
1

PhD-FSTM-2023-033 

The Faculty of Science, Technology and Medicine 

DISSERTATION 
Defence held on 25/05/2023 in Esch-sur-Alzette 

to obtain the degree of 

DOCTEUR DE L’UNIVERSITÉ DU LUXEMBOURG 

EN BIOLOGIE
by

Pauline Mencke 
Born on 23rd of November 1993 in Stuttgart-Bad Cannstatt (Germany)

EXAMINATION OF ROLE AND FUNCTION OF DJ-1 IN 
PARKINSON’S DISEASE AND GLIOBLASTOMA 

Dissertation defence committee 
Prof. Dr. Rejko Krüger, dissertation supervisor  
Professor, University Luxembourg  
Prof. Dr. Michel Mittelbronn, Chair  
Professor, University Luxembourg  
Assoc. Prof. Dr. Johannes Meiser, internal expert  
Assoc. Professor, University Luxembourg 
Prof. Dr. Lena Burbulla 
Professor, Ludwig-Maximilians-University Munich, Germany 
Prof. Dr. Ulrike Naumann 
Professor, University Tübingen, Germany  
Prof. Dr. Wim Vandenberghe 
Professor, UZ Leuven, Belgium  
Assistant Prof. Dr. Guido Bommer 
Assistant Professor, Catholic University of Louvain, Belgium 



2



3

Dissertation defence committee 
Prof. Dr. Rejko Krüger, dissertation supervisor  

Professor, University Luxembourgg   

Prof. Dr. Michel Mittelbronn, Chair   

Professor, University Luxembourg  

Assoc. Prof. Dr. Johannes Meiser, internal expert   

Assoc. Professor, University Luxembourg  

Prof. Dr. Lena Burbulla 

Professor, Ludwig-Maximilians-University Munich, Germany 

Prof. Dr. Ulrike Naumann 

Professor, University Tübingen, Germany  

Prof. Dr. Wim Vandenberghe 

Professor, UZ Leuven, Belgium  

Assistant Prof. Dr. Guido Bommer 

Assistant Professor, Catholic University of Louvain, Belgium 



Fondation Jean Think 
Luxembourg  

4



Table of contents 
Abbreviations .........................................................................................................6 
Summary ................................................................................................................7 

Manuscript I ........................................................................................................9 
Bidirectional Relation Between Parkinson’s Disease and Glioblastoma Multiforme...9 

Manuscript II .......................................................................................................25 
The Role of DJ-1 in Cellular Metabolism and Pathophysiological Implications for 
Parkinson’s Disease ........................................................................................25 

Motivation and Aims ...............................................................................................45 
Manuscript III ......................................................................................................46 

Generation and characterization of a genetic Parkinson’s disease-patient-derived 
iPSC line DJ-1-delP (LCSBi008-A) ..................................................................46 

Manuscript IV .......................................................................................................53
      Generation of isogenic control DJ-1-delP GC13 for the genetic Parkinson‘s

disease-patient-derived iPSC line DJ-1-delP (LCSBi008-A-1).........................53
Manuscript V .......................................................................................................61

Regulation of metabolism and immune response via DJ-1 defines human 
astrocytic cell fate in Parkinson’s disease and Glioblastoma multiforme.........61

Discussion ..............................................................................................................124 
Conclusion and Perspectives .................................................................................133 

Manuscript VI ......................................................................................................136 13
Mitochondrial and Clearance Impairment in p.D620N VPS35 Patient-
derived Neurons ...............................................................................................136 

Manuscript VII ......................................................................................................150 
GDAP1 loss of function inhibits the mitochondrial pyruvate dehydrogenase complex 
by altering the actin cytoskeleton .....................................................................150 

Bibliography.............................................................................................................167  

Appendix .................................................................................................................135 

Affidavit ....................................................................................................................173
Acknowledgements ..................................................................................................174

5

Table of contents



Abbreviations 
Abbreviation Explanation 

CRISPR 
Clustered Regularly Interspaced Short 
Palindromic Repeats 

GBM Glioblastoma 
GSH glutathione 
GSSG oxidized glutathione 
iPSC induced pluripotent stem cells 
OE overexpression 
OXPHOS oxidative phosphorylation 
PARK7 Parkinson Disease Protein 7 
PCR polymerase chain reaction 
PD Parkinson’s disease 
mRNA precursor mRNA 
NAC N-acetylcysteine
qPCR real-time PCR 
ROS reactive oxygen species 
shCtrl small hairpin RNA control 
shRNA small hairpin RNA 
smNPCs small molecule neural precursor cells 
TCA cycle tricarboxylic acid cycle 
WT wildtype 

6

Abbreviations



Summary 

In the last years, there is increasing evidence for an inverse association between the risk 

of developing Parkinson`s disease (PD) and cancer. In fact, it was shown by several 

epidemiological studies that there is an inverse correlation for gene expression in PD and 

cancer: genes that are down-regulated in PD can be up-regulated in cancer and vice 

versa1,2. However, there are some exceptions where a direct correlation for gene 

expression in PD and cancer can be observed as it was shown that the downregulation of 

the PD-associated Parkin gene promotes cell proliferation in pancreatic cancer3.  

Parkinson´s disease (PD) is a neurodegenerative disease that is characterized in the first 

place by three cardinal symptoms: tremor, rigidity and bradykinesia resulting from loss of 

dopaminergic neurons in the substantia nigra pars compacta4. Currently, there is no cure 

for PD and no treatment that will stop the progress of the disease. Nonetheless, symptoms 

can be treated e.g., with Levodopa. Most primary PD cases are idiopathic and familial PD 

caused by known mutations in different genes is rather rare5. Much research has been 

done to unveil mechanisms underlying the pathology of PD. Nonetheless, due to the 

complexity and heterogeneity of PD, the etiology is not yet fully understood. So far, the 

association of PD and cancer was mainly focusing on the most common cancers like lung, 

colorectal or prostate cancer. Despite that, PD-associated genes can also be involved in 

rather rare cancer types like Glioblastoma (GBM). In fact, high expression of PD-

associated genes play an important role in tumor proliferation and migration of glioma cells 

due to their influence on cell cycle and apoptosis6. Similar to PD, there is no cure for and 

a gap in knowledge of GBM, a highly aggressive brain tumor that is associated with high 

morbidity and mortality. Current treatment for GBM includes surgical resection if feasible 

prior to radiotherapy and/or chemotherapy7. Nevertheless, a deeper understanding of the 

pathogenesis of GBM and mechanisms of tumor resistance is necessary to manage and 

treat these tumors more efficiently. The origin of GBM is still unsolved and for many years, 

astrocytes were claimed to be the cells of origin for GBM. Currently, neural stem cells and 

oligodendrocyte precursor cells are also considered to be involved in gliomagenesis8. 
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It was shown that two identical mutations in one gene can cause either neuronal cell death 

in PD when present in the germline or increased cell survival in cancer in case it is present 

in somatic cells9. This intriguing relationship between PD and cancer reveals a new 

perspective to the well-known opposing cell fates of neuronal degeneration and cell death 

in PD and the uncontrolled proliferation as well as enhanced resistance to death observed 

in cancer cells10. 

In the scope of the present study, we analyzed the effect of the loss of DJ-1 in PD-patient-

derived astrocytes using isogenic cell models and the role of DJ-1 in different GBM cell 

lines. We further examined inverse modulatory effects of DJ-1 upregulation in PD cells 

and DJ-1 downregulation in GBM cells and characterized the role of this protein in both 

diseases. We found that DJ-1 deficient astrocytes show an impairment in metabolism and 

cell growth, decreased glutathione (GSH), and increased oxidized glutathione (GSSG) 

levels, and an increase in reactive oxygen species (ROS) and apoptosis. Importantly, DJ-

1 deficient astrocytes showed an increased immune response upon stimulation, as seen 

by increased cytokine expression and release. We assessed the functional relevance of 

the altered immune response by analyzing the migration behavior of human T-cells 

towards the astrocytes upon stimulation and found that DJ-1 deficient astrocytes attract 

more T-cells and that knockdown of DJ-1 in the T-cells is increasing the migration of the 

T-cells towards the astrocytes even more. All these phenotypes could be rescued by

glutamine or N-acetylcysteine (NAC) supplementation, leading to the hypothesis that

increased ROS levels in the DJ-1 deficient astrocytes cause a reduction of tricarboxylic

acid (TCA) cycle flux and eventually increased cytokine release. Consistently, we

observed that DJ-1 overexpression astrocytes have an increased metabolic activity and

cell growth. Concordantly with the results in the DJ-1 overexpression astrocytes, we saw

that knockdown of DJ-1 in the GBM cells is decreasing the TCA cycle flux and cell growth.

Taken together, our results highlight that DJ-1 levels modulate metabolism, growth and 

immune response in astrocytes and the growth and metabolic activity of GBM cells. This 

is the first study analyzing PD-patient-derived DJ-1 deficient isogenic astrocytes and the 

first study comparing phenotypes of DJ-1 overexpression astrocytes and DJ-1 knockdown 

GBM cells to investigate common pathways of neurodegeneration and cancer.  
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Cancer and Parkinson’s disease (PD) define two disease entities that include opposite

concepts. Indeed, the involved mechanisms are at different ends of a spectrum related

to cell survival - one due to enhanced cellular proliferation and the other due to premature

cell death. There is increasing evidence indicating that patients with neurodegenerative

diseases like PD have a reduced incidence for most cancers. In support, epidemiological

studies demonstrate an inverse association between PD and cancer. Both conditions

apparently can involve the same set of genes, however, in affected tissues the expression

was inversely regulated: genes that are down-regulated in PD were found to be

up-regulated in cancer and vice versa, for example p53 or PARK7. When comparing

glioblastoma multiforme (GBM), a malignant brain tumor with poor overall survival, with

PD, astrocytes are dysregulated in both diseases in opposite ways. In addition, common

genes, that are involved in both diseases and share common key pathways of cell

proliferation and metabolism, were shown to be oppositely deregulated in PD and

GBM. Here, we provide an overview of the involvement of PD- and GBM-associated

genes in common pathways that are dysregulated in both conditions. Moreover, we

illustrate why the simultaneous study of PD and GBM regarding the role of common

pathways may lead to a deeper understanding of these still incurable conditions.

Eventually, considering the inverse regulation of certain genes in PD and GBM will help

to understand their mechanistic basis, and thus to define novel target-based strategies

for causative treatments.

Keywords: Parkinson’s disease, glioblastoma multiforme, pleiotropy, cancer, neurodegeneration

CANCER AND NEURODEGENERATION

The Inverse Association of Parkinson’s Disease and Cancer
There is now accumulating evidence for an inverse association between Parkinson’s Disease (PD)
and cancer (1–3). Studies suggest that people affected by a neurodegenerative disorder have a
reduced incidence for most cancers (4, 5). Molecular studies showed that there is an inverse
correlation of the expression of shared genes in PD and cancer: genes down-regulated in PD
can be up-regulated in cancer and vice versa (6, 7). These inversely correlated gene expression
may affect the same pathways in opposite ways, either involving genetic or environmental factors
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(5, 8, 9). Shared genetic pathways deregulated in opposite ways
are a major focus, particularly those favoring apoptosis and
cell proliferation, influencing cell cycle control, DNA repair,
and kinase signaling (4). Common mechanisms such as chronic
inflammation (10) and immunosenescence, and common risk
factors like diabetes and obesity, have been implicated in both
conditions (11, 12).

Parkinson’s Disease
PD is a neurodegenerative disease characterized by three cardinal
motor symptoms: tremor, rigidity and bradykinesia resulting
from loss of dopaminergic neurons in the substantia nigra pars
compacta (13). PD affects 1–2% of the population over 60 years
(14). Age of onset before the age of 40 is seen in <5% of the cases
in population-based cohorts, which is typical of familial cases
of PD with underlying genetic cause like mutations in SNCA,
Parkin, PINK1, DJ-1, LRRK2, ATP13A (Table 1). Monogenic
forms of PD are rare. In general, genetic factors are claimed to be
involved in 5–10% of the cases (14). Histopathological hallmarks
of PD are proteolytic inclusions called Lewy bodies (LB) and
Lewy neurites containing α-synuclein (47). Cellular hallmarks of
PD are an impairment of proper functioning of molecular and
organelle degradation pathways like the ubiquitin–proteasome
system and autophagy (48). In particular, the process of removing
defective mitochondria from the cells is known to be impaired
in PD (49). This process is a special form of autophagy, called
mitophagy (50), and is regulated by the PD-linked proteins
PINK1 and Parkin (51). The impairment of autophagy, lysosomal
and mitochondrial function in PD can lead to the accumulation
of α-synuclein and defective mitochondria (52) and, ultimately,
to neurodegeneration. The diagnostic of PD is mostly a clinical
diagnosis as it is based on neurological tests when the PD
patients already show motor symptoms. Due to the complexity
and heterogeneity of PD, the etiology is not yet fully understood.
Therefore, there is no cure for PD and no treatment that will stop
the progress of the disease and treatment is only symptomatic,
e.g., levodopa therapy. This is why it is important to investigate
underlying mechanisms of PD to stratify causative treatments.

