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Summary

Parkinson’s disease (PD) is a neurodegenerative disease that predominantly affects dopaminergic
(DA) neurons, which are progressively lost in the substantia nigra of the midbrain. No cure for PD
has been found so far, as the mechanism of onset and progression of this disease remain still
elusive. Most of PD cases are thought to be idiopathic, while only a small percentage of patients
carry a known disease-related genetic mutation. Although most mutations have been strongly
associated with mitochondrial activity, a comprehensive understanding of the underlying
mechanisms of disease development is still lacking.

In this project, | addressed this gap by investigating the effect of a PD-related mutation in the PINK1
gene, on the differentiation dynamics of patient-derived induced pluripotent stem cells (iPSCs) into
DA neurons to identify early processes of disease development.

For this purpose, | first established an optimised protocol for iPSCs differentiation to generate high-
quality DA neurons. Based on the optimized protocol, the early phase of differentiation of a
mutation-carrying and matched control cell line was characterized by single-cell RNA sequencing
(sc-RNAseq) and complementary bulk proteomics analyses. This dynamic analysis of differentially
expressed genes (DEGs) revealed a potential core network of PD development which linked known
genetic risk factors of PD to mitochondrial and ubiquitination processes.

Based on these results, | subsequently performed a multiscale analysis of the differentiation
processes including sc-RNAseq, proteomics and metabolomics measurements at 7 time points up
to day 57 to investigate the establishment of PD phenotypes on the different biological levels. This
multi-omics analysis allowed to highlight mechanisms of impaired neuronal development and
further highlighted a subset of genes driving neurodegeneration. In particular, the dynamic analysis
indicated that PD-related mutations may lead to faster maturation and aging as a potential driver
of PD. Furthermore, many of the DEGs converged on mitochondrial activity and neuroinflammatory
processes in agreement with the proteomics analysis. A targeted analysis of the metabolomics data
supported the evidence of faster maturation of the PINK1 cell line by an earlier increase of
mitochondrial metabolism compared to the control condition and indicated metabolic impairment
at the later time points of differentiation.

Overall, my thesis provides a rather unique multi-omics data set of DA neuron differentiation and
potential new mechanisms of PD development. These findings could eventually pave the way for a

more comprehensive perspective on PD and may aid the development of new therapies.
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Introduction

1. Introduction

1.1 Parkinson’s disease: a general overview

Parkinson’s disease (PD) is the second most common age-related neurodegenerative disease,
affecting almost 10 million individuals worldwide. PD is most likely the consequence of a
combination of genetic and environmental insults, as well as their interactions in the framework of
brain aging (Chen and Ritz, 2018). In the following sections, | will give first a general overview on
PD (Section 1) and subsequently summarize our current understanding of the disease in

Sections 1.2 to 1.7 with a focus on the specific aims of the thesis detailed in Chapter 2.

1.1.1 PD pathogenic hallmarks

Only 5-10% of patients have familial Parkinson's disease due to the Mendelian inheritance of
various genetic mutations, and common genetic polymorphisms that are believed to contribute to
increase PD susceptibility have been discovered in the past few decades (Pang et al., 2019).
According to pathological findings, the main symptoms of PD originate from the degradation of
dopaminergic neurons in the substantia nigra pars compacta (SNpc) of the nigrostriatal pathway,
which gradually diminishes during the progression of the disease (Giguére et al., 2018; Novak et al.,

2022; Verschuur et al., 2019)[Fig. 1.1].

Healthy PD

Substantia

nigra

Figure 1.1 PD is characterized by a diminished substantia nigra of the midbrain.
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On a smaller scale, affected midbrain dopaminergic (mDA) neurons exhibit a reduced release and
exchange of dopamine (DA) vesicles. Since dopamine is the leading neurotransmitter for motor
functions in the human body, dopamine depletion in the nigrostriatal pathway causes the typical
motor symptoms of Parkinson's disease, such as bradykinesia, rigidity, resting tremor, and postural

and gait difficulties (Fais et al., 2021)[Fig. 1.2].

Healthy PD

Dopaminergic
neuron

Movement
disorders

Normal
movement

Dopamine

Figure 1.2 An impaired exchange of dopamine between dopaminergic neurons leads to movement disorders.

Indeed, motor cortical areas are normally involved in movement planning and execution. To
execute smooth and desirable motor tasks, motor cortex areas communicate with deep brain
circuits, and one of the fundamental circuits includes a group of nuclei commonly known as the
basal ganglia (Mink, 1996). SNpc is a crucial part of the basal ganglia, together with the globus
pallidus externus and internus, the substantia nigra pars reticularis and the subthalamic nucleus
(Singh, 2018). The basal ganglia are critical components of cortical and subcortical circuits,
connecting the cortex and the thalamus to form cortico-basal ganglia-thalamic (CBT) neural
circuitry (DeLong and Wichmann, 2007). This complex network is made up of numerous loops and
connections that converge primarily on two major pathways. These two paths (direct and indirect)
arise from two distinct populations of striatal projection neurons, that eventually project to
separate nuclei. Surprisingly, the direct and indirect circuits have opposite effects on mobility: the
direct pathway stimulates movement, whereas the indirect one inhibits it (Kravitz et al., 2010).
Therefore, the loss of nigrostriatal mDA neurons causes the bradykinetic or akinetic features that
characterize PD, as indirect pathway inhibition of motor cortex predominates over direct pathway
excitation of motor cortex, resulting in pathological global inhibition of motor cortical regions
(Singh, 2018). This dopaminergic degeneration is also observed, even if less dramatic, in other brain
areas, such as in the hippocampus, the prefrontal cortex and in the amygdala (Ray and Strafella,

2012).
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Another fundamental pathological hallmark of PD is the presence of Lewy bodies, which are 8 to
30 mm intracytoplasmic inclusions characteristically found at sites of neurodegeneration. Since
these inclusions are majorly constituted by aggregated and misfolded alpha-synuclein protein

species, Parkinson’s disease is also classified as a Synucleinopathy (Tolosa et al., 2021).

The precise causes and factors responsible for this pathology are still not completely understood.
Ageing is considered as the biggest risk factor for PD because it affects many cellular processes that
can accelerate or trigger neurodegeneration. However, a combination of both environmental and
genetic causes is also believed to influence the disease onset and progression (Pang et al., 2019).
Although recreating environmental factors and investigate their impact on the human brain
development is rather complex, both causal and protective environmental traits have been
associated to PD, as described in Subsection 1.1.3. As already mentioned, only a small percentage
of total PD cases are caused by identified genetic mutations (Cherian and Divya, 2020); however,
these represent valuable and reproducible experimental models which can clarify the underlying
mechanisms of PD. Understanding the effects of different genetic defects could pave the way for a
more complete understanding of the disease, potentially advancing hypothesis that could also
explain the non-genetic cases and support the identification of personalized medicine approaches
and novel therapies. A concise elucidation concerning the main genetic mutations that have been

associated so far with PD can be found in Section 1.4.

1.1.2 Epidemiology of PD

Methodological differences between studies make it difficult to directly compare prevalence
estimations, but it is largely acknowledged that PD affects 1% of the population above 60 years
(Tysnes and Storstein, 2017). Notably, PD is twice as common in men than in women in most
populations. This huge imbalance might be due to a protective effect of female sex hormones, sex-
associated genetic mechanisms or sex-specific differences in exposure to environmental risk factors
(Poewe et al., 2017).

Because the prevalence of PD has more than doubled over the past 30 years, PD is considered one
of the leading causes of neurological disability. This rapid spread is thought to be a result of the
overall increase of the elderly population, leading to longer disease duration, and of

industrialization. Interestingly, the risk of PD is known to be associated with industrial chemicals
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and pollutants such as pesticides, metals and various solvents (Abbas et al., 2018; Dorsey et al.,
2018a). Therefore, demographic and other potential factors could substantially increase the future
burden of PD, which is more and more acquiring the characteristics of a true pandemic, despite
being non-infectious (Dorsey et al., 2018b; Morens et al., 2009). PD pandemics extend over large
geographic areas and, as mentioned above, PD prevalence is constantly rising in every major region
of the world. Moreover, pandemics tend to migrate, and the burden of this disease appears to be
shifting following changes in ageing and industrialization. One study has indeed reported that,
driven by demographic changes, PD pandemic is expected to move from the West to the East,
especially towards China (Dorsey et al., 2007). Like other pandemics, PD is exhibiting exponential
growth, and even if some protective factors (described in the next Paragraph) are now known, no

individual is utterly invulnerable to the condition.

1.1.3 Environmental factors

In 1983, Langston and colleagues observed a specific form of parkinsonism occurrence in a group
of people who used synthetic drugs containing traces of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). They specifically showed akinetic rigid syndrome with or without
resting tremor within 7-14 days after the injection (Langston et al., 1983). Pesticides such as
rotenone and paraquat were introduced after World War |l as there was an urgent need of yielding
enough food for a fast-growing population (Bloem et al., 2021). Interestingly, these compounds
appeared to have a MPTP-similar chemical structure. This is the reason why, before the 1990s, the
most widely accepted scenario was that PD was caused by the exposition to metals, toxins and
environmental factors (Blesa and Przedborski, 2014).

MPTP itself is not neurotoxic, although, as a lipophilic compound, it is able to cross the blood-brain
barrier. Once in the brain, MPTP is then metabolized to MPDP+ by the flavoenzyme monoamine
oxidase B (MAO-B), which is present in the outer mitochondrial membrane in non-DA cells such as
serotonin neurons, astrocytes and glial cells (Meredith and Rademacher, 2011). Then, MPDP+ is
believed to spontaneously oxidize to the toxic radical 1-methyl-4-phenylpyridinium (MPP+)
(Nagatsu, 2002). MPP+ is then specifically taken up by dopaminergic cells through the dopamine
transporter (DAT) and can eventually destroy DA neurons by inhibiting their mitochondrial complex
| and by generating high levels of reactive oxygen species (Jackson-Lewis and Przedborski, 2008).
Exposure to the organochlorine insecticide dieldrin is also believed to represent a strong risk factor

for PD. It has been demonstrated that DA neurons exposed to dieldrin present an increased level
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of histone acetylation, which eventually leads to apoptotic cell death (Song et al., 2010). This
evidence was particularly relevant as it emphasized that epigenetic modifications, induced by
chemical exposure, might be involved in the pathogenesis of chronic neurodegenerative diseases
(Migliore and Coppede, 2009).

Accumulating evidence also correlates the risk of developing PD with traumatic brain injuries (TBI),
particularly of greater severity. TBI had been already linked to several neurodegenerative diseases,
but the strongest of these links appears to be its causative relationship with late onset PD. Following
TBI, an acute immune and neuroinflammatory response is normally provoked as a neuroprotective
reaction (Brett et al., 2022). Nevertheless, a prolonged state of neuroinflammation is most likely

contributing to the course of PD pathogenesis (Delic et al., 2020).

A series of further risk factors for PD have also been identified. One of these, is the usage of
methamphetamine, which binds to the presynaptic DA transporter and boosts its extracellular
concentration. Importantly, it was shown that these compounds can damage the substantia nigra
in animal models such as mice and rats, producing a similar phenotype to the one observed in brains
affected by PD (Guilarte et al., 2003).

An increased risk of developing Parkinson’s disease was also well documented among people with
melanoma (Liu et al., 2011), and a correlation was also found with hypertension, diabetes, high
cholesterol level and alcohol consumption. Interestingly, an elevated consumption of milk and dairy
products is also now thought to be dangerous in this regard. The exact mechanism underlying this
association is still unclear, but from multiple cohort case studies it was suggested that the increased
PD risk is related to the urate-lowering effects of dairy products (Ascherio and Schwarzschild, 2016).
Urate, in fact, was consistently showed to be protecting against DA neuron degeneration, most
likely by stimulating Nrf2/antioxidant response. In addition to that, it was shown that an important
intake of fonts of urate (such as fructose) reduces the risk of developing Parkinson’s disease (Bakshi

et al., 2015; Chen et al., 2013).

Among the list of protective factors, tobacco is one of the most discussed ones. It was shown that
PD risk decreases up to 70% with increasing duration of smoking in several prospective
investigations (Thacker et al., 2007). If this negative association was causal, the fast rise in PD
incidence worldwide could also find a reasonable explanation in the statistical observation of the
global tendency to smoke less and less (Rossi et al., 2018).

However, it is important to consider that smokers tend to show higher levels of dopamine, as it is

involved in the reward mechanism. More specifically, when nicotine attaches to DA neurons, this
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bond boosts their neuronal activity and therefore induces a more abundant release of dopamine,
which eventually produces a feeling of pleasure and an inclination to repeat the action that led to
it. For this reason, dopamine-mediate reward mechanism is thought to compensate the loss of
dopamine that is expected when DA neurons are affected by PD.

Interestingly, caffeine consumption seems to protect from PD pathogenesis as well. Caffeine is in
fact well-known for its neuroprotective effect in experimental PD models (Xu et al., 2010) by its
adenosine receptor antagonist function. Not surprisingly, the negative correlation between a
robust physical activity and the risk of Parkinson’s disease has also been largely acknowledged from

the scientific community (Fang et al., 2018).

1.2 Symptoms, diagnosis and current treatments

1.2.1 Symptoms

Motor symptoms such as bradykinesia, rigidity and tremor are a direct consequence of the
progressive loss of mDA neurons, being dopamine the most crucial neurotransmitter coordinating
motor control and executive functions in the human body. However, although Parkinson’s disease
has always been considered as a movement disorder, and clinical diagnosis relies on the presence
of bradykinesia and the other motor features, this disease is now associated with many non-motor
symptoms that add to overall disability (Poewe et al., 2017). These symptoms include rapid eye-
movement sleep behaviour disorder, hyposmia or anosmia, constipation, daytime somnolence,
symptomatic hypotension, erectile dysfunction, urinary dysfunction and depression, psychosis,
depression, anxiety, fatigue and cognitive decline (Sivanandy et al., 2021; Tarakad and Jankovic,
2017).

Moreover, a recent study monitored for almost 40 years the outcome mortality of a large cohort of
PD patients and has shown an additional bigger risk of dying from pneumonia or
cardiovascular/cerebrovascular disease, emphasizing the importance of mobilization of PD

patients, as one of the main factors leading to pneumonia is immobilization (Pinter et al., 2015).

1.2.2 Challenges in the diagnosis of PD

Since the first description of PD two centuries ago, our understanding of the disease has made huge

progresses at different levels, from a more accurate definition of the clinical features and
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pathophysiological mechanisms to the characterization of neuropathological hallmarks
(Przedborski, 2017). Specific clinical criteria aimed to improve the diagnostic accuracy of PD cases,
have been validated over the past 5 years. Nevertheless, PD diagnosis remains suboptimal since
PD-associated clinical features often overlap with those of other neurodegenerative conditions

(Tolosa et al., 2021).

The diagnosis is now mainly based on brain imaging, neurological signs, and clinical nonspecific
clinical findings of rest tremor, cogwheel rigidity, and bradykinesia. However, as the confirmation
of the diagnosis can only be obtained through neuropathology, several criteria and specific
guidelines have been introduced in the last three decades (Marsili et al.,, 2018). The recently
published criteria by the International Parkinson and Movement Disorder Society (MDS) task force
(Postuma et al., 2015) encompass the two main previous sets of diagnostic criteria (United Kingdom
PD Society Brain Bank and Gelb’s criteria), introducing the use of non-motor symptoms as
additional diagnostic features. Based on the assumption that the pathological process of PD may
begin in non-dopaminergic structures of the brain or peripheral nervous system, these new
guidelines have been implementing the concept of prodromal PD, which is considered to represent
a true initial stage of PD. During this phase, non-motor symptoms, such as olfactory dysfunction,
constipation, rapid eye movement behaviour disorder and depression, precede the motor signs of
PD. For this reason, an early detection of prodromal phase of PD is becoming an important goal for
determining the prognosis and choosing a suitable treatment strategy (Marino et al., 2012).

Methods for diagnosing PD are still very limited due to the lack of tissue diagnostic test or other
more specific biomarker tests (Rajput and Rajput, 2014). By using neuropathologic findings of PD
as the gold standard, Adler and colleagues have estimated only 26% accuracy for a clinical diagnosis
of PD in untreated or not clearly responsive subjects, 53% accuracy in early PD responsive to
medication (<5 years’ duration), and >85% diagnostic accuracy of longer duration, medication-
responsive PD, thus confirming the need to find a more distinct tissue or other diagnostic

biomarkers (Adler et al., 2014).

1.2.3 Current treatments and clinical trials

Sadly, no cure for PD has been designed so far, but treatments to alleviate symptoms are available
and, therefore, to improve the quality of life of PD patients.
Scientific breakthroughs such as the discovery of dopamine’s crucial role as a neurotransmitter and

its loss in PD patients, led to the development of Levodopa (L-DOPA, L-3,4-dihydroxyphenylalanine)
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therapy. This drug was approved by the United States Food and Drug Administration back in 1970
and started to be commercialized 5 years later. Up to date, L-DOPA treatment remains the gold
standard therapy for relieving PD symptoms.

L-DOPA is the metabolic precursor of dopamine. Hence, it can be used to restore the proper striatal
concentration of dopamine in PD patients (Sharma et al., 2015). In the early stage of the treatment,
the beneficial effect of this drug on all the signs and symptoms is undebatable. Nevertheless, it has
been demonstrated that long-term use of L-DOPA provokes dramatic side effects that can be
perceived as debilitating as PD symptoms themselves. First, this therapy lacks continued efficacy,
as it becomes ineffective after 5 years of usage, in average (Nash and Brotchie, 2000). Furthermore,
long-term administration of L-DOPA also causes a condition named LID (L-DOPA-induced-
dyskinesia), characterized by critical motor complications (Jenner, 2008). Patients can start
alternating “on” phases, with severe dyskinesia, and “off” phases, characterized by acute
parkinsonian-features (Stocchi et al., 2008). Additionally, dopamine-agonist also cause another side
effect, which is impulse control disorder. This psychiatric condition makes patients struggle in
resisting resist urges and temptations, which can result in compulsive behaviours, including self-

harm (Ephraty et al., 2007).

Because of all these Levodopa-induced dysfunctions, several clinical trials are currently being
carried out to find alternative, less impacting treatments. These therapeutic trials are categorized
into 15 main types, among which we find dopamine receptor agonists, anti-alpha-synuclein
aggregation therapy, cell-based therapy, anti-apoptotic drugs and gene therapy (Prasad and Hung,
2021). In particular, after the identification of several mutations associated to familial monogenic
PD, gene therapy gained a lot attention. However, recent studies proved that it can potentially
cause adverse effects like inflammation, cancer and adverse immune system reactions (Goswami

et al., 2019).

Non-pharmacologic surgical approaches are also possible, such as deep brain stimulation (DBS).
DBS is mainly proposed to patients which are not responding to L-DOPA therapy and involves
implanting electrodes in the brain to improve PD motor symptoms (Charles et al., 2012), but it is
rather expensive and therefore not affordable for all PD patients in less industrialised countries
(Dang et al., 2019). Furthermore, unlike pharmacological treatments, whose efficacy has been
extensively studied, the effectiveness and long-term result of surgical approaches still remain

rather elusive.
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Especially because of the rapid rise of the rate of PD incidence, finding innovative, easily accessible
and efficient drugs or therapies without severe consequences remains a huge challenge. In this
regard, clarifying the molecular pathways behind PD pathogenesis and investigating the causes of
the onset and progression of the disease, could allow considering the patient-to-patient variability

and pave the way for finding new potential treatments for PD, or even a cure.

1.3 Mechanisms of Pathogenesis

Up to date, the molecular pathogenesis of PD has been associated to various pathways and
mechanisms, such as a-synuclein proteostasis, mitochondrial function, oxidative stress, calcium
homeostasis, axonal transport and neuroinflammation (Poewe et al., 2017). An overview of the
most crucial discoveries and observations which progressively elucidated these mechanisms and

their role in PD is provided in the following paragraphs.

1.3.1 Lewy pathology in PD

In 1817, James Parkinson firstly described the symptoms of the ‘shaking palsy’. However, a
clarification of the anatomical substrate of this condition could only be grasped after one century
(Goedert et al., 2013). In fact, Lewy bodies were observed for the first time in 1912 by Friedrich H.
Lewy. After a careful postmortem examination of brains of 85 PD patients, he identified these
protein aggregates in cell bodies and extensions of neurons, in different brain areas such as the
motor dorsal nucleus of the vagus, the basal nucleus of Meynert, the globus pallidus and the
thalamus, but surprisingly not in the substantia nigra (Rouaud et al., 2021). It was Konstantin
Trietakoff in 1919 who found similar inclusions in the substantia nigra, and because they were
entirely like those described by Lewy a few years earlier, Trietakoff proposed to name them ‘Lewy
bodies and neurites’ (Duyckaerts et al., 2018). He also observed a severe depigmentation of the
area of the substantia nigra; only in 1960 Hornykiewicz indicated the correlation between this loss
of dopamine-containing neurons in the substantia nigra and a massive dopaminergic denervation

of the striatum, eventually leading to hypertonia and akinesia (Ehringer and Hornykiewicz, 1998).

1.3.2 Role of alpha-synuclein in PD

During the following decade, the role of alpha-synuclein in PD acquired more and more attention.

First isolated and sequenced in 1988 from the electric organ of the Pacific electric ray Torpedo
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californica (Maroteaux et al., 1988), this 143 amino acids-long protein is localized in presynaptic
regions and in the nucleus, hence the name “synuclein” (SYNapse + NUCLEus). Human and rat
homologues of this protein were subsequently sequenced (Maroteaux and Scheller, 1991; Uéda et
al.,, 1993), and few years later the gene encoding alpha-synuclein (SNCA) was the first to be
identified as a cause of autosomal-dominant PD (Polymeropoulos et al., 1997). The evidence that
this protein is the main component of Lewy inclusions was provided from Goedert’s team in
Cambridge, which proved the Lewy bodies and neurites from brain of sporadic PD patients were
highly immunoreactive for alpha-synuclein (Spillantini et al., 1997). Several neuropathology
laboratories observed that Lewy pathology is much more widely distributed than previously
thought; in the vast majority of patients, in fact, the inclusions can be found not only in the
substantia nigra, but also in numerous structures of the central nervous system, such as in the
olfactory bulb and the dorsal motor nucleus of the vagus (Adler et al., 2019; Beach et al., 2009;
Braak et al., 2003; Gelpi et al., 2014).

Notably, Lewy bodies are also present throughout the peripheral autonomic networks, including
sympathetic/parasympathetic ganglions (Braak et al., 2007), sympathetic innervation of the salivary
glands (Beach et al., 2016; Del Tredici et al., 2010), autonomic innervation of heart and skin (Gelpi
et al., 2014; Ikemura et al., 2008), and the enteric nervous system (Annerino et al., 2012; Lebouvier
et al., 2010). This widespread neuroanatomical distribution of Lewy pathology could likely explain
the non-motor and non-dopaminergic symptoms of PD (Adler and Beach, 2016).

Until now, the exact physiological functions of alpha-synuclein remain elusive, but it is thought to
play a role in the regulation of neurotransmitter release, synaptic function and plasticity (Burré et
al., 2018; Lashuel et al., 2013). Although alpha-synuclein is primarily monomeric in solution, it tends
to aggregate in amyloid structures, starting from oligomers to fibrils and eventually into Lewy
bodies (Wood et al., 1999); this aggregation can be triggered, for example, by overproduction of
the protein, by defects in protein degradations or by mutations or truncations in the SNCA gene.
Originally, alpha-synuclein was thought to be only intracellular, but a first study carried out in 2005
showed that this protein can be secreted in cultured neuronal cells via unconventional exocytosis
(Lee et al., 2005). This secretion was observed to occur also in vivo as alpha-synuclein was found in
human plasma and cerebrospinal fluid (EI-Agnaf et al., 2003). Another crucial remark for clarifying
the pathogenesis of PD was published from Li and colleagues, who observed PD patients with long-
term survival of transplanted foetal mesencephalic dopaminergic neurons: these hosts developed
alpha-synuclein-positive Lewy bodies in the grafted neurons, implying that the Lewy inclusions (and
therefore PD) can propagate from host to transplanted neurons (Li et al., 2008). Demonstrating this

prion-like behaviour of alpha-synuclein became of vast relevance in the scientific community. It has
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been shown that the accumulation of pathologic alpha-synuclein in the neurons is eventually
causing a decrease in synaptic proteins, progressive impairments in neuronal excitability, and,
ultimately, cell death (Volpicelli-Daley et al., 2011). Additional studies confirmed that alpha-
synuclein has the ability to propagate the aggregation process between cells and tissues both in
vitro and in vivo (Arotcarena et al., 2020; Masuda-Suzukake et al., 2013; Recasens et al., 2014).

In order to clarify the process of the alpha-synuclein propagation and consequently PD progression,
Braak and colleagues proposed the dual-hit hypothesis, a theory which relies on the assumption
that alpha-synuclein’s misfolding and aggregation may in a first stage occur in the enteric nerves
terminals and then spread through the vagus nerve (Braak et al., 2006). The second stage of the
spread would then involve regions of the medulla and pontine tegmentum, then midbrain and basal
forebrain would get affected (Stages 3 and 4) and eventually the propagation would reach the
cerebral cortex in Stages 5 and 6. This assumption would also provide a mechanistic plausibility for

a gut-to-brain transmission of alpha-synuclein pathology (Steiner et al., 2018).

1.3.3 Complex | deficiency, mitochondrial and oxidative stress

After the first identification of a mitochondrial defect in the substantia nigra of PD patients
(Schapira et al., 1990), numerous studies have indicated that there is about a 35% complex |
deficiency in PD substantia nigra (Dexter et al., 1994). Multiple proofs that a decrease in the
complex | activity in this region is also accompanied by a severe oxidative stress damage were
published in the next few years (Floor and Wetzel, 1998; Yoritaka et al., 1996). Oxidative stress is
also associated with several other neurodegenerative disorders, such as Alzheimer’s and
Huntington’s diseases and amyotrophic lateral sclerosis, despite they exhibit distinct pathological
and clinical features, showing that it is a common mechanism contributing to general
neurodegeneration (Andersen, 2004). Further studies have highlighted the presence of complex |
deficiency in platelets mitochondria of PD patients (Benecke et al.,, 1993; Krige et al., 1992),
enforcing the hypothesis that both mitochondrial dysfunction and oxidative stress are both

triggering the cascade of events leading to PD pathogenesis (Beal, 2005; Parker et al., 2008).

1.3.3.1 Oxidative stress

Oxidative stress is defined as a disequilibrium between the levels of reactive oxygen species (ROS)
produced and a biological system's ability to detoxify the reactive intermediates, resulting in a
dangerous state that can contribute to cytotoxicity (Dias et al., 2013). The critical role of ROS in

Parkinson's disease can be explained by the fact that the brain alone consumes about 20% of the
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body's oxygen supply (Johnson et al., 2012), primarily from neurons and glial cells, and that a
significant portion of this oxygen is converted to ROS with the mitochondrial electron transport
chain (ETC) being the major contributor (Dumont and Beal, 2011; Yan et al., 2013). Monoamine
oxidase (MAO), NADPH oxidase (NOX) and various other flavoenzymes are considered other
important sources of ROS. It was proved that these reactive species are significant contributors to
DA neuronal loss because they are produced in huge amount during the process of dopamine
metabolism, and because there the substantia nigra presents high levels of iron and calcium, and

low glutathione (GSH).

1.3.3.2 Mitochondrial dysfunction

A breakthrough for the progress of investigation of PD underlying molecular mechanisms occurred
when it was observed that exposure to MPTP is causing rapid-onset of PD like symptoms, linking
for the first time this disease with mitochondrial dysfunction (Gundogdu et al., 2021; Langston et
al., 1983). Mitochondria are dynamical organelles which play a central role in energy generation
despite being also closely involved in calcium homeostasis, stress response and cell death

regulation.

The inner membrane of the mitochondria is composed of five enzymatic complexes: complex |
(NADH dehydrogenase-ubiquinone oxidoreductase), complex Il (succinate dehydrogenase-
ubiquinone oxidoreductase), complex Il (ubiquinone-cytochrome c oxidoreductase), complex IV
(cytochrome c oxidase) and complex V (ATP synthase). These transmembrane complexes are all
involved in the ETC and support the transfer of electrons from NADH and FADH2 to molecular
oxygen, by creating a proton gradient across the mitochondrial membrane that ultimately drives
the synthesis of ATP (Kihlbrandt, 2015). Complex | catalyses the first step in the ETC by oxidizing
NADH and, as well as complex Ill and 1V, is involved in the generation of the transmembrane
electrochemical gradient itself (Brandt, 2006; Crofts, 2004; Johnson et al., 2021). Differently,
complex Il does not contribute to the proton gradient but links the TCA cycle to the ETC, as it
releases electrons to complex Il through ubiquinol (Votyakova and Reynolds, 2001). Finally,
complex V acts as an ion channel that creates a proton flux back to the mitochondrial matrix where
the loss of potential energy is transferred to the phosphorylation of ADP into ATP. As mentioned
above, the ETC represents the major source of ROS in the mitochondria: during the process, in fact,
superoxide anion is also produced (Turrens, 2003).

Mitochondrial dysfunction was first linked to Parkinson's disease after the discovery of MPTP-

induced parkinsonism in some drug users (as described in detail in Subsection 1.1.3 about
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environmental factors). MPP+ is a substrate for the dopamine transporter and is selectively taken
up by dopaminergic neurons, where it inhibits complex | of the mitochondrial electron transport
chain (Vila and Przedborski, 2003). Besides this effect, gene expression profiling in Parkinson's
disease dopaminergic neurons revealed down-regulation of genes encoding mitochondrial
proteins, providing further evidence of mitochondrial dysfunction (Elstner et al., 2011). In
conclusion, it is widely accepted that mitochondrial functions are severely impaired in Parkinson's
disease at multiple levels, ranging from organelle biogenesis to mitochondrial fusion/fission to

mitophagy.

1.3.4 Ubiquitin-proteasome system (UPS)

Cells need to degrade all the damaged proteins which are not functioning properly. The ubiquitin-
proteasome system (UPS) is the main pathway through which they can perform this task (Olanow
and McNaught, 2006). Under physiological conditions, the ubiquitin-proteasome system is
expected to recognize and ubiquitinate these abnormal proteins, thus targeting them for a
definitive proteasomal degradation. The whole process requires of course an important amount of
energy, both for the ubiquitination and for the protein disruption itself (Bragoszewski et al., 2017).
Disorders in this balance due an excess of unwanted proteins, an inefficient protein degradation or
maybe because not enough energy is available, leads to a state called proteolytic stress (Alfred L.
Goldberg, 2003; McNaught et al., 2003). This becomes extremely relevant when it comes to
oxidative stress, as removing unwanted proteins which tend to aggregate could avoid leading to
cytotoxicity. Mutations in the genes Parkin and for ubiquitin carboxy-terminal hydrolase L1 (UCH-
L1) have been associated to PD suggesting that UPS plays a crucial role in PD. Moreover, it was
shown that UPS is involved in the degradation of defective mitochondria and could be therefore

essential for minimizing the production of ROS (Collier et al., 2011).

1.3.5 Neuroinflammation

Recent studies showed that neuroinflammation is also a relevant feature of Parkinson’s disease and
an essential contributor to pathogenesis. This hypothesis was reinforced by genome-wide studies
which revealed that PD-associated genes, for example LRRK2 (which is involved in autophagy by
immune cells), often encode for proteins expressed in immune cells and involved in immune

regulation (Pierce and Coetzee, 2017). Furthermore, it was shown that systemic inflammation
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displays elevated proinflammatory cytokines, which appear to be related to the severity of motor
symptoms (Williams-Gray et al., 2016).

Interestingly, the gastrointestinal tract has attracted a lot of attention among all the organs affected
by neuroinflammation in PD. In fact, pro-inflammatory cytokines and glial markers, revealing
enteric inflammation, are found in increased amount in colon biopsies from PD patients in respect
to healthy controls (Devos et al., 2013). Further epidemiological studies have reported that patients
with inflammatory bowel disease are statistically more exposed to develop PD. For example, a
specific polymorphism in the CARD15 gene, associated to Chron’s disease, is also over expressed in
PD patients (Bialecka et al., 2007). Furthermore, LRRK2 (a PD-associated gene) has been identified
as an important susceptibility gene for Chron’s disease (Hui et al., 2018), and it was also reported
that this disease is also exhibiting an over expression of enteric alpha-synuclein (Prigent et al.,
2019). Hence, the hypothesis that systemic inflammation, more precisely chronic gut inflammation,

could modulate pathogenesis in PD (Johnson et al., 2019; Rolli-Derkinderen et al., 2020).

All factors that have been identified as triggers, facilitators or aggravators of PD pathogenesis could
partially clarify the clinical variability of PD cases, particularly referring to disease severity and
phenotype, as well as the efficiency of treatments. This would support the recently proposed
scenario that depicts PD not as a single, uniform disease, but rather as the combination of different

but related diseases (Berg et al., 2014).

1.3.6 Selective vulnerability of mDA neurons

As illustrated above, there is now little doubt that alpha-synuclein spreads from neuron to neuron
in different region of the body, most likely starting from the gut, and that it behaves like a prion.
However, it is currently debated if this spread is sufficient to explain onset, progression, and clinical
symptoms of PD, since up to date we are still lacking an explicit correlation between Lewy
pathology, neuronal dysfunction and neuronal loss (Ma et al., 2019). A complementary mechanism,
which was already proposed some years ago (Braak et al., 2004), could be that the formation of
Lewy inclusions is driven by cell-autonomous mechanisms and not only by a single propagated
pathogen (Engelender and Isacson, 2017; Surmeier et al., 2017a). This would lead to the conclusion
that PD would not only evolve following the alpha-synuclein propagation but would also be
influenced by the degeneration of specific, more sensitive regions of the brain. It was observed that
the classes of neurons mostly affected in PD share a set of anatomical and physiological attributes.
They have elongated, unmyelinated axons with many ramifications, they undergo an intense

metabolic activity, and they are characterized by a weak capability to buffer the excess of

14



Introduction

intracellular calcium (Surmeier et al., 2017b). Such specific phenotype is displayed in neurons of the
dorsal motor nucleus of the vagus, locus coeruleus and the substantia nigra pars compacta, and
appears to be particularly susceptible to neurodegeneration. Several theories have been proposed
in order to find out why a longer and more branched axon makes neurons more vulnerable (Hunn
et al., 2015). It is thought that this morphological phenotype can be associated with exceptionally
high demands in ATP, which is needed in huge amount for supporting neurotransmission along
abundant and complex axonal structures (Guzman et al., 2010). Moreover, it was shown that alpha-
synuclein can accumulate more abundantly in unmyelinated axons, which are therefore more
vulnerable to neurodegeneration rather than myelinated ones (Orimo et al., 2011; Sulzer and
Surmeier, 2013). Recent screen studies furtherly confirmed that genes associated with alternations
in neuroanatomy may significantly boost DA neurons vulnerability (Davis et al., 2021). Interestingly,
it was also experimentally proven that the level of mitochondrial oxidative stress is directly
proportional to the size of the arbor (Pacelli et al., 2015).

In conclusion, it is known that these cells have a large and complex axonal architecture and a
pacemaking activity, which puts them under an extreme bioenergetic demand (Pissadaki and
Bolam, 2013). This energy is needed for fulfilling different tasks, such as propagation of action

potentials, synaptic transmission, and maintenance of a proper membrane potential.

1.3.7 Ageing

Ageing is considered the main risk factor for PD, as the occurrence of the disease increases
exponentially above the age of 65. It is thought to be a rather stochastic process that can lead to
accumulation of unrepaired cellular damage and to the weakening of compensatory mechanisms
and cellular repair machineries (Kirkwood, 2003). It is reasonable to think that, with ageing,
misfolded pathogenic proteins can in fact aggregate, until the threshold to incur neuronal damage
is reached. Moreover, there is a physiological age-associated impairment of mitochondrial
functions needed to protect the cell against cell damage, which can eventually lead to ROS
production (Hindle, 2010).

Besides these more general aspects, recent reviews have specifically investigated the role of ageing
in the selective vulnerability of mDA neurons in the substantia nigra (Reeve et al., 2014). As a result,
high levels of mitochondrial DNA deletions have been found in these neurons when affected by PD,
together with mutant forms of subunits of the electron transport chain which of course intensifies

ROS production (Park and Larsson, 2011).
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1.4 Genetics of PD

Following the identification of mutations in the alpha-synuclein encoding gene SNCA in 1997
(Polymeropoulos et al., 1997), genetic studies have led to the identification of several more genes
involved in familial monogenic forms of PD, which account for 3-5% of PD cases; these genes have
all been assigned a PARK number (PARK1, PARK2, etc) in order of their discovery. Age of onset
(early- vs. late-onset PD), family history (familial vs. sporadic PD) and the existence of pathogenic
mutations (monogenic vs idiopathic PD) are all common classification variables for PD (Day and
Mullin, 2021). Up to date, 20 genetic loci have been associated to PD development (Blauwendraat
et al., 2020), including the autosomal dominant alpha-synuclein (SNCA) and leucine-rich repeat
kinase 2 (LRRK2), and the autosomal recessive Parkin, PTEN-induced putative kinase 1 (PINK1) and
DJ-1. Many of these mutations have been unequivocally linked to impairments in mitochondrial
homeostasis, more specifically in the regulation of mitophagy and electron transport chain. This
observation emphasised the importance of mitochondria in PD neurodegeneration. The most
recent identification of PD genes, such as Dnal Heat Shock Protein Family Member C6 (DNAJC6) and
SYNJ1, revealed that also vesicular traffic and endosomal pathway are critically involved in the
progression of the disease (Cao et al., 2017; Sanchiz-Calvo et al., 2022). More details about PD-
associated genes will be illustrated in the following paragraphs, with a focus on PINK1 which |

mainly focused on during my PhD project.

1.4.1 PINK21 and Parkin

PINK1 (PTEN-induced putative kinase 1, identified under the name PARK6) is a tumour suppressor
gene and was first noticed in 2001 when Unoki and Nakamura described its role in ovarian cancer
(Unoki and Nakamura, 2001). Soon after its discovery, it got associated to numerous PD familial
case studies (Valente et al., 2004, 2002, 2001). Mutations affecting this gene, which is localized on
chromosome 1, represent the second most frequent cause of autosomal recessive early-onset PD
after Parkin (a cytosolic E3 ubiquitin ligase, named PARK?2), being associated to 1-9% of all genetic
cases and to 15% of all early-onset cases (Klein and Schlossmacher, 2007).

Numerous mutations in PINK1 have been reported, most of which are located in the protein kinase
domain (Kawajiri et al., 2011). To date, 151 PINK1 mutation loci have been identified and most of
these reduce allelic expression, causing therefore haploinsufficiency or the protein which then

impairs mitochondrial function (Griinewald et al., 2007; Kasten et al., 2018).
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Figure 1.3 Schematic representation of the domains of PINK1 gene (681 amino acids): mitochondrial targeting
sequence (MTS, in orange) and transmembrane domain (TMD, in blue) (Vizziello et al., 2021).

PINK1 encodes for a 581 amino acid-long protein kinase which is mainly localized in mitochondria
[Fig. 1.3]. There, together with Parkin, coordinates a crucial feed-forward signalling pathway that
supports the removal of damaged mitochondria via autophagic targeted digestion, a process called
mitophagy (McWilliams and Mugit, 2017)(see paragraph below for details on the molecular
mechanism).

As more than 130 mutations have been identified so far in patients with early onset PD, also Parkin
is considered a hot spot for different signalling pathways associated to PD pathogenesis.

Aside from their essential role in mitophagy regulation, both PINK1 and Parkin are known to
prevent cell death in neurons which are exposed to different stress conditions (Voigt et al., 2016;
Winklhofer, 2014). As an example, PINK1 overexpression leads to a reduced toxin-induced cell

death confirming the hypothesis of its pro-survival role (Klinkenberg et al., 2010).

1.4.2.1 PD and mitochondrial impairment: the PINK1/Parkin axis

As extensively described in the previous paragraphs, mitochondrial dysfunction plays a
fundamental role in PD pathogenesis (Vizziello et al., 2021). PINK1, together with Parkin, is involved
in mitochondrial dynamics and quality control, thus building a signalling pathway that is responsible
for selective removal of damaged mitochondria. This supervision is crucial for maintaining a correct
mitochondrial homeostasis (Narendra et al., 2008; Yamano et al., 2016). It was observed that DA
neurons of PD and aged individuals show dysfunctional mitochondria and accumulate high level of
mitochondrial DNA deletions (Bender et al., 2006).

In healthy mitochondria, a repression of the PINK1 protein occurs, because when it translocates to
the inner mitochondrial membrane (IMM) its two domains MTS (mitochondrial targeting sequence)
and TMD (transmembrane domain) [Fig. 1.3] are cleaved off by respectively MPP (mitochondria
processing peptidase) and PARL (Presenilin-associated rhomboid-like protein) (Deas et al., 2011;

Greene et al., 2012). At this stage, the processed PINK1 moves to the cytoplasm where it gets
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degraded by the ubiquitin-proteasome system (Yamano and Youle, 2017). On the other hand, in
response to severe stress or depolarization of mitochondria, the IMM can be altered and can
prevent the cleavage of PINK1 domains, which therefore accumulates on the outer membrane
(OMM). Here, the full-length protein can then form a multimeric structure (called TOM machinery)
together with the outer membrane proteins, and eventually phosphorylates to activate its kinase
domain (Lazarou et al., 2012). Activated PINK1 phosphorylates Parkin to stimulate its enzymatic
functions, and it induces Parkin recruitment towards the OMM (Kondapalli et al., 2012). At the same
time, PINK1 starts to phosphorylate ubiquitin itself, which binds to the RING1 domain of Parkin with
high affinity, supporting its enzymatic activation (Kondapalli et al., 2012). PINK1/Parkin conjugated
work ultimately causes the OMM to be coated with phosphorylated ubiquitin chains, which will
finally trigger proteasome machine to start degradation of the damaged mitochondria (Koyano et

al., 2014) [Fig. 1.4].
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Figure 1.4 Mechanism of PINK1/Parkin-induced mitophagy.

Furthermore, a defective PINK1 can also affect complex | activity, causing an insufficiency in ATP
production, hence reducing the mitochondrial membrane potential (Morais et al., 2014). This
change of potential will push the recruitment of Parkin to the OMM, where it will promote
mitophagy by driving the mechanism described above.

Interestingly, both PINK1 and Parkin have been observed to supervise mitochondria quality control
also in an alternative way, completely independent from mitophagy. In fact, this process is based

on the presence of cargo-selective mitochondria-derived vesicles (MDVs), which protrude from the
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OMM and stimulate the degradation of damaged mitochondrial proteins and lipid cargo into
peroxisomes and lysosomes (Soubannier et al., 2012).

Given the relevance of mitophagy and mitochondria dysfunction in PD, especially in PINK1-
associated cases, targeting these PINK1/Parkin-regulated pathways is now considered among the
most promising new therapeutic approaches. For example, several small molecules drugs which
can enhance mitophagy are currently in preclinical development (Georgakopoulos et al., 2017;
Palikaras et al., 2017). On the other hand, it could be possible to stimulate mitophagy also by using
inhibitors (such as PTEN-L ones) which are able to prevent dephosphorylation of Parkin and
ubiquitin on the OMM (L. Wang et al., 2018). However, an accurate investigation and monitoring
of the therapeutic responses of patients exhibiting mitochondrial dysfunction is still needed, to

develop therapies which could slow or potentially halt the pathological progression of PD.

1.4.2 PARK7, SNCA, LRRK2, GBA

PARK7 (previously identified as DJ-1) encodes for the DJ-1 protein, which has been found to interact
with several proteins including tau, Parkin and PINK1 (Rizzu et al., 2004). These three proteins
altogether form a ubiquitin ligase complex whose activity is obstructed by pathogenic mutations.
The data shows that Parkin, DJ-1, and PINK1 interact within the ubiquitin-proteasome system and
play a function in mitochondrial structure maintenance (Xiong et al., 2009).

Alpha-synuclein is a small cytosolic protein, encoded by the SNA gene on chromosome 4 found in
several cellular compartments, such as nucleus, mitochondria, endoplasmic reticulum, synaptic
vesicles, Golgi apparatus and lysosomes (Somayaji et al., 2021). As illustrated before, mutations and
multiplications in SNCA gene are associated to the risk of dominantly inherited PD, as they intensify
the tendency of alpha-synuclein to form cytotoxic protein aggregates (Ahn et al., 2008). The
formation of these aggregates is known to be associated with increased oxidative stress and ROS
production. Consequently, aggregated alpha-synuclein could undergo oxidative conjugation with
dopamine, causing the accumulation of toxic soluble fibrils in DA neurons (Junn and Mouradian,
2002; Tabrizi et al., 2000). Several in vitro experiments have ultimately shown that ROS directly
promote alpha-synuclein aggregation, which can then in turn increase ROS production, and
therefore building a vicious cycle that eventually drives and aggravates neurodegeneration (Dias et
al., 2013).

