specific marker

expression, we defined as young neurons (yNEURs)

(Figure S5B). The vast majority of cells in the yNEUR clus-

ter showed a stable expression of young neuronal markers

such as NCAM1, STMN1, and DCX (Figure 2B). The mature

neuronal marker MAP2 as well as synaptic genes such as

SYP and SYT1 were expressed in the mDN and non-DN

clusters. Lastly, expression of the DN markers TH, KCNJ6,

and NR4A2 as well as of the DN-specific synaptic markers

ROBO1 and DCC were confirmed in yNEURs and mDNs.

Importantly, midbrain identity markers FOXA2 and

LMX1A were expressed in most of the cell types (glia, pro-

genitors, yNEURs, and mDNs). The radial glia marker

SLC1A3 and neural progenitor markers SOX2 and MSI1

showed high expression in the glia and progenitor clusters,

suggesting that glia cells are rather immature at this stage

of embryonic midbrain development and, thus, display a

genetic signature of early development in midbrain orga-

noids. However, also more specific glial markers such as

GFAP and S100B were already detectable in some of the

cells. Endothelial cell identity was confirmed by the posi-

tive expression of the CDH5, while pericyte cells showed

robust expression of the blood vessel development regu-

lator CSPG4. Cells belonging to the NB cluster were posi-

tive for neural stem cell marker (SOX2) as well as immature

(DCX) and mature neural (SYT1) and DN markers (TH and

KCNJ6). However, none of these markers showed a

constantly high expression among all cells in the NB clus-

ter. This suggests that the identity of NBs is rather yet un-

defined and might be a specific feature of in vitro cultures,

with the potential to develop into more mature neural cell

types over time.

Further, we visualized UMAP embeddings of cell types

and split them by datasets to reveal common and distinct

cell types across embryonic midbrain and midbrain orga-

noids (Figure 2C). Clusters of progenitors, yNEURs,

mDNs, non-DNs, and glia were present in the embryonic

midbrain as well as midbrain organoids, demonstrating

that most cell types are common between the in vitro

and in vivo midbrain systems. We observed that the NB

cluster was present mainly in midbrain organoids and

not in the embryonic midbrain and therefore was called

NBs in vitro. Pericytes were found in midbrain organoids

and the embryonic midbrain, however more mature

endothelial cells were only present in the embryonic

midbrain.

Next, we investigated the most variable gene expression

pattern between the defined cell types (Figure 2D). The top

100 most variable genes led to a clustering of yNEURS,

mDNs, non-DNs, and NBs together, confirming the com-

mon neuronal expression profile of these cell types. Peri-

cytes and endothelial cells showed rather distinct genetic

signature, consistent with the fact that these cells have

non-neuronal identity. Glia and progenitors formed

another separate cluster with a similar transcriptomic pro-

file, implying again an early developmental stage of the

glial cells.
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Differential gene expression analysis reveals a LRRK2-

related PD phenotype in themutantmidbrain organoids

Further, we assessed the potential of midbrain organoids in

disease modeling by comparing the transcriptomic signa-

ture of the midbrain organoids derived from the healthy

control where the LRRK2 p.Gly2019Ser variant was inserted

with the isogenic WT counterpart.27 As with the WT

midbrain scRNA-seq data, we analyzedMUTmidbrain orga-

noid scRNA-seq data from organoids sampled at day 35 and

day 70 of differentiation. We verified LRRK2 expression in

midbrain organoids and observed that it is expressed in a

larger proportion of cells at later time points in both WT

andMUTmidbrain organoids (Figure S6A). In order to iden-

tify the key differences in the transcriptomic signature be-

tween MUT midbrain organoids and WT midbrain organo-

ids, we computed the DEGs across both time points and all

cell types with subsequent pathway enrichment analysis.

The combined enrichment analysis of DEGs of both time

A

C D

B

Figure 2. Midbrain organoids inherit physiological-relevant cellular populations that are shared with the developing embryonic
midbrain
(A) UMAP of integrated Seurat object of merged scRNA-seq datasets of embryonic midbrain, and WT and MUT midbrain organoids 35
and 70 days of differentiation, showing cell clusters 1–8, after manual correction of oversampling. Each dot represents a single cell and is
colored according to the cell identity.
(B) Identity heatmap showing cell-type-specific marker expression in identified cell clusters.
(C) UMAP of cell clusters in embryonic midbrain (EM),WTmidbrain organoids of 35 days of differentiation (MO_WT35), and 70 days of
differentiation (MO_WT70). Each dot represents a single cell and is colored according to the cell identity.
(D) Unsupervised hierarchical clustering of cell types, using the average expression of the top 100 most variable genes, visualized after Z
score normalization.
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Figure 3. LRRK2-p.Gly2019Ser-mutant midbrain organoids recapitulate PD-associated pathways
(A) Pathway maps (i) and GO processes (ii) of the enrichment analysis of 294 DEG (p adj. value < 0.05) between MUTandWTmidbrain
organoids.
(B) Heatmap of to 100 DEG (p adj. value < 0.05) between MUT and WT midbrain organoids. Genes highlighted in red are the potential
LRRK2 p.Gly2019Ser target genes involved in the neurodevelopment (see also Figure 6)

(legend continued on next page)
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points showed the most significant enrichment in the

pathway of LRRK2 role in neurons in PD (Figure 3Ai). More-

over, other pathways associated with LRRK2, such as cyto-

skeleton regulation and cell adhesion, were also enriched

in the MUT midbrain organoids. In addition, we found a

significant DEG enrichment in protein kinase cAMP-depen-

dent signaling and the g-secretase regulation pathway. We

identified that the most significant Gene Ontology (GO)

and network processes were related to the neuronal devel-

opment and axonal guidance (Figure 3Aii, Figure S6Bi).

Furthermore, the most enriched diseases were linked to

the brain and nervous system, confirming a diseased state

of MUT midbrain organoids (Figure S6Bii). Last, the top

100 DEGs (adj. p value < 0.05) clustered MUT midbrain or-

ganoids separately from the WT midbrain organoids for

both time points, confirming that LRRK2 p.Gly2019Ser

induced changes in gene expression (Figure 3B). Interest-

ingly, in the WT midbrain organoids, the expression levels

of the DEGs differ between the two time points of differen-

tiation, while in the MUT35 and MUT70 midbrain organo-

ids, DEGs showed very similar expression patterns, indi-

cating a potential developmental impairment of MUT

organoids. Similarly, the top 100 DEGs separated the major-

ity of different cell types of the MUT midbrain organoids

from the WT midbrain organoids for both time points

(Figure S5C), indicating that the presence of the LRRK2

variant is responsible for gene expression changes in all

cell types in at least one of the time points. However, the

pathway enrichment analysis combined for all cell types

showed a higher significance in the enrichment of cytoskel-

eton remodeling, g-secretase regulation, and LRRK2-related

pathways for day 70, suggesting a stronger manifestation of

the LRRK2-p.Gly2019Ser-associated changes overtime

(Figure S6D). In support of that, we identified in total 347

DEGs (adj. p value < 0.05) at day 35 and 1,669 DEGs (adj.

p value < 0.05) at day 70 between the MUT and WT

midbrain organoids. 264 DEGs were common between

both time points (Figure 3C). Next, we overlapped all

DEGs (adj. p value < 0.05) between cell types and saw

that the highest number of DEGs at both time points

were present in NBs in vitro, yNEURs, and mDNs

(Figure 3D, Figure S7A). Pathway enrichment analysis iden-

tified that the cytoskeleton-regulation-related pathways

were significant in the MUT35 and MUT70 midbrain orga-

noids in all three respective cell types, while LRRK2-PD-

related pathway occurred to be highly significant in NBs

in vitro. (Figure 3E, Figure S7Bi). In mDNs and yNEURs,

the g-secretase and neurodevelopmental regulation path-

ways were identified as the most enriched for both time

points (Figure 3E, Figure S6Bii), additionally indicating a

possible link between LRRK2 p.Gly2019Ser and g-secretase

function.

In order to investigate the gene expression profiles be-

tween the MUTandWTmidbrain organoids in more detail,

we visualized the fold changes of the genes involved in the

most significantly enriched pathways (Figures 3Fi and 3Fii).

Genes related to cytoskeleton dysregulations, such as

COL1A2, COL1A1, COL3A1, DNM1, MYO5A, PHIP, SLK,

FN1, and EPB41, were found to be downregulated with a

log2FC between �0.26 and �3, while others, such as

TMSB4X, VIM, TUBA1A, ACTG1, GNAS, TUBB2B, TUBA1B,

MYL6, MAPT, CFL1, EPB41L1, PAK3, CALM1, SYT1, PTPRN,

SLIT1, CNTN1, NTN1, and CHGB, were found upregulated

(log2FC between 0.26 and 1.93) in MUT midbrain organo-

ids at the majority of both time points. Synapses-related

genes, such as SLC17A6, PCLO, and CHL1, were particularly

downregulated (log2FC between �0.5 and �1.12) in

MUT35 midbrain organoids, but they were not differen-

tially expressed in MUT70 midbrain organoids. Genes that

are associated with neuronal development, such as

NTRK2, VCAN, DCC, PRKACB, HAP1, CPE, and PBX1,

were also dysregulated in MUT midbrain organoids. The

majority of them were downregulated (log2FC between

�0.38 and �1.77) in MUT70 midbrain organoids, while

NTRK2 and HAP1 were upregulated (log2FC 0.36 and

0.72, respectively) in MUT35 midbrain organoids. Protein

regulation-associated genes, such as RPS27A, UCHL1, and

UBC, were upregulated (log2FC between 0.25 and 0.52) at

both time points. Additionally, genes that are related to

the g-secretase regulation pathway, such as APP, NCOR1,

and CREBBP, were downregulated (log2FC between �0.31

and �0.68) in MUT35 and MUT70 midbrain organoids,

but FOS and APBB1 were upregulated (log2FC 0.47 and

0.59, respectively), particularly inMUT70midbrain organo-

ids. We also observed a dysregulation of HSP90B1, which

was downregulated (log2FC �0.51) at MUT70 midbrain or-

ganoids and YWHAH showing upregulation (log2FC 0.36)

in MUT35 midbrain organoids. These genes encode

HSP90B1 and 14-3-3 family proteins, respectively, known

as direct interacting partners with LRRK2.

Mutant midbrain organoids have a distinct cellular

composition and correlate differently with the stages of

embryonic development

We observed that MUT midbrain organoids differ from WT

midbrain organoids in their cellular composition. In the

UMAP embedding plot split by models and colored by cell

types (Figure S8A), we saw that progenitors and pericytes,

whichare shared cellular populations betweenWTmidbrain

organoids and embryonicmidbrain, are not present inMUT

(C) Venn diagram, showing the number of DEGs between MUT and WT midbrain organoids found at 35 days and 70 days of differen-
tiation (p adj. value < 0.05).
(D) Venn diagrams, showing the number of DEGs found in each cell type between MUT and WT midbrain organoids fat 35 days and
70 days (p adj. value < 0.05).
(E) Mature DN pathway processes enrichment based on the DEGs identified in mDNs between MUTandWTmidbrain organoids (p adj.
value < 0.05).
(F) Fold changes of genes selected from the top enriched pathways dysregulated in mDNs.
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midbrain organoids at any time point. On the contrary, we

observed that the glia population is more enriched in

MUT35 than in WT35 midbrain organoids. To confirm our

observations, we subset the integrated Seurat object by the

respective cell clustersandplotted themseparately intheem-

bryonic midbrain and in the WT as well as in the MUT

midbrain organoids for both time points (Figure 4A). We

saw thatpericytes positive for the endothelial lineagemarker

MCAM and for the major regulator of angiogenic events,

SPARC, are highly represented inWT70midbrain organoids

and in the embryonicmidbrainbutnot inMUTmidbrainor-

ganoids. Similarly, progenitors positive for the G2-prolifera-

tion-associatedCENPFmarker were only detected in the em-

bryonic midbrain and WT70 midbrain organoids. A higher

number of glia cells expressing VIM were already detected

inMUT35midbrain organoids compared toWT35midbrain

organoids. However, an increase of glia over time is more

evident inWT than in MUT midbrain organoids.

Next, we calculated the proportion of each cell type pre-

sent inWTandMUTmidbrainorganoids at both timepoints

(Figure 4B). We saw a reduction of NBs in vitro (62%/51%)

and yNEURs (17%/12%) from WT35 to the WT70. This

reduction of less mature cells in WT35 midbrain organoids

resulted in an increased variety of cell types present in

WT70 midbrain organoids. Moreover, the cellular profile of

WT70midbrainorganoidswasquite similar to thecellulardi-

versity observed in embryonic midbrain (Figure S8B). The

major difference here was a high percentage of progenitors

in the embryonic midbrain that seemed to be replaced by

the presence of NBs in vitro in WT70midbrain organoids.

Contrary to the WT midbrain organoids, in the MUT

midbrain organoids, there was no evident difference in

cell-type evolution over time. The same cell types were pre-

sent in theMUT35 andMUT70midbrain organoids, besides

the fact that NBs in vitro almost doubled over time. Further-

more, the average gene expression correlation between

MUT midbrain organoids and embryonic midbrain devel-

opmental time points showed that MUT35 midbrain orga-

noids correlated better with embryonic development for

all time points, compared to WT35 midbrain organoids

(Figure 1C, Figure 4C). On the other hand, MUT70

midbrain organoids had a weaker correlation with the em-

bryonicmidbrain than theWT70midbrain organoids, espe-

cially for week 11, which is also the latest and therefore

most mature time point (R WT ¼ 0.89 versus R MUT ¼
0.83). All together, these finding suggest thatMUTmidbrain

organoids have a different developmental path compared to

WT midbrain organoids and embryonic midbrain.

To further investigate the developmental differences be-

tween theMUTandWTmidbrain organoids, we computed

pseudotime trajectories to explore pseudotemporal

ordering of midbrain organoid cell populations compared

to the embryonic midbrain developmental time points.

As the root, we chose WT35 NBs in vitro and we visualized

the trajectories in UMAP plots colored by cell types and

developmental time points of midbrain organoids and em-

bryonic midbrain (Figures 4Di and 4Dii). We observed that

mDNs of WT35 midbrain organoids are placed closer to

embryonic developmental week 9 (branch point 2 and

red circle 1 in Figure 4Dii), while mDNs of WT70 midbrain

organoids were closer to embryonic developmental week

10 (branch point 2 and red circle 2 in Figure 4Dii), which

is consistent with the gene average expression correlation

analysis between WT midbrain organoids and embryonic

midbrain. In clear contrast to this, we observed that

mDNs of MUT35 and MUT70 midbrain organoids are

placed closely to each other and formed a separate branch

(branch point 3 to the endpoint 3 in Figure 4Di), which did

not align with the embryonic midbrain trajectory. Further,

we observed that glia cells of MUT70 and WT70 midbrain

organoids (endpoint 2 and endpoint 8 in Figure 4Di) were

arranged in close proximity to embryonic week 11

(endpoint 2 in Figure 4Dii), presenting appropriate devel-

opmental pattern, where gliogenesis follows neurogenesis.

The similar distribution of MUT and WT glia within the

pseudotemporal space indicates that the previously

observed stagnation in glial development is linked to its

number and not its quality. In general, the cells of

MUT70 midbrain organoids were placed further from the

embryonic developmental trajectory in the UMAP plot

than the cells of WT70 midbrain organoids. This indicates

that MUT midbrain organoids manifest a developmental

deviation, while the development of WTmidbrain organo-

ids is more similar to embryonic midbrain in vivo. More-

over, MUT70midbrain organoids demonstrated a more cy-

clic trajectory, confirming a limited cellular developmental

path that is resulting in less variable cellular identities.

Mutant midbrain organoids compared to wild-type

midbrain organoids show impaired pseudotemporal

development that manifests in an untimely and

incomplete differentiation

In order to further explore the developmental deviation of

theMUTmidbrain organoids fromWTmidbrain organoids,

we computed a developmental pseudotime trajectory only

across midbrain organoids (WT35, WT70, MUT35, and

MUT70), excluding the embryonicmidbrain. The cell distri-

bution along the trajectory starting from NBs in vitro of

WT35, demonstrated accelerated differentiation of MUT35

midbrain organoids with subsequent developmental with-

hold (Figure 5A). We observed that mDNs might be the

most affected cellular population. We saw that mDNs of

WT midbrain organoids follow a differentiation path along

the pseudotime trajectory from WT35 to the edge of WT70

midbrain organoids (endpoint 4 to 9). Contrary, mDNs of

MUT35midbrain organoids were located in close proximity

tomDNsofMUT70midbrainorganoids (betweenendpoints

1 and 6), implying the impaired mDN maturation. In addi-

tion, glia cells of MUT35 midbrain organoids were located

close to the WT70 midbrain organoids on the pseudotime

trajectory (between branch points 7 and 8), confirming for-

warded glia differentiation of MUT35 midbrain organoids.

Next, we computed genes with a clear expression switch

across the developmental trajectory between WT35 and
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Figure 4. LRRK2-p.Gly2019Ser-mutant midbrain organoids have a different cellular composition and correlate differently with the
stages of embryonic midbrain development
(A) Cell cluster identities defined by typical marker expression betweenWTandMUTmidbrain organoids for pericytes, glia, and progen-
itor cells. Each dot represents a single cell and is colored according to the expression level.
(B) Percentage of cell identities in WT35, WT70, MUT35, and MUT70 midbrain organoids.
(C) The average gene expression correlation between MUT midbrain organoids 35 days of differentiation (MO_MUT35) and 70 days of
differentiation (MO_MUT70) compared to the embryonic midbrain (EM) developmental weeks (w6–w11). The Pearson correlation co-
efficient is displayed above each comparison. Each dot represents a single cell.
(D) Batch-corrected pseudotime analysis based on the 150 dimensions. Each dot represents a single cell. The starting point is WT35 NBs
in vitro. Cell distribution along the trajectory colored by cell identities (i) and by datasets (ii). Black nodes define branchpoints of the
trajectory, white nodes define trajectory graph nodes, and gray nodes define endpoints of the certain trajectory leaf. Red circles indicate
the position of mDNs of WT35 and WT70 midbrain organoids.
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WT70midbrainorganoids (Figure5B, FigureS8C).We inves-

tigated whether the same genes that have a temporal dy-

namic expression pattern in WT midbrain organoids show

similar expression tendency in MUT midbrain organoids

(Figure 5B).We observed thatMUTmidbrain organoids pre-

sented a completely different expression of the same genes,

suggesting that MUTmidbrain organoids do not follow the

same developmental process as WT midbrain organoids.

Furthermore, we highlighted the temporal expression of

the rate-limiting enzyme of dopamine synthesis, tyrosine

hydroxylase (TH), and thedevelopingneuronalmarker dou-

blecortin (DCX). TH expression showed an increase over

time in WT midbrain organoids but was impaired in the

MUTmidbrain organoids at both time points.DCX showed

a clear decrease in the expression betweenWT35 andWT70

midbrain organoids. While in MUT35 midbrain organoids

its expression was already further declined, it was still ex-

pressed at MUT70 midbrain organoids, further supporting

an accelerated differentiation in MUT midbrain organoids

at early time points of development accompanied by an

incomplete differentiation at later developmental stages.

A B

C

Figure 5. Transcriptome signatures over
time reveal impaired development of
LRRK2-p.Gly2019Ser-mutant midbrain or-
ganoids
(A) Pseudotime analysis of midbrain orga-
noids with the root node WT35 NBs
in vitro (i). Pseudotime trajectory, cells
colored by the model: WT35, WT70,
MUT35, and MUT70 (ii). Pseudotime tra-
jectory, cells colored by cell identity (iii).
Black nodes define branchpoints of the tra-
jectory and gray nodes define endpoints/
outcomes of the certain trajectory leaf.
(B) Genes with fitted expression pattern
along the trajectory between WT35 and
WT70 midbrain organoids, visualized in
heatmap after Z score normalization in
WT and MUT organoids.
(C) Pseudotemporal expression of TH and
DCX across the cells in WT and MUT
midbrain organoids. Each dot represents
a single cell.

These results imply that mutant

midbrain organoids reach a deadlock

at some point during development.

Identification of potential LRRK2

p.Gly2019Ser target genes that

could underlie impaired

neurodevelopment and contribute

to explain the PD-associated

genetic signature

On the basis of the DEG analysis and

after pseudotime trajectory examina-

tion, we distinguished four poten-

tially promising candidate genes that

have already been associated with

PD35–40—DNAJC12, GATA3, PTN, and APP (Figure 3B).

These genes showed a temporal dynamic expression in

the developing embryo and were significantly differen-

tially expressed in MUT midbrain organoids compared to

WT midbrain organoids. Their considerable change in

expression during embryonic development indicates an

active role in neurodevelopment (Figure 6A). Moreover,

differential expression between MUTandWTmidbrain or-

ganoids further supports altered MUT midbrain organoid

neurodevelopment. DNAJC12 and GATA3 showed a signif-

icant upregulation in every neuronal cell type and glia in

MUT midbrain organoids compared to WT midbrain orga-

noids in both time points (Figures 6B and 6C). In addition,

in MUT organoids, DNAJC12 and GATA3 expression

increased over time in contrast to the embryonic midbrain

where the expression decreased after peaking at week 9. In

the neuronal clusters of WT midbrain organoids, the

expression pattern of these two genes was comparable to

embryonic development, showing highest expression

levels at 35 days (corresponding to week 9). In contrast,

PTN and APPwere found to be significantly downregulated
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Figure 6. Discovery of potential LRRK2 p.Gly2019Ser target genes that might be involved in impaired neurodevelopment of mutant
midbrain organoids
(A) DNAJC12, GATA3, PTN, and APP expression profile over the embryonic development time points (w6–w11). Each dot represents a
single cell of embryonic midbrain and is colored according to the expression level.