Glioblastoma Multiforme
Glioblastoma multiforme (GBM) is the most malignant tumor
of the central nervous system. GBM tumors are most likely
developing from astrocytes (53). Based on their histological
and clinical features, astrocytomas are classified into four
different subtypes according to the WHO classification: Pilocytic
astrocytoma, diffuse astrocytoma, anaplastic astrocytoma, and
GBM. Pilocytic and diffuse astrocytoma are characterized
by a rather low growth rate, while anaplastic astrocytoma
and GBM show common uncontrolled proliferation and
diffuse tissue penetration (54). GBM is characterized by poor
prognosis, low survival rates, and extremely limited opportunities
for therapy. Symptoms of GBM are rather unspecific like
increased intracranial pressure, including headache and focal
or progressive neurologic deficits. Seizures are the presenting
symptom in 25% of patients and can occur at a later stage of
the disease in 50% of patients (55). Malignant gliomas are the
third leading cause of cancer death for people aged between

15 and 34, accounting for 2.5% of the global cancer death toll.
GBM has a maximum incidence in patients aged more than
65 years, and is mainly affecting the cerebral hemispheres (54).
A cellular hallmark of GBM and all cancers is the so-called
Warburg effect which describes the phenomenon that cancer
cells use aerobic glycolysis to produce ATP (56). GBM cells are
characterized by increased glucose uptake and lactate production
(57). GBM cells also use oxidative phosphorylation (OXPHOS)
(57). The hypoxic GBM tumor environment allows the constant
expression of hypoxia inducible factors 1 alpha and 2 alpha (HIF-
1α, HIF-2α). Hypoxia and hypoxia-stabilized HIFs regulate GBM
metabolism by stabilizing genes involved in metabolism like
the glucose transporters GLUT1 and GLUT3, thereby sustaining
an increased glucose uptake of the GBM cells (57). Also, the
enzyme catalyzing the first step in glycolysis, hexokinase, is
hypoxia/HIF regulated (57). As for PD, the diagnosis of GBM is
typically made when first symptoms occur and rely on clinical
examination and neuroimaging methods. However, mostly both
diseases are diagnosed at an advanced stage of tumor growth
or neurodegeneration, respectively. Treatment strategies of GBM
are based on a multidisciplinary approach. Current standard
therapy is a combination of maximal safe surgical resection of
the tumor and subsequent radiation and chemotherapy with
temozolomide (Temodar R©), an oral alkylating agent. However,
even with advances in surgical resection, the prognosis for GBM
patients remains poor, with a median survival of 15 months (55).

COMMON GENES IN PD AND GBM

A common set of genes like the tumor suppressor p53, epidermal
growth factor and its receptor EGF(R), the glyoxalase and
deglycase DJ-1 and biological processes are deregulated in
opposite directions in PD and GBM (6). Particularly, there
is evidence that PD-associated genes are involved in GBM
pathogenesis (Table 1). A summary of publications examining
and exhibiting the involvement of PD-associated genes in GBM
is shown in Table 1. Consistent with PD-associated genes being
involved in GBM, it is important to note that mutations in
the same gene can behave differently if they are germline or
somatic mutations. For example, mutations in PARK2 affecting
the Parkin protein can cause neuronal cell death in PD if they
are present in the germline, or increased cell survival in GBM if
they are present in somatic cells like astrocytes (Figure 1). (25).
Pathways that are affected in PD and GBM are overlapping but
are regulated inversely by alternatively regulated genes. These
pathways are regulating cell proliferation and cell metabolism as
well as mitochondrial clearance (1). In the following, examples
for inversely regulated pathways in PD and GBM are illustrated
and the role of commonly involved genes in both diseases in the
regulation of these pathways will be outlined.

Pro-Survival Signaling
Pro-survival signaling is one of the most important pathways
regulating and sustaining cell proliferation. Once dysregulated,
uncontrolled cell proliferation can lead to tumorigenesis. This
is why cell proliferation and apoptosis need to be in a tight
equilibrium, which is well controlled by many mediators.
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TABLE 1 | Overview PD-genes in GBM.

PD-associated gene GBM Function Involvement in disease

PARK1 (SNCA) (15–23) Important role in maintaining an adequate supply of synaptic

vesicles in presynaptic terminals

Meningioma: (24)

PARK1 was shown to contribute to

malignant progression of tumors

PARK2 (Parkin) (25–33) Regulation of autophagy, important for mitochondrial

maintenance

Autophagy pathway

PARK5 (UCHL1) (21, 34) Hydrolase activity, removes and recycles ubiquitin molecules

from degraded proteins

Ligase activity, links together ubiquitin molecules for use in

tagging proteins for disposal

Degrades not needed proteins

UCHL1 acts as a colorectal cancer

oncogene via activation of the

β-catenin/TCF pathway through its

deubiquitinating activity (35)

PARK6 (PINK1) (23, 36, 37) Regulation of autophagy, important for mitochondrial

maintenance

PINK1 is a Negative Regulator of

Growth and the Warburg Effect in

Glioblastoma

PARK7 (DJ-1) (38–41) ROS scavenger, antioxidative role, cyto-protective Pro-tumor survival, mitochondrial

dysfunction

PARK8 (LRRK2) Somatic mutations [The Cancer

Genome Atlas (TCGA)] (42)

GTPase and kinase function LRRK2 has been associated

with a diverse set of cellular functions and signaling pathways

including mitochondrial function, vesicle trafficking together

with endocytosis, retromer complex modulation and

autophagy

LRRK2 mutation carriers have a pos.

correlation with cancer incidence (43)

PARK9 (ATP13A2) Somatic mutations [The Cancer

Genome Atlas (TCGA)]

P5 subfamily of ATPases which transports inorganic cations

as well as other substrates

ATPase that plays a role in

intracellular cation homeostasis and

the maintenance of neuronal integrity

PARK15 (FBXO7) (44) F-box protein

Phosphorylation-dependent ubiquitination

Oncogenic properties of FBXL10, but

also tumor suppression by FBXL10

has been reported (45, 46)

FIGURE 1 | Cell fate of astrocytes depending on mutational status. A germline mutation in a PD-associated gene might result in a neurodegenerative cell whereas a

somatic mutation can lead to a tumor cell.

P53—The Master Controller of Cell Proliferation and

Its Regulation in PD and GBM
One key player in the regulation of cell proliferation is the tumor
suppressor p53. p53 is upregulated in PD, but downregulated in
GBM (Figure 2A) (58–60).

p53 inhibits cell proliferation by both blocking cell cycle
progression and promoting apoptotic cell death (Figure 2A).
This way, p53 provides a clear prevention from stem cell

tumor growth and thereby GBM development. p53 itself is also
regulated via several stress signals occurring during malignant
progression like genotoxic damage, oncogene activation, loss of
normal cell contacts, and hypoxia (Figure 2A). This leads to a
model where growth inhibitory functions of p53 are normally
held dormant, to be unleashed only in nascent cancer cells (61).
In PD, the level of p53 and its activity in neurons can increase
not only as a result of oxidative stress and DNA damage, but
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also due to aberrant regulation of its expression for example by
mutated or incorrectly cleaved proteins involved in the process
of neurodegeneration (58). An increase in p53 expression and
its activation results in enhanced expression of genes that are
responsible for apoptosis and/or cell cycle arrest and may trigger
neuronal cell death (58). In line, Mogi et al. found increased
levels of p53 protein in the nigrostriatal dopaminergic region in
PD patients compared to controls (62). It was shown that p53
regulates α-synuclein expression since the α-synuclein promoter
harbors a p53 responsive element (63). Therefore, an increase in
p53 in PD could not only lead to increased apoptosis induction
but also to an increase in expression of potentially dysfunctional
α-synuclein and to its subsequent aggregation (63). Kato et
al. found that DJ-1 inhibits the transcriptional activity of p53
(Figure 2A) (64). Loss of DJ-1 protein in PD could thereby
lead to increased expression of p53 target genes leading to cell
death. In GBM, p53 is frequently downregulated or inactivated
by mutations leading to a reduction in apoptosis induction
(Figure 2A) (65) and p53 inactivation positively correlates with
GBM tumor invasiveness (66). Zheng et al. showed that central
nervous system (CNS)-specific deletion of p53 and Phosphatase
And Tensin Homolog (PTEN) in the CNS of mice leads to
a high-grade malignant glioma phenotype resembling human
GBM (67). These results are in line with the data found at The
Cancer Genome Atlas in the exploration mode when looking at
the TCGA-GBM data set, which reports PTEN, p53 and EGFR
as the most frequently mutated tumor suppressor genes in GBM
(https://portal.gdc.cancer.gov).

EGFR Signaling in PD and GBM
EGFR is downregulated in PD and upregulated in GBM
(Figure 2A). EGFR activates the phosphoinositide 3-kinase
(PI3K)-Akt pathway (Figure 2A). The PI3K/Akt signaling
pathway is known as one of the most important kinase
cascades that mediates crucial cellular functions such as survival,
proliferation, migration, and differentiation (68). Activated
receptor tyrosine kinases (RTKs) like EGFR activate PI3K
through direct binding or through tyrosine phosphorylation of
scaffolding adaptors, which can then bind and thereby activate
PI3K (Figure 2A). PI3K phosphorylates phosphatidylinositol-
4,5-bisphosphate (PIP2) to generate phosphatidylinositol-3,4,5-
trisphosphate (PIP3), in a reaction that can be reversed
by the PIP3 phosphatase PTEN. AKT can then activate its
downstream targets like mTOR, eventually leading to cell
proliferation (Figure 2A). It was shown that EGFR endocytosis
and degradation are accelerated in Parkin-knockout cells from
mouse brain, and EGFR signaling via the PI3K/Akt pathway
is reduced (69). Fallon et al. propose that Parkin delays EGFR
internalization and degradation, thereby promoting PI3K/Akt
signaling (69). Therefore, by decreasing the efficiency of EGFR-
mediated Akt signaling in neurons, the loss of Parkin leads to
neuronal degeneration (69). In post-mortem brains of idiopathic
PD patients, protein levels of EGF and EGFR were shown
to be decreased in the prefrontal cortex and the striatum
(70). Mutations in EGFR are commonly occurring in GBM
(71). These mutations result in EGFR gene amplification and

intrinsic alterations of the EGFR structure (71). Brennan et al.
showed that gene amplification and mutation of EGFR results
in enhanced EGFR activation and is found in about 60% of
GBM (72). The most common EGFR mutation in GBM is
EGFRvIII, which is caused by the deletion of exon 2–7 leading
to constitutively activated EGFR (71, 73, 74). It was shown that
EGFR is overexpressed in most of primary GBM and some of the
secondary GBM and that EGFR overexpression is associated with
more aggressive GBM (75).

PTEN/PI3K/Akt Signaling in PD and GBM
In PD, PTEN/PI3K/Akt signaling is down-regulated and
therefore causes decreased pro-survival signaling (76). In
GBM, PTEN/PI3K/Akt signaling is upregulated (77–79). PTEN
negatively regulates PI3K (Figure 2A), thereby inhibiting
PI3K/Akt mediated proliferation and cell survival. In PD
patient-derived post mortem brains, Sekar et al. found an
increase in PTEN levels (80). Absence of PTEN protected
dopaminergic neurons in PTEN knockout mice from neuronal
death after neurotoxin treatment (81). In another mouse
model, depletion of PTEN attenuated the loss of tyrosine
hydroxylase-positive (dopaminergic) cells after neurotoxin
treatment (82). An increase in PTEN in PD results in decreased
pro-survival signaling leading to increased neuronal cell
death. In line, it was shown that the ratio of phospho-
Akt/total-Akt decreases in dopaminergic neurons indicating a
decrease in activation of the pro-survival signaling mediated
by Akt upon phosphorylation (83). Overall, an impaired
PTEN/PI3K/Akt signaling in PD leading to neuronal cell death
can be due to mutations in PD-associated genes regulating
Akt signaling [e.g., DJ-1 (84), (Figure 2A)], excessive Akt
dephosphorylation, inhibition of Akt activation or oxidative
stress (85). In GBM, PTEN/PI3K/Akt signaling is upregulated
due to EGFR overexpression or loss of PTEN (78). Mutations
or homozygous deletions of PTEN were shown in 36% of
the GBM cases that were studied by McLendon et al. and
86% of the GBM harbored at least one genetic event in the
receptor tyrosine kinase PI3K pathway (86). High level of
phosphorylated Akt was shown to correlate with a poor
prognosis for patients with GBM (87). Mutations in the
phosphatidylinositol-4,5-bisphosphcxate 3-kinase catalytic
subunit alpha (PIK3CA), which is one subunit of PI3K, were
shown to induce gliomagenesis (77).