Mutations in both LRRK2 and GBA have been associated to familial Parkinson's disease, however

they are autosomal dominant pathogenic variations with incomplete penetrance. This implies that
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they may also be classified as genetic risk factors, with the presence of specific variants conferring
an increased chance of developing PD (Day and Mullin, 2021).

Several pathogenic LRRK2 mutations have been identified so far. LRRK2 encodes the leucine-rich
repeat kinase 2 protein, and its physiological involvement is hypothesized to include autophagy,
mitochondrial function, and microtubule stability (Berwick et al., 2019).

GBA gene variants can cause Gaucher disease, a lysosomal storage disorder caused by decreased
activity of the GBA-encoded enzyme glucocerebrosidase (GCase). Its link to Parkinson's disease was
originally recognized in 1996 when patients with Gaucher disease had abnormal levels of
Parkinsonian symptoms. Similarly to LRRK2, environmental and genetic cofactors are proposed to

explain variable penetrance of GBA variants (Day and Mullin, 2021).

1.5 Endoplasmic reticulum/mitochondria crosstalk in PD

1.5.1 ER and PD

The Endoplasmic Reticulum (ER) is the cellular compartment responsible for synthesis and post-
translational modifications of proteins, and their final delivery to target sites (Perkins and Allan,
2021). Through a rigorous mechanism of proof-control, the correctly folded proteins are
transported to the Golgi apparatus, whilst the misfolded ones can be retained for being properly
folded or alternatively are targeted for autophagy.

Alterations in the proteins involved in regulating ER structure and activity have already been
associated to Parkinson’, Alzheimer’s disease and amyotrophic lateral sclerosis. In PD, impairments
in the ER and in mitochondria, as well as in their crosstalk at the MAM (mitochondrial-associated
membrane), are known to be affecting crucial cellular pathways like protein secretion and
metabolism [Fig. 1.5]. This can heavily destabilize the capability of the cell to maintain calcium

homeostasis and to control oxidative stress levels (Sunanda et al., 2021).
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Figure 1.5 Schematic representation of the contact site existing between ER and mitochondria (modified from
(Sunanda et al., 2021)).

If ER activity is deranged, this can lead to ER stress which eventually triggers the UPR (unfolded
protein response) system, a signalling pathway regulated by various ER sensors [Fig. 1.6]. This
pathway can halt the translation of misfolded protein, by activation of the ER chaperone proteins

which are able to enable their degradation (Wang and Takahashi, 2007).
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Figure 1.6 The unfolded protein response (UPR) is activated in response to accumulation of proteins within the
ER (modified from (Sunanda et al., 2021)).
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However, an unwanted accumulation of misfolded proteins for an extended period leads obstructs
UPR’s adaptive response, hence contributing to cellular death.

In 2007, it was observed that post-mortem brain samples of PD patients were strongly
immunoreactive to phosphorylated PERK (a crucial component of the UPR system) in the DA
neurons of the substantia nigra (Hoozemans et al., 2007). Moreover, the neurons which exhibit
activated PERK also displayed more alpha-synuclein inclusions. These protein aggregations, in turn,
trigger chronic ER stress, showing the dual correlation between these two parameters (Credle et

al., 2015) and that PD pathology is associated with dysfunctions in the ER.

1.5.2 MAM in PD

The hypothesis that ER and mitochondria are actively communicating was suggested for the first
time already in 1959 (Copeland and Dalton, 1959). Subsequent studies detected that 5-20% of the
mitochondrial surface colocalizes with the surface of the ER, and that this apposition is formed by
a lipid mitochondrial-associated membrane (MAM) (Rizzuto et al., 1998). The interaction of MAMs
between ER and mitochondria helps the movement of biomolecules and supports the crosstalk
signalling between the two compartments. The main functions which have been associated to this
network, are metabolism of phospholipids and cholesterol, and maintenance of calcium
homeostasis within the cell. Therefore, MAMs are believed to play a crucial role in degeneration of
DA neurons, since these neurons depend on this structure for exchanging important metabolites
and signalling molecules between ER and mitochondria (Arduino et al., 2009). In particular, it was
shown that under stress conditions the ER releases a net flux of calcium towards the mitochondrial
matrix. This signalling pathway is particularly relevant as it has been implicated as a key event in
many apoptotic biological systems, suggesting that it could induce mitochondria to prompt
apoptotic cell death (Hayashi et al., 2009; Pinton et al., 2008). Consequently, alterations in the MAM
affects movement of calcium across the organelles hence cause detrimental effects on the survival
of neurons (Chan et al., 2007). PD-related genes have been identified as causes of pathological
changes in the MAM, including SNCA, DJ-1, Parkin and PINK1 (Guardia-Laguarta et al., 2015;
Konovalova et al., 2015; Liu et al., 2019; Rieusset, 2018; Toyofuku et al., 2020).
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1.6 Energy metabolism in PD

Recent research on innovative and successful PD therapies has focused on brain metabolism
(Quansah et al., 2018; Yoshino et al., 2018). The rationale that ties neuronal energy metabolism to
the regulation of aging of the human brain greatly supports the reason for this search. In humans,
the massive metabolic requirement of the brain demands around 20% of the body's energy
resources, in a process that is mostly glucose dependent (Braak et al., 2004). The energy generated
by glucose oxidation is then utilized to produce ATP, which is the primary energy carrier in all living
cells. Nicotinamide adenine dinucleotide (NAD*) is required for ATP metabolism and hence
intracellular energy metabolism. NAD* catalyses specific redox reactions during the glycolysis
(Yoshino et al., 2018). Provided that cellular NAD+ levels drop with age, maintaining enough NAD*
production is critical for neuron survival and function (Btaszczyk, 2018; Trammell et al., 2016).
Within the brain, neurons represent about 50% of all brain cells (Azevedo et al., 2009; Howarth et
al., 2012). Remarkably, neuronal metabolism is strongly activity dependent and neurons’ energy
consumption is comparable to the one observed in muscle cells (Ames, 2000; Brown and Ransom,
2007; Sharp et al., 1975). Essential neuronal processes, such as axonal and dendritic transport,
intracellular signalling and vegetative metabolism, account for about half of the brain’s energy
expenditure: consequently, the “baseline” energy demand is already very high. The other half of
the energy required is utilised for maintenance of the resting potential in neurons (28%) and
astrocytes (10%), while the actual signalling in the form of spike generation consumes 13% of the
energy (Lennie, 2003).

Depending on the level of brain activity, neurons alone can consume for 86-88% of the total energy
amount, whereas astrocytic processes are estimated to contribute with 12-14% to the overall
consumption (Jolivet, 2009). As already mentioned, the human brain consumes staggering amounts
of energy to fulfil its functions; it has been assessed that a single, resting neuron can consume even
more than 4.7x10° ATP molecules per second, an estimation that evidently rises significantly during
neuronal firing (Zhu et al., 2012).

Additional studies, which were carried out on macaques, showed that mitochondria in neurons are
concentrated in glutamatergic synapses and unmyelinated axons; not surprisingly, glycolytic
enzymes were found to be specifically located in nerve endings (Knull, 1978). These observations
led to the assumption that neurons are capable to control their energy metabolism at an
“exquisitely local level” (Wong-Riley, 1989). Due to their extraordinary morphology, characterised
by a very small soma and long processes, the local control is crucial for a precise transport of
metabolites, proteins and even whole organelles. Disruptions in this finely orchestrated pattern

were shown to be related to various diseases, such as PD.
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1.7 PD experimental models

In order to understand the processes underlying the disease and to assess new potential therapies
or treatments, several models have been developed during the last decades, based on the main
hallmarks of PD. Surely, the emergence of animal models has accelerated the research towards the
comprehension of PD pathophysiology. Toxins that selectively target dopamine neurons were
initially utilized to generate the first models, the most effective of which used MPTP, a toxin that
causes parkinsonism in humans (see Section 1.1.3). Other toxins used on pharmacologic animal
models are for example Paraquat, Rotenone and Manganese (Berry et al., 2010; Blesa et al., 2012;
Bouabid et al., 2016, 2014). More recently, the discovery of alpha-synuclein aggregates caused by
specific genetic mutations resulted in the development of alpha-synuclein transgenic animals such
as mice, Drosophila melanogaster and primates (Beal, 2001). Feany and colleagues, in particular,
created the first Drosophila model that overexpressed both mutant and wild-type alpha-synuclein,
and they observed a selective loss of DA neurons as well as neuronal inclusions comparable to Lewy
bodies (Feany and Bender, 2000).

Regarding transgenic animals, mice that have been genetically modified to develop loss of DA
neurons in the SN are used in many studies (Devine et al., 2011). These mice exhibited the majority
of PD features, such as motor impairment and DA neuron degeneration. They can also be used to
investigate the involvement of mitochondria in the pathogenesis of this disease (Salari and Bagheri,
2019).

Remarkably, MPTP Parkinson's disease (PD) modelsin primates have been essential for the
investigation of striatal circuitry involved in PD pathogenesis. As mentioned above, the basal
ganglia is divided into sub-circuits that alsoinclude the thalamus and cerebral cortex.
Electrophysiological experiments in the MPTP model have revealed that neurons in output
pathways fire abnormally. Motor activity of neurons in the external globus pallidus is decreased
after MPTP treatment, whereas it is dramatically amplified in the subthalamic nucleus, internal
globus pallidus, and substantia nigra pars reticulata (Wichmann et al., 2001, 1999). It was also
shown that lesions in these three areas improve motor symptoms of PD in MPTP-treated primates.
These findings prompted renewed interest in surgical procedures for Parkinson's disease treatment
(Beal, 2001).

In summary, while none of the currently available PD models entirely phenocopy the disorder, they
have greatly contributed to our understanding of the disease so far. However, PD is a very complex,
multifactorial disease and many different factors concur to its onset and progression. To tackle this
complexity, in vitro models such as established cell lines and primary cell cultures may be used to

recreate a controlled environment. Such experimental setup has the benefit of allowing researchers
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to investigate single pathogenic processes and the genes and proteins implicated. The main
advantages of cellular models over animal ones are that they generally develop diseases more
quickly and at a lower cost (Falkenburger et al., 2016). The fact that they are less ethically
objectionable also represents a significant benefit. Furthermore, while it is feasible to investigate a
particular cell type to understand its precise contribution to PD pathogenesis, it is also critical to
research the interaction between multiple cell types in order to comprehend the underlying
mechanisms in a more realistic manner. In conclusion, these models enable for larger-scale testing
in far less time, as well as precise genetic or pharmacologic manipulations, even when considerably
invasive and impactful.

An example of cellular model to model PD in vitro are immortalized cell lines, such as Lund Human
Mesencephalic (LUHMES), which were originally generated from a 8-week-old human ventral
mesencephalic tissue. LUHMES cells can be differentiate very quickly and quite inexpensively
(Lotharius, 2005). When converted into non-dividing neurons, these cells express neuronal
markers, elongated neuronal connections, and even electrical properties mimicking the behavior
of mDA neurons (Scholz et al., 2011). This method can be especially beneficial for
electrophysiological or morphological investigations, rather than for obtaining a more genetic,
reliable, patient-based perspective. Indeed, when compared to normal human cells, such cell lines
frequently exhibit genetic and metabolic aberrations (Gordon et al., 2014).

Primary cultures have the potential to address many of the challenges associated with cell lines.
However, collecting and growing primary dopaminergic neurons from adult/elderly patients' post-
mortem brains is challenging. Consequently, primary DA neurons are often taken from embryonic
mouse or rat brain tissue, particularly the central midbrain region, because these cells develop fast
in culture and generate neurites and synapses (Gaven et al., 2014; Weinert et al., 2015). These
cultures are frequently composed of different neuronal cell types, with 5-10% of them being
dopaminergic neurons (Falkenburger et al., 2016). Glial cells are frequently the dominant cell type
in this system, which turned out to be also beneficial. This method has been used, for example, to
explore the therapeutic impact of microglial modulation in a mixed culture with primary neurons,
indicating that microglia may influence neuronal function and survival under stressful conditions
(Che et al., 2018).

Finally, with the introduction of human embryonic stem cells (ESCs) and, later, human induced
pluripotent stem cells (iPSCs), researchers were able to generate several other differentiated cell
types keeping the original genotype unaffected (Takahashi et al., 2007; Thomson et al., 1998). In
particular, iPSCs can be derived directly from patients, thus providing a source of neurons carrying

the same genetic variants associated with pathogenesis in a defined microenvironment. The first
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PD-specific iPSC line was established from a sporadic type of the disease in a patient (Park et al.,
2008). Since then, iPSC models of Parkinson's disease have been developed from patients with
alterations in genes such as LRRK2, PARKIN, SNCA, GBA, and PINK1 . These methods for converting
human somatic cells into iPSCs using retroviral transduction and transcription factors like OCT4,
SOX2, KLF4 and c-MYC have therefore unlocked new possibilities in the development of both 2D
and 3D in vitro disease models (Slanzi et al., 2020). Innovative protocols for generating neural tube
and neural crest lineages (including motor neurons and midbrain dopaminergic neurons) have been
developed using only small molecule neural precursor cells (smNPCs), which are robust and
undergo immortal expansion (Reinhardt et al., 2013). However, the smNPC purification steps are
relatively energy- and time-consuming and may interfere with the natural gentle transition
throughout this developmental stage, pushing the cells to retain residual stemness traits even at
later stages. As a result, another differentiation strategy has been proposed that bypasses the
intermediate prolonged phase of smNPCs purification (Kriks et al., 2011). More details on the cell

culture protocols and their differences are provided in Section 3.5 of Materials and Methods.
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2. Aims and Structure of the Thesis

2.1 General aims of the project

Parkinson's disease is a multifactorial, highly intricated disease that predominantly affects
dopaminergic neurons in the substantia nigra of the midbrain. Despite intensive research over the
last decades, our understanding of this disease is still limited and no disease reverting or disease
modifying treatment is available. To address this challenge and investigate mechanisms of PD
development, | mimicked the developmental process of DA neuronal differentiation during
midbrain development in an iPSC model carrying the patient-based homozygous mutation
ILE368ASN in the PINK1 gene. The underlying strategy of this approach is that deep molecular
phenotyping including single-cell sequencing, proteomics and metabolomics will thereby reveal
essential early processes of disease development which can be followed up to the degeneration of

DA neurons. For this purpose, | worked on the following 3 specific aims.

2.1.1 Comparison of DA neuron differentiation protocols

Different protocols have been optimized and published and can be used to differentiate
dopaminergic neurons from human stem cells. For this reason, | compared two specific protocols
for the “Indirect” (Reinhardt et al., 2013) and the “Direct” Differentiation (Kriks et al., 2011) during
the first part of my PhD, as described in detail in Section 3.5. The main goal was to assess whether
these two procedures allow to obtain midbrain specific DA neurons with the same phenotypes,
and, if not, to identify the one which would be most appropriate to use for the following experiment

and analyses which | planned for my research project.

2.1.2 Comparison between control and PINK1 cell lines by single-cell RNA-sequencing at
early stages of differentiation

This part of the project was designated to the identification of a core group of genes which are
differentially expressed (Differentially Expressed Genes, DEGs) in control and PINK1 cell lines,
focusing on the early stages of differentiation (Day 0, 6, 15, 21) [Fig. 2.1]. At those points, the
affected cells are not yet expected to display features typically associated to neurotoxicity, but are
thought to show impairments in molecular pathways that could eventually lead to primary
pathology of PD. This specific analysis was performed on a transcriptomic level, specifically through

the Drop-seq single-cell RNA-sequencing and complemented with proteomics data. The results of
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this comparison have been published in January 2022 in a paper that | co-authored (Novak et al.,

2022).
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Figure 2.1 Differentiation set up for single-cell transcriptomics comparison between control and PINK1 at early
stages of neuronal differentiation.

2.1.3 Multi-scale analysis of control and PINK1 mature and aged dopaminergic neurons

To elucidate even further the dynamics which are driving PD progression during neuronal
differentiation, | investigated the PD-associated pathways and DEGs which were highlighted in the
previous step of the project, but also at later stages of development, including the maturation and
ageing phases (Day 0, 8, 18, 25, 32, 37, 57) [Fig. 2.2]. The same two cell lines (control and PINK1
mutation) were differentiated simultaneously to minimize noise and batch effect during the
analysis. For each time point, cells were then collected and, in addition to the transcriptomic
sequencing, also metabolomics and proteomics analysis were performed for a broader, multi-scale
overview on the differentiation dynamics. This big experimental set up represented the core of my
PhD project, hence the results coming from this multi-omics analysis will be included in the first-

author paper that | am currently drafting (Bernini et al., in preparation).
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Figure 2.2 Differentiation set up for multi-scale analysis of dopaminergic differentiation in control and PINK1
cell lines.

2.2 Structure of the thesis

In the next chapters, | will present all essential material and methods used in my project.
In the first section of the Results (Section 4.1), | will present the comparison between the
different differentiation methods to address the first specific aim. Following that, in Section
4.2, | will present the findings of my co-authored paper (Novak et al., 2022), the goal of
which was (i) to validate the efficacy of the chosen protocol at a single-cell level, (ii) to
investigate the differences between the control and PINK1 cell lines in the early stages of
neuronal development and (iii) to identify a network of key genes that could potentially
interact to produce or aggravate neurodegeneration in Parkinson’s disease. In Section 4.3,
the results on the multiscale characterization of the differentiation will be presented in
relation to the third specific aim. Finally, the results will be discussed in the broader

scientific context including an outlook on future work in Chapter 5.
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3. Materials and Methods

In the following chapter, | will list the reagents and factors that were used in this project and will
describe the methodologies that were applied for the generation of iPSCs cell lines and their multi-
scale characterization. Paragraphs in Sections 3.2 to 3.15 are extracted from one of the papers | co-
authored (Novak et al., 2022), while the techniques discussed in Sections 3.16 and 3.17 are included

in my first author paper (Bernini et al., in progress).

3.1 Chemicals and Reagents

Chemical Description Manufacturer Catalog Reference
Accutase Gibco A1110501
Advanced DMEM/F-12 Gibco 12634-010
Ascorbic Acid Peprotech 5088177
ATP Sigma-Aldrich A18521VL
B-27 Supplement Gibco 12587010
BDNF StemCell Technologies 78005.3
cAMP Sigma-Aldrich D0627
CHIR StemCell Technologies 73044
DAPT R&D 2634/50
FgF-8b StemCell Technologies 78008.1
Fibronectin R&D 1918-FN-02M
Fluo4 Direct Calcium Assay Kit Gibco F10473
GDNF StemCell Technologies 78058.3
Geltrex Gibco A1413202
KnockOut DMEM Gibco 10829018
KnockOut Serum Replacement Gibco 10828010
Laminin-521 StemCell Technologies 200-0117
LDN193189 StemCell Technologies 72147
GlutaMAX Supplement Gibco 35050061
mTeSR1 StemCell Technologies 85850
N-2 Supplement (100X) Gibco 17502001
NEAA MEM Gibco 11140035
Neurobasal Medium Gibco 21103049
NGF Invitrogen A42578
Poly-L-Ornithin Sigma-Aldrich P-3655
Puromorphamine StemCell Technologies 72204
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Puromycin Peprotech 5855822
Rock Inhibitor Abcam ab10129
SAG StemCell Technologies 73412
Shh StemCell Technologies 78065.2
SB431542 StemCell Technologies 72234
Synth-a-freeze Gibco A1371301
TGFf3 StemCell Technologies 78131

Table 3.1 List of reagents used for iPSCs maintenance and neuronal differentiation.

3.2 Generation and maintenance of iPSC cell lines

Fibroblasts isolated from a 64- year-old male with PD symptom onset at 33 years of age who carried
a homozygous mutation ILE368ASN (P.I1368N/P.I368N) in the PINK1 gene were provided from the
Coriell Institute (cat. No. ND40066).

Fibroblasts were cultured on gelatin-coated plates (10% gelatin in PBS, coated for 10 min at room
temperature) in KO DMEM +10% FBS +1% Penicillin/Streptomycin at standard culture conditions
(37 °C, 5% CO?). Live adherent fibroblasts in culture media were sent to be karyotyped by Cell Line
Genetics, Madison, WI, USA and confirmed to have a normal karyotype. The reprogramming of
fibroblasts into pluripotent stem cells was done at Yale Human Embryonic Stem Cell Core (New
Haven CT) using Sendai virus. The iPSC clone was again analyzed using Array Comparative Genomic
Hybridization (aCGH), a high-resolution karyotype analysis for the detection of unbalanced
structural and numerical chromosomal alterations and confirmed to be normal. To confirm the
presence of homozygous PINK1 (P.1368N/P.1368N) mutation, PCR was performed using GoTaq
(Promega), Cycling: 950C 30 s, 36x (95°C 15 s, 60°C 20 s, 68°C 15 s), 68°C 5 min. The PCR was
confirmed by electrophoresis to produce only one band, the remaining reaction was cleaned using
a PCR cleaning kit (Pure Link PCR Micro Kit cat. No. 310050). The PCR fragment was sequenced by
Eurofins Genomics.

All the iPSC cell lines were maintained and expanded on Geltrex-coated plates (Gibco, cat. No.
A1413302) in mTeSR™1 media (StemCell Technologies, cat. No. 85850) under standard incubator
conditions of 5% CO; and humidity. The protocol was approved by the Committee on Human
Research at the University of California San Francisco. The control stem cell line (WTSIi010-A) was
obtained by EBISC (car. No. 66540080) and was reprogrammed from dermal fibroblasts of a healthy

male donor aged 65-69 years.
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3.3 Analysis of iPSC status and trilineage potential by TagMan iPSC Scorecard assay

In order to confirm the iPSC status of reprogrammed donor fibroblasts, we performed a TagMan
iPSC Scorecard Assay (Tsankov et al., 2015), which also confirmed the cells’ trilineage potential. We
followed the protocol described by the manufacturer of the TagMan hPSC Scorecard Assay (Thermo
Fisher Scientific). Stem cells were cultured on Geltrex matrix (Gibco) in mTeSR™1 media (StemCell
Technologies) under standard incubator conditions of 5% CO; and humidity. On the day of analysis,
cells were dissociated using Accutase and pelleted by centrifugation. RNA was extracted using a
Qiagen extraction kit and cDNA was synthesized as per Scorecard kit instructions. Embryonic bodies
were generated as per Scorecard kit instructions, RNA was extracted, and cDNA synthesized in the
same way as for iPSC pellets. The TagMan hPSC Scorecard Kit 384w plate was amplified using
Lightcycler 480 (Roche Diagnostics) and data were uploaded to the hPSC Scorecard analysis

software available online from Thermo Fisher Scientific.

3.4 Immunocytochemistry

96-well cell culture plates were seeded with iPSCs, one or two wells per cell line, and the iPSCs were
then allowed to form colonies. The adherent colonies were fixed in 4% PFA for 10 min, washed and
permeabilized with 0.1% Triton X-100 in 1X PBS for 15 min, then washed and incubated in a blocking
solution of 2% BSA in 1X PBS for 1 h. They were then incubated with a primary antibody for POU5SF1
(also known as Oct 3/4, Santa Cruz Biotechnology, sc-5279) and TRA-1-60 (MAB4360, Merck
Millipore) at 1/500 dilution in blocking solution, overnight at 4 °C. The next day, they were washed
three times with PBS and a secondary antibody (AlexaFluor 488, Thermo Fisher) was applied at a
1/1000 dilution in blocking solution and incubated for 1 h at room temperature. The cells were then
washed three times with PBS and imaged. Differentiated cells were stained for microtubule-
associated protein 2 (MAP2, MAB3418, Merck Millipore), tyrosine hydroxylase (TH, Pel-Freez
Biologicals P40101), PAX6 (901301, Imtec diagnostics) at 1/500 dilution, PITX3 (Sigma-Aldrich,
HPA044639), LMX1A (Abcam, ab139726) and SLC6A3/DAT (Thermo fisher, PA1-4656). Images were
captured using a confocal Zeiss Laser Scanning Microscope 710 with a 20x air objective and
processed using ZEISS ZEN Microscope Software. The same preset parameters were used for the
acquisition of images. Images were converted from czi-format to tiff-format and scale bars were

added using Fiji open-source software (Schindelin et al., 2012).
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3.5 Differentiation of iPSCs into dopaminergic neurons

Two different dopaminergic differentiation protocols were used to check the differences in the

quality of the DA neurons obtained [Fig. 3.1].

DA neuron

Stem Cell DA neuron

Figure 3.1 Different approaches for dopaminergic neuronal differentiation: the "indirect" method (a) includes an
intermediate step of sSmNPCs (Reinhardt et al., 2013), while the "direct” one (b) directly differentiates stem cells
into dopaminergic neurons (Kriks et al., 2011).

3.5.1 “Indirect” Differentiation Protocol

This differentiation was carried out by following the protocol described in (Reinhardt et al., 2013).
This method allows to differentiate neuronal cell subtypes starting from human stem cells, by using
only small molecules of neural progenitor cells (smNPCs). The protocol is in fact divided into two
phases: (i) an initial conversion phase (from iPSCs to smNPCs) followed by expansion/purification
of smNPCs, and (ii) the differentiation/maturation phase (from smNPCs to dopaminergic
neurons)[Fig. 3.2]. In this protocol, cells were fed every second day. The purification steps were
performed by manually picking the colonies which were forming the typical “rosette” structure of
cells which are being exposed to neural induction. These colonies were collected and passaged

more than 13 times before we could start to differentiate them into dopaminergic neurons.
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Figure 3.2 Schematic representation of the Indirect Differentiation protocol described in (Reinhardt et al., 2013).

3.5.2 “Direct” Differentiation Protocol

The protocol used to differentiate iPSCs into mDA neurons was modified from the Kriks et al.
protocol (Kriks et al., 2011). This method allows to directly differentiate human iPSCs into midbrain
dopaminergic neurons, without the smNPCs intermediate purification steps. The iPSCs were initially
grown to 95% confluence, dissociated using accutase and then seeded in 12-well plates (1.4 x 10°
cells/well). They were allowed to recover in the presence of ROCK inhibitor for 8 h and then put in
mTeSR without ROCK inhibitor for the next 16 h. Subsequently, day 0 media were applied. All the
cell lines were differentiated in parallel so that they would be exposed to the same conditions.
Different timepoints were generated (from day O to day 57) by repeating the differentiation
protocol on a later date. Cells were fed with fresh media daily with 3 ml per well using the

appropriate media and factor mix described in the differentiation protocol [Fig. 3.3].

Differentiation from iPSCs to mDA neurons

Days
EREEEENEEEEY"
LDN & SB LDN
CHIR
SHH, FGF8 & Pur BDNF & GDNF,

CAMP, AA, TGF-B & DAPT

Figure 3.3. Schematic representation of the Indirect Differentiation protocol adapted from (Kriks et al., 2011).
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3.6 Real-time quantitative PCR (RT-gPCR) of mDA and non-mDA markers

Total RNA was extracted from a cell pellet of a 12-well plate well using the RNeasy Plus Universal
Kit Mini (50) (cat. No. 73404) following the manufacturer‘s instructions. RNA concentration was
determined through absorption at 260 nm using the Nanodrop instrument (Fisher Scientific). The
Superscript HITM First-Strand Synthesis Sys- tem for RT-PCR (Invitrogen) was used to prepare cDNA,
using oligo(dT)20 and 2 ug of total RNA as per manufacturer instructions. The cDNA was stored
at-20 °C.

Primers were designed using Primer Blast (Ye et al., 2012) and synthesized by Eurogentec Belgium.
Standard templates of 90-150 bp in length were generated by PCR, purified using Invitrogen Pure
Link PCR Micro Kit (K310050), and their concentration determined using NanoDrop
Spectrophotometer. These were then diluted to generate a series of standards of known
concentration, from 200 to 0.002 fg ul-1. cDNA levels within samples were determined using
guantitative real-time PCR (QRT-PCR) on a Roche Lightcycler 480 using the Maxima® SYBR
Green/ROX gPCR Master Mix (2x) (cat. No. #K0223) using absolute quantitation by generating a
standard curve based on the standards of known concentration and extrapolating the
concentration of the unknowns (samples). The parameters were: initial denaturation at 95 °C for
10 min., followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 35 s. This was followed
by a dissociation curve to confirm that only one PCR product was present. Each absolute
concentration of a particular gene was then divided by the absolute concentration of a
housekeeping gene, in this case GAPDH. In previous experiments, GAPDH has been identified as the
most stable housekeeping gene in iPSCs and in iPSCs differentiating using our protocol. The values
were, therefore, standardized per total RNA of the sample, since 2 ug of total RNA was used for

every sample, as well as per expression GAPDH.

3.7 Statistics and reproducibility

In RT-gPCR graphs, each timepoint consists of at least three independently differentiated samples,
seeded at the same time, hence representing biological replicates. Sample concentration was
determined by absolute quantitation, comparing the sample concentration to a known con-
centration of a standard template identical to the one being amplified. The value was standardized
to total RNA, by cDNA synthesizing each cDNA sample from a standard amount of total RNA for

each sample. This value was then divided by the concentration of GAPDH obtained for that sample,
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thus standardizing to GAPDH levels and generating a unitless number denoting expression relative
to the expression of the housekeeping gene GAPDH. GAPDH was selected from among several
possible housekeeping genes, as it showed the best ability to normalize gene expression in a
population of untreated samples. Each of the samples was amplified in duplicates, and each sample
value was an average of the experimental duplicate. Standard error was calculated as the standard
deviation of the three biological replicates, divided by the square root of the number of samples.
To allow for reproducibility through independent analysis, all datasets were made available and can

be accessed from repositories listed at (https://r3lab.uni.lu/frozen/cca2-s098).

3.8 Single-cell RNA sequencing

On the day of collection, cells were dissociated using accutase. The single-cell suspension was spun
down and cells were washed twice with PBS 2% BSA, then passed through a 40 um filter to remove
larger cell clumps. The sample was then counted, and viability was determined using Vi- CELL XR
Cell Counter (Beckman Coulter). Cells were required to have at least a 95% viability. Samples were
then diluted in PBS 2% BSA to a final concentration of 190,000 cells/ml. About 3 ml were used for
single-cell analysis. Subsequently, cells were processed by the Drop-Seq approach (Macosko et al.,

2015; Sousa et al., 2018; Trapnell et al., 2014) and sequenced.

3.9 Microfluidics fabrication for single-cell RNAseq

Microfluidics devices were generated on-site, using the technique described below, which is based
on an earlier Drop-Seq protocol (Dirkse et al., 2019; Macosko et al., 2015). Soft lithography was
performed using SU-8 2050 photoresist (MicroChem) on a 4" silicon substrate, to generate a 90 um
aspect depth feature. The wafer masks were subjected to silanization overnight using
chlorotrimethylsilane (Sigma), before being used for the fabrication of microfluidics. Silicon-based
polymerization chemistry was used to fabricate the Drop-Seq chips. In short, we prepared a 1:10
ration mix of polydimethylsiloxane (PDMS) base and cross-linker (Dow Corning), which was
degassed and poured onto the Drop-Seq master template. PDMS was cured on the master
template, at 70 °C for 2 h. After cooling, PDMS monoliths were cut, and 1.25 mm biopsy punchers
(World Precision Instruments) were used to punch out the inlet/outlet ports. Using a Harrick plasma

cleaner, the PDMS monolith was then plasma bonded to a clean microscope glass slide. After the
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pairing of the PDMS monolith’s plasma-treated surfaces with the glass slide, we subjected the flow
channels to a hydrophobicity treatment using 1H,1H,2H,2H-perfluorodecyltri-chlorosilane (in 2%
v/v in FC-40 oil; Alfa Aesar/Sigma) for 5 min of treatment. Excess silane was removed by being

blown through the inlet/outlet ports. Chips were then incubated at 80 °C for 15 min.

3.10 Single-cell isolation and RNA capturing

We determined experimentally that, when using the microfluidics chips, a bead concentration of
180 beads/ul is optimal for an efficient co-encapsulation of the synthesized barcoded beads
(ChemGenes Corp., USA) and cells, inside droplets containing lysis reagents in Drop-Seq lysis buffer
medium. Barcoded oligo (dT) handles synthesized on the surface of the beads were used to capture
cellular mRNA. For cell encapsulation, we loaded into one syringe each, 1.5 ml of bead suspensions
(BD) and the cell suspension. Micro-stirrer was used (VP Scientific) to keep beads in homogenous
suspension. For the droplet generation, a QX200 carrier oil (Bio-Rad) was loaded into a 20 ml syringe
and used as a continuous phase. To create droplets, we used KD Scientific Legato Syringe Pumps to
generate 2.5 and 11 ml/h flowrates for the dispersed and continuous phase flows, respectively.
After the droplet formation was optimal and stable, the droplet suspension was collected into a 50
ml Falcon tube. In total, 1 ml of the single-cell suspension was collected. Bright-field microscopy
using INCYTO C-Chip Disposable Hemacytometer (Thermo Fisher Scientific) was used to evaluate
droplet consistency and stability. To avoid multiple beads per droplet, bead formation and
occupancy within individual droplets was monitored throughout the collection process. The
subsequent steps of droplet breakage, bead harvesting, reverse transcription and exonuclease
treatment were carried out as described below, in accordance with the Drop-Seq protocol
(Macosko et al., 2015). The RT buffer was premixed as follows, 1x Maxima RT buffer, 4% Ficoll PM-
400 (Sigma), 1 uM dNTPs (Thermo Fisher Scientific), 1 U/ml RNase Inhibitor (Lucigen), 2.5 uM
Template Switch Oligo, and 10 U/ml Maxima H-RT (Thermo Fisher Scientific). After Exo-l treatment,
INCYTO C-Chip Disposable Hemacytometer was used to estimate the bead counts, and 10,000
beads were aliquoted in 0.2 ml Eppendorf PCR tubes. We then added 50 ul of PCR mix, consisting
of 1x HiFi HotStart ReadyMix (Kapa Biosystems) and a 0.8 mM Template Switch PCR primer. The
thermocycling program of the PCR was 95 °C (3 min), four cycles of 98 °C (20 s), 65 °C (45 s), 72 °C
(3 min) and 9 cycles of 98 °C (20's), 67 °C (20's), 72 °C (3 min), and a final extension step of 72 °C for
5 min. After PCR amplification, 0.6x Agencourt AMPure XP beads (Beckman Coulter) were used for

library purification according to the manufacturer’s protocol. The purified libraries were eluted in
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10 pl RNase/ DNase-free Molecular Grade Water. We used the Bioanalyzer High Sensitivity Chip

(Agilent Technologies) to analyze the quality and concentration of the sequencing libraries.

3.11 NGS preparation for Drop-seq libraries

The 3’ end-enriched cDNA libraries were prepared by tagmentation reaction of 600 pg cDNA library
using the standard Nextera XT tagmentation kit (Illumina). Reactions were performed according to
the manufacturer’s instructions. The PCR amplification cycling program used was 95 °C (30 s), and
12 cycles of 95 °C (10 s), 55 °C (30 s), and 72 °C (30 s), followed by a final extension step of 72 °C
(5 min). Libraries were purified twice to reduce primers and short DNA fragments with 0.6x and 1x
Agencourt AMPure XP beads (Beckman Coulter), respectively, in accordance with the
manufacturer’s protocol. Finally, purified libraries were eluted in 10 ul Molecular Grade Water.
Quality and quantity of the tagmented cDNA library were evaluated using Bioanalyzer High
Sensitivity DNA Chip. The average size of the tagmented libraries prior to sequencing was between
400 and 700 bps. Purified Drop-seq cDNA libraries were sequenced using lllumina NextSeq 500 with
the recommended sequencing protocol except for 6 pM of custom primer
(GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC) applied for priming of read 1. Paired-end
sequencing of 20 bases (covering the 1-12 bases of random cell barcode and the remaining 13-20
bases of random unique molecular identifier (UMI)) was performed for read 1, and of 50 bases of

the genes for read 2.

3.12 Bioinformatics processing and data analysis

The FASTQ files were assembled from the raw BCL files using Illumina’s bcl2fastg converter and run
through the FASTQC codes (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to
check for consistency in library qualities. The monitored quality assessment parameters monitored
were (i) per-base sequence quality (especially for the read 2 of the gene), (ii) per-base N content,
(iii) per-base sequence content, and (iv) over-represented sequences. The FASTQ files were then
merged and converted into binaries using PICARD’s FastqToSam algorithm. The sequencing reads
were converted into a digital gene expression matrix using the Drop-seq bioinformatics pipeline

(Macosko et al., 2015).
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3.13 Single-cell RNAseq data analysis

The identification of low-quality cells was done separately for each dataset. To select only the
highest quality data, we sorted the cells by their cumulative gene expression. Only cells with the
highest cumulative expression were considered for the analysis (James and Matteson, 2015). In
addition to this filtering, we defined cells as low-quality based on three criteria for each cell. The
number of expressed genes must be more than 200 and 2 median absolute-deviations (MADs)
above the median; the total number of counts must be 2 MADs above or below the median, and
the percentage of counts to mitochondrial genes must be 1.5 MADs above the median. Cells failing
at least one criterion were considered as low-quality cells and filtered out from the further analysis.
As for the cell filtering, we filtered out low-quality genes, identified by being expressed in less than
ten cells in the data. The integration of the filtered matrices of the different datasets was performed
using scTransform (Butler et al., 2018) on a Seurat object (Finak et al., 2015) based on the
treatment. The final gene expression matrix, which was used for the downstream analysis,
consisted of 4495 cells and 39,194 genes with a median total number of mRNA counts of 7,750 and
a median number of expressed genes of 3,521. Principal component analysis (PCA) was computed
using the 5,000 most variable genes of the integrated data. The clustering of data was performed
using Louvain clustering. The resolution of the clustering was selected based on the best silhouette
score of the different resolutions (Rousseeuw, 1987). A shortlist of manually curated markers was
used to validate the different stages of the differentiation process. We then performed differential
expression analysis between the two conditions (control and PINK1) at each timepoint. The
differential expression analysis was done using MAST (Finak et al., 2015) (default parameters) on
the normalized counts using the total number of transcripts in each cell as a covariate and the
Bonferroni correction to correct for multiple hypothesis testing resulting in adjusted P-values
(Padj). In addition, we tried to find conserved markers among the different timepoints using MAST
again and the total number of transcripts in each cell used as a latent variable. Genes with fold
changes of the same sign in the fold change were then identified across the different timepoints
and the average fold change was calculated. The genes with average fold change >0.1 and
maximum adjusted P-value <0.01 were selected as differentially expressed. The first analysis of
pairwise differential expression at each timepoint (adjusted P-values (Padj) <0.01-fold changes (FC)
>0.1) was performed to identify genes that were upregulated and downregulated in the PINK1 cell
line compared to control (see Results Section 4.2). For the multi-scale analysis (Section 4.3), we
applied different FC thresholds (| FC|>0.3 or >0.6) to allow for different scopes of the analyses. This
analysis was carried out for all the time points. Then, we used the maximum adjusted P-value in a

pairwise combination as an adjusted P-value, and the average fold change that occurred in the
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pairwise comparison as fold change threshold hence retained only genes dysregulated in the same
direction at all timepoints (Group B). We then took the mean of FC of the different timepoints to
reduce the effect of the variability between pairs due to their different differentiation states. The
analysis was performed for the four timepoints (iPSCs, D6, D15, and D21), considering only the
absolute degree of change in iPSCs (Group C). The analysis was then repeated using only timepoints

D6, D15, and D21 (Group D).

3.14 Network analysis

We extracted protein—protein interaction information between the DEGs from STRING (Szklarczyk
et al,, 2019) and from GeneMANIA (Warde-Farley et al., 2010). We excluded indirect association,
such as text mining, co-occurrence, and neighborhood from STRING, and co-expression,
colocalization, shared protein domains, and predicted interactions from GeneMANIA, retaining
only genetic interactions, pathways, and physical interactions (2,122 interactions in total). We
deleted any genes or interactions that were added by these databases, to only focus on DEGs and
interactions among them. The network diameter was calculated and betweenness centrality was
used toillustrate the relative importance of each node within the network. As a control, we selected
the same number of genes at random, using the list of genes detected by our RNAseq analysis,
excluding DEGs. This control set did not produce a network and led to a mostly disconnected array
of genes. Networks were also generated using the STRING and GeneMANIA inputs independently.
We constructed a correlation network based on the correlation of expression of DEGs (p value <
0.05, correlation > 0.1) and identify edges that are common to the two networks. This network
consisted of 860 interactions. We next extracted shared interactions of these two networks, which
amounted to 297 interactions. To validate the PPl network produced by STIRNGdb (v10), we
created 50 PPl (protein—protein interaction) networks using 292 random genes (same as the
number of DEGs). We then compared the number of detected proteins, the number of interactions
between the genes, and the distribution of the node degrees. We performed the Wilcoxon test to
access if the two-degree distributions are different from eachanother in a statistically significant

manner, which showed a statistically significant difference (p = 2.22e-16).
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3.15 Proteome analysis

Cell pellets were lysed in 1% sodium deoxycholate in 50 mM sodium bicarbonate pH8. After
sonication, samples were incubated on ice for 30 min and centrifuged at 4 °C for 30 min at 16,000xg.
Supernatants were recovered and quantified using PierceTM BCA Protein Assay Kit (23225, Thermo
Scientific). Protein extracts (10 pg) were reduced with 10 mM DTT for 45 min at 37 °C, incubated
for 15 min at room temperature, then alkylated with 25 mM iodoacetamide for 30 min at room
temperature in darkness. Proteins were further digested overnight at 37 °C with 0.2 pg of
trypsin/Lys-C Mix (V507A, Promega). Samples were acidified in 1% formic acid and centrifuged for
10 min at 12,000 x g. Supernatants were recovered, and peptides were desalted on Sep-Pak tC18
uElution Plates (Waters, 186002318), dried by vacuum centrifugation, and reconstituted in 25 ul of
1% Acetonitrile/0.05% trifluoroacetic acid. Following quantification by nanodrop, each sample (200
ng) was analyzed by mass spectrometry. The LCMS setup consisted of a Dionex Ultimate 3000 RSLC
chromatography system configured in column switching mode. The mobile phases A and B
consisted 0f0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. The loading
phase consisted of 0.05% trifluoroacetic acid and 1% acetonitrile in water. The LC system was
operated with a Thermo pepmap100 C18 (2 um particles) 75 um x 15 cm analytical column (loading
5 ul min™%; analytical 300 nl min™?). The loading column consisted of Thermo pepmap100 C18 (3 um
particles) 75 um x 2 cm. Samples were separated by a linear gradient ranging from 2% B to 35% B
66 min and sprayed into the mass spectrometer using a Nanospray Flex (Thermo Scientific) ion
source. MS acquisition was performed on Q Exactive-HF (Thermo Scientific) operated in data-
dependent acquisition mode. MS cycle (AGC MS1 3e6; AGC MS2 1e5) consisted of a high-resolution
survey scan (60,000 at 200 m/z) followed by the fragmentation of the top 12 most intense peptides
at a resolution of 15,000 at 200 m/z. Dynamic exclusion of already fragmented peptide ions was set
to 20 s. Analysis was performed with the MaxQuant software package version 1.6.17.0(Cox and
Mann, 2008). The minimum ratio for LFQ was set to 2. An FDR <1% was applied for peptides and
proteins. A human Uniprot database (July 2018) was used to perform the Andromeda search (Cox
etal., 2011). Oxidized methionine and acetylated N-termini were set as variable modifications while
carbamidomethylation on cysteine was set as a fixed modification. Peptide tolerance was 20 ppm.
MS intensities were normalized by the MaxLFQ algorithm (Cox et al., 2014) implemented in

MaxQuant while using the match-between-runs feature.

41



Materials and Methods

3.16 Metabolome analysis

For the investigation of metabolic profiles and their potential impairment in Parkinson’s disease
cell lines, we used the available assays of the metabolomics platform at the LCSB headed by Dr.
Carole Linster. This technique is based on liquid chromatography mass spectrometry (LC-MS)
metabolomics to describe metabolomic alterations in mDA neurons in vitro (Anso et al., 2021). For
each condition 3 samples have been analyzed on a Dionex UltiMate 3000 (Thermo Fisher Scientific)
coupled to a Q Exactive Orbitrap mass spectrometer equipped with a HESI electrospray ion source
(Thermo Fisher Scientific) at 15 °C. Extracellular glucose levels have been analysed by the YSI 2950D
(Yellow Springs Instruments) biochemistry analyzer and lactate levels by quantified

spectrophotometrically on a TECAN M200 Pro by changes of NADH absorption.