(legend continued on next page)
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in MUT midbrain organoid neuronal cell types and glia

compared to WT midbrain organoids (Figures 6D and

6E). We observed that both PTN and APP expression

tended to increase over time in embryonic midbrain devel-

opment. A similar expression pattern was observed in NBs

in vitro, yNEURs, and glia ofWTmidbrain organoid but not

in MUT midbrain organoids. These results highlight a dys-

regulation of genes with essential roles in neuronal devel-

opment and neuroprotection that might be directly associ-

ated with the LRRK2 p.Gly2019Ser variant, linking LRRK2

to the regulation of nigrostriatal system development.

Discussion

Our analysis of scRNA-seq data of human midbrain orga-

noids and embryonic midbrain highlights the physiolog-

ical relevance of midbrain organoids and their potential

in disease modeling. Over the recent years, midbrain or-

ganoids have become a widely used model in PD studies,

as the midbrain is the most affected region in the brain

of PD patients.9,20,23,41,42 In the present study, we were

able to show the developmental correlation of healthy

control-derived midbrain organoids from 35 and

70 days of culture9 with human embryonic midbrain.25

Importantly, midbrain organoids showed a higher degree

of correlation with embryonic midbrain development

than with the embryonic prefrontal cortex, validating

the midbrain identity of the organoids. In support of

this, we did not find a significant correlation between

the cortex organoids29 and embryonic midbrain, which

further validates the specificity of the brain regional or-

ganoids. In addition, our analysis implicates develop-

mental maturation of midbrain organoids after long

time culture (e.g., 70 days), which showed a better corre-

lation with the later stages of embryonic midbrain

development.

Previous studies have demonstrated the cellular heteroge-

neity of human brain organoids and their similarities with

their fetal counterparts.43,44 Similarly, our analysis showed

that midbrain organoids exhibit a shared cellular composi-

tion with the developing embryonic midbrain. One inter-

esting finding is the identification of pericytes in midbrain

organoids. It has been reported that pericytes can originate

from the neuroectoderm and contribute to the formation

of vasculature in the CNS.45–47 The presence of mesen-

chymal cells was also originally reported by Smits et al.,

2020.26 Moreover, recent studies showed that a mesen-

chymal-like cell population appears in the early develop-

ment of the cortex, even before the beginning of neurogen-

esis.48 Nevertheless, because the cells inmidbrain organoids

are guided towardmidbrain identity by the expansionof the

neuroepithelium, the presence of more mature endothelial

cells isnot expected.Accordingly, theendothelial cell cluster

was found only in the embryonic midbrain and not in

midbrain organoids. In contrast, the NB in vitro cluster was

almost uniquely present in the midbrain organoids.

Although these cells did not show a significant variable

gene expression profile and clustered with neuronal cell

types, there was no expression of reliable marker genes.

Due to their unclear gene expression profile, NBs in vitro

seemed to be less comparable to the physiological cell types

shared between midbrain organoids and embryonic

midbrain. We speculate that this NB cluster represents

mfNPCs, which is the starting cell population for midbrain

organoid generation. Although these cells are artificially

patterned toward midbrain identity49 and show unspecific

genetic identity,50 they can give rise to multiple physiologi-

cally relevant neuronal cell types and glia, similar to their in

vivo neural progenitor counterpart.

When comparing MUT to WT midbrain organoids, clear

differences become visible regarding their cellular composi-

tion, revealing PD-associated phenotypic differences. The

MUTmidbrain organoids reveal a faster differentiation pro-

file that limits the development of a more variable and

mature cellular composition. The accelerated differentia-

tion phenotype at 35 days that we observed with pseudo-

time analysis has been described before in LRRK2-related

PD.8–10 In addition, the MUT midbrain organoids have no

evident differences in the cell type populations at both

time points and pseudotime analysis revealed that besides

the untimely differentiation, theMUT70midbrain organo-

ids face a premature arrest or slowdown of the differentia-

tion capacity. Importantly, the mDNs were the most

affected population of cells. They showed no indication of

maturation along the trajectory in the MUT70 compared

to the MUT35 midbrain organoids and had a reduced

expressionofTH inMUTmidbrainorganoids. Thedoubling

of the number ofNBs in vitro inMUT70midbrain organoids

might be a compensation strategy linked to the incapacity

of terminal differentiation or an increase in mature cell

death.Moreover, we observed that theMUTmidbrain orga-

noids contain a higher number of glial cells than WT

midbrain organoids at early time points. A situation that

is inverted in longer cultures (MUT70 andWT70). Thepseu-

dotime trajectory confirmed that glial cells of MUT35

midbrain organoids were located closer to the WT70

midbrain organoids, indicating a faster gliogenesis. Finally,

and most importantly, in contrast to MUT midbrain orga-

noids, WT midbrain organoids from longer cultures are

capable of capturing the cellular diversity found in human

embryonic midbrain development in vivo.

Regarding the developmental pattern of organoids and

embryonal tissue, MUT midbrain organoids showed a

different developmental path compared to WT midbrain

(B–E) DNAJC12, GATA3, PTN, and APP expression across major cell types in WT and MUTmidbrain organoids at 35 days and 70 days of
differentiation. Each dot represents a single cell of midbrain organoid and is colored according to the expression level. Kruskal-Wallis test
p < 0.05*, p < 0.01**, p < 0.001***, p < 0.00001***.
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organoids. From the correlation analysis, we saw that the

MUT70 midbrain organoids have lower correlation than

MUT35 midbrain organoids with the different time points

of embryonicmidbrain development. Furthermore, cells of

MUT70 midbrain organoids were positioned further away

from the embryonic pseudotemporal developmental tra-

jectory in the UMAP plot, while cells of WT70 midbrain

organoids have a development trail closer to embryonic

development.

On the basis of the here-presented data, we propose that

LRRK2 p.Gly2019Ser could be responsible for the observed

developmental defects and the impaired cellular composi-

tion. Our LRRK2midbrain organoid model was able to cap-

ture the dysregulation of gene expression linked to LRRK2-

induced PD. The analysis of DEGs between MUT and WT

midbrain organoids showed the significance of LRRK2-

related pathway in PD and highlighted GO processes

related to nervous system development. In addition to in-

dividual gene dysregulation of LRRK2-associated path-

ways, the overall DEG analysis showed a clear separation

of the MUT and WT midbrain organoid clusters, confirm-

ing the presence of disease-associated phenotypes.

The major dysregulated pathways were cytoskeleton re-

modeling and cell adhesion. It is well known that LRRK2

plays an important role in actin and microtubule dy-

namics. LRRK2 p.Gly2019Ser has been reported to disturb

the cytoskeleton processes through increased kinase activ-

ity.51,52 The dysregulation of actin and microtubule genes,

which are key components of cytoskeleton dynamics, may

lead to failure of the proper cellular differentiation pro-

cess.26 Cytoskeleton-related proteins, such as MYO5A,

DNM1, EPB41, ACTB, MAPT, and VIM, are direct interact-

ing partners of LRRK2.53 We found that the corresponding

genes have a dysregulated expression in theMUTmidbrain

organoids, indicating that altered LRRK2 function is able

to impair the gene expression profile of its interactome.

Altered LRRK2 function has also been described to have a

role in impaired synaptogenesis.51,54,55 Here, we identified

significant downregulation of the synapse-related genes

SLC17A6, PCLO, and CHL1 specifically in MUT35 but not

in MUT70 midbrain organoids. This observation suggests

an impaired synaptogenesis occurring in early neurodevel-

opment of MUT midbrain organoids.

Further, direct LRRK2-interacting partners such as

HSP90B1 and YWHAH have also been altered upon pres-

ence of the LRRK2 p.Gly2019Ser. HSP90B1 along with

the other heat-shock proteins is involved in protein

folding and has been linked to PD.56 HSP90B1 is a chap-

erone protein from the HSP90 family that interacts with

LRRK2. This interaction is important for the proteasomal

degradation of LRRK2.57 Thus, the downregulation of

HSP90B1 in MUT70 midbrain organoids could be linked

to the toxic aggregation of mutant LRRK2. YWHAH en-

codes the 14-3-3 eta, known to regulate the activity of ki-

nases, including LRRK2.58

Additionally, we identified dysregulation of genes

related to the g-secretase pathway. APP belongs to this

pathway and shows a severe dysregulation in MUT

midbrain organoid. APP encodes the b-amyloid precursor

protein that has an important role in the development of

neurodegenerative pathologies such as Alzheimer disease

because of the accumulation of its derivative amyloid-

beta (Ab) peptide, which is induced by cleavage from secre-

tases including the g-secretase.59,60 A link between Ab

accumulation and LRRK2 p.Gly2019Ser PD cases has also

been made. LRRK2 phosphorylates the intracellular

domain (AICD) of APP, which regulates the transcription

of cytoskeleton-related genes and has a role in the loss of

dopaminergic neurons in the midbrain of PD cases by

induced neurotoxicity.61 APP has also an important role

in neurogenesis, gliogenesis, and neuroprotection in the

developing brain.35,60,62 Therefore, dysregulation of APP

can be associated not only with the neurodegeneration

but also with the aberrations of neuronal development.

Indeed, during embryonic midbrain development, we

observed a strong increase of APP expression over time,

whereas in MUTmidbrain organoids, we observed a signif-

icant reduction compared to WT midbrain organoids,

especially in mDNs and glia cells.

Further evidence of altered cellular development of MUT

midbrainorganoids comesalso fromthe changed expression

of three PD-associated DEG candidates, DNAJC12, GATA3,

andPTN. Theexpressionpatternof thesegenes intheembry-

onicmidbrain suggests their important role in development

and differentiation of the cells, although these findings

would benefit from further experimental validation.

DNAJC12 is described to have a role in protein folding and

export. Bi-allelic mutations of DNAJC12 have been associ-

atedwithhyperphenylalaninemia andneurodevelopmental

delay in children. However, recent findings linkmutation in

DNAJC12 to early-onset PDbecause of its interactionwith ar-

omatic amino-acid hydroxylases, including TH.37,63 GATA3

has been described as an important regulator of CNS devel-

opment and neuronal fate.36 An association with PD has

been reported via GATA family transcriptional regulation

of TRPM2 and SNCA.38,64 Until now, there is no reported

interaction of GATA3 and DNAJC12 with LRRK2. However,

the notable upregulation of GATA3 and DNAJC12 in MUT

midbrain organoids suggests their possible dysregulation

due to LRRK2 p.Gly2019Ser and might explain the acceler-

ated differentiation phenotype, subsequent maturation

decline, and decreased expression of TH. In contrast, we

observed that PTN is expressed significantly higher in WT

midbrain organoids. PTN is a neurotrophic factor, highly ex-

pressed during development of nigrostriatal dopamine

system, and later plays a role in cellular recovery and

repair.39,40 It has been shown to restore neuronal survival

and functionality in a 6-OHDA mouse model.39 The high

expression of PTN in NBs in vitro ofWTmidbrain organoids

may explain their better developmental trail compared to

MUTmidbrain organoids.

In summary, we demonstrated a high degree of transcrip-

tome similarity between human midbrain organoids and

embryonic midbrain, supporting the potential of midbrain
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organoids to recapitulate human brain physiology. More-

over, our study showed the ability of midbrain organoids

to capture LRRK2-p.Gly2019Ser-dependent alterations in

gene expression, which highlights cellular processes related

to cytoskeleton regulation, cell adhesion, and g-secretase

regulation during neuronal development. Finally, we

observed developmental aberrations inMUTmidbrain orga-

noids and altered gene expression patterns along pseudo-

temporal trajectories, supporting a neurodevelopmental

component in LRRK2-p.Gly2019Ser-associated PD.

Data and code availability

WT midbrain organoid scRNA-seq datasets are available at the

following doi: https://doi.org/10.17881/lcsb.20190326.01. LRRK2-

G2019S MUT midbrain organoid scRNA-seq datasets are available

at the followingdoi: https://doi.org/10.17881/rc4f-nk07. The acces-

sionnumber for the rawdata forWTandMUTmidbrainorganoids is

GEO:GSE133894.The accessionnumber for the rawdata for thehu-

man embryo ventral midbrain between 6 and 11 weeks is GEO:

GSE76381. The accession number for the raw data for scRNA-seq

data of prefrontal cortex at developmental stages between gesta-

tional weeks 8 and 26 is GEO: GSE104276. The accession number

for the raw data for scRNA-seq data of human cortical organoids is

GEO: GSE130238. We used data only of 1-month-old cortical orga-

noid, which better corresponds to the developmental stage of

midbrain organoids. Data were analyzed with R version 3.6.2 with

single-cell analysis toolkit Seurat version 3.2.031,65,66 and Monocle

3.67 All scripts used for the analysis are available via GitHub:

https://github.com/LCSB-DVB.
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(2018). Presynaptic disorders: a clinical and pathophysiolog-

ical approach focused on the synaptic vesicle. J. Inherit.

Metab. Dis. 41, 1131–1145.

38. Scherzer, C.R., Grass, J.A., Liao, Z., Pepivani, I., Zheng, B.,

Eklund, A.C., Ney, P.A., Ng, J., McGoldrick, M., Mollenhauer,

B., et al. (2008). GATA transcription factors directly regulate

the Parkinson’s disease-linked gene a-synuclein. Proc. Natl.

Acad. Sci. USA 105, 10907–10912.

39. Gombash, S.E., Lipton, J.W., Collier, T.J., Madhavan, L.,

Steece-Collier, K., Cole-Strauss, A., Terpstra, B.T., Spieles-Enge-

mann, A.L., Daley, B.F., Wohlgenant, S.L., et al. (2012). Striatal

pleiotrophin overexpression provides functional and

morphological neuroprotection in the 6-hydroxydopamine

model. Mol. Ther. 20, 544–554.

40. Marchionini, D.M., Lehrmann, E., Chu, Y., He, B., Sortwell,

C.E., Becker, K.G., Freed, W.J., Kordower, J.H., and Collier,

T.J. (2007). Role of heparin binding growth factors in nigros-

triatal dopamine system development and Parkinson’s dis-

ease. Brain Res. 1147, 77–88.

41. Galet, B., Cheval, H., and Ravassard, P. (2020). Patient-Derived

Midbrain Organoids to Explore the Molecular Basis of Parkin-

son’s Disease. Front. Neurol. 11, 1005.

42. Nickels, S.L., Modamio, J., Mendes-Pinheiro, B., Monzel, A.S.,

Betsou, F., and Schwamborn, J.C. (2020). Reproducible gener-

ation of human midbrain organoids for in vitro modeling of

Parkinson’s disease. Stem Cell Res. (Amst.) 46, 101870.

43. Quadrato, G., Nguyen, T., Macosko, E.Z., Sherwood, J.L., Min

Yang, S., Berger, D.R., Maria, N., Scholvin, J., Goldman, M.,

Kinney, J.P., et al. (2017). Cell diversity and network dynamics

in photosensitive human brain organoids. Nature 545, 48–53.

44. Camp, J.G., Badsha, F., Florio, M., Kanton, S., Gerber, T.,
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Figure S2. Quality control of midbrain organoid scRNAseq datasets. A) Number of genes (nFeature_RNA), total number of molecules 
(nCount), percent of mitochondrial genes, detected in each cell for WT35 and WT70 midbrain organoids, before and after 
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Same as (B), for MUT35 and MUT70 midbrain organoids. 

Manuscript IV 261



−5

0

5

10

−10 −5 0 5 10 15
UMAP_1

EC
EM
MO_WT35
MO_WT70

A B

C

EC

EM

  MO
WT35

  MO
WT70

EC EM MO
WT
35 MO

WT70

0.7

0.8

0.9

1.0

correlation

0

2

4

6

0 2 4
EM

CO

0.05D

M
O
_W

T3
5

M
O
_W

T7
0

FOXA2/EN1/TH FOXA2 EN1 TH

Figure S3. Validation of midbrain organoid identity. A) UMAP of 
integrated Seurat object of merged embryonic prefrontal cortex (EC), 
embryonic midbrain (EM), WT midbrain organoids of 35 days of 
differentiation (MO_WT35) and 70 days of differentiation 
(MO_WT70) after SCTransform. B) Spearman correlation of mutual 
gene average expression between the embryonic prefrontal cortex 
(EC), embryonic midbrain (EM), WT midbrain organoids of 35 days of 
differentiation  (MO_WT35) and 70 days of differentiation 
(MO_WT70). C) Immunofluorescent staining of midbrain identity 
markers: FOXA2, EN1 and TH in midbrain organoid sections. Scale 
bar: 50μm. D) The average gene expression correlation of the non-
integrated embryonic midbrain (EM) and cortical organoid (CO). 

UM
AP

_2

262 Appendices



Top100 Markers 
Node Size:  avg_logFC

0.3

Node Fill Color:  avg_logFC

3.01.2 3.92.1

XPR1

TNRC6B

SNRPG

RPS3A

RPL23A

POSTN

NFIB

MAP1B

IGFBP2

H3F3AP4

ETFB

CTGF

CELF1
ATP5J

AC016739.2

WWTR1

TNRC6A

SNORD50A

RPS3

RPL19P12-p1

PON2

NFIA

MALAT1

IFITM3

H2AFZ

ESAM

CST3

CDO1

ATP5EP2

Endothelial 
cells

WLS

TNC

SNHG14

RPS29

RPL18A

PODXL

NEFM

MAD2L1

IDS

GTF2IP1-p2

ELN

CSRP2

CDK1

Non DNs

A2M

WHSC1L1

TMSB4X

SNAR-C3

RPS28

RPL17-C18orf32

PMP2

NEFL

MACF1

ID4

GPR98

ELAVL3

CSPG4

CDH11

ATP5EWBP5
TMSB15A

SNAR-B1-loc2

RPS27

RPL13P12

PMEPA1

NDUFS5

LYPD1

ID3

GPR56

EIF4G3

CREB5
CD99-loc1

ATP1B1

VIM

TMSB10P1

SNAR-B1-loc1

RPS25

RPL13AP5

PLXDC1

NDUFB4

LSAMP

HUWE1

GPM6B

EIF4A2

COX7C

CD93

ATP1A2

VCAN

TMSB10

SMC4

RPS23

RPL10

PLTP

NDUFA4L2

LPAR6

HSPE1-MOB4

GPM6A

EIF4A1
COX7B

CD248

ATF7IP

USMG5

TMEM47

SMARCA4

RPS21

RP11-777B9.5

PLP1

NDUFA4

LOC613037-p1

HSPB1

GPC3

EIF3L

COX7A2

CD24

ASPM

UQCRQ

TIMP3

SLIT2

RPS20

RNA5-8S5-loc2

PDLIM5

NCOR1

LINC01158

HSPA8

GOLGB1

EGR1

COX6C

CCNB2

ASH1L

UQCRH

THRAP3

SLC7A1

RPS19

RNA5-8S5-loc1

PDGFRB

MYT1L

LINC00461

HSPA7

GOLGA4

EFNB3

COX6B1

CCNB1

ARL6IP1

UCHL1

TFRC

SLC38A5

RPS18-loc6

RNA45S5

PCDH9

MYO5A

LGALS1

HSPA1B-loc5

GNG3

EEF1G

COX6A1

CCDC3

ARHGAP21

UBL5

TFPI

SLC38A2

RPS16

RHOB

PCDH18

MYL12A

LARP1

HSPA1B

GNG11

EEF1A1

COX4I1

CASK

APOLD1

UBE2S

TFF3

SLC2A3

RPS13

RGS5

PBK

MYCBP2

LAPTM4A

HSPA1A-loc3

GNB2L1

EDNRB

COL9A1

CAMSAP2

APC

UBE2C

TCF4

SLC2A1

RPS12

RGS16

PAK3

MTUS1

LAMB1

HSP90AA1

GLUL

EDNRA

COL5A2

CALM2

ANXA5

UBB

TBCA

SLC25A6-loc1

RPS10-NUDT3

RGCC

PAFAH1B3

MTRNR2L8

LAMA4

HNRNPU

GAP43

EDN1

COL4A2

CALD1

ANKRD36C

UACA

TAOK1

SLC1A3

RPLP2

RFX4

ONECUT2

MTRNR2L3

KPNA2

HNRNPA1P10

GADD45B

ECSCR

COL4A1

C3orf58

ANKRD36

TXN

SUMO2

SKP1

RPLP1

RBMX

OLFML3

MTRNR2L2

KMT2A

HN1

GABARAP

DYNLT1

COL3A1

C1orf61

ANKRD11

TWIST1

SULF1

SGK1

RPL7

RAN

NUSAP1

MTRNR2L1

KLC1

HMGN2

FTL

DYNC1H1

COL1A2

C14orf2

ANK3

TUBB-loc3

STMN4

SFRP1

RPL6

QKI
NUF2

MT2A

KIF3A

HMGB2

FTH1

DUSP6

COL1A1

C12orf57

ANK2

TUBB4B

STMN2

SETD5

RPL41

PTTG1

NUDT3

MMP2

KIF1B

HMGB1

FSTL1

DUSP1

COL14A1

BRD2-loc1

Glia

TUBB3

STMN1

SERPINH1

RPL4

PTPRZ1

NTRK2

MMP14

KIF1A

HLA-E-loc1

FOSB

DST

CMIP

BOD1L1

ALCAM

TUBB2B

SRSF3

SERF2-C15ORF63

RPL38

PTN

NTN1

MLLT11

KIDINS220

HIST1H4C

FOS

DPYSL5

CLU

BOC

AKAP9

TUBA1C

SRSF10-loc1

SEPW1

RPL37A

PTMA

NRXN2

MKI67

KIAA0101

HINT1
FN1

DPYSL3

CLIC1-loc1

BGN

yNEURs

ZNF638

TUBA1B

SRP9

SEMA5A

RPL36A-HNRNPH2

PRRX1

NR4A1

MIR4435-1HG

JUN

HIGD1B

FLT1

DNAJB4

CLDN5

BEX5

AKAP12

ZKSCAN1

TUBA1A

SRGN

SCG5

RPL35A

PRRC2C

NPM1

MIF

ITSN1

HEY1

FGFR3

DNAJB1

CKS2

BEX2

AGRN

ZFP36L2

TTYH1

SPTBN1

SBK1

RPL34

PRRC2B

NOTCH3

MGP

ITM2A

HES5

FGFR1

DLGAP5

CKS1B

BEX1

NBs in vitro

ZFP36L1

TTC3

SPON1

SAT1

RPL31P11-p1

PREX1

NNAT

MFAP4

ITIH5

HES1

FGFBP3

DLC1-loc1

CHD9

BCAN

AFF4

ZFP36

TRPS1

SPEN

S100A11

RPL30

PRELP

NIPBL

MEG3

ITGB8

HBG2

FAU
DDR1-loc1

CHD2

BAG3

Pericytes

ZFHX4

TPX2

SPARCL1

RTN1

RPL3

PRC1

NID1

MEF2C

ITGA1

HBG1

FABP7

DCX

CFAP126

B2M

ADAMTS1

ZFAND2A

TPT1

SPARC

RRBP1

RPL29 PPIA

NGFRAP1

MCAM

IGFBP7
HBA2

FABP5

DCN

CENPF

AURKB

Progenitors

YWHAQ

TPM3-loc1

SOX9

RPSA

RPL26

PPAP2B

NFKBIA

MAPT

IGFBP5

HBA1

EVL

DAAM1

CENPE

ATP5O

ACTB

YAP1

TOP2A

SOX2

RPS6

RPL24

POU2F2

NFIX

MAP2

IGFBP4 H3F3B

ETS1

CYR61

CELF4

ATP5L

mDNs

 2.96 1.15  3.86 2.06 0.25

Figure S4. Network representing top marker genes for each cell cluster.
The top 100 cell type markers identified by the FindAllMarkers function. The size and color of nodes represent logarithmic fold change 
(avg_logFC) of each marker expression in the particular cell type compared to its expression in other cell clusters. 