The PD-Associated Oncogene DJ-1 and Regulation

of Cell Proliferation in PD and GBM
The protein DJ-1 was shown to be inversely regulated in
PD and GBM. (Figure 2A). Homozygous mutations in PARK7
(DJ-1) resulting in loss of protein lead to PD (88). DJ-1
expression was shown to be increased in GBM (38, 89, 90).
Wang et al. found that high DJ-1 and high β-catenin expression
in GBM were significantly associated with high grade and
poor prognosis in glioma patients, suggesting DJ-1 levels in
GBM as a strong independent prognostic factor (89). DJ-
1 also accelerates transformation of tumor cells by c-Myc
activating the Erk pathway (91). Hinkle et al. found that GBM
tumor tissue expressed DJ-1 protein at significant levels, and
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typically in a cytoplasmic, non-nuclear manner. They found that
immunostaining intensity of DJ-1 varied directly with strong
nuclear p53 expression and inversely with EGFR amplification
(38). In addition to the fact that DJ-1 negatively regulates
pro-apoptotic p53 (Figure 2A) (92), and EGFR signaling is
crucial for gliomagenesis (72), these observations suggest that
DJ-1 might be involved in tumorigenesis of GBM (38). Toda
et al. found that in a serial transplantation study, DJ-1
knockdown resulted in a prolonged survival of mice in secondary
transplantation (39). DJ-1 is known to counteract ROS, among
others via Nrf2 stabilization leading to the expression of
endogenous antioxidant synthesis and ROS-eliminating enzymes
like glutathione (Figure 2A) (93, 94). It was shown that a
reduction in DJ-1 protein is associated with reduced Nrf2
transcriptional activity and that in PD patients, Nrf2 activation
is associated with dysregulated downstream gene expression (93,
95). In contrast, it was found that Nrf2 overexpression accelerates
proliferation and oncogenic transformation of glioma cells and
that GBM patients have reduced overall survival when Nrf2 levels
are upregulated (Figure 2A) (96).

Immune-Signaling
The innate immune system obtains various functions in health
and disease. It represents the first line of defense against
infection and it is involved in many different processes like
tissue repair, wound healing and the clearance of apoptotic cells
and cellular debris. An excessive or non-resolving activation
of the innate immune system can result in systemic or local
inflammatory complications and cause or contribute to the
development of neurodegeneration and cancer. In the brain, the
innate immune cells are represented by microglia, which regulate
brain development, brain maturation, and homeostasis. An
impairment of functional microglia through abnormal activation
or decreased functionality can occur during aging and during
neurodegeneration and the resulting inflammation was shown to
be involved in neurodegenerative diseases and cancer (97).

Hypoxia and HIF-1α in PD and GBM
It is well known that hypoxia-inducible factor-1α (HIF-1α) plays
an important role in gliomagenesis due to its angiogenesis-
promoting effects (98). While HIF-1α is upregulated in GBM, it
was shown that HIF-1α is impaired in PD (Figure 2B) (99, 100).

Treatment with MPTP, a prodrug to the neurotoxin
MPP+, which causes Parkinsonism symptoms by destroying
the dopaminergic neurons, was shown to inhibit HIF-1α
accumulation in mice and in dopaminergic cell lines (99).
Moreover, Milosevic et al. found that a conditional knock-
down of HIF-1α in mice resulted in a 40% decrease in
expression of tyrosine hydroxylase, a known marker for
dopaminergic neurons, in the substantia nigra of mice
(101). In healthy individuals, HIF-1α mediates protection
of dopaminergic neurons by regulation of iron homeostasis,
improved defense against oxidative stress by upregulation
in response to reactive oxygen species (ROS) (Figure 2B)
and mitochondrial dysfunction (100). PD is characterized
by an accumulation of iron in dopaminergic neurons of
the substantia nigra (102). Free cytosolic iron can lead to

oxidative stress and trigger α-synuclein aggregation (102).
HIF-1α influences iron homeostasis by expression of its target
genes ferroportin and heme oxygenase in the substantia nigra
which are known to be involved in the attenuation of iron
accumulation (100). This way, HIF-1α can counteract iron
accumulation (Figure 2B). However, in PD, downregulation
of HIF-1α can lead to a dysregulation in iron homeostasis
eventually leading to iron accumulation (Figure 2B). In turn,
iron accumulation decreases HIF-1α activity, because iron is
a necessary cofactor for prolyl hydroxylases that inactivate
HIF-1α via subsequent ubiquitinylation through von Hippel-
Lindau factor (VHL) (Figure 2B) (102, 103). HIF-1α target
genes Erythropoietin (EPO) and vascular endothelial growth
factor (VEGF) (Figure 2B) have been shown to contribute
to the protection of neurons from PD pathogenesis (100).
EPO was shown to be neuroprotective against dopaminergic
neurotoxins (104). In rat explants of the ventral mesencephalon,
VEGF treatment was shown to be mitogenic for endothelial
cells, astrocytes, and could promote growth and survival of
neurons and specifically dopaminergic neurons (105). There
are accumulating data which suggest that the activation of
HIF-1α can exert neuroprotective effects through the induction
of intrinsic adaptive mechanisms in neuronal and non-neuronal
cells (106). Lee et al. showed that stabilization of HIF-1α leads
to the upregulation of several proteins involved in iron efflux
and mitochondrial integrity and bioenergetics, cell components
that are compromised in PD. This is why Lee’s data emphasize
the concept that the pharmacological induction of HIF-1α could
have neuroprotective effects in PD cells and mice models, with
a beneficial impact on dopamine synthesis, iron homeostasis,
antioxidant defenses and mitochondrial dysfunction (107).

In contrast to these observations in PD, in GBM, HIF-
1α levels are increased (Figure 2B) (108). Liu et al. found
that HIF-1α expression was associated with high grade glioma
and the overall survival of glioma patients, which indicates
that HIF-1α could predict prognosis and provide clinical
insights into the therapeutic strategy for GBM patients (109).
The lack of oxygen in the GBM microenvironment results
from inappropriate neovascularization, irregular blood flow,
and excessive consumption of oxygen from the uncontrolled
proliferating GBM cells (110). The hypoxia in the GBM
tumor induces the expression of genes involved in tumor
cell growth and angiogenesis like the signal transducer and
activator of transcription 3 (STAT3), which triggers the
synthesis of HIF-1α that subsequently induces activation of T-
regulatory cells (Tregs) and the production of VEGF (111).
Tregs are important modulators of the immune response,
and VEGF has known immunosuppressive effects. Moreover,
the hypoxic microenvironment causes the transformation
of CNS macrophages into tumor-associated macrophages
(TAMs), which are capable of adopting immunosuppressive
and tumor-supportive phenotypes. Via the STAT3 pathway,
this transformation triggers TAMs to enhance angiogenesis and
tumor cell invasion (26, 112). Furthermore, HIFs are critical for
the upregulation of glycolysis (Figure 2B) (113). Hypoxia is also a
known regulator of many other innate immunological functions
like cell migration, apoptosis, phagocytosis of pathogens,
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antigen presentation and production of cytokines, chemokines,
and angiogenic and antimicrobial factors (113). In summary,
HIF is an important factor in the regulation of the tumor
microenvironment due to its central role in promoting
proangiogenic and invasive properties. Since HIF activation
results in angiogenesis and the emerging vasculature is often
abnormal, this leads to a vicious cycle that causes further hypoxia
and HIF upregulation in GBM (98).

Interleukins and Immune Escape
In PD, increased cytokine levels in response to cellular stress
can lead to neuronal cell death whereas in GBM, cytokines like
interleukins IL-1β, IL-6, and IL-8 released by the tumor cells,
inhibit the immune response and allow the tumor cells to escape
the eradication by the immune system (Figure 2B).

IL-6 was found to be increased in the nigrostriatal region
and in the cerebrospinal fluid of patients with PD (114).
Further, Hofmann et al. found that patients with more severe
PD had higher IL-6 levels compared to patients with a milder
phenotype (114). In addition, a study from Chen et al. found
that patients with PD had elevated levels of transforming growth
factor-beta 1 (TGF-β1), IL-6, and IL-1β in cerebrospinal fluid
compared to controls (115). In line, it is described that, in
autopsy brains of PD, the number of activated microglia, which
were among others TNF- α, and IL-6-positive, increased in the
substantia nigra and putamen during the progress of PD (116).
The activated microglia in PD was observed in various brain
regions like the nigro-striatal region, the hippocampus and the
cerebral cortex. The levels of IL-6 and TNF- α mRNAs increased
in the hippocampus of PD patients (116). It is postulated
that cytokines (IL-1β, TNF-α, IL-6) from activated microglia
(117) in the substantia nigra and putamen may be initially
neuroprotective, but may later turn to be neurotoxic during PD
pathogenesis (116).

In contrast to PD, in GBM, the cells can profit from
the cytoprotective effects of specific cytokines like IL-1β, IL-
6, and IL-8 leading to increased robustness regarding cellular
stress (118). As already mentioned, GBM arises from glial
cells with surrounding brain parenchyma that contains CNS
cells like astrocytes, neurons and microglia, as well as a
distinctive extracellular matrix composition. GBM induces a
tumor microenvironment characterized by immunosuppressive
cytokines secreted by tumor cells, microglia and tumor
macrophages. IL-6, IL-10, and TGF-β, and prostaglandin-E
collectively inhibit both the innate and adaptive immune systems
leading among others to the suppression of natural killer cell
activity, T-cell activation and proliferation and induction of T-
cell apoptosis (119). IL-1β is a known master pro-inflammatory
cytokine that triggers various malignant processes driving
oncogenic events such as proliferation and invasiveness (118,
120). Elevated levels of IL-1β were observed in many different
GBM cell lines (121) and in human GBM tumor specimens (122).
IL-6 was shown to be overexpressed in GBM clinical samples
and cell lines and IL-6 gene expression seems to correlate with
the aggressiveness of the tumor (123). It was shown that IL-6
is secreted by GBM cells and sustains the cell proliferation by
activation of STAT3 pro-survival pathway (124). IL-6 is produced

by GBM cells in response to external stimuli or intrinsic factors,
for example oncogenic mutations (118). IL-1β and TNF-α induce
stabilization of IL-6 mRNA and increase IL-6 biosynthesis (125).
Like IL-6, IL-8 is highly expressed and secreted from GBM cell
lines, tumor stem cells and human specimens (118). It was shown
that the expression of the constitutively active mutant EGFRvIII
is associated with significantly higher expression of IL-8 induced
by nuclear factor kappa B (NF-κB) (Figure 2B) in human GBM
specimens and GBM cell lines (126). In a similar manner as
the regulation of IL-6, IL-8 expression can be enhanced by
TNF-α, IL-1β or macrophage infiltration (127). Thus, elevated
levels of one cytokine like TNF-α for example can lead to an
increase in other cytokines. These findings of elevated cytokines
and their associated roles in GBM underline the importance of
specific cytokines for immune escape mechanisms and tumor
proliferation and invasiveness observed in GBM pathogenesis.

Toll-Like Receptors in PD and GBM
Toll-like-receptors (TLRs) are receptors that recognize distinct
molecular patterns like lipopolysaccharides, single and double
stranded RNAs, hemagglutinin, viral proteins etc. (128), and
allow an appropriate immune response to be initiated. The
TLR family consists of 10 members (TLR1-10) in humans with
different expression profiles and ligands (129). TLR2 is essential
for the recognition of peptidoglycans and lipoproteins, whereas
TLR4 recognizes bacterial lipopolysaccharide (LPS) (130). TLR2
and TLR4 are both the most important TLRs with regard to
innate immune response as they are both implicated in the
recognition of endogenous ligands involved in the inflammatory
response regardless of the source of infection (131). This is why
the implication of TLR2 and TLR4 in PD and GBM will be
discussed in the following.

TLR2 and TLR4 are frequently upregulated in PD and
downregulated in GBM allowing the tumor cells to escape
clearance by the innate immune system. TLR2 and TLR4 were
shown to be upregulated in many α-synuclein-overexpressing
or toxin-induced animal models (132–135), and accumulating
evidence from human studies further implicates these receptors
in the pathogenesis of PD (136). Clinical studies revealed that
TLR2 expression is increased in PD (137). It was shown that
microglial TLR2 is increased in the substantia nigra and the
hippocampus in the early stages of PD, but not during the late
stages (138), while another study found that TLR2 is increased in
the striatum of advanced PD patients (135).

In contrast, GBM cancer stem cells downregulate TLR4 to
evade immune suppression (139). Alvarado et al. showed that in
GBM, cancer stem cells have low TLR4 expression which enables
cell survival by avoiding inhibitory innate immune signaling (e.g.,
clearance by dendritic cells, cytotoxic T cells, and natural killer
cells) that aims to suppress self-renewal of the GBM stem cells
(140). This is why TLR agonists that trigger antitumoral immune
signaling are being discussed as therapy for GBM (141).

Mitochondria and Metabolism
Mitochondria and cellular metabolism are closely linked.
Mitochondria host many enzymatic reactions of cellular
metabolism like the tricarboxylic acid (TCA) cycle and oxidative
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phosphorylation (OXPHOS) which generate ATP from pyruvate
in the presence of oxygen (Figure 2C). In age-related disease, like
PD and GBM, damaged mitochondria lead to impaired cellular
metabolism (142).

Cellular Metabolism in PD and GBM
The human brain, even though constituting only 2% of the total
body weight, uses ∼20% of the body’s total oxygen consumption
and 60% of our daily glucose intake (143). Furthermore, the brain
needs a constant supply of glucose since it lacks fuel stores and
cannot store glycogen. This is why cellular changes in glucose
metabolism can have high impact on brain cell homeostasis,
proliferation and viability.