3.17 Live-cell calcium imaging, induction of calcium release and image analysis

For these imaging experiments, | used PhenoPlate™ 96-well microplates (Perkin Elmer, cat. No.
6055300) which are designed for cell culture and imaging with high-content screening systems.
Cells were seeded in different concentrations, ranging from 50,000 to 250,000 cells/well, to be able
to visualize neuronal structures but also to have a significant number of cells to analyze. To visualize
intracellular calcium in my cultures of cells, | stained them by using the Fluo-4 Direct™ Calcium
Assay Kit (Invitrogen, cat. No. F10471). The medium was initially removed from the wells, then a
solution 1:1 (in this case 100 pL) of fresh medium and Fluo4 solution (according to the
manufacturer’s protocol) was added; the plates were then let in incubator for 30 to 45 minutes and
were then immediately imaged. For images and videos acquisitions, | used the Leica SP8 Lightning
super-resolution confocal microscope. During video acquisitions, the cells were perturbed by
adding ATP solutions of different concentrations (from 30 uM to 1 mM) to the wells. All the videos
were acquired with magnification 40x, emission wavelength 580nm, scan speed 600Hz and by using
the filter CS2 UV Optics 1. For the analysis, cells were selected by manually running ROl manager
on Fiji ImageJ and .csv files containing the mean of intensities for each single cell were generated
(Schneider et al., 2012). Later, the .csv files were uploaded and processed on CaSiAn software
(Moein et al., 2018) for manual adjustments of the automatic detection of intensity peaks and for

generating the final plots.
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4. Results

In this chapter, the main results obtained during my PhD for the specific aims detailed in Chapter 2
will be presented including the comparison of the differentiation protocols (Aim 1), the analysis of
the early differentiation phase (Aim 2) and the multi-omics characterization for the long-term
differentiation (Aim 3). Paragraph 4.1.3 and Section 4.2 are taken from the paper that | co-authored
(Novak et al., 2022). This analysis focused on the early differentiation period and based on this the
data and analysis | subsequently performed the core multi-omics experiment, which is described in

detail in Section 4.3.

4.1 Comparison of DA neurons differentiation protocols

During embryonic development, different classes of neuronal progenitor cells can be identified in
the neural tube where each class undergoes a precise spatio-temporal regulation which will
eventually convert those precursor cells into a specific neuronal type. It is known from literature
that the classes which are giving rise to midbrain dopaminergic neurons are the one identified as
A8, A9 and A10, which are localized in a region called Floor Plate [Fig. 4.1]. The growth factors and
regulators which can induce the right differentiation for each class, and their modification over

time, have been widely studied and clarified in the last decades (Bjérklund and Dunnett, 2007).

Cortex

Striatum

TRENDS in Neurosciences

Figure 4.1 A sagittal view of the adult rodent brain showing that dopamine neurons in the mammalian brain are
localized in nine distinctive cell groups, distributed from the mesencephalon to the olfactory bulb; the primary
projections of the DA cell groups are shown by the arrows (Bjérklund and Dunnett, 2007).
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As illustrated in Fig. 4.2, it was observed that PAX6 (Paired box protein-6) plays an important role
in morphogenesis. In fact, its presence in the early stages of development will trigger a defined
temporal expression of neuronal transcription factors; this cascade of gene expression will
determine the growth of DA neurons specifically localized in the retina and in the olfactory bulb,
whilst to develop into midbrain DA neurons the progenitor cells need to be completely unexposed

to this factor [Fig.4.2].
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(Vitalis et al., 2000) Nkx2.1 and Msx1/2. 'r' Etvl/ER81, Pax6, and Meis2 -> A16 olfactory bulb
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Figure 4.2 Schematic overview of the temporal expression of neuronal transcription factors (image kindly
provided by Gabriela Novak).

Interestingly, additional embryological studies on the developing neural tube have shown that the
region of the Floor Plate is characterized by the absence of PAX6 but also by the expression of Shh
(Sonic hedgehog) which are mutually exclusive [Fig. 4.3] (Corbin et al., 2003). This patterning is

therefore crucial for the region-specific development of different classes of neurons.
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Figure 4.3 Coronal section of developing neural tube, stained for early neuronal development markers, shows
that the region of the Floor Plate is positive for Shh but negative for Pax6 (Corbin et al., 2003).

For this reason, to assess the quality of dopaminergic neurons in respect to their midbrain
characteristics obtained by the Direct and Indirect differentiation methods, | have been
differentiating the same iPSC cell line by following both protocols and performed
immunocytochemistry stainings on the developing cells at different time points. | checked for the
presence of PAX6 and of Tyrosine Hydroxylase (TH), the rate-limiting enzyme that converts tyrosine

into L-dopa, which is the dopamine precursor.

4.1.1 Indirect DA neurons are positive for TH and for PAX6 markers

A control cell line has been differentiated accordingly to the Indirect protocol for 30 days starting
from smNPCs which had been previously derived and purified. Cells were then fixed and stained for
TH and PAX6 at Day 0, 8, 20 and 30.

Cells at Day 0 and Day 8 showed a good PAX6 labelling. Subsequently, at Day 20 and Day 30, cells
expressed TH, demonstrating their DA characteristics. The results of the immunostaining are

illustrated in Fig. 4.4.

4.1.2 Direct DA neurons show TH labelling but not for PAX6

The same control cell line has been differentiated into neurons following the Direct protocol. Cells
were again stained for TH and PX6 at Day 0, 15, 25, 30.

This time, cells at earlier stages of neuronal development (Day 0 and Day 15), did not show any
labelling for PAX6. Nevertheless, at later time points (Day 25 and 30), cells expressed TH. The

results of the immunostaining are illustrated in Fig. 4.5.
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Figure 4.4 Immunostaining on cells differentiated with the Indirect Protocol at Day 0, 8, 20 and 30. BF: Bright
Field. DAPI: 4',6-diamidino-2-phenylindole, showing the nuclei of live cells. PAX6: Paired box protein-6. TH:
Tyrosine Hydroxylase, the enzyme that converts L-tyrosine to L-DOPA, the precursor of dopamine. Scale bar:
100uM.
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Figure 4.5 Immunostaining on cells differentiated with the Direct Protocol at Day 0, 15, 25 and 30. BF: Bright
Field. DAPI: 4',6-diamidino-2-phenylindole, showing the nuclei of live cells. PAX6: Paired box protein-6. TH:
Tyrosine Hydroxylase, the enzyme that converts L-tyrosine to L-DOPA, the precursor of dopamine. Scale bar:
100uM.
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4.1.3 Single-cell transcriptomics shows that Direct DA Differentiation protocol
recapitulates in vivo differentiation

As stated by Bjorklund & Dunnett, “expression of TH is not in itself sufficient to prove that a neuron
is catecholaminergic, let alone dopaminergic”. Hence, aside from the TH/PAX6 stainings, we made
great effort to confirm that the neurons generated by the Direct protocol display a true midbrain
DA (mDA) phenotype. To confirm that our differentiation protocol recapitulates the in vivo mDA
differentiation path, we identified a group of genes that are essential and specific to the in vivo
mDA differentiation process (OTX2, LMX1A, FOXA2, NR4A2, and others) and analysed their
expression during the development of the control cell line at timepoints DO (iPSCs), D6, D10, D15,
D21, D26, D35, and D50, which represent the major developmental steps of the protocol [Fig. 4.6].

MAP2 TH MAP2, LMX1A MAP2, PITX3 MAP2, DAT

D25

D35

Ay

Expression

- l"lll\l‘\‘l‘l‘l |H

T

)

Figure 4.6 In vitro differentiation of iIPSC-derived mDA neurons recapitulates the in vivo process. a: To illustrate
the maturation of neuronal morphology and mDA status, differentiated neurons were stained at D25 and D35
for a neuronal marker MAP2 (red) and mDA markers (green): TH, PITX3, LMX1A, and DAT. While D25 neurons
show short processes and low expression of mDA markers, D35 neurons show much longer axons and well-
defined expression of mDA markers (green/red overlap resulting on orange/yellow). b: Quantitation of mDA
markers TH, ALDH1A1, and LMX1A, using absolute quantitation via qPCR. Each timepoint represents three
independently differentiated biological replicates, amplified in duplicate. Standard error (SE) bars are the SE of
biological replicates. The expression levels are standardized to total RNA and to the expression of the
housekeeping gene GAPDH. c: Heatmap showing the expression of genes known from the literature to be
involved and necessary for mDA neuron differentiation. Colors correlate to normalized counts (z-score,
centered, and scaled) of the indicated genes. d: The mDA differentiation gene expression profile recently
published by Asgrimsdéttir and Arenas (Asgrimsdottir and Arenas, 2020) was used to show the progression
during differentiation, from iPSCs to radial glia (Rgl), to progenitors (Prog) and neuroprogenitors (NProg), and
to early mDA neurons (DA). The gene expression matrix obtained by SC-RNAseq used here consists of 4495
cells (see Methods section). e: Proportions of cells expressing the various phenotypes illustrated in (d).
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We first imaged cells at D25 and D35, as at this stage cells should have developed mDA
characteristics. Staining for key mDA protein markers TH, PITX3, LMX1A, and DAT, with MAP2 as a
neuronal marker, confirmed the mDA phenotype [Fig. 4.6a]. The co-expression of these mDA
markers with TH is shown in Fig. 4.8a. At D25, neuronal cells possess only short processes and
generally low mDA marker expression, but by D35 their axons are far longer and mDA marker
expression is more defined and more robust. mRNA expression of TH, LMX1A, and ALDHA1A was
further validated by gPCR, and the trajectory of these genes’ expression indicated the development
of mDA characteristics by D21 [Fig. 4.6b] in agreement with the imaging results at D25 [Fig. 4.6a].
To characterize the differentiation process more in detail, we performed single-cell RNA-
sequencing (sc-RNAseq) analysis at eight timepoints during the differentiation process. Analysis of
differentially expressed genes across timepoints revealed the expression of specific differentiation
stage modules in accordance with known in vivo stage-specific expression patterns [Fig. 4.6c]. For
example, the development of mDA phenotype in vivo depends on the early high expression of Sonic
Hedgehog (SHH), followed by the induction of Wnt signaling and the expression mDA-specific
downstream pathways [Fig. 4.6c]. Consistent with these in vivo differentiation steps, PTCH1, a
receptor for SHH, and FZD7, a receptor for Wnt proteins [Fig. 4.6c] were among the highest-
expressed genes at D6 of the differentiation protocol. The presence of EN1 as a key entity was also
confirmed by gPCR, as its expression level was too low for detection by sc-RNAseq. The sc-RNAseq
analysis again revealed that at Day 21 many factors that are specific to the mDA differentiation
path, such as TCF12, ALCAM, PITX2, ASCL1, and DDC27, were among the most highly expressed
genes [Fig. 4.6c]. Overall, these observations confirm that our in vitro differentiation protocol does
indeed recapitulate the in vivo differentiation of mDA neurons and produces genuine mDA neurons
(PAX6-, ALDH1A1+, PITX3+, KCNH6/GIRK2+, NR4A2/NURR1+, and LMX1A+), rather than other types
of DA neurons (PAX6+ and ALDH1A3+).

However, the assessment of the differentiation process of human mDAs was mostly based on the
pattern of mDA differentiation gene expression in murine brains. We, therefore, compared our data
with the recently outlined pattern of gene expression during human mDA. The pattern of gene
expression during our in vitro differentiation of human iPSCs into mDA neurons matched the
pattern of human mDA differentiation more closely than that of murine neurons, confirming the
validity of our differentiation protocol. Using the gene expression groups associated with different
stages of maturation, from radial glia (Rgl), progenitors (Prog), to neural progenitors (NProg), and
finally to mDA neurons (DA), we characterize the differentiation trajectory by the level of gene
expression [Fig. 4.6d]. We then used these gene groups to characterize individual cells with respect

to their most likely cell type and determined the population dynamics by the percentage of cell
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types present at each timepoint [Fig. 4.6e]. The analysis showed fast differentiation from iPSC state
to a neuronal lineage by D6, and the subsequent maturation towards an mDA phenotype starting
at D21, accompanied by the increasing prevalence of DA phenotype, from 20% at D21, to 28% at
D26, and 61% at D35, after which it seemed to stabilize [Fig. 4.6d]. This characterization further
confirms that early mDA differentiation is achieved around D21.

Overall, this analysis demonstrates that the optimized Direct differentiation protocol leads to
midbrain-specific DA neurons with an efficiency of above 60% after 21 days. While the Indirect
differentiation protocol starting from smNPCs (Reinhardt et al., 2013) also generates DA neurons
with an efficiency of around 50%, the here presented analysis indicates that they do not follow the
midbrain specific path as indicated by PAX6 expression at early stages of differentiation which is
not observed in vivo. Thus, following Aim 1, the results strongly suggest to use the Direct protocol

for the detailed analysis of the effect of the PINK1 mutation.

4.2 Single-cell transcriptomics of control and PINK1 cell lines differentiation
dynamics reveal a core molecular network of PD

Based on the protocol establishment in the previous section, we next performed a systematic
differential expression analysis at a single-cell resolution between the iPSC line carrying the PD-
associated ILE368ASN mutation in the PINK1 gene and the age- and sex-matched control cell line
during their parallel differentiation into mDA neurons using the Direct differentiation protocol. The
initiated differentiation in the PINK1-ILE368ASN and the control cell line were analysed at three
early different timepoints (D6, D15 and D21), to obtain cells which reach different stages of
differentiation on the same collection day (generating four independent pairs). Samples were
collected and processed for SC- RNAseq at the same time to avoid batch effects [Fig. 4.7]. After pre-
processing and quality-filtering, we used 4495 cells and 18,097 genes in our downstream analysis
of the SC-RNAseq data. For data integration, we then performed a network analysis to identify

underlying key mechanisms of PD development.
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Figure 4.7 Experimental design. Fibroblasts were used to generate human induced pluripotent stem cells
(iPSCs), which were then differentiated until Day 6, 15 and 21. The cells were then collected at the same time;
single cell RNA-seq, qPCR and proteomics analyses were performed “P + 1” indicates that the iPSCs were
passaged before new differentiation was initiated.

4.2.1 The PINK1-ILE368ASN mutation is associated with persistently dysregulated
expression of nearly 300 loci

To investigate the effect of the PINK1 mutation on mDA development, we differentiated the control
and the PINK1-ILE368ASN cell lines in parallel [Fig. 4.7] and focused on the early differentiation
period, to increase our chances of finding the direct effects of the PINK1-ILE368ASN mutation as
described below. Co-staining of TH positive neurons with the midbrain dopaminergic markers
PITX3, LMX1A, and DAT in both the control and PINK1 cell lines identified neurons at day D21 as
early post-mitotic mDA neurons with clearly neuronal morphology and no major differences

between the cell lines [Fig. 4.8a].
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Figure 4.8 Classification of mDA status. a: TH positive neurons co-express mDA markers PITX3, LMX1A, and
DAT in control (top) and PINK1 cell line (bottom), at D35. b: Based on our SC-RNAseq data, cell lines cluster
according to differentiation stage, indicating that gene expression is very homogenous between the control and
the PINK1-ILE368ASN cell lines, which allows for the detection of even subtle alteration induced the presence
of the PINK1 mutation. c: Trajectory of expression of TH and KCNJ6 (GIRK2), two mDA neuron markers. At
D21 neurons begin to show TH expression, together with an expression of other mDA markers, which indicates
that they are becoming early postmitotic mDA neurons. The scale represents normalized counts.

To investigate potential underlying mechanisms of the PINK1 mutation, differential expression
between the two simultaneously differentiated cell lines at each timepoint was determined. In
addition to that, the genes defined as differentially expressed at all four timepoints were also
identified. Each timepoint is an independent biological replicate, initiated at a different time and
with cells of a different passage number. Control and PINK1-ILE368ASN cells co-clustered together
based on their differentiation stage, from iPSCs, to day 6 (D6), D15, and D21 [Fig. 4.8b], indicating
that overall RNA expression was specific to differentiation stages, and rather uniform between cell
lines, which was amenable to the identification of subtle gene expression differences due to the
presence of a mutation in the PINK1-ILE368ASN cell line. PINK1-ILE368ASN cells at D10 showed low
viability, hence the D10 timepoint was not included in the pairwise analysis. After preprocessing
and quality-filtering, a total of 4495 cells (2518 control and 1977 PINK1 cells) and 18,097 genes
were included in our analysis. UMAP analysis of the single-cell data revealed that gene expression
was rather similar between the cell lines and mainly defined by differentiation stage, rather than
by cell line origin [Fig. 4.8b]. In accordance with the staining results, we observed the onset of

expression of the mature mDA markers TH and KCNH6 (also known as GIRK2) on D21 [Fig. 4.8c].
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Figure 4.9 Differentially expressed genes (DEGS) in a cell line homozygous for a mutation in the PINK1 gene,
compared to a control cell line, at three timepoints during the differentiation of mDA neurons (D6, D15, and
D21). a: Heatmap of the top DEGs. Each column corresponds to a timepoint for either control or PINK1 cells;
each row shows the expression of one gene in individual cells. Colors correlate to normalized counts (z-score,
centered, and scaled) of the indicated genes. For the complete list of DEGs identified, see Supplementary Fig.
10. b: Top DEGs. The minimum fold change was increased to highlight the top differentially expressed genes.
We identified the top 56 genes as our group A; here we show the top five upregulated genes (left Venn diagram)
and the top three downregulated genes (right Venn diagram). c: Enrichment analysis performed using the
STRING database. The top KEGG pathway associated with this dataset is Parkinson’s disease. The other three
KEGG pathways identified were Spliceosome, Huntington’s disease, and Thermogenesis. The gene expression
matrix used for the downstream analysis consisted of 4495 cells (39,194 genes) and differential expression
analysis resulted in 292 DEGs, which were used to perform the enrichment analysis. For better image resolution,
see Supplementary Fig. S11.

The analysis of pairwise differential expression at each timepoint (adjusted p values (padj) <0.01
fold changes (FC) >0.1) [Fig. 4.9a] identified 14 genes that were upregulated and 13 genes that were
significantly downregulated in the PINK1- ILE368ASN cell line compared to control [Fig. 4.9b and
Table 4.1, indicated by “X”]. Because iPSCs are very different from differentiating neuronal
precursors, we next tested whether including iPSCs had disproportionately affected the results by

excluding neuron-specific genes. Repeating the analysis on D6, D15 and D21 only identified 28
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genes that were upregulated and 27 genes that were downregulated at all three timepoints,
including all genes previously identified [Table 4.1]. As expected, excluding iPSCs resulted in the
identification of a broader range of genes because genes that are differentially expressed only in
the neuronal lineage were previously excluded due to the requirement that DEGs be dysregulated
at all timepoints.

However, both sets are equally valuable, as genes dysregulated even in iPSCs are likely to
participate in systemic PD pathology, regardless of cell type, and may be relevant to a broader
spectrum of PD pathology than the death of mDA neurons. Interestingly, most of the differentially

expressed genes are already linked to PD, other PD mutations, or neurodegeneration [Table 4.1].

Upregulated in PINK1 Downregulated in PINK1

GENE incl. excl. in PD association Ref. GENE incl. excl. in PD association Ref.
iPSCs STRING iPSCs STRING

AC009245.3 X Pseudogene ACTN1 PD 145

ADGRG7 X rare var., mito 146 C60RF48 X

BBS2 CCDC144NL.AST X RNA

CALM2P2 X Pseudogene CD59 X PD 147

CALR PD 148 COMT PD 149

CECR1 CRYZ X GWAS, PD Gene 63

CMTMS8 GWAS, PD 63 CYFIP1 X (via mTOR) 150

EFCAB2 X microarray 151 DLK1 PD 152

FOS rat, L-DOPA 153 ENAH GWAS, LRRK2 154

GOPC PARK7 (DJ-1) 63 EXOCS5 Parkinson Dis.Map 155

HNRNPC X binds Parkin 101 GPC3 reduced in DJ-1 mut. 62

MALATI PD 156 HSPA8 X PD, LRRK2 157

MINOS1P3 X Pseudogene LGl PD n9

MLF1 via HTRA2 158 LMAN1 Parkin transloc. 104

MORFAL1P1 X Pseudogene MYLI2A binds Parkin 101

MT-CYB mito 159 MYL6 X interacts with LRRK2 160

MTRNR2L1 X binds Parkin 101 NIPA2 X tremor 161

NAPILS OSBPL8 via ZNF746, Biogrid 162

NLRP2 X inflammasome 163 PALLD PD 164

PTGR1 PGK1 X PD 165

RP11.692N5.2 X Pseudogene RANBP1

RP4.765C7.2 X Pseudogene SLC25A4 binds Parkin 101

RSRP1 SNHGS X RNA via miR-205, LRRK2 166

S100A6 X PD 167 SNHG8 RNA

TCEALS X TYW3 X

TSPYLS Ubiquit. 168 ZNF37A X

ZNF280D X GWAS* 169 ZNF880 X

ZNF528

ZNF528.AS1 RNA Gene

Pairwise differential expression analysis of each timepoint (iPSCs, D6, D15, and D21), resulted in 14 genes that were upregulated and 13 genes that were downregulated in the PINKT-ILE368ASN cell line,
compared to control (p_val_adj <0.01 and abs(avg_logFC) >0.1); these genes are marked with “x” in column “Incl. iPSCs". Twenty-nine additional genes were identified in an analysis that included D6,
D15, and D21, but not iPSCs. The “Excluded” column explains why a gene was not included in the protein-protein interaction network. These 56 top DEGs are later referred to as Group A. The gene
expression matrix used for the downstream analysis consisted of 4495 cells (39,194 genes). * rs11060180.

Table 4.1 Top genes dysregulated consistently in PINK1 vs. control cells across differentiation stages (Novak
etal., 2022).
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For an alternative definition of differentially expressed genes (DEGs), we used the maximum
adjusted p value in a pairwise combination as an adjusted p value, and the average fold change that
occurred in the pairwise comparison as a fold change threshold. With this approach, we retained
only genes dysregulated in the same direction at all timepoints. This analysis led to 151 DEGs
(named Group B), which included the previously identified genes of Group A, and of which 65 were
upregulated and 86 downregulated compared with controls (padj < 0.01 and FC > 0.1). Taking the
mean of FC of the different timepoints enhanced the identification of DEGs because it reduced the
effect of the variability between pairs due to their different differentiation states. Repeating the
same analysis for the four timepoints (iPSCs, D6, D15, and D21), but taking into account only the
absolute degree of change in iPSCs, yielded 172 genes (Group C). Repeating the analysis using only
timepoints D6, D15, and D21 identified a total of 286 DEGs (Group D) [also see Fig. 4.10a]. Together,
when all analyses were pooled, we obtained 292 DEGs (six genes in Group C depended on the

inclusion of iPSCs and did not appear in Group D).
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4.2.2 Enrichment analysis reveals a strong association with the KEGG Parkinson pathway

Enrichment analysis was performed using the STRING database [Fig. 4.9c]. The highest-associated
KEGG pathways were the Parkinson’s, Huntington’s, and spliceosome pathways. Biological
processes most strongly associated with the DEGs were C3HC4-type RING finger domain binding,
Ran GTPase binding, and protein folding chaperones. Respiratory chain transport was the most

strongly associated Reactome pathway.

4.2.3 Data integration reveals a common PD network

To integrate the expression analysis and identify underlying disease mechanisms, we generated a
network of interactions between the DEGs by Gephi, using protein—protein interaction (PPI)
information obtained from the STRING and GeneMANIA databases. The network we obtained
includes 246 of the 292 DEGs, since pseudogenes and non-coding RNAs could not be integrated
into a protein—protein interaction network [Fig. 4.10], and 2122 interactions. The curated network
contains only DEGs and any genes that were automatically added by the databases were removed
to ensure a reliable core network based solely on DEG data. Based on known protein—protein
interactions, the DEGs integrate into a close-knit core network in which several DEGs form central
nodes [Fig. 4.10]. To evaluate the importance of the DEG-based PPI network produced by STRINGdb
(v10), we compared the DEG-based network with corresponding random networks generated from
sets of 292 randomly chosen genes excluding DEGs. Based on 50 random networks, we show that
the DEG-based network includes significantly more protein-coding genes and interactions than by
chance and that the network structure in terms of degree distribution is significantly distinct as
evaluated by the Wilcoxon test (p = 2.22e-16) and indicates the mechanistic character of the

network.
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Figure 4.10 Network analysis. a: Protein—protein interaction network based on known interactions available
through the STRING and GeneMANIA databases. Only strong interactions were retained, predicted interactions
or text associations were omitted. Betweenness centrality was used to illustrate the relative importance of each
node within the network through the level of its connectedness to other proteins. The larger the circle, the more
partners the node is connected to. The colors represent the four DEG sets, with the top 56 DEGs (group A) in
light blue, group B in purple, group C in dark green, and group D in light green. Each set consists of genes of
the previous set plus additional genes identified by the new parameters. CHCHD?Z2 (pink, part of group B) is a
DEG, which has recently been identified as a PARK gene. Random selection of genes from genes detected by
sc-RNAseq did not lead to a network formation. b: DEGs which play a role in ubiquitination. ¢ Based on the
literature, 68% of the DEGs of this network are already known to be associated with PD. For better image
resolution, see Supplementary Fig. S12.

The network of genes dysregulated by the presence of the PINK1-ILE368ASN mutation includes
genes related to other PD-associated pathways, which is intriguing since it was generally assumed
that each PD-associated mutation leads to PD pathology via an independent, characteristic path.
For example, two DEGs, GOPC, and GPC3 interact with the PD-associated gene DJ-1 (PARK7). The
DEG network also includes genes of the LRRK2 (PARK8) network, namely ENAH, HSPA8, MYLS6,
MALAT1, and SNHG5. SNHG5 and MALAT1 interact with LRRK2 via miR-205-5p. DLK1 and MALAT1
mediate a-synuclein accumulation. In fact, the DLK1-NURR1 interaction involved in this process
may be mDA neuron-specific, highlighting the necessity to use mDA neurons for the study of PD-
related pathways. Additionally, MALAT1 was shown to increase a-synuclein protein expression. In

short, this suggests that interactions leading to PD pathology are more complex than one mutation-
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one path to PD, as generally thought. Moreover, this indicates that many druggable targets may be

useful in treating PD and that these may be universally effective for PD caused by several different

mutations, and perhaps even for idiopathic PD. For example, terazosin, which is already in clinical

use, was found to be associated with slower disease progression, likely by enhancing the activity of

phosphoglycerate kinase 1 (PGK1), one of the top DEGs identified in our study.

For the evaluation of the relative importance of each node within the network, we applied

betweenness centrality [Fig. 4.10a], an approach that reveals the overall connectedness of each

gene. Genes onto which several other genes converge are shown as large circles or nodes, their size

being proportional to the number of interactions they form. Interestingly, the major nodes of this

network are genes already known to play an important role in ubiquitination [Fig. 4.10b] and PD

pathology [Fig. 4.10c and Table 4.2].

Node gene

Role in Parkinson's disease

HSPA8 (also known as HSP73,
HSC70)

EEF1AT

HNRNPC

PSMA4

CYCS

ACTN1

PGK1

PHB

SHH

BRCA2
VPS39

UQCRFST
CNTNAP2

cuL3
PLCB4
EGLN3

RALGPS2

Disaggregation of a-synuclein amyloid fibrils8>

Autophagy, part of the catabolic pathway for a-synuclein86

Mediates mitophagy by regulating the stability of PINK1 protein8’

Impaired gene expression in sporadic PD88

Mediates activation of heat-shock transcription factor HSF1, prevents a-synuclein aggregation®®
Interacts with Parkin (PARK2)82

Interacts with Parkin (PARK2)82

Part of the poly ADP-ribose (PAR) cell death pathway accountable for selective dopaminergic neuronal loss®®
Part of the Parkinson's disease KEGG pathway®293

Interacts with Parkin (PARK2) and FBX07 (PARK15)82

Role in aggregation of alpha-synuclein'’9

CTD gene-disease associations - Parkinson disease gene set®3

Interacts with DJ-1 (PARK7)82

It is a binding partner of mitochondrial-shaping proteins'”!

PGK1 mutation causes vulnerability to parkinsonism'72

Activation of PGK1 partially restored motor function and slowed disease progression®®
Regulates dopaminergic cell death in substantia nigra'’3

Play a role in neuroinflammatory response in the MPTP model of Parkinson's disease!’4
Deubiquitinase plays a role in neuronal inflammation!’>

It is part of the endocytic membrane trafficking pathway involved in PD and its methylation rates are associated
with Parkinson's disease risk!7®

Plays complex functions in endocytic and autophagic pathways'””

KEGG pathway, Parkinson disease®2:93

Differentially expressed in the presence of LRRK2 G2019S mutation, associated with PD%7
GWASdb SNP-disease associations, Parkinson's disease gene set®3

Plays a role in the formation of protein aggregates and PD95:96

Ubiquitin ligase, a potential drug target for Parkinson’s disease84

GWAS - Parkinson's disease®3

Motor defect consistent with ataxia in Plcb4-null mice'0°

GEO signatures of differentially expressed genes for diseases—Parkinson's Disease_Substantia Nigra®3
Prolyl hydroxylase targets substrates for ubiquitination'’8

Targets include Nurrl, which is associated with Parkinson disease®3

Central nodes were determined using the Gephi visualization platform. They represent points of convergence of the network (Supplementary Fig. 5). Since these nodes have already been linked to PD
pathways, many more DEGs might also contribute to PD pathology through these pathways. These nodes not only provide a point of convergence for DEGs identified in our study, but they also interact
with several PARK genes, suggesting that PARK proteins may also converge on the pathways identified here (Supplementary Fig. 7).

Table 4.2 Central nodes of the DEG network are associated with PD [Fig. 4.10c].
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Next, we built a correlation network (p value < 0.05, r > 0.1) of the 246 DEGs based on the
normalized counts. By extracting the common interactions of these two networks, we obtained a
network with 297 interactions, which highlights protein—protein connections that correlate with
differential expression of the genes. This analysis further supports the role of the connections
between these genes in mediating the resulting differential expression in the presence of the
PINK1-ILE368ASN mutation. STRING was subsequently used to highlight functional pathways
represented within the DEG network. Several pathways known to play a role in PD pathology are
strongly represented within the network, notably ubiquitination, mitochondrial pathways, cellular
response to stress, lysoso- mal proteins, protein metabolism (localization, modification, transport,
folding, and stability), RNA processing, aromatic compound metabolism, vesicle-mediated
transport and exocytosis, and cellular catabolic processes. Importantly, the strongest-associated
pathway is the KEGG-PD pathway. The CHCHD2 gene was identified as a dysregulated gene through
our analysis, but it was also recently identified as a PD-associated gene and named PARK22 [Fig.

4.10a).

Further analysis revealed that a large number of the DEGs interact with genes associated with
mitochondria or ubiquitination [Fig. 4.10b]. For this analysis, we used BioGRID to identify
interactions with mitochondrial or ubiquitination proteins for the top 172 DEGs (groups A—C). These
interactions were used to create a network illustrating that many of the DEGs in our study directly
interact with genes involved in mitochondrial function and in ubiquitination. Only direct DEG to
mitochondrial gene or DEG to ubiquitination gene interactions were included and PARK genes were
added for reference. Based on manual literature search, we determined that at least 68% of the
DEGs (174 of 255 genes, not including pseudogenes and RNA genes) are already directly associated
with PD, either experimentally, or linked through GWAS-PD, or by PD expression studies [Fig. 4.10c.]

This is particularly true for the major nodes of the network [Table 4.2 and Fig. 4.10c].
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4.2.4 Proteomics analysis confirms impaired neuronal phenotype in PINK1-ILE368ASN
mutant cell line

To investigate how the identified transcriptional modifications manifest in the neuronal
phenotypes, we performed proteomics analysis at an early (day 25) and later maturation stage
(day 40). The analysis identified 39 differentially abundant proteins in PINK1-ILE368ASN cells as
compared to controls, based on biological duplicates with a log2 fold change larger than 1 [Fig.
4.11a). Of these, four differ at both timepoints (D25 and D40). Overall, 31 proteins were
differentially abundant at D25, including CSRP2 and VWASA, which were also identified by sc-
RNAseq as differentially expressed at the mRNA level at D6, D15, and D21 [Fig. 4.11b]. At D40, 12
proteins were found to be differentially abundant, including four also identified at D25, namely TH,
DDC, NES, and VIM. We performed a network analysis based on the differentially abundant proteins
[Fig. 4.11b]. The resulting network again connects PD-related nodes and exhibits a good overlap
with the transcriptional-derived network. This consistent result indicates that the observed
transcriptional modification led to an impaired neuronal phenotype, despite the subtle differences

in expression, and further highlights the importance of the proposed PD Core network.
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Figure 4.11 Comparative proteomics analysis between CTRL and PINK1-ILE368ASN cell line at D25 and D40
validates the manifestation of the transcriptional phenotype. Results of proteomic analysis at D25 and D40 of
the differentiation protocol. a: The volcano plot shows significantly differentially abundant proteins (FDR <0.05,
fold change larger than 2 or —2) as red points, with remaining datapoints shown in blue. The names of proteins
that were detected as both top differentially abundant at the protein level by the proteomics analysis and as
differentially expressed at the mRNA level by SC-RNAseq are highlighted using a textbox. The data shows
results at two timepoints, D25 and D40, in two biological replicates per timepoint. Box plots further highlight the
expression of genes shown in textboxes of the volcano plot (interquartile range, showing the expression at D25
and D40, in the PINK1 cell line and in control (IQR, 25-75% q1—q3), with bars indicating Q1 £ 1.5 IQR). b: This
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figure shows a network of proteins differentially expressed between a control and a PINK1 mutation-carrying
cell line, at D25 and D40. Proteins which are differentially expressed at both D25 and D40 are highlighted in
green and point to a dysfunction of the dopaminergic system. D25 differentially abundant proteins are in purple,
D40 in blue, proteins also identified as by SC-RNAseq differentially expressed at the mRNA level are in pink.
Betweenness centrality was used to illustrate the relative connectedness of each node within the network, the
greater the number of documented interactions with other nodes, the larger the circle.

4.3 Multi-scale analysis of control and PINK1 mature and aged dopaminergic neurons

Based on the assessment that Direct differentiation protocol allows to obtain high quality mDA
neurons (Section 4.1) and on the characterization of the early differentiation period (Section 4.2)
which led to the identification of a core PD-related gene network, | subsequently performed a multi-
OMIICs characterization including single-cell differential expression, proteomics, and metabolomics
analysis to monitor the mDA differentiation process up to day 57. For this purpose, the same two
celllines as the previous experiment were used (the age- and sex-matched control and the ILE368AS
PINK1 mutation cell lines). This time, the cells were differentiated until complete maturation and
seven different time points were considered (Day 0, 8, 18, 25, 32, 37 and 57) [Fig. 4.12]. Moreover,
cells from the same differentiation were collected for transcriptomic, proteomic, and metabolomic
analysis at each time point to explore the underlying disease dynamics on multiple levels of
organization. The iPSCs cell lines were differentiated into mature mDA neurons by using the Direct

differentiation protocol (see Subsection 3.5.2).
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SC RNA-seq analysis
Proteomics
Metabolomics

Figure 4.12 Experimental design. Fibroblasts from a healthy individual and a PINK1 patient were used to
generate iPSCs, which were then differentiated until Day 8, 18, 25, 32, 37 and 57. The cells were then collected
at the same time; single cell RNA-seq, Proteomics and Metabolomics analyses were performed.

4.3.1 Verifying the compatibility between the two transcriptomic datasets

To ensure that the results from this new experimental setup could be combined with the previous
analysis later on, we compared the two datasets and established that the expression profiles of the
cell lines during development were overlapping in the independent experiments. For this
comparison, we looked at the correlation between the whole gene expression profile of both
control and PINK1 cell lines in the two experiments (cell lines from the previous datasets are named
CTR and PINK1; the ones from the new one are labelled as WT and ND). Because the time points of
the collection were slightly different, we looked at the correlation between the time points that
were almost analogous (previous data: DO, D6, D15, 21; new data: DO, D8, D18). As illustrated in
the two correlation plots shown in Fig. 4.13, both controls and PD cell lines exhibited highly
correlated profiles during development (i.e. WT_DO and CTR_DO scored a correlation of 0.94,

WT_D8 and CTR_D6 score was 0.89, WT_18 scored 0.98 with CTR_D15 and 0.96 with CTR_D21).
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Correlation plot (WT/CTR) Correlation plot (ND/PINK1)

WT_D18 ND_D18

WT_D8 ND_D8
WT_DO

CTL_D21 PINK1_D21

CTL_D15 PINK1_D15 0.28 0.28

-0.4
CTL_Dé PINK1_D6

-0.6

. -0.8
CTL_DO 0.32 0.35 . . PINK1_DO 0.23 . 0.22 0.28
T T T T -1
WT_D18 WT_D8 WT_DO CTL_D21 CTL.D15 CTL_D6 CTL_DO ND_D18 ND_D8 ND_DO PINK1_D21 PINK1_D15 PINK1_D6 PINK1_DO

Figure 4.13 Correlation analysis between the new dataset (WT, wild type; ND, PINK1-mutated cell line) and the
previous one (CTR, control cell line; PINK1) for the control cell line (left) and the PINK1 mutation-carrying cell
line (right).

4.3.2 Single-cell RNA-sequencing confirms the correct development of both control and
PINK1 cell lines from iPSCs to mature neurons

To verify that the cells had developed in the expected neuronal differentiation trajectory, we
examined their entire gene expression profile and validated that they clustered according to the
appropriate time point. By applying dimensionality reduction by UMAP, we could confirm that the
control and PINK1 cell lines belonging to the same time point (Day 0, 8, 18, 25, 32, 37 and 57)
formed homogeneous clusters as illustrated in Fig. 4.14. This indicates that the two populations

were undergoing the transition towards the same cell type.
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Figure 4.14 PINK1 and control cell lines differentiated towards the same neuronal cell type. a: Based on our
SC-RNAseq data, control and PINK1 cell lines both cluster depending on the different time points, indicating
that their gene expression is very homogenous, which enables for the identification of even minor changes
caused by the PINK1 mutation. b: Heatmap of the top DEGs which uniquely characterize each time point,
considering control and PINK1 cell lines altogether. Each column corresponds to a timepoint (DO, 8, 18, 25, 32,
37, 57) and each row indicates the expression of the specified gene in individual cells. Colors correlate to the
normalized expression of the indicated gene.

To check that before the differentiation both control and PD cell lines were exhibiting the
appropriate stemness phenotype, we checked for the expression of genes which we had been
identified in the previous analysis as stemness markers (POU5F1, L1TD1, TDGF1, POLR3G, TERF1,
USP44, LIN28A) (Novak et al., 2022) [Fig. 4.15 and Supplementary Fig. S1]. As shown in Fig. 4.15, all
these genes were highly expressed in all the cells associated to the DO cluster (control and PINK1
cell lines combined). Interestingly, we detected that LIN28A was also expressed at the latest time

point of the differentiation, more specifically in the D37 and 57 clusters (see Discussion chapter).
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Figure 4.15 Expression of stemness markers over time. Trajectory of expression of POU5F1, L1TD1, TDGFT1,
POLR3G, TERF1, USP44, LIN28A. All these genes resulted highly expressed only in the cluster corresponding
to DO, even if LIN28A was also expressed in D37 and D57 cluster [see Fig. 4.14]. The color scale represents
the normalized expression for that specific gene.
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The same analysis was then performed on a set of selected genes which could confirm that the
developmental trajectory was going towards the intended mDA neuronal cell type where we
specifically selected both early and late mDA differentiation markers (OTX2, LMX1A, FOXA2, MSX1,
NR4A2, TH, MAP2, PITX2, DCX, SLIT1, DDC) (Novak et al., 2022). All the genes followed the expected

trends of expression over development. The results of these analysis are illustrated in the

Figure 4.16 [also see Supplementary Fig. S2].
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Figure 4.16 Expression of early and late neuronal markers over time. Violin plots showing the normalized
expression at all the different time points of neuronal markers OTX2, LMX1A, FOXA2, MSX1, NR4A2, TH,

MAP2, PITX2, DCX, SLIT1 and DDC, for control and PINK1 combined.
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4.3.3 Gene function analysis reveals the main cellular functions associated to each specific
time points

The next objective was to assess the distinctive features of each time point to emphasize the
dynamical changes in the cellular processes throughout the developmental process. For this
purpose, the gene expression profiles of both the control and PINK1 cell lines were again combined,
and each individual time point was compared to all other time points. Next the 100 most
differentially expressed genes (DEGs) for each of the time point were investigated on GeneMANIA
to determine the major pathways in which these genes are implicated [Table 4.3]. All the Top 100
DEGs for each time point are reported in Supplementary Fig. S3. As shown in the table below, the
cells were following the expected neuronal development since most of these DEGs, especially after
Day 18, were involved in cytoskeleton reorganization, neuronal growth, axonal transport and

eventually to synaptic activity. For more details, see Discussion.

Genes functions
D ay 0 chromosome separation
nuclear DNA replication

cell cycle DNA replication
mitotic nuclear division

spindle assembly

DNA recombination

Day 8 stem cell pz?pulatiz?n fnaintenance
stem cell differentiation

gland development

forebrain development

ovulation cycle

regulation of epithelial cell proliferation

gliogenesis

brain development

regulation of neuron differentiation

Day 18 regulatl:on of organelle o.rgar'ﬁzation

regulation of neuron projection

development

% supramolecular fiber organization

cytoskeleton organization
axonogenesis
dendrite development

D ay 25 axonogenesis
post-synapse activity

intracellular transport

glutamate receptor activity
microtubule polymerization

organelle transport along microtubule
neurotransmitter receptor activity
axonal transport

membrane depolarization
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Day 32 axonogenesis

axonal transport

axo-dendritic transport

membrane depolarization

transport along microtubule
organelle transport along microtubule

D ay 37 neurotransmitter receptor activity
transmitter-gated ion channel activity

postsynapse

axonal transport

axonogenesis

regulation of protein deacetylation

organelle transport along microtubule

Day 57 DNA conformation change
chromatin assembly/disassembly
cellular component disassembly
nuclear chromosome segregation
apoptotic nuclear changes
chromatin silencing
regulation of gene silencing
actin-mediated cell contraction
execution phase of apoptosis

Table 4.3 Summary of the main gene functions associated to the highest ranked DEGs characterizing each
time point.

4.3.4 |dentification of key DEGs between control and PINK1 cell lines highlights the main
impaired pathways at each time point

To further investigate potential key mechanisms of PD development and establishment, the most
differentially expressed genes between the control and PINK1 cell lines have been identified for
each of the seven time points. This enabled us to determine which pathways or processes are
severely hampered by this PD-associated mutation, and at what stage of neuronal development
this impairment starts to occur. An overview of the most differentially expressed genes for each

time point between the PINK1 (ND) and control (WT) lines are shown in the heatmap in Fig. 4.17.

68



Results

S ) \») o 2V Q A A A A
S & F P ¢ TS
N & &9 9 N & RN

I Y D P D e D e D Y D Y e

Il TI Il H‘IHH \‘MI\W‘
nymn \HH‘\‘ |

M [T HI\IIH‘HH ‘ Wikl P
i M ‘\H"‘ ‘ l“‘\l‘\
IIIJI‘IHHI\H ‘ \’\” | ‘ M1

ML UG |

' | “l T

L VDT ,“HHHIH ! W ‘H‘ i

z e

MWW I | Il

\ iy

m L B Hima i MH

“WH \‘ | |\H‘\
! il : il mH\IHMI\I\HHHIH\ LTI " HI“I::‘:HH:H‘l ‘

M Igl‘m w:‘\‘\‘r\‘\'\\“\\‘“\\:\\\‘\ H T I ]

i MN‘WN‘”““‘:“‘NIW iy :

L

Figure 4.17 Top DEGs between control and PINK1 at each time point of the differentiation. Colors correlate to
the normalized expression of the indicated gene.

After filtering the DEGs with pValue < 0.05 and FC > +0.3 or < -0.3, we analysed the top 100 DEGs
(with the smallest adjusted P-value) for each time point and run the gene function analysis in
GeneMANIA to highlight the main differences between control and PINK1 development over time
[Table 4.4]. Because the total amount of DEGs identified for the later time points D37 and D57 was
significantly smaller compared to the others, we included the entire list of DEGs (not only the top
100) for the gene function analysis of these two days. For the complete set of DEGs between the
two conditions at each time point see Supplementary Fig. S4. As illustrated in Table 4.4, the first
noticeable impairment appeared at Day 18 and it was related to protein synthesis, being most of
the DEGs involved in ribosomal activity. Remarkably, a significant difference in neurogenesis was

then observed at Day 32 and 37. For more detailed interpretation of these results, see Discussion.
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Genes functions

Day 0

actin cytoskeleton

muscle contraction

actin filament-based movement

actin-mediated cell contraction

regulation of G1/S transition of mitotic cell cycle
G1/S transition of mitotic cell cycle
actin-myosin filament sliding

Day 8

2

cytosolic ribosome

protein targeting to ER

cell division

establishment of protein localization to endoplasmic reticulum
protein targeting to membrane

ribosomal subunit

nuclear-transcribed mRNA catabolic process

DNA biosynthetic process

ribonucleoprotein complex assembly

regulation of cellular response to growth factor stimulus

Day 18

ribosomal subunit

nuclear-transcribed mRNA catabolic process

ribonucleoprotein complex subunit organization

regulation of translation

ubiquitin-like protein ligase binding

negative regulation of proteolysis involved in cellular protein catabolic
process

ribosomal large subunit biogenesis

ribosomal small subunit biogenesis

regulation of neuron migration

Day 25

W

mitotic nuclear division

chromosome segregation

sister chromatid segregation

negative regulation of mitotic cell cycle
microtubule cytoskeleton organization involved in mitosis
condensed chromosome

spindle organization

ATP metabolic process

glucose catabolic process to pyruvate
neuron death

NADH metabolic process

glycolytic process

glucose metabolic process

Day 32

¥

mitotic nuclear division

positive regulation of cell cycle
mitotic cell cycle checkpoint
aminoglycan catabolic process
brain development

gliogenesis

forebrain development

glial cell differentiation

positive regulation of neurogenesis
forebrain neuron differentiation

Day 37

>,

brain development

regulation of neurogenesis

regulation of nervous system development
positive regulation of gliogenesis

glial cell differentiation

stem cell population maintenance
microtubule-based movement

actin-based cell projection
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Day 57 regulation of neuron projection development
transmembrane receptor protein serine/threonine kinase signaling

pathway

axonogenesis

cell-cell junction

regulation of actin cytoskeleton organization

response to hypoxia

postsynapse

regulation of apoptotic signaling pathway

presynapse

glucose catabolic process to pyruvate

glycolytic process through fructose-6-phosphate

NADH regeneration

Table 4.4 Summary of the main gene functions associated to the DEGs between control and PINK1 at each
stage of neuronal differentiation.