Manuscript IV 263



Non DN

DN

NEUR

PROG

RGL

NB

A

B

hEndo
hPeric

hMgl
hOPC

hRgl2c
hRgl2b
hRgl2a
hRgl3

hRgl1

hProgM
hProgBP

hProgFPL
hProgFPM

hNProg

hNbM
hNbML1

hRN

hNbML5

hDA0
hDA1
hDA2

hNbGaba

hGaba

hSert

hOMTN

cluster 1 cluster 2 cluster 3 cluster 4 cluster 5 cluster 6 cluster 7 cluster 8
0

200

400

600

800

1000

1200

1400

UMAP_1

NBs in vitro

Non DNs

mDNs

yNEURs

Glia

Progenitors

Pericytes

Endothelial cells

NK
X6
−1SHH

SLC
6A

3

CALB
1

KCNJ6

LM
X1B

LM
X1A

FOXA2
SOX6

EN2
OTX2

PTX3

HTRA4

HTRA3

HTRA2
GPC2

NPY1R
BEX5

SLC
10

A4

ERBB4

PCDH10

PDZRN4
APP

ALD
H1A

1

CAMK2N
1

DDC
NTM

TMCC3
EN1 TH

GRIA3
PBX1

NR4A
2

DN markers

Percent Expressed
0
20
40
60

−1
0
1
2

Average Expression

NBs in vitro

Non DNs

yNEURs

Glia

Progenitors

Pericytes

Endothelial cells

ASCL1
TRIB2

DCX
TUBB

NEUROD1
TRIB1

SYP
DLG

4

RBFOX3
MAP2

VSTM2LVGF

TMEM13
0
SYT4

SYNGR3

STMN2
SST

SLC
32

A1

SLC
17

A6
RGMB

RELN

NXPH4
NPY

NPA
S4

NHLH
2

MEG3

L1
CAM

ISLR
2

FOSL2
EBF3

DPYSL5
DLX

1

CLS
TN2
CELF

4

CD27
4

CALB
2

CACNA2D
2

BCL1
1A

Neuronal markers

Percent Expressed
0
25
50
75

−2
−1
0
1
2

Average Expression

NBs in vitro

Non DNs

mDNs

yNEURs

Glia

Progenitors

Pericytes

Endothelial cells

UCHL1
BEX2

NDUFC2

PDGFA

NPTXR

RAB3B

SLC
48

A1
FA

IM
2

CNTN1

COX7C
SEC62

RTN1

FXYD7

PSMB5

COX4I1

UQCRB

AT
P1B

1

CALM
2

HSP90
AB1

COX6C

CCDC13
6
DKK3

OLF
M1
NGRN

NAP1L
3

NRSN2

MORF4L
2

MCFD2
ARL2

MAGED1
AT

P5J

AT
P1A

3
MRAS

GNAI1
SKP1

TUBB2A

SPRYD7

Neuronal maturity markers

−1
0
1
2

Average Expression

Percent Expressed
25
50
75

nu
m

be
r o

f g
en

es
 d

e�
ni

ng
 o

ne
 c

el
l i

de
nt

ity

mDNs

Figure S5. Cell cluster naming. A) Cell cluster annotation based 
on La Manno et al. 2016 5 showing all embryonic cell names 
and the simplified regrouping. B) Neuronal marker, 
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expression in defined cell types.
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between MUT and WT midbrain organoids. C) Heatmaps of top 100 DEGs (adjusted p-value < 0.05) at day 35 and
day 70 respectively, showing the cell type unsupervised clustering between MUT and WT organoids. D) Pathway
processes based on MUT vs WT midbrain organoid DEGs (adjusted p-value < 0.05).
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clusters (adjusted p-value < 0.05). 
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Source of iPSCs Mutation Age at 
sampling Sex 

Corresponding 
midbrain 

organoid culture 
The Wellcome Trust 

Sanger Ins�tute, 
Cambridge, UK 

- 55 Male 
MO_WT35 
MO_WT70 

The Wellcome Trust 
Sanger Ins�tute, 
Cambridge, UK 

Introduced 
LRRK2 G2019S1 55 Male 

MO_MUT35 
MO_MUT70 

Table S1. Cell lines used to generate midbrain floor plate neural progenitor cells and further the midbrain 
organoids for scRNAseq.
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Abstract: Mutations in Leucine-rich repeat kinase 2
(LRRK2) are the most frequent cause of dominantly inher-
ited Parkinson’s disease (PD). LRRK2 mutations, among
which p.G2019S is the most frequent, are inherited with
reduced penetrance. Interestingly, the disease risk associ-
ated with LRRK2 G2019S can vary dramatically depending
on the ethnic background of the carrier. While this would
suggest a genetic component in the definition of LRRK2-PD
penetrance, only few variants have been shown to modify
the age at onset of patients harbouring LRRK2 mutations,
and the exact cellular pathways controlling the transition
from a healthy to a diseased state currently remain elu-
sive. In light of this knowledge gap, recent studies also
explored environmental and lifestyle factors as poten-
tial modifiers of LRRK2-PD. In this article, we (i) describe
the clinical characteristics of LRRK2 mutation carriers,
(ii) review known genes linked to LRRK2-PD onset and (iii)
summarize the cellular functions of LRRK2 with particu-
lar emphasis on potential penetrance-related molecular
mechanisms. This section covers LRRK2’s involvement
in Rab GTPase and immune signalling as well as in the
regulation of mitochondrial homeostasis and dynamics.
Additionally, we explored the literature with regard to (iv)
lifestyle and (v) environmental factors that may influence
the penetrance of LRRK2 mutations, with a view towards
further exposomics studies. Finally, based on this com-
prehensive overview, we propose potential future in vivo,

*Corresponding author: Anne Grünewald, Luxembourg Centre for
Systems Biomedicine, University of Luxembourg, Esch-sur-Alzette,
Luxembourg; and Institute of Neurogenetics, University of Lübeck,
Lübeck, Germany, e-mail: anne.gruenewald@uni.lu
Joanne Trinh, Institute of Neurogenetics, University of Lübeck,
Lübeck, Germany
Emma L. Schymanski, Semra Smajic, Luxembourg Centre for
Systems Biomedicine, University of Luxembourg, Esch-sur-Alzette,
Luxembourg
Meike Kasten, Institute of Neurogenetics, University of Lübeck,
Lübeck, Germany; and Department of Psychiatry and Psychotherapy,
University of Lübeck, Lübeck, Germany
Esther Sammler,Medical Research Council (MRC) Protein
Phosphorylation and Ubiquitylation Unit, School of Life Sciences,
University of Dundee, Dundee, UK; and Department of Neurology,
School of Medicine, Dundee, Ninewells Hospital, Dundee, UK

in vitro and in silico studies that could provide a better un-
derstanding of the processes triggering PD in individuals
with LRRK2mutations.

Keywords: Parkinson’s disease, LRRK2, penetrance, ge-
netic modifiers, Rab signalling, mitochondria, environ-
ment, toxin exposure

Clinical characteristics of
LRRK2-associated Parkinson’s
disease

Mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene
are the most common monogenic cause of Parkinson’s
disease (PD) [1]. They account for 1–2% of PD cases and
considerably more cases in certain populations such as
North African Arab Berbers [2]. While idiopathic PD (IPD)
is more common in men, this may not be the case for
monogenic PD. In particular, LRRK2-PD seems to be more
common in females. A recent meta-analysis of 64 studies
and 32,452 patients reported ahigher prevalence inwomen
with a pooled relative risk of 1.22 (95% confidence inter-
val [CI] 1.14–1.30), and analyses of subgroups by mutation
type suggested that this effect was restricted to G2019S
mutations [3]. The cumulative incidence in Tunisian Arab
Berber women with LRRK2 G2019S is higher compared to
that in males [4].

Systematic data on the clinical picture and course of
LRRK2-PDare still scarce [3], renderingfindings on clinical
characteristics somewhat uncertain and to be interpreted
with care.

LRRK2-PD resembles IPD in age at onset (AAO) and
clinical signs, symptoms and progression [5, 6] with po-
tential exceptions. Furthermore, there are different muta-
tions known in LRRK2. A systematic review including com-
parisons of these mutations did not show clinical differ-
ences [7]. On the other hand, case numbers vary widely
between mutations with p.G2019S being the most well
known and common. Looking at clinical subtypes, i. e.
tremor dominant, postural instability gait disorders and
intermediate, themost frequent clinical subtype in LRRK2-
PD is the postural instability gait disorder subtype [8]. Two
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studies found first a similar [8] and second a slower dis-
ease progression [9]. Interestingly there are several dif-
ferences with regard to non-motor signs. LRRK2-PD pa-
tients have less impairment in cognition, smell and sleep
[4, 10–14]. According to MDSGene, the most common car-
dinal feature was bradykinesia for p.G2019S mutation car-
riers (97%, 152 out of 156), dyskinesiawas reported in 66%
(69 cases of 105), dystonia in 39% (24 of 61 cases) andmo-
tor fluctuations in 64% (44 of 69 cases) of the included
patients. However, these findings need to be interpreted
with some caution as there are currently only two stud-
ies where longitudinal patient information was available
[8, 9]. Cognitive decline occurred in 35% (45 of 130 cases)
and psychotic symptoms in 40% (28 of 69 cases) of cases
[7, 14]. In a meta-analysis focusing on cognitive and psy-
chiatric features, dementia was relatively rare in LRRK2-
PD compared to other monogenic forms of PD with the ex-
ception of Parkin [15] (58.8% PINK1, 53.9% SNCA, 50%
DJ1, 29.2% VPS35, 15.7% LRRK2 and 7.4% Parkin). How-
ever, cases with dementia have been reported [16]. Simi-
lar rates of depression between IPD and LRRK2-PD have
been observed [17]. With a reported prevalence of 42%,
depression is, however, common in LRRK2-PD [15]. An ex-
amination of healthy LRRK2 carriers and non-carriers de-
tected increased UPDRS motor scores, more common uri-
nary problems and fewer hours of sleep in carriers [18].
Thismay indicate either early signs or a forme fruste point-
ing towards incomplete penetrance and variable expres-
sion.

Genetics and penetrance

Multiple pathogenic variants in LRRK2 have been de-
scribed: p.N1437H, p.R1441G/H, p.Y1699C, p.G2019S and
p.I2020T [7]. These pathogenic variants are present at
variable frequencies across the globe. Specifically, LRRK2
p.R1441G is present at higher frequencies in familial PD in
the Spanish Basque region (∼4–16.4%), and the frequency
of LRRK2 p.R1441C is ∼4% in Belgium [19, 20]. The most
common LRRK2 mutation is p.G2019S, with an estimated
prevalence of ∼1% in European familial PD populations
and higher in North African Arab Berber or Ashkenazi Jew-
ish populations (∼15–40%). Importantly, the penetrance
estimates are variable, initial estimates ranging from 28%
at age 59 years, 51% at 69 years and 74% at 79 years [6].
Since then, more estimates have been provided by differ-
ent statisticalmeans (Table 1). Of note, population-specific
differences were seen between Tunisian Arab Berbers and
Norwegian LRRK2 p.G2019S carriers using a comparison

of cumulative incidence [21]. Though not significantly dif-
ferent, a kin-cohort analysis showed that the risk of PD
in non-Ashkenazi Jewish relatives who carry an LRRK2
p.G2019Smutationwas 42.5% compared to 26% inAshke-
nazi Jews [22] (Table 1). The estimates vary but unequiv-
ocally show that there is reduced penetrance for LRRK2
p.G2019S.

Genetic modifiers have been proposed to influence
LRRK2 penetrance or AAO. A variant located in the in-
tronic region of CORO1C on chromosome 12 (rs77395454)
was found to be associated with LRRK2 penetrance and
a suggestive association on chromosome 3 was found to
be associated in an AAO model in a large cohort [23]. Pre-
viously, in a smaller homogeneous Tunisian Arab Berber
population, LRRK2 AAO was associated with a signal on
chromosome 1, within DNM3 [24]. Other linkage regions
on chromosomes 1, 3, 4, 17 and 21 have been found to be
linked to penetrance in G2019S families [24, 25]. SNCA and
MAPT polymorphisms that were already significantly as-
sociated in PD GWAS have also been nominated as candi-
dates [26, 27]. Besides the nuclear genome, mitochondrial
DNA (mtDNA) and function has been shown to modify
the affection status of LRRK2 carriers [28]. The effect sizes
from genetic studies thus far have been small. Still, only
common SNP associations have been reported and thor-
ough investigation of genetic modifiers using large-scale
genome sequencing to elucidate the influence of structural
variants, repeats, coding variants and regulatory regions is
warranted.

Cellular function of LRRK2

The LRRK2 protein and its functions

LRRK2 is a large (2,527 amino acids), multifunctional pro-
tein with a catalytic core harbouring a Ras-like GTPase
(Ras-of-complex [ROC] in tandem with a C-terminal ROC
[COR] domain [ROC-COR GTPase domain]) and a second
enzymatically active serine/threonine kinase domain. In
addition, its N-terminal end comprises repetitive protein
interactionmotifs (armadillo, ankyrin and leucine-rich re-
peats [LRRs]) that are followed by its catalytic core and
a tryptophan–aspartic acid repeat WD40 domain at the
C-terminal end (Figure 1). There are only four proteins,
including LRRK2, its shorter homologue LRRK1, death-
associatedprotein kinase (DAPK) anda scaffoldingprotein
(MASL1), that contain a ROC-CORGTPase domain [29]. The
latter has been shown to be an active GTPase domain, al-
beit with low micromolar affinity so that LRRK2 is found
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Table 1: Estimates of LRRK2 p.Gly2019Ser age-associated cumulative incidence and penetrance.

Ethnicity Sample Statistical analysis Age range (cumulative incidence or
penetrance)

Reference

Norway, United States,
Ireland and Poland

13 LRRK2 families
22 familial affected carriers

Proportion of affected/total
carriers

50–70 (17–85%) [30]

French and North
African families

2 LRRK2 families
6 familial affected carriers

Not reported 55–76 (33–100%) [31]

Ashkenazi Jews 2,975 familial relatives of
459 probands

Kin cohort [32]
*No relatives were genotyped for
mutation: probability of carrying
mutation was estimated

60–80 (12–24%) [33]

Ashkenazi Jews 22 affected carriers Penetrance calculated from odds
ratio

Lifetime risk = 35% [34]

Italian (UK Parkinson’s
Disease Brain Bank)

36 familial affected carriers Kaplan–Meier [35] 60–80 (15–32%) [36]*

Worldwide (mostly
European)

133 LRRK2 families
327 affected members

Kaplan–Meier [35] 59–79 (28–74%) [6]*

International multisite 22 familial affected carriers Product limit survival estimate
[35]

60–80 (30–55%) [37]*

Arab-Berber 72 affected carriers Kaplan Meier [35] 60–80 (50–100%) [38]
European countries,
mainly Italy

154 first-degree relatives
and 190 second-degree
relatives of 10 p.G2019S
carrier probands

Kin cohort [32]
*No relatives were genotyped for
mutation: probability of carrying
mutation was estimated

1st degree
60–80 (12–33%)

[39]*

2nd degree
60–80 (10–30%)

Northern Spain
(Cantabria)

32 carriers Kaplan–Meier [35] 60–80 (12–47%) [40]

Tunisian Arab Berber 266 LRRK2 carriers from
Tunisia

Kaplan–Meier and kin cohort
[32, 35]

80% by 70 years [4]

Tunisian Arab Berber
and Norwegian

220 affected LRRK2
p.G2019S carriers, 6
unaffected from Tunisia.

Kaplan–Meier [35] In Tunisia: 30%, 61% and 86% of
LRRK2 p.G2019S carriers had
developed parkinsonism by 50, 60
and 70 years of age.

[21]

27 affected LRRK2 p.G2019S
carriers and 57 unaffected
carriers from Norway

In Norway: 3%, 20% and 43% had
developed parkinsonism by 50, 60
and 70 years of age

Tunisian, Norwegian,
Israeli Ashkenazi
Jewish

220 affected LRRK2
p.G2019S carriers and 6
unaffected from Tunisia.

Kaplan–Meier [35] In Tunisia: 30%, 61% and 86% of
LRRK2 p.G2019S carriers had
developed parkinsonism by 50, 60
and 70 years of age.

[41]

27 affected LRRK2 p.G2019S
carriers and 57 unaffected
carriers from Norway

In Israeli Ashkenazi Jews: 30%, 61%
and 86% of LRRK2 p.G2019S
carriers had developed parkinsonism
by 50, 60 and 70 years of age.
In Norway: 3%, 20% and 43% had
developed parkinsonism by 50, 60
and 70 years of age

Ashkenazi Jewish 2,270 relatives of 474
Ashkenazi Jewish
Parkinson’s disease
probands

Kin-cohort [32] Risk of PD in relatives predicted to
carry an LRRK2 G2019Smutation
was 0.26 (95% CI 0.18–0.36) to age
80 years

[22]

Non-Ashkenazi Jewish 474 first-degree relatives of
69 non-Ashkenazi Jewish
LRRK2 p.G2019S carrier
probands

Kin cohort [32] Risk of PD in non-Ashkenazi Jewish
relatives who carry an LRRK2
p.G2019Smutation was 42.5%
(95% CI 26.3–65.8%) to age 80

[42]

Carriers refers to unrelated patients with LRRK2 p.G2019S (unless otherwise specified). *Meta-analysis of previous reports. All studies are
cross-sectional.
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Figure 1: Scheme summarizing the levels of impact of genetic and non-genetic modifiers on the penetrance of mutations in Leucine-rich re-
peat kinase 2 (LRRK2). The most frequent mutation in LRRK2, G2019S, is situated in the kinase domain of the protein. Enhanced kinase activ-
ity due to G2019S increases the phosphorylation of a subgroup of Rab GTPases that were identified as substrates of LRRK2. Via Rabs, LRRK2
acts on cellular functions such as lysosomal degradation and vesicular trafficking, which in turn may interfere with mitochondrial home-
ostasis and dynamics as well as immune signalling. How these molecular mechanisms control the transition of an LRRK2 G2019Smutation
carrier from healthy to diseased currently remains elusive. Nonetheless, significant efforts are being made to develop and advance LRRK2
small molecule inhibitors into clinical trials as kinase inhibition is thought to slow the advancement of the movement disorder. Scheme
adapted from Alessi and Sammler (2018) [43]. The figure was created using BioRender.com.
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predominantly in the GTP-bound state [44]. GTP binding
in turn is essential for LRRK2 kinase function as point mu-
tations introduced in the ROC domain such as Thr1348Asn
that disrupt GTP binding abolish LRRK2 kinase activity
[45]. The kinase activity of LRRK2 is of particular interest
as all clearly disease-associated variants in LRRK2 result
in a gain of kinase function and kinase hyperactivation is
a commonmechanism inmanydiseases, including cancer,
which has propelled the protein kinase family to become
one the most important drug targets in the twenty-first
century [46]. In fact, there are currently 62 FDA-approved
small molecule kinase inhibitors targeting over 20 differ-
ent kinases and much effort has gone into developing [47]
and advancing LRRK2 smallmolecule inhibitors in clinical
trials (www.denalitherapeutics.com) (Figure 1).