It was shown that glycolysis and mitochondrial function like
respiration are decreased in individuals with PD (Figure 2C)
(144–146). In GBM, increased glycolytic activity results from
certain oncogenic alterations like c-Myc amplification, PTEN
deletion or mutations in p53 (Figure 2C) (147, 148).

While mitochondrial dysfunction in PD can cause
increased generation of ROS and subsequent oxidative damage
(Figure 2C), it can also result in failing neuronal compensation
of their insufficient ATP generation (149). Activation of
glycolysis in neurons leads to excessive oxidative stress and
apoptosis, suggesting that neurons are predominantly restricted
to OXPHOS (150). In line, Hall et al. showed that the majority
of ATP used by neurons is produced by OXPHOS (151).
Powers et al. found that overexpression of α-synuclein in N27
dopaminergic cells resulted in an impairment in glycolysis, a
reduction in glycolytic capacity and mitochondrial respiration
(152). This is why an increase in glycolysis as counteract
mechanism to neuronal energy failure induced by mitochondrial
dysfunction in PD eventually leads to neuronal cell death
(153–155). Neurons also metabolize glucose via the pentose
phosphate pathway (PPP) to maintain their antioxidant status
(156). It was shown that inhibition of the PPP in neuronal cell
models causes cell death (157). In rodents, PPP inhibition caused
dopaminergic cell death causing motor deficits that resemble
Parkinsonism (158). Using postmortem human brain tissue,
Dunn et al. characterized glucose metabolism via the PPP in
early sporadic PD and controls and observed a down-regulation
of PPP enzymes in patients compared to controls (156). This
observation suggests that the impairment of the PPP is an early
event in sporadic PD (156).

In the absence of oxygen, pyruvate can be metabolized into
lactate, a process known as glucose fermentation or anaerobic
glycolysis. Rapidly proliferating cells, such as cancer cells, also
have the ability to ferment glucose into lactate, even in the
presence of abundant oxygen; this process is called aerobic
glycolysis. It has been observed already decades ago, that cancer
cells, even in aerobic conditions, tend to favor metabolism via
glycolysis rather than OXPHOS, which is preferred by most
other cells. This phenomenon is called the Warburg effect
(56, 159). This is why, in contrast to PD neurons, GBM
cells ferment glucose into lactate, even in the presence of
abundant oxygen (Figure 2B). Even though ATP production
is less efficient in aerobic glycolysis when compared to ATP
production via complete oxidative metabolism of glucose, it

is being hypothesized that GBM cells use aerobic glycolysis
to generate precursors for anabolism to grow and are able to
generate enough ATP to sustain their cellular function (160).
Bymodulating glycolysis and alteringmitochondrial metabolism,
GBM cells generate biomass, namely nucleotides, lipids, proteins,
and NADPH by using glycolytic/TCA intermediates (160).
Knockdown of glycolytic genes strongly inhibits GBM growth
further emphasizing that glycolytic enzymes are essential
for GBM growth (148). GBM cells also generate large
amounts of lactate for several pro-tumor growth functions
(161). Li et al. found that EGFR activation in GBM cells
promotes the translocation of phosphoglycerate kinase (PGK1)
into mitochondria (162, 163). In the mitochondria, PGK1
phosphorylates and activates pyruvate dehydrogenase kinase that
phosphorylates and thereby inhibits pyruvate dehydrogenase
and thus mitochondrial pyruvate consumption which eventually
leads to enhanced lactate production (162, 163). In addition
to the aerobic glycolysis, GBM cells also utilize TCA and
OXPHOS (160).

The differential expression of metabolic genes in neurons
and astrocytes might explain the differences in glycolysis and
OXPHOS rates. For example, neurons lack 6-phosphofructose-
2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) since it is
continuously degraded by the ubiquitin-proteasome pathway.
PFKFB3 regulates the biogenesis and degradation of fructose-
2,6-bisphosphate, a known glycolytic activator. In contrast, in
astrocytes, PFKFB3 is activated by adenosine monophosphate-
activated protein kinase (AMPK) and promotes glycolysis (149).
In line, it was shown that the expression of PFKFB3 is higher
in mouse astrocytes than in murine neurons due to proteasomal
degradation in the neurons (164). In neurons, the activation of
PFKFB3 results in enhanced glycolysis but eventually leads to cell
death since neurons lose their ability to generate glutathione, an
essential antioxidant involved in the management of oxidative
stress. This means that unlike astrocytes, neurons use glucose
to maintain their antioxidant status and not for bioenergetic
purposes (164). These findings might help to explain why PD
neurons fail to increase their glycolysis rates and why increased
glycolysis leads to sustained cell proliferation in astrocyte-
originating GBM cells.

EPIDEMIOLOGY OF PD AND CANCER

Epidemiological evidence suggests that patients with PD have a
reduced incidence of primary CNS tumors (165, 166). In contrast,
there are a few epidemiological studies that show a positive
association of PD with benign and malignant brain tumors, but
not specifically with GBM (167–169). However, the problem
with these studies is that they do not distinguish between the
types of brain cancer, e.g., meningioma or astrocytoma. The
described increased risk of all types of brain cancers in PD might
be caused by diagnostic misclassification and detection bias.
Increased incidence of meningioma in PD patients for example
might result from the fact that the symptoms can be wrongly
diagnosed as a sign of PD, if the intracranial tumor leads for
example to a compression of the basal ganglia resulting in PD
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symptoms (170–173). Moreover, a positive association of brain
tumors and PD can be caused by detection bias as brain tumors
can be diagnosed during the clinical work-up for PD (174). Since
patients diagnosed with parkinsonism are more likely to have a
Magnetic Resonance Imaging at the time of diagnosis, this may
explain a higher risk of detecting silent brain tumors (173, 175).
The close temporal association between diagnosis of PD and the
incidence of brain tumors further leads to the suggestion that
brain tumors might be misdiagnosed as PD or vice versa (176).
Specifically, for GBM, as it is lethal, it is difficult to study PD in
individuals who survived GBM. This is why future studies should
focus on evaluating the risk of GBM in PD patients.

Interestingly, there is an increased risk of melanoma in
PD patients compared to controls (177–179). In 1985, Dr.
Rampen reported a 55-year-old male with PD who developed a
local recurrence of a primary melanoma and multiple primary
melanomas 4 years after primary excision and 4 months
after starting levodopa (180). An increased risk of malignant
melanoma in PD patients has been confirmed since in many
studies (8, 176, 181, 182). Several hypotheses could account for
this association. Since levodopa is ametabolite in the biosynthesis
of dopamine and melanin which involves the enzyme tyrosinase,
and increased tyrosinase activity is found in melanoma, it was
initially hypothesized that levodopa could enhance and stimulate
growth on any residual melanoma tissue (183). However, recent
studies have refuted a causal association for several reasons (178,
184). In particular, the observation that the risk of melanoma
is increased in PD patients before diagnosis argues against an
effect of levodopa. Additional explanations may be the existence
of shared genetic or environmental factors, or the common
embryonic origin of melanocytes and neurons from neural crest
cells (178, 185). In addition, mechanistic links caused by common
mutations or other alterations in a number of genes or proteins
in PD and melanoma could explain the co-occurrence of PD and
melanoma (184). Common mechanisms that are dysregulated
in PD and melanoma are for example cellular detoxification,
melanin biosynthesis or oxidative stress response (184).

Future studies should investigate underlying mechanisms of
decreased risk of some cancers and increased risk of other cancers
like melanoma in PD patients.

CONCLUSION

PD and GBM are two highly complex disease entities
characterized by multiple cellular changes. Similar mutations
within the same gene, for example Parkin (25), can have inverse
effects, depending on whether they are germline or somatic
mutations and depending on the type of cell in which they

occur: a dividing cell in GBM or a post-mitotic neuron in PD.
One could hypothesize that neurons are primarily unaffected
in GBM due to their postmitotic state. On the contrary,
somatic mutations causing tumorigenesis can spread through
proliferative astrocytes.

Another inverse association of PD and GBM that
requires future causal investigation is the time frame of the
pathophysiology of both diseases. While PD is a chronic,
generally slowly progressing neurodegenerative disease
characterized by gradual neuronal loss, GBM is a rapidly
progressing disease with rapid proliferation of glial cells
in a much shorter time frame. Possible explanations for
these observations are that in PD, the neuronal loss can be
compensated for a long time whereas the aggressiveness of
GBM due to highly infiltrative growing and metastasizing
cells that also display a vast cell heterogeneity leads to a rapid
disease progression.

In this review, we showed that there are common pathogenic
mechanisms involved in PD and GBM including inversely
deregulated pro-survival and immune signaling, mitochondrial
dysfunction and metabolic alterations. There is an inverse
regulation for p53, EGF(R), PTEN/PI3K/Akt, DJ-1, HIF-1α in
PD and GBM. Due to the complexity of both PD and GBM
etiology and pathogenesis, future studies need to unveil so far
unknown mechanisms of both diseases that will help to better
understand and to compare both diseases and to explain why
common inverse dysregulated cellular pathways can lead to
two such different diseases. Eventually, a deeper understanding
of the pathological mechanisms underlying PD and GBM will
guide the identification of possibly shared drug targets that
need to be modulated inversely for causative treatment of
both diseases.
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Abstract: DJ-1 is a multifunctional protein associated with pathomechanisms implicated in different
chronic diseases including neurodegeneration, cancer and diabetes. Several of the physiological
functions of DJ-1 are not yet fully understood; however, in the last years, there has been increasing
evidence for a potential role of DJ-1 in the regulation of cellular metabolism. Here, we summarize
the current knowledge on specific functions of DJ-1 relevant to cellular metabolism and their role
in modulating metabolic pathways. Further, we illustrate pathophysiological implications of the
metabolic effects of DJ-1 in the context of neurodegeneration in Parkinson´s disease.

Keywords: DJ-1; Parkinson´s disease; metabolism

1. Introduction

Despite having been originally identified as an oncogene upregulated in different types
of cancer, DJ-1 has also been clearly assigned as a causative factor for neurodegeneration
in rare inherited forms of Parkinson’s disease (PD) [1,2]. DJ-1 is encoded by the Park7
gene and is ubiquitously expressed. In the human brain, the DJ-1 protein is abundantly
expressed in reactive astrocytes and to a lower extent in neurons [3,4]. In the mouse
CNS, DJ-1 transcript and protein were shown to be expressed at similar levels in neurons,
astrocytes, microglia and oligodendrocytes [5].

DJ-1 is a small protein of 189 amino acids that forms homodimers. DJ-1 belongs to a
functionally diverse protein superfamily whose members are all characterized by an α/ β-
flavodoxin fold [6]. Human DJ-1 displays the characteristic central β-sheet surrounded by
eight α-helices (sandwiched structure) and the highly conserved cysteine (Cys) 106 residue
in the “nucleophile elbow” pocket [7]. The thiolate group of Cys106 can be oxidized
to sulfinate (-SO2−) and sulfonate (-SO3−) under oxidative stress conditions [8]. This
oxidation shifts the isoelectric point of the protein, promoting intracellular relocation of the
enzyme to the mitochondria as well as its cytoprotective function [9]. DJ-1 was shown to be
involved in many processes, including regulation of apoptosis and pro-survival signaling,
autophagy, inflammatory responses and protection against oxidative stress [10,11]. DJ-
1 was also shown to have chaperone activity [12] and to act as a glyoxalase III, able to
detoxify reactive dicarbonyl species such as glyoxal (GO) and methylglyoxal (MGO) in
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a glutathione-independent way [13] (Figure 1). Recently, an additional debate emerged 
about a potential deglycase activity of DJ-1 [14]. 

Figure 1. Overview of DJ-1 interaction points (indicated with a star) with cellular metabolism. 
The chapter discussing the indicated interaction points is given as number in the respective star. 
Abbreviations: 3-GAP: glyceraldehyde 3-phosphate; DHAP: dihydroxyacetone phosphate; MGO: 
methyglyoxal; Glo: glyoxalase, GAPDH; glyceraldehyde 3-phosphate dehydrogenase; 1,3-BPG: 
1,3-bisphosphoglycerate; 3-PG: 3-phosphoglycerate; ATF4: activating transcription factor 4; PDH: 
pyruvate dehydrogenase; TCA: tricarboxylic acid cycle; OXPHOS: oxidative phosphorylation; ROS: 
reactive oxygen species; Nrf2: nuclear factor erythroid 2-related factor 2. 

There are many studies pointing towards the effects of DJ-1 on cellular metabolism at 
different levels, but the underlying molecular mechanisms remain for the most part poorly 
understood. 

Metabolic alterations are often linked to pathogenic conditions, and first links have 
been established for PD [15,16]. Indeed, impaired energy metabolism is associated with 
PD, as the inactivation of the electron transport chain complex 1 is classified as one of 
the hallmarks of PD [17], and the importance of metabolic dysfunction in PD has been 
increasingly discussed [15,16]. To what extent the loss of DJ-1 function in PD could 
contribute to disease pathogenesis by impairing or dysregulating energy or other parts of 
metabolism remains elusive. 
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In this review, we will summarize the current knowledge on the modulation of cellular
metabolism by DJ-1 and the potential pathophysiological implications for neurodegenera-
tion in PD. For other disease conditions associated with DJ-1 or for disease connections
to broader functions of DJ-1, we refer readers to excellent reviews focusing on cancer [18],
diabetes [19,20], inflammatory diseases [21] and Parkinson’s disease [22].