4.3.5 Identification of the consistently significant DEGs in control versus PINK1 cell lines
during neuronal differentiation

To further study the effect of PINK1 mutation on differentiating neurons during mDA development,
we identified the genes that are consistently substantially differentially expressed in the PD cell line
compared to the control line at all time points. However, at Day 0, the cells still have to activate the
differentiation transcription program, and at Day 57, they exhibited already rather extreme signs
of apoptotic profiles potentially linked to neurodegeneration. Consequently, the transcriptomic
profiles of these two points differ dramatically from those of the other days. For this reason, Day 0

and Day 57 were excluded from the overall investigation of DEGs during development.

In particular, the DEG identification and interpretation have been performed on three different sets
of time points. First, we identified the DEGs from day 8 up to day 37 including all the intermediate
time points (Set 1, 76 DEGs). However, after Day 21 the differentiating cells show an abrupt change
in their gene expression, as at this stage they start their actual neuronal maturation. Therefore, we
performed the analogous DEG analysis on two smaller sub-sets of Set 1: on Set 2 covering the period
before maturation (Day 8-18, resulting in 183 consistently DEGs) and Set 3 covering the maturation
period (Day 25-32-37, resulting in 61 consistently DEGs). We then performed an Enrichment
Analysis on the three sets independently to identify the biological processes which involve the
identified DEGs [Fig. 4.18-4.20]. The list of all significant DEGs for each set is reported in Figure S5

in the Supplementary Material section.
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positive regulation of neurogenesis .
negative regulation of neurogenesis
negative regulation of nervous system development

negative regulation of cell development

epithelial cell proliferation
glial cell differentiation
gliogenesis
positive regulation of neuron differentiation
positive regulation of cell projection organization

regulation of epithelial cell proliferation

synapse organization
response to glucocorticoid
neuron migration
response to corticosteroid

telencephalon development

positive regulation of neuron projection development
cerebral cortex development

neural precursor cell proliferation

regulation of cell division
pallium development
negative regulation of epithelial cell proliferation
morphogenesis of a branching epithelium

morphogenesis of a branching structure

regeneration
positive regulation of neural precursor cell proliferation [ ]
regulation of neural precursor cell proliferation [ ]
response to X-ray [ ]
intermediate filament cytoskeleton organization °

smooth muscle cell chemotaxis .

short-term memory .

0.04 0.08 ) 0.12 0.16
GeneRatio

Figure 4.18 Enrichment analysis on Gene Set 1 (common DEGs between Day 8, 18, 25, 32, 37).
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Figure 4.19 Enrichment analysis on Gene Set 2 (common DEGs between Day 8 and 18).
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epithelial cell proliferation
regulation of epithelial cell proliferation
axonogenesis
synapse organization
ossification
axon guidance
neuron projection guidance
gliogenesis
forebrain development
negative regulation of epithelial cell proliferation
negative regulation of neuron differentiation
glial cell differentiation
negative regulation of neurogenesis
negative regulation of nervous system development
negative regulation of cell development
pallium development
regulation of synapse organization
osteoblast differentiation
regulation of synapse structure or activity
telencephalon development
kidney development
cerebral cortex development
response to glucocorticoid
negative regulation of neuron projection development
response to corticosteroid
synapse assembly
pancreas development
astrocyte differentiation
negative regulation of ossification

axis specification

Figure 4.20 Enrichment analysis on Gene Set 3 (common DEGs between Day 25, 32 and 37).
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To narrow down our investigation further, we next sought for the subset of DEGs shared by all

these three sets. This approach finally led to the identification of a central core of 13 DEGs (CCND1,

MDK, MT.RNR2, NEFL, SNHG5, NAP1L1, VIM, EIF1AY, RP4.765C7.2, VCAN, FAM162A, LIX1, SLIT2)

that were persistently impaired in the PINK1 cell line compared to the control line [Fig. 4.21]. The

key cellular pathways which involve this subgroup of genes is reported in Fig. S6 (Supplementary

Material).
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Figure 4.21 Core set of DEGs. a: Venn diagram showing the overlap between the three sets of DEGs identified
by comparing PINK1 and control cell lines. Set 1 (purple) includes all the time points (Day8-18-25-32-37); Set
2 (violet) corresponds to the early differentiation stage (Day8-18); Set 3 (light blue) corresponds to the neuronal
maturation phase (Day25-32-37). For each Set, all the statistically significant DEGs between PINK1 and control
at the desired time points were considered. b: Violin plots illustrating the distribution at the various stages of the
differentiation of the core set of 13 DEGs.
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4.3.6 Proteomics analysis reflects the transcriptomic dysregulation

The proteomics analysis identified a total of 1837 Differentially Abundant Proteins (DAPs, adjusted
P-value < 0.05 and FC > +1 and < -1), many of which were found dysregulated at more than one
time point. As a first step, we checked for the overlap between this list and the total number of
DEGs identified in the DEGs analysis (including all time points, P-value < 0.05 and FC > +0.3 and < -
0.3, for a total of 2911 genes). This revealed that 609 genes were dysregulated in both lists,
indicating that the impairment in gene expression was also mirrored substantially on the proteome
scale by 21% [Fig. 4.22]. The volcano plots showing the most differentially abundant proteins at the

different time points are reported in Fig. 4.23.

1228

Figure 4.22 Overlap between total amount of DEGs (light blue) and DAPs (light green) (all time points
combined).
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Figure 4.23 Volcano plots showing the most differentially abundant proteins between PINK1 and control at
Day 0, 8, 18, 25, 32 and 57.

In order to understand which cellular pathways are linking this group of protein-coding genes, we
run the gene function analysis on GeneMANIA. For computational limitations, we doubled the FC
filtering (0.6 for DEGs and 2 for DAPs) and run the functional analysis on this narrower subset of 90
genes [see Figure S7 in Supplementary Material]. We next checked how many of these shared genes
were also included in the 13 key DEGs persistently dysregulated during differentiation [Fig. 4.21].
Out of 609 (with FC +1/-1), 6 DAPs were also in our subset of key DEGs (FAM162A, MDK, NAP1L1,
NEFL, SLIT2, VIM), with NEFL and SLIT2 being the most dysregulated proteins and were persisting
in the group of the 90 genes obtained by doubling the FC.

4.3.7 Proteomics analysis shows a significant accumulation of DAPs over time

Subsequently, we looked at the top DAPs for each time point. Because the number of proteins
measured for Day 37 was not very high for technical limitations, we decided to exclude this time
point from this analysis. Figure 4.24 shows the comparison between the number of DEGs (with FC=0

(FCO), and FC>+0.3 and < -0.3 (FC0.3), and P-value < 0.05) and of DAPs (with FC > +2 and < -2 (FC2),
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and FC > +1 and < -1 (FC1), and P-value < 0.05) for each time point. Based on this comparison, we
decided to continue the analysis by considering the DEGs with FC > +0.3 and < -0.3, and the DAPs
with FC > +1 and < -1. From the graph, it is visible that the amount of DAPs accumulates massively

over time potentially mirroring the establishment of the PD phenotype.
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Figure 4.24 Time point-based total amount of DEGs/DAPs considering two different FC filtering (FC = Fold
Change).

In analogy to the DEG analysis, we investigated the main biological processes on GeneMANIA for
the sets of DAPs for each time point (adjusted P-value < 0,05; FC > +2 and < -2). Moreover, we
counted how many of those DAPs are also present in the DEGs for that specific time point. The
results of this analysis are reported in Table 4.5 [also see Fig. S8 in Supplementary Material]. This
functional analysis revealed that most of DAPs were involved in synaptic signalling activity,
neurotransmitter regulation and several metabolic processes. For more exhaustive conclusions and

observations, see the Discussion Section.

DAPs Functional Analysis Common with DEGs

Day 0 | apoptotic signaling pathway; cell ANP32A, ANP32E, ASRGL1, CALB1, CASP3, CDKS®,
proliferation; regulation of cell cycle CENPF, DSP, EPB41L2, FAM162A, GDF3, GULP1,
G1/S phase transition; actin-mediated | L1TD1, LARP7, MFGE8, MT1H, PEG10, PFDNS5,
cell contraction PLOD2, SCRN1, SEMAG6A, SPG20, TES, TMSB10,
TUBB6, UFC1, ZNF281 (19%)
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projection development; postsynapse;
neurotransmitter transport; synaptic
membrane; regulation of membrane
potential; axonal transport

Day 8 | DNA methylation or demethylation; ALCAM, CAPNG6, EPCAM, EXOC5, GPC3, L1TD1,
histone methylation; central nervous MT1F, OTX2, PTPN13, SLC2A1, STK39, WLS (9%)
system neuron axonogenesis

Day 18 | axonogenesis; neuron projection ALCAM, CENPF, CENPH, EPHA4, FNDC3A, GJA1,
organization; long-chain fatty acid GULP1, HELLS, LAMB1, LIN28A, MT1X, MTHFD2,
metabolic processes; amino acid NACA, PALLD, PBX1, PEG10, PGK1, PLOD2, RBP1,
metabolism SH3BGRL, SLIT2, SNRPD1, SNRPD2, SPARC,

SPATS2L, SYNE2 (10%)

Day 25 | DNA replication; protein-DNA complex; | ACTN1, ALCAM, ANXA1, APOE, ARL6IPS5,

DNA conformation change; G1/S CACNA2D1, CADM1, CDK6, CHD1, CNN2, COL4AS,

phase transition of mitotic cycle; COLEC12, DNAJCY, DNMT1, DPYSL3, EIF4AEBP1,

helicase activity; double-strand break | ELAVL4, ENO2, EPB41L2, EVL, FAM136A,

repair FAM162A, FAM84B, GADD45GIP1, GAP43, GGH,
GJA1, GMPS, GPI, HMGBS3, INA, KIF4A, KIF5C,
KPNA2, KRT18, LDHA, LSAMP, MAP1B, MCM3,
MCM4, MCM7, MTHFD2, NBEA, NCAM1, NOVA1,
OTX2, PAFAH1B1, PALLD, PCNA, PHGDH, PLIN2,
PLOD2, PSMD1, PTPN13, RAB2A, RRM2, RTN1,
RTN4, SEPT10, SMC2, SMC4, SOX2, TAGLN,
TCEA1, TERF2IP, TPI1, TPM2, UTRN, VPS13C,
VRK1, WARS, ZNF503 (17%)

Day 32 | axonogenesis; transport along ABCAS8, ANP32E, CACNA2D1, CALB1, CD99, CHGA,
microtubule; presynapse; regulation of | CRABP1, GAP43, GPM6A, ITGA6, MDK, NCAM1,
neurotransmitter levels; neuron NEFL, NRXN1, OSBPL3, PAPSS2, PCNA, PCSK1,
projection guidance; synapse PLXDC2, PON2, POU2F2, QKI, RAB13, SCG2,
organization; synaptic vesicle cycle; SSFA2, STK33, SYNE2, SYT4, TIP1, TMEM2, TPBG,
developmental cell growth TUBB2A, WLS (9%)

Day 57 | presynapse; axonogenesis; neuron AKAP12, AP3B1, APLP2, BASP1, CA2, CALD1,

CNN3, DCX, EZR, FTH1, GAP43, GLO1, GSTP1,
NAP1L1, NCAM1, NEFL, NQO1, P4HA1, PCSK1,
PDIA6, PEG10, PFKP, PLS3, RTN4, SDC2, STMN1,
STMN2, SYNE2, SYT1, TFPI2, TMSB10, VCL (3%)

Table 4.5 Functional analysis on the DAPs of each time point (first column, with FC > +2 and < -2). In the second
column, the genes shared in both DAPs and DEGs lists for that time point (to compare a similar number of
elements, we decreased the minimum FC for the DAPs to +1/-1 where DEGs were filtered with P-value<0,05
and FC > +1 and < -1). The percentage represents the fraction of DAPs which is overlapping with DEGs at each
time point. Genes marked in red were also present in the subset of the 13 key DEGs which were observed to
be persistently dysregulated during development [Fig. 4.21].

Eventually, we identified the overlap between DEGs and DAPs at each time point in order to check
how much the impairments on the transcriptomic level were also mirrored on the protein scale

[Fig. 4.25].

78



Results

104
100

80

59
60 54 _

42
40
24
20 H
0

Day0 Day8 Day18 Day25 Day32 Day57

47

Ooverlap (DAPs FC1, DEGs FCO0.3)

Figure 4.25 Overlap between the identified DEGs and DAPs at each time point of the neuronal differentiation.

4.3.8 Metabolomics analysis indicates metabolic dysfunctions

In parallel, we generated metabolomics data for each time point [Methods]. For each of them, we
identified 152 metabolites. Based on the transcriptomic and proteomic data we looked through a
targeted approach to these metabolomic data, with a focus on mitochondrial activity. For this
purpose, we included in the analysis an isogenic cell pair that was differentiated simultaneously to
allow for a more coherent analysis. This cell line pair consists of a PINK1 patient-derived cell line,
carrying a ¢.1366C>T mutation, and a CRISPR-Cas9 corrected control (see Discussion). In line with
the previous results, we excluded Day 57 from this analysis as neurons at that stage exhibited strong

apoptotic and stress-related phenotypes.

Remarkably, a-Ketoglutarate (AKG) exhibited an interesting time-dependent difference [Fig. 4.26
and 4.27]. AKG is a crucial component in the Krebs cycle and hence can modulate the organism's
citric acid cycle activity (Wu et al., 2016). It serves as a nitrogen scavenger and a source of glutamate
and glutamine, which then promote the synthesis of new proteins. The increase of this metabolite
in PINK1 cell lines at Day 18 and 25 compared to the controls, suggests that the PD cell lines are
undergoing a faster maturation characterized by a higher mitochondrial activity compared to higher
glycolysis activity in iPSC status. This more intense metabolic activity in the early maturation stage
is followed by a saturation of this mechanism which can be deduced from the decrease amount of
AKG in later stages. This may indicate that the PINK1 cell lines are then affected by a mitochondrial

dysfunction which can lead to a severe metabolic impairment.
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Moreover, an intriguing time-dependent variation was also observed in the metabolite
Sedoheptulose-7-phosphate [Fig. 4.26 and 4.28]. This molecule is associated to the pentose
phosphate pathway (PPP). A recent study showed that it forms and accumulates during PPP activity
in response to prolonged oxidative stress (Cheng et al., 2019). Therefore, its increase in PINK1 cell
lines during the late neuronal maturation stages might support further the hypothesis that PD

neurons are progressively impacted by oxidative stress caused by a gradual mitochondrial failure.
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Figure 4.26 a: Fold-change plots of a-Ketoglutarate and Sedoheptulose-7-phosphate of PINK1 compared to
Control over time. b: Schematic representation of the metabolic processes of Glycolysis, Pentophosphate
pathway (PPP) and Tricarboxylic acid cycle (TCA).
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Figure 4.27 a-Ketoglutarate abundance in PINK1 and control cell lines, at Day 0, 8, 18, 25, 32 and 37. In blue,
data related to the normal control cell line which was paired with the PINK1 cell line in red. The other two colors
refer to the isogenic cell line (in green the second PINK1-mutation cell line, in orange the CRISPR-Cas9

corrected isogenic control).
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Figure 4.28 Sedoheptulose-7-phosphate abundance in PINK1 and control cell lines, at Day 0, 8, 18, 25, 32 and
37. In blue, data related to the normal control cell line which was paired with the PINK1 cell line in red. The other
two colors refer to the isogenic cell line (in green the second PINK1-mutation cell line, in orange the CRISPR-

Cas9 corrected isogenic control).
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5. Discussion and Outlook

Parkinson’s disease is a complex neurodegenerative pathology whose precise aetiology remains
elusive, although several genetic risk factors, as well as various genes which cause rare familial
forms of PD, have now been identified (see Section 1.4) (Blauwendraat et al., 2020). Likewise,
different environmental factors such as smoking, exposure to toxins or pesticides, and caffeine
consumption are known to alter the risk of developing PD (Subsection 1.1.3) (Zanon et al., 2018).
The movement disorder is caused by the progressive death of dopaminergic neurons in the
substantia nigra pars compacta, with intracellular aggregation of alpha-synuclein in the form of
Lewy bodies and Lewy neurites being the pathogenic hallmark (Subsection 1.1.1) (Tolosa et al.,
2021). To date, numerous processes have been linked to Parkinson's disease, including
mitochondrial dysfunction, defective protein clearance systems, and neuroinflammation
(Section 1.3), but the details regarding how these parameters interact are still elusive due to the
underlying complexity. To address this challenge in my PhD project, | applied current cutting-edge
technologies to investigate mechanisms of PD development by characterizing the differentiation
dynamics of patient-based iPSCs carrying a mutation in the PINK1 gene into dopaminergic neurons,
by deep phenotyping including single cell RNA-sequencing, proteomics, metabolomics, and

imaging.

During the last decades, scientific advances in developmental, cellular, and molecular biology led
to the understanding of how to obtain dopaminergic neurons from patient-derived fibroblasts,
previously reprogrammed into stem cells. Today, there are different methods available that allow
for this in vitro neuronal development. Consequently, the first step in my project was to compare
two principal approaches to determine which protocol would be best to adopt for our investigation
(Kriks et al., 2011; Reinhardt et al., 2013). Specifically, Reinhardt’s protocol allows an “indirect”
differentiation from iPSCs to DA neurons by passing through the stage of smNPCs, which are
expanded and purified for several days or weeks. Contrarily, Kriks’ protocol avoids this intermediate
step and permits a “direct” differentiation from iPSCs to DA neurons. For our comparison, | initially
differentiated the same cell line following the two protocols until neuronal maturation (Day 30) and
performed immunostainings at different stages of the development (Section 4.1). These
experiments were based on the evidence from literature that the presence of PAX6 in the early
stage of maturation leads to the generation of dopaminergic neurons typically found in the retina
and the olfactory bulb, and therefore to non-specific midbrain DA neurons. On the other hand, the

absence of PAX®6 triggers a cascade of gene expressions which eventually leads to differentiation of
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midbrain-specific DA neurons, which are the ones mostly affected in PD (Corbin et al., 2003). In
these experiments, differentiating cells were stained for PAX6 and for TH (as a marker for
dopaminergic neurons). From our results, both protocols eventually allowed the generation of TH
positive neuronal populations with the expected yield of around 50%-60%. However, the cells
differentiated with the Indirect protocol exhibited PAX6 signal for the early stage of differentiation
(Day 0 and 8), which was not the case for the Direct protocol where cells derived with this approach
never showed a signal for PAX6 [Fig. 4.4 and 4.5]. This suggests that the Direct method was
generating exactly the type of DA neurons affected in PD. To validate this, we set up a separate
experiment to perform a deeper analysis on the cells differentiated with the Direct method by
analysing their transcriptome by single-cell RNA-sequencing at different time points of the
differentiation until Day 50 [Fig. 4.6]. This investigation highlighted that both stemness and
early/late maturation markers were expressed following the expected trends and timing,
confirming that the Direct differentiation protocol allows to generate high-quality midbrain-specific
DA neurons. This transcriptomic analysis was subsequently used as the foundation to investigate
changes in gene expression in the context of a mutation in the PINK1 gene which is a PD-associated

(Subsection 1.4.1).

In the first characterization (Section 4.2), we focused on the analysis of early timepoints of the
differentiation protocol, during which cells undergo neural differentiation up to the state of early
postmitotic mDA neurons (D21). The underlying hypothesis is that these cells are not expected to
display already strong neurotoxicity features but are likely to reveal central pathways that lead to
the early pathology of PD which might be hidden in analyses of later stages and may provide new
entry points for therapeutic intervention. We chose a cell line homozygous for the ILE368ASN-
PINK1 mutation since the genetic background can impact severity and progression of the disease
(zanon et al., 2018). PINK1 mutations are typically characterized of a full penetrance and early onset
of PD. Hence its very strong influence is expected to mitigate the effect of the genetic background.
The limitation of using an early time period is of course that we could not identify pathways
associated with PD pathology in mature and aging neurons. Instead, as mentioned above, we
wanted to focus on the identification of pathways prior to damage onset, in order to eliminate the
identification of pathways secondary to the disease, like those induced by damage and associated
with the process of cell death. The single-cell transcriptomic comparison between the PINK1 and a
control cell line, led to the identification of 285 DEGs, which were persistently dysregulated during
development. Creating a protein—protein interaction network based on these groups of DEGs

demonstrated that genes of all groups formed important nodes within the interaction network.
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Furthermore, genes of all groups were frequently associated with PD. Notably, analysis of the
network showed that certain DEGs are points of convergence within the protein network and form
major nodes, namely CUL3, HSPAS, EEF1A1, UQCRFS1, CNTNAR2, PSMA4, HNRNPC, and PLCB4 [Fig.
4.10]. CUL3 has been linked to PD by GWAS studies and is considered a potential PD drug target
(Canning and Bullock, 2014). HSPAS8 (also known as HSP73 and HSC70) disaggregates alpha-
synuclein amyloid fibrils and plays a role in autophagy and the catabolic pathway for alpha-
synuclein, controls mitophagy by modulating the stability of the PINK1 protein, and its expression
has been reported to be impaired in sporadic PD (Zheng et al., 2018). Indeed, HSPA8 was by far the
most important node in our network, and it is also one of the most highly dysregulated genes in
our dataset. EEF1A1 Translation Elongation Factor mediates activation of the heat-shock
transcription factor HSF1, a key player in PD, and prevents a-synuclein aggregation, as well as
interacting with Parkin (PARK2) and HTRA2 (PARK13) (Ekimova et al., 2018). UQCRFS1 is a
mitochondrial electron transport chain ubiquinol-cytochrome c reductase, a member of the KEGG-
PD pathway (Entry K0O0411), and has been identified as a PD risk gene (Feng and Wang, 2017,
Hernandez et al.,, 2020; Kanehisa et al., 2019). CNTNAP2, which belongs to the neurexin
superfamily, plays a role in triggering protein aggregates, was found to be differentially expressed
in the blood of PD patients with LRRK2 mutation, and was also associated with PD by GWAS (La
Cognata et al., 2017; Varea et al., 2015). PSMA4, a proteasome subunit, is part of the KEGG-PD
pathway (hsa05012, bta05012, and K02728) and participates in the ubiquitin-proteasomal
pathway, which plays a key role in PD (Chung et al., 2001). HNRNPC interacts with both PARK2 and
members of the Poly (ADP-ribose)-dependent cell death pathway implicated in PD (Lee et al., 2014).
PLCB4 has been linked to PD and knock-out mice show motor defects consistent with ataxia (Kim
et al., 1997; Rouillard et al., 2016). However, many of the less conspicuous nodes are also known
to play a role in PD, including EGLN3, IPO5, IPO7, PALLD, PGD, RALGPS2, CYCS, SHH, BRCA2, and
others. Hence, the network derived from our analysis of the ILE368ASN-PINK1 mutation is revealing
the convergence of many known key PD-associated pathways.

This convergence suggests that different mutations may feed into the same PD pathology-
associated routes and that each mutation can act through several pathways. A strength of our
network analysis is that it might shed light on PD-associated genes whose function is so far poorly
understood. Another line of supporting evidence for this network’s role in PD is that, based on the
STRING database search, the most strongly associated KEGG pathway of this dataset is the

Parkinson’s disease KEGG pathway [Fig. 4.9].
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A surprising finding from our investigation is that pathways known to play a role in Parkinson's
disease are profoundly and consistently dysregulated at all timepoints examined, far before the
onset of PD pathology. This is consistent with current research, which indicates that the disease is
likely to occur long before the onset of mDA neuron cell death and evident PD motor symptoms
(Chaudhuri et al., 2011; Le et al., 2014). Many of the DEGs identified in our study are involved in
more than one pathway and thus connect the various pathways known to play a role in Parkinson's
disease, such as stress and catabolic processes, aromatic compound metabolism, vesicle-mediated
transport and exocytosis, RNA metabolism, protein transport, localization, folding, stability, and
ubiquitination (Ebanks et al., 2020; Garcia-Esparcia et al., 2015; Lin et al.,, 2019; Martin, 2016;
Walden and Mugit, 2017). This confirms the hypothesis that PD pathology involves many different
pathways and suggests that the final disease phenotype is the result of long-term untreated
pathology (Agarwal et al., 2020). It also points to possible early alterations which may be detectable

and used as a diagnostic tool, as well as to targets for early treatment and prevention of the disease.

In order to assess how persistent these dysregulations are, and how the late maturation affects
them, | proceeded with a new experimental set up which would include later time points and a
deeper phenotyping (Section 4.3). For this purpose, this experiment included also a rigorous
proteomics and metabolomics analysis at several time points of the neuronal differentiation, aside
the single-cell RNA-sequencing. In fact, performing an investigation on multiple scales given by the
biological levels and combining them to achieve a broader picture might clarify the pathology's
complexity and the underlying mechanism causing the onset and progression. Such a multi-scale
approach has already been adopted in the last years. An example is the international FOUNDIN-PD
project, which aims to create foundational multi-omics data for PD (www.foundinpd.org). In this
project, they included 95 different PD patients-derived iPSCs cell lines including from idiopathic

cases, from which DNA, RNA and proteins were isolated and subsequently processed.

However, even if this important initiative has a broader approach which includes more cell lines,
my project led to a deeper understanding of the dynamics of PINK1-cell lines differentiation, since
| considered more time points and, for each of them, | collected data on the transcriptomic,
proteomic and metabolomic levels whereas the FOUNDIN-PD project had only complete
phenotyping for the endpoint and therefore miss some essential dynamic properties. For this
experiment, | differentiated cells of the same PINK1 and control cell lines of the previous project up

to Day 57 with the Direct differentiation protocol (Kriks et al., 2011). In this case, cells were
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collected and analysed at Day 0, 8, 18, 25, 32, 37 and 57. To support the hypothesis that the PINK1
mutation causes persistent dysregulation of a subset of genes, resulting in impairment in a variety
of specific cellular functions, we initially compared our identified DEGs with those found in the
previous analysis (Section 4.2.1). Because the other analysis was limited to early time points of the
differentiation (Day 6-15-21), we only considered Day 8 and 18 of our new dataset. The DEGs
comparison highlighted 8 genes which were common to both datasets: SNHG5, EIF1AY, PGK1,
PSMB5, LMAN1, PSMC3IP, RP11.298C3.2, PGD. The more limited overlap is probably caused by the
not perfectly aligned time points of analysis which were adapted in the multiscale experiments to
cover the most essential differentiation steps during the more long-term analysis. Notably, running
the GeneMANIA gene function analysis on this group of 8 genes revealed that they collectively play
arolein cellular response to hypoxia, in the proteasome complex activity as well as in the regulation
of several metabolic processes. The analysis of the overlap between the two datasets was carried
out only after a precise correlation analysis, which revealed that these two datasets were derived
from cell populations with gene expression profiles that were significantly close enough to be

comparable [Fig. 4.13].

After this comparison, we analysed deeper the new single-cell RNA-sequencing data. As a first
approach, we selected a list of stemness and neuronal markers and checked for their expression in
the two cell lines, control and PINK1, combined. All the markers were expressed in the expected
time points. Interestingly, we noticed that LIN28A, which is considered a stemness marker for its
activity as regulator of embryogenesis timing and progenitor self-renewal (Copley et al., 2013), was

also highly expressed at Day 37 and 57 and not just at Day O [Figs. 4.15 and 5.1].
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Figure 5.1 LIN28A expression in control and PINK1 combined [taken from Fig. 4.15 and S1].

From literature, it is also known that the overexpression of this gene significantly increases the rate
of glycolysis, and, combined with a reduced oxygen consumption, is specifically affecting the
mitochondrial complex IV activity. This suggests that LIN28A plays a crucial role in cellular metabolic
plasticity by promoting a more glycolytic phenotype through mediating enhanced mitochondrial
recycling which reducing oxidative phosphorylation (Docherty et al., 2016). This observation
highlighted the fact that neurons in the later stages of the differentiation most likely are undergoing
intense changes in their metabolic profiles, as expected, which is probably indicating stress

conditions.

In order to further characterize the differentiation dynamics of mDA neurons development, we
initially combined the PINK1 and control conditions and identified the DEGs which were uniquely
defining each time point in comparison to all others. We next performed a functional analysis via
GeneMANIA on the top DEGs for each time point in order to highlight the main biological processes
which are representative of that specific developmental stage [Table 4.3].

For Day 0, the main functions were associated with DNA replication, spindle assembly, DNA
recombination and nuclear division, suggesting that at this stage the cells are still actively
proliferating. At Day 8, several DEGs were still involved in stemness-related functions, such as stem

cell population maintenance and regulation of cell proliferation. However, some of them also were
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associated with early stages of neuronal differentiation, forebrain development and gliogenesis.
Cells at the next stage (Day 18) appeared to be strongly associated to a more specific and functional
neuronal differentiation because the main DEGs characterizing this time point compared to the
other days were associated to specific changes in the cytoskeleton organization — most likely
indicating neuronal projection growth, such as for dendrites and axons. The same trend, but even
more intensified, was observed at Days 25 and 32. Interestingly, these two time points are also
characterized by the presence of DEGs associated with membrane depolarization and axonal
transport. At Day 37, all DEGs were again found to be strongly related to neuronal characteristics
with more specific functions related to the neurotransmitter synaptic activity. Neurons collected at
the last time point (Day 57) were thought to be considerable as an “aged” population of neurons,
potentially in an already stressful conditions, to which the cells are exposed after two months of
culture that might have partly triggered physiological biological processes linked to ageing
processes in vivo. Indeed, the analysis of the main DEGs for this time point visibly showed that some

cells exhibited signs of apoptotic nuclear changes.

Once we validated that both control and PINK1 cell lines were following the expected neuronal
differentiation path, we next looked for the DEGs at each time point between the two populations
to detect the intrinsic more subtle differences which were caused by the presence of the PINK1
mutation. Again, we identified the list of the top DEGs for each time point and run the function

analysis on GeneMANIA to highlight the main functions affected [Table 4.4].

This investigation revealed that the first relevant impairment appeared around Day 18 where a
huge difference in the protein synthesis capability is observed since most dysregulated functions
are related to ribosomal-associated activities. At Day 25 a substantial difference in the cell division
of these two cell lines was detected, indicating a significant difference in active proliferation.
Furthermore, the biggest differences observed at Days 32 and 37 were associated with the process
of neurogenesis (such as axon development), suggesting that the control and PINK1 populations
were branching into two separate phases of neuronal differentiation.

This is in line with our hypothesis that the presence of a mutation in PINK1 gene might induce a
faster maturation, and therefore faster ageing, of the neurons. In fact, it was noticeable already
during the differentiation of the cells, that the PINK1 cell line was maturing faster compared to the
control based on their morphological changes [Fig. 5.2]. As shown in Fig. 5.2, at Day 24 the PINK1
cell line had already started developing neuronal projections, while it was visible that the control

was still intensively proliferating.
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This finding supports the evidence that PD-related mutations lead to faster differentiation and
maturation, like in the context of LRRK2 (Walter et al., 2021) where impairment of metabolism

might drive the faster aging and subsequent cell death.

Figure 5.2 Differentiating neurons at Day 24 from the control (left) and PINK1 (right) cell lines.

In order to identify genes which were persistently dysregulated between the PINK1 and control cell
lines during the whole differentiation process, we run the DEGs analysis on different combinations
of time points together. We initially considered all time points between Day 8 and 37 (Set 1),
excluding Day 0 and 57 as they highly differ from the other time points in terms of transcriptional
profiles. Then, we performed the same analysis on Set 2 (Day 8-18), as representative of the early
maturation phase, and on Set 3 (Day 25-32-37) which corresponds complementary to the late
developmental maturation phase. The enrichment analysis for these three different sets
highlighted a list of major biological processes that were significantly impaired [Fig. 4.18-4.20].
More specifically, the main processes identified for Set 1 were regulation of neurogenesis, nervous
system development, neuron differentiation, synapse organization and neuron projection
development. Because Set 1 included all the central time points of differentiation, this result
suggested that these were the major impaired functions in the overarching big picture of the
process. To unveil more specific impairments, which were taking place either before or after the
maturation, we run the same analysis on Set 2 and 3. For Set 2, the key processes involved were
related to unfolded protein response, regulation of translation, DNA metabolic and biosynthetic
processes, and cellular glucose homeostasis. This is in line with what we observed before, in the

time point-based comparison which highlighted a severe impairment in the ribosomal activity of
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the cells at Day 18 which most likely would trigger a change in the principal maintenance activity of
cells such as metabolism and growth. Finally, the enrichment analysis on the after-maturation time
points revealed that the main impaired processes between PINK1 and control are more specifically
related to axonogenesis, synapse organization, axon guidance, forebrain development and cell
proliferation. This indicates that the cells are at already significantly different phases of the
differentiation at this stage, again supporting our hypothesis that the PINK1 mutation induces a
faster ageing of neurons, hence causing metabolic impairments and less efficient responses to

stress.

To narrow down our analysis even more, we looked at the DEGs which were common to all three
lists of DEGs for Set 1, 2 and 3. The result was a small group of 13 DEGs (CCND1, MDK, MT.RNR2,
NEFL, SNHG5, NAP1L1, VIM, EIF1AY, RP4.765C7.2, VCAN, FAM162A, LIX1, SLIT2) which were
therefore identified as the most persistently differentially expressed ones [Fig. 4.21 and
Supplementary Fig. S9]. Having identified the small central set of DEGs of interest, we also looked

at the single gene functions and link them to their potential role in PD-associated impairments.

CCND1 (Cyclin D1) is a regulator of cell cycle progression by controlling the G1/S phase transition.
CCDN1 was already linked to PD as it was observed that its overexpression generally results in
oncogenic development or apoptotic-related neurodegeneration in post-mitotic neurons
(Hoglinger et al., 2007). More recently, it was also shown that CCDN1 is specifically involved in
alpha-synuclein related cell death (Santos-Lobato et al., 2021).

MDK (Midkine) is a growth factor that act as a reparative neurotrophic factor (Sakakima et al.,
2009). From literature, it is known that this gene plays a role as survival factor for neurons and that
it is a crucial factor for neurogenesis in vivo (Reiff et al., 2011; Winkler and Yao, 2014). Moreover,
Prediger et al. showed that Mdk deficient mice exhibited preclinical features of PD, such as reduced
dopamine levels in both olfactory bulb and striatum (Prediger et al., 2011).

NEFL (Neurofilament Light Chain) is one of the three main components of the neurofilament of
axons in dopaminergic neurons, and it is therefore involved in crucial neuronal functions such as
neuron projection morphogenesis and axonal transport. It was proven that a dysregulation in this
gene leads to an abnormal development of neuronal projections, axonal hypotrophy and therefore
causes a slower signal conduction (Yum et al., 2009). Furthermore, it is also known that it also
interacts with VIM (encoding for Vimentin), which is also one of our key DEGs. Vimentin is an
intermediate filament protein of the cytoskeleton which plays a critical role in cell structure and

dynamics. It was recently demonstrated that a decreased amount of this protein in PD-patient
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derived fibroblasts contributes to PD pathogenesis, probably due to oxidative stress and increased
cellular calcium level (Papa et al., 2009; Siciliano et al., 2020; Tanzarella et al., 2019). Interestingly,
our experiments showed a significant decreased expression of VIM in the PINK1 cell line compared
to the control line already in the first phases of the differentiation [Fig. 4.21b].

SNHG5 (Small Nucleolar RNA Host Gene 5) was also identified as one of the most persistently
downregulated DEGs in our previous project [Table 4.1] (Novak et al., 2022). In the network analysis
we performed in the previous experiment, we found that SNHG5 is already specifically related to
PD, based on its strong association to LRRK2 mutation. SNHG5 produces a long non-coding RNA
function of which is still under debate. However, numerous studies have linked these RNAs with
the occurrence of a variety of diseases, especially neurodegenerative ones such as Parkinson’s,
Alzheimer’s, and Huntington’s diseases, as well as with amyotrophic lateral sclerosis (D.-Q. Wang
et al., 2018). For this reason, the severe SNHG5 under expression that we observed in the PINK1
line compared to the control condition might be interesting to analyse further in order to clarify
the mechanisms through which this gene interferes with the normal neuronal development [Fig.
4.21b].

MT.RNR2 (Mitochondrially Encoded 16S rRNA) encodes for the small mitochondrial-derived
polypeptide Humanin. Humanin is involved in several processes such as in the negative regulation
of cell death, playing a role as a neuroprotective factor in several cell types including germ cells,
neurons and leukocytes, and for this reason has already been largely investigated as it could hold
an exciting therapeutic potential (Hazafa et al., 2021; Zuccato et al., 2019). Notably, this gene was
severely lower expressed in the PINK1 line suggesting that this cell line was less protected against
neuronal apoptosis. This gene was also identified in our previous analysis (Novak et al., 2022)
demonstrating its potential essential role in PD development.

NAP1L1 encodes for the Nucleosome assembly protein 1-like 1, which is a histone chaperone that
also participates in several important DNA repair mechanisms. Interestingly for our study, this
protein was also associated to the regulation of neurogenesis, as it seems to actively promote the
proliferation of neuronal progenitors (from UniProt.org). According to our analysis, this gene is less
expressed in the PINK1 cell line [Fig. 4.21b] promoting the hypothesis that the mutation induces
the corresponding cells to stop proliferating earlier than the control cells, hence accelerating
maturation and ageing of neurons.

EIF1AY is a crucial gene for protein biosynthesis, by enhancing ribosome dissociation into subunits
and stabilizing the initiator factor Met-tRNA(l) to 40S ribosomal subunits (UniProt.org).

Consequently, the severe reduced expression of this gene in PINK1 cells [Fig. 4.21b] is in line with
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the impairment in ribosomal-associated activities at day 8 and 18 highlighted in the functional
analysis [Table 4.4].

RP4.765C7.2 is a pseudogene that was already identified as highly upregulated in the PINK1 cell line
in our previous analysis [Table 4.1], in agreement with the results from the multiscale experiment
[Fig. 4.21b]. However, its function remains quite elusive, and further research should definitely
focus on its potential role in PD.

VCAN is the gene responsible for encoding Versican, a large proteoglycan found in the extracellular
matrix, which plays a role in intercellular signalling, regulation of growth, differentiation, and
inflammation. Because this proteoglycan modulates the immune cell trafficking and activation, also
in neuronal cells, thereby regulating neuroinflammation, it represents an emerging potential target
in the control of inflammation in several diseases (Wight et al., 2020). Once again, from our recent
investigation, we could observe a faster drop in the expression of this gene in the PINK1 compared
to the control cell line, followed by a sudden increase at the later time points. This suggests that
the PINK1 mutation might decrease cells’ capability to respond appropriately to external stress
during development, and that under extremely stressful conditions, such as in the late stage of
neuronal differentiation, neurons may try to compensate for this prolonged impairment by
activating an intense emergency response.

FAM162A is thought to be involved in the regulation of apoptosis, probably through hypoxia-
induced cell death. It is believed that FAM162A transmits hypoxic signals to the mitochondria and
when over-expressed causes programmed cell death via mitochondrial-regulated apoptosis (Kim et
al., 2006; Mazzio and Soliman, 2012).

LIX1 is a protein-coding gene which is predicted to be involved in autophagosome maturation. High-
throughput screenings analysis revealed that this gene is highly more expressed in neurons in the
substantia nigra compared to the other regions of the brain (Chung et al., 2005). Interestingly,
further analysis suggested that LIX1 seems to be highly downregulated in PD dopaminergic neurons
compared to healthy ones (Verma et al., 2020). These findings support our observation that LIX1 is
severely lower expressed in the PINK1 cell line compared to the control line, especially in the first
time points. This could indicate the selective vulnerability of mDA neurons in the region of the
substantia nigra of the brain, even if the precise mechanism underlying this link is still unclear.
SLIT2 (Slit Guidance Ligand 2) encodes a member of the slit family of secreted glycoproteins. This
family of proteins is known for playing a crucial role in axon guidance and neuronal migration.
Together with SLIT1, SLIT2 appears to be essential for forebrain development by impeding
inappropriate midline crossing by axons projecting from the olfactory bulb. Moreover, this gene

seems to be crucially involved in the inflammatory response process in the brain, and recent studies
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have shown that it works as a neuroprotective factor as it reduces the impact of ageing in mouse
brains by regulating the correct growth of axons and neuronal projections (Dugan et al., 2011; Li et
al., 2018). As shown in Fig. 4.21b, SLIT2 was severely lower expressed in PINK1 compared to the

control cell line.

Overall, the functional analysis of the persistently dysregulated genes has indicated a set of
promising new candidates mediating the development of PD based on their already known
biological function. Future research will focus on the validation and detailed analysis of the

interplay between these potentially essential entities in the context of PD.

The next step of the analysis was then to look at the proteomics data. More specifically, we
searched for the most differentially abundant proteins (DAPs) between the PINK1 and control cell
line for each time point. Next, we again looked at the main gene-gene interactions and their related
functions [Table 4.5]. This highlighted that at Day 0 the most differentially abundant proteins were
involved in apoptotic signalling pathways, cell proliferation and G1/S cell cycle phase transition. At
Day 8, most of DAPs were involved in histone methylation/demethylation, axonogenesis and
central nervous system development, suggesting that already at this early stage the two
populations were undergoing different developmental-related conformational changes. This trend
intensifies dramatically at Day 18, when aside axonogenesis and neuron projection development,
the dysregulated proteins were involved in amino acid and fatty acid metabolism. DAPs at Day 25
resulted to be involved in DNA replication, protein-DNA complex, helicase activity and DNA double
strand break repair. The protein functions of the DAPs for Day 32 were instead showing an
important difference in the neuronal activity (presynaptic activity, transport along microtubule,
synaptic vesicle cycle), even if not as severe as for Day 57, when DAPs are also participating in the

processes of neurotransmitter transport and regulation of membrane potential.

Interestingly, these findings were in line with preliminary proteomics results that we obtained from
the analysis of the early differentiation period [Fig. 4.11]. These preliminary observations were only
limited to Day 25 (early postmitotic neurons) and Day 40 (mature neurons) and had already shown
dysregulation of dopaminergic metabolism at both time points of differentiation. These DAPs
exhibited an overlap with the DEGs identified in the previous DEGs analysis, and many of these
proteins were already known to be involved in the pathology of PD — the most evident ones were
TH and DDC, which are key enzymes involved in dopamine metabolism and therefore closely

associated to the disease (Burkhard et al., 2001; Clark et al., 2021; Tabrez et al., 2012). Overall, the
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data showed a consistent abnormality in the levels of enzymes needed for DA metabolism, which
indicates that cells carrying the PINK1-ILE368ASN mutation have a functional deficit of the DA
metabolic pathway that eventually can lead to neuronal loss of mDAs. Notably, both TH and DDC
(together with PLOD2 and PCSK1) were also identified in the proteomics datasets of the more long-
term differentiation. This overlap is supporting the idea that this metabolic impairment is a key
feature in PINK1-associated PD progression. However, the proteomics analysis of the multiscale
experiment included more time points and showed that the impairment in the protein scale were
already observable in the early time points suggesting that there are early disease-related
mechanisms happening even before the visible PD phenotype appearance also at the proteome

level.

In a second approach, we checked if the specific impairments on the proteomic level was reflecting
the dysregulation of the gene expression. For this purpose, we analysed for how many DEGs we
could find the correspondent encoded protein in our proteomics dataset in time-point specific
manner [Table 4.5]. Notably, among these lists, we could also identify some of the core 13 DEGs
persistently dysregulated during differentiation. Furthermore, these datasets could be also
supporting the investigation of the potential delay between the effect of the transcriptomic
dysregulation and the proteomic level, and thereby better understand the causality relations
between these two scales. In this respect, the metabolomics data represent an a very valuable
resource as it seems to indicate consistent metabolic impairments for PINK1 mutations (Section
4.3.8) which may allow for better phenotype mapping also by more holistic data integration

(Gligorijevi¢ and Przulj, 2015). This will be the topic of future analysis.