Pathogenic variants in the ROCGTPase (p.N1437H, the
p.R1441 hotspot) and COR (p.Y1699C) domains suppress
GTPase activity and promote GTP binding [48] and subse-
quently cause a 3–4-fold increase in LRRK2 kinase activity
[49, 50]. The common pathogenic p.G2019S and p.I2020T
variants are located in the kinase domain and enhance
LRRK2 kinase activity moderately by about 2-fold by do-
main disruption [29].

Of interest is a cluster of constitutively phosphorylated
serine residues (Ser910, Ser935, Ser955 and Ser973) located
between the ANK and LRR domains that play a role in reg-
ulating 14-3-3 binding (Ser910/935) and cytosolic localiza-
tion [51, 52]. These residues have received a lot of atten-
tion as potential biomarker sites as they are dephospho-
rylated in response to LRRK2 inhibition [53], which has
been widely used as in vivo pharmacokinetic markers, es-
pecially Ser935, for small molecule LRRK2 kinase inhibitor
compounds [54–56]. It is also clear that phosphorylationof
these residues does not correlate with intrinsic LRRK2 ki-
nase activity [29], and emerging structural [57] and LRRK2
kinase inhibitor profiling [58] studies suggest that these
biomarker sites report on LRRK2 conformation in an ei-
ther inactive ‘open’ or active ‘closed’ conformation. Fur-
thermore, various pathogenic variants such as p.R1441G,
p.Y1699C and p.I2020T suppress the phosphorylation of
Ser910 and Ser935 [57, 59] likely via mutation-induced
conformational changes of LRRK2. In this context, micro-
tubule association of LRRK2 is also important as struc-
tural data have shown that pathogenic LRRK2 variants
that induce the closed active conformation become capa-
ble of microtubule binding in an ordered, oligomeric peri-
odic manner, while the association of wild-type LRRK2 or
even the pathogenic p.G2019S variant with microtubules
is significantly less efficient [57, 60]. Lastly, the serine
residue 1292 of LRRK2 deserves mentioning as it is a true

LRRK2 autophosphorylation site that correlates with in-
trinsicLRRK2 kinase activity, but its lowstoichiometryhin-
ders the exploitation of Ser1292 as an in vivo biomarker site
for LRRK2 kinase activation [61].

Rab GTPases and LRRK2

The reversible phosphorylation of proteins by kinases is a
key regulatory mechanism that controls nearly every as-
pect of cellular life [62]. It was therefore a major step for-
ward when a subgroup of Rab GTPases was unambigu-
ously identified as endogenous substrates of LRRK2 in
2016 – 12 years after the discovery that pathogenic vari-
ants in LRRK2 cause PD [50]. In humans, there are over
60 Rab GTPases that are localized to distinct intracellu-
lar compartments and regulate membrane trafficking [63].
They exist in GDP-bound ‘inactive’ and GTP-bound ‘active’
states, with only the active state allowing the recruitment
of cytosolic effector proteins via an α-helical Switch-II mo-
tif and subsequent formation of dynamic functional mem-
brane domains for membrane trafficking, vesicle forma-
tion, movement along actin and tubular tracks and mem-
brane fusion [29, 63, 64]. The LRRK2 kinase phosphory-
lates Rab GTPases at a conserved Thr/Ser motif that lies
at the centre of the Switch-II effector-binding domain [50].
As a result, the conformation-dependent interaction be-
tween Rab GTPases and their effector proteins including
GDPdissociation inhibitors is perturbedwith RabGTPases
becoming trapped at themembrane and generally inactive
[63, 64].

LRRK2 is predominantly localized in the cytosol and
excluded from the nucleus, but about 10% of LRRK2 is
membrane-bound, where it phosphorylates Rab GTPases
[66]. Ten Rab GTPases have been shown to be endoge-
nously phosphorylated by the LRRK2 kinase including
Rab3A/B/C/D, Rab8A/B, Rab10, Rab12, Rab35 and Rab43
[50] (Figure 1). Interestingly, someRabGTPase effectors in-
cluding Rab interacting lysosomal-like protein 1 (RILPL1)
and RILPL2 preferentially bind Rab8 and Rab10 upon
LRRK2 phosphorylation, thereby interferingwith ciliogen-
esis [50, 67, 68]. In the mouse brain, it has been shown
that knock-in of the LRRK2 kinase activating R1441G mu-
tation impacts ciliary signalling in cholinergic interneu-
rons in the dorsal striatum in terms of an attenuated neu-
roprotective response to a Sonic hedgehog signal received
from dopaminergic neurons [67]. Another exciting discov-
ery is PPM1H as the specific phosphatase that counter-
acts LRRK2 signalling by dephosphorylating Rab GTPases
[69]. Similar to pathogenic gain-of-kinase-function LRRK2
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Figure 2: LRRK2 gene expression in single cells from postmortem midbrain of idiopathic Parkinson’s disease (PD) patients and aged con-
trols. We extracted LRRK2 expression data from our previously generated single-nuclei RNA sequencing atlas of the human midbrain that
is available on GEO under the accession number GSE157783 [65]. This analysis revealed highest levels of LRRK2 in microglia and oligoden-
drocyte progenitor cells (OPCs). Comparison of the LRRK2mRNA abundance in these two cell types derived from IPD patients and controls
revealed a disease-specific upregulation only in microglia.

mutations, knock-down of PPM1H suppresses primary cil-
iogenesis [69]. While future research will need to eluci-
date the role, effectors and downstream biology of the
many other LRRK2-phosphorylated Rab GTPases as well
as the link to PD, the development of tools and technolo-
gies such as phospho-specific monoclonal antibodies and
sensitive proteomics mass spectrometry assays has aided
in interrogating LRRK2 kinase pathway activity in vivo, in-
cluding in human peripheral blood [70–73]. In fact, hu-
man peripheral blood neutrophils and monocytes lend
themselves for interrogating LRRK2 kinase pathway activ-
ity as they are relatively easy to obtain and both repre-
sent homogenous blood cell types with relatively high ex-
pression of both LRRK2 and Rab GTPases. So far, periph-
eral blood neutrophils and monocytes have been used to
demonstrate that PD patients carrying a pathogenic het-
erozygous VPS35 D620Nmutation as well as carriers of the
LRRK2 R1441G variant have significantly increased LRRK2-
dependent Rab10 phosphorylation levels [74, 75]. Such an
enhancement has not been observed with the pathogenic
LRRK2 G2019S variant and this has likely to do with the
sensitivity of the assay using Rab10 phosphorylation as a
readout – as the LRRK2 G2019S mutation activates LRRK2
kinase activity only about 2-fold while the LRRK2 R1441G
and VPS35 D620N mutations result in a 3–4- and 4–6-fold
increase, respectively [43]. In the future, it will be inter-
esting to utilize alternative assays and readouts including

other LRRK2-phosphorylated Rab GTPases for measuring
LRRK2 pathway activity.

LRRK2 in immune signalling

There is compelling evidence for a role of LRRK2 in im-
mune signalling (Figure 1). The protein is expressed in
various immune cells including microglia [76], the resi-
dent macrophages of the brain [77]. When analysing an
in-house single-nuclei RNA sequencing data set frompost-
mortem IPD and control midbrain tissue, the highest lev-
els of LRRK2 transcripts were detected in oligodendro-
cyte precursor cells and microglia. However, only in the
latter cell type, a disease-specific upregulation was ob-
served (Figure 2). In line with these findings, LRRK2 pro-
tein expressionwas detected inmicroglia derived fromhu-
man induced pluripotent stem cells (iPSCs). The levels of
LRRK2 increased further after treatment with the immune
stimulator interferon-gamma [78]. In this cellular system,
LRRK2 was shown to be involved in the recruitment of
Rab8a and Rab10 to phagosomes, suggesting that the ki-
nase functions at the intersection between phagosome
maturation and recycling pathways [78]. Moreover, single-
cell RNA sequencing of control iPSC-derived microglia re-
vealed a strong induction of themitochondrial antioxidant
SOD2 upon treatment with α-synuclein pre-formed fibrils.
This responsewas drastically reduced inmicroglia lacking
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LRRK2, strongly implicating the kinase in neuroinflamma-
tory processes in the PD brain [77].

Yet, LRRK2’s immune action is not limited to the CNS.
GWAS identified a variant in LRRK2 that conferred an in-
creased risk for Crohn’s disease [79] – an inflammatory
bowel disease. Moreover, in Norwegian LRRK2 families a
high incidence of rheumatoid arthritis was reported [80].
Consistent with elevated LRRK2 levels in B cells, T cells
[81], macrophages [82], monocytes and neutrophils [71],
the kinase is thought to regulate the immune response
to pathogens [83]. LRRK2 KO mice are more susceptible
to intestinal Listeria monocytogenes infection than wild-
type animals [84]. Similarly, LRRK2-deficient mice show
increased bacterial colonization and reduced survival af-
ter infection with Salmonella typhimurium [85]. A mecha-
nistic study in murine macrophages revealed that LRRK2
kinase activity is crucial for the activation of the NLRC4 in-
flammasome during the host defence response [85].

Based on the current literature, scientists speculate
that an overactivated LRRK2 kinase may be beneficial dur-
ing early life, protecting mutation carriers against infec-
tions [43, 83]. By contrast, with advancing age, chronic
pro-inflammatory signalling may increase the permeabil-
ity of the blood–brain barrier and facilitate microglial
priming [43, 83], which in turn could aggravate neuronal
degeneration. Thus, in accordancewith the ‘second hit hy-
pothesis’ in PD, the number and severity of infections that
an LRRK2 mutation carrier has to endure may define the
penetrance of the movement disorder in this individual.

The ability of LRRK2 to induce an immune reaction
after infections may at least in part also explain the mi-
tochondrial phenotypes observed in cellular models of
LRRK2-PD. As an ancestor of a eubacterial endosymbiont
[86], mitochondria harbour their own circular genome,
which is characterized by low-level methylation [87]. In
this way, mtDNA is distinct from nuclear DNA, and when
released into the cytosol or extracellular space, it may be
mistaken as foreign, triggering an autoimmune response
against the patient’s own mitochondria. The research into
the contribution of mitochondria to the pathogenesis in
LRRK2-PD is manifold and will be briefly summarized in
the next section.

LRRK2 and mitochondria

When investigating the subcellular localization of LRRK2,
the protein was found to be associated with membranes,
including the outer mitochondrial membrane [88]. A com-
bination of co-immunoprecipitation, super-resolution mi-
croscopyand3Dvirtual reality-assisted imageanalysis fur-

ther uncovered that LRRK2 interacts with subunits of the
translocase of outer mitochondrial membrane (TOM) com-
plex [89].

Inspired by its localization, researchers investigated
mitochondrial morphology in cellular models of LRRK2-
PD with diverging results. While early work showed elon-
gated mitochondria in G2019S mutant fibroblasts [90],
later phenotyping studies suggested a fragmentation of
themitochondrial network in patient cells [91, 92]. The lat-
ter observation is supported by functional experiments re-
vealing a direct interaction between LRRK2 and the mi-
tochondrial fission protein DLP1 [88]. By modulating the
abundance of DRP1 at themitochondria, LRRK2 kinase ac-
tivity can regulate mitochondrial dynamics. Overexpres-
sion ofwild-type LRRK2 led to increasedmitochondrial fis-
sion – a phenomenon that was further enhanced in the
presence of PD mutations [93].

While the above-described network analyses in fixed
patient cells only provided a static idea of the impair-
ments caused by mutant LRRK2, mitochondrial motility
assessments in LRRK2 G2019S mutants were used to ac-
quire furthermechanistic insight. According to these anal-
yses, LRRK2 is involved in the removal of Miro1, which, to-
gether with Milton, anchors mitochondria to motors and
microtubules for organellar transport [94]. In the pres-
ence of mutations in LRRK2, this link is stabilized by
Miro1, thereby preventing the arrest and subsequent lyso-
somal degradation of dysfunctional organelles [94] (Fig-
ure 1).

Thus, there is evidence that LRRK2 does not only in-
terfere with mitochondrial clearance in this indirect fash-
ion [88] (Figure 1). In fibroblasts from PD patients har-
bouring the G2019S mutation in LRRK2, increased mi-
tochondrial–lysosomal co-localization was observed [91].
Moreover, analyses in patient fibroblasts harbouring the
G2019S mutation and in HeLa cells overexpressing LRRK2
G2019S revealed elevated protein levels of the autophagy
markers p62 and LC3II [92, 95]. This result could either
be suggestive of reduced lysosomal turnover or indicate
accelerated mitophagy in LRRK2 mutant cells. Interest-
ingly, data to support both of these scenarios have been
published. While Su and colleagues reported that over-
expressed LRRK2 G2019S phosphorylates Bcl-2 at Thr56,
which exacerbates mitophagy in HeLa cells and pri-
mary rat neurons [95], Bonello et al. showed that Parkin-
inducedmitophagy is impaired infibroblasts frompatients
carrying the G2019S mutation in LRRK2 [96].

In line with an accumulation of damaged mitochon-
dria, a multitude of studies described increased ROS gen-
eration and enhanced susceptibility to free radicals in cel-
lular models of LRRK2-PD [97]. However, the oxidative
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stress phenotype may also be explained through LRRK2’s
interaction with the mitochondrial antioxidant PRDX3.
The peroxidase is phosphorylated by mutant LRRK2,
which causes mitochondrial dysfunction and oxidative
damage [97]. In addition, LRRK2 G2019S was shown to
increase the abundance of UCP2, which mediates mito-
chondrial uncoupling and proton leakage [92, 98]. This
impact on respiratory chain function is further evidenced
by reduced complex I activity [99] and oxygen consump-
tion rates [100] in patient cells with the G2019S muta-
tion.

Possibly as a result of increased oxidative stress, the
mitochondrial impairments in LRRK2-PD extend to the
mtDNA. Lesions in the mitochondrial genome were ob-
served in neuronal cells derived from patients with the
G2019S mutation [101]. Moreover, overexpression exper-
iments in primary rat neurons showed that the mtDNA
phenotype caused by LRRK2 G2019S is midbrain-specific.
Interestingly, treatment of these cells with an LRRK2 ki-
nase inhibitor sufficed to rescue the detected damage, sug-
gesting that mtDNA disintegration in LRRK2-PD is kinase-
dependent [102].

While the wide spectrum of mitochondrial alterations
strongly implicate mitochondria in the pathology of the
movement disorder, few functional studies focussed on
the contribution of the organelles to the penetrance of
LRRK2-PD. Our own research revealed that mtDNA ma-
jor arc deletions are more abundant in manifesting com-
pared to non-manifesting G2019S mutation carriers [28].
In addition, mtDNA replication was shown to be im-
paired in affected but not unaffected individuals harbour-
ing LRRK2 G2019S [103]. These disease-specific changes
in mtDNA integrity and homeostasis appear to interfere
with respiratory chain functionasmanifestingG2019Smu-
tation carriers show lower complex I activity than their
non-manifesting counterparts [99]. IncreasedmtDNAcopy
number and mitochondrial mass in patients with LRRK2
G2019S may implicate impaired mitochondrial clearance
as a penetrance-defining mechanism in these individu-
als [99]. Interestingly, in carriers of the G2019S mutation,
also a PD-specific overexpression of Nrf2 was detected.
The transcription factor is part of the NF-E2-related fac-
tor 2–antioxidant responsive element (Nrf2–ARE)pathway,
which is induced by ROS. Further strengthening this find-
ing, Bakshi and colleagues performed a biomarker study
in a large cohort of LRRK2 mutation carriers and detected
increased levels of the Nrf2 activator urate in affected com-
pared to unaffected individuals [104]. Experiments in neu-
rons fromG2019S isogenic pairs highlight the contribution
of the genetic background to the pathology of LRRK2-PD.

In this study, in three iPSC lines, CRISPR/Cas9 gene edit-
ing was used to insert the G2019S mutation in LRRK2 into
a genetic control background. In another three lines, the
G2019S mutation was corrected in a patient background.
Various parameters of neuronal and mitochondrial mor-
phology were then used in a cluster analysis, which re-
sulted in a grouping by genotype. Moreover, an assess-
ment of tyrosinehydroxylase abundance in the 3D cultures
revealed that the generation of G2019S in the control back-
ground induced DA neuron demise. By contrast, LRRK2
mutation correction in thepatient backgrounddidnot lead
to a rescue of the DA neuron phenotype [105]. While these
results could be explained by the genetic signature of a pa-
tient alone, they may also be reflective of the impact of en-
vironmental factors. Toxin exposure may exacerbate the
molecular effects of increased LRRK2 kinase activity in a
patient in an irreversible manner (e. g. at the level of the
epigenome and/or the mtDNA), thereby triggering the on-
set of PD in an individual.

LRRK2 and clinical lifestyle data

A combination of genetic and/or environmental factors in-
fluences PD susceptibility. For example, a meta-analysis
has shown that smoking had a robust negative associa-
tion with PD risk [106]. Furthermore, smoking is corre-
lated with a later onset of motor and non-motor symp-
toms [107]. The causal protective relationship of smok-
ing initiation has been supported by a recent Mendelian
randomization study [108]. Although a direct causal re-
lationship between PD onset and other lifestyle factors
has yet to be established, coffee drinking is equally cor-
related with a reduced risk of PD [106]. Slower progres-
sion of motor and non-motor signs and symptoms has
been shown for coffee consumers in a longitudinal study
[109]. By contrast, with regard to environmental factors
affecting PD, pesticide exposure is associated with an in-
creased risk [106, 110]. The effects of environmental and
lifestyle factors on AAO of LRRK2 p.Gly2019Ser have yet to
be thoroughly investigated. Reports have shown an asso-
ciation of smoking in LRRK2 p.Gly2019Ser mutation carri-
ers [111]: tobacco use is associated with later AAO in pa-
tients carrying the LRRK2 p.G2019S mutation and the in-
tensity and duration of smoking is correlated with AAO
in these individuals. An effect of tobacco use was ob-
served exclusively on non-motor symptoms but not onmo-
tor symptoms after adjustment for disease duration. Ad-
ditional exploratory analyses on other lifestyle and en-
vironmental exposures revealed an interesting joint but
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independent effect for smoking and black tea drinking,
indicating that a more complex interaction exists. Non-
steroidal anti-inflammatory drugs (NSAIDs) have also re-
cently been shown to correlate with LRRK2 penetrance
[112, 113]. The odds ratio for use of any NSAID was 0.34
(95% CI 0.21–0.57); for ibuprofen it was 0.19 (0.07–0.50);
and for aspirin itwas0.51 (0.28–0.91). A similar benefitwas
observedwhenNSAID treatmentwas five years beforeAAO
[113].

Given the effects of lifestyle and environment on
LRRK2 [111] and the protective effects of smoking, caffeine
and anti-inflammatory drugs on IPD [106, 109], there is on-
going interest in AAO, penetrance and other lifestyle fac-
tors in LRRK2 parkinsonism (Figure 1).

Environmental toxins as modifier of
LRRK2-PD penetrance
Toxins are a subset of environmental factors that may in-
fluence PD susceptibility, yet the sheer number of poten-
tial toxins humans are exposed to in their daily environ-
ment renders this both an analytical and biomedical chal-
lenge. Estimates of chemicals in household use and/or on
themarket in significant amounts (i. e. tonnes of chemical)
range between ∼70,000 to 350,000 [114, 115]; the largest
open chemical databases now contain well over 100 mil-
lion chemicals [116]. While many of the lifestyle factors
mentioned above can be directly associated with particu-
lar chemicals (smoking and nicotine; coffee/tea and caf-
feine), nicotine and caffeine are only two of hundreds of
other chemicals known to be present in cigarettes and
tea/coffee, respectively (see references within [117]). Sim-
ilarly, NSAIDs are also a large group of chemicals, with 159
NSAIDs mentioned in the Chemicals of Biological Interest
(ChEBI) NSAID page (CHEBI:35475) alone (https://www.
ebi.ac.uk/chebi) [118]. Pesticides are even more challeng-
ing, with over 3,000 agrochemicals (approximately syn-
onymous with pesticides) listed in PubChem (3,101 dated
31 July, 2021) [116]. To date, epidemiology and exposomics
studies have generally focussed on only a narrow range
of dozens of known chemicals (toxins, often the so-called
priority pollutants) or biomarkers in a targeted manner,
which is unable to handle this sheer number of chemicals
[119].

The rise of non-targeted high-resolution mass
spectrometry (NT-HRMS) in environmental chemistry,
metabolomics and thus also exposomics is opening the
window to investigate further chemicals [119]. One of the
biggest challenges in the exposome, which aims to not

only measure the environmental exposure but also the
biological perturbations that result, is the range of con-
centrations expected in samples. For example, biological
signals in blood are at concentrationsmany orders ofmag-
nitude higher than the concentrations at which pesticides
and other chemicals toxic in very low amounts could be
expected to have an effect [120]. Some pharmaceuticals
and other chemicals, such as caffeine and NSAIDs, can be
closer to endogenous metabolites in concentration [120].
While information such asmedical records and/or current
blood samples could reveal present or past medication
regimes of a patient, previous toxin exposure – potentially
decades before disease onset in the case of PD – is much
more difficult to capture. For instance, patients have been
known to respond ‘no’ to questions regarding pesticide
use, yet answer positively to ‘have you used Round-Up
in your garden’ (the active ingredient, glyphosate, is a
well-known pesticide) [117].