2. DJ-1 in Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease that
affects 1–2% of the population over age 60 world-wide with increasing prevalence [23,24].
Cardinal symptoms of PD include tremor, bradykinesia, rigor and postural instability
resulting from loss of dopaminergic neurons in the substantia nigra pars compacta [25].
Cellular hallmarks of PD include intraneuronal proteinaceous inclusions, Lewy bodies and
neurites that contain α-synuclein as a major component [26]. Familial cases of PD account
for up to 20% of all PD cases, of which approximately 5–10% have known monogenetic
causes. To date, mutations in SNCA, Parkin, PINK1, DJ-1, LRRK2 and ATP13A2 are known
to be causative for familial PD, but each of these monogenetic forms of PD is rather rare [24].

In 2003, Bonifati and colleagues found a large (about 14 kb) deletion and a missense
mutation (Leucine166Proline, L166P) in the Park7 gene in a Dutch and Italian family,
respectively, which led to the identification of Park7 as a causative gene for familial PD with
recessive inheritance [2]. Since then, more than 20 DJ-1 mutations have been associated
with early-onset PD. The impact of pathogenic single amino acid substitutions on the
enzyme structure has been analyzed quite systematically [6]. The L166P mutation, for
instance, affects the DJ-1 protein structure and function [27]. The lysine 166 residue is
located in the center of the α-helix 7, which is located near the dimeric interface [8,28,29].
Introduction of a proline residue into a helix structure is not well tolerated as it increases
the molecular rigidity, leading to a break in the helix and, predictably, C-terminal unfolding
of the DJ-1 L166P variant [30]. The latter loses the dimerization property observed in the
wildtype (WT) protein, forming unstable monomers that are prone to degradation [6]. The
L10P and P158 mutations also disrupt the homodimerization of DJ-1 [31]. Other missense
mutations, such as M26I and A104T, have less severe impact on the protein structure and
do not prevent homodimerization [6]. However, both mutant proteins have been reported
to be unstable, especially in the cellular environment [6,32]. Very recently, a DJ-1 mutation
initially predicted to lead to a missense mutation (E64D) was shown to lead to decreased
intracellular protein levels due to U1-dependent pre-mRNA mis-splicing [33]. Taken
together, the information available on PD-associated DJ-1 variants so far seems to converge
on the notion that a resulting loss-of-protein function explains their pathogenicity [34].

Patients with DJ-1 mutations develop early onset, slowly progressive parkinsonism,
and most of them present with typical PD [35]. However, atypical forms with clinical
symptoms related to other neurodegenerative diseases, i.e., amyotrophic lateral sclerosis
and dementia, were described [36]. Cellular phenotypes of DJ-1 loss of function are
predominantly mitochondrial dysfunction [37] and a reduced dopaminergic differentiation
potential of PD patient-derived DJ-1-deficient cells [33]. These initial studies suggested
that metabolic functions of DJ-1 may be important for the PD pathogenesis.

The mitochondrial phenotype in DJ-1-deficient models as well as other metabolic
alterations induced by pathogenic DJ-1 mutations (summarized in Table 1) support the
notion that PD pathogenesis involves an important metabolic component.
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Table 1. Overview of metabolic alterations depending on DJ-1 status.

Metabolic Alteration DJ-1 Status or Mutation Model Reference

Nucleotide/DNA/RNA
glycation siRNA knockdown HeLa cells [38]

Amino acid/protein
glycation

C106S, C53S, and C46S
DJ-1 mutants - [39]

Dicarbonyl-adduct
damage

L10P, M26I, A104T,
D149A, and L166P - [40]

Abnormal
mitochondrial
morphology

mitochondrial/neuronal
dysfunction

mitochondrial/neuronal
dysfunction

Loss of protein

M17 human
neuroblastoma cells
Mouse embryonic
fibroblasts (MEFs)

PD patient iPSC-derived
neurons

[37]
[41]
[42]
[43]
[33]

Compromised
mitochondrial

uncoupling
Loss of protein primary murine neurons [44]

Increased ROS levels Loss of protein
primary mouse

embryonic fibroblasts
brains from DJ- KO mice

[45]

Decreased PDH
protein levels in DJ-1
KO compared to WT

mice

Loss of protein brain tissue from DJ-1
deficient mice [46]

Decreased HIF1α
level upon hypoxia Loss of protein

primary cortical neurons
derived from DJ-1 KO

mouse embryos
[47]

Reduced serine
biosynthesis Loss of protein

LUHMES cells, a
dopaminergic neuronal

culture model
[48]

Decreased ATF4
transcript expression Loss of protein mouse embryonic

fibroblasts [49]

2.1. DJ-1 in Other Diseases

Despite its clear pathogenic role in PD, DJ-1 is also involved in diseases such as
cancer [50], obesity, insulin resistance and type 2 diabetes mellitus (T2DM) [19,51,52].

In cancer, DJ-1 was found to play an important role in tumor progression of various
cancer types through regulation of prosurvival signaling, for example via negative regu-
lation of the tumor suppressor p53 [53]. DJ-1 regulates cell survival and proliferation via
the extracellular signal-regulated kinase (ERK1/2) pathway and the phosphatidylinositol-
3-kinase (PI3K)/Akt pathway. It counteracts apoptosis by inhibiting the activation of
apoptosis signal-regulating kinase 1 (ASK1) and of the mitogen-activated protein kinase
kinase kinase 1 (MEKK1/ MAP3K1) apoptotic cascades [10]. For example, in glioblastoma
multiforme (GBM), DJ-1 levels were shown to be increased [54]. Hinkle and colleagues
found also that immunostaining intensity of DJ-1 in GBM tissue varied directly with strong
nuclear p53 expression and inversely with EGFR amplification [54]. Since DJ-1 negatively
regulates pro-apoptotic p53 and EGFR signaling, these findings suggest that DJ-1 might be
involved in promoting gliomagenesis.

The role of DJ-1 in glioblastoma is especially interesting as glioblastoma is thought to
originate from astrocytes, which are also involved in PD pathogenesis, and increased DJ-1
expression is pathogenic for glioblastoma, but protective in models of PD [18].

In the following, we will focus on discussing the functions of DJ-1 in the modulation
of cellular metabolism in the context of neurodegeneration in PD.
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2.2. DJ-1 and Its Chaperone Function

Chaperone activity is essential to promote correct protein folding. Under “critical”
situations, such as during oxidative stress, it becomes important to counteract protein denat-
uration and aggregation caused by oxidative damage. DJ-1 belongs to the DJ-1/ThiJ/PfpI
superfamily and, albeit belonging to a different phylogenetic clade, shows structural simi-
larities with another member of that superfamily, the heat shock protein Hsp31 [6,9]. The
latter is a microbial protein and has been studied more extensively in the model organism
Saccharomyces cerevisiae (i.e., budding yeast). Hsp31 is involved in the protection against
reactive oxygen species (ROS), as confirmed by the hsp31∆ yeast strain, which is more
sensitive to linoleic acid hydroperoxide and other ROS generating agents [55]. In addition
to its ROS scavenging function, Hsp31 also acts as a chaperone for an array of proteins,
including α-synuclein [56]. This small protein, encoded by the SNCA gene, exists under
a native unfolded form in the cytoplasm and a more organized α-helical conformation
when associated with cellular membranes [57]. Pathological conformational changes in
α-synuclein lead to the formation of protein fibrils and Lewy bodies, the characteristic
intraneuronal pathological inclusions in brains of PD patients [58]. The Hsp31 protein
has been shown to prevent aggregation of α-synuclein in vitro and in living yeast cells
expressing toxic levels of human α-synuclein [56,59]. This chaperone activity of Hsp31 was
not dependent on the protein’s glyoxalase activity [56].

A similar, although weaker chaperone activity against α-synuclein aggregation (in vitro,
in the yeast α-synuclein model, and in murine neuroblastoma cells) has been reported for
human DJ-1, and PD-causing DJ-1 mutations were shown to decrease the interaction with α-
synuclein [12,56,59]. Burbulla and colleagues found that intracellular levels of soluble and
insoluble α-synuclein were elevated in iPSC-derived human neurons from homozygous
DJ-1 mutation carriers [60]. Kumar and colleagues reported that partially oxidized DJ-1
exposes an adhesive surface, which can sequester monomers of α-synuclein and block early
stages of α-synuclein aggregation and also restrict the elongation of α-synuclein fibrils [61].
Importantly, and in line with this chaperoning function of DJ-1, patients with an autosomal
recessively inherited form of juvenile PD due to homozygous loss-of-function mutations in
the DJ-1 gene indeed show Lewy bodies in affected brain regions post-mortem [62].

Interestingly, Solti and colleagues found that DJ-1 itself can aggregate into β-sheet
structured soluble and fibrillar aggregates in vitro under physiological conditions and
accelerated when oxidized at its Cys106 residue [63]. They observed that as a result of the
aggregation of DJ-1, its glyoxalase function was abolished [63]. In addition, DJ-1 aggregates
were localized within Lewy bodies, neurofibrillary tangles and amyloid plaques in post-
mortem brain tissue from PD and Alzheimer’s patients [63]. The authors discuss that
PD-associated loss of DJ-1 function in sporadic PD could be caused by its aggregation [63].

2.3. DJ-1 and Its Enzymatic Function

The reactive dicarbonyls glyoxal (GO) and methylglyoxal (MGO), which are formed in
cells from various sources, including lipid peroxidation and the glycolytic triose-phosphate
intermediates, respectively, can damage biomolecules via glycation. The latter are sponta-
neous chemical reactions between amino or thiol groups of, e.g., proteins or nucleotides and
the carbonyl carbon of aldehyde and ketone groups in sugars and sugar derivatives [64].
The resulting adducts can react further to form “advanced glycation end products” (or
AGEs), which accumulate over time and are considered as an inevitable component of
the aging process [65]. An accumulation of AGEs can interfere with biological function
and result in cellular damage [65]. Dicarbonyl damage has been associated with several
diseases, including T2DM and PD [66]. The glutathione-dependent glyoxalase system is
the major cellular protection mechanism against dicarbonyl damage. It converts GO and
MGO to glycolic and lactic acid, respectively, through the consecutive action of glyoxalase
I and glyoxalase II in the presence of catalytic amounts of reduced glutathione (GSH) [67].
An additional glutathione-independent glyoxalase activity, named glyoxalase III, has first
been detected in Escherichia coli [68] and was subsequently identified as Hsp31 [69], a mem-
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ber of the DJ-1 superfamily (already mentioned above because of its chaperone activity).
Robust glyoxalase III activity has since also been detected in the yeast species S. cerevisiae,
Schizosaccharomyces pombe and Candida albicans [70–72]. A weaker glyoxalase III activity
has also been measured for human DJ-1 and its Caenorhabditis elegans homologs [13,72]
(Figure 1). DJ-1 conferred protection against toxic effects of glyoxal treatment in mouse
embryonic fibroblasts, SH-SY5Y cells and C. elegans worms [13]. Given the relatively weak
glyoxalase activity of DJ-1, compared to the highly active and ubiquitous glyoxalase I/II
system, the physiological relevance of DJ-1 for (methyl)glyoxal detoxification remains,
however, questionable.

In addition to its glyoxalase function, Richarme and colleagues proposed that DJ-1
could act as a novel deglycase that repairs methylglyoxal- and glyoxal-glycated amino
acids, proteins, nucleotides and nucleic acids by acting on early glycation intermediates and
releasing lactate or glycolate [38,39]. Matsuda and colleagues suggested that DJ-1 protects
glutathione and coenzyme A (CoA) from aldehyde attack [40]. They found that glutathione
(GSH), CoA and β-alanine (a CoA precursor) are recovered from methylglyoxal-adducts by
recombinant human DJ-1 purified from E. coli. During this process, MGO was converted to
L-lactate rather than the D-lactate produced by the conventional glyoxalase I/II system. PD-
associated DJ-1 mutations (L10P, M26I, A104T, D149A and L166P) were shown to impair or
abolish this detoxification activity, suggesting that further dissection of the methylglyoxal-
adduct hydrolase activity of DJ-1, which protects low-molecular thiols from dicarbonyl
damage, may be a promising research direction to progress in our understanding of PD
pathophysiology [40].

Jun and Kool recently published a comprehensive review that explains the contro-
versial debate around the deglycase function of DJ-1, concluding that further studies are
needed to clarify this potential function of DJ-1 [14]. As a central question, it remains to be
determined whether DJ-1 has a direct deglycase activity or whether the observed degly-
cation results from removal of the small aldehydes (via the glyoxalase activity described
above), which are in rapid equilibrium with the glycated adducts.

2.4. DJ-1 and Mitochondrial Function

In addition to its enzymatic functions, DJ-1 plays an important role in mitochondrial
homeostasis. Mitochondria are the essential organelles for energy metabolism, as they
provide the cell with ATP via the tricarboxylic acid (TCA) cycle and subsequent oxida-
tive phosphorylation (OXPHOS) through the electron transport chain. Thus, changes in
mitochondrial homeostasis can have drastic effects on the energy metabolism of the cell, es-
pecially on neurons that have a high energy consumption for maintaining synaptic activity.