Such a high-throughput multi-scale analysis provides a huge amount of data whose integration can
pave the way to the understanding of PD pathophysiology. However, these results are coming from

Ill

an “artificial” set up which can just simplify and mimic the in vivo process of neuronal
differentiation. For addressing this issue | had already included in this project a second iPSCs cell
line carrying a PINK1 mutation (72-year-old female, AAO47, c.1366C>T) and the corresponding
isogenic control (generated by using CRISPR-Cas9) which was provided by the Institute of
Neurogenetics of University of Liibeck in addition to the above-described control and PINK1 cell
lines. The corresponding parallel experiments were carried out with the aim of clarifying the role of
the genetic background in the context of mutation-associated PD pathogenesis but could not yet

fully integrated in the analysis due to time limitations. But a targeted analysis of the data allowed

already for a first validation approach of the previously identified PD network of genes. Some
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preliminary results already showed that there is a significant overlap between the DEGs from the
PINK1 line and control line of both cell pairs, at each time point of the neuronal differentiation [Fig.

5.3].

Day 57 6 (3,4%)
Day37 ~3(4%)

Day 25 188 (19,5%) Intersected
TOTAL DEGs

pay1s 87 (16,5%)
vays  100(22,6%)

payo  79(15,5%)

0 200 400 600 800 1000

Figure 5.3 Comparison between the DEGSs identified in the PINK1/control cell pair and in the isogenic
PINK1/control pair. In green, the total amount of DEGs found in both pairs, and in yellow the number and
percentage of these DEGs which are shared from the two lists.

Further analysis on the comparison of these two cell line pairs will clarify the role of the genetic
background and its influence on the disease mechanisms. Furthermore, this approach will also
provide an independent validation of the core genes which are key to PD pathophysiology, and

which are conserved even in different experimental set ups or genetic contexts.

In conclusion, this project has generated new insights into the underlying mechanisms of PD
development by a dynamic multi-omics approach from the underlying hypothesis that disease
development can be investigated by following the differentiation dynamics of patient-based iPSCs
into dopaminergic neurons. For this purpose, | focused on the ILE368ASN mutation in the PINK1

gene and first characterized different differentiation protocols (Section 4.1) and subsequently used
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the Direct protocol from iPSC to mDAs to identify transcriptional modification during the early
differentiation phase by sc-RNAseq and proteomics data revealing a potential core network of PD
(Section 4.2). Based on these findings, | subsequently performed a parallel multi-omics
characterization of the long-term differentiation dynamics which confirmed the previous findings
and identified new pathway candidates of disease development (Section 4.3).

In particular, the multi-omics data sets represent currently a rather unique resource since it allows
for analysis across the biological levels and thereby for ranking the identified targets based on their
establishment on the phenotype. In this regard, this approach complements other recent multi-
omics approaches (www.foundinpd.org) by providing time point coherent data sets that allow for
more systematic data integration. Here, we mainly applied a linear data analysis strategy by starting
from the transcriptional level at single cell resolution, identifying key DEGs by a network analysis

approach and subsequently linked the proteomics and metabolomics data in a targeted manner.

While this approach allowed for a validated and ranked network description, it may miss some
essential connections between the individual biological levels. To address this potential gap, more
holistic data integration strategies like non-negative matrix factorization (NMF) (Bredikhin et al.,
2022; Gligorijevi¢ and Przulj, 2015) will be adapted to these data sets and compared to our results.

This might reveal additional insights into PD development.

Another essential next step is a functional validation of the identified candidates. For this purpose,
we will target specific candidates of key players in PD progression by monitoring functional changes
in knock-out/down cell lines for metabolic related genes identified in our analysis such as LIN28A
and try to modulate the metabolic impairment during differentiation. For an ultimate translational
step, these results must be subsequently validated in in vivo models. However, at the current stage,
this project has already demonstrated the appropriateness and potential of such a dynamic multi-
scale analysis which will be extended to further patient-based iPSC lines either from idiopathic cases
or carrying different PD-related mutations. Eventually, such a cross-condition integration might
lead to common key pathways in PD. A potentially unifying approach might be given by the major
PD hallmarks of impaired mitochondrial homeostasis and related calcium dynamics in accordance
with the selective vulnerability analysis (Subsections 1.3.3 and 1.3.6). In this regard, PINKI might
represent an important model system due to it central role in mitochondria quality control and
degradation and link to calcium homeostasis (Subsections 1.3.3.2 and 1.3.6). Interestingly,
preliminary experiments with the PINK1 and control cell lines have actually indicated differences in

their calcium dynamics. In particular, the control cell line seemed to be less responsive to ATP
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external stimulation. This, combined with a super-resolution imaging analysis of mitochondrial

morphology in differentiated mDA neurons, is currently under further investigation.
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Figure S1 Violin plots showing the normalized expression of stemness markers MYC, POU5F1, L1TD1,
TDGF1, POLR3G, TERF1, USP44, LIN28A, in PINK1 and control cell lines combined, at the different time
points of the differentiation.
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Figure S2 Trajectory of expression of neuronal markers OTX2, LMX1A, FOXA2, MSX1, NR4A2, TH, MAP2,
PITX2, DCX, SLIT1 and DDC, in PINK1 and control combined. The color scale represents the normalized
expression for that specific gene.

117



Supplementary Material

Day 0 Day 8 Day 18 Day 25 Day 32 Day 37 Day 57
HIST1IH1D MT2A TAOK1 FTLP3 MALAT1 CENPF MT.RNR2 MT.CO1 MALAT1 RAD21 MALAT1 GAP43 MALAT1 TMSB10
MT.RNR2 MT.CO3 MT.RNR2 SFRP1 VIM HSP90B1 GSTP1 TPX2 PEG10 HMGCS1 TTR MT.ND4 TR IGFBPS
FTL HSP90B1 GAPDH MT.ND1 FTL HDAC2 HIST1H4C HMGCS1 TMSB10 IGFBPS MT.RNR2 HNRNPC MT.RNR2 CANX
HSP90AB1 DNAJA1 HSP90AB1 MT.CO3 MT2A ZC3H13 CALM2 HNRNPM MT.RNR2 MATR3 HSP90AAL SYT1 PTN APP
HSPAS HINT1 VIM GPC3 CALD1 RGS2 FTH1 ACTB FTL uBB HSP90AB1 SCG2 CXCL14 APLP2
MALAT1 KMT2E FTL UBE2C TTR VCAN TPM1 UBE2C AP000769.1 NAP1L1 VIM TTC3 PABPC1 IGFBP3
MT.ND1 RP11.475C16.1|HSP90AAL NUCKS1 ENO1 RAD21 VIM MEST MAP1B GAPDH PEG10 PTGES3 VIM HSPAS
NUCKS1 IDI1 MT1E SNRPD2 AP000769.1 NCL SULF1 HISTIH1D TFPI2 DDX5 TCF7L2 DYNLL1 TPM1 MACF1
CCT3 ANP32E CALD1 RP11.371A22.1|RP11.234A1.1 AKAP12 HTATSF1 NEFM VIM KIFSC MAP1B MT.CO2 TPT1 RP11.234A1.1
MT1G ARPCS HMGB2 WSB1 SULF1 HIST1H4C CENPF TRIM24 TPT1 SYT1 MT.CO3 PDIA3 TFPI2 MORF4L2
HNRNPA2B1 PTMA MT.CO1 PARP1 PTN IFT57 HNRNPA2B1 EEF2 ACTG1 TCF7L2 CALM2 GSTP1 SAT1 SPATS2L
H2AFZ CALR GAS5 MLEC DLK1 LRRC75A.AS1 | CTGF NUSAP1 NEFM DST CHGB CHGA TPH1 CD24
FABP7 FDPS DLK1 PDIA3 HNRNPA2B1 RACK1 TOP2A NREP HIST1H4C MIAT HSP90B1 IGFBPS TMSB4AX PDIA3P1
HNRNPU AC016739.2 RACK1 TAF1D ' TMSB4X APLP2 HMGB2 AC016739.2 NEFL GNAS CALM1 CANX COL1A2 HNRNPA2B1
MT.RNR1 SMARCAS NPM1 RP4.604A21.1 |PEG10 TUBA1B CRH AP000769.1 COL1A2 ALCAM HIST1IH4C MT.CYB PCP4 TPM4
CAsP3 PDIA6 PTMA DsP SEPT11 HISTIH1E H1FO IGFBPS TUBALIA FNBP1L STMN2 APLP2 TAOK1 PDIA3
CALM2 SSBP1 TMSBAX 1D2 ALCAM NAP1L1 TMSB4X D3 HMGB2 SYNE2 ALCAM FAU AP000769.1 RP11.475C16.1
MT.CO2 C110RF58 IGFBPS ACTB SNHG5 EEF2 ALCAM NEFL HSP90AB1 MAP2 CENPF BEX3 MAP1B RP11.864N7.2
GNAS TPM1 H3F3B GSTP1 COL3A1 AC004453.8 ENO1 MKI67 GPC3 MT.CO1 TUBA1A C110RF88 PDIA4 HSPH1
TPM3 LAPTM4B SNHG5 FAM60A MAP1B MT.RNR2 PEG10 COLEC12 TPH1 PTMA TMSB4X SEC62 FTH1 NQO1
HIST1H4C RP11.234A1.1 |RP11.475C16.1 LDHB RP11.466H18.1 CHML DYNLL1 1D4 CENPF ONECUT2 STMN1 PTMA CALB1 PABPC1P3
MLEC TXN ACTG1 PRRC2C H3F3B RP11.864N7.2 |STMN2 KIF21A HSP90AAL EPB41 SOX4 ACTB AKAP12 cP
PGK1 MIR302B NACA TOP2A TPM1 RP11.425L10.1|CALM1 PABPC1 HSPAS ACTB SULF1 NPM1 SULF1 ANXA1
LDHA SPP1 AC090498.1 CALM2 MT.CO1 vCL CRABP1 MT.CO2 STMN2 RP11.234A1.1 |HMGB2 CALM2P2 SCG2 PCSK1
BNIP3 RTN4 EEF2 uBB PTMA YBX1 TAGLN TPT1 TMSB4X MT.CYB TRH NUCKS1 HSP90AAL CNTNAP2
UCHL1 FAU HNRNPA2B1 HNRNPCP2 ZFAS1 SSFA2 H3F3B RP11.466H18.1| TOP2A MT.CO3 MT.CO1 COX6C CTsV cL
ACAT2 MT1X PTN ENO1 PABPC1 HSBP1 TRH SPARC CALM2 UBE2C CALB1 NEFL H3F3B PDIA6
SNHG5 MDH2 TPM4 LIN28A NEFM ARL6IP1 DLK1 LDHB H3F3B TRH TMSB10 D3 GAPDH CHGB
PSMA7 PSIP1 SAT1 EEF1A1 MEST NACA SFRP2 CALD1 SOX4 MACF1 NEFM NCL NEAT1 SPARCL1
FTH1 MYL6 XRCCS RP11.466H18.1| CANX GSTP1 RGS2 NUCKS1 TUBB2B FTLP3 NAP1L1 TUBA1B D4 CPE
PSAT1 MT1H SOX4 HSPAS CALM2 MACF1 TPH1 POSTN CALM1 LMO4 TFPI2 TUBB2B FTL GSTP1
HSPA8 MT.ATP6 YBX1 CNBP CRABP1 NUCKS1 HSP90AAL GNAS FTH1 PABPC1 AC016739.2 PIK3R1 HSP90B1 PTMA
VIM MT.ND2 PABPC1 FAU COL1A2 HSPD1 TPM4 SERF2 SCG2 PNISR YWHAE MDK AC016739.2 MAP2
SFRP1 SKIL AP000769.1 HSP90B1 MDK TLE4 COL11A1 GJAL NUCKS1 RGS16 FTL 1K PON2 NAP1L1
BEX3 BTF3 HNRNPC CALR AC016739.2 KPNA2 AKAP12 NCL HNRNPA2B1 WLS SRP14 HNRNPU PEG10 ANKRD12
NES ELOVLE P4HA1 MT.ND3 GAS5 SFRP2 MDM2 RACK1 TFF3 APLP2 ACTG1 RP11.234A1.1 |ALCAM TXN
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Figure S3 List of the 100 most DEGs for each time point of the differentiation (control + PINK1 cell lines

together) compared to all the other time points.
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TPBG HDAC1 MECOM C30RF58 GGH
TCF7L2 ID2 DSP SYNE2 CENPU
STMN1 WLS MYO10 SNHG5 KIF5C
COL1A2 TMEM123 GNG5 PAPSS2 PLTP
SCG2 oTX2 smca C1ORF54 UTRN

Day | cpc3 PLS3 ASCL1 RCN1 CEP135

32 STMN2 MEST GNG11 SPAG17 DDIT4

LIX1 GLUL REEP3 COL4A5 METRN
ID3 CDK6 TSPANG LHX5.AS1 MAF
VCAN ANP32E ADAMTS9 ZNF880 RFX4
WNT5A IGFBP5 TOP2A PLXDC2 ccDC173
COL4AG6 PTTG1 RP11.574K11.24 zIc1 GPMGA
SLIT2 PCNA NAP1L5 CCNG1 HTR2C
ZFP36L1 DECR1 PAX6 LINC00461 TXLNGY
TFPI2 SPARC QPRT NEFL PTP4A1
EMX2 PRTG LIMCH1 PTPRG PCSK1
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sox2 oTX2 1acG RSPH1 PAPSS2
RSPO2 HMP19 DMD MAF SLC25A24
RP4.765C7.2 CCDC144NLAS1 OSBPL1A ARL13B TUBB2A
TPBG SYNE2 ATP6VOE1 IFI27L2 SNHG5
SCG2 LIX1 SNHGS8 NTM D3
IGFBPS CCND1 PAX6 MAPT FAM162A
GNG11 CHRNAS CNTNAP2 NTNG1 CDK6
SPARC NAP1LS CITED2 CHKA TMEM14DP
WLS CALB1 ENKUR GPC3 CENPF

Day | Dpecr1 LHX5.AS1 EZR ADD3 RTN3P1

37 | ones PLS3 NEFL LINCO0467 GAP43

PCSK1 VCAN CFAP70 PTTGLIP SERPINE2
VIM TFPI2 COL4A6 EFNB2 CFAP43
HES1 HSPB1 TEX9 GPM6A MT.RNR2
SULF1 REST VGLL4 EMX2 CLINT1
MDK CROT NCAM1 AURKAIP1 CD99
STMN2 CHGB COL4AS TRPM3 PPP4C
LMO3 TTR RTN1 ccDe173 C1ORF54
SSR3 TMEM97 cpo1 FTL JUN
RTN4 UGP2 TM2D1 POLR2H NSG1
PEG10 TPM1 zica TMBIM4 SATL
MT.RNR2 CXCL14 GNG11 MT.CO2 DCX
MAP1B MDK LGALS1 HNRNPA2B1 NNAT
PCP4 C110RF88 CTsV HTR2C SLC5A3
XIST cp ZFYVEL6 TMSB10P1 NCAM1
CPE MT.CO3 NQO1 PAPSS2 AC007405.6
MT.ND5 ILL7RD MAF MIAT TMBIMS
MT.ND4 CHGB KRT18 MYL12A CHCHD2
SYT1 MALAT1 GRIK1 BNIP3 PLEKHA4

Day | wr.co1 FTH1 ATP11A PDIA3 DSP

57 | surt CA2 cLIC6 IGFBPS FAM60A

CNTNAP2 zic1 TRPM3 PDIA6 GAPDH
STMN2 TPTL RP11.169K16.8 IGFBP7 CFAP43
IER3 TIMP3 PALLD CCDC39 SLC7A8
TTR DDX3Y ENO1 MT.ATP6 PAX6
FAM81B ANXAL CFAP126 SAMD15 C1ORF194
TMSB10 CNN3 RTN4 TFPI2 SPARCLL
VIM GRIA2 TTTY15 AP000769.1 VAMP2
MT.CYB AC016739.2 COLEC12 AKAP12 EZR
MT.RNR1 COL4A6 SPAG17 RAB8A ERICH2

Figure S4 List of Top 100 DEGs for each time point (PINK1 vs control, P-val <0,05, |FC|>0,3).
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Set 1
(D 8-18-25-32-37)

CCND1 CCND1 RP11.146N23.1 CCND1
MDK MDK ZNF711 MDK
MT.RNR2 MT.RNR2 TGIF1 MT.RNR2
NEFL NEFL MALAT1 NEFL
SNHG5 SNHG5 PBX1 SNHG5
NAP1L1 NAP1L1 FAMG60A NAP1L1
VIM VIM MT.ND5 VIM
EIF1AY TMSB10 SNHG8 P4HA1
RP4.765C7.2 EIF1AY EIF3K EIF1AY
VCAN RP4.765C7.2 EIF3H RP4.765C7.2
FAM162A VCAN MORF4L1P1 VCAN
LIX1 FAM162A RP11.112J1.1 FAM162A
SLIT2 LIX1 LGALS1 LIX1
GAP43 SLIT2 FBL SLIT2
PAX6 LMO3 GOPC CCDC144NL.AS1
RP11.343H5.4 RP11.169K16.8 UBE2C IGFBP5
HELLS SAT1 XBP1 GAP43
KIF11 RP11.343H5.4 EEF1B2P3 PAX6
RP11.543P15.1 FTL CCT5 CENPF
NAP1L5 HELLS LSM4 ANP32E
PRTG KIF11 DANCR EFNB2
SERPINF1 MT.CO1 EEF1B2 NAP1L5
SPARC TPM1 RACK1 SPARC
SHMT2 RP11.543P15.1 RP11.36C20.1 CHGB
SMC4 PRTG RSL1D1 COL4A6
ZIC1 MEST SPATS2L ELAVL4
KRT18 NEFM SRP14 NCAM1
CHGB PGK1 TUBB TFPI2
COL4A6 PRDX6 L1TD1 TRPM3
ELAVL4 SERPINF1 SERINCS GNG11
GNG11 SHMT2 CTD.2287016.1 GRIA2
GRIA2 SMC4 MT2A NRXN1
NRXN1 KRT18 MT1X PCSK1
PCSK1 ADAMTS9 GAS5 SCG2
SCG2 CHCHD2 SEPT11 CROT
STMN2 HSPD1 FAU GPC3
MAF EEF1D HSPE1 WLS
COL1A2 MT.ND1 LRRC75A.AS1 STMN2
CFAP45 MT.RNR1 PFDN5 EZR
CELF4 PEG10 RP11.475C16.1 ANXAS5
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NSG1 CSRP2 RP11.88913.1 RTN4
CKS1B CRABP1 UBA52 PTTG1
MKI67 CKB COL14A1 TUBA1A
CACNA2D1 GULP1 TFPI OTX2
CENPK CENPK DMKN NSG1
KIAA0101 KIAA0101 ROBO2 CDK6
MTRNR2L1 MTRNR2L1 THSD7A GPM6A
NLRP2 NLRP2 ZNF117 MAPT
SFRP2 SFRP2 KIF1A RSPO2
TPM2 TPM2 SYDE2 RTN1
GPM6A MTHFD2 CHN2 TUBB2A
MAPT PKIB CLGN COL4A5
RSPO2 PLOD2 RP1.102E24.1 PLXDC2
RTN1 C120RF57 NCALD C10RF54
TUBB2A PSMB5 WASF2 TCF7L2
RSPO3 CCT3 AC009362.2 TPBG
TFF3 DST RP11.478C6.4 EIF2AK2
ZC2HC1A HINT1 SESN3 ID3
AC144530.1 HNRNPDL TOP2B 0ODC1
AP5M1 HSP90AB1 BSG PON2
TMEM47 LMAN1 EEF2 SOX2
ZNF385D NREP PABPC1P3

ZNF503 NUCKS1 PHPT1

NRG1 PRDX1 PLEKHAS

BLM SNRPD2 SH3BGRL

DHFR TUBA1B TLE4

FST TXNIP ZFANDS

LIN28A NRG1 TAF1D

EIF2AK2 BLM CCT7

ATAD2 DHFR CTB.63M22.1

LYAR FST SNHG1

VRK1 LIN28A ATP5G2

ASPM SPRY1 PSMB2

COTL1 FOXP1 RP11.371A22.1

RANP1 SLC39A8 RP11.641D5.1

TGIF1 WNT5A RP3.417G15.1

RP11.778D9.4

AB019441.29

ATADS CNBP
CRNDE COx4l11
GOLGAS8B HSP90AA1
SULF2 MYEF2
KCNQ10T1 NACA
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PPM1K RP1.278E11.3
RGS2 RP11.114H7.1
ITGB1 RP11.314A20.1
TIA1 RP11.488C13.1
ALCAM RP13.258015.1
BTG1 RP3.48613.4
GPCPD1 SNU13

PABPC3 TOMM7

YBX1 UBL5

UQCRH

Figure S5 List of DEGs for Set 1 (Days 8, 18, 25, 32, 37), Set 2 (Days 8, 18) and Set 3 (Days 25, 32, 37)

between PINK1 and control cell lines.

DEGs core .
Gene functions
(13)
glycosaminoglycan catabolic process
CCND1 regulation of RNA stability
MDK regulation of MRNA catabolic process
MT.RNR2 SnRNA 3'-end processing
NEFL RNA ill
SNHG5 surveillance
NAP1L1 nuclear RNA surveillance
VimM exosome (RNase complex)
EIF1AY b ' ’
RP4.765C7. exoribonuclease complex
2 SnRNA processing
VCAN nuclear-transcribed mRNA catabolic process, exonucleolytic
FAM162A . .
exoribonuclease activity
LIX1
SLIT? exoribonuclease activity, producing 5'-phosphomonoesters

ncRNA catabolic process

3'-5" exonuclease activity
snRNA metabolic process
ncRNA 3'-end processing

sulfur compound catabolic process
exonuclease activity, active with either ribo- or deoxyribonucleic acids and producing 5'-
phosphomonoesters

aminoglycan catabolic process

nuclear-transcribed mRNA catabolic process, deadenylation-dependent decay
exonuclease activity

mucopolysaccharide metabolic process

ribonuclease activity

rRNA processing

glycosaminoglycan metabolic process
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aminoglycan metabolic process

RNA 3'-end processing

carbohydrate derivative catabolic process
nuclease activity

rRNA metabolic process

nuclear-transcribed mRNA catabolic process
rRNA 3'-end processing

maturation of 5.85 rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.85 rRNA, LSU-rRNA)
maturation of 5.85 rRNA

intermediate filament cytoskeleton organization
cleavage involved in rRNA processing

regulation of neutrophil chemotaxis

neutrophil chemotaxis

regulation of neutrophil migration

intermediate filament-based process

regulation of granulocyte chemotaxis

RNA phosphodiester bond hydrolysis
glycosaminoglycan biosynthetic process
snoRNA 3'-end processing

dermatan sulfate metabolic process

dermatan sulfate proteoglycan biosynthetic process

snoRNA processing

Figure S6 List of our core of 13 DEGs common to Set 1, 2 and 3 (first column), and relative shared biological
functions (second column).

List of common genes(g(e);cween DEGs and DAPs Gene functions
DNA replication
MT1H PALLD DNA-dependent DNA replication
TAGLN MCM4 chromosomal region
SSEZ P;I::]Z-?, nuclear chromosome segregation
DSP PM2 cell cycle G1/S phase transition
SEMAGA GGH chromosome segregation
SPG20 RRM?2 sister chromatid segregation
SCRN1 MTHFD2 nuclear DNA replication
SLC25A24 CACNA2D1 cell cycle DNA replication
LAMB1 RTN1 DNA conformation change
PLOD2 MCM6 mitotic nuclear division
H2AFY2 UFM1 axonogenesis
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EPCAM
L1TD1
KIF21A
WLS
TRIO
RBP1
ALCAM
SLIT2
KIF11
EPHA4
HELLS
CENPF
SPATS2L
MCM7
NCAM1
SMC2
PCNA
MCM2
TAGLN3
SMC4
FAMS84B
INA
PGM2L1
ALCAM
DCLK1
NBEA
GJAl
MCM3
GAP43
ELAVL4
WDHD1
CDK6
DCX

FBN2
KIF4A
COLEC12
EVL
PLIN2
PLOD2
SCG2
TPBG
SYNE2
PCNA
CALB1
TJP1
WLS
ABCAS8
BASP1
GAP43
RTN4
SYT1
NCAM1
NEFL
PAK3
NRCAM
VAMP2
HSPB1
SYNE2
PCSK1
CNN3
CA2
TFPI2
CALD1
PLS3
PAHA1
STMN2

protein-DNA complex

mitotic sister chromatid segregation
protein-DNA complex assembly
protein-DNA complex subunit organization
DNA recombination

chromosome, telomeric region
recombinational repair

catalytic activity, acting on DNA
ATPase activity

double-strand break repair

DNA replication preinitiation complex
double-strand break repair via homologous recombination
condensed chromosome

neuron projection guidance
developmental growth

DNA strand elongation
DNA-dependent ATPase activity

DNA packaging

brain development

chromosome condensation

axon guidance

helicase activity

neuron projection extension

cell recognition

negative regulation of cell projection organization
developmental cell growth
developmental growth involved in morphogenesis
actin filament-based movement
mitotic DNA replication

neuron recognition

DNA helicase activity

DNA packaging complex

replication fork

DNA duplex unwinding

DNA geometric change

axon extension

actin-mediated cell contraction

cell adhesion mediator activity
pallium development

DNA replication initiation

neuron projection fasciculation
cerebral cortex cell migration

cerebral cortex development
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telencephalon cell migration

forebrain cell migration

Figure S7 List of overlapping 90 genes between DEGs and DAPs including all time points (first column) and
of related biological processes (second column). In bold, NEFL and SLIT2 which are also included in the top

13 DEGs core.
GO Biological Processes (STRING) — DO (DAPs FC1)
#term ID term description observed gene background gene strength | false discovery
count count rate

G0:0006520 | Cellular amino acid metabolic process 18 278 0.95 6.08e-08

G0:0019752 | Carboxylic acid metabolic process 27 853 0.64 9.62e-07

G0:0009987 | Cellular process 136 15024 0.1 1.17e-06

G0:0043436 | Oxoacid metabolic process 28 944 0.61 1.17e-06

G0:1901605 | Alpha-amino acid metabolic process 14 191 1.0 1.17e-06

G0:0044281 | Small molecule metabolic process 35 1684 0.46 2.22e-05

GO0:0009063 | Cellular amino acid catabolic process 10 124 1.05 7.51e-05

G0:0006575 | Cellular modified amino acid metabolic 11 180 0.93 0.00018
process

G0:1901606 | Alpha-amino acid catabolic process 9 104 1.08 0.00018

G0:1901607 | Alpha-amino acid biosynthetic process 7 58 1.22 0.00050

G0:0009064 | Glutamine family amino acid metabolic 7 69 1.15 0.0013
process

G0:0048513 | Animal organ development 46 3197 0.3 0.0021

G0:0009065 | Glutamine family amino acid catabolic 5 27 1.41 0.0026
process

G0:0009066 | Aspartate family amino acid metabolic 6 50 1.22 0.0026
process

G0:0046395 | Carboxylic acid catabolic process 11 260 0.77 0.0033

G0:0043648 | Dicarboxylic acid metabolic process 7 93 1.02 0.0054

G0:0046686 | Response to cadmium ion 6 63 1.12 0.0067

GO0:0042221 | Response to chemical 54 4333 0.23 0.0090

G0:0044282 | Small molecule catabolic process 13 424 0.63 0.0100

G0:0042398 | Cellular modified amino acid biosynthetic | 5 45 1.18 0.0165
process