The definition of chemicals relevant for exposomics
studies is an area of active research, since browsing the
chemical space of tens of millions is not feasible. In one
study, a set of 1,243 literature-mindneurotoxins (withmore
than five references) connected to distinct disease end-
points including PDwas included in online databases and
as an interactive Excel macro [117]. ‘CECScreen’ contains∼70,000 structures and was an outcome of the Human
Biomonitoring for EU (HBM4EU) project [121]; the Blood
Exposome database contains ∼65,000 chemicals [122],
while PubChemLite for Exposomics, a highly annotated
subset of PubChem most relevant for exposomics stud-
ies, contains approximately 380,000 chemicals [123], in-
cluding pharmaceuticals, pesticides, biomolecular path-
ways and all chemicals with associated disorders and
diseases. Narrowing this down to a specific disease and
gene reduces the window much further. The Compara-
tive Toxicogenomics Database (CTD) [124] lists 78 chemi-
cals interactingwith LRRK2 (http://ctdbase.org/detail.go?
type=gene&acc=120892), with the most interactions be-
longing to several chemicals, including three pesticides
often associated with PD: paraquat, maneb and rotenone
(none of which, however, are approved for use in Europe),
MPP+ (commonly associated with PD), as well as man-
ganese andmagnesium, benzo(a)pyrene and some biolog-
ical molecules (lipopolysaccharides, adenosine triphos-
phate) and a steroid (corticosterone). These few chemicals
alone would require several different analytical methods
for detection [117]. Thus, the gap between literature asso-
ciations [124], what can be detected in humans [120] and
what is permitted and detected in environmental observa-
tions is still a challenge. However, the necessary tools to
tackle these challenges are now available. A convergence
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of genetic-based disease interpretation and the influence
of the environment via the concept of the exposome is
likely to become a reality in the next few years as the fields
slowly become aware of the mutual aims and challenges
involved inmerging the large amount of information avail-
able and forming concrete interpretations.

Outlook

An unexpected outcome of recent major sequencing and
gene identification efforts was the finding of a surpris-
ingly large number of carriers of a putatively pathogenic
mutation who remained free of the disease in question.
This phenomenonof ‘reducedpenetrance’ appears to have
been substantially underestimated and the concept of pro-
tection against disease or delay of its AAO has been largely
neglected within the genomic research community. The
identification of such factors could have important im-
plications for treatment and genetic counselling of pa-
tients. In the context of LRRK2 parkinsonism, genetic and
lifestyle penetrance modifiers can help in patient coun-
selling and set the premise for future studies of endoge-
nous protection.

The advent of iPSC technologies now permits the
generation of patient-derived neuron and glia models,
which allow studying the effects of drugs and pollutants
at the endogenous level also in neurodegenerative disor-
ders such as genetic PD. By contrast, investigating the ef-
fects of toxins in a systemic fashion will remain a chal-
lenge. While novel protocols for 2D or 3D co-culture sys-
tems and organoids are being developed, we are still far
away frommodelling the complexity of the brain in a dish.
Still, large data sets that are being generated by apply-
ing especially ‘omics’ analysis methods to patient-derived
cultures can inform in silico models of cellular function
in response to stressors in PD. With regard to the human
metabolome, a virtual database has already been gener-
ated ([125]; www.vmh.life) and efforts are being made to
extend thiswork to specific cell types in PD [126]. However,
currently, thesemodels do not consider disruptions due to
environmental insults, which may at least partially stem
from the fact that the landscape of chemicals relevant in
the pathogenesis of PD is not well defined.

Large data aggregators or knowledge bases such as
PubChemcanplay a role in delineating the role of toxins in
PDandeven in the case of specific genes suchasLRRK2. By
integrating data from many resources, a single gene page
provides an overview of several connections between the
gene and chemicals, including from resources such as CTD

[116, 127]. The data overview indicates quickly that litera-
ture observations conflict for the top chemicalsmentioned
in CTD such as benzo(a)pyrene and valproic acid. The top
gene–chemical co-occurrences in literature listed on the
LRRK2 page in PubChem reveals several chemicals related
to PD, some of those mentioned in CTD, and other chemi-
cals of potential interest, which could be investigated pro-
actively in patient samples via a suspect screening ap-
proach using NT-HRMS. Knowing the chemicals of interest
in advance can assist in scoping and designing the appro-
priate analytical measurements. However, one disrupting
factor in exposomics-based PD studies is the general dis-
ruption of the gut in PD patients compared with controls,
which tends to lead to many perturbations related to gut
dysfunction in blood/serum samples that may overwhelm
the significance of any toxin signals [128–130] and thus in-
terfere with the data interpretation. In this regard, other
samples to capture patient exposure, such as dust samples
[131] or surface and wastewater as a wider environmental
proxy at the population level [132], are potentially of in-
terest in the future to complement cohort studies and to
advance research in patient-based cellular models as de-
scribed above.
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Parkinson’s disease (PD) is a neurodegenerative disease with unknown cause in the
majority of patients, who are therefore considered “idiopathic” (IPD). PD predominantly
affects dopaminergic neurons in the substantia nigra pars compacta (SNpc), yet the
pathology is not limited to this cell type. Advancing age is considered the main risk
factor for the development of IPD and greatly influences the function of microglia, the
immune cells of the brain. With increasing age, microglia become dysfunctional and
release pro-inflammatory factors into the extracellular space, which promote neuronal
cell death. Accordingly, neuroinflammation has also been described as a feature of PD.
So far, studies exploring inflammatory pathways in IPD patient samples have primarily
focused on blood-derived immune cells or brain sections, but rarely investigated patient
microglia in vitro. Accordingly, we decided to explore the contribution of microglia to IPD
in a comparative manner using, both, iPSC-derived cultures and postmortem tissue.
Our meta-analysis of published RNAseq datasets indicated an upregulation of IL10
and IL1B in nigral tissue from IPD patients. We observed increased expression levels
of these cytokines in microglia compared to neurons using our single-cell midbrain
atlas. Moreover, IL10 and IL1B were upregulated in IPD compared to control microglia.
Next, to validate these findings in vitro, we generated IPD patient microglia from
iPSCs using an established differentiation protocol. IPD microglia were more readily
primed as indicated by elevated IL1B and IL10 gene expression and higher mRNA
and protein levels of NLRP3 after LPS treatment. In addition, IPD microglia had higher
phagocytic capacity under basal conditions—a phenotype that was further exacerbated
upon stimulation with LPS, suggesting an aberrant microglial function. Our results
demonstrate the significance of microglia as the key player in the neuroinflammation
process in IPD. While our study highlights the importance of microglia-mediated
inflammatory signaling in IPD, further investigations will be needed to explore particular
disease mechanisms in these cells.

Keywords: microglia, iPSC, neuroinflammation, idiopathic Parkinson’s disease, disease modeling
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INTRODUCTION

Parkinson’s disease (PD) is an age-related, multifactorial disorder,
resulting in the demise of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) of the midbrain, which subsequently
leads to motor difficulties, tremor, and postural instability in
affected individuals (Pang et al., 2019). While there is a genetic
component to the disease, with 10% of all cases carrying a
mutation in one of the causal PD genes, 90% of patients are
deemed idiopathic.

The majority of studies published to date describe molecular
mechanisms centered around α-synuclein aggregation,
mitochondrial dysfunction, dysregulated autophagy flux,
and neuroinflammation as the underlying causes of PD (Wang
et al., 2015; Maiti et al., 2017). Interestingly, all of these processes
are also affected by aging, which leads to functional decline, both
at the physiological and molecular level. Thus, it is not surprising
that aging is considered a major risk factor for the development
of PD (Jin et al., 2020).

Additionally, “inflammaging” is a novel term coined to define
basal, low-level inflammation during adult life that, with time,
turns into a destructive, pathological process. On the one
hand, lower levels of inflammation are considered to have a
positive outcome on the overall cellular state. On the other
hand, during prolonged inflammation, beneficial mechanisms
of defense start to wear off while damaging insults increase.
This phenomenon might explain why seemingly low-grade
inflammatory occurrences can have a significant negative impact
on health in older individuals (Calabrese et al., 2018).

Inflammation is one of the hallmarks of PD and it
is propagated mostly through microglia cells, which are
responsible for the innate immune defense of the brain. Early
brain tissue studies showed an upregulation of microglial
cells in the SNpc and higher expression of human major
histocompatibility complex class II (MHC-II) molecules, while
in human serum and cerebrospinal fluid (CSF), increased
concentrations of cytokines such as IL-1β, IL-6, TNF-α, IL-
2, IL-18, and, IL-10 were detected (Nagatsu and Sawada,
2005; Brodacki et al., 2008; Long-Smith et al., 2009; Collins
et al., 2012; Wang et al., 2015; Badanjak et al., 2021). In
line with these results, our own immunohistochemistry and
single-nuclei transcriptomic analyses in postmortem midbrain
tissue revealed an increase in abundance and a decrease in
the complexity of microglia in IPD tissue, suggestive of an
activated state. Moreover, patient microglia presented a disease-
specific gene expression signature, indicating a significant role
of these cells in the pathogenesis of the movement disorder
(Smajić et al., 2020). Also, most recently, genes of the IFN-γ
signaling pathway were found to be dysregulated in IPD patients
(Magalhaes et al., 2021).

One of the most commonly implicated inflammatory
pathways in PD is the inflammasome pathway (Chao et al.,
2014; Sebastian-Valverde and Pasinetti, 2020; Yan et al., 2020).
The NOD-, LRR-, and pyrin domain-containing protein 3
(NLRP3) is by far the most studied inflammasome, the main
function of which is the clearance of pathogens. NLRP3 is
a cytosolic sensor of intracellular and extracellular stimuli

such as damage-associated and pathogen-associated molecular
patterns (DAMPs and PAMPs, respectively). Two signals are
necessary to fully activate this pathway, a priming signal and
an activation signal. The priming signal is characterized by
the upregulation of IL1B and NLRP3 expression, while the
secondary signal is characterized by the release of mature
cytokines (Swanson et al., 2019). Underlining the relevance of the
NLRP3 inflammasome, IL-1β has been associated with disease
pathogenesis in multiple PD biomarker studies (Koprich et al.,
2008; Su et al., 2008; Nakahira et al., 2011; Gillardon et al., 2012;
Pike et al., 2021).

In our current study, we investigated inflammation markers
in different models of IPD. First, we explored available RNAseq
transcriptomic datasets from postmortem midbrain tissues to
assess the expression of key cytokines in IPD. Next, we
differentiated microglia from iPSC from IPD and control donors
to test whether these cells can mirror the phenotypes observed
in the brain. We detected elevated levels of IL1B and IL10 in
whole tissue or single cell RNAseq datasets from IPD nigral
or midbrain sections. Indicative of the fidelity of iPSC-derived
cellular PD models, both IL1B and IL10 were also upregulated
in patient microglia upon lipopolysaccharide (LPS) treatment.
This coincided with increased protein abundance of NLRP3
in these cells, further implicating the inflammasome in the
pathogenesis of PD.

MATERIALS AND METHODS

Bulk RNA Cytokine Expression Analysis
To profile the expression of cytokines in human SN tissue,
we used a differential expression meta-analysis of publicly
available case-control transcriptomics datasets, including only
SN samples, as previously described (Glaab and Schneider, 2015).
This provided meta-analysis Z-scores and FDR significance
scores for candidate genes of interest (see Supplementary
Table 1).

Postmortem Single-Nuclei RNA
Sequencing of Human Midbrain
To analyze cytokine expression in a single-cell landscape, in
this study, we used our previously published snRNAseq dataset
from five IPD and six control postmortem midbrain tissues
(GSE157783). The normalization, sample integration and cell
clustering were performed using Seurat (version 3.1.5) in R 4.0.0.,
as described in Smajić et al. (2020).

The gene expression analysis was performed in neuronal
and microglial clusters derived from our snRNAseq dataset
(Smajić et al., 2020). For each of the two clusters, pseudobulk
populations were created by merging all cells in the cluster
from every individual in order to present the overall expression
of cytokines. Then, the expression was presented as a sum
of expressions of each individual cell and displayed in a
bar plot using “ggplot2” and “gg.gap” packages. The cytokine
expression in microglia was shown in both conditions using the
“DotPlot” function.
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Differentiation of Human iPSCs Into
Microglia
An IPD patient as well as an age- and gender-matched
control (both female, age: 68; IPD patient AAO: 60), who
donated skin biopsies for the study, gave written and informed
consent. Skin fibroblasts were reprogrammed into iPSCs
as previously described (Arias-Fuenzalida et al., 2017). The
study was approved by the Comité National d’Ethique de
Recherche Luxembourg (CNER, vote 201411/05 V1.3). iPSCs
were maintained in mTeSRTM1 complete medium (StemCell
Technologies). Microglia were differentiated from iPSCs
following an established protocol (van Wilgenburg et al., 2013;
Haenseler et al., 2017). In brief, embryoid bodies (EBs) were
generated from iPSCs in mTeSR Plus (STEMCELL Technologies)
supplemented with 50 ng/ml BMP-4 (Invitrogen), 50 ng/ml
VEGF (Invitrogen) and 20 ng/ml SCF (Miltenyi). On day 4,
EBs were transferred to a low attachment 6-well plate and were
replenished with fresh EB media. On day 7, the medium was
changed to X-VIVO 15 (Lonza) supplemented with 25 ng/ml IL-
3 (Invitrogen), 100 ng/ml M-CSF (Invitrogen), 2 mM Glutamax
(Gibco), 1% P/S (Gibco) and 0.055 mM β-mercaptoethanol
(Gibco) and the EBs were transferred to T75 flasks (factories).
These conditions promoted the generation of macrophage
precursors. The factories were kept in culture for up to 6–
8 months and macrophage precursors were harvested regularly.
Terminal differentiation was achieved by culturing macrophage
precursors in advanced DMEM/F12 supplemented with N2,
Glutamax, P/S, β-mercaptoethanol, 100 ng/ml IL-34 (Peprotech)
and 10 ng/ml GM-CSF (Peprotech). During all steps of the
differentiation, cells were incubated at 37◦C, 5% CO2.

Microglia Treatments
Microglia were seeded into 6-well plates at a density of
1× 10ˆ6 cells/well. Upon treatment with 100 ng/ml LPS (Thermo
Fisher Scientific 00-4976-93) for 3 h, cells were subjected to
protein and RNA extractions. For functional analyses, microglia
were seeded into 96-well glass-bottom plates at a density
of 25,000 cells/well. Cells were treated with 50,000 Zymosan
bioparticles (Thermo Fisher Scientific) per well for 45 min.
After, cells were subjected to fixation (described in more
detail below).

RNA Isolation and Quantitative PCR
RNA was isolated from microglia using the RNeasy RNA
isolation kit (Qiagen, 74106) following the manufacturer’s
instructions for direct RNA extraction from the plate. cDNA
was synthesized from 200 ng of RNA using the SuperScriptTM

III Reverse Transcriptase (Invitrogen, 18080044). Quantitative
PCR (qPCR) was performed using iQ SYBR Green (Biorad,
170-8885). The PCR reaction was run on a LightCycler 480
(Roche). The samples were denatured for 5 min at 95◦C.
Amplification ran over 45 cycles with a denaturation step of
10 s at 95◦C, primer annealing of 10 s at 60◦C, and elongation
of 10 s at 75◦C. The expression of IL1B, IL10, LRRK2, and
NLRP3 was normalized to the expression of the housekeeping
gene ACTB.

Western Blotting
Total protein from microglia cultures were extracted directly
from the plate, using ice cold RIPA buffer (Pierce) supplemented
with 1X Protease/phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific). The whole well was washed multiple times, on ice,
and the lysate suspension was transferred to an Eppendorf
tube and vortexed for 20 s followed by incubation on ice
for 20 min. The samples were centrifuged at 21,130 g for
20 min at 4◦C. The protein concentration of the cell lysates
was measured using a bicinchoninic acid assay using PierceTM

BCA protein kit (Thermo Fisher Scientific) following the
manufacturer’s instructions.

Cell lysates were denatured in a loading buffer at 95◦C for
5 min prior to loading on the gels. Proteins were then separated
on NuPAGE 4–12% Bis-Tris gels (Invitrogen) in NuPAGE
MES Running Buffer (NP0002) and transferred on a 0.2 µm
nitrocellulose membrane. Membranes were blocked with 5%
milk in TBS supplemented with Tween-20 (TBST, 10 mM Tris-
HCl, 150 mM NaCl, 0.1% Tween-20, pH 8.0) for 1 h at RT.
Thereafter, membranes were incubated overnight at 4◦C with
the following primary antibodies: 1:1,000 anti-NLRP3 (D4D8T,
Cell Signaling), 1:500 anti-LRRK2 (75–188, UC Davis), 1:10,000
anti-β-actin (A1978, Sigma). On the next day, membranes were
washed three times in TBST and incubated with the respective
secondary antibodies for 1 h at RT. Immunoreactivity was
detected by enhanced chemiluminescence reaction (ECL select
Western blotting detection reagent, GE Healthcare) or near-
infrared detection (Odyssey, Li-COR).

Immunocytochemistry and Image
Analysis
IPSCs and microglia were fixed in 4% PFA (Thermo Fisher
Scientific, Alfa Aesar J61899) for 15 min and washed twice with
PBS (Westburg, LO BE17-513F). The cells were permeabilized
and blocked in PBS containing 0.25% Triton X-100 and 1%
BSA for 1 h at RT followed by overnight incubation with
primary antibodies: anti-Nanog (3580S, Bioke), anti-Sox2 (sc-
365823, Santa Cruz), anti-Oct4 (ab19857, Abcam), anti-Iba1
(ab5076, Abcam), anti-P2RY12 (APR-020-F, Alomone labs).
On the next day, cells were washed and incubated with the
corresponding secondary antibodies. Thereafter, another three
washing steps with PBS were completed and Hoechst was used
as a counterstain at 0.1 mg/ml for 15 min in PBS. To mount
the cover slips onto slides, Prolong Antifade mounting media
(Thermo Fisher Scientific) was used. Acquisition of microglia
images was performed using a Zeiss LSM 710 and Yokogawa
CV8000 microscope, and images of iPSC were acquired with a
Zeiss Axio Imager M2. All acquired images were normalized for
secondary-only antibody control, to confirm specificity of the
signal observed.

For quantitative image analysis, custom code was
implemented using MATLAB 2020a, and computations
were performed using the High-Performance Computing (HPC)
infrastructure of the University of Luxembourg (Varrette et al.,
2014). Briefly, the “ZymosanAreaByIba1Area” is the ratio
between Zymosan positive pixels and Iba1 positive pixels per
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field of view. Furthermore, the mean abundance of Iba1 has been
quantified as ratio of Iba1 area per nuclei count. The underlying
MATLAB code is available upon request.

Statistics
All experiments carried out using iPSC-derived microglia
were performed with 3–4 biological replicates. The data was
normalized by the average of values per replicate. For statistical
analyses, GraphPad Prism software (version 9) was used. To
evaluate the presence of outliers, we used the ROUT test. Two-
way ANOVA was used for grouped values. Differences were
considered significant (∗) when p-values were below 0.05.

RESULTS

Idiopathic Postmortem Midbrain Tissue
Is Exhibiting Increased Cytokine Gene
Expression
Studies implicating inflammatory cytokines in PD have been
mostly conducted on neurotoxin and genetic animal models,
or by analyzing peripheral blood samples and CSF from PD
patients (Badanjak et al., 2021). To further confirm if these
findings are indeed occurring in the brain of IPD patients, we
analyzed available transcriptomic datasets. The transcriptomics
data of human IPD and control SN revealed a significant
increase in IL1B and IL10 expression in the patient tissue
(FDR = 0.023; FDR = 0.0067, respectively) (Figure 1A
and Supplementary Table 1). A recent study showed that
inflammation is not only mediated by microglia but can also
be observed in neurons from an IPD mouse model (Panicker
et al., 2020). In order to understand whether the detected
immune signatures in the human SN are also cell-type specific,
we examined our midbrain snRNAseq dataset to obtain an
insight into transcriptional changes with single-cell resolution.
We confirmed that the expression of cytokines is specific
to microglia (Figure 1B). Further analysis of the microglia
population revealed higher expression and a larger percentage of
expressing cells in IPD compared to control tissue (Figure 1C and
Supplementary Table 2).

Characterization of iPSC-Derived
Microglia Model
IPD patient and control microglia were generated using an
established protocol (van Wilgenburg et al., 2013; Haenseler et al.,
2017; Figure 2A). The available iPSC lines were characterized
by immunostaining with the stem cell markers Nanog, Sox2
and Oct4 (Figure 2B). Differentiation of iPSCs into microglia
was achieved with the addition of multiple factors throughout
the differentiation process (Figure 2A) to mimic microglia
development in the human embryo. The microglial identity
of cells was confirmed by positive expression of Iba1 and
purinergic receptor (P2RY12) (Figure 2C). Comparable Iba1
areas per nuclei suggest that the disease status of the investigated
lines did not have an impact on the differentiation procedure
(Figure 2D). Additionally, we wanted to functionally characterize
microglia cells by treating them with Zymosan bioparticles
and assessing their phagocytic ability. While both control and
IPD microglia were able to phagocyte the bioparticles, IPD
microglia had a higher capacity (mean: 0.02493, SD = 0.02472)
compared to control microglia (mean: 0.01606, SD = 0.01304;
ANOVA: ∗∗∗p = 0.0004). Furthermore, although the mean
phagocytic capacity after LPS treatment was not significantly
different between untreated and treated cells, IPD microglia had
a significantly higher uptake of Zymosan particles compared to
control cells upon addition of LPS (CTR/LPS mean: 0.01897,
SD = 0.01695; IPD/LPS mean: 0.02683, SD = 0.02835; ANOVA:
∗∗p= 0.0070) (Figure 3).