It is well documented that changes in mitochondrial organellar homeostasis, as in-
dicated for example by altered mitochondrial morphology, are associated with different
in vitro and in vivo models of PD [46]. The Drosophila melanogaster genome encodes two
DJ-1 homologs: DJ-1α and DJ-1β [47]. In Drosophila, the impact of loss of DJ-1 on mito-
chondrial quality control may involve two other important effectors well known in the
context of PD: PINK1 and Parkin. It was shown that PINK1 and Parkin are both implicated
in a common pathway that regulates mitochondrial dynamics and cell survival [73–75].
Yang and colleagues found that downregulation of PINK1 has deleterious effects in the
fly model: flight ability is compromised by the flight muscle degeneration, and dopamine
levels in the brain decrease with age. Electron microscopy analysis of tissues revealed
swollen mitochondria, also in agreement with low ATP levels [76]. The overexpression
of Parkin rescued loss-of-PINK1 related phenotypes, further supporting that Parkin acts
downstream of PINK [76]. It is still a debate whether and how DJ-1 may integrate into this
pathway, and what relation exists between PINK1, Parkin and DJ-1 in the maintenance of
mitochondrial homeostasis. In Drosophila, there are controversial data for PINK1 knockout
(KO) models concerning a selective rescue of PINK1 mutants by DJ-1 [73,76]. Even if one
study places DJ-1 homologs downstream of Drosophila PINK1 with an expression-level
dependent rescue of loss of PINK1 function, the fact that DJ-1 cannot rescue Parkin mutants
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and Parkin cannot rescue loss of DJ-1 in flies indicates that DJ-1 does not act within the
same pathway. Here, it has been suggested that DJ-1 acts in a pathway parallel to that of
PINK1/Parkin [73].

Another modulator of mitochondrial dynamics is dynamin-like protein 1 (DLP1), or
Drp1, a regulator of mitochondrial fission. It was shown that the levels of Drp1 were
increased in DJ-1 mutant M17 human neuroblastoma cells [37]. The knockdown of Drp1
in DJ-1 mutant cells resulted in a rescue of the abnormal mitochondrial morphology and
associated mitochondrial/neuronal dysfunction. Other studies confirmed the fragmen-
tation phenotype, but remained controversial about the impact of modulations of Drp1,
with normal total Drp1 [42,43] or decreased Mfn1 levels [41] in different models of reduced
DJ-1 function. Therefore, increased fission related to loss of DJ-1 could be caused by an
insufficient energy supply to maintain mitochondrial fusion processes [42] or based on
an impaired ER-mitochondria communication related to altered tethering of membranes
from both organelles [77]. Taken together, these controversial data suggest that DJ-1 might
not regulate mitochondrial dynamics primarily via modulation of Drp1 expression, but
that PD-associated loss of DJ-1 function may cause impaired mitochondrial function with
impact on morphology and clearance of mitochondria based on multiple pathways [37].
PD-associated loss of DJ-1 function was found to be associated with reduced basal au-
tophagy in mice [41,42] and M17 [43] cells, which was corroborated by an accumulation
of dysfunctional mitochondria [41–43], eventually creating a vicious circle of dysfunc-
tional mitochondria that accumulate and cause further cellular damage. Interestingly,
GSH supplementation of DJ-1-deficient cells reversed both mitochondrial and autophagic
alterations, which implies that DJ-1 may play an even more important role in mitochondrial
function under oxidative stress and that it could influence mitochondrial dynamics and
autophagy indirectly [78].

In addition to its role in the regulation of mitochondrial dynamics, DJ-1 was also
shown to regulate the association of mitochondria and the endoplasmatic reticulum (ER).

Liu and colleagues found that DJ-1 localized to the mitochondria-associated membrane
in vitro and in vivo. More specifically, they observed that DJ-1 physically interacts with the
IP3R3-Grp75-VDAC1 complexes at the mitochondria-associated membrane and that DJ-1
is an important component of that complex. In the absence of DJ-1, the complex formation
was disrupted and ER-mitochondria association was reduced. This phenotype was rescued
by the expression of WT DJ-1, but not by the familial PD-associated L166P mutant [79],
suggesting that impaired ER–mitochondria interaction plays a role in DJ-1-associated
PD pathogenesis [79]. Overall, DJ-1 can regulate mitochondrial function via changes in
mitochondrial clearance as well as through ER–mitochondria interaction.

Given the importance of DJ-1 for the maintenance of mitochondrial function, defi-
ciency of this protein should directly impact cellular metabolism. In addition, DJ-1 acts
as a scavenger of ROS, which play an important role as signaling molecules in cellular
metabolism, but can also be deleterious when chronically increased.

2.5. DJ-1 and ROS Signaling

ROS signaling contributes to physiological homeostasis, but when dysregulated
it contributes to disease pathogenesis via alterations in signaling cascades controlling
metabolic function.

Cytosolic ROS are produced predominantly by the NADPH oxidase (NOX) family
enzymes. ROS produced by NOX enzymes induce the expression of hypoxia inducible
factor 1α (HIF1α), which activates the expression of glucose transporter 1 (GLUT1) and the
activity of hexokinase, thereby upregulating glycolysis during hypoxia [80]. Mitochondrial
ROS are mainly produced by the electron transport chain complexes, and they can also
stabilize HIF1α and regulate cell proliferation [81]. DJ-1 deficiency, which is associated
with increased ROS levels [45], disturbs these hypoxia response pathways. Parsanejad and
colleagues have shown that loss of DJ-1 resulted in decreased HIF1α levels upon hypoxia
in primary cortical neurons [82].
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DJ-1 can regulate ROS levels via nuclear factor erythroid 2–related factor 2 (Nrf2), a
transcription factor that activates genes involved in oxidative stress response as well as in
NADPH and ATP production [48]. Clements and colleagues have shown that DJ-1 induces
the dissociation of Nrf2 from its inhibitor Keap1 (Kelch-like ECH-associated protein 1),
which leads to nuclear translocation of Nrf2 and binding to antioxidant response elements
(AREs) in MEF cells [48]. By inducing Nrf2 activation, DJ-1 protects neurons against
oxidative stress [48].

However, in another study involving primary cortical neurons, Nrf2 could still be
activated in DJ-1 deficient mice, suggesting that DJ-1 is not required for Nrf2 activation at
least in this cell type [49].

Structurally, the Cys106 of DJ-1 is preferentially oxidized in cells exposed to oxidative
stress [8,83] and is generally known to be the key residue involved in DJ-1 antioxidative
function [84]. This is why DJ-1 is also referred to as an “oxidative stress sensor” within
cells whose stable Cys106-SO2- modification induces the mitochondrial relocalization of
DJ-1. The latter leads to the protection from oxidative stress-induced cellular damage [9,85],
one of many mechanisms through which DJ-1 exerts its neuroprotective function [83].
Importantly, the oxidation status of DJ-1 Cys106 seems to be biphasic. Cys106 resides in a
pocket, and the transition from oxidized Cys106-SO2

– to over oxidized Cys106-(e.g., SO3
–)

can change the local conformation of the protein leading to destabilized dysfunctional DJ-
1 [53]. Therefore, it can be envisaged that the composition of DJ-1 complexes under acute
or mild oxidative stress will be different from the one that can be found under conditions
that are chronically and excessively oxidizing, thus changing the physiological response
of the cell, for example, from pro-survival to apoptotic [53]. Piston and colleagues found
that the levels of total DJ-1 and of DJ-1 oxidized at Cys106 were decreased in the cortex
of idiopathic PD brains when compared to age-matched control tissue. Moreover, DJ-1
formed high molecular weight complexes in the human brain, which was dependent on
the oxidation state of Cys106 [86]. Piston and colleagues also found that proteins involved
in RNA transcription/translation seemed to be associated with the complexes of DJ-1, and
the composition of the complexes was affected by the oxidation status of DJ-1. Interestingly,
these transcripts were associated with the catecholamine system, including dopamine
metabolism [87].

2.6. DJ-1 and Serine/Glutathione/Glutamine Metabolism

Meiser and colleagues used stable isotope-assisted metabolic profiling to investigate
the effect of a functional loss of DJ-1 in LUHMES cells, a human dopaminergic neuronal cul-
ture model, and found that DJ-1-deficient neurons exhibit decreased glutamine uptake and
reduced serine biosynthesis (Figure 1). Both glutamine and serine are required to generate
L-glutamyl-L-cysteine, an important precursor of the antioxidant molecule GSH. Serine is
converted into cysteine via the transsulfuration pathway, and glutamine is converted into
glutamate, and they together form L-glutamyl-L-cysteine via glutamate cysteine ligase.
Downregulation of these pathways, as a result of loss of DJ-1, leads to an impaired antioxi-
dant response [88]. In line with the decreased serine biosynthesis in DJ-1-deficient cells,
loss of DJ-1 in MEFs decreased protein and transcript levels of ATF4 [89], a transcription
factor that activates serine biosynthesis genes including PSPH, PHGDH and PSAT1 [90]
(Figure 1).

Meiser and colleagues also reported an increased sensitivity to H2O2-induced oxida-
tive stress, resulting in a 30% decrease in reduced GSH levels and higher ratio of oxidized
(GSSG) to reduced GSH in DJ-1 KO mice [88]. The observed that a decrease in GSH levels
and a decrease in enzyme levels of the GSH homeostasis pathways are caused by the loss
of DJ-1 and result in insufficient ROS quenching in DJ-1-deficient neurons [88].

Zhou and colleagues found that overexpression of DJ-1 in the N27 rat dopaminergic
cell line and in primary dopaminergic neurons protected these cells from death induced by
H2O2 and 6-hydroxydopamine [91]. They found that DJ-1 prevents cell death by increas-
ing the level of glutamate cysteine ligase, a rate-limiting enzyme for GSH biosynthesis.
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The cytoprotective effect of DJ-1 was absent when GSH synthesis was blocked, but the
protection could be restored by adding exogenous GSH.

These data indicate that DJ-1 protects dopaminergic neurons from oxidative stress-
induced cell death by upregulating GSH synthesis [91] (Figure 1).

In another study, the effect of oxidative stress on GSH metabolism and DJ-1 protein
was investigated. Downregulation of glutaredoxin (GRX), but not GSH depletion, resulted
in a decrease in DJ-1 protein, translocation of Daxx (a death-associated protein) from the
nucleus and subsequent cell death. Daxx translocation and cytotoxicity was prevented by
overexpression of DJ-1. Protease inhibitors prevented the decrease in DJ-1 level. Residual
DJ-1 was present in a reduced state, which implies that when DJ-1 was oxidized, it was
degraded through proteolysis. Thus, the loss of DJ-1 occurring through its oxidative
modification and subsequent proteolysis may contribute to PD pathogenesis [92].

In vivo, Lopert and colleagues found that brains from DJ-1 KO mice had an increase
in mitochondrial respiration-dependent H2O2 consumption when compared to control
mice [93], indicating that DJ-1 KO mice had a higher capacity to eliminate H2O2 compared
to WT control. However, DJ-1 KO mice showed an increase in oxidized GSSG to reduced
GSH ratio and a decrease in mitochondrial glutathione reductase activity, suggesting
that other factors may be responsible for increased H2O2 consumption. The authors
instead found an increase in mitochondrial thioredoxin 2 (TRX2) activity and mitochondrial
glutaredoxin activity in DJ-1 KO brain compared to WT controls. Therefore, the observed
increase in the enzymatic activities of mitochondrial TRX2 and GRX could be causal for the
observed increased H2O2 consumption in mitochondria of brains from DJ-1 KO mice, and
this might be an adaptive response to chronic DJ-1 deficiency [93].

2.7. DJ-1 and the Regulation of Glycolysis and the TCA Cycle

There is increasing evidence for a direct involvement of DJ-1 in cellular energy
metabolism via effects on glycolysis and the TCA cycle. Here, we will describe this
involvement of DJ-1 starting from glycolysis, onto TCA cycle and OXPHOS, and finally to
signaling and transcriptional regulation of metabolism.

Piston and colleagues analyzed DJ-1 WT high molecular weight complexes from
dopaminergic SH-SY5Y cells and identified that glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) forms a complex with DJ-1 [86] (Figure 1). GAPDH is a glycolytic
enzyme that converts glyceraldehyde 3-phosphate into 1,3-bisphosphoglycerate. Impor-
tantly, knockdown of DJ-1 or expression of the PD-associated DJ-1 variant L166P resulted
in the absence of high molecular weight DJ-1 complexes [86]. It is not known what the con-
sequences of the interaction of DJ-1 and GAPDH are, but it suggests a possible modulation
of the glycolytic pathway by DJ-1 via regulation of GAPDH.

Ozawa and colleagues performed a 2D gel electrophoresis-based proteomic analysis
of brain tissue from DJ-1 deficient mice and found a significant change in protein expres-
sion of pathways related to energy production including glycolysis, creatine pathway,
mitochondrial TCA cycle, and ROS signaling pathway [94]. According to their analysis,
spots of proteins such as PDH were decreased in DJ-1 KO compared to WT mice (Figure 1).
PDH is a key enzyme in the regulation of metabolism as it connects glycolysis and the
TCA cycle and determines whether pyruvate is converted into acetyl-CoA or reduced into
lactate. Consistent with a decrease in PDH protein level, the authors found a decrease in
mitochondrial ATP production rate in DJ-1 KO SH-SY5Y cells, although a compensatory
increase in lactate production was not detected.