GO0:0070887 | Cellular response to chemical stimulus 40 2919 0.28 0.0215

G0:0000904 | Cell morphogenesis involved in 14 566 0.53 0.0395
differentiation

G0:0070831 | Basement membrane assembly 3 9 1.66 0.0395

GO Biological Processes (STRING) — D8 (DAPs FC1)
#term ID term description observed gene | background gene | strength | false discovery
count count rate
G0:0044281 | Small molecule metabolic process 33 1684 0.49 4.09e-05
G0:0019752 | Carboxylic acid metabolic process 22 853 0.61 0.00014
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G0:0006928 | Movement of cell or subcellular component | 29 1501 0.49 0.00021
G0:0006575 | Cellular modified amino acid metabolic 9 180 0.9 0.0063
process
G0:0009987 | Cellular process 114 15024 0.08 0.0063
G0:0040011 | Locomotion 23 1251 0.47 0.0063
G0:0044237 | Cellular metabolic process 72 7513 0.18 0.0074
G0:0019637 | Organophosphate metabolic process 18 870 0.52 0.0130
GO0:0008152 | Metabolic process 76 8298 0.16 0.0146
G0:0016477 | Cell migration 18 896 0.5 0.0160
GO0:0010043 | Response to zinc ion 5 53 1.18 0.0305
G0:1902533 | Positive regulation of intracellular signal 19 1041 0.46 0.0305
transduction
G0:0032989 | Cellular component morphogenesis 14 614 0.56 0.0329
GO0:0070887 | Cellular response to chemical stimulus 36 2919 0.29 0.0329
GO0:0042221 | Response to chemical 47 4333 0.24 0.0330
GO0:0051716 | Cellular response to stimulus 62 6489 0.18 0.0436
G0:0006520 | Cellular amino acid metabolic process 9 278 0.71 0.0498
G0:0009636 | Response to toxic substance 8 219 0.76 0.0498
G0:0009967 | Positive regulation of signal transduction 24 1654 0.36 0.0498
GO0:0031175 [ Neuron projection development 14 680 0.52 0.0498
G0:0043405 | Regulation of map kinase activity 10 342 0.67 0.0498
G0:0044283 | Small molecule biosynthetic process 13 572 0.56 0.0498
G0:0048812 | Neuron projection morphogenesis 12 495 0.59 0.0498
GO0:0050896 | Response to stimulus 72 8046 0.15 0.0498
G0:0120036 | Plasma membrane bounded cell projection | 19 1122 0.43 0.0498
organization
GO Biological Processes (STRING) — D18 (DAPs FC1)
#term ID term description observed gene background gene strength | false discovery
count count rate
G0:0009987 | Cellular process 228 15024 0.07 0.00022
G0:0007275 | Multicellular organism development 104 5023 0.21 0.00027
G0:0019318 | Hexose metabolic process 14 157 0.84 0.00027
G0:0032502 [ Developmental process 116 5841 0.19 0.00027
G0:0048731 | System development 95 4426 0.22 0.00027
G0:0048856 | Anatomical structure development 110 5402 0.2 0.00027
G0:0071840 | Cellular component organization or 112 5633 0.19 0.00027
biogenesis
G0:0016043 | Cellular component organization 108 5447 0.19 0.00045
G0:0044281 | Small molecule metabolic process 47 1684 0.34 0.00072
G0:0007399 | Nervous system development 59 2371 0.29 0.00075
G0:0048812 | Neuron projection morphogenesis 22 495 0.54 0.00090
GO0:0030029 | Actin filament-based process 24 592 0.5 0.0011
G0:0007010 | Cytoskeleton organization 35 1126 0.38 0.0015
G0:0009653 | Anatomical structure morphogenesis 54 2165 0.29 0.0015
G0:0030036 | Actin cytoskeleton organization 21 516 0.5 0.0036
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G0:0044237 | Cellular metabolic process 132 7513 0.13 0.0036
GO0:0030154 | Cell differentiation 77 3702 0.21 0.0044
G0:0032989 | Cellular component morphogenesis 23 614 0.46 0.0044
G0:0035295 | Tube development 28 851 0.41 0.0044
G0:0008652 | Cellular amino acid biosynthetic process | 8 75 0.92 0.0057
G0:0000902 | Cell morphogenesis 25 726 0.43 0.0061
GO0:0031175 | Neuron projection development 24 680 0.44 0.0061
G0:0048666 | Neuron development 27 827 0.4 0.0061
G0:2000145 | Regulation of cell motility 29 929 0.38 0.0062
G0:0048468 | Cell development 42 1629 0.3 0.0065
G0:0007409 | Axonogenesis 17 384 0.54 0.0067
GO0:0008152 | Metabolic process 140 8298 0.12 0.0082
G0:0001655 | Urogenital system development 15 315 0.57 0.0087
G0:0009991 | Response to extracellular stimulus 19 483 0.48 0.0087
G0:0019752 | Carboxylic acid metabolic process 27 853 0.39 0.0087
G0:0022008 | Neurogenesis 42 1657 0.29 0.0087
G0:0044283 | Small molecule biosynthetic process 21 572 0.45 0.0087
G0:0051270 | Regulation of cellular component 30 1009 0.36 0.0087
movement
G0:0072001 | Renal system development 14 280 0.59 0.0087
G0:0006928 | Movement of cell or subcellular 39 1501 0.3 0.0088
component
G0:0030182 | Neuron differentiation 30 1019 0.36 0.0090
G0:0048667 | Cell morphogenesis involved in neuron 18 445 0.5 0.0090
differentiation
G0:0006006 | Glucose metabolic process 9 116 0.78 0.0093
G0:0044085 | Cellular component biogenesis 57 2583 0.23 0.0098
G0:0007015 | Actin filament organization 13 254 0.6 0.0112
G0:0009888 | Tissue development 43 1760 0.28 0.0114
G0:0022607 | Cellular component assembly 53 2359 0.24 0.0116
G0:0043436 | Oxoacid metabolic process 28 944 0.36 0.0126
G0:0016477 | Cell migration 27 896 0.37 0.0128
GO0:0048699 | Generation of neurons 39 1551 0.29 0.0133
G0:0071704 | Organic substance metabolic process 131 7755 0.12 0.0133
G0:0035239 | Tube morphogenesis 22 656 0.42 0.0140
G0:0000904 | Cell morphogenesis involved in 20 566 0.44 0.0150
differentiation
G0:0044238 | Primary metabolic process 125 7332 0.12 0.0150
GO0:0006950 | Response to stress 70 3485 0.19 0.0156
G0:0030334 | Regulation of cell migration 26 865 0.37 0.0160
G0:0001822 | Kidney development 13 271 0.57 0.0161
GO0:0007422 | Peripheral nervous system development 7 75 0.86 0.0176
G0:0072359 | Circulatory system development 26 872 0.36 0.0176
GO0:0014044 | Schwann cell development 5 31 1.1 0.0178
G0:0040011 | Locomotion 33 1251 0.31 0.0184
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G0:0048513 | Animal organ development 65 3197 0.2 0.0196
G0:0022603 | Regulation of anatomical structure 30 1095 0.33 0.0200
morphogenesis
GO0:0006004 | Fucose metabolic process 4 16 1.29 0.0201
GO0:0031667 | Response to nutrient levels 17 449 0.47 0.0201
G0:0055114 | Oxidation-reduction process 27 939 0.35 0.0203
G0:0042552 [ Myelination 8 111 0.75 0.0261
G0:0015800 | Acidic amino acid transport 6 58 0.9 0.0289
G0:1901607 | Alpha-amino acid biosynthetic process 6 58 0.9 0.0289
G0:0032879 | Regulation of localization 57 2740 0.21 0.0290
G0:0043933 | Protein-containing complex subunit 37 1539 0.27 0.0352
organization
G0:0097435 | Supramolecular fiber organization 17 480 0.44 0.0370
G0:0050793 | Regulation of developmental process 55 2648 0.21 0.0384
G0:0048588 | Developmental cell growth 7 90 0.78 0.0386
G0:0051128 | Regulation of cellular component 51 2402 0.22 0.0398
organization
G0:0009058 | Biosynthetic process 57 2788 0.2 0.0410
GO0:1901605 | Alpha-amino acid metabolic process 10 191 0.61 0.0410
G0:0060429 | Epithelium development 29 1109 0.31 0.0438
GO0:0010586 | miRNA metabolic process 4 22 1.15 0.0453
G0:0034330 | Cell junction organization 17 493 0.43 0.0453
G0:0007411 | Axon guidance 12 275 0.53 0.0476
GO Biological Processes (STRING) — D25 (DAPs FC2)
#term ID term description observed background strength | false
gene count gene count discovery
rate
G0:0006267 | Pre-replicative complex assembly involved in 6 7 2.32 8.12e-08
nuclear cell cycle dna replication
G0:0033260 | Nuclear dna replication 8 43 1.66 9.38e-08
GO0:0000727 | Double-strand break repair via break-induced 6 11 2.13 9.63e-08
replication
G0:0006261 [ DNA-dependent DNA replication 9 119 1.27 4.59e-06
G0:0000082 | G1/S transition of mitotic cell cycle 9 128 1.24 7.33e-06
G0:0071840 | Cellular component organization or biogenesis | 48 5633 0.32 8.71e-06
GO0:0006270 [ DNA replication initiation 6 32 1.66 1.10e-05
G0:0006260 [ DNA replication 10 205 1.08 1.81e-05
GO0:0061564 | Axon development 13 421 0.88 2.03e-05
G0:0000278 | Mitotic cell cycle 16 695 0.75 2.09e-05
G0:1903047 | Mitotic cell cycle process 15 616 0.77 2.78e-05
G0:0007409 | Axonogenesis 12 384 0.88 5.36e-05
G0:0016043 | Cellular component organization 45 5447 0.31 7.39e-05
G0:0048812 | Neuron projection morphogenesis 13 495 0.81 9.18e-05
G0:0032989 | Cellular component morphogenesis 14 614 0.75 0.00013
G0:1902969 | Mitotic dna replication 4 11 1.95 0.00018
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G0:0022402 | Cell cycle process 17 976 0.63 0.00021
GO0:0031175 | Neuron projection development 14 680 0.7 0.00036
G0:0006268 | DNA unwinding involved in DNA replication 4 15 1.81 0.00045
G0:0048666 | Neuron development 15 827 0.65 0.00060
G0:0000902 | Cell morphogenesis 14 726 0.67 0.00068
G0:0007399 | Nervous system development 26 2371 0.43 0.00068
G0:0086065 | Cell communication involved in cardiac 5 44 1.44 0.00068
conduction
GO0:0006271 | DNA strand elongation involved in DNA 4 18 1.74 0.00071
replication
G0:0007411 | Axon guidance 9 275 0.9 0.00088
G0:1902975 | Mitotic dna replication initiation 3 4 2.26 0.00088
G0:0030182 | Neuron differentiation 16 1019 0.58 0.0011
GO0:0007049 | Cell cycle 18 1313 0.53 0.0015
G0:0022008 | Neurogenesis 20 1657 0.47 0.0025
G0:0120036 | Plasma membrane bounded cell projection 16 1122 0.54 0.0030
organization
G0:0035637 | Multicellular organismal signaling 6 137 1.03 0.0065
GO0:0030029 | Actin filament-based process 11 592 0.66 0.0079
GO0:0048699 | Generation of neurons 18 1551 0.45 0.0114
GO0:0006996 | Organelle organization 29 3450 0.31 0.0138
G0:0086064 | Cell communication by electrical coupling 3 16 1.66 0.0138
involved in cardiac conduction
G0:0071103 | DNA conformation change 8 328 0.78 0.0151
G0:0086001 | Cardiac muscle cell action potential 4 50 1.29 0.0153
G0:0048468 | Cell development 18 1629 0.43 0.0192
G0:0006928 | Movement of cell or subcellular component 17 1501 0.44 0.0230
G0:0007010 | Cytoskeleton organization 14 1126 0.48 0.0388
G0:0035583 | Sequestering of tgfbeta in extracellular matrix 2 4 2.09 0.0488
G0:0086019 | Cell-cell signaling involved in cardiac conduction | 3 27 1.43 0.0488
GO Biological Processes (STRING) — D32 (DAPs FC2)
#term ID term description observed gene | background gene | strength | false
count count discovery rate
G0:0048731 | System development 40 4426 0.43 5.51e-07
G0:0007275 | Multicellular organism development 42 5023 0.39 6.88e-07
G0:0032501 | Multicellular organismal process 49 6933 0.32 7.00e-07
G0:0032502 [ Developmental process 45 5841 0.36 7.00e-07
G0:0048856 | Anatomical structure development 43 5402 0.37 7.00e-07
G0:0048513 | Animal organ development 32 3197 0.47 3.16e-06
G0:0001654 | Eye development 12 365 0.99 7.51e-06
G0:0043010 | Camera-type eye development 11 318 1.01 1.50e-05
G0:0030705 | Cytoskeleton-dependent intracellular transport | 9 195 1.14 3.07e-05
G0:0001822 | Kidney development 10 271 1.04 3.43e-05
G0:0009888 | Tissue development 22 1760 0.57 3.71e-05
G0:0010970 | Transport along microtubule 8 155 1.18 6.21e-05
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G0:0016043 | Cellular component organization 39 5447 0.33 9.17e-05
G0:0120036 | Plasma membrane bounded cell projection 17 1122 0.65 0.00010
organization
G0:0098840 | Protein transport along microtubule 6 67 1.42 0.00011
G0:0033036 | Macromolecule localization 25 2473 0.48 0.00012
G0:0007154 | Cell communication 38 5320 0.33 0.00013
GO0:0051179 | Localization 39 5591 0.32 0.00014
G0:0009653 | Anatomical structure morphogenesis 23 2165 0.5 0.00015
G0:0071702 | Organic substance transport 23 2173 0.5 0.00016
GO0:0007155 | Cell adhesion 15 925 0.68 0.00017
G0:0035735 | Intraciliary transport involved in cilium 5 40 1.57 0.00017
assembly
GO0:0051641 | Cellular localization 27 2967 0.43 0.00017
GO0:0051649 | Establishment of localization in cell 24 2375 0.48 0.00017
GO0:0023052 | Signaling 37 5239 0.32 0.00019
G0:0060429 | Epithelium development 16 1109 0.63 0.00025
G0:2000026 | Regulation of multicellular organismal 22 2096 0.49 0.00027
development
G0:0035295 | Tube development 14 851 0.69 0.00029
G0:0009790 | Embryo development 15 1002 0.65 0.00034
GO0:0008104 | Protein localization 22 2139 0.48 0.00035
G0:0072359 | Circulatory system development 14 872 0.68 0.00036
G0:0071705 | Nitrogen compound transport 20 1823 0.51 0.00045
G0:0046907 | Intracellular transport 18 1520 0.55 0.00059
G0:0120031 | Plasma membrane bounded cell projection 10 433 0.84 0.00060
assembly
G0:0015800 | Acidic amino acid transport 5 58 1.41 0.00062
GO0:0050896 | Response to stimulus 46 8046 0.23 0.00072
G0:0050793 | Regulation of developmental process 24 2648 0.43 0.00073
G0:0050804 | Modulation of chemical synaptic transmission | 10 446 0.82 0.00073
GO0:0046903 | Secretion 15 1097 0.61 0.00078
G0:0120035 | Regulation of plasma membrane bounded cell |12 687 0.71 0.00078
projection organization
G0:0048598 | Embryonic morphogenesis 11 571 0.76 0.00082
G0:0009887 | Animal organ morphogenesis 14 967 0.63 0.00086
G0:0044782 | Cilium organization 9 360 0.87 0.00086
G0:0032940 | Secretion by cell 14 979 0.63 0.00096
G0:0051234 | Establishment of localization 32 4479 0.33 0.0010
GO0:0051716 | Cellular response to stimulus 40 6489 0.26 0.0010
G0:0006886 | Intracellular protein transport 14 999 0.62 0.0011
G0:0007399 | Nervous system development 22 2371 0.44 0.0012
G0:0030326 | Embryonic limb morphogenesis 6 127 1.15 0.0012
GO0:0014047 | Glutamate secretion 4 32 1.57 0.0013
G0:0006928 | Movement of cell or subcellular component 17 1501 0.53 0.0015
GO0:0006810 | Transport 31 4353 0.32 0.0016
GO0:0015833 | Peptide transport 17 1518 0.52 0.0016
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G0:0071692 | Protein localization to extracellular region 6 137 1.1 0.0016
GO0:0035721 | Intraciliary retrograde transport 3 10 1.95 0.0018
G0:0007165 | Signal transduction 33 4876 0.3 0.0019
GO0:0007507 | Heart development 10 522 0.75 0.0019
G0:0010646 | Regulation of cell communication 27 3514 0.36 0.0020
G0:0006835 | Dicarboxylic acid transport 5 86 1.24 0.0023
G0:0023051 | Regulation of signaling 27 3553 0.35 0.0024
G0:0034613 | Cellular protein localization 17 1610 0.5 0.0030
G0:0022607 | Cellular component assembly 21 2359 0.42 0.0031
G0:0030198 | Extracellular matrix organization 8 338 0.85 0.0031
G0:0060271 | Cilium assembly 8 339 0.84 0.0031
G0:0035272 | Exocrine system development 4 46 1.41 0.0035
G0:0051239 | Regulation of multicellular organismal process |25 3227 0.36 0.0038
GO0:0015031 | Protein transport 16 1486 0.5 0.0040
G0:0009987 | Cellular process 63 15024 0.09 0.0056
G0:0060445 | Branching involved in salivary gland 3 17 1.72 0.0056
morphogenesis
G0:0051094 | Positive regulation of developmental process 15 1389 0.51 0.0069
G0:0065008 | Regulation of biological quality 28 4042 0.31 0.0071
G0:0007166 | Cell surface receptor signaling pathway 20 2325 0.41 0.0073
G0:0010975 | Regulation of neuron projection development |9 510 0.72 0.0073
G0:0031346 | Positive regulation of cell projection 8 391 0.78 0.0073
organization
G0:0050789 | Regulation of biological process 54 11475 0.14 0.0073
G0:0010976 | Positive regulation of neuron projection 7 288 0.86 0.0075
development
G0:0023061 | Signal release 6 197 0.96 0.0078
G0:0042733 | Embryonic digit morphogenesis 4 61 1.29 0.0084
G0:0051960 | Regulation of nervous system development 12 942 0.58 0.0087
G0:0060284 | Regulation of cell development 12 956 0.57 0.0098
G0:0050794 | Regulation of cellular process 52 10932 0.15 0.0107
GO0:0030154 | Cell differentiation 26 3702 0.32 0.0110
G0:0044087 | Regulation of cellular component biogenesis 12 971 0.56 0.0110
G0:0051962 | Positive regulation of nervous system 9 547 0.69 0.0112
development
G0:0007417 | Central nervous system development 12 988 0.56 0.0126
G0:0060830 | Ciliary receptor clustering involved in 2 3 2.3 0.0126
smoothened signaling pathway
G0:0045597 | Positive regulation of cell differentiation 12 993 0.55 0.0130
GO0:0006836 | Neurotransmitter transport 5 139 1.03 0.0137
G0:0007224 | Smoothened signaling pathway 4 72 1.22 0.0137
G0:0065007 | Biological regulation 55 12171 0.13 0.0178
G0:0035583 | Sequestering of tgfbeta in extracellular matrix | 2 4 2.17 0.0179
G0:0050803 | Regulation of synapse structure or activity 6 239 0.87 0.0185
G0:0048646 | Anatomical structure formation involved in 11 883 0.57 0.0189
morphogenesis
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G0:0032879 | Regulation of localization 21 2740 0.36 0.0190
GO0:0002790 | Peptide secretion 5 152 0.99 0.0192
GO0:1901652 | Response to peptide 8 476 0.7 0.0217
GO0:0001656 | Metanephros development 4 84 1.15 0.0224
G0:0050769 | Positive regulation of neurogenesis 8 479 0.69 0.0224
GO0:0001657 | Ureteric bud development 4 86 1.14 0.0240
G0:0021532 | Neural tube patterning 3 35 1.41 0.0274
G0:0022603 | Regulation of anatomical structure 12 1095 0.51 0.0274
morphogenesis
G0:0048468 | Cell development 15 1629 0.44 0.0282
G0:0060249 | Anatomical structure homeostasis 7 380 0.74 0.0294
G0:0048048 | Embryonic eye morphogenesis 3 37 1.38 0.0305
G0:0031076 | Embryonic camera-type eye development 3 39 1.36 0.0351
G0:0040012 | Regulation of locomotion 11 969 0.53 0.0357
G0:0043434 | Response to peptide hormone 7 394 0.72 0.0357
G0:0060831 | Smoothened signaling pathway involved in 2 7 1.93 0.0357
dorsal/ventral neural tube patterning
G0:0120032 | Regulation of plasma membrane bounded cell |5 181 0.91 0.0361
projection assembly
GO0:0031589 | Cell-substrate adhesion 5 182 0.91 0.0364
G0:0045595 | Regulation of cell differentiation 16 1874 0.4 0.0364
G0:0007269 | Neurotransmitter secretion 4 102 1.07 0.0386
G0:0048666 | Neuron development 10 827 0.55 0.0387
G0:0050767 | Regulation of neurogenesis 10 828 0.55 0.0388
G0:0050770 | Regulation of axonogenesis 5 187 0.9 0.0393
G0:0048732 | Gland development 7 410 0.7 0.0410
G0:0033260 | Nuclear dna replication 3 43 1.32 0.0412
G0:0046942 | Carboxylic acid transport 6 293 0.78 0.0413
G0:1905515 | Non-motile cilium assembly 3 45 1.3 0.0455
G0:0030182 | Neuron differentiation 11 1019 0.51 0.0474
G0:0000302 | Response to reactive oxygen species 5 198 0.87 0.0476
G0:1900264 | Positive regulation of dna-directed dna 2 9 1.82 0.0476
polymerase activity
G0:0048729 | Tissue morphogenesis 8 561 0.63 0.0483
GO Biological Processes (STRING) — D57 (DAPs FC2)
#term ID term description observed gene | background gene | strength | false
count count discovery rate
G0:0071840 | Cellular component organization or biogenesis | 177 5633 0.26 3.85e-15
G0:0016043 | Cellular component organization 169 5447 0.25 1.17e-13
GO0:0031175 [ Neuron projection development 46 680 0.59 5.95e-11
G0:0034330 | Cell junction organization 39 493 0.66 5.95e-11
G0:0048666 | Neuron development 51 827 0.55 5.95e-11
G0:0007399 | Nervous system development 90 2371 0.34 1.65e-09
G0:0120036 | Plasma membrane bounded cell projection 57 1122 0.47 1.65e-09
organization
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G0:0030182 | Neuron differentiation 53 1019 0.48 3.83e-09
GO0:0048699 | Generation of neurons 67 1551 0.4 8.81e-09
G0:0065008 | Regulation of biological quality 124 4042 0.25 2.08e-08
G0:0051128 | Regulation of cellular component organization | 87 2402 0.32 2.63e-08
G0:0048812 | Neuron projection morphogenesis 34 495 0.6 3.35e-08
G0:0022008 | Neurogenesis 68 1657 0.37 3.81e-08
G0:0099504 | Synaptic vesicle cycle 17 120 0.91 1.35e-07
GO0:0006996 | Organelle organization 108 3450 0.26 1.63e-07
G0:0007010 | Cytoskeleton organization 52 1126 0.43 1.63e-07
G0:0032879 | Regulation of localization 91 2740 0.28 3.70e-07
GO0:0050808 | Synapse organization 24 283 0.69 3.70e-07
GO0:0061564 | Axon development 29 421 0.6 5.13e-07
G0:0009987 | Cellular process 304 15024 0.07 5.17e-07
G0:0032989 | Cellular component morphogenesis 35 614 0.52 9.55e-07
GO0:0048468 | Cell development 63 1629 0.35 1.17e-06
G0:0048667 | Cell morphogenesis involved in neuron 29 445 0.58 1.44e-06
differentiation
G0:0000902 | Cell morphogenesis 38 726 0.48 1.48e-06
G0:0000904 | Cell morphogenesis involved in differentiation | 33 566 0.53 1.48e-06
GO0:0051179 | Localization 148 5591 0.18 1.48e-06
G0:0048856 | Anatomical structure development 143 5402 0.18 3.21e-06
G0:0120035 | Regulation of plasma membrane bounded cell | 36 687 0.48 3.55e-06
projection organization
G0:0007409 | Axonogenesis 26 384 0.59 3.85e-06
G0:0033036 | Macromolecule localization 81 2473 0.28 5.23e-06
G0:0010975 | Regulation of neuron projection development | 30 510 0.53 5.27e-06
G0:0050804 | Modulation of chemical synaptic transmission |27 446 0.54 1.60e-05
G0:0001505 | Regulation of neurotransmitter levels 19 231 0.68 2.02e-05
GO0:0007155 | Cell adhesion 4 925 0.41 2.25e-05
G0:0007275 | Multicellular organism development 132 5023 0.18 2.37e-05
GO0:0016192 | Vesicle-mediated transport 63 1805 0.3 2.98e-05
GO0:0006810 | Transport 118 4353 0.19 3.37e-05
G0:0051641 | Cellular localization 89 2967 0.24 3.55e-05
G0:0051640 | Organelle localization 31 598 0.48 3.57e-05
G0:0048731 | System development 119 4426 0.19 4.22e-05
G0:0071702 | Organic substance transport 71 2173 0.28 4.27e-05
G0:0032502 | Developmental process 146 5841 0.16 5.82e-05
G0:0098693 | Regulation of synaptic vesicle cycle 13 114 0.82 6.75e-05
G0:0051049 | Regulation of transport 61 1776 0.3 7.20e-05
G0:0051234 | Establishment of localization 119 4479 0.19 7.32e-05
GO0:0008104 | Protein localization 69 2139 0.27 9.64e-05
G0:1990778 | Protein localization to cell periphery 18 237 0.64 9.85e-05
G0:0044087 | Regulation of cellular component biogenesis 40 971 0.38 0.00015
G0:0016358 | Dendrite development 12 112 0.79 0.00032
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G0:0019752 | Carboxylic acid metabolic process 36 853 0.39 0.00032
G0:0032501 | Multicellular organismal process 163 6933 0.13 0.00032
G0:0071705 | Nitrogen compound transport 60 1823 0.28 0.00032
G0:0015800 | Acidic amino acid transport 9 58 0.95 0.00040
G0:0017156 | Calcium-ion regulated exocytosis 8 42 1.04 0.00040
GO0:0006836 | Neurotransmitter transport 13 139 0.73 0.00043
GO0:0030154 | Cell differentiation 100 3702 0.19 0.00043
G0:0051046 | Regulation of secretion 31 686 0.42 0.00043
G0:0044281 | Small molecule metabolic process 56 1684 0.28 0.00050
G0:0051588 | Regulation of neurotransmitter transport 12 120 0.76 0.00052
G0:1901698 | Response to nitrogen compound 41 1070 0.34 0.00052
G0:0060284 | Regulation of cell development 38 956 0.36 0.00053
G0:0072659 | Protein localization to plasma membrane 15 193 0.65 0.00055
G0:0016079 | Synaptic vesicle exocytosis 9 62 0.92 0.00058
GO0:0042221 | Response to chemical 112 4333 0.17 0.00058
G0:1903530 | Regulation of secretion by cell 29 630 0.42 0.00058
G0:0007269 | Neurotransmitter secretion 11 102 0.79 0.00062
GO0:0014047 | Glutamate secretion 7 32 1.1 0.00062
GO0:0099612 | Protein localization to axon 5 10 1.46 0.00062
G0:0022604 | Regulation of cell morphogenesis 25 498 0.46 0.00063
G0:0048278 | Vesicle docking 9 64 0.91 0.00064
GO0:0051649 | Establishment of localization in cell 71 2375 0.24 0.00064
G0:0050767 | Regulation of neurogenesis 34 828 0.37 0.00078
G0:0051960 | Regulation of nervous system development 37 942 0.36 0.00078
G0:0043436 | Oxoacid metabolic process 37 944 0.35 0.00080
G0:0006865 | Amino acid transport 12 131 0.72 0.00095
G0:0043269 | Regulation of ion transport 30 696 0.4 0.0011
GO0:0070727 | Cellular macromolecule localization 53 1616 0.28 0.0011
G0:0031346 | Positive regulation of cell projection 21 391 0.49 0.0012
organization
G0:0050803 | Regulation of synapse structure or activity 16 239 0.59 0.0012
G0:0140029 | Exocytic process 9 71 0.86 0.0012
G0:0006928 | Movement of cell or subcellular component 50 1501 0.28 0.0013
G0:0071205 | Protein localization to juxtaparanode region of |4 5 1.66 0.0013
axon
G0:0098657 | Import into cell 13 164 0.66 0.0015
G0:0099536 | Synaptic signaling 23 463 0.46 0.0015
G0:0033043 | Regulation of organelle organization 45 1306 0.3 0.0016
G0:0036465 | Synaptic vesicle recycling 8 56 0.92 0.0016
G0:0051129 | Negative regulation of cellular component 30 713 0.39 0.0016
organization
G0:0010243 | Response to organonitrogen compound 37 987 0.34 0.0017
G0:0034613 | Cellular protein localization 52 1610 0.27 0.0017
G0:0045184 | Establishment of protein localization 51 1564 0.27 0.0017
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G0:0010769 | Regulation of cell morphogenesis involved in 18 309 0.53 0.0018
differentiation
G0:0051493 | Regulation of cytoskeleton organization 25 546 0.42 0.0021
GO0:1901652 | Response to peptide 23 476 0.45 0.0021
G0:0044085 | Cellular component biogenesis 73 2583 0.21 0.0023
G0:0006904 | Vesicle docking involved in exocytosis 7 43 0.97 0.0025
G0:0010976 | Positive regulation of neuron projection 17 288 0.53 0.0025
development
G0:0040011 | Locomotion 43 1251 0.3 0.0025
GO0:0030029 | Actin filament-based process 26 592 0.4 0.0027
G0:0010807 | Regulation of synaptic vesicle priming 4 7 1.52 0.0028
G0:0030913 | Paranodal junction assembly 4 7 1.52 0.0028
G0:0060996 | Dendritic spine development 6 29 1.08 0.0028
G0:0097479 | Synaptic vesicle localization 7 44 0.96 0.0028
G0:0046942 | Carboxylic acid transport 17 293 0.52 0.0029
G0:0000226 | Microtubule cytoskeleton organization 23 492 0.43 0.0031
G0:0045216 | Cell-cell junction organization 13 180 0.62 0.0031
G0:0046928 | Regulation of neurotransmitter secretion 10 106 0.74 0.0032
GO0:0015031 | Protein transport 48 1486 0.27 0.0033
G0:0060341 | Regulation of cellular localization 37 1027 0.32 0.0033
G0:0006835 | Dicarboxylic acid transport 9 86 0.78 0.0037
G0:0061024 | Membrane organization 31 796 0.35 0.0037
G0:1901699 | Cellular response to nitrogen compound 27 645 0.38 0.0037
G0:0048488 | Synaptic vesicle endocytosis 7 48 0.93 0.0040
G0:0007212 | Dopamine receptor signaling pathway 6 32 1.03 0.0041
G0:0050770 | Regulation of axonogenesis 13 187 0.6 0.0041
GO0:0098609 | Cell-cell adhesion 23 505 0.42 0.0041
G0:0007411 | Axon guidance 16 275 0.53 0.0042
GO0:1901605 | Alpha-amino acid metabolic process 13 191 0.59 0.0049
G0:0034329 | Cell junction assembly 16 280 0.52 0.0050
G0:1901700 | Response to oxygen-containing compound 49 1567 0.26 0.0053
G0:0071417 | Cellular response to organonitrogen 25 590 0.39 0.0055
compound
G0:0023051 | Regulation of signaling 91 3553 0.17 0.0056
G0:0043270 | Positive regulation of ion transport 16 285 0.51 0.0059
G0:0043254 | Regulation of protein-containing complex 21 451 0.43 0.0061
assembly
G0:0023061 | Signal release 13 197 0.58 0.0062
G0:0050807 | Regulation of synapse organization 14 228 0.55 0.0067
G0:0099637 | Neurotransmitter receptor transport 6 36 0.98 0.0067
G0:0009112 | Nucleobase metabolic process 6 37 0.97 0.0075
G0:0043434 | Response to peptide hormone 19 394 0.44 0.0083
G0:0048813 | Dendrite morphogenesis 7 56 0.86 0.0084
G0:0015711 | Organic anion transport 21 465 0.42 0.0086
G0:0051050 | Positive regulation of transport 33 923 0.31 0.0086
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GO0:0007017 | Microtubule-based process 28 727 0.35 0.0089
GO0:0070887 | Cellular response to chemical stimulus 77 2919 0.18 0.0091
G0:0010977 | Negative regulation of neuron projection 11 151 0.62 0.0092
development
GO0:0050896 | Response to stimulus 174 8046 0.1 0.0092
G0:0010646 | Regulation of cell communication 89 3514 0.16 0.0093
G0:1901607 | Alpha-amino acid biosynthetic process 7 58 0.84 0.0097
G0:0009653 | Anatomical structure morphogenesis 61 2165 0.21 0.0098
G0:0031345 | Negative regulation of cell projection 12 181 0.58 0.0101
organization
GO0:0051648 | Vesicle localization 13 210 0.55 0.0102
G0:0022607 | Cellular component assembly 65 2359 0.2 0.0103
G0:2000300 | Regulation of synaptic vesicle exocytosis 8 80 0.76 0.0104
G0:1903421 | Regulation of synaptic vesicle recycling 5 25 1.06 0.0112
G0:0030036 | Actin cytoskeleton organization 22 516 0.39 0.0119
G0:0007417 | Central nervous system development 34 988 0.3 0.0124
G0:0006520 | Cellular amino acid metabolic process 15 278 0.49 0.0127
GO0:0045666 | Positive regulation of neuron differentiation 18 377 0.44 0.0127
G0:0010033 | Response to organic substance 78 3011 0.17 0.0132
G0:0014070 | Response to organic cyclic compound 32 911 0.31 0.0133
GO0:0030168 | Platelet activation 10 135 0.63 0.0148
G0:0032535 | Regulation of cellular component size 18 383 0.43 0.0148
G0:0095500 | Acetylcholine receptor signaling pathway 5 27 1.03 0.0148
G0:0017157 | Regulation of exocytosis 13 222 0.53 0.0157
G0:0035637 | Multicellular organismal signaling 10 137 0.62 0.0163
GO0:0072657 | Protein localization to membrane 21 495 0.39 0.0168
G0:0009719 | Response to endogenous stimulus 44 1447 0.24 0.0187
G0:0002175 | Protein localization to paranode region of axon | 3 5 1.54 0.0190
G0:0051590 | Positive regulation of neurotransmitter 5 29 1.0 0.0190
transport
G0:0032880 | Regulation of protein localization 32 934 0.3 0.0191
G0:0140056 | Organelle localization by membrane tethering | 11 170 0.57 0.0205
G0:0006897 | Endocytosis 19 433 0.4 0.0213
G0:0006206 | Pyrimidine nucleobase metabolic process 4 16 1.16 0.0229
G0:0051962 | Positive regulation of nervous system 22 547 0.37 0.0230
development
G0:0019748 | Secondary metabolic process 6 49 0.85 0.0235
G0:0060627 | Regulation of vesicle-mediated transport 22 550 0.36 0.0244
G0:1902903 | Regulation of supramolecular fiber 17 368 0.43 0.0244
organization
GO0:0006887 | Exocytosis 28 789 0.31 0.0260
G0:0031585 | Regulation of inositol 1,4,5-trisphosphate- 3 6 1.46 0.0260
sensitive calcium-release channel activity
G0:0046907 | Intracellular transport 45 1520 0.23 0.0260
G0:0050769 | Positive regulation of neurogenesis 20 479 0.38 0.0261
G0:0006820 | Anion transport 23 593 0.35 0.0265
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GO0:0001508 | Action potential 8 97 0.68 0.0290
G0:0010771 | Negative regulation of cell morphogenesis 8 98 0.67 0.0308
involved in differentiation
G0:0031113 | Regulation of microtubule polymerization 6 53 0.82 0.0324
GO0:0046903 | Secretion 35 1097 0.27 0.0324
G0:0009725 | Response to hormone 29 849 0.29 0.0351
G0:0016185 | Synaptic vesicle budding from presynaptic 3 7 1.39 0.0351
endocytic zone membrane
G0:0009611 | Response to wounding 21 532 0.36 0.0362
G0:0007213 | G protein-coupled acetylcholine receptor 4 19 1.08 0.0364
signaling pathway
G0:0051656 | Establishment of organelle localization 17 385 0.41 0.0367
G0:0055114 | Oxidation-reduction process 31 939 0.28 0.0383
GO0:0065007 | Biological regulation 240 12171 0.06 0.0391
GO0:0140352 | Export from cell 33 1028 0.27 0.0403
G0:0046112 | Nucleobase biosynthetic process 4 20 1.06 0.0418
G0:0030334 | Regulation of cell migration 29 865 0.29 0.0442
G0:0045665 | Negative regulation of neuron differentiation 12 222 0.49 0.0442
G0:0007223 | Wnt signaling pathway, calcium modulating 5 38 0.88 0.0484
pathway
G0:0048489 | Synaptic vesicle transport 5 38 0.88 0.0484
G0:0060322 | Head development 27 788 0.3 0.0484
G0:0099175 | Regulation of postsynapse organization 8 107 0.64 0.0484
GO0:1902414 | Protein localization to cell junction 7 82 0.69 0.0489

Disease-associated genes D57

#term ID term description observed gene background gene strength | false discovery
count count rate
DOID:331 Central nervous system disease 47 1107 0.39 0.00011
DOID:0060037 | Developmental disorder of mental 28 514 0.5 0.00032
health

DOID:1059 Intellectual disability 25 412 0.54 0.00032
DOID:150 Disease of mental health 33 689 0.44 0.00032
DOID:1826 Epilepsy 20 274 0.62 0.00032
DOID:936 Brain disease 34 739 0.42 0.00033
DOID:4 Disease 145 5921 0.15 0.00058
DOID:863 Nervous system disease 66 2132 0.25 0.0015
DOID:7 Disease of anatomical entity 108 4452 0.15 0.0377

Figure S8 List of biological processes (from STRING database) for the DAPs for each time point between
PINK1 versus control cell line. In the last table, the list of diseases already associated in literature to the DAPs
at Day 57 of neuronal differentiation.
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ROBO4,

Figure S9 Gene network analysis (from GeneMANIA) on the top 13 DEGs shows that NEFL and SLIT2, which
are also found strongly dysregulated in the proteomics analysis, form important nodes.
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gene max_pval Avg gene max_pval Avg gene max_pval Avg gene max_pval Avg gene max_pval Avg
MTRNR2L1 3.71E-21 -6.33E-01|PTMAPS 2.02E-10  -1.85E-01|RP11.676M6 9.09E-05 -1.16E-01 CCT8 6.49E-03 1.40E-01|FAM126A 2.86E-03 2.33E-01]
S100A6 8.08E-18 -5.19E-01|ARGLU1 2.98E-04  -1.84E-01|CHD2 1.63E-03 -1.13€-01 TCTN3 5.20E-03 1.40E-01| TUBGCP5 3.34E-08 2.33E-01]
ZNF280D 2.49E-17 -5.01E-01|IRX3 5.15E-05 -1.73E-01[SFSWAP 1.89E-03 -1.11E-01 1QCB1 6.27E-04 1.41E-01|PGD 6.71E-07 2.35E-01
PLCB4 6.73E-03  -4.84E-01|AZI2 4.11E-04  -1.72E-01|TTC6 4.37E-03| -1.11E-01 PHB 3.06E-03 1.43E-01{SMARCA4 2.97E-06 2.37E-01
VWASA 9.85E-06  -4.45E-01|GOLGA8B 3.36E-03  -1.71E-01|RP11.64B16. 1.15E-03 -1.07E-01 UQCRFS1 2.72E-03 1.44E-01|CTSB 2.31E-06 2.38E-01
TCEALS 6.78E-14  -4.07E-01|RSRC2 4.62E-10  -1.67E-01|HNRNPCP2 5.82E-04| -1.06E-01 LANCL1 1.78E-03 1.45E-01|NIPA2 2.62E-08 2.41E-01
RP11.692N5. 3.69E-10  -4.07E-01|MAGI2.AS3 5.03E-04  -1.67E-01|SOD1 1.95E-04( -1.05E-01 CAMK2D 7.48E-04 1.46E-01|MED15 1.26E-05 2.41E-01
GOPC 5.87E-20  -3.75E-01|CSRP1 2.14E-06  -1.65E-01|RP4.796117.5 5.89E-03| -1.03E-01 POU6F2 1.73E-03 1.54E-01|CD164 2.83E-03 2.43E-01
NLRP2 1.91E-09  -3.62E-01|ZNF75A 8.42E-07  -1.63E-01|TBRG1 9.37E-03| -1.03E-01 ABLIM1 1.31E-03 1.54E-01(PEG10 3.82E-04 2.47E-01
RALGPS2 5.42E-04  -3.55E-01|ARMC2 4.94E-04  -1.62E-01|SMARCB1 1.47E-04] -1.02E-01 SC5D 8.78E-03 1.56E-01|ZNF880 5.11E-08 2.56E-01]
MLF1 1.34E-17  -3.52E-01|FNBPIL 1.26E-03  -1.59E-01|TRMTI1L 1.29E-03| -1.00E-01 GHITM 2.46E-05 1.56E-01{LMAN1 7.77€-08 2.57E-01
CALM2P2 1.65E-22  -3.43E-01|CAT 8.06E-03  -1.57E-01|SNX9 9.90E-03 1.01E-01 LSM3 6.57E-03 1.56E-01|ZNF37A 3.66E-09 2.60E-01
BBS2 2.76E-15  -3.38E-01|NSA2 4.67E-05  -1.56E-01|DAB1 4.30E-05 1.02E-01 WDR11 9.94E-03 1.57E-01|ACTN1 3.91E-10 2.64E-01
MORF4L1P1 1.39E-11  -3.29E-01(MGMT 8.83E-03  -1.56E-01|FTH1 3.41E-04 1.03E-01 RPN2 3.88E-03 1.59E-01|CYCS 5.25E-04 2.66E-01]
FOS 6.99E-13  -3.23E-01|SMARCE1P6 1.86E-05  -1.56E-01|NAA20 9.72E-03 1.04E-01 SRA1 5.11E-05 1.59E-01|OSBPL8 1.55E-08 2.68E-01
RSRP1 5.42E-13  -3.08E-01|MT.CYB 1.51E-08  -1.55E-01(CEP350 7.93E-03 1.06E-01 GOLT1B 6.52E-04 1.59E-01|MYL12A 1.52E-12 2.70E-01]
PHYH 6.13E-05  -3.04E-01(MT.CO3 1.28E-08  -1.55E-01|CTC.444N24. 9.77€-03 1.10E-01 C210RF91 4.03E-03 1.60E-01|GABPB1.AS1 2.90E-04 2.89E-01
NAP1LS 4.87E-12  -2.82E-01|KIF27 6.39E-03  -1.55E-01|FZD7 7.11E-03 1.10E-01 IARS 4.71€-03 1.60E-01[HSPA1A 3.35E-03 2.92E-01
MT.ND5 1.36E-17  -2.82E-01|CECR1 1.54E-07  -1.53E-01|AK6 4.24E-03 1.10E-01 RRP7A 2.19E-04 1.60E-01|C60RF48 4.00E-20 2.93E-01
ZNF528.AS1 2.88E-13  -2.77E-01|SLC7A8 2.66E-03  -1.52E-01{NUDT21 1.83E-03 1.10E-01 CNN3 2.49E-04 1.61E-01|PCBP1 1.10E-03 2.97E-01
RP4.765C7.2 5.86E-08  -2.77E-01|LUC7L3 4.10E-04  -1.52E-01|FGFR1 4.69E-03 1.12E-01 CHAC1 8.92E-10 1.64E-01|CD59 1.96E-08 2.99E-01
MALAT1 8.50E-09  -2.67E-01|PSMA4 1.86E-03  -1.52E-01(IFI27L1 6.12E-03 1.12E-01 RRAGD 4.30E-03 1.65E-01|{C190RF53 5.42E-06 3.00E-01
CROT 6.31E-05  -2.67E-01|RP11.288E1<4 4.65E-05  -1.51E-01|CCNB1IP1 3.00E-03 1.13E-01 XPOT 1.54E-03 1.66E-01[SNHG8 5.67E-09 3.01E-01
ADGRG7 2.23E-07  -2.65E-01|ANKRD36 2.43E-03  -1.49E-01|UBE2D2 1.20E-03 1.13E-01 CCT4 5.01E-07 1.66E-01|CSTB 1.31E-03 3.04E-01
CALR 1.08E-08  -2.64E-01|TTC12 4.30E-05  -1.48E-01|ABCAS 5.45E-04 1.136-01 THUMPD3 2.66E-03 1.67E-01|PALLD 4.80E-08 3.06E-01]
PTGR1 1.976-08  -2.57E-01|AKAP8L 8.47E-03  -1.48E-01|TET3 2.94E-03 1.15E-01 SPRED1 8.51E-05 1.69E-01|MYL6 1.24E-19 3.07e-01
CMTM8 3.02E-08 -2.56E-01|ZCCHC11 3.46E-05 -1.48E-01|HLA.B 1.25E-04 1.15E-01 YPEL1 2.24E-03 1.71E-01|CRYZ 1.31E-11 3.10E-01
ZNF528 8.01E-10  -2.55E-01|RNPC3 5.86E-03  -1.46E-01|WBSCR22 7.45E-04 1.15E-01 NDUFB6 1.30E-03 1.73E-01|SNAP29 2.12E-04 3.12E-01
TTC3 4.16E-08  -2.53E-01|SEPT02 1.52E-04  -1.45E-01[SREK1IP1 4.88E-03 1.16E-01 CSRP2 4.69E-03 1.75E-01|CYFIP1 1.47E-10 3.13E-01
AC009245.3 2.69E-07  -2.52E-01|FBX09 1.03E-03  -1.43E-01|CSNK1G3 7.96E-04 1.17E-01 CUL3 1.58E-06 1.75E-01|EGLN3 5.56E-03 3.20E-01
NCALD 1.74E-06  -2.50E-01|NDUFB11 1.46E-03  -1.42E-01|GXYLT1 4.33E-03 1.17E-01 PTPRZ1 2.10E-03 1.77E-01|RANBP1 1.73E-16 3.42E-01]
DNAJC15 2.13E-05  -2.50E-01|FGD4 7.85E-03  -1.42E-01|ATG101 2.79E-04 1.18E-01 TCEAL7 5.01E-11 1.77E-01|TAGLN 3.67E-03 3.47E-01]
SHH 2.05E-04  -2.46E-01|NKD1 3.76E-03  -1.40E-01|NR1D2 7.71E-05 1.18E-01 PSMBS 1.02E-03 1.77E-01|COMT 1.25E-11 3.55E-01]
MINOS1P3 2.08E-08  -2.42E-01[MRPS21 3.39E-03  -1.39E-01|EIF3A 2.83E-03 1.20E-01 EMP2 1.06E-08 1.81E-01|SLC25A4 1.61E-13 3.66E-01
EFCAB2 1.23E-07  -2.39E-01|DAAM1 9.04E-03  -1.39E-01|RABYA 6.09E-03 1.20E-01 ABRACL 3.57E-03 1.85E-01|TYW3 1.73E-14 3.92E-01]
RP11.488C1: 3.83E-04  -2.37E-01|CCNL1 5.81E-05  -1.37E-01|RPA3 4.76E-03 1.22E-01 PSMD7 3.85E-03 1.85E-01|EPHA4 1.45E-06 4.02E-01
RP11.475C1€ 8.30E-10  -2.34E-01|STK33 4.87E-03  -1.37E-01|SHROOM3 3.03E-03 1.22E-01 TIMELESS 2.26E-05 1.86E-01|RP11.122G1: 1.54E-05 4.14E-01
NME4 4.13E-06  -2.30E-01|NKX6.1 3.63E-04  -1.36E-01|USP49 3.50E-03 1.22E-01 ANXAS 2.16E-09 1.90E-01|HSPA8 4.07E-10 4.44E-01
GPATCH8 6.37E-03  -2.24E-01|TRA2A 8.89E-04  -1.35E-01|MRPL17 9.86E-03 1.24E-01 HNRNPA3 5.41E-06 1.90E-01|PCSK1 3.39E-05 4.45E-01
TMEM132C 8.05E-07  -2.19E-01|MAP3K12 3.47E-04  -1.35E-O1|EIF3B 1.52E-03 1.25E-01 RP11.298C3. 2.98E-06 1.91E-01|LGI1 2.79E-09 5.00E-01]
TSPYLS 2.51E-11  -2.16E-01|FAM208A 7.79E-05  -1.34E-01|MRPL15 1.83E-03 1.26E-01 HSPA1B 1.21E-04 1.91E-01|PGK1 8.78E-31 5.12E-01]
TCF25 5.59E-13  -2.16E-01[NSMCE1 1.87E-05  -1.33E-01|RTCB 5.00E-04 1.26E-01 C140RF119 3.53E-05 1.92E-01|GPC3 2.49E-17 5.13E-01]
RP11.641D5. 4.00E-13 -2.14E-01|ZNF83 1.99€-04  -1.33E-01|MYO10 4.23E-03 1.26E-01 PKP2 4.26E-06 1.92E-01|CCDC144NL./ 2.27E-09 7.13E-01]
EEF1A1 1.88E-03  -2.12E-01|NONO 4.82E-03  -1.33E-01|RBM12 1.06E-03 1.29E-01 IPOS 6.10E-05 1.93E-01|SNHG5 2.84E-40 1.04E+00|
TMEM38B 3.98E-03  -2.10E-01|NAALAD2 1.08E-03  -1.31E-01|CNTNAP2 6.80E-04 1.29E-01 IPO7 3.09E-07 1.95E-01|DLK1 8.21E-25 1.17E+00
PRTG 2.00E-11  -2.08E-01|C60ORF118 9.31E-04  -1.30E-01|IPOS 2.84E-03 1.31E-01 NME1 2.74E-04 1.97E-01
PDIA6 4.07E-06  -2.08E-01|CHCHD2 5.40E-03  -1.29E-01{MCL1 4.96E-03 1.32E-01 EXOC5 3.08E-09 1.98E-01
THAP9.AS1 4.34E-04  -2.07E-01|RP11.76E16. 8.54E-04  -1.29E-01|NUP62 2.75E-03 1.32E-01 SLK 8.24E-03 1.98E-01
KIAA1211 8.03E-03  -2.07E-01|PSMD5.AS1 5.92E-03  -1.29E-01|SUGT1 4.58E-03 1.33E-01 GNB1 2.04E-03 2.08E-01
RBM39 1.82E-03  -2.06E-01|PPP1R21 3.23E-03  -1.26E-01|WDR34 2.01E-03 1.336-01 FRA10AC1 2.39€-04 2.09E-01|Genes identified only at four
HNRNPC 1.95E-08 -2.05E-01|PHTF1 6.29E-03 -1.26E-01|ZNF593 2.38E-03 1.34E-01 MYL9 2.32E-05 2.10E-01[timepoints iPSCs, D6, D15, D21
CBX3P9 1.01E-07 -2.04E-01|SH3YL1 7.01E-04  -1.25E-01[BTN2A2 1.35E-03 1.34E-01 PLIN2 2.15E-11 2.11E-01|RP13.25801! 3.39E-03  -2.49E-01]
GTF2I 7.03E-05  -2.03E-01|SPATA7 1.74E-03  -1.25E-01{ANKRD11 1.98E-03 1.35E-01 ENAH 5.29E-09 2.13E-01|HNRNPCP1 2.93E-03  -1.69E-01
CLHC1 1.97E-03  -2.02E-01|FAM184A 2.20E-03  -1.24E-01[ELOVLS 1.14E-03 1.37E-01 HIC2 2.23E-06 2.13E-01[SRSF9 4.05E-03  -1.43E-01]
HMGN1P38 3.95E-12  -1.98E-01|RAB4A 9.50E-04  -1.22E-01|NDUFA12 1.14E-04 1.37E-01 PFKP 4.80E-03 2.13E-01|HSD17B4 2.97E-03  -1.34E-01
ZSCAN30 2.36E-03  -1.95E-01|LINCO0S09 1.52E-03  -1.20E-01|THAP7 2.82E-08 1.37E-01 BRCA2 9.99E-07 2.15E-01|RNF26 2.65E-03 1.13e-01
EIF5P1 1.70E-04  -1.94E-01|VPS39 5.83E-03  -1.19E-01|RFWD3 1.13E-05 1.39E-01 EIF1AY 3.64E-04 2.16E-01(KMT2A 5.37E-03 1.42E-01
LRIG3 6.90E-06  -1.90E-01(PDAP1 4.93E-03  -1.18E-01|GNAS 2.74E-03 1.39E-01 CENPW 5.06E-10 2.18E-01(IWS1 7.26E-04 1.39€-01
CBX1 1.56E-03  -1.86E-01|ANKRD26 8.88E-04  -1.18E-01|PSMC3IP 8.07E-03 1.39E-01 DPH3 1.47€-04 2.18E-01
PSMG3 1.90E-03  -1.86E-01|RRAGB 9.27E-04  -1.16E-01|AK4 1.80E-03 1.39E-01 CRKL 1.44E-10 2.24E-01

Figure S10 Group D, 284 genes. Repeating the analysis as in Group C, but using only timepoints D6, D15

and D21 identified a total of 286 DEGs (Group D). In black: genes of group D only. In blue: genes of group D
that are also part of group C. In green: six genes of group C that were not included in Group D, hence, even
though group D consists of 286 genes, the total number used in the network analysis was 292 (Novak et al.,

2022).
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Figure S11 Fig. 4.9 in higher resolution (See Subsection 4.2.1).
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Generation of two human induced pluripotent stem cell lines from e
fibroblasts of Parkinson’s disease patients carrying the ILE368ASN

mutation in PINK1 (LCSBi002) and the R275W mutation in

Parkin (LCSBIO04)
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ABSTRACT

Mutations in PINK1 and Parkin are two of the main causes of recessive early-onset Parkinson’s disease (PD). We generated human induced pluripotent stem cells
(hiPSCs) from fibroblasts of a 64-year-old male patient with a homozygous ILE368ASN mutation in PINK1, who experienced disease onset at 33 years, and from
fibroblasts of a 61-year-old female patient heterozygous for the R275W mutation in Parkin, who experienced disease onset at 44 years. Array comparative genomic
hybridization (aCGH) determined genotypic variation in each line. The cell lines were successfully used to generate midbrain dopaminergic neurons, the neuron type
primarily affected in PD.

1. Resource table (continued)

Unique stem cell lines
identifier

Alternative names of stem
cell lines

Institution

Contact information of
distributor

Type of cell lines

Origin

Cell Source

Clonality

Method of reprogramming

* Corresponding author.

LCSBi002-B

LCSBi002-C

LCSBi004-A

LCSBi004-B

ND40066-PINK1-ILE368ASN-clone 7 (LCSBi002-B)
ND40066-PINK1-ILE368ASN-clone 8
(LCSBi002-C)ND29369-PARKIN/PARK2-R275W-clone
1 (LCSBi004-A) ND29369-PARKIN/PARK2-R275W-
clone 4

(LCSBi004-B)

Gladstone Institutes, CA, USA

Gabriela Novak gabriela.novak@alumni.utoronto.ca
Alexander Skupin alexander.skupin@uni.lu

iPSC

Human

Fibroblasts

Clonal

CytoTune-iPS Sendai Reprogramming kit
(ThermoFisher Scientific).

transgenes/vectors used:CytoTuneTM 2.0 KOS
(Sox2)

CytoTuneTM 2.0 he-Myc

CytoTuneTM 2.0 hKif4

Clearance was confirmed using Scorecard, which

(continued on next column)

E-mail address: gabriela.novak@alumni.utoronto.ca (G. Novak).

Multiline rationale

Gene modification
Type of modification
Associated disease
Gene/locus

Method of modification

Name of transgene or
resistance

Inducible/constitutive
system

Date archived/stock date

Cell line repository/bank

Ethical approval

detects the presence of Sendai virus, passage number is
listed in Fig. 1d.

Mutations in two genes known to interact, leading to
the same disease

YES

Familial, spontaneous mutation

Parkinson’s disease

PINK1 (PARK6) ILE368ASN 1p36.12
PARKIN/PARK2-R275W 6q26

N/A

N/A

N/A

2016

https://hpscreg.eu/cell-line/LCSBi002-B
https://hpscreg.eu/cell-line/LCSBi002-C
https://hpscreg.eu/cell-line/LCSBi004-A
https://hpscreg.eu/cell-line/LCSBi004-B

Samples were collected in accordance with the US
Government guidelines and are subject to MTA issued
by Coriell Institute for Medical Research NINDS Cell
Repository.

The iPSC reprogramming protocol was approved by the
Committee on Human Research at the University of
California, San Francisco.
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1873-5061/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).
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G. Novak et al.

2. Resource utility

Parkinson’s disease (PD) leads to the death of midbrain dopami-
nergic (mDA) neurons. This poses a major obstacle to the study of the
disease. Differentiating neurons from iPSCs of patients who carry PD-
related mutations provides an almost unlimited source of mDA neu-
rons and an invaluable resource for the study of PD.

3. Resource details

Parkinson’s disease (PD) is one of the most prevalent neurodegen-
erative disorder, second only to Alzheimer’s disease. It is characterized
by the loss of midbrain dopaminergic (mDA) neurons (Ando et al., 2017;
Madsen et al., 2021; Novak et al., 2022; Zhu et al., 2018). The patho-
logical mechanisms of PD are only partly understood, and there is no
treatment able to reverse its progression. By the end stage of the disease,
about 90% of mDA neurons die, posing a major obstacle to the study of
human mDA neurons affected by PD. Technological advancements in
somatic cell reprogramming into iPSCs and directed differentiation into
mDA neurons has created an essential resource for PD research. We can
now generate patient-based iPSCs from skin cells of PD patients who
carry PD-associated mutations (Novak et al., 2022). Hence, the mecha-
nism of disease development due to individual mutations can be studied
in genetic backgrounds shown to be permissive to disease development.
The aCGH analysis was used to identify the gene variants each patient
carries, to allow for the investigation of the effects of genetic back-
ground (Supplement and a resource details file “CGH data”) (see Table 1
and 2).

When mitochondria become damaged, PINK1 recruits Parkin to the
outer mitochondrial membrane, which initiates mitophagy (Ando et al.,
2017). The fact that a mutation in either PINK1 or Parkin leads to PD
underscores the importance of this pathway in PD development. The
PINK1 ILE368ASN mutation interferes with mitophagy by reducing the
interaction of PINK1 with its chaperone, HSP90, which destabilizes
PINK1 at the mitochondrial membrane, and by reducing its ubiquitin
kinase activity through deformation of its substrate binding pocket
(Ando et al., 2017). Mutations in Parkin are one of the most common
causes of recessive juvenile onset Parkinson’s disease and of sporadic
early-onset PD (Zhu et al., 2018). However, Parkin participates in
multiple pathways within the cell, making it challenging to identify the
specific effects of Parkin mutations in PD (Zhu et al., 2018).

Fibroblasts homozygous for the PINKI mutation ILE368ASN were
obtained from a 64-year-old male patient with disease onset at 33 years
(ND40066, Coriell Institute), and fibroblasts heterozygous for the
R275W missense mutation in exon 7 of Parkin, which falls within the
RING finger 1 domain of the Parkin protein (Madsen et al., 2021), were
obtained from a 61-year-old female patient with disease onset at 44
years (LCSBi004, ND29369) (Madsen et al., 2021). Fibroblasts were
reprogrammed using the Sendai virus reprogramming method, which
should not introduce changes into the genome. Expression of the iPSC
markers Oct3/4 and Tra-1-60 was shown by immunocytochemistry,
alongside transmitted light (TL) images of iPSC colonies (Fig. 1a, Sup-
plement) and the expression of iPSC status markers OCT4 (POU5F1),
SOX2 and NANOG was determined by qPCR (Fig. 1b). In Fig. 1b, the
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Table 2
Characterization and validation.

Classification Test Result Data

Morphology Photography normal Fig. 1 panel a

and Supplement

Phenotype Qualitative analysis: Confirmed by Fig. 1 panel a

Immunocytochemistry staining for Supplement
pluripotency
markers:
Oct4 & Tra-1-60
Quantitative analysis: Determined by Fig. 1 panel b
RT-gPCR expression of Fig. 1 panel d
iPSC-specific FACS -
transcripts via Supplement
qPCR (OCT4,
NANOG, SOX2),
by Scorecard and
by FACS
(staining for
SSEA4 with more
than 90% cells
positive).

Genotype Karyotype ND 40066: 46, Attached as
XY normal supplementary
human male figure
karyotype
ND27760: 46,

XX, normal
female
karyotype, also
confirmed in
iPSCs.

Identity Array comparative aCGH Probes: Attached as

genomic hybridization Pass supplementary
STR analysis SNP Probes: Pass  figure
submitted Submitted in
archive with
journal *
Mutation Sequencing Homozygous Fig. 1 panel ¢
analysis PINK1 mut. and Supplement
Heterozygous
PARKIN mut.

Microbiology Mycoplasma Mycoplasma Supplement

and virology testing: Negative

Differentiation Scorecard Embryonic Fig. 1 panel d,

potential bodies show and Supplement
ability to

Donor screening

HIV 1 + 2 Hepatitis B,

differentiate into
all three lineages
All samples

(OPTIONAL) Hepatitis C negative for HIV
1, Hepatitis B, &
Hepatitis C
Genotype Blood group N/A
additional genotyping
info HLA tissue typing N/A
(OPTIONAL)

Supplement

*Parental line was not included, however, a full aCGH analysis and a STR
analysis were performed for all ND40066 clones and their profiles match. and
we confirmed the presence of the mutation by sequencing all ND40066 clones.
Both ND29369 clones were confirmed to carry the PARKIN R275W mutation
and their STR profiles match.