Upregulation of NOD-, LRR- and Pyrin
Domain-Containing Protein 3
Inflammasome Components in
Idiopathic Microglia
To test the transferability of our findings from postmortem
single-nuclei transcriptomics to live cells, we investigated the
gene expression of IL1B and IL10 in iPSC-derived IPD microglia.
Moreover, we quantified the mRNA and protein levels of
the NLRP3 inflammasome, the inflammatory pathway most
associated with chronic inflammation in PD. The priming step
in inflammasome assembly is frequently mimicked by LPS

FIGURE 1 | Cytokine expression in bulk RNA-seq and single-nuclei RNA-seq datasets. (A) Bulk analysis of SN tissue displays higher expression of IL1B and IL10 in
IPD (FDR = 0.023; FDR = 0.0067). (B) Single-nuclei analysis of the human midbrain shows that the overall expression of cytokines is higher in microglia (3903 cells)
than in neurons (5314 cells). (C) Cytokines are expressed in a large number of IPD and control microglia. Z-score-scaled average expression per cluster shows
higher levels in IPD compared to control microglia. “DotPlot” function (Seurat package) was used to visualize expression and percentage of cytokine-expressing
cells. ∗p < 0.05; ∗∗p < 0.01; IPD, idiopathic PD.
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FIGURE 2 | Characterization of cellular models used in the study. (A) Overview of the protocol used to derive microglia from iPSCs. (B) Immunostaining with Nanog,
Sox-2 and Oct-4, coupled with nuclear staining with Hoechst, confirmed the iPSC identity of our cells. Scale bar, 50 µm. (C) Terminally differentiated microglia were
confirmed to express the microglia-specific markers Iba1 and P2RY12. Scale bar, 30 µm. (D) Quantification of data from (C); no difference in Iba1 protein levels (Iba1
area was normalized for nuclei count); IPD, idiopathic PD; CTR, healthy control.

treatment (McKee and Coll, 2020). At baseline, IPD and control
microglia did not show significant differences (data not shown).
However, upon LPS treatment, the expression levels of IL1B
and IL10 increased significantly in both conditions compared

to the respective untreated cells (IL1B CTR/LPS fold mean:
1.558, SD = 0.117; ANOVA: ∗∗p = 0.0098; IPD/LPS fold mean:
3.880, SD = 0.323; ANOVA: ∗∗∗∗p < 0.0001; IL10 CTR/LPS fold
mean: 3.409, SD = 0.342, ANOVA: ∗∗∗∗p < 0.0001; IPD/LPS
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FIGURE 3 | Functional assessment of iPSC-derived microglia. (A) Representative immunostaining showing the functional ability of cultured control and IPD microglia
treated with Zymosan bioparticles. Scale bar, 50 µm. (B) Quantification of data from (A); IPD microglia have higher phagocytic capacity (Zymosan area was
normalized for Iba1 area) compared to control cells. ∗∗p < 0.01; ∗∗∗p < 0.001; IPD, idiopathic PD; CTRL, healthy control.

fold mean: 7.717, SD = 0.530, ANOVA: ∗∗∗∗p < 0.0001). When
comparing the treatment response between both conditions, IPD
microglia showed significantly higher IL1B and IL10 expressions
fold changes compared to control cells (IL1B LPS mean: 2.719,
SD = 1.642; ANOVA: ∗∗∗∗p < 0.0001; IL10 LPS mean: 5.563,
SD = 3.047, ANOVA: ∗∗∗∗p < 0.0001). Additionally, when
investigating NLRP3 expression, only IPD microglia showed
a significant upregulation upon LPS treatment, compared to

both untreated IPD cells (NLRP3 IPD/LPS fold mean: 3.984,
SD= 0.250; ANOVA: ∗∗∗∗p < 0.0001) and to LPS-treated healthy
microglia (NLRP3 LPS mean: 2.627, SD = 1.918; ANOVA:
∗∗∗∗p < 0.0001) (Figure 4A).

Furthermore, NLRP3 protein levels corroborated the gene
expression results. Again, both control and IPD microglia had
significantly higher NLRP3 protein levels upon LPS addition
compared to their respective basal levels (CTR/LPS fold mean:
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FIGURE 4 | Inflammatory phenotype and LRRK2 levels in iPSC-derived microglia. (A) IL1B and IL10 gene expression (normalized to ACTB) in control and IPD
microglia; a quantitative PCR showed higher gene expressions of IL1B and IL10 in IPD compared to control cells upon priming with LPS (100 ng/ml). Values are
represented as fold changes of untreated cells. (B) NLRP3 mRNA and protein levels (normalized to ACTB and β-actin, respectively) are increased in IPD microglia
compared to control cells upon priming with LPS (100 ng/ml). Values are represented as fold change of untreated cells. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗∗p < 0.0001; IPD,
idiopathic PD, NLRP3, NOD-, LRR-, and pyrin domain-containing protein 3.

1.866, SD = 0.254; IPD/LPS fold mean: 2.231, SD = 0.115;
ANOVA: ∗∗∗∗p < 0.0001). However, when comparing across
conditions, IPD microglia showed a significant upregulation
compared to treated control glia (LPS mean: 2.048, SD = 0.2585;
ANOVA: ∗p= 0.0416) (Figure 4B).

Downregulation of Leucine-Rich Repeat
Kinase 2 Upon Lipopolysaccharide
Treatment in Idiopathic Microglia
Leucine-rich repeat kinase 2 (LRRK2) is a protein implicated
in both the idiopathic and genetic forms of PD. It is highly
expressed in cells of the immune system and associated
with immune disorders (Van Limbergen et al., 2009; Umeno
et al., 2011) as well as infectious diseases (Zhang et al.,
2009; Weindel et al., 2020). Its pathogenic effects have been
extensively studied in the context of LRRK2-PD and in some
instances in IPD. Basal levels of LRRK2 expression were
significantly downregulated in IPD microglia (CTR mean:
1.355, SD = 0.136; IPD mean: 0.929, SD = 0.244; ANOVA:
∗p = 0.0226), while control cells had significantly lower
expression upon LPS treatment (CTR mean: 1.355, SD = 0.136;
CTR/LPS mean: 0.915, SD = 0.178; ANOVA: ∗p = 0.0186)
(Figure 5A). Furthermore, we investigated LRRK2 protein
levels in our iPSC-derived microglia and saw a non-significant
downregulation in untreated IPD microglia compared to controls
(CTR mean: 1.332, SD = 0.257; IPD mean: 0.615, SD = 0.425;
ANOVA: p = 0.0593). Moreover, after stimulating the cells
with LPS, IPD microglia had significantly less LRRK2 protein
compared to LPS-treated control glia (CTR/LPS mean: 1.649,
SD = 0.391; IPD/LPS mean: 0.402, SD = 0.215; ANOVA:
∗∗p= 0.0036) (Figure 5B).

DISCUSSION

Although the majority of PD cases suffer from the idiopathic form
of the movement disorder, the cause of neurodegeneration in
these individuals has not been extensively investigated. Genome
wide association studies (GWAS) identified over 40 PD risk loci,
the majority of which overlaps with known autosomal dominant
PD genes, most notably SNCA and LRRK2, while other studies
revealed the presence of heterozygous variants in autosomal
recessively inherited PD genes (Simón-Sánchez et al., 2009; Nalls
et al., 2014; Zeng et al., 2018; Germer et al., 2019; Lai et al., 2020).
The main difficulty scientists are facing when studying IPD is the
heterogeneous nature of the disease, which is further exacerbated
by a plethora of environmental and epigenetic influences.

Inflammation has been considered a hallmark of PD since
the late 1980’s, when an upregulation of reactive microglia
was first seen in patient brain tissue samples (McGeer et al.,
1988). Positron emission tomography (PET) imaging dyes, which
allow visualizing activated microglia in vivo over time, have
been tested as biomarkers for disease progression (Gerhard
et al., 2006; Terada et al., 2016; Roussakis and Piccini, 2018).
Unfortunately, however, the findings from PET studies have
not been successfully transferred to the clinic and the exact
molecular mechanisms triggering neuroinflammation in PD
currently remain elusive.

Thus, in this study, we investigated patient-derived microglia
to explore the inflammatory component of IPD. First, we
made use of publicly available transcriptomic data from
nigral postmortem tissue to assess the expression of different
cytokines in IPD patients compared to age-matched controls.
Previous reports established certain secreted cytokines as reliable
biomarkers in serum and plasma of PD patients, among them
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FIGURE 5 | LRRK2 levels in iPSC-derived microglia. (A) IPD microglia have a significant decrease of LRRK2 expression at basal level (normalized to ACTB). (B) IPD
microglia show a significant downregulation of total LRRK2 protein levels (normalized to β-actin) compared to control cells upon LPS treatment only. ∗p < 0.05;
∗∗p < 0.01; IPD, idiopathic PD; LRRK2, Leucine-rich repeat kinase 2.

IL-1β, IL-18, IL-6, IL-10, IL-8, TNF-α (Nagatsu et al., 2000;
Brodacki et al., 2008; Qin et al., 2016). In line with these
studies, our meta-analysis of published brain SNpc case-control
transcriptomics datasets indicated elevated levels of IL10 and
IL1B in IPD patients.

To explore the cellular origin of this upregulation in IPD, we
made use of our previously generated snRNAseq dataset from
midbrain IPD and control tissue. Multiple cytokines, including
IL10 and IL1B, were predominantly expressed in microglia. This
is in accordance with microglia acting as the main player of the
immune system in the CNS. Moreover, in the same published
dataset, we observed an increase in the microglia number as
well as morphological alterations, indicative of an activated state,
in IPD patients (Smajić et al., 2020). Next, to corroborate our
findings from homogenized SN tissue, we investigated whether
any of the aforementioned cytokines show an IPD-specific
expression pattern in microglia. While we observed an increase
in the expression of all investigated candidates in the patient
compared to control cells, the levels of IL10, IL18, and IL1B were
the most abundant.

Albeit informative, these postmortem results may be
confounded by the fact that they only represent the molecular
situation during the latest stage of the disease. Thus, to study
inflammatory phenotypes and pathways in an in vitro IPD
model, we differentiated microglia from control and patient-
derived iPSCs using a published protocol (van Wilgenburg et al.,
2013; Haenseler et al., 2017). While cultured IPD microglia did
not show altered morphology (data not shown), we observed
elevated phagocytosis in these cells indicative of overactive
immune function. Phagocytosis is an integral part of microglial
homeostatic function, and is not only involved in the recognition
of self and non-self threats, but also in the engulfment of synaptic
elements and the pruning process. Furthermore, enhanced and
uncontrolled clearance is contributing to synaptic degeneration.
Indeed, multiple PD studies showed loss of presynaptic terminals
and synaptic changes in PD patient compared to control brains
(Delva et al., 2020; Matuskey et al., 2020). It is also worth noting
that disrupting the phagocytic ability of mouse glia was sufficient
to rescue the neuronal degeneration phenotype observed in
these animals after LPS injection (Bodea et al., 2014). Since we
observed the differences in phagocytosis already at basal level,
one may speculate that the genetic background in IPD glia

contributes to the development of the disease. However, it is
still unclear whether overactive, defective or perturbed uptake
triggers PD pathogenesis (Janda et al., 2018).

To further validate our findings from postmortem tissue,
we analyzed different inflammasome components in the iPSC-
derived microglia cultures. IPD microglia were more reactive
after priming with LPS, as indicated by enhanced expressions
of IL1B and IL10, and higher mRNA and protein levels of
NLRP3 compared to treated control cells. Higher levels of IL1B
and NLRP3 in IPD microglia indicate a stronger priming step,
which is necessary for downstream inflammasome activation
and immune response. While we are the first to show NLRP3
dysregulation in iPSC-derived IPD microglia, our results are in
agreement with findings from genetic PD models. Specifically,
α-synuclein fibrils were shown to induce NLRP3 activation, and
loss of the PD-associated protein Parkin triggered the release
of mitoDAMPs into the cytosol, which in turn activated the
NLRP3 inflammasome in mice (Zhong et al., 2016; Gordon
et al., 2018; Ji et al., 2020; Pike et al., 2021). Moreover, NLRP3
was shown to regulate IL10 levels in mice macrophages, with
IL10 production being decreased in NLRP3−/− mice (Gurung
et al., 2015; Kobayashi et al., 2016). This is consistent with our
observation of IL10 and NLRP3 co-regulation. In line with a
biomarker study in serum, IPD patients had higher levels of
IL-10 compared to healthy individuals (Rentzos et al., 2009).
Furthermore, while the relationship of IL-1β and IL-10 has
not been extensively studied in the context of PD, there are
reports showing that, under inflammatory conditions, IL-10
selectively inhibits the release of IL-1β (Sun et al., 2019). Patient-
derived microglia will be a useful model to explore the molecular
mechanisms linking IL-10 and IL-1β in PD in more detail.

Further of interest with regard to inflammation in genetic but
also IPD is the kinase LRRK2. Affected individuals harboring
mutations in LRRK2 closely mirror the clinical picture of IPD
patients (Tolosa et al., 2020) with kinase activity dysregulation
being a shared feature of both forms of the disease. Due to its
high abundance in immune cells, researchers have speculated
that LRRK2 may be crucially involved in the regulation of
neuroinflammatory processes (Gardet et al., 2010; Di Maio
et al., 2018; Fyfe, 2018). Studies investigating LRRK2 expression
in IPD brain tissue showed a significant downregulation in
dopaminergic neurons, which may contribute to the pathology
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of the movement disorder (Simunovic et al., 2009; Sharma et al.,
2011; Yılmazer et al., 2021). In agreement with these reports,
we detected significantly reduced LRRK2 expression and a trend
toward lower LRRK2 protein abundance in IPD patient microglia
at baseline. Inflammatory insults exacerbated this phenotype,
leading to a further reduction in LRRK2 protein levels in the IPD
patient-derived cells. However, the exact pathways connecting
LRRK2 downregulation to microglia dysfunction in IPD warrant
further investigation.

Taken together, inspired by published biomarker studies, we
investigated inflammatory phenotypes in different models of IPD.
In both, nigral and midbrain RNAseq datasets, we observed a
disease-specific upregulation of IL10 and IL1B. Furthermore,
from our postmortem single-cell results, we derived that this
overexpression predominantly stems from microglia. Next, to
test whether we could reproduce this phenotype in a dish,
we generated iPSC-derived IPD microglia. Further implicating
IL10 and IL1B, in IPD, the expression of these cytokines
was also enhanced in patient microglia upon LPS treatment.
Finally, we identified an upregulation of NLRP3 on RNA and
protein level, corroborating our findings concerning IL10 and
IL1B. However, in light of the variability of sporadic PD, our
results from a small sample may only be representative for
a subset of IPD cases, warranting validation studies in larger
cohorts. Moreover, while our study highlights the relevance of
microglia in IPD, further experiments will be needed to decipher
the exact pathways triggering neuroinflammation in sporadic
PD patients.
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Supplementary Table 1. Gene expression analysis of human IPD and control SN 
transcriptome. 
 

Gene 
symbol 

Z-score FDR 

IL1B 2.273739646 0.022981645 

IL6 -0.293008563 0.769515607 

IL10 2.710259928 0.00672305 

IL18 1.512416069 0.13042805 

IL8 1.290107048 0.197013493 

TNF -0.37382918 0.708531408 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Manuscript VI 297



Supplementary Table 2. Gene expression analysis in IPD and control microglia of the 
human midbrain single-cell transcriptome. 
 

Gene symbol Average expression Percent expressed cluster_id 

IL1B 0.325002368 5.55967383 Microglia_IPD 

IL6 0.003882633 0.11119348 Microglia_IPD 

IL18 3.170897328 63.45441067 Microglia_IPD 

TNF 0.011861339 0.48183840 Microglia_IPD 

IL10 0.015103408 0.70422535 Microglia_IPD 

IL8 0.014423550 0.29651594 Microglia_IPD 

IL1B 0.306312685 2.98755187 Microglia_Control 

IL6 0.002964900 0.08298755 Microglia_Control 

IL18 3.089786862 59.33609959 Microglia_Control 

TNF 0.000000000 0.00000000 Microglia_Control 

IL10 0.007378525  0.24896266 Microglia_Control 

IL8 0.002578054 0.08298755 Microglia_Control 
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Abstract: With the world’s population ageing, the incidence of Parkinson’s disease (PD) is on
the rise. In recent years, inflammatory processes have emerged as prominent contributors to the
pathology of PD. There is great evidence that microglia have a significant neuroprotective role, and
that impaired and over activated microglial phenotypes are present in brains of PD patients. Thereby,
PD progression is potentially driven by a vicious cycle between dying neurons and microglia through
the instigation of oxidative stress, mitophagy and autophagy dysfunctions, a-synuclein accumulation,
and pro-inflammatory cytokine release. Hence, investigating the involvement of microglia is of great
importance for future research and treatment of PD. The purpose of this review is to highlight recent
findings concerning the microglia-neuronal interplay in PD with a focus on human postmortem
immunohistochemistry and single-cell studies, their relation to animal and iPSC-derived models,
newly emerging technologies, and the resulting potential of new anti-inflammatory therapies for PD.

Keywords: neuroinflammation; microglia; brain; neurodegeneration; animal models; iPSC; Parkin-
son’s disease

1. Introduction
1.1. Parkinson’s Disease

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders
with prevalence of around 1% in people aged above 65 years [1]. It is caused by a chronic
and progressive loss of dopaminergic neurons in the substantia nigra (SN) pars compacta
(pc) [2]. Despite great advances in research, it is still an elusive field of medical science,
with around 10% of all cases being of genetic and others of idiopathic origin [3]. Genetic
forms of PD include mutations in 23 loci, some of which have been studied intensely in the
past two decades: LRRK2 (PARK8), SNCA (PARK1), PRKN (PARK2), PINK-1 (PARK6), and
DJ-1 (PARK7) [4,5]. Age is considered a major risk factor for the development of PD [6,7].
However, in addition, the genetic predisposition and exposure to environmental factors
contribute to pathogenesis, making PD an age-related multifactorial disease. Environ-
mental factors such as herbicides or pesticides can induce oxidative stress, DNA damage,
and neuronal cell death [8]. The demise of dopaminergic neurons leads to lower levels
of dopamine that is released into the striatum and thus, with progression of the disease,
patients endure characteristic motor symptoms (tremor, rigidity, bradykinesia), cognitive
decline (dementia) and even psychiatric signs (depression, apathy, anxiety) coupled with
constipation and sleep disturbances [1,9,10].

A first clue to what might be the underlying mechanism of parkinsonism symptoms
came unexpectedly in 1982 from a group of drug addicts who, after injection of a synthetic
heroin, began experiencing symptoms commonly seen in PD patients. The drug was found
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to be 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPTP, when transformed into
its ion 1-methyl-4-phenylpyridinium (MPP+), acts as a highly potent initiator of neuronal
cell death through inhibition of complex 1 of the respiratory chain machinery in mitochon-
dria [11,12]. Besides the demise of dopaminergic neurons and mitochondrial dysfunction,
other molecular pathologies have been linked to PD since the late 20th century. They
include aggregation of α-synuclein, formation of α-synuclein-containing Lewy bodies and
neurites, somatic mtDNA alterations, autophagy dysfunction, and activation of microglia
cells [13–17].

As of today, most common therapies are purely symptomatic, and they usually include
substitution of dopamine by administering the drug Levodopa. Current treatments also
have their drawbacks: 1. they only relieve some of the symptoms; 2. they do not slow
the progression of the disease; 3. they have limited long-term efficacy. Therefore, PD
researchers have turned their focus on how to diagnose the disease during its early phases.
Motor symptoms occur at a rather late stage of the disease—only after 50% of dopaminergic
neurons have been lost, patients experience impaired movement [18]. Thus, there is hope
that with the discovery of early-stage biomarkers, we will be able to target molecular
impairments and inflammatory phenotypes during the prodromal phase of the disease,
thereby preventing the worst motor symptoms [19]. Among others, promising biomarkers
would be indicators of inflammation, cytokines and chemokines, released by microglia into
the extracellular space.

1.2. Microglia

Microglia are immune cells of the brain, representing the neural tissue’s defense
system [20]. Microglia cells were first discovered more than 100 years ago by Pío Del
Río Hortega, using a silver carbonate staining method which allowed identifying them in
brain tissue samples. He called microglia “the true third element” in addition to neurons
and astrocytes [21]. He described microglia as a heterogeneous cell type with various
morphologies ranging from highly ramified to ameboid shaped cells providing a first
indication for the existence of microglia sub-populations [22].