DJ-1 was also shown to control PDH activity in CD4 regulatory T cells (Tregs). DJ-1
binds to PDH-E1 beta (PDHB), which leads to the inhibition of the phosphorylation of
PDH-E1 alpha (PDHA), thereby promoting PDH activity and OXPHOS [95] (Figure 1).

DJ-1 depletion caused impaired Treg proliferation and cellular maintenance in older
mice [95]. DJ-1 was also shown to interact with PDHB in HEK 293, SH-SY5Y and in the
mouse brain using immunoprecipitation and mass spectrometry of the mitochondrial
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protein interactome [96]. However, the effect of this direct protein–protein interaction on
the activity of the PDH enzyme still needs to be investigated in neuronal cells.

As mentioned earlier, DJ-1 was found in different subcellular compartments, and
it is claimed that the localization of DJ-1 determines its function. Cali and colleagues
used HeLa cells to analyze whether DJ-1 metabolic function depends on its localization
and activity within the mitochondria. This study revealed that a small DJ-1 fraction
is located within the mitochondrial matrix [97] and that it consistently increases upon
nutrient depletion. Targeting of DJ-1 to the mitochondrial matrix enhanced mitochondrial
and cytosolic ATP levels. Interestingly, overexpression of DJ-1 pathogenic mutants (C106T,
M26I and L166P) did not enhance ATP levels, and these mutants were unable to translocate
into the mitochondrial matrix upon nutrient depletion, suggesting that DJ-1 localization is
also critical for regulating cellular metabolism [98].

It was shown by Chen and colleagues that DJ-1 binds directly to the F1FO ATP
synthase β-subunit in HEK293T cells. The interaction of DJ-1 with the β-subunit increased
the efficiency of ATP production [99]. Guzman and colleagues found that DJ-1 deficiency
in murine neurons resulted in decreased mRNA levels of the uncoupling proteins Ucp5
and Ucp4 and compromised mitochondrial uncoupling in ex vivo brain slices of DJ-1 KO
mice [100]. These data provide additional support for an important role of DJ-1 in the
modulation of mitochondrial energy production.

Weinert and colleagues describe an interaction between DJ-1 and signaling molecule
14-3-3β that regulates the localization of DJ-1 in a hypoxia-dependent manner, either to
the cytosol or to mitochondria [101]. In HEK293T cells, the authors found that DJ-1 is
preferentially located in the cytosol by forming a complex with 14-3-3β. Upon cellular stress,
including hypoxia or dissipation of mitochondrial membrane potential, DJ-1 dissociates
from 14-3-3β and enters mitochondria. In primary neurons, however, DJ-1 was already
found to be abundant in mitochondria, suggesting that different cell types have different
baseline levels of mitochondrial DJ-1 relative to cytosolic DJ-1 [48]. Furthermore, it was
shown that DJ-1 knockdown decreased and 14-3-3β knockdown increased mitochondrial
membrane potential in HEK293T cells, suggesting that DJ-1 localization may regulate the
energetic potential of mitochondria [101].

Another important molecular interaction concerning metabolic control involves DJ-1
and the Von Hippel Lindau (VHL) protein. VHL ubiquitinates HIF-1α in normoxia, leading
to HIF-1α degradation, thus preventing hypoxic response. DJ-1 was shown to bind VHL
in SH-SY5Y cells and to suppress VHL ubiquitin ligase activity, thereby blocking VHL-
mediated degradation of HIF-1α [82]. Under hypoxia, DJ-1 KO resulted in lower HIF-1α
level and showed increased sensitivity to oxidative stress induced by MPP+ in cortical neu-
rons [82]. Increased sensitivity to MPP+ was rescued by HIF-1α overexpression, suggesting
that DJ-1 is important for activating the HIF-1α-dependent oxidative stress response.

However, HIF-1α activation is also known to reprogram cellular metabolism by
upregulating glycolytic gene expression and by inhibiting pyruvate entry into the TCA
cycle, thus mediating a shift from OXPHOS to glycolysis and attenuating ROS production
in cells [44]. Mechanistically, HIF-1α activates pyruvate dehydrogenase kinase 1 (PDK1),
leading to phosphorylation and inhibition of PDH [102]. Therefore, the role of DJ-1 in
regulating metabolic flux through PDH may change depending on the status of HIF-1α
activation. Under normoxia or low oxidative stress, a direct interaction between DJ-1
and PDH or mitochondrial localization may upregulate mitochondrial ATP production,
while under hypoxia or increased oxidative stress, DJ-1 may block flux through PDH by
stabilizing HIF-1α and activating PDK1.

3. DJ-1 and Pathophysiological Implications of Altered Metabolism in PD

The importance of metabolism in the pathogenesis of neurodegenerative diseases such
as PD is reflected by an increasing number of studies discussing the effect of the nutrition of
PD patients [103,104] and that metabolic syndrome can contribute to the pathophysiology
of PD [105]. Berry and colleagues found for example that large neutral amino acid levels in
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the plasma of PD patients were more stable and that the motor performance was superior
for patients who had a balanced (5:1) carbohydrate:protein diet compared to patients with
unbalanced diets [103], indicating a general role of nutrition and the metabolism in PD
pathogenesis. Regarding the involvement of DJ-1 in the regulation of cellular metabolism
in the context of PD, there is only little known so far.

In the following, we will present different hypotheses for such a role on the basis of
observations made in DJ-1 deficient cells, animal models and in clinical studies.

GO and MGO are byproducts of lipid peroxidation and glycolysis [106] that, if not
quenched, lead to cellular damage via protein and DNA glycation. The two main enzymes
responsible for the detoxification of GO and MGO are glyoxalase I and II [106]. DJ-1 as
glyoxalase III may contribute to this process [13], especially under conditions where GSH
availability is limited (glyoxalase III, as opposed to the glyoxalase I/II system, is GSH-
independent) (Section 2.3). A novel deglycase activity has more recently been proposed
for DJ-1 [39,107] that repairs glycation damage induced on proteins and DNA by glyoxal
and methylglyoxal. Loss of DJ-1 was shown to increase the levels of glycated DNA and
DNA strand breaks [38]. However, the proposed deglycase activity of DJ-1 is not yet
commonly accepted, as conflicting observations have been reported [108,109]. If confirmed,
it would imply, however, that lack of functional DJ-1 could lead to reduced protection from
glycation, increased DNA and protein damage and, hence, premature cellular aging via
accumulation of advanced glycation end products (AGEs) [38]. A recent clinical study
has shown that PD patients have higher plasma levels of carboxymethyllysine, one of the
AGEs, compared to healthy controls, suggesting that the roles of AGEs and deglycase
function of DJ-1 in PD pathogenesis need to be further studied [110].

A more direct involvement of DJ-1 in the regulation of metabolism was defined by its
physical interaction with PDH (Section 2.7), as already mentioned [95]. The consequence
of decreased PDH activity in DJ-1-deficient cells is a decreased conversion of pyruvate into
acetyl-CoA, which is the main gateway to fuel the TCA cycle [95]. Neurons are metabol-
ically very demanding cells as they need large amounts of ATP to meet their functional
requirements, i.e., maintenance of synaptic transmission. Neurons rely on energy produc-
tion via the TCA cycle and OXPHOS and are incapable of relying solely on glycolysis [111].
Therefore, TCA-OXPHOS impairment due to decreased PDH activity would predictably
lead to insufficient ATP production and force neurons to increase their glycolytic flux. Even-
tually, this could contribute to neuronal cell death. Clinical trials involving a high-energy
substrate for ATP, creatine, which bypasses TCA and OXPHOS, have shown that creatine
does not improve the clinical outcome of patients with PD [112]. Although it is possible
that a sufficient amount of creatine did not reach the brain of the patients, other strategies
for restoring energy flux may need to be discovered. In addition, a compensatory increase
in glycolytic flux under DJ-1 deficiency could accelerate accumulation of methylglyoxal.
Therefore, the effect of DJ-1 on PDH activity could contribute to PD pathogenesis also
via AGEs.

DJ-1 also interacts with GAPDH (Section 2.7), although the biological significance and
functional consequences of the interaction are unknown. However, the product of GAPDH
(1,3-bisphosphoglycerate) is a precursor of 3-phosphoglycerate, which is needed for serine
de novo synthesis. As loss of DJ-1 results in decreased serine biosynthesis [88] (Section 2.6),
the absence of DJ-1 GAPDH complex in DJ-1-deficient cells could result in decreased
1,3-bisphosphoglycerate synthesis and eventually less 3-phosphoglycerate required for the
serine de novo synthesis. Impaired serine biosynthesis was found in PD patient-derived
cells [113]. In addition, levels of D-serine in the cerebrospinal fluid of PD patients were
lower compared to healthy controls, suggesting that serine metabolism is also important
for PD pathogenesis [114].

Interestingly, Gelfin and colleagues found that the treatment of PD patients with
D-serine could alleviate behavioral and motor symptoms of the patients [115]. In more
detail, D-serine was found to regulate N-methyl-D-aspartate subtype of glutamate receptor
(NMDAR) mediated neurotransmission, resulting in an improvement in extrapyramidal
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symptoms and abnormal involuntary movements, further supporting the importance of
serine metabolism in the pathogenesis of PD [115].

In addition to an impairment of serine biosynthesis, glutamine flux was shown to be
reduced in the absence of DJ-1, and as glutamine is essential for glutathione synthesis, DJ-1
deficiency impairs the latter on two different levels resulting in an increased sensitivity to
oxidative stress [88]. One regulator of oxidative stress that was mentioned earlier to be
activated under certain conditions by DJ-1 is the transcription factor Nrf2. In addition to
its role in oxidative stress, Nrf2 is increasingly discussed to play a role in mitochondrial
bioenergetics and the regulation of expression of metabolic enzymes [116]. Esteras and
colleagues discussed pharmacological activation of Nrf2 aiming to restore mitochondrial
and metabolic function for the treatment of PD [116]. Nrf2 activation via, for example,
Keap1-targeting compounds leads to an increase in substrates that can be used by the
TCA cycle and enhances the mitochondrial membrane potential and ATP production [116].
These effects of Nrf2 activation could increase neuronal viability due to their high energy
demand in combination with their low glycolytic capacity, suggesting that Nrf2-activating
drugs could be of relevance for the treatment of PD [116].

Reduced scavenging of ROS via GSH can have a direct effect on the TCA cycle and
OXPHOS as both are regulated by ROS [117]. ROS were shown to stimulate glucose
uptake [118]. Under a normal range, ROS stimulate glucose uptake with a beneficial effect
on metabolism [117]. However, when ROS levels increase chronically, a vicious cycle of
ROS-stimulated glucose uptake and glucose-stimulated ROS production via increased
TCA-OXPHOS can be triggered. To counteract this cycle, ROS levels need to be decreased
via the DJ-1-mediated pathways or via a decrease in glucose uptake, which will decrease
carbon flux into the TCA cycle and depolarize mitochondrial membrane potential if the ATP
demand remains high [119]. In addition, chronically high ROS levels in DJ-1 deficiency can
eventually lead to mitochondrial dysfunction and apoptosis. In line with these hypotheses,
a recent study has shown that DJ-1 deficiency results in decreased mitochondrial membrane
potential and decreased ATP production [45]. However, as a decrease in OXPHOS can also
be caused by altered TCA flux, these studies are insufficient to capture the entire metabolic
status of DJ-1 deficiency.

Clinically, high levels of urate, an antioxidant, in the serum and cerebrospinal fluid of
PD patients is associated with slower progression of PD [120,121]. However, randomized
clinical trials involving antioxidant vitamin E (tocopherol) have not shown improvement of
PD symptoms [122], although more prolonged treatment, once levodopa treatment starts,
appeared to slow motor decline [123]. In addition, clinical trials involving mitochondria-
targeted antioxidant MitoQ [124] and antioxidant and OXPHOS cofactor CoQ10 [125] have
not shown clinical benefit, suggesting that oxidative stress alone may not fully explain the
PD pathogenesis.

On a final note, it could be that DJ-1 affects neuronal metabolism in part indirectly
via astrocytes. Astrocytes are the major route for brain glucose uptake during periods
of strong synaptic activity, indicating that astrocytic glucose uptake is of key importance
to neurons [119]. Astrocytes also provide neurons with lactate and glutamine, which are
converted into pyruvate and glutamate, respectively, and used in the TCA cycle [118,119].
The loss of DJ-1 in astrocytes could influence neuronal metabolism and viability.