29542-3 and 29542-7 stand for the cell line ND29542, clones 3 and 7,
respectively, which are previously published well classified clones of the
ND29542 cell line (Novak et al., 2021). The 40066-7 and 40066-8 stand

Table 1

Summary of lines.
iPSC line names Abbreviation in figures Gender Age Ethnicity Genotype of locus Disease
ND40066-PINK1-clone 7 (LCSBi002-B) ND40066-7 Male 64 Caucasian ILE368ASN Parkinson’s disease
ND40066-PINK1-clone 8 (LCSBi002-C) ND40066-8
ND29369-PARKIN-clone 1 (LCSBi004-A) ND29369-1 Female 61 Hispanic R275W Parkinson’s disease
ND29369-PARKIN-clone 4 (LCSBi004-B) ND29369-4
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Fig. 1.

for the PINK1 mutation-carrying cell line ND40066 clones 7 and 8,
respectively. The 29369-1 and 29369-4 stand for the PARKIN mutation-
carrying cell line ND29369 clones 1 and 4, respectively. Diff 1, 2 and 3
are samples of neurons differentiated from ND40066-8 via protocol
published in (Novak et al., 2022), to illustrate loss of OCT4 (POU5F1),
S0X2 and NANOG upon differentiation. The ND40066 clone 8 is in itself
a well-classified cell line (Novak et al., 2022). The iPSC status of this cell
line was determined at the single cell level, as described in (Novak et al.,
2022). Furthermore, the iPSC status of the ND40066-7, ND40066-8,
ND29369-1 and ND29369-4 cell lines was determined by comparison of
the expression of an iPSC marker panel by these cells to a library of well
classified iPSC cell lines using Scorecard analysis (Supplement, section
“Scorecard - iPSC marker expression™). Presence of the mutations was
confirmed by sequencing (Fig. 1c, Supplement). The iPSC status and
trilineage differentiation capacity of the clones was determined using
Scorecard (Fig. 1d, Supplement). Scorecard uses TagMan probes to
several iPSC status markers to determine the iPSC status of each cell line.
To analyse each cell line’s trilineage potential, the expression of markers
for each of the three early germ layers, the endoderm, the ectoderm, and
the mesoderm, is determined. These layers are generated by allowing
the iPSCs to spontaneously differentiate into embryonic bodies (EBs).
Genotypic variation was determined by aCGH analysis (Supplement). It
should be noted that comparative genomic hybridization (CGH) array
does not detect translocations or inversions, alterations in chromosome
structure, mosaicism or polyploidy. Both cell lines were screened and
found negative for HIV 1, Hepatitis B, and Hepatitis C and mycoplasma
(Supplement).

Both cell lines were used to successfully generate mDA neurons in
our laboratory, which were analysed by single cell RNA seq analysis
(Novak et al., 2022).

4. Materials and methods
Fibroblasts were obtained from the Coriell Institute and were

cultured as described in recently published methods section pertaining
to cells processed in parallel (Novak et al., 2021).

4.1. Karyotype and aCGH analysis

Live adherent fibroblasts of the ND40066 cell line were karyotyped
and the genotypic variation of the iPSCc clones 7 and 8 of this cell line
was analysed using Array Comparative Genomic Hybridization (aCGH),
a high resolution karyotype analysis for the detection of unbalanced
structural and numerical chromosomal alterations (Supplement) (Cell
Line Genetics, Madison, WI, USA) as described previously (Novak et al.,
2021). Live adherent fibroblasts of the ND29369 cell line were subjected
to aCGH analysis (Cell Line Genetics, Madison, WI, USA) to determine
this cell line’s genotypic variation and the normal karyotype of the iPSCs
reprogrammed from this cell line was confirmed in the ND29369 clones
1 and 4 (Cell Line Genetics, Madison, WI, USA) (Supplement) as
described previously (Novak et al., 2021).

4.2. Reprogramming

Reprogramming of fibroblasts into pluripotent stem cells was done
using Sendai virus at the Yale Human Embryonic Stem Cell Core, New
Haven CT, USA. Early passage iPSCs were then passaged and charac-
terized as described previously (Novak et al., 2021).

4.3. iPSC clone classification

The iPSC status was confirmed by immunocytochemistry (Fig. 1a and
Supplement), as described previously (Novak et al., 2021). The primary
antibodies used were anti-POU5F1 (also known as Oct3/4) and anti-Tra-
1-60, and the secondary antibody was Donkey anti-Mouse IgG, Alexa
Fluor Plus 555 (Table 3). The PINKI ILE368ASN mutation
(rs774647122, NM_032409.3: 1194 T > A) in the cell line ND40066
(LCSBi002) and the PARKIN R275W mutation (rs34424986,
NM_004562.3: 921C > T) in the cell line ND29369 (LCSBi004) were
confirmed as described earlier (Novak et al., 2021), using primers listed
in Table 3 (Fig. 1c and Supplement). Expression analysis was performed
using quantitative PCR (qPCR) as described earlier (Novak et al., 2021)
(Fig. 1b) using primers listed in Table 3. The expression is in fg/ul of
cDNA sample, where 1 ul of sample represents 0.01ug of total RNA
converted to cDNA, as described previously (Novak et al., 2021). The
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Table 3
Reagents detail.

Antibodies used for immunocytochemistry

Antibody Dilution = Company Cat # and
RRID
Pluripotency Mouse anti-Human 1:500 Santa Cruz
Markers POUSF1 (Oct3/4) Biotechnology sc-5279
RRID AB_628051
Mouse anti-Human 1:500 Merck Millipore
Tra-1-60 MAB4360
RRID AB_2119183
Secondary Donkey anti-Mouse 1:1000 ThermoFisher A32773
antibodies 1gG, Alexa Fluor Plus RRID AB_2762848
555
Nuclear stain DAPI 300 nM Thermofisher D1306
Primers Target Forward/Revers e primer (5'- 3')
Sequencing PINK1 ILE368ASN 5-AACTATCCCTGTACCCTGCG-3'
primers 5-CCAAAATCTGCGATCACCAGC-3'
Sequencing PARKIN R275W 5'-CCGCCACGTGATTTGCTTAG-3'
primers 5'-TCTGCAGGACACACTCCTCT-3'
qPCR primers OCT4 5-TCGAGAACCGAGTGAGAGG-3'
5'-GAACCACACTCGGACCACA-3'
qPCR primers Sox2 5'-GCCGAGTGGAAACTTTTGTCG-3'
5-GCAGCGTGTACTTATCCTTCTT-3'
qPCR primers NANOG 5'-TTCCCTCCTCCATGGATCTG-3'
5'-TGTTTCTTGACTGGGACCTTGTC-
3
qPCR primers B2M Beta-2- 5-GAGTATGCCTGCCGTGTG-3'
microglobulin 5'-AATCCAAATGCGGCATCT-3'
Trilineage
markers
Trilineage Ectoderm, Mesoderm, Scorecard — Thermofisher — A15870
markers Endoderm
(qPCR)

iPSC status and trilineage potential was further confirmed by a TagMan
iPSC Scorecard Assay (ThermoFisher Scientific, Fig. 1d and Supplement)
according to the manufacturer’s protocol and as described previously

(Novak et al., 2021).

5. Additional information

For additional methodological details, including mDA neuron

Stem Cell Research 61 (2022) 102765

differentiation, and for single cell RNAseq analysis data, please see
(Novak et al., 2022).
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Single-cell transcriptomics of human iPSC
differentiation dynamics reveal a core molecular
network of Parkinson’s disease

Gabriela Novak® 23 Dimitrios Kyriakis T Kamil Grzyb1, Michela Bernini', Sophie Rodius?,
Gunnar Dittmar® *°, Steven Finkbeiner 3 & Alexander Skupin 1684

Parkinson's disease (PD) is the second-most prevalent neurodegenerative disorder, char-
acterized by the loss of dopaminergic neurons (mDA) in the midbrain. The underlying
mechanisms are only partly understood and there is no treatment to reverse PD progression.
Here, we investigated the disease mechanism using mDA neurons differentiated from human
induced pluripotent stem cells (hiPSCs) carrying the ILE368ASN mutation within the PINKT
gene, which is strongly associated with PD. Single-cell RNA sequencing (RNAseq) and gene
expression analysis of a PINK1-ILE368ASN and a control cell line identified genes differentially
expressed during mDA neuron differentiation. Network analysis revealed that these genes
form a core network, members of which interact with all known 19 protein-coding Parkinson's
disease-associated genes. This core network encompasses key PD-associated pathways,
including ubiquitination, mitochondrial function, protein processing, RNA metabolism, and
vesicular transport. Proteomics analysis showed a consistent alteration in proteins of dopa-
mine metabolism, indicating a defect of dopaminergic metabolism in PINK7-ILE368ASN
neurons. Our findings suggest the existence of a network onto which pathways associated
with PD pathology converge, and offers an inclusive interpretation of the phenotypic
heterogeneity of PD.
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rological disorders, second only to Alzheimer’s disease, with

a prevalence of 1.8%, among persons over the age of 65 and
2.6% in the 85 to 89 age group!~3. As the average age of the
population increases, PD is expected to pose an increasing burden
to society. PD is characterized by the death of the midbrain
dopaminergic (mDA) neurons found in the substantia nigra
region of the brain, which are selectively sensitive to Parkinson’s
disease-associated neuronal cell death*7. This results in the
development of motor deficits, including bradykinesia, rigidity,
and tremor, but many patients also develop non-motor symp-
toms, such as depression or dementia®. Unfortunately, current
treatments only temporarily ameliorate the motor symptoms and
do not reverse or slow down the progression of PD*.

Most of our understanding of PD pathology at the molecular
level is based on mutations known to cause PD, although these
account for only 3-5% of PD cases, the remaining cases being
idiopathic?. Despite the small fraction of cases they explain, these
mutations provide an important window into the underlying
molecular mechanisms of PD because they identify pathways
which, when disrupted, are able to cause the disease. Many of
these mutations converge on mitochondrial homeostasis, repair,
and mitophagy. Hence, mitochondrial dysfunction likely plays a
key role in the pathophysiology of PD?. An important group of
these mutations lies within the PINKI gene. The PINKI1 protein is
expressed ubiquitously throughout the brain, in all cell types,
where it localizes to the mitochondrial membranel?. PINKI is a
mitochondrial ubiquitin kinase and, together with the cytosolic
ubiquitin ligase PARKIN, it targets damaged mitochondria for
degradation via mitophagy, performing a mitochondrial quality
control function needed to prevent accumulation of damaged
mitochondria, which otherwise results in neuronal cell death!1-13,
The ILE368ASN mutation interferes with this process by redu-
cing the interaction of PINK1 with its chaperone, HSP90, and
destabilizing PINKI at the mitochondrial membranell. It also
reduces its ubiquitin kinase activity through the deformation of
its substrate-binding pocket and substrate misalignment!!. Even
though multiple publications have shown the involvement of
PINKI1 in mitophagy, its function is much broader. The targets of
this kinase are involved in many cellular functions, including
neuronal maturation'4, neurite outgrowth!®, suppression of
mitophagy!®, and cell cycle modulation!”. The broader impact on
these pathways of loss-of-function mutations in this important
kinase has not yet been fully elucidated!®.

One of the main obstacles to the study of Parkinson’s disease is
the death of mDA neurons and the resulting shortage of available
postmortem samples. By the time of diagnosis, 60% of these
neurons have disappeared and about 90% die by the late stage of
the disease®. One approach is to study PD-associated mutations
in animal models!?, but human-like mutations in animals often
do not lead to the development of comparable pathology due to
species differences in expression of key genes??21. Thankfully, the
development of cellular reprogramming allows nowadays for the
conversion of somatic cells into induced pluripotent stem cells
(iPSCs), which can subsequently be differentiated into neurons.
This enables us to generate iPSCs from the skin cells of PD
patients?? and differentiate them into mDA neurons carrying
disease-associated mutations?>-2. Differentiating mDA neurons
from iPSCs provides an almost unlimited source of neurons that
allow for deep phenotyping and the elucidation of the cellular
mechanisms underlying PD pathology.

Here, we generated iPSCs from the fibroblasts of a patient
homozygous for the PD-associated mutation ILE368ASN
(p.I368N) in the PINKI gene’. We used an optimized differ-
entiation protocol to specifically generate mDA neurons, as this
cell type displays a unique susceptibility to cell death in

P arkinson’s disease (PD) is one of the most prevalent neu-

PD;232526 the effect of PD on other types of DA neurons is
variable®?7.

The mDA neurons are unique and distinct from other DA
neurons. Their development diverges from that of other DA
neurons even before they commit to neural fate?$. During early
neural development, neural tube stem cells generate neurons and
glia, the two basic building blocks of the brain. While other DA
neurons follow this direct path, which is determined by the
expression of the PAX6 transcription factor, mDA neurons
develop from radial glial cells of the floor plate and their devel-
opment is driven by early exposure to high levels of the SHH
transcription factor?’, which prevents expression of the PAX6
transcription factor3? and sets these cells on an entirely different
developmental path?>28, As a result, mDA neuronal precursors
follow a very unique signaling cascade, leading to the expression
of a transcriptome that greatly differs from that of other DA
neurons?!:25-28.31-35 Their distinct identity is reflected in their
function and current research indicates that this leads to their
unique susceptibility to death in PD, which in turn has been
directly associated with the classic movement symptoms of the
disease®26-28:36_ This is also supported by the observation that
gene expression differences between murine and human mDA
neurons, which translate into subtle functional differences, lead to
incomplete PD phenotype in animal models!®21.

To investigate the disease mechanisms linked to the PINKI
mutation, we performed extensive single-cell RNA sequencing
(SC-RNAseq) analysis using Drop-Seq’’ at four different time-
points during mDA neuron differentiation?>-2>. We generated
four pairs of samples, each consisting of a PINKI-ILE368ASN
and a control (17608/638) cell line differentiated in parallel. The
pairs were differentiated in succession so that they would be at a
different stage of differentiation on the collection day (Fig. 1).
This also means that they represent four independent biological
replicates. Pairwise differential expression analysis was then
performed between the PINKI-ILE368ASN and control cell line
of each pair, with a constraint that genes must be strongly and
consistently dysregulated in all pairs, hence at all timepoints, to be
considered in our analysis. The reasons for this are listed in the
discussion section. Using databases of known protein-protein
interactions, we show that these genes form a network and that its
members directly interact with all 19 protein-coding PARK genes
associated with PD. This suggests that other PD-associated
mutations may also be acting through this common network of
genes. Furthermore, the pathway most strongly associated with
the genes of this network is the Parkinson’s disease KEGG
pathway. Subsequent proteomics analysis of differentiated cells
confirmed the manifestation of the transcriptional modifications
at the protein level. Our results point to the existence of a com-
mon disease mechanism that potentially underlies idiopathic PD
and may represent a unifying perspective on PD progression that
will guide future intervention strategies.

Results
We performed a systematic differential expression analysis at a
single-cell resolution between an iPSC line carrying the PD-
associated ILE368ASN mutation in the PINKI gene and age- and
sex-matched control cell line (control 1-2 in ref. 38) during their
parallel differentiation into mDA neurons (Fig. 1 and Supple-
mentary Tables 1, 2). After preprocessing and quality-filtering, we
used 4495 cells and 18,097 genes in our downstream analysis
(Methods). For data integration, we performed a network analysis
to identify the underlying key mechanisms of PD progression.
Fibroblasts were isolated from a 64-year-old male with PD
symptom onset at 33 years of age who was homozygous for the
ILE368ASN (P.I368N/P.I368N) mutation in the PINKI gene
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Fig. 1 Experimental design. a Fibroblasts were used to generate human induced pluripotent stem cells (iPSCs), which were then used to generate mDA
neurons. Differentiation was initiated concurrently in a PINKT-ILE368ASN and a control cell line, at three different timepoints, to obtain cells which reach
different stages of differentiation on the same collection day (generating four independent pairs). The samples were collected and processed for SC-
RNAseq at the same time to avoid batch effects. “P + 1" indicates that the iPSCs were passaged before new differentiation was initiated. Since D10 was not
used in the pairwise analysis, we indicated “P + 2" between D15 and D6 differentiation initiation. b Heatmap illustrating the transitions in gene expression
from iPSC markers (MYC and POU5F1-OCT3/4), to genes associated with mDA differentiation (PTCH1, FZDZ, HEST, OTX2, SLIT1, and LMXI1A), and finally to
an early expression of mature mDA markers (DCX and DDC). This is discussed in more detail in the text and in Figs. 3 and 4. The gene expression matrix
used here consists of 4495 cells (39,194 genes). Colors correlate to normalized counts (z-score, centered, and scaled) of the indicated gene.

(Coriell Institute, Cat. No. ND40066). The fibroblasts were con-
firmed to have a normal karyotype (Supplementary Fig. 1).
Reprogramming was done at Yale Human Embryonic Stem Cell
Core (New Haven CT) using the Sendai virus. The normal kar-
yotype of iPSCs was confirmed (Supplementary Fig. 2 and Sup-
plementary Tables 9, 10). Their iPSC status was ascertained by
staining for the POUSF1 (also known as OCT4)3°-42 and the
TRA-1-80*243 iPSC markers (Fig. 2a), by expression of key iPSC
status markers using sc-RNAseq (Fig. 2b), and by the TagMan
iPSC Scorecard Assay*#*, which also confirmed the trilineage
potential of the cell line** (Fig. 2c).

Single-cell RNAseq (sc-RNAseq) analysis reveals gene expres-
sion panel for direct classification of iPSCs’ stemness or
pluripotency. Staining for OCT/TRA proteins and Scorecard are
common approaches for determining iPSC status (reviewed by
Smith and Stein)*2. Here we show that a panel of genes indicative
of iPSC status is readily detectable by single-cell analysis and can
be used to indicate iPSC status directly in the cells used in an sc-
RNAseq experiment, rather than by staining or expression ana-
lysis of an independent sample, which in some cases may not
reflect the iPSC status of the experimental sample. Furthermore,
this may be useful in cases where the samples are no longer
available, such as for data obtained from an sc-RNAseq data
repository. In our dataset, we quantified the expression of genes
commonly used to ascertain iPSC status (MYC and
POU5F137-42) and showed that these can be readily detected by
sc-RNAseq analysis (Fig. 2b). However, sc-RNAseq analysis
comes with some limitations. In particular, it is not able to detect
genes which are naturally expressed at low levels. We, therefore,
created a list of genes associated with high stemness, ie.,
expressed selectively in iPSCs exhibiting full stem cell phenotype,
which are readily detectable in sc-RNAseq data, creating a link
between an iPSC state characterized by standard techniques and a
signature visible in sc-RNAseq data. The heatmap of top genes
differentially expressed during the transition between iPSC and
subsequent differentiation stages shows that the iPSCs express
several genes associated with stemness (Fig. 2b). For instance, we
detected the expression of TDGF-1, which was shown to be
expressed by stem cells with the highest expression of stemness

markers*!. Additional genes expressed by the iPSCs were LITDI,
USP44, POLR3G, and TERFI (essential for the maintenance of
pluripotency in human stem cells*’->0), as well as IFITMI,
DPPA4, and PRDX1 (associated with stemness®1->3).

Based on our observations, we propose that the following panel
of genes should provide a reliable indication of stemness in
single-cell experiments: MYC (cMyc), POU5F1 (Oct4), LIN28A,
TDGF-1, LITDI1, USP44, POLR3G, and TERFI (Fig. 2b).

In vitro differentiation of iPSC-derived mDA neurons recapi-
tulates the in vivo process. As stated by Bjorklund & Dunnett
“expression of TH is not in itself sufficient to prove that a neuron
is catecholaminergic, let alone dopaminergic”3>. Hence, we made
great effort to confirm that the neurons generated by our protocol
display a true mDA phenotype.

To confirm that our differentiation protocol (Supplementary
Table 1) recapitulates the in vivo mDA differentiation path, we
identified genes that are essential and specific to the in vivo
mDA differentiation process (OTX2, ENI, LMXIB, LMXIA,
FOXA2, MSX1, NR4A2, PITX3, and others) (Supplementary
Table 3)25-28:33-35 and analyzed their expression during the
development of the control cell line at timepoints DO (iPSCs),
D6, D10, D15, D21 D26, D35, and D50, which represent the
major developmental steps of the protocol (Fig. 3).

We first imaged cells at timepoints Day 25 and Day 35, as at
this stage the cells should have developed mDA characteristics.
Staining for key mDA protein markers TH, PITX3, LMXI1A, and
DAT, with MAP2 as a neuronal marker, confirmed the mDA
phenotype (Fig. 3a). (The co-expression of these mDA markers
with TH is shown in Fig. 4a.) At D25, neuronal cells possess only
short processes and generally low mDA marker expression, but
by D35 their axons are far longer and mDA marker expression is
more defined and more robust. The mRNA expression of TH,
LMXIA, and ALDHAIA was further validated by qPCR, and the
trajectory of these genes’ expression indicated the development of
mDA characteristics by Day 21 (Fig. 3b), in agreement with the
imaging results at Day 25 (Fig. 3a).

To characterize the differentiation process in more detail, we
performed the sc-RNAseq analysis at eight timepoints of the
differentiation process. Analysis of differentially expressed genes
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Fig. 2 Classification of iPSC status. a Immunocytochemistry (ICC). Staining for the iPSC markers POU5F1 (more commonly known as OCT3/4) and TRA-
1-60 of iPSC colonies, prior to differentiation. DAPI was used to stain cell nuclei as a reference. b Expression of genes known to indicate iPSC status (MYC
and POUSFT) and of genes identified by a differential expression analysis between iPSCs and differentiating cells (also see Supplementary Fig. 12). Colors
correlate to normalized counts (z-score, centered, and scaled) of the indicated genes. TDGF-T is expressed in iPS cells of high stemness;#! L1TD1, USP44,
POLR3G, and TERFT are essential for the maintenance of pluripotency in human stem cells;#7=0 [FITM1, PRDX1, DNMT3B, DPPA4, and LIN28A and are
associated with stemness®1-53137.138 ¢ Results of Scorecard analysis of iPSCs and embryonic bodies (EBs)4445, iPSCs are expected to show high
expression of self-renewal genes and low expression of mesoderm, ectoderm, and endoderm markers. EBs are cells at an early stage of spontaneous
differentiation. Scorecard analysis of EBs determines the iPSC line's potential to differentiate into the three germ layers, hence, EBs are expected to express
few or no self-renewal genes and to show expression of some mesoderm, ectoderm and endoderm markers: Ectot, Meso#, Endo+.

across timepoints revealed the expression of specific differentia-
tion stage modules (Supplementary Fig. 12), in accordance with
known in vivo stage-specific expression patterns (Fig. 3¢ and
Supplementary Table 3). For example, in vivo, the development of
mDA phenotype depends on the early high expression of Sonic
Hedgehog (SHH), followed by the induction of Wnt signaling and
the expression mDA-specific downstream pathways2>26:28 (Fig. 3¢
and Supplementary Table 3). Consistent with these in vivo
differentiation steps, PTCHI, a receptor for SHH, and FZD7, a
receptor for Wnt proteins (Fig. 3c) were among the highest-
expressed genes on day 6 (D6) of the differentiation protocol. The
presence of ENI as a key entity was confirmed by qPCR
(Supplementary Fig. 15), as its expression level was too low for
detection by sc-RNAseq. The sc-RNAseq analysis again revealed
that at Day 21 many factors that are specific to the mDA
differentiation path, such as TCF12, ALCAM, PITX2, ASCL1, and
DDC?7°4-57 were among the most highly expressed genes
(Fig. 3¢ and Supplementary Fig. 12). Overall, these observations
confirm that our in vitro differentiation protocol does indeed
recapitulate the in vivo differentiation of mDA neurons and
produces genuine mDA neurons (PAX6-, ALDH1A1+, PITX3+,
KCNH6/GIRK2+, NR4A2/NURR1+, and LMX1A+), rather

4

than other types of DA neurons (PAX6+ and ALDHIA3+)
(Table 1 and Supplementary Fig. 3).

However, this assessment of the differentiation process of
human mDAs was mostly based on the pattern of mDA
differentiation gene expression in murine brains. We, therefore,
compared our data with the recently outlined pattern of gene
expression during human mDA?21>8, The pattern of gene
expression during our in vitro differentiation of human iPSCs
into mDA neurons matched the pattern of human mDA
differentiation?! more closely than that of murine neurons,
confirming the validity of our differentiation protocol.

Using the gene expression groups associated with different
stages of maturation, from radial glia (Rgl), progenitors (Prog), to
neural progenitors (NProg), and finally to mDA neurons (DA)?!
(Supplementary Table 3), we could characterize the differentia-
tion trajectory by the level of gene expression (Fig. 3d). We then
used these gene groups to characterize individual cells with
respect to their most likely cell type and determined the
population dynamics by the percentage of cell types present at
each timepoint (Fig. 3e). The analysis showed fast differentiation
from iPSC state to a neuronal lineage by Day 6, and the
subsequent maturation towards an mDA phenotype starting at
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Fig. 3 In vitro differentiation of iPSC-derived mDA neurons recapitulates the in vivo process. a To illustrate the maturation of neuronal morphology and
mDA status, differentiated neurons were stained at D25 and D35 for a neuronal marker MAP2 (red) and mDA markers (green): TH, PITX3, LMX1A, and
DAT. While D25 neurons show short processes and low expression of mDA markers, D35 neurons show much longer axons and well-defined expression
of mDA markers (green/red overlap resulting on orange/yellow). b Quantitation of MDA markers TH, ALDHTAT, and LMXIA, using absolute quantitation
via gPCR. Each timepoint represents three independently differentiated biological replicates, amplified in duplicate. Standard error (SE) bars are the SE
of biological replicates. The expression levels are standardized to total RNA and to the expression of the housekeeping gene GAPDH (see Methods).

¢ Heatmap showing the expression of genes known from the literature to be involved and necessary for mDA neuron differentiation (Supplementary
Table 3). Colors correlate to normalized counts (z-score, centered, and scaled) of the indicated genes. d The mDA differentiation gene expression profile
recently published by Asgrimsdéttir and Arenas (2020)2! was used to show the progression during differentiation, from iPSCs to radial glia (Rgl), to
progenitors (Prog) and neuroprogenitors (NProg), and to early mDA neurons (DA). Genes used to determine the expression modules are listed in
Supplementary Table 3. e Proportions of cells expressing the various phenotypes illustrated in (d). The gene expression matrix obtained by SC-RNAseq

used here consists of 4495 cells (see Methods section).

Day 21, accompanied by the increasing prevalence of DA
phenotype, from 20% at Day 21, to 28% at Day 26, and 61% at
D35, after which it seemed to stabilize (Fig. 3d). This
characterization further confirms that early mDA differentiation
is achieved around Day 21.

The PINKI1-ILE368ASN mutation is associated with persis-
tently dysregulated expression of nearly 300 loci. To investigate
the effect of the PINKI mutation on mDA development, we
differentiated the control and the PINKI-ILE368ASN cell lines in
parallel (Figs. 1, 4) and focused on the early differentiation period,
to increase our chances of finding the direct effects of PINKI-
ILE368ASN, as described below. Co-staining of TH positive
neurons with the midbrain dopaminergic markers PITX3,
LMX1A, and DAT in both the control and PINKI1 cell lines
identified neurons at day D21 as early postmitotic mDA
neurons®® with clearly neuronal morphology and no major dif-
ferences between the cell lines (Fig. 4a).

To investigate potential underlying mechanisms of the PINK1
mutation, differential expression between the two, in parallel
differentiated, cell lines at each timepoint was determined and
genes that were identified as differentially expressed at all four
timepoints were identified. Each timepoint is an independent
biological replicate, initiated at a different time and with cells of a
different passage number. Control and PINKI- ILE368ASN cells

co-clustered together based on their differentiation stage, from
iPSCs, to day 6 (D6), D15, and D21 (Fig. 4b), indicating that
overall RNA expression was specific to differentiation stages, and
rather uniform between cell lines, which was amenable to the
identification of subtle gene expression differences due to the
presence of a mutation in the PINKI1- ILE368ASN cell line.

The PINKI- ILE368ASN cells at D10 showed low viability,
hence the D10 timepoint was not included in the pairwise
analysis. After preprocessing and quality-filtering (Methods and
Supplementary Fig. 4), a total of 4495 cells (2518 control and
1977 PINKI1 cells) and 18,097 genes were included in our
analysis. UMAP analysis of the single-cell data revealed that gene
expression was rather similar between the cell lines and mainly
defined by differentiation stage, rather than by cell line origin
(Fig. 4b). In accordance with the staining results (Figs. 3a, 4a), we
observed the onset of expression of the mature mDA markers TH
and KCNH6 (also known as GIRK2) on D21 (Fig. 4c).

The analysis of pairwise differential expression at each
timepoint (adjusted p values (p.g) <0.01 fold changes (FC)
>0.1) (Fig. 5a) identified 14 genes that were upregulated and 13
genes that were significantly downregulated in the PINKI-
ILE368ASN cell line compared to control (Fig. 5b and Table 2,
indicated by “X”). Because iPSCs are very different from
differentiating neuronal precursors, we next tested whether
including iPSCs had disproportionately affected the results by
excluding neuron-specific genes. Repeating the analysis on D6,
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Fig. 4 Classification of mDA status. a TH positive neurons co-express mDA markers PITX3, LMX1A, and DAT in control (top) and PINK1 cell line
(bottom), at D35. For images of individual targets see Supplementary Fig. 13 and for colorblind-friendly images see Supplementary Fig. 14. b Based on our
SC-RNAseq data, cell lines cluster according to differentiation stage, indicating that gene expression is very homogenous between the control and the
PINK1-ILE368ASN cell lines, which allows for the detection of even subtle alteration induced the presence of the PINKT mutation. ¢ Trajectory of expression
of TH and KCNJ6 (GIRK2), two mDA neuron markers. At D21 neurons begin to show TH expression, together with an expression of other mDA markers,
which indicates that they are becoming early postmitotic mDA neurons2>. Similar observations can also be made from an expression heatmap shown in

Supplementary Fig. 12. The scale represents normalized counts.

Table 1 DA neuron heterogeneity: mDA and non-mDA markers.

Dopaminergic neuron type TH DDC AADC SLC6A3 DAT SLC18a2 VMAT PAX6 Other

A8-10 midbrain dopaminergic neurons + + + + - ALDH1A1

A periventricular nucleus (PVN) + + - + - ALDH1A3

A12 arcuate nucleus (endocrine) + + + + - ALDH1A3 DIx1

A13 medial zona incerta + + - + +* ALDH1A3 DIx1, SST
A14 preoptic periventricular nucleus + + - + +* ALDH1A3

A15 preoptic & endopeduncular area + - +? + ALDH1A3

A16 periglomerular cells, olfactory bulb + + - + ALDH1A1

A17 interplexiform cells in the retina + + + NKR

literature regarding the expression is not unanimous.)253435139-144,

When studying PD, it is important to ascertain that the DA neurons are in fact mDA neurons. In an in vitro differentiation system, simple marker combinations that normally distinguish mDA neurons,
such as positional and anatomical information, are missing. We relied instead on molecular markers culled from the literature to monitor our differentiation protocols. (* A13 and A14 PAVH express
PAX6 transiently during development. PAX6 is expressed early in development, whereas the remaining markers are expressed later and are markers of mature DA neurons. “?" indicates that the

4

D15 and D21 only identified 28 genes that were upregulated and
27 genes that were downregulated at all three timepoints,
including all genes previously identified (Table 2). As expected,
excluding iPSCs resulted in the identification of a broader range
of genes because genes that are differentially expressed only in the
neuronal lineage were previously excluded due to the requirement
that DEGs be dysregulated at all timepoints. However, both sets
are equally valuable, as genes dysregulated even in iPSCs are likely
to participate in systemic PD pathology, regardless of cell type,
and may be relevant to a broader spectrum of PD pathology than
the death of mDA neurons. Interestingly, most of the differen-
tially expressed genes are already linked to PD, other PD
mutations, or neurodegeneration (Table 2).

For an alternative definition of differentially expressed genes
(DEGs), we used the maximum adjusted p value in a pairwise
combination as an adjusted p value, and the average fold change
that occurred in the pairwise comparison as a fold change
threshold. With this approach, we retained only genes dysregu-
lated in the same direction at all timepoints. This analysis led to
151 DEGs (named Group B, Supplementary Table 4), which
included the previously identified genes of Group A, and of which
65 were upregulated and 86 downregulated compared with

controls (p,qj<0.01 and FC >0.1). Taking the mean of FC of
the different timepoints enhanced the identification of DEGs
because it reduced the effect of the variability between pairs due
to their different differentiation states. Repeating the same
analysis for the four timepoints (iPSCs, D6, D15, and D21),
but taking into account only the absolute degree of change in
iPSCs, yielded 172 genes (Group C, Supplementary Table 5).
Repeating the analysis using only timepoints D6, D15, and D21
identified a total of 286 DEGs (Group D) (also see Fig. 6a and
Supplementary Data 1). Together, when all analyses were pooled,
we obtained 292 DEGs (six genes in Group C depended on the
inclusion of iPSCs and did not appear in Group D, see
Supplementary Data 1).

Enrichment analysis reveals a strong association with the
KEGG Parkinson pathway. Enrichment analysis was performed
using the STRING>? database (Fig. 5¢). The highest-associated KEGG
pathways were the Parkinson’s, Huntington’s, and spliceosome
pathways. Details are listed in Supplementary Data 5. Biological
processes most strongly associated with the DEGs were C3HC4-type
RING finger domain binding, Ran GTPase binding, and protein
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Fig. 5 Differentially expressed genes (DEGs) in a cell line homozygous for a mutation in the PINKT gene, compared to a control cell line, at three

timepoints during the differentiation of mDA neurons (D6, D15, and D21). a Heatmap of the top DEGs. Each column corresponds to a timepoint for
either control or PINKT cells; each row shows the expression of one gene in individual cells. Colors correlate to normalized counts (z-score, centered, and
scaled) of the indicated genes. b Top DEGs. The minimum fold change was increased to highlight the top differentially expressed genes. We identified the
top 56 genes as our group A (Table 2); here we show the top five upregulated genes (left Venn diagram) and the top three downregulated genes (right
Venn diagram). € Enrichment analysis performed using the STRING>® database. The top KEGG pathway associated with this dataset is Parkinson's disease.
The other three KEGG pathways identified were Spliceosome, Huntington's disease, and Thermogenesis. Details are listed in Supplementary Data 5. The
gene expression matrix used for the downstream analysis consisted of 4495 cells (39,194 genes) and differential expression analysis resulted in 292 DEGs,

which were used to perform the enrichment analysis.

folding chaperones. Respiratory chain transport was the most
strongly associated Reactome pathway.

Data integration reveals a common PD network. To integrate
the expression analysis and identify underlying disease mechan-
isms, we generated a network of interactions between the DEGs
via Gephi®, using protein—protein interaction (PPI) information
obtained from the STRING and GeneMANIA databases®%¢!. The
network we obtained includes 246 of the 292 DEGs, since pseu-
dogenes and non-coding RNAs could not be integrated into a
protein—protein interaction network (Fig. 6), and 2122 interac-
tions (Supplementary Data 2). The curated network contains only
DEGs and any genes that were automatically added by the
databases were removed to ensure a reliable core network based
solely on DEG data. Based on known protein-protein interac-
tions, the DEGs integrate into a close-knit core network in which
several DEGs form central nodes (Fig. 6). To evaluate the
importance of the DEG-based PPI network produced by
STRINGdb (v10)°%, we compared the DEG-based network with
corresponding random networks generated from sets of 292
randomly chosen genes excluding DEGs. Based on 50 random

networks, we show that the DEG-based network includes sig-
nificantly more protein-coding genes and interactions than by
chance (Supplementary Fig. 5) and that the network structure in
terms of degree distribution is significantly distinct as evaluated
by the Wilcoxon test (p = 2.22e-16) and indicates the mechanistic
character of the network.

The network of genes dysregulated by the presence of the
PINKI-ILE368ASN mutation includes genes related to other PD-
associated pathways, which is intriguing since it was generally
assumed that each PD-associated mutation leads to PD pathology
via an independent, characteristic path. For example, two DEGs,
GOPC, and GPC362:63 interact with the PD-associated gene DJ-1
(PARK?7)%%*, The DEG network also includes genes of the LRRK2
(PARKS) network>%*, namely ENAH, HSPAS, MYL6, MALATI,
and SNHG5 (Supplementary Fig. 6). SNHG5 and MALATI
interact with LRRK2 via miR-205-5p*+#>. DLK1 and MALAT1
mediate a-synuclein accumulation®>%. In fact, the DLKI-
NURRI interaction involved in this process may be mDA
neuron-specific®’, highlighting the necessity to use mDA neurons
for the study of PD-related pathways. Additionally, MALAT1 was
shown to increase a-synuclein protein expression®8. In short, this
suggests that interactions leading to PD pathology are more
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Table 2 The top genes dysregulated consistently in PINK1 vs. control cells across differentiation stages.

Upregulated in PINK1 Downregulated in PINK1

GENE incl. excl. in PD association Ref. GENE incl. excl. in PD association Ref.
iPSCs STRING iPSCs STRING

AC009245.3 X Pseudogene ACTN1 PD 145

ADGRG7 X rare var., mito 146 C60RF48 X

BBS2 CCDC144NL.AST X RNA

CALM2P2 X Pseudogene CD59 X PD 147

CALR PD 148 comMT PD 149

CECR1 CRYZ X GWAS, PD Gene 63

CMTM8 GWAS, PD 63 CYFIPT X (via mTOR) 150

EFCAB2 X microarray 151 DLK1 PD 152

FOS rat, L-DOPA 153 ENAH GWAS, LRRK2 154

GOPC PARK7 (DJ-1) 63 EXOC5 Parkinson Dis.Map 155

HNRNPC X binds Parkin 101 GPC3 reduced in DJ-T mut. 62

MALATI PD 156 HSPA8 X PD, LRRK2 157

MINOS1P3 X Pseudogene LGIT PD 9

MLF1 via HTRA2 158 LMANT Parkin transloc. 104

MORFA4L1P1 X Pseudogene MYLI2A binds Parkin 101

MT-CYB mito 159 MYL6 X interacts with LRRK2 160

MTRNR2L1 X binds Parkin 101 NIPA2 X tremor 161

NAPILS OSBPL8 via ZNF746, Biogrid 162

NLRP2 X inflammasome 163 PALLD PD 164

PTGR1 PGK1 X PD 165

RP11.692N5.2 X Pseudogene RANBP1

RP4.765C7.2 X Pseudogene SLC25A4 binds Parkin 101

RSRP1 SNHG5 X RNA via miR-205, LRRK2 166

S100A6 X PD 167 SNHG8 RNA

TCEALS X TYW3 X

TSPYLS Ubiquit. 168 ZNF37A X

ZNF280D X GWAS* 169 ZNF880 X

ZNF528

ZNF528.AS1 RNA Gene

Pairwise differential expression analysis of each timepoint (iPSCs, D6, D15, and D21), resulted in 14 genes that were upregulated and 13 genes that were downregulated in the PINKT-ILE368ASN cell line,

compared to control (p_val_adj <0.01 and abs(avg_logFC) >0.1); these genes are marked with “x" in column “Incl. iPSCs". Twenty-nine additional genes were identified in an analysis that included D6,

D15, and D21, but not iPSCs. The “Excluded” column explains why a gene was not included in the protein-protein interaction network. These 56 top DEGs are later referred to as Group A. The gene

expression matrix used for the downstream analysis consisted of 4495 cells (39,194 genes). * rs11060180.

complex than one mutation - one path to PD, as generally
thought. It also indicates that many druggable targets may be
useful in treating PD and that these may be universally effective
for PD caused by several different mutations, and perhaps even
for idiopathic PD. For example, terazosin, which is already in
clinical use, was found to be associated with slower disease
progression, likely by enhancing the activity of phosphoglycerate
kinase 1 (PGK1)%?, one of the top DEGs identified in our study.

For the evaluation of the relative importance of each node
within the network, we applied betweenness centrality®? (Fig. 6a),
an approach that reveals the overall connectedness of each gene.
Genes onto which several other genes converge are shown as large
circles or nodes, their size being proportional to the number of
interactions they form. Interestingly, the major nodes of this
network are genes already known to play an important role in
ubiquitination (Fig. 6b) and PD pathology (Fig. 6¢c and Table 3).
Next, we built a correlation network (p value < 0.05, r > 0.1) of the
246 DEGs based on the normalized counts. By extracting the
common interactions of these two networks, we obtained a
network with 297 interactions (Supplementary Table 6), which
highlights protein-protein connections that correlate with
differential expression of the genes. This analysis further supports
the role of the connections between these genes in mediating the
resulting differential expression in the presence of the PINKI-
ILE368ASN mutation. STRING was subsequently used to high-
light functional pathways represented within the DEG network
(Supplementary Fig. 7 and Supplementary Data 3). Several

pathways known to play a role in PD pathology are strongly
represented within the network, notably ubiquitination!®70,
mitochondrial pathways®7!, cellular response to stress’2, lysoso-
mal proteins’3, protein metabolism (localization, modification,
transport, folding, and stability), RNA processing’4, aromatic
compound metabolism7>~78, vesicle-mediated transport and
exocytosis’?, and cellular catabolic processes’>”3 (Supplementary
Fig. 7). Importantly, the strongest-associated pathway is the
KEGG-PD>® pathway (Supplementary Fig. 9a). The CHCHD2
gene was identified as a dysregulated gene through our analysis,
but it was also recently identified as a PD-associated gene and
named PARK22048081 (Fig, 6a).

To investigate further how the identified network relates to
other known PD mechanisms, PD-associated genes, also known
as PARK genes (Supplementary Table 6 and Supplementary
Fig. 9), were added to the DEG network. Next, PARK-PARK
interactions were removed and only PARK-DEG interactions
were retained to test how PARK genes integrate into the network.
All 19 protein-coding PARK genes®%* interact directly with at
least one, but usually several DEGs (Supplementary Fig. 9). The
degree of interaction of PARK genes with the DEGs of the
network is illustrated by coloring (in pink) DEGs that directly
interact with a PARK gene. The darker the color, the greater the
number of PARK genes the DEG interacts with. The preexisting
central nodes of the network generally interact with several PARK
genes, suggesting that they play a central role in linking the PARK
genes to the network, but also that PARK genes may mediate PD
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Fig. 6 Network analysis. a Protein-protein interaction network based on known interactions available through the STRING> and GeneMANIA® databases.
Only strong interactions were retained, predicted interactions or text associations were omitted (see Methods). Betweenness centrality was used to
illustrate the relative importance of each node within the network through the level of its connectedness to other proteins. The larger the circle, the more
partners the node is connected to. The colors represent the four DEG sets, with the top 56 DEGs (group A) in light blue, group B in purple, group C in dark
green, and group D in light green. Each set consists of genes of the previous set plus additional genes identified by the new parameters. CHCHDZ2 (pink, part
of group B) is a DEG, which has recently been identified as a PARK gene. Random selection of genes from genes detected by sc-RNAseq did not lead to a
network formation (Supplementary Fig. 5). b DEGs which play a role in ubiquitination. Additional functional pathways are listed in Supplementary Fig. 7 and
Supplementary Data 3. Specific connections to ubiquitination proteins are shown in Supplementary Fig. 8. ¢ Based on the literature, 68% of the DEGs of
this network are already known to be associated with PD (for references see Supplementary Data 4). Supplementary Fig. 9 shows which genes/proteins of
the network directly interact with PARK genes through known protein-protein interactions. The topology of all three networks is the same, the different
appearance is a result of a separate analysis run, but the connections and size of the nodes remain identical.

pathology through a few central pathways of this network, and
that the effects of different PARK genes converge on the same set
of pathways (Supplementary Fig. 9).

Further analysis revealed that a large number of the DEGs
interact with genes associated with mitochondria or ubiquitina-
tion (Fig. 6b and Supplementary Fig. 8). For this analysis, we used
BioGRID®1:82 to identify interactions with mitochondrial or
ubiquitination proteins for the top 172 DEGs (groups A-C).
These interactions were used to create a network illustrating that
many of the DEGs in our study directly interact with genes
involved in mitochondrial function and in ubiquitination. Only
direct DEG to mitochondrial gene or DEG to ubiquitination gene
interactions were included and PARK genes were added for
reference (Supplementary Fig. 8). Based on manual literature
search, we determined that at least 68% of the DEGs (174 of 255
genes, not including pseudogenes and RNA genes) are already
directly associated with PD, either experimentally, or linked
through GWAS-PD, or by PD expression studies (Fig. 6¢ and
Supplementary Data 4). This is particularly true for the major
nodes of the network (Table 3 and Fig. 6c¢).

Proteomics analysis confirms impaired neuronal phenotype in
PINKI1-ILE368ASN mutant line. To investigate how the identi-
fied transcriptional modifications manifest in the neuronal phe-
notypes, we performed proteomics analysis at an early (day 25)
and later maturation stage (day 40). The analysis identified 39
differentially abundant proteins in PINKI-ILE368ASN cells as
compared to controls, based on biological duplicates with a log2
fold change larger than 1 (Fig. 7a). Of these, four differ at both
timepoints (D25 and D40). Overall, 31 proteins were differen-
tially abundant at D25, including CSRP2 and VWASA, which
were also identified by sc-RNAseq as differentially expressed at
the mRNA level at D6, D15, and D21 (Fig. 7b and Supplementary
Table 8). At D40, 12 proteins were found to be differentially
abundant, including four also identified at D25, namely TH,
DDC, NES, and VIM. We performed a network analysis based on
the differentially abundant proteins (Fig. 7b). The resulting net-
work again connects PD-related nodes and exhibits a good
overlap with the transcriptional-derived network. This consistent
result indicates that the observed transcriptional modification led
to an impaired neuronal phenotype, despite the subtle differences
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Table 3 Central nodes of the DEG network are associated with PD (Fig. 6c).