During fetal development, microglia migrate from the yolk sac as primitive macrophages
to the central nervous system’s (CNS) neuroepithelium. In the CNS, they constitute up to 12%
of all cells, and their density changes depending on the brain region [23]. Early studies in
mice showed that bone-marrow-derived hematopoietic cells move to the CNS, where they
differentiate into microglia-like cells. Accordingly, microglia cannot be replenished from the
internal CNS pool but peripheral cells need to be recruited to maintain a sufficient number of
microglia [24]. By contrast, these studies employed whole-body irradiation techniques, which
led to impaired blood-brain barrier (BBB) integrity, giving rise to peripheral cell entry. With
innovative conditional cell depletion techniques, it was recently shown that microglia have the
ability to self-renew, and that interleukin-1 (IL-1) signaling is enabling this process [25]. Just
like the abundance of microglia is region-specific, microglial morphology varies from brain
area to brain area. In a resting state, microglia survey the brain microenvironment and show
ramified morphology. Surveillance encompasses multiple functions: clearance of accumulated
or deteriorated neuronal and tissue elements, dynamic interaction with neurons whilst
regulating the synaptic pruning process, and maintaining overall brain homeostasis [26,27].
Once activated upon brain damage and certain host or non-host stimuli, microglia are quickly
undergoing a morphology change into an ameboid-like form, coupled with the release of
inflammatory molecules, cytokines and chemokines. With regard to their activation, microglia
are commonly divided into two classes: M1 (pro-inflammatory) or M2 (anti-inflammatory).
Even though, by now, it is known that the states of activation are much more heterogeneous
and diverse.

New approaches are being developed to determine sub-populations of microglia,
mostly through single-cell gene expression studies and by determining fine morphological
differences using computational methods [28–30]. With age, microglia tend to express more
IL-1β and they become more phagocytic in nature compared to microglia from younger
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brains [31–33]. These phenotypic changes over time can influence their ability to function
normally and attain the neuronal homeostasis and support. Eventually, an accumulation
of non-functional, senescent microglia could contribute to irreversible and progressive
neurodegeneration in PD.

2. Human Post-Mortem Tissue Studies

The first neuropathological evidence suggesting an involvement of microglia in PD
was published in 1988 [14]. Compared to age-matched non-neurologic cases, the authors
observed an enrichment of reactive microglia in post-mortem SN samples from PD patients
characterized by the activation of human major histocompatibility class II (MHC2) proteins
which function in antigen presentation and inflammatory signalling. While these MHC2-
positive cells covered the whole range of microglia morphologies, the reactive ameboid
shape was strongly enriched indicating the association with a neuropathological activity.

A more recent study confirmed these observations in post-mortem SN tissue of
PD patients and additionally described MHC2-positive microglia in the putamen, trans-
entorhinal cortex, cingulate cortex and the temporal cortex of these individuals [34]. Fur-
ther analysis in PD post-mortem brain tissue also revealed a correlation between ameboid
shaped microglia appearance and α-synuclein pathology in the SN and the hippocampus
(HPC), as well as a SN-specific Toll-like receptor 2 upregulation in these MHC2-positive
microglia. Altogether, this work implicated a region-dependent and possibly disease
stage-dependent microglia heterogeneity in PD [34].

To complement these morphology-based analyses of microglia heterogeneity on the
transcriptional level, single-cell laser capture microscopy was applied to microglia in post-
mortem PD brains [35]. This approach allowed exclusively collecting microglia, thereby
creating an advantage over common bulk RNA analyses of brain homogenates, which are
either contaminated by other cell types or exhibit sorting-induced skewed RNA profiles.
The single-cell study revealed that the transcriptional profiles of microglia differ between
brain regions (SN, HPC) in both control subjects and PD patients. PD samples exhibited
unique active pathways compared to controls, including inflammation-related aldosterone
and reactive oxygen species metabolism. A comparison of isolated microglia from the HPC
or the SN in PD samples showed that biological pathways linked to behavior, regulation of
transport and synaptic transmission were among the most differentially regulated ones.
Thus, this study was the first to demonstrate microglia transcriptional heterogeneity when
comparing different brain regions from control subjects and PD patients.

During the last decade, high-throughput techniques for single-cell RNA sequencing
(scRNAseq) have been developed, which have revolutionized our capability to decipher
cellular heterogeneity at the transcriptional level. Most of these high-throughput methods
rely on the dissociation of the sample into individual cells and can therefore mainly be
applied to cultured cells, frozen tissue from young animals or fresh tissue.

A comprehensive cross-species single-cell microglia transcriptomic analysis in brain
tissue confirmed the existence of different microglia transcriptional subpopulations in
animals and humans. In addition, the study revealed that human microglia heterogeneity
is more complex in humans than any of the tested animal species. Especially microglia
pathways suspected to be implicated in neurodegenerative diseases such as the complement
system and phagocytosis, as well as PD risk factors are more profoundly expressed in
humans compared to rodents as the typical animal model [36].

To circumvent dissociation issues with more mature and solid samples, the RNA
sequencing methodology was adapted to single-nuclei (sn). snRNAseq does not rely on
intact cells but intact individual cell nuclei. This approach is applicable to frozen human
post-mortem brain tissue, the most accessible sample type provided by biobanks (in light
of the general unavailability of fresh brain tissue samples from living patients).

One of the first snRNAseq studies of human cortical and nigral tissue was performed
by Agarwal and colleagues [37]. They created a single-cell atlas based on healthy control
tissue. Their analysis indicated an enrichment in PD risks variants in neurons. By contrast,
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they reported no such association in microglia. On the one hand, the lack of PD risk
association in microglia may be due to reduced sensitivity of snRNAseq compared to
scRNAseq [38] that suggests that snRNAseq might not be ideal to recover microglial states
in human tissue. On the other hand, it is possible that exclusively employing control brain
samples may mask PD associations in certain cell types. This hypothesis is supported by
our own results. Applying snRNAseq analysis to frozen post-mortem midbrain tissue
from idiopathic PD patients and controls, we identified a disease-specific upregulation
of microglia [39]. In PD patients, activated microglia split into two activation branches;
one with GPNMB-high microglia and the other with IL-1β-high microglia. Moreover,
employing immunofluorescence and quantitative imaging analyses, we showed that the
increase in microglia abundance is restricted to the PD nigra. Additional morphological
analyses confirmed that PD patient microglia are more amoeboid supporting cell activation
in the SN [39]. Contrary to the findings by Agarwal et al., we observed a significant PD risk
variant enrichment in microglia and neurons when focusing on patient midbrain sections.
For example, variants in LRRK2 were highly associated with PD in microglia, which is in
accordance with previous research [40].

Overall, very few sc- or snRNAseq datasets from post-mortem brain tissue from PD
patients have been published so far, certainly due to the only very recent availability of
advanced RNAseq techniques (Table 1). This low number of studies, which typically
include only few samples, also does not yet allow for a definitive conclusion about the
exact relevance of microglia transcriptional heterogeneity but strongly suggest a functional
role of microglia in PD.

Based on the above-mentioned studies, human microglia are considerably more
heterogeneous in terms of morphology and transcriptomics when comparing different
brain regions than rodents and possibly show disease-specific signatures. These findings
highlight the need for further in-depth studies in human tissue to characterize the role of
microglia heterogeneity in PD. Beyond human postmortem brain tissue, also the application
of single-cell technologies to iPSC-derived patient models may be useful to further elucidate
microglia functions and mechanisms in PD (see Section 4.2 for information on this topic).
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Table 1. Overview of human single cell and single nuclei studies.

Reference Condition Samples Brain Region Gender Age (Years) Tissue State Method Analyzed Microglia Major Outcomes

Mastroeni
et al. 2018 [35]

Age-matched
control subjects
(absence of PD

pathology),
PD patients

Controls:
n = 6,

PD patients:
n = 6

SN, HPC (CA1) All M

controls:
73.6 ± 6

PD patients:
74.6 ± 15.6

Post-mortem
frozen unfixed

RT-PCR of
immunolabeled

(LN3)
laser-captured
microdissected

microglia

Control SN n = 3600
microglia cells,

control CA1 n = 3600
microglia cells, PD SN

n = 3600 microglia
cells,

PD CA1 n = 3600
microglia cells

Regional heterogeneity
(inter- and

intra-condition),
PD-specific active

pathways including
inflammation-related

aldosterone and reactive
oxygen species

metabolism

Geirsdottir
et al. 2019 [36]

Control subjects
(absence of

neuropathol-
ogy)

controls:
n = 6 Various 3 F, 3 M 9–55

Fresh
(surgically
removed

excess tissue
surrounding

epileptic focal)

scRNAseq
(MARS-seq2.0)

n = 1069
microglia cells

Complex human
microglia heterogeneity,

Neurodegeneration-
linked pathways and PD

risk factors most
profoundly expressed in

human microglia

Agarwal et al.
2020 [37]

Age-matched
control subjects
(no neurological

disease)

Controls:
n = 5

Cortex (middle
frontal gyrus),

SN (central
portion at the

level of the third
nerve

encompassing
both ventral and

dorsal tiers)

Cortex:
1 F, 3 M;

SN: 2 F, 4M
55–70 Post-mortem

frozen unfixed

snRNAseq (10X
Genomics
Chromium

Single Cell Kit
[v2 chemistry])

Cortex n = 500
microglia nuclei,

SN n = 325
microglia nuclei

PD risk variants in
neurons but not in

microglia

Smajic et al.
2021 [39]

Age-matched
control subjects,
idiopathic PD

patients

Controls:
n = 6,

PD patients:
n = 5

Midbrain
Control: 1 F,

5 M;
PD: 1 F, 4 M

Controls:
65–95;

PD patients:
65–85

Post-mortem
frozen unfixed

snRNAseq (10X
Genomics

Chromium Next
GEM Single Cell

3′ Kit v3.1)

n = 3903
microglia nuclei

Disease-specific
upregulation of microglia,

into two branches:
GPNMB-high resp.

IL-1β-high microglia
PD risk variants

enrichment in neurons
and microglia
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3. (Neuro) Inflammation in PD

With a high degree of neuroplasticity and with low capacity to self-regenerate, the
brain is especially sensitive to outer stimuli and injury. In addition, being protected by a
blood-brain and blood-cerebrospinal fluid barrier, the brain was considered an “immune-
privileged” organ. By contrast, in the last decade, this perception has been challenged and
studies have changed our understanding of the immune response in the brain.

Inflammatory processes are considered to be a “double-edged sword”: on the one
hand, they help to clear out toxins and unwanted pathogens, while on the other hand, they
promote cytotoxicity and neurodegeneration. Several studies suggested mechanisms of
immune response and how they can influence neuronal cell death in PD. Already by the
end of the 20th century, cytokines and complement proteins, which are components of the
innate immune system, were found to be upregulated in brain, cerebrospinal fluid (CSF)
and sera of PD patients [41]. Specifically, TNFα, Il-1β and IL6 were discussed as possible
PD biomarkers [42–45]. In addition, Mount and colleagues showed a rise of IFN-γ plasma
levels in PD patients compared to healthy controls [46]. Interestingly, the concentration
of these markers in peripheral tissues might depend on PD severity and progression.
Higher levels of TNFα in serum were characteristic of PD patients with more severe
clinical features of impaired cognition, depression, sleep disturbances and fatigue [47,48].
As those studies identified that some of the prodromal symptoms are coupled with an
underlying inflammatory response, the question arises whether inflammation really is only
a consequence, rather than an active contributor to neurodegeneration.

The adaptive immune response has also been associated with neuropathological
features of PD and, initially, the importance of microglial Fcγ receptor was studied. Im-
munoglobulins from PD patients activated Fcγ receptor positive (Fcγ R+/+) microglia cells
in mice, which further promoted dopaminergic neuron cell death, while Fcγ R-/- microglia
are not activated and no neuronal loss is detected [49]. There are a number of candidates in
PD pathology capable of eliciting immune response and in vitro studies are focusing on
components released by dying neurons. Significantly increased levels of autoantibodies
were found against neuronal cells, brain lysate, and dsDNA accompanied with significantly
higher titers of all three in sera of PD patients compared to healthy individuals [50]. Cor-
roborating this, some studies focused on investigating the amount of mitochondrial DNA
(mtDNA) in serum of PD patients. MtDNA, like some other mitochondrial compounds, is
considered a damage-associated molecular pattern (DAMP), triggering pro-inflammatory
signalling [51,52]. Our own biomarker study revealed higher serum levels of circulating
cell-free mtDNA in patients with mutations in PRKN or PINK1 compared to patients with
idiopathic PD (IPD) [45]. On another note, studies also showed PD patients having higher
autoantibody levels against α-synuclein in blood serum. Those differences highly correlate
with inheritance mode of the disease but not with other disease-associated factors, while
IPD cases were not significantly different from healthy controls [53]. A different study
also showed increased levels of antibodies towards monomeric α-synuclein in serum of
PD patients compared to controls, but ELISA responses reduced as PD progressed [54].
Neuromelanin is another neuronal component implicated in the disease. PD patients had
elevated levels of autoantibodies against melanin in sera samples. Interestingly, ELISA
absorbance response was significantly and negatively correlated with disease duration [55].

With regard to the adaptive immune system, studies investigating postmortem brain
samples found reactive CD4+ and CD8+ T cells in postmortem brain samples from PD
patients [56,57], suggesting a “porous” BBB and an impact of additional inflammatory
mechanisms on the CNS. Furthermore, in the periphery, PD patients have elevated numbers
of Th17 cells, which primarily produce IL-17. Interestingly, IL-17 was also found to have a
detrimental effect on dopaminergic neuron iPSC-derived autologous cultures [57]. Another
study, which explored peripheral immunity in PD, found a reduction in CD4+ T cells in
patients. In addition, these cells were observed to preferentially differentiate towards a
Th1-reactive state [58]. Recent PD research also showed differentially expressed genes
in peripheral blood mononuclear cells (PBMCs), with patients presenting an elevated
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abundance of CD49d+ Treg cells, which are known to suppress inflammatory processes [59].
When investigating the interaction of microglia and peripheral immune cells in PD, a
recent study in rats found an important role of infiltrating T cells. These cells induce a
microglial pro-inflammatory response to α-synuclein through upregulation of microglial
MHC-II. In turn, this cell-cell communication causes neuronal cell death [60]. Considering
the previously mentioned phenomenon of a “leaky” BBB in PD, the above-described
phenotypes might be a mere consequence of dysfunctional pathways in brain cells, which
release DAMPs into the periphery, causing an ongoing inflammatory loop. It is yet to be
investigated how peripheral and CNS immune regulation is achieved in PD. These studies
provide insights into the early immune response in PD and highlight novel targets for
immunotherapies, which are further discussed in Section 5.

4. Disease Modeling: Animal Models, Patient-Derived iPSC Models, and Cell-Based
3D Models and Platforms

Since the discovery of microglia cells more than 100 years ago, multiple models have
been designed to study inflammation in PD. Some of the most widely used models are
summarized in Figure 1. In next sections, we will summarize key studies performed in
animal and human patient-derived microglial model systems.
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4.1. Animal Models

PD animal studies may be either of genetic or neurotoxin nature. In vivo animal
models are an essential part of pre-clinical trials in drug development. They are highly
valuable when investigating the relevance of mutations, tissue pathology, motor symptoms
and behavioral patterns in many diseases [61]. In addition, although these models cannot
exhibit full neuropathological mechanisms, the progressive nature of PD and sometimes
even robust neurodegeneration, they have proven to be invaluable resources of knowledge
for researchers. Furthermore, in vitro models include primary microglia isolated from
mice or rats, and immortalized murine microglia cell lines like BV-2, which can be greatly
expanded and ultimately lead to reduction of animals used in studies. In the next section,
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we will briefly summarize the inflammatory phenotypes observed in in vivo and in vitro
models of PD.

4.1.1. Neurotoxin Model

Not long after the discovery that mitochondrial respiratory chain inhibition can induce
parkinsonism symptoms in healthy individuals, scientists around the world studied the
neurotoxic effects of such agents in invertebrate, vertebrate and non-human primates
model systems and immortalized cell lines. Among the most commonly used neurotoxins
is MPTP, while other studies have also investigated the impact of rotenone or paraquat.

One of the first studies performed in mice with MPTP-induced PD found a significant
increase in microglia numbers and altered/activated microglia morphology in the SN
early upon treatment, while dopaminergic neurons were depleted days after microglial
activation [62]. Furthermore, blocking microglia activation with minocycline (a tetracycline
compound with anti-inflammatory properties) after MPTP exposure not only prevented
IL-1β formation but also diminished the demise of dopaminergic neurons. Minocycline
treatment also reduced MPTP-induced iNOS activity, NADPH-oxidase (both enzymes
known for microglia-mediated neurotoxicity), and TNF-α production [63,64]. TNF-α
mRNA expression was upregulated in MPTP-treated mice compared to saline-treated ani-
mals. This increase preceded the loss of dopaminergic markers such as TH and dopamine,
suggesting the involvement of inflammatory pathways prior to neurodegeneration. In
addition, upon MPTP treatment, transgenic mice lacking TNF receptors did not exhibit
dopamine or dopaminergic neuron loss [65]. Of note, MPTP-treated macaques had in-
creased serum levels of IFN-γ and TNF-α compared to controls, even 5 years after neu-
rotoxin exposure. Monkeys with severe parkinsonism (displaying symptoms of rigidity
and a curved posture) showed significant dopaminergic neuronal loss, and activation of
microglia and astrocytes [66].

Using knockout (KO) mouse models, molecular mechanisms of IFN-γ and TNF-α
were further investigated. Upon MPTP treatment, IFN-γ KO mice had a completely res-
cued phenotype, while TNF-α KO mice had a minor activation of microglia, thus implying
a synergistic effect of TNF-α and IFN-γ signaling pathways [66]. IFN-γ was shown to
have a significant role in promoting neuronal cell loss after rotenone treatment, but only
in the presence of microglia. Treatment of dopaminergic neuron-microglia co-cultures
with rotenone revealed that cultures with wildtype but not IFN-γ receptor-deficient mi-
croglia had a significant loss of dopaminergic neurons [46]. In rats, rotenone together
with lipopolysaccharide (LPS) is initiating neurodegeneration through microglia-mediated
NADPH oxidase activation and release of ROS [67]. This NADPH activation was further
found to be a direct consequence of HMGB1 (high-mobility group box 1) release from
microglia and dying neurons upon ongoing LPS treatment, thereby propagating the detri-
mental inflammatory loop [68]. Although there have been reports that rotenone cannot
directly activate microglia cells [69], additional work confirmed that the activation process
is indeed mediated by p38-MAPK signaling [70].

4.1.2. SNCA

The aggregation of α-synuclein and formation of a-synuclein-containing Lewy bodies
and neurites have been established as hallmarks of PD pathology since the first immuno-
histochemistry analysis of SNpc tissue [13]. Duplication, triplication and point mutations
(A30P, A53T, E46K, H50Q, and G51D) in the SNCA gene cause an autosomal dominant
form of PD [71–76]. SNCA mouse models include α-synuclein treatments, overexpression
(OE) of human α-synuclein, and transgenic models with inserted human α-synuclein
point mutations. Aggregation and neurotoxicity of a-synuclein are subsequent events of
oxidative stress, genetic alterations and post-translational modifications like phosphoryla-
tion, nitration, ubiquitination and others [77]. Nitrated α-synuclein can activate not only
microglia, but also peripheral leukocytes, thus accelerating neurodegeneration [78,79]. Fur-
thermore, when released, a-synuclein can trigger microglia activation and an inflammatory
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response (Figure 2). In rat midbrain neuron-microglia co-cultures, extracellular α-synuclein
had a strong neurotoxic effect, which was mediated by an increase in ROS. Interestingly,
neurotoxicity was abolished when microglia were depleted [80]. When priming microglia
with α-synuclein injected into the SNpc, mice were more susceptible to environmental
insults [81]. This finding suggests a more intricate relationship between the CNS and the
peripheral immune response. In addition, both, treatment of primary mouse microglia
with α-synuclein and α-synuclein OE in mice, are known to give rise to microglial ROS,
TNF-α, IL-1β, COX2, iNOS [82,83]. Furthermore, α-synuclein exposure enhances the gene
expression of toll-like receptors (TLRs) as well as of adapters and transcription factors such
as MyD88 and NF-κB [84,85]. These results implicate α-synuclein as a damage-associated
molecular pattern (DAMP). In agreement with this hypothesis, the activation of TLRs
was found to be temporally and regionally induced after α-synuclein treatment, with an
early response specifically in the nigrostriatal pathway [83]. Fibrils of α-synuclein but not
monomers, can activate the NLR family pyrin domain containing 3 (NLRP3) inflamma-
some, induce the production and release of IL-1β and cleaved caspase-1, and mediate the
release of ASC specks into the extracellular space. Pre-treatment of mice microglia with
the small-molecule NLRP3 inhibitor MCC950, ameliorated α-synuclein-mediated inflam-
mation [86,87]. With regard to point mutations in α-synuclein, some studies have shown
their greater potential to activate microglia compared to wildtype α-synuclein [88–90].
Treatments with mutated α-synuclein triggered diverse phenotypes of microglia activa-
tion (based on cellular morphology and pro-inflammatory cytokine expression). While
A53T-mutant α-synuclein has shown the strongest effect, wt and E46K had little to no effect
on microglia activation. In addition, A53T-mutant α-synuclein is implicated in the NF-
κB/AP-1/Nrf2 pathway, which can lead to higher cytokine expression and elevated ROS
levels (Figure 2) [88]. Together, these studies suggest a molecular link between α-synuclein
aggregation and neuroinflammation in PD.
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4.1.3. LRRK2

Mutations in the leucine rich repeat kinase 2 (LRRK2) gene are the most common cause of
PD, having been associated with up to 3% of idiopathic and 5–15% of all familial PD cases [91].
Pathogenic variants include R1441C and N1437H in the Ras-of-complex (ROC) domain,
Y1699C in the C-terminal of ROC (COR) domain, and G2019S and I2020T in the kinase
domain. Mutations in LRRK2 are autosomal dominantly inherited. The complex structure of
the protein with several active domains may be one reason why the function of LRRK2 is still
not fully understood. LRRK2 is predominantly expressed in immune cells (macrophages and
monocytes) of the CNS, certain peripheral tissues, and blood, which led to the hypothesis that
LRRK2 has its main function in innate immunity [92–94]. In this context, it is also important
to note that single nucleotide polymorphisms (SNPs) in LRRK2 have been associated with
higher susceptibility to bacterial infections and chronic inflammatory diseases such as Crohn’s
disease and leprosy [95–98]. Unlike other alterations in LRRK2, the most common mutation,
G2019S, is not completely penetrant, meaning that not all individuals harboring the single
nucleotide change will develop PD [99]. Thus, a “multiple-hit” model was suggested, where
a “second-hit” is required for the onset of PD in a G2019S mutation carrier. This model
is further corroborated by studies in transgenic LRRK2-mutant mice, which show little to
no neurodegeneration [100,101]. Upon stimulation of LRRK2 R1441G transgenic mice with
LPS, LRRK2 levels significantly increased [94]. Interestingly, although in primary microglia
LRRK2 protein levels were consistently elevated upon LPS stimulation, some studies showed
no upregulation at mRNA level, implicating complex post-translational modifications [102].
In addition, LPS-treated transgenic microglia released higher levels of pro-inflammatory
TNF-α, IL-1β and IL-6, and lower levels of anti-inflammatory IL-10. The same results were
obtained when studying the gene expression of these cytokines, indicating an upstream
role of LRRK2 in cytokine modulation. When assessing the neurotoxic effect of microglia-
derived molecules, conditioned medium from LPS-stimulated transgenic microglia caused
more severe neurodegeneration than medium from LPS-stimulated wildtype microglia [94].
Furthermore, the knockdown of LRRK2 (LRRK2-KD) almost completely abrogated microglial
pro-inflammatory phenotypes (with TNF-α, IL-1β and IL-6 being significantly reduced) in
LPS-treated microglia [103]. These findings in LRRK2-KD microglia were consistent with
results obtained after exposure of wildtype microglia to a small-molecule kinase inhibitor,
implicating both LRRK2 expression and kinase activity in the induction of pro-inflammatory
mechanisms (Figure 2) [102]. The activation of LRRK2 can be induced through TLR pathways
in a MyD88-dependent manner [104]. This finding further illustrates the connection between
the innate immune response and LRRK2 function in PD.