Node gene Role in Parkinson's disease
HSPAS8 (also known as HSP73, Disaggregation of a-synuclein amyloid fibrils85
HSC70) Autophagy, part of the catabolic pathway for a-synuclein8®
Mediates mitophagy by regulating the stability of PINK1 protein8’
Impaired gene expression in sporadic PD88
EEFIAT Mediates activation of heat-shock transcription factor HSF1, prevents a-synuclein aggregation®©
Interacts with Parkin (PARK2)82
HNRNPC Interacts with Parkin (PARK2)82
Part of the poly ADP-ribose (PAR) cell death pathway accountable for selective dopaminergic neuronal loss®°
PSMA4 Part of the Parkinson's disease KEGG pathway92.93
Interacts with Parkin (PARK2) and FBX07 (PARK15)82
CYCS Role in aggregation of alpha-synuclein!’0
CTD gene-disease associations - Parkinson disease gene set®3
ACTN1 Interacts with DJ-1 (PARK7)82
It is a binding partner of mitochondrial-shaping proteins!”’
PGK1 PGK1 mutation causes vulnerability to parkinsonism'72
Activation of PGK1 partially restored motor function and slowed disease progression®®
PHB Regulates dopaminergic cell death in substantia nigral’3
SHH Play a role in neuroinflammatory response in the MPTP model of Parkinson’s disease!’4
BRCA2 Deubiquitinase plays a role in neuronal inflammation'’>
VPS39 It is part of the endocytic membrane trafficking pathway involved in PD and its methylation rates are associated
with Parkinson's disease risk!7®
Plays complex functions in endocytic and autophagic pathways'’”
UQCRFST KEGG pathway, Parkinson disease®293
CNTNAP2 Differentially expressed in the presence of LRRK2 G2019S mutation, associated with PD97
GWASdb SNP-disease associations, Parkinson's disease gene set®3
Plays a role in the formation of protein aggregates and PD95.96
CcuL3 Ubiquitin ligase, a potential drug target for Parkinson's disease®4
PLCB4 GWAS - Parkinson’s disease®3
Motor defect consistent with ataxia in Plcb4-null mice'0
EGLN3 GEO signatures of differentially expressed genes for diseases—Parkinson’s Disease_Substantia Nigra®3
Prolyl hydroxylase targets substrates for ubiquitination!’8
RALGPS2 Targets include Nurrl, which is associated with Parkinson disease®3

Central nodes were determined using the Gephi visualization platform. They represent points of convergence of the network (Supplementary Fig. 5). Since these nodes have already been linked to PD
pathways, many more DEGs might also contribute to PD pathology through these pathways. These nodes not only provide a point of convergence for DEGs identified in our study, but they also interact
with several PARK genes, suggesting that PARK proteins may also converge on the pathways identified here (Supplementary Fig. 7).

in expression, and further highlights the importance of the pro-
posed PD Core network.

Discussion

The aim of this study was to identify genes that were differentially
expressed as a result of a mutation in the PINKI gene, using mDA
neurons differentiated from patient-derived iPSCs, a model
relevant to PD. We focused on the analysis of early timepoints of
the differentiation protocol, on cells undergoing neural differ-
entiation up to the state of early postmitotic mDA neurons (D21),
as these are not expected to display the activation of damage-
control pathways induced by neurotoxicity, but are likely to reveal
pathways that lead to primary pathology of PD. Because genetic
background can potentially influence the severity and course of
the disease!?83, we chose a cell line homozygous for the
ILE368ASN-PINKI mutation. This mutation imparts a very
strong drive towards PD, resulting in full penetrance and an early
onset of the disease, hence its impact is expected to diminish the
effect of genetic background!2.

By including four different differentiation timepoints and
requiring each DEG to be altered at every timepoint, we excluded
pathways associated with mDA differentiation, as the expression
of such genes changes between each step (Supplementary Fig. 12).
The limitation of using an early time period is that we could not
identify pathways associated with PD pathology in mature and
aging neurons, however, this was intentional. We focused on the
identification of pathways prior to damage onset, in order to

eliminate the identification of pathways secondary to the disease,
ones induced by damage and associated with cell death. Extension
of the timeline to mature and aging neurons is the focus of our
future experiments.

Figure 4b shows that samples clustered according to the dif-
ferentiation stage, rather than cell line identity. Therefore, while
the requirement for expression at all timepoints allowed us to
identify changes independent of cell state transition, pairwise
comparison excluded genes commonly expressed at any parti-
cular timepoint, with remaining expression changes being specific
to the presence of the PD-associated mutation. The single-cell
expression data were analyzed in several layers. First, we identi-
fied the most strongly DEGs consistently altered in the same
direction at all four timepoints including iPSCs (Fig. 6a and
Table 2). This led to a list of genes dysregulated by the PINKI-
ILE368ASN mutation independent of the cell type (iPSCs, neu-
ronal precursors, or neurons) (Table 2, Group A “incl. iPSCs”,
marked by “X”). Second, we applied an approach, in which the
iPSC timepoint was excluded, leading to an expanded gene list,
which included genes more likely to be dysregulated specifically
in a neural cell type (Table 2 and Fig. 6, Group A, 56 genes).
Using an approach that reduced the effect of variability between
pairs due to different differentiation states expanded the list to
151 genes dysregulated in the same direction at all timepoints
(Fig. 6a—Group B and Supplementary Table 4), while taking into
account only the absolute degree of change in iPSCs expanded the
list further, to 172 non-neuron-specific DEGs (incl. iPSCs, Fig. 6a
—group C and Supplementary Table 5). Excluding iPSCs from
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this analysis again expanded this list by neuron-specific DEGs, to
a total of 285 (Fig. 6a—group D and Supplementary Data 1).
Creating a protein—protein interaction network based on these
groups of DEGs demonstrated that genes of all groups formed
important nodes within the interaction network. Furthermore,
genes of all groups were frequently associated with PD. Overall,
this indicates that all the selection criteria levels identified rele-
vant targets (Fig. 6 and Supplementary Data 4).

Analysis of the network shows that certain DEGs are points of
convergence within the protein network and form major nodes
(Fig. 6 and Supplementary Fig. 9), namely CUL3, HSPAS,
EEF1A1, UQCRFS1, CNTNAR2, PSMA4, HNRNPC, and PLCB4.
The proteins forming the major nodes are already known to play
an important role in PD pathology (Fig. 6¢ and Table 3). CUL3
has been linked to PD by GWAS studies and is considered a
potential PD drug target3*. HSPAS (also known as HSP73 and
HSC70), disaggregates a-synuclein amyloid fibrils and plays a role
in autophagy and the catabolic pathway for a-synuclein, mediates
mitophagy by regulating the stability of the PINK1 protein, and
its expression was shown to be impaired in sporadic PD3°-88, In
fact, HSPAS8 is by far the most important node in the network
generated with data from the STRING® database, which is pre-
ferentially based on functional interaction (Supplementary
Fig. 9a, b). It is also one of the most highly dysregulated genes in
our dataset. EEF1A1 Translation Elongation Factor mediates
activation of the heat-shock transcription factor HSFI, a key
player in PD®, and prevents a-synuclein aggregation, as well as
interacting with Parkin (PARK2) and HTRA2 (PARK13)82%0
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(Supplementary Fig. 9). UQCRFSI is a mitochondrial electron
transport chain ubiquinol-cytochrome c reductase®!, a member of
the KEGG-PD pathway (Entry K00411°293), and has been
identified as a PD risk gene®*. CNTNAP2, which belongs to the
neurexin superfamily, plays a role in triggering protein
aggregates®>°%, was found to be differentially expressed in the
blood of PD patients with LRRK2 mutation®’, and was also
associated with PD by GWAS®3. PSM A4, a proteasome subunit, is
part of the KEGG-PD pathway (hsa05012, bta05012, and
K02728)°293 and is a member of the ubiquitin-proteasomal
pathway, which plays a key role in Parkinson’s disease®s. It also
interacts with Parkin (PARK2) and FBXO7 (PARK15)%.
HNRNPC interacts with both PARK2 and members of the Poly
(ADP-ribose)-dependent cell death pathway implicated in PD%°.
PLCB4 has been linked to PD%? and knock-out mice show motor
defects consistent with ataxial®. However, many of the less
conspicuous nodes are also known to play a role in PD, including
EGLN3, IPO5, IPO7, PALLD, PGD, RALGPS2, CYCS, SHH,
BRCA2, and others (Fig. 6c and Table 3).

Hence, the network derived from our analysis of the
ILE368ASN-PINKI mutation is revealing the convergence of
many known key PD-associated pathways. This convergence
suggests that different mutations may feed into the same PD
pathology-associated routes and that each mutation can act
through several pathways. A good example of such previously
unexplored interaction complexity are the interactions between
two prominent PD partners, PINK1 and PARKIN. The PINK1
protein is known to interact with PARKIN directly and together
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they target damaged mitochondria for degradation!!-13. How-
ever, our data indicates that the presence of the ILE368ASN-
PINK1 mutation results in the dysregulation of several other
genes that are possibly upstream of PARKIN!!, including
HNRNPC, MTRNR2L1'02, MYLI2A, and SLC25A4193, as well
as LMANI, a membrane mannose-binding lectin, which was
shown to play a role in PARKIN translocation!%4. This suggests
that the direct interaction between PINK1 and PARKIN is not the
only means by which PINK1 interacts with the PARKIN pathway.

A strength of our network analysis is that it might shed light on
PD-associated genes whose function is so far poorly understood.
An example is the mitochondria-localized CHCHD2 protein!%>,
also called PARK22. Mutations in its gene are linked with auto-
somal dominant PD, but the precise mechanism is unknown!0°,
One hypothesis is that CHCHD2 colocalizes with the mito-
chondrial contact site and cristae organizing system (MICOS)106.
However, in the DEG-based protein network, CHCHD2 directly
interacts with at least three other proteins, SLC25A4/ANT1
(STRING®?), GHITM (STRING* and GeneMANIA®!), and
NME4 (GeneMANIA®!). Evidence suggests that GHITM plays a
role in PINKI1-mediated neurodegeneration!?” and NME4 was
shown to be downregulated in PD”>. SLC25A4 (also known as
ANT1) plays an essential role in mitophagy and has been linked
to PD pathology!93108, Hence, when it comes to mediating
pathological changes in CHCHD?2-associated PD, the interaction
of CHCHD2 with SLC25A4 (ANT1), GHITM, and NME4 may
be more relevant than its previously proposed interaction with
MICOS in (Fig. 6, in pink).

We also analyzed the correlation of expression between various
gene pairs. This correlation may indicate that the genes and their
proteins are targets of the same regulatory pathway, or are otherwise
related. In our dataset, the expression of several interaction partners
shows high correlation, namely PLCB4-RALGPS-TTC3-ZNF37A,
EIF3B-HSPA8 (a major network node, ubiquitination pathway)-
PCBP1 (ubiquitination pathway). Another cluster centers on MT-
CYB and involves both mitochondrial and ubiquitination pathways
by NME1-MT-CYB-MT-ND5-MT-CO3-MRPS21 interactions.
Among the top pairs are also PSMD7-PSMB5, TAGLN-MYL9, and
VWASA- ZCCHCI11 (Supplementary Figs. 16, 17). The interactions
of these proteins may, therefore, play a key role in PINK1-mediated
PD pathology. To further investigate the involvement of this net-
work in PD, we performed a manual search and found that 68% of
the DEGs are already known to be associated with PD (Fig. 7b and
Supplementary Data 4), with nearly all major nodes having strong
PD association (Table 3 and Fig. 7b). This indicates that these nodes
may be key points of integration of the effects of PD pathology, an
idea further substantiated by the convergence of the added PARK
genes onto these nodes (Supplementary Fig. 9). Furthermore, these
nodes form a link between different functional pathways known to
be involved in PD. In particular, this is true for CUL3, HSPAS, and
PSMA4 (Supplementary Fig. 7 and Supplementary Data 3).

To see whether a reciprocal approach leads to the same con-
clusion, we looked at whether some of the known PARK proteins
directly interact with the network (Supplementary Fig. 9 and
Supplementary Table 6). This has revealed that all 19 protein-
coding PARK genes form direct interactions with the network,
often with several DEGs, as indicated by the size of the node they
form when included in the network (Supplementary Fig. 9b, d,
DEGs that directly interact with PARK proteins are in pink). Not
surprisingly, PARKIN, a known PINKI1 partner, was the most
strongly associated member of the PARK group with the DEG-
based network. The CHCHD?2 gene (PARK22) was itself identified
as one of the DEGs. The resulting network illustrates that, in spite
of the very different nature of PD-associated mutations, the
molecular pathways through which the different PARK genes
mediate PD pathology are interconnected. In fact, it is often the

central nodes which directly interact with proteins of the PARK
genes (Supplementary Table 6), which suggests that PD-
associated mutations converge on the same network of central
nodes, which then mediate common aspects of PD pathology and
would explain why mutations in so many genes lead to a similar
outcome!®. As a corollary, any mutation can lead to pathology
via several molecular paths. This allows for the involvement of a
network which contains many potential modifiers and under-
scores the role genetic background plays in PD penetrance and
severity, as alleles of several network genes may reduce or amplify
the effect of any given mutation!283.

Another line of supporting evidence for the network’s role in
PD is that, based on the STRING®® database search, the most
strongly associated KEGG pathway of this dataset is the Parkin-
son’s disease KEGG pathway (Fig. 5¢). CYCS, an important node
of the network, is part of the KEGG Parkinson’s pathway (Sup-
plementary Fig. 9 and Supplementary Data 5). The other three
KEGG pathways identified were spliceosome, Huntington’s dis-
ease, and thermogenesis, in order of decreasing strength of
association (Fig. 5¢ and Supplementary Data 5).

A surprising finding from our work, which examined neurons
during their differentiation and up to their early postmitotic state,
is that pathways known to play a key role in PD are profoundly
and consistently dysregulated at all timepoints examined, far
before the onset of PD pathology. This is in line with current
research suggesting that pathology far precedes the onset of
notable mDA neuron cell death and observable PD motor
symptoms!®110, For example, the CHCHD2 protein is part of the
purine metabolic pathway that produces DNA, RNA, nucleosides,
and nucleotides and has been shown to be altered in PD7>-78. The
DEG network illustrates that the expression of a large number of
interconnected genes in the aromatic compound metabolic
pathway is altered in cells carrying the PINKI-ILE368ASN
mutation (Supplementary Fig. 7b). In total, 39 genes of the
nitrogen compound metabolic process (Ncmp) and 88 genes
specific to the aromatic compound metabolic process (Acmp, a
subgroup of the Ncmp) are differentially expressed in our dataset
(Supplementary Data 3). Many of the DEGs identified in our
study are part of more than one pathway and, therefore, inter-
connect the various pathways known to play a role in PD,
including stress and catabolic processes’273, aromatic compound
metabolism”>, vesicle-mediated transport and exocytosis’®, RNA
metabolism”4, protein transport, localization, folding, stability,
and ubiquitination”® (Supplementary Fig. 7a-g and Supplemen-
tary Data 3). This confirms observations that PD pathology
involves many different pathways!!! and suggests that the final
stage is a result of long-term untreated pathology. It also points to
possible early alterations which may be detectable and used as a
diagnostic tool, as well as to targets for early treatment and
prevention of the disease.

To investigate whether the observed transcriptional modifica-
tions lead to functional deficits that would further support the
relevance of this model, we performed a proteomics analysis at
D25 and D40 of the protocol. D21 represents early postmitotic
neurons, while D25 represents early mature neurons and D40
mature neurons. Our first analysis showed dysregulation of
dopaminergic metabolism at D25 and D40 of differentiation
(Fig. 7b and Supplementary Table 8). The list of differentially
abundant proteins identified by proteomics analysis exhibits an
overlap with the DEGs identified in the sc-RNAseq analysis
(Fig. 7b and Supplementary Table 8) and many of these proteins
are already known to be involved in PD!!2. Importantly, two
proteins that were differentially expressed at both D25 and D40,
DDC and TH, are key enzymes involved in dopamine metabolism
and closely associated with PD!13:114_ Altogether, four proteins
were differentially expressed at both timepoints, in two
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independent biological replicates per timepoint (Fig. 7b and
Supplementary Table 8). The other two proteins are the cytos-
keletal proteins VIM (Vimentin)!1> and NES (Nestin), the latter
is co-expressed with the PD-associated gene DJ-1 (PARK7)!16.
These were found to be abnormal also by other studies, and are
involved in cytoskeletal transport, which represents a key aspect
of PD pathology!!2. Performing a network analysis based on
the proteome phenotype revealed a proteomics network
related to the transcriptional network (Fig. 7b). In all, these data
show a consistent abnormality in the levels of enzymes needed
for DA metabolism, which indicates that cells carrying the
PINKI-ILE368ASN mutation have a functional deficit of the DA
metabolic pathway that eventually can lead to neuronal loss
of mDA.

The next important step will be to investigate gene expression
alterations in aging neurons and how this leads to neurodegen-
eration in the presence of PD-associated mutations. Genetic back-
ground likely plays a greater role in PD caused by mutations with
lower penetrance or in idiopathic cases. Therefore, in the future, we
will explore the potential overlap between the network identified in
this study and the pathways altered by idiopathic disease, as well as
the effect of genetic background, by investigating isogenic controls
together with cell lines carrying PD mutations. The challenge is that
idiopathic cases can be caused by interactions between genes of
small effect and the environment, or between environmental factors
alone, which potentially broadens the spectrum of pathways
involved in the development of PD in these cases!!7-118, Many of
these pathways are unlikely to be strongly altered by gene mutations
and are likely difficult to distinguish from background noise gen-
erated by natural variation in PD-unrelated pathways. Therefore,
we first focused to understand the effect of PD-associated mutations
of strong effect, in order to detect a core network of pathways
distinctly altered in PD.

It will be of great interest to see if cells from idiopathic patients
show dysregulation of this integrated network. In fact, our ana-
lysis has identified genes, which are known to be associated with
sporadic PD, but which had no known connection to molecular
mechanisms underlying PD pathology. Knowing how they inte-
grate into the network may point to the mechanism by which
they cause PD pathology. For example, one of the top DEGs is
LGII'?. The development of antibodies to the LGI1 protein leads
to immunomodulated Parkinsonism, yet there is no known
mechanism linking it to PD pathology!'!®. In the network, LGII
directly interacts with several neighbors (Supplementary Fig. 10).
Its most important interaction is its co-expression with
CNTNAP2, which is part of the neurexin family and is required
for axon organization, and MGMT, which repairs the methylated
nucleobase in DNA, From GeneMANIA alone, the strongest
evidence is for interaction with GOLT1B, which plays a role in
Golgi transport!20. Hence, LGI1-associated pathology leading to
PD symptoms may be mediated through pathways, which are also
dysregulated by the presence of the PINKI-ILE368 ASN mutation.
CNTNAP? is another very good candidate, as it was shown to be
dysregulated in PD patients carrying a mutation in the LRRK2
gene, providing additional evidence that it likely plays a role in
PD pathology®’.

The fact that so many genes which belong to other PD mutation-
related pathways were dysregulated by the presence of the PINKI-
ILE368ASN mutation suggests that pathways involved in PD
pathology are far more interconnected than previously thought. It is
likely that PD pathology is more a disease with a characteristic
network fingerprint than a disease caused by independent muta-
tions acting through unrelated pathways (Fig. 6a). This and future
studies will hopefully provide a picture of how various mutations
feed into this network and cause its dysregulation. If idiopathic PD
is shown to also be mediated by the dysregulation of this network,

then we may finally be able to understand the cause of idiopathic
PD, which represents 80-85% of all PD cases?.

Methods
Generation of iPSC cell lines. Fibroblasts (cat. No. ND40066) isolated from a 64-
year-old male with PD symptom onset at 33 years of age who carried a homo-
zygous mutation ILE368ASN (P.I368N/P.I368N) (Supplementary Fig. 11) in the
PINKI1 gene were obtained from the Coriell Institute (Cat. No. ND40066). Samples
were collected in accordance with the US Government guidelines and are subject to
an MTA issued by Coriell Institute for Medical Research NINDS Cell Repository.
Conditions for use of the NINDS Materials are governed by the Rutgers University
Institution Review Board (IRB) and must be in compliance with the Office of
Human Research Protection (OHRP), Department of Health and Human Services
(DHHS), regulations for the protection of human subjects found at 45 CFR Part 46.
Patient consent was obtained before collection as per NINDS requirements,
described in Supplementary file “NINDS sample submission guidelines & consent”
under the section “Sample Submission”. Fibroblasts were cultured on gelatin-
coated plates (10% gelatin in PBS, coated for 10 min at room temperature) in KO
DMEM + 10% FBS + 1% penicillin/streptomycin (stock was 10,000 units penicillin
and 10 mg streptomycin ml-!) at standard culture conditions (37 °C, 5% CO2).
Live adherent fibroblasts in culture media were sent to be karyotyped by Cell
Line Genetics, Madison, WI, USA (Supplementary Fig. 1) and confirmed to have a
normal karyotype. The reprogramming of fibroblasts into pluripotent stem cells
was done at Yale Human Embryonic Stem Cell Core (New Haven CT) using the
Sendai virus. The iPSC clone was again analyzed using Array Comparative
Genomic Hybridization (aCGH), a high-resolution karyotype analysis for the
detection of unbalanced structural and numerical chromosomal alterations and
confirmed to be normal (Supplementary Fig. 2 and Supplementary Tables 9, 10).
To confirm the presence of homozygous PINK1 (P.I368N/P.I368N) mutation, PCR
was performed using GoTaq (Promega), Cycling: 950C 30, 36x (950C 15's, 600C
205, 680C 155s), 680C 5 min. Primers are listed in Supplementary Table 7
(designed using Primer3Plus and synthesized by Eurogentec). The PCR was
confirmed by electrophoresis to produce only one band, the remaining reaction
was cleaned using a PCR cleaning kit (Pure Link PCR Micro Kit Cat. 310050). The
PCR fragment was sequenced by Eurofins Genomics and sequencing results are
listed in Supplementary Fig. 11a, b (the sequence underlying Supplementary Fig. 11
has been deposited to NCBI under the accession OK050183.1). The resulting iPSC
cell lines were maintained on Geltrex matrix (Gibco) in mTeSR™1 media (StemCell
Technologies) under standard incubator conditions of 5% CO2 and humidity. The
protocol was approved by the Committee on Human Research at the University of
California San Francisco. The control cell line (also known as 17608/6) is described
in ref. 38, it was stained for Oct 3/4 and Tra-1-60 in parallel to the PINKI cell line.
The source is the dermal fibroblasts of a healthy 67-year-old male.

Analysis of iPSC status and trilineage potential by TagMan iPSC Scorecard
assay. To confirm the iPSC status of reprogrammed donor fibroblasts, we per-
formed a TaqgMan iPSC Scorecard Assay*4, which also confirmed the cells’ trili-
neage potential (Fig. 2b). We followed the protocol described by the manufacturer
of the TagMan hPSC Scorecard Assay (Thermo Fisher Scientific).

Stem cells were cultured on Geltrex matrix (Gibco) in mTeSR 1 media
(StemCell Technologies) under standard incubator conditions of 5% CO2 and
humidity. On the day of analysis, the cells were dissociated using Accutase and
pelleted by centrifugation. RNA was extracted using a Qiagen extraction kit and
cDNA was synthesized as per Scorecard kit instructions. Embryonic bodies were
generated as per Scorecard kit instructions, RNA was extracted and cDNA
synthesized in the same way as for iPSC pellets. The TagMan hPSC Scorecard Kit
384w plate was amplified using Lightcycler 480 (Roche Diagnostics) and the data
were uploaded to the hPSC Scorecard analysis software available online from
Thermo Fisher Scientific. The resulting graphs were downloaded and included in
Fig. 2.

Immunocytochemistry. A 24-well cell culture plate was seeded with iPSCs, one or
two wells per cell line, and the IPSCs were then allowed to form colonies. At least a
dozen colonies were present in each well and images were taken of several
representative stained colonies. This was performed prior to any major experiment,
to confirm the status of the cell line. Any evidence of differentiation identified by a
loss of iPSC marker expression was documented. These adherent colonies were
fixed in 4% PFA for 10 min, washed and permeabilized with 0.1% Triton X-100 in
1X PBS for 15 min, then washed and incubated in a blocking solution of 2% BSA in
1X PBS for 1 h. They were then incubated with a primary antibody for POU5F1
(also known as Oct 3/4, Santa Cruz Biotechnology, sc-5279) and TRA-1-60
(MAB4360, Merck Millipore) at 1/500 dilution in blocking solution, overnight at
4°C (Fig. 2a). The next day they were washed three times with PBS and a sec-
ondary antibody (AlexaFluor 488, Thermo Fisher) was applied at a 1/1000 dilution
in blocking solution and incubated for 1h at room temperature. The cells were
then washed three times with PBS and imaged. Differentiated cells were stained for
microtubule-associated protein 2 (MAP2, MAB3418, Merck Millipore), tyrosine
hydroxylase (TH, Pel-Freez Biologicals P40101), PAX6 (901301, Imtec diagnostics)
at 1/500 dilution, PITX3 (Sigma-Aldrich, HPA044639), LMX1A (Abcam,
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ab139726) and SLC6A3/DAT (Thermo fisher, PA1-4656). (Supplementary Table 7
and Supplementary Figs. 3, 13, 14). Images were captured using a confocal Zeiss
Laser Scanning Microscope 710 with a 20x air objective and processed using ZEISS
ZEN Microscope Software. The same preset parameters were used for the acqui-
sition of images. Images were converted from.czi format to.tiff format and scale
bars were added using Fiji open-source software!21,

Differentiation of iPSCs into mDA neurons. The protocol used to differentiate
iPSCs into mDA neurons was modified from refs. 24122 (Table 1). The iPSCs were
grown to 95% confluence, dissociated using accutase, and 1.5 wells were combined
into one well at day —1. They were allowed to recover in the presence of ROCK
inhibitor for about 8 h and then in mTeSR without ROCK inhibitor for about 16 h.
After this, day 0 media were applied (Table 1). Both control and PINKI-
ILE368ASN cell lines were differentiated at the same time so that they would be
subject to the same conditions. Different timepoints were generated by repeating
the differentiation protocol on a later date, as described in Supplementary Table 2.

Cells were fed fresh media daily, 36 ml per six-well plate or as needed, judging
consumption from media color, and replacing media whenever it started to turn
yellow, using the appropriate media and factor mix for that day.

Real-time quantitative PCR of mDA and non-mDA markers. Total RNA was
extracted from a cell pellet of a 12-well plate well using the RNeasy Plus Universal
Kit Mini (50), Catalog no. 73404), as per manufacturer instructions. The RNA
concentration was determined through absorption at 260 nm using the Nanodrop
instrument (Fisher Scientific). The Superscript IIITM First-Strand Synthesis Sys-
tem for RT-PCR (Invitrogen) was used to prepare cDNA, using oligo(dT)20 and
2 ug of total RNA as per manufacturer instructions. The cDNA was stored at
—20°C.

Primers were designed using Primer Blast!?3 and synthesized by Eurogentec
Belgium. The primers used are listed in Supplementary Table 7. Standard templates
of 90-150 bp in length were generated by PCR, purified using Invitrogen Pure Link
PCR Micro Kit (K310050), and their concentration determined using NanoDrop
Spectrophotometer. These were then diluted to generate a series of standards of
known concentration, from 200 to 0.002 fgpul~!. The cDNA levels within samples
were determined using quantitative real-time PCR (QRT-PCR) on a Roche
Lightcycler 480 using the Maxima® SYBR Green/ROX qPCR Master Mix (2x) (cat.
#K0223) using absolute quantitation by generating a standard curve based on the
standards of known concentration and extrapolating the concentration of the
unknowns (samples). The parameters were: initial denaturation at 95 °C for
10 min., followed by 40 cycles of 95 °C for 15, 60 °C for 30s, and 72 °C for 35s.
This was followed by a dissociation curve to confirm that only one PCR product
was present. Each absolute concentration of a particular gene was then divided by
the absolute concentration of a housekeeping gene, in this case, GAPDH. In
previous experiments, GAPDH has been identified as the most stable housekeeping
gene in iPSCs and in iPSCs differentiating using our protocol. The values were,
therefore, standardized per total RNA of the sample, since 2 ug of total RNA was
used for every sample, as well as per expression GAPDH.

Statistics and reproducibility. In real-time qPCR graphs, each timepoint consists
of at least three independently differentiated samples, seeded at the same time,
hence representing biological replicates. The sample concentration was determined
by absolute quantitation, comparing the sample concentration to a known con-
centration of a standard template identical to the one being amplified. The value
was standardized to total RNA, by cDNA synthesizing each cDNA sample from a
standard amount of total RNA for each sample. This value was then divided by the
concentration of GAPDH obtained for that particular sample, thus standardizing to
GAPDH levels and generating a unitless number denoting expression relative to the
expression of the housekeeping gene GAPDH. GAPDH was selected from among a
number of possible housekeeping genes, as it showed the best ability to normalize
gene expression in a population of untreated samples. A detailed description of this
rationale and approach is in Novak et al.!2%, Each of the samples was amplified in
duplicate. Each sample value was an average of the experimental duplicate. Stan-
dard error was calculated as the standard deviation of the three biological repli-
cates, divided by the square root of the number of samples!2°.

To allow for reproducibility through independent analysis, all datasets were
made accessible and can be accessed from repositories listed in the Code
availability and Data availability sections.

Single-cell RNA sequencing. On the day of collection, cells were dissociated using
accutase. The single-cell suspension was spun down and cells were washed with
(PBS, 2% BSA) twice, then passed through a 40 um filter to remove larger cell
clumps. The sample was then counted and viability was determined using (Vi-
CELL XR, Cell Counter, Beckman Coulter). Cells were required to have at least a
95% viability. The samples were then diluted in PBS with 2% BSA to a final
concentration of 190,000 cells ml~!. About 3 ml were then used for single-cell
analysis. Subsequently, cells were processed by the Drop-Seq approach37:126:127 and
sequenced.

Microfluidics fabrication for single-cell RNAseq. Microfluidics devices were
generated on-site, using a technique described below, which is based on an earlier
Drop-Seq protocol37:128129_ Soft lithography was performed using SU-8 2050
photoresist (MicroChem) on a 4” silicon substrate, to generate a 90 pm aspect
depth feature. The wafer masks were subjected to silanization overnight using
chlorotrimethylsilane (Sigma), before being used for the fabrication of micro-
fluidics. Silicon-based polymerization chemistry was used to fabricate the Drop-Seq
chips. In short, we prepared a 1:10 ration mix of polydimethylsiloxane (PDMS)
base and cross-linker (Dow Corning), which was degassed and poured onto the
Drop-Seq master template. PDMS was cured on the master template, at 70 °C for
2h. After cooling, PDMS monoliths were cut and 1.25 mm biopsy punchers
(World Precision Instruments) were used to punch out the inlet/outlet ports. Using
a Harrick plasma cleaner, the PDMS monolith was then plasma bonded to a clean
microscope glass slide. After the pairing of the PDMS monolith’s plasma-treated
surfaces with the glass slide, we subjected the flow channels to a hydrophobicity
treatment using 1H,1H,2H,2H-perfluorodecyltri-chlorosilane (in 2% v/v in FC-40
oil; Alfa Aesar/Sigma) for 5 min of treatment. Excess silane was removed by being
blown through the inlet/outlet ports. Chips were then incubated at 80 °C for

15 min.

Single-cell isolation and RNA capturing. We determined experimentally that,
when using the microfluidics chips, a bead concentration of 180 beads/pL is
optimal for an efficient co-encapsulation of the synthesized barcoded beads
(ChemGenes Corp., USA) and cells, inside droplets containing lysis reagents in
Drop-Seq lysis buffer medium. Barcoded oligo (dT) handles synthesized on the
surface of the beads were used to capture cellular mRNA.

For cell encapsulation, we loaded into one syringe each, 1.5 ml of bead
suspensions (BD) and the cell suspension. Micro-stirrer was used (VP Scientific) to
keep beads in homogenous suspension. For the droplet generation, a QX200 carrier
oil (Bio-Rad) was loaded into a 20-ml syringe and used as a continuous phase. To
create droplets, we used KD Scientific Legato Syringe Pumps to generate 2.5 and
11 ml/h flowrates for the dispersed and continuous phase flows, respectively. After
the droplet formation was optimal and stable, the droplet suspension was collected
into a 50-ml Falcon tube. In total, 1 ml of the single-cell suspension was collected.
Bright-field microscopy using INCYTO C-Chip Disposable Hemacytometer
(Thermo Fisher Scientific) was used to evaluate droplet consistency and stability.
To avoid multiple beads per droplet, bead formation and occupancy within
individual droplets was monitored throughout the collection process.

The subsequent steps of droplet breakage, bead harvesting, reverse
transcription, and exonuclease treatment were carried out as described below, in
accordance with the Drop-Seq protocol?’. The RT buffer was premixed as follows,
1x Maxima RT buffer, 4% Ficoll PM-400 (Sigma), 1 uM dNTPs (Thermo Fisher
Scientific), 1 U/ml RNase Inhibitor (Lucigen), 2.5 uM Template Switch Oligo, and
10 U/ml Maxima H-RT (Thermo Fisher Scientific). After Exo-I treatment,
INCYTO C-Chip Disposable Hemacytometer was used to estimate the bead
counts, and 10,000 beads were aliquoted in 0.2 ml Eppendorf PCR tubes. We then
added 50 pl of PCR mix, consisting of 1x HiFi HotStart ReadyMix (Kapa
Biosystems) and a 0.8 mM Template Switch PCR primer. The thermocycling
program of the PCR was 95 °C (3 min), four cycles of 98 °C (205s), 65 °C (45s),
72°C (3 min) and 9 cycles of 98 °C (205), 67 °C (20's), 72 °C (3 min), and a final
extension step of 72 °C for 5min. After PCR amplification, 0.6x Agencourt
AMPure XP beads (Beckman Coulter) were used for library purification according
to the manufacturer’s protocol. The purified libraries were eluted in 10 pl RNase/
DNase-free Molecular Grade Water. We used the Bioanalyzer High Sensitivity
Chip (Agilent Technologies) to analyze the quality and concentration of the
sequencing libraries.

NGS preparation for Drop-seq libraries. The 3’ end-enriched cDNA libraries
were prepared by tagmentation reaction of 600 pg cDNA library using the standard
Nextera XT tagmentation kit (Illumina). Reactions were performed according to
the manufacturer’s instructions. The PCR amplification cycling program used was
95°C 30's, and 12 cycles of 95 °C (10's), 55 °C (30's), and 72 °C (30 s), followed by a
final extension step of 72 °C (5 min). Libraries were purified twice to reduce pri-
mers and short DNA fragments with 0.6x and 1x Agencourt AMPure XP beads
(Beckman Coulter), respectively, in accordance with the manufacturer’s protocol.
Finally, purified libraries were eluted in 10 pl Molecular Grade Water. Quality and
quantity of the tagmented cDNA library were evaluated using Bioanalyzer High
Sensitivity DNA Chip. The average size of the tagmented libraries prior to
sequencing was between 400 and 700 bps.

Purified Drop-seq cDNA libraries were sequenced using Illumina NextSeq 500
with the recommended sequencing protocol except for 6 pM of custom primer
(GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC) applied for
priming of read 1. Paired-end sequencing of 20 bases (covering the 1-12 bases of
random cell barcode and the remaining 13-20 bases of random unique molecular
identifier (UMI)) was performed for read 1, and of 50 bases of the genes for read 2
(Supplementary Fig. 4).

Bioinformatics processing and data analysis. The FASTQ files were assembled
from the raw BCL files using Illumina’s bcl2fastq converter and run through the
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FASTQC codes (Babraham bioinformatics; https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) to check for consistency in library qualities. The monitored
quality assessment parameters monitored were (i) per-base sequence quality (espe-
cially for the read 2 of the gene), (ii) per-base N content, (iii) per-base sequence
content, and (iv) over-represented sequences. The FASTQ files were then merged and
converted into binaries using PICARD’s FastqToSam algorithm. The sequencing
reads were converted into a digital gene expression matrix using the Drop-seq
bioinformatics pipeline”.

Single-cell RNAseq data analysis. The identification of low-quality cells was
done separately for each dataset. In order to select only the highest quality data, we
sorted the cells by their cumulative gene expression. Only cells with the highest
cumulative expression were considered for the analysis!30.

In addition to this filtering, we defined cells as low-quality based on three
criteria for each cell. The number of expressed genes must be more than 200 and 2
median absolute- deviations

(MADs) above the median; the total number of counts has to be 2 MADs above
or below the median, and the percentage of counts to mitochondrial genes has to be
1.5 MADs above the median. Cells failing at least one criteria were considered as
low-quality cells and filtered out from the further analysis. Similar to the cell
filtering, we filtered out low-quality genes, identified by being expressed in less than
ten cells in the data.

The integration of the filtered matrices of the different datasets was performed
using scTransform!3! on a Seurat object!32 based on the treatment. The final gene
expression matrix, which was used for the downstream analysis, consisted of 4495
cells and 39,194 genes with a median total number of mRNA counts of 7750 and a
median number of expressed genes of 3521. Principal component analysis (PCA)
was computed using the 5000 most variable genes of the integrated data. The
clustering of data were performed using Louvain clustering. The resolution of the
clustering was selected based on the best silhouette score of the different
resolutions!33. A shortlist of manually curated markers was used to validate the
different stages of the differentiation process.

We then performed differential expression analysis between the two treatments
(control and PINKI) at each timepoint. The differential expression analysis was
done using MAST!32 (default parameters) on the normalized counts using the total
number of transcripts in each cell as a covariate and the Bonferroni correction to
correct for multiple hypothesis testing (Padj). In addition, we tried to find
conserved markers among the different timepoints using MAST again and the total
number of transcripts in each cell as a latent variable. Genes with fold changes of
the same sign in the fold change were then identified across the different
timepoints and the average fold change was calculated. The genes with average fold
change > 0.1 and maximum adjusted p value < 0.01 were selected as differentially
expressed.

The first analysis of pairwise differential expression at each timepoint (adjusted
p values (p,gj) <0.01 fold changes (FC) >0.1) was performed to identify genes that
were upregulated and downregulated in the PINK1 cell line compared to control
(see Results section). The analysis was repeated with the exclusion of iPSCs and
using only D6, D15, and D21 timepoints. We then used the maximum adjusted p
value in a pairwise combination as an adjusted p value, and the average fold change
that occurred in the pairwise comparison as fold change threshold hence retained
only genes dysregulated in the same direction at all timepoints (Group B). We then
took the mean of FC of the different timepoints to reduce the effect of the
variability between pairs due to their different differentiation states. The analysis
was performed for the four timepoints (iPSCs, D6, D15, and D21), taking into
account only the absolute degree of change in iPSCs (Group C). The analysis was
then repeated using only timepoints D6, D15, and D21 (Group D).

Network analysis. We extracted protein-protein interaction information between
the DEGs from STRING>® and from GeneMANIA®!. We excluded indirect asso-
ciation, such as text mining, co-occurrence, and neighborhood from STRING, and
co-expression, colocalization, shared protein domains, and predicted interactions
from GeneMANIA, retaining only genetic interactions, pathways, and physical
interactions (2122 interactions in total). We deleted any genes or interactions that
were added by these databases, in order to only focus on DEGs and interactions
among them. The network diameter was calculated and betweenness centrality was
used to illustrate the relative importance of each node within the network. As a
control, we selected the same number of genes at random, using the list of genes
detected by our RNAseq analysis, excluding DEGs. This control set did not pro-
duce a network and led to a mostly disconnected array of genes (Supplementary
Fig. 5). Networks were also generated using the STRING and GeneMANIA inputs
independently (Supplementary Fig. 9). We constructed a correlation network based
on the correlation of expression of DEGs (p value <0.05, correlation >0.1) and
identify edges that are common to the two networks. This network consisted of 860
interactions (Supplementary Fig. 16). We then extracted shared interactions of
these two networks, which amounted to 297 interactions (Supplementary Fig. 17a).
In order to validate the PPI network produced by STIRNGdb (v10), we created
50 PPI (protein—protein interaction) networks using 292 random genes (same as
the number of DEGs). We then compared the number of detected proteins, the
number of interactions between the genes, and the distribution of the node degrees.
We performed the Wilcoxon test to access if the two-degree distributions are

different from one another in a statistically significant manner, which showed a
statistically significant difference (p = 2.22e-16) (Supplementary Fig. 17b).

Proteome analysis. Cell pellets were lysed in 1% sodium deoxycholate in 50 mM
sodium bicarbonate pH8. After sonication, samples were incubated on ice for

30 min and centrifuged at 4 °C for 30 min at 16,000xg. Supernatants were recov-
ered and quantified using PierceTM BCA Protein Assay Kit (23225, Thermo Sci-
entific). Protein extracts (10 ug) were reduced with 10 mM DTT for 45 min at

37 °C, incubated for 15 min at room temperature, then alkylated with 25 mM
iodoacetamide for 30 min at room temperature in darkness. Proteins were further
digested overnight at 37 °C with 0.2 ug of trypsin/Lys-C Mix (V507A, Promega).
Samples were acidified in 1% formic acid and centrifuged for 10 min at 12,000 x g.
Supernatants were recovered and peptides were desalted on Sep-Pak tC18 pElution
Plates (Waters, 186002318), dried by vacuum centrifugation, and reconstituted in
25 ul of 1% Acetonitrile/0.05% trifluoroacetic acid.

Following quantification by nanodrop, each sample (200 ng) was analysed by
mass spectrometry. The LCMS setup consisted of a Dionex Ultimate 3000 RSLC
chromatography system configured in column switching mode. The mobile phases
A and B consisted of 0.1% formic acid in water and 0.1% formic acid in acetonitrile,
respectively. The loading phase consisted of 0.05% trifluoroacetic acid and 1%
acetonitrile in water. The LC system was operated with a Thermo pepmap100 C18
(2 um particles) 75 um x 15 cm analytical column (loading 5 ul min~1; analytical
300 nl min—!). The loading column consisted of Thermo pepmap100 C18 (3 um
particles) 75 pm x 2 cm. Samples were separated by a linear gradient ranging from
2% B to 35% B 66 min and sprayed into the mass spectrometer using a Nanospray
Flex (Thermo Scientific) ion source. MS acquisition was performed on Q Exactive-
HF (Thermo Scientific) operated in data-dependent acquisition mode. MS cycle
(AGC MS1 3e6; AGC MS2 1e5) consisted of a high-resolution survey scan (60,000
at 200 m/z) followed by the fragmentation of the top 12 most intense peptides at a
resolution of 15,000 at 200 m/z. Dynamic exclusion of already fragmented peptide
ions was set to 20s.

Analysis was performed with the MaxQuant software package version
1.6.17.0134, The minimum ratio for LFQ was set to 2. An FDR <1% was applied for
peptides and proteins. A human Uniprot database (July 2018) was used to perform
the Andromeda search!3>. Oxidized methionine and acetylated N-termini were set
as variable modifications while carbamidomethylation on cysteine was set as a fixed
modification. Peptide tolerance was 20 ppm. MS intensities were normalized by the
MaxLFQ algorithm!3¢ implemented in MaxQuant while using the match-between-
runs feature.

Ethics. Patient-derived cell lines were handled according to the ethics guidelines set
out by the National Ethics Board of Luxembourg, (Comité National d’Ethique dans
la Recherche; CNER). The use of these cell lines is governed by a materials transfer
agreement (MTA) with the NINDS (fibroblast supplier), which states that the
conditions for use of the NINDS Materials are governed by the Rutgers University
Institution Review Board (IRB) and must be in compliance with the Office of
Human Research Protection (OHRP), Department of Health and Human Services
(DHHS), regulations for the protection of human subjects found at 45 CFR Part 46.
Patient consent was obtained before collection as per NINDS requirements. Samples
are collected with informed consent (under IRB approval) and the process is
described in Supplementary file “NINDS sample submission guidelines & consent”
under the section “Sample Submission”. https://catalog.coriell.org/1/NINDS/About/
NINDS-Repository-FAQ; https://stemcells.nindsgenetics.org/?line=ND40066

Reporting Summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The sequence underlying Supplementary Fig. 11 has been deposited to NCBI under the
accession OK050183.1. Single-cell RNAseq data is available through the Gene Expression
Omnibus (GEO), accession number GSE183248. The proteomics data is available via the
Proteomics Identification Database (PRIDE), identifier PXD028283. The proteomics
dataset is available at https://r3lab.uni.lu/frozen/cca2-s098, with a https://doi.org/
10.17881/cca2-s098.

Code availability
All analysis scripts are publicly available via: https://gitlab.lcsb.uni.lu/ICS-lcsb/
ipscs_pinkl.
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