4.1.4. PRKN

Somatic mutations in the PRKN gene cause early-onset familial PD, and they are
inherited in an autosomal recessive manner [105]. PRKN codes for parkin, an E3 ubiq-
uitin ligase, and it is involved in the removal of damaged mitochondria, a process also
known as mitophagy [106]. Parkin mutations are rare, but have a strong “mitochondrial
phenotype” [107]. The frequency of PRKN mutation can reach up to 10–25% in early-onset
PD patients, suggesting a strong genetic role in the pathology of PD [108]. Although
inflammatory phenotypes in PRKN-associated PD have only recently became a research
focus, mitochondria have the potential to enable immune responses through several of
its components such as ROS, N-formyl peptides, cytochrome c, cardiolipin, and mtDNA,
mutually referred to as mito-DAMPs [109]. Deficiencies in both mitophagy and autophagy
pathways can lead to the release of these components into the cytosol and the activation
of the NLRP3 inflammasome [110,111]. In wt mice, the treatment with rotenone upon an
insult with LPS and ATP enabled mtDNA translocation into the cytosol, which, in turn,
contributed to the secretion of the pro-inflammatory cytokines IL-1β and IL-18 [111]. First
studies in parkin-/- mice could not conclude any differences in neurodegeneration between
wt and mutants, prior or even upon acute treatment with LPS. Only upon chronic LPS ad-
ministration, parkin-/- mice had SNpc dopaminergic neuron degeneration and fine-motor
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function deficits [112]. The protective role of parkin in immune cells has been reported
in multiple studies. Parkin-deficient macrophages had enhanced mtDNA release, mtROS
levels, and IL-1β extracellular release upon NLRP3 agonist (LPS and ATP) treatment.
Parkin can prevent the accumulation of damaged mitochondria. In Parkin-silenced cells,
a buildup of damaged mitochondria was observed upon LPS and ATP insult. The study
implicated NF-κB-p62 anti-inflammatory signaling, since parkin recruitment to mitochon-
dria is crucial for p62 tagging within the mitophagy/autophagy process [113]. In addition,
parkin is suspected to regulate the transcription of A20, an inhibitor of NF-κB-mediated
cytokine expression [114]. Surprisingly, another study found that LPS-treated microglia
and macrophages have reduced mRNA levels of PRKN and this was prevented by blocking
NF-κB signaling [115]. Thus, chronic neuroinflammation can phenocopy parkin depletion,
where anti-inflammatory pathways may not be enough to rescue the exacerbated inflamma-
tory phenotype. Furthermore, mtDNA can be detected by the cyclic GMP-AMP synthase
(cGAS)—stimulator of interferon genes (STING) pathway. A brief report showed higher
mtDNA release in Parkin-/- mice under exhaustive exercise. Moreover, Parkin-/- mice that
were crossed with mutator mice (that harbor a defective mtDNA proofreading polymerase)
had higher mtDNA release and production of pro-inflammatory cytokines. This increased
cytokine expression was abrogated upon STING deletion, implicating mtDNA release
and cGAS-STING signalling in the observed phenotypes (Figure 2) [44]. Finally, parkin
has the ability to prevent the presentation of mitochondrial antigens on the surface of im-
mune cells by inhibiting mitochondria-derived vesicles (MDVs), linking also autoimmune
mechanisms to PD [116].

4.1.5. DJ-1

Although DJ-1 was first described as an oncogene, mutations in this gene are associ-
ated with an early-onset PD. The inheritance of DJ-1 is autosomal recessive and mutations
are rare [107]. DJ-1 is expressed in cells with high-energy demand, and it can successfully
“buffer” oxidative stress through stabilization of nuclear factor erythroid-derived 2-like
2 (Nrf2) protein [117]. Its role in microglia and inflammatory pathways has not been
extensively studied since the focus has primarily been on its expression in dopaminergic
neurons, which are particularly energy-demanding cells. Nevertheless, together with its
antioxidant activity, some studies concluded DJ-1 has a major anti-inflammatory role in
the brain. DJ-1 KO mice had elevated basal levels of IFN-γ in SNpc compared to control
mice and this was aggravated after LPS administration [118]. In mouse microglia, DJ-1 can
prevent prolonged phosphorylation of signal-transducers and activators of transcription
(STAT1) proteins upon IFN-γ treatment by enabling the interaction between Src-homology
2 domain-containing 101 protein tyrosine phosphatase-1 (SHP-1) and STAT1. DJ-1 KO
microglia had elevated levels of nuclear p-STAT1, higher expression of COX-2, iNOS, and
TNF-α [119]. In addition, DJ-1-deficient microglia had increased mitochondrial activity,
which resulted in elevated ROS levels compared to control microglia and those were further
exacerbated upon LPS exposure. LPS-treated DJ-1-deficient microglia had higher levels of
nitric oxide (NO) and secreted cytokines but lower levels of anti-inflammatory triggering
receptor expressed on myeloid cells 2 (TREM2) protein [120]. Although the same group of
authors reported higher phagocytosis ability based on zymosan particle uptake, another
study showed reduced uptake of soluble α-synuclein in DJ-1 KD microglial cells [121].
α-synuclein could significantly increase the secretion of IL-1β, IL-6, and NO. Also, DJ-1
KD microglia had impaired degradation of p62 and LC3-II upon activation of autophagy.
Furthermore, control cells accumulated more α-synuclein upon inhibition of autophagy,
while this effect was observed to a lesser extent in DJ-1 KD microglia [121]. Additionally, an
extensive study found shared pathways between DJ-1 and NLRP3, which to some extent
explains the upregulation of pro-inflammatory cytokines (Figure 2). After MPTP treat-
ment, DJ-1 can suppress NLRP3 activity through upregulation of the antioxidant pathway
Nrf2/Trx1, while DJ-1-deficient cells could only be partially rescued by overexpression of
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Nrf2 [122]. More studies will be needed to further explore the link between DJ-1 regulation
of oxidative stress and neuroinflammation.

4.2. Human Induced Pluripotent Stem Cell (iPSC) Studies

Advancements in stem cell techniques had a significant impact on the quality of
research, especially in neuroscience, since patient material is hard to obtain and animal
models in the majority of cases do not fully mirror PD-associated neurodegeneration. Two
major classes of iPSC models can be distinguished: gene-modified (in which PD causing
mutations are either inserted or corrected) and patient-derived cells. The biggest advantage
of iPSC models, which also constitutes their biggest disadvantage, is the genetic back-
ground. The original genetic signature of a patient can, on the one hand, help to decipher
the potentially multifaceted molecular mechanisms underlying PD in this particular case,
while on the other hand, it may cause (functional) heterogeneity between different patient
lines. Further information on this topic can be found in a detailed review by Volpato and
colleagues [123]. Although, currently, PD studies employing iPSCs are mainly focusing on
neuronal differentiation protocols, in the next few paragraphs, we will briefly summarize
the available literature exploring iPSC-derived microglia and macrophages in the context
of PD.

4.2.1. SNCA

To our knowledge, only one study investigating SNCA-mutant iPSC-derived microglia
and/or macrophages has been published to date. Differences between control, A53T and
SNCA triplication macrophages were assessed. SNCA triplication cells had higher intra-
cellular levels and an increased release rate of α-synuclein compared to, both, A53T and
control cells. The CXCL1, IL-18, and IL-22 cytokine levels in the supernatant of SNCA
triplication macrophage cultures were significantly upregulated compared to all other in-
vestigated cultures. By contrast, there was no difference with regard to the levels of released
CCL17, IL-4, IL-6, IL-8, IL-10, and TNF-α between healthy and SNCA-mutant macrophages.
In addition, in SNCA triplication cells, the phagocytic ability was significantly reduced.
Further strengthening this result, treating control cells with monomeric α-synuclein had the
same impact. Accordingly, high levels of exogenous and endogenous α-synuclein severely
disrupt the functionality of iPSC-derived macrophages. The authors found differences with
regard to the uptake mechanisms of fibrillar and monomeric α-synuclein [124]. Finally,
a very recent study investigated the effect of an α-synuclein antibody on iPSC-derived
microglia. Surprisingly, misfolded α-synuclein bound to the antibody triggered inflamma-
tory signalling through the upregulation of the NLRP3 inflammasome [125]. This finding
calls into question ongoing clinical trials with antibodies against α-synuclein (see Section 5
for details).

4.2.2. LRRK2

As described in the previous sections, LRRK2 is highly abundant in immune cells.
Thus, iPSC-derived microglia and macrophages are used to explore the impact of LRRK2
mutations on immune signalling in PD. First research revealed that LRRK2 is involved
in the later stages of phagosome maturation. Furthermore, the localization of LRRK2 is
essential for the recruitment of Rab8 and Rab10 to phagosomes, which is mediated by
LRRK2 kinase activity. Moreover, it was confirmed that IFN-γ directly upregulates LRRK2
gene expression [126]. In another study, LRRK2 G2019S microglia showed increased motil-
ity compared to healthy control and LRRK2 KO microglia. This motility reached control
levels upon IFN-γ treatment. An assessment of the phagocytic ability showed that G2019S
microglia have an increased capacity to engulf fluorescent beads. In addition, LRRK2
G2019S microglia had reduced levels of nuclear NF-kB, upon treatment with both LPS
and IFN-γ, suggesting impaired inflammatory signaling mediated by this transcription
factor. Moreover, when the supernatant from LPS-treated G2019S microglia was added
to control or G2019S iPSC-derived neurons a shortening of the neurite length was ob-
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served [127]. Conversely, a study investigating the motility of iPSC-derived monocytes
found that G2019S knock-in cells were less motile than wild type cells [128]. In light of
opposing findings in microglia, this suggests a cell-type specific impact of the G2019S
mutation in LRRK2.

4.3. Human Cell-Based 3D Models and Platforms

On the one hand, the complex tissue organization in the brain makes cell-cell communi-
cation and interactions difficult to study in in vivo models. On the other hand, in vitro models
do not cover the full scope of signalling between all types of brain cells. However, thanks to
the development of iPSC-derived co-culture systems, it is now possible to investigate the role
of non-neuronal cells in neurodegeneration at least to some degree. Excitingly, 3D cultures,
such as brain organoids and brain spheres, have recently emerged as highly valuable tools
to model multiple cellular interactions and the pathophysiology of numerous concurrent
processes in vivo. Brain organoids have been particularly useful in the research of devel-
opmental and neurodegenerative diseases as well as brain cancers [129–136]. By contrast,
only a few studies have focused on PD pathogenesis so far [137,138]. Since brain organoids
consist of cells from the neuroectodermal region, microglial cells, which originate from the
yolk sac, need to be “artificially” added to the 3D culture. While multiple groups have
successfully integrated microglia into cortical organoids and brain sphere cultures [139–141],
some researchers observed spontaneous microglia formation in cortical organoids under
differentiation conditions, which do not inhibit non-neuronal lineages [142]. First results
suggest that the incorporated microglia support neuronal development and maturation in
cortical organoids. Moreover, the microglia appear to become more ramified and matured
as the organoid grows [141]. Several research teams, including our close collaborators, are
investigating microglial inflammatory signalling in midbrain-specific organoids from PD pa-
tients. Though, this work is not without its hurdles. A major challenge of microglia-midbrain
organoid cultures is to obtain (and maintain) physiological ratios and distributions of different
brain cell types. Significant scientific efforts are currently ongoing to configure cell culture
media compositions that will facilitate the simultaneous growth of all cell types, thereby
achieving a more physiological microenvironment that prevents the activation of microglia
(which is, for instance, commonly observed in the dead core of organoids). Furthermore,
cell-based microfluidics systems (also known as Brain-on-Chip technology) have been devel-
oped to investigate microglia interactions with astrocytes and neurons under the impact of a
continuous fluid flow [143–145]. To mimic the BBB composition, some systems are designed to
contain a layer of microvascular endothelial cells and pericytes. Exposing a human Brain-Chip
(which mirrored the microenvironment of the substantia nigra) to α-synuclein fibrils initiated
dopaminergic neuron death, mitochondrial dysfunction and neuroinflammation, while BBB
was significantly compromised [145]. Due to their capacity to model the BBB, both organoids
and microfluidic systems have emerged as highly promising resources for therapeutic testing
in brain diseases [146,147].

5. Immunotherapies in Parkinson’s Disease
5.1. Anti-Inflammatory Treatments in PD

In a number of animal PD models, the use of nonsteroidal anti-inflammatory drugs
(NSAIDs) showed promising results [148]. Exemplary, in an MPTP mouse model, treatment
with acetylsalicylic acid, which inhibits the cyclooxygenase isoenzymes COX-1 and COX-2,
prevents neuronal loss in the substantia nigra [149]. By contrast, clinical trials exploring the
neuroprotective effect of NSAIDs were less conclusive. While several studies reported that
NSAIDs may be able to delay or even prevent the onset of PD [148,150], there have also
been reports of no impact of NSAID intake on PD risk [148]. A recent meta-analysis that
comprised 15 studies on the use of NSAIDs and PD risk found no association. Moreover, a
dose-response analysis revealed that the amount and duration of NSAIDs administration
did not influence the outcome [151].
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In light of these results, alternative approaches that specifically target the transition
of microglia from a proinflammatory (M1) to an anti-inflammatory (M2) state have been
suggested [148]. Suppression of the M1 state may be achieved by acting at the level of the
proinflammatory cytokines TNF-α, IL-1β and IFN-γ [148]. Supporting this hypothesis, the
overexpression of dominant negative TNF (DN-TNF) in the nigra of 6-OHDA-treated rats
reduced the loss of dopaminergic neurons [152]. An alternative approach may be to modify
the endocannabinoid system with the aim to reduce pro-inflammatory microglial toxic-
ity [148]. The expression of the cannabinoid receptor CB2 was found to be increased in glial
cells in various conditions affecting the CNS, including AD and PD [153]. Interestingly,
while the abundance of CB2 is enhanced in activated PD microglia, an immunolabel-
ing study in human postmortem nigral tissue revealed that CB2 levels are decreased in
dopaminergic neurons from PD patients. This observation coincided with diminished
numbers of tyrosine hydroxylase-containing neurons in the PD tissue [153]. In line with
these findings, administering the CB2 agonist β-caryophyllene to rotenone-challenged rats
reduced the release of proinflammatory cytokines which, in turn, prevented dopaminergic
neuron demise and the activation of glial cells [154].

Also strategies that actively promote a shift of microglia from M1 to M2 have been
considered [148]. For instance, the cerebral infusion of a recombinant adeno-associated
viral vector expressing human interleukin-10 (IL-10) was tested in an MPTP mouse model.
Enhancing the abundance of the anti-inflammatory cytokine led to an increase in striatal TH
protein levels [155]. Further of interest in this regard, the multiple sclerosis drug Glatiramer
acetate was shown to decrease microglial activation by promoting an M2 state [156]. As
in the case of IL-10 overexpression, treatment of MPTP mice with Glatiramer acetate
rescued tyrosine hydroxylase (TH) protein levels in the striatum. Moreover, exposure to the
immuno-modulatory agent reversed motor phenotypes in these animals [157]. However,
none of the proposed treatments facilitating a shift from M1 to M2 has been tested in
humans (for a more detailed review of immuno-modulatory treatment approaches in
PD—including a study comparison in tabular form—see Subramaniam and Federoff [148]).
Thus, further research in PD patient-derived cellular models will be required to understand
the molecular consequences of microglial activation regulators, which will be a prerequisite
to eventually use such agents in clinical trials.

5.2. Anti-α-Synuclein Immunotherapies

One of the best studied hallmarks of PD are α-synuclein aggregates. As mentioned
above, the protein can act as DAMP triggering inflammatory processes. Thus, one research
focus in PD is the development of immunotherapeutic approaches that reduce intra- and
extracellular α-synuclein levels in the brain. Specifically, antibodies hold the promise of
alleviating α-synuclein toxicity and promoting the protein’s degradation [158]. Various
epitopes have been tested in preclinical studies with α-synuclein transgenic mice. In two
independent studies, administration of antibodies that target the C-terminus (Ab274, 1H7
or 5C1) reduced microgliosis and improved neuronal survival [159,160]. In animals that
received ab274, there is even evidence that microglia block the cell-to-cell transfer of α-
synuclein by enhancing the clearance of neuron-derived aggregates [160]. With regard
to antibodies that are directed against the N-terminus, no improvement of microgliosis
phenotypes was observed [158]. Finally, when focusing on antibodies that recognize
oligomeric or fibrilar forms of α-synuclein, Syn-O1, Syn-O4 and Syn-F1 effectively reduced
protein aggregation and neurodegeneration in transgenic mice [161]. Only animals treated
with Syn-O4 displayed decreased microglia levels and showed reduced ramification of
these cells in the hippocampus [161].

In light of the overall promising results from immunotherapeutic analyses in mice,
several antibodies are being tested in phase I clinical trials, which focus primarily on the
safety of treatments [162]. By contrast, only two antibodies have so far been moved forward
into phase II clinical trials [162], which aim to establish the clinical efficiency of the im-
munotherapeutics. In the PASADENA study (ClinicalTrials.gov Identifier: NCT03100149),
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Prasinezumab (PRX002) is currently being tested in patients with early PD. Initial results
indicate that the primary outcome of the study was not achieved. At week 52, the MDS-
UPDRS total score was not significantly different between the treatment and the placebo
group. Nevertheless, some parameters suggest that the antibody delays the progression of
motor symptoms in PD patients. However, whether Prasinezumab has a positive impact
on microglial phenotypes in these individuals currently remains elusive. In addition, the
SPARK study (ClinicalTrials.gov Identifier: NCT03318523), which aims to evaluate the
clinical benefits of the α-synuclein antibody BIIB054, is currently ongoing.

6. Outlook

The complex and diverse aetiology of PD represents a major obstacle for effective
therapeutic interventions. The here described recent findings highlight the importance
of neuroinflammatory processes and put microglia as the immanent immune cells of the
brain in the focus of novel therapeutic approaches. In particular, this immunological entry
point could not only support the identification of common mechanisms underlying the
different genetic and idiopathic disease developments but also allow to target disease
progression not on the cellular but on the (immune) system level of the brain. While the
evidence for the contribution of microglia to disease progression clearly demonstrates the
large potential for alternative treatments, further detailed investigations are required to
reveal underlying mechanisms and to dissect cellular heterogeneity of microglia in the
disease context. Thus, scRNAseq has shown that microglia diversity goes beyond the
traditional M1/M2 description and that PD-associated signatures are species- and human-
specific but the impact of the microenvironment is still elusive. The recent developments in
spatial transcriptomics [163,164] and the application to human iPSC model systems such
as organoids [141] and the brain [165] will allow for further insights into the regulation
of the complex ecosystem within the brain and how intercellular interactions contribute
to PD progression. A major challenge for these studies is the lack of physiologically
realistic model systems due to the general limitations of animal models and the not yet
resolved issue in human organoid systems, which do not reflect the brain composition of
the affected brain regions as described above. Hence, addressing these current limitations
is essential to deepen our understanding of the multicellular dimension of PD development
and particularly the impact of microglia and their role in neuroimmunology that will not
only support the development of new therapeutic strategies in PD but may also provide
a more unifying perspective on neurodegeneration given the recent indications for the
involvement of microglia in Alzheimer’s disease and multiple sclerosis [165,166].
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