As an outlook, future studies need to define the molecular underpinnings of the role of
DJ-1 deficiency in neurodegeneration in PD, and they should include astrocytic, neuronal
and co-culture models for metabolic investigations. In addition, there are no studies that
investigate the TCA cycle flux in DJ-1-deficient PD cellular or animal models, and the
use of experimental tools such as metabolic flux analysis will also shed more light on
metabolic effects of DJ-1. Lastly, there is a lack of studies using PD-patient derived cellular
models for metabolic studies in the context of DJ-1 deficiency. All of these new tools, when
applied to DJ-1 biology, will further clarify the role of DJ-1 in cellular metabolism and their
implications in PD pathogenesis.
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Motivation and Aims 

Cancer and neurodegeneration show two disease mechanisms that lie on the opposite 

ends of a spectrum; one is characterized by increased cell proliferation and the other due 

to premature cell death. In the last years, there has been increasing evidence that links 

these two processes. Epidemiologic studies have shown that people with a 

neurodegenerative disorder have a reduced incidence for many different cancer types, but 

an increased risk for other cancers9.  

It was shown by several epidemiological studies that there is an inverse correlation for 

gene expression of disease linked proteins in PD and cancer genes that are down 

regulated in PD can be up regulated in cancer and vice versa1,11. So far, the association 

of PD and cancer was mainly focusing on the most common cancer types like 

lung, colorectal or prostate cancer Despite that, PD associated genes (e.g. PARK2, 

PARK7) can also be involved in rather rare cancer types like Glioblastoma. In fact, high 

expression of PD associated genes plays an important role in tumor proliferation 

and migration of glioma cells due to their influence on cell cycle and apoptosis6.  

This is why we studied inverse modulatory effects of DJ-1 downregulation in GBM cells 

and DJ-1 upregulation in PD cells to investigate the role of this protein in both diseases 

and further shed light on the effect of differential levels of DJ-1 in PD and GBM. Parallels 

and differences in phenotypes like altered energy metabolism in PD-patient-derived 

astrocytes and GBM cells were assessed to identify underlying molecular mechanisms 

that are inversely correlated.  

The aims for the study include: 

- Generation and characterization of PD patient-derived iPSC

- Generation of isogenic control

- Generation of iPSC-derived astrocytes

- Phenotyping of PD patient-derived astrocytes

- Generation of DJ-1 overexpression astrocytes and DJ-1 knockdown in GBM cell

lines

- Phenotypic comparison of DJ-1 overexpression astrocytes and DJ-1 knockdown

in GBM cells
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Preface 

Since 2006, the discovery of the generation of induced pluripotent stem cells by 

Yamanaka and Takahashi has significantly contributed to the improvement of modeling 

human diseases in vitro and has helped to accelerate drug discovery and development12. 

Here, we describe the generation and characterization of a human induced pluripotent 

stem cell line-derived from fibroblasts of a PD patient with a DJ-1 mutation.  

I contributed to the following manuscript by conducting the stem cell culture, 

immunocytochemistry stainings, PCRs and Western Blots. Co-authors provided the 

fibroblasts for the generation of the stem cells and helped with reprogramming. 

I generated all figures and wrote the paper, which was reviewed by all co-authors prior 

to submission.   
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Lab Resource: Single Cell Line 

Generation and characterization of a genetic Parkinson’s disease-patient 
derived iPSC line DJ-1-delP (LCSBi008-A) 

Pauline Mencke a, Ibrahim Boussaad a, Gizem Önal d, Anneke J.A. Kievit e, Agnita J.W. Boon f, 
Wim Mandemakers e, Vincenzo Bonifati e, Rejko Krüger a,b,c,* 

a Translational Neuroscience, Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, Luxembourg 
b Parkinson Research Clinic, Centre Hospitalier de Luxembourg (CHL), Luxembourg 
c Transversal Translational Medicine, Luxembourg Institute of Health (LIH), Luxembourg 
d Department of Physiology, Anatomy and Genetics, University of Oxford, Parks Road, Oxford OX1 3QX, United Kingdom 
e Erasmus MC, University Medical Center Rotterdam, Dept. Clinical Genetics, Rotterdam the Netherlands 
f Erasmus MC, University Medical Center Rotterdam, Dept. Neurology, Rotterdam the Netherlands  

A B S T R A C T

Here, we describe an induced pluripotent stem cell (iPSC) line that was derived from fibroblasts obtained from a monogenic Parkinson’s disease (PD) patient. The 
disease was caused by a c.634-636delGCC mutation in the PARK7 gene leading to p.158P deletion in the protein DJ-1. iPSCs were generated via electroporation using 
three episomal plasmids encoding human Oct3/4, Sox2, Klf4, Lin28, L-Myc combined with a short hairpin RNA for p53. The presence of the c.471_473delGCC 
mutation in exon 7 of PARK7 was confirmed by Sanger sequencing. The iPSCs express pluripotency markers, are capable of in vitro differentiation into the three germ 
layers and obtain karyotypic integrity.   

1. Resource table

Unique stem cell line 
identifier 

LCSBi008-A 

Alternative name(s) of 
stem cell line 

DJ-1-delP 
delP 

Institution Luxembourg Centre for Systems Biomedicine (LCSB) 
Contact information of 

distributor 
Dr. Wim Mandemakers, w.mandemakers@erasmusmc. 
nl 

Type of cell line Induced pluripotent stem cell line (iPSC) 
Origin Human 
Additional origin info Age: 66 

Sex: male 
Ethnicity: Caucasian 

Cell Source fibroblasts 
Clonality Clonal 
Method of 

reprogramming 
electroporation using three episomal plasmids 
encoding human Oct3/4 (pCXLE-hOCT3/4 (Addgene 
#27076)), Sox2 and Klf4 (pCXLE-hSK ((Addgene 
#27078)), Lin28, L-Myc (pCXLE-hUL (Addgene 
#27080)) combined with a short hairpin RNA for p53 

Genetic Modification Yes 
Type of Modification Autosomal recessive mutation 
Associated disease Parkinson‘s disease 
Gene/locus PARK7 
Method of modification N/A 

(continued on next column)  

(continued ) 

Name of transgene or 
resistance 

N/A 

Inducible/constitutive 
system 

N/A 

Date archived/stock date 03. Sep. 2018 
Cell line repository/bank https://hpscreg.eu/cell-line/LCSBi008-A 
Ethical approval Medical Ethical Committee, Erasmus MC Rotterdam, 

The Netherlands; MEC-2012-001/NL38860.078.11 
The cell line can be obtained by third parties using 
appropriate MTA  

2. Resource utility

Parkinson s disease (PD) is the second most common neurodegen
erative disease affecting 1–2% of the population that is over 60 years old 
with its main symptoms being tremor, rigidity and bradykinesia (Tysnes 
and Storstein, 2017). Most PD cases are sporadic, however, mutations in 
PD-associated genes (PARK genes) can lead to genetic PD (Klein and 
Westenberger, 2012). The p.158Pdel mutation in the PARK7 gene 
encoding the protein DJ-1 leads to autosomal recessively inherited early 
onset PD (Ramsey and Giasson, 2010). By generating PD-patient iPSC- 
derived neuronal cell models, the iPSC line will be used to investigate 

* Corresponding author.
E-mail address: rejko.krueger@uni.lu (R. Krüger).

Contents lists available at ScienceDirect 

Stem Cell Research 

journal homepage: www.elsevier.com/locate/scr 
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underlying pathological mechanisms of genetic PD that are caused by 
the loss of DJ-1 protein due to the p.158Pdel mutation. 

3. Resource details

Dermal fibroblasts from a male PD patient (age at biopsy, 66 years)
harbouring an autosomal recessive homozygous c.471_473delGCC mu
tation in PARK7 were obtained. To generate the presented iPSC line, 
fibroblasts were reprogrammed by electroporation using three episomal 
plasmids encoding human Oct3/4, Sox2, Klf4, Lin28, L-Myc combined 
with a short hairpin RNA for p53. The cell line was called DJ-1-delP (see 
Table 1). We obtained three iPSC clones of the line (data shown only for 
clone 1) showing the typical morphology of iPSC colonies (Fig. 1 A). The 
cell line shows a structurally and numerically normal karyotype (46, XY) 
(Fig. 1 B). qPCR results for fibroblasts, control iPSC GM23338 (Larsen 
et al. 2020) and DJ-1-delP iPSC in triplicates confirmed that the cells 
also express Nanog, Oct3/4 and DMNT3B mRNA (Fig. 1 C). The DJ-1- 
delP iPSC express the stemness marker proteins Sox2, Oct3/4 and 
Nanog, as validated by immunocytochemistry (Fig. 1 D). DJ-1-delP iPSC 
are capable of differentiating into the three germ layers mesoderm, 
ectoderm and endoderm (Fig. 1 E), as shown by in vitro differentiation 
follwed by immunofluorescence staining for the germ layer marker 
Brachyury and Pax3 (mesoderm), Otx2 and Sox1 (ectoderm) and Sox17 
and FOXA2 (endoderm) (Fig. 1 E). PCR followed by agarose gel elec
trophoresis confirmed that the episomal plasmids disappeared at pas
sage 19 (supplementary Fig. 1A). 

The c.471_473delGCC mutation in the PARK7 gene leading to the 
deletion of proline 158 of the encoded DJ-1 protein was confirmed by 
Sanger sequencing in the fibroblasts and the iPSC (Fig. 1 F). The mu
tation results in stable DJ-1 mRNA (Fig. 1 G), but protein instability of 
the DJ-1 homodimer leading to a severe loss of DJ-1 protein (Fig. 1 H) 
(Ramsey and Giasson, 2010). 

4. Materials and methods

Fibroblasts derived from the skin biopsy were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 2 mM L-glutamine and 1% penicillin and streptomycin 
(Pen/Strep). The fibroblasts were reprogrammed into iPSC via electro
poration using three episomal plasmids encoding human Oct3/4 
(pCXLE-hOCT3/4 (Addgene #27076)), Sox2 and Klf4 (pCXLE-hSK 
((Addgene #27078)), Lin28, L-Myc (pCXLE-hUL (Addgene #27080)) 
combined with a short hairpin RNA for p53. Once colonies had formed, 
these colonies were picked and plated on a Matrigel™ (Corning)-coated 
plate. Freshly prepared E8 medium (DMEM F-12 + HEPES, Life Tech
nologies; 1% Pen/Strep, Life Technologies; 1% Insulin-Transferrin- 
Selenium, Life Technologies; 2 μg/L TGFβ1, Peprotech; 10 μg/L FGF2, 
Peprotech; 64 mg/L ascorbic acid 2 PM, Sigma-Aldrich; 100 ng/mL 
Heparin, Sigma-Aldrich; 10% mTesR, StemCell Technologies) was 
changed each day. The iPSCs were then passaged using EDTA (Life 
Technologies) once a week at a 1:5 ratio. Fibroblasts and iPSC were 
cultured at 37 ◦C under 5% CO2. 

5. Mutation analysis

Genomic DNA was purified from fibroblasts passage 9 and iPSC
passage 19 using the QIA Blood and Tissue kit (Qiagen). Using the 
primers listed in Table 2, the exon 7 of the PARK7 gene was amplified 
with KOD Hot Start DNA Polymerase (Merck; Annealing temperature 
54.8 ◦C, 40 cycles) on a TProfessional Basic Gradient Thermocycler 
(Biometra). Sanger sequencing was performed at Eurofins Genomics 
Germany GmbBH. 

6. RNA and protein status analysis by PCR and Western blotting

RNA and protein levels of PARK7/DJ-1 were evaluated by PCR and
Western blotting at passage 12 using the primers and antibodies listed in 
Table 2 following standard protocols. 

7. RT-qPCR

Total RNA was extracted from DJ-1-delP fibroblasts passage 16,
control iPSC passage 24 and DJ-1-delP iPSCs passage 9 using the RNeasy 
Mini Kit (Qiagen). Transcriptor High Fidelity cDNA Synthesis Kit 
(Roche) was used to synthesize cDNA. Quantification of pluripotency 
markers by multiplex qPCR was performed using the LightCycler® 480 
Probes Master kit (Roche) and hydrolysis probes detecting NANOG-FAM 
(Hs02387400_g1, Thermo Fisher Scientific), OCT4-FAM 
(Hs00999632_g1, Thermo Fisher Scientific) and DNMT3B 
(Hs00171876_m1, Thermo Fisher Scientific). ACTB (Hs03023880_g1, 
Thermo Fisher Scientific) was used as a housekeeping gene. cDNA from 
DJ-1-delP fibroblasts was used as a negative control. 

8. Immunofluorescence staining

Expression of stemness markers was analysed via immunocyto
chemistry. iPSCs were plated on Matrigel-coated coverslips and were 
fixed at passage 26 with 4% paraformaldehyde in PBS for 15 min. Cells 
were permeabilized and blocked for 1 h in PBS supplemented with 0.4% 
Triton-X 100 (Carl Roth), 10% goat serum (Vector Labs) and 2% bovine 
serum albumin (Sigma-Aldrich). Primary antibodies (Table 2) in anti
body buffer (0.1% Triton-X, 1% goat serum and 0.2% bovine serum 
albumin in PBS) were added for overnight incubation at 4 ◦C. Cells were 
washed three times with PBS, incubated for 2 h at room temperature 
with secondary antibodies in antibody buffer. Nuclei were stained with 
Hoechst. Images were acquired using a Zeiss spinning disk confocal 
microscope (Carl Zeiss Microimaging GmbBH). 

Table 1 
Characterization and validation.  

Classification Test Result Data 

Morphology Photography Normal Fig. 1 panel A 
Phenotype Qualitative analysis: 

Immunocytochemistry 
staining/ 
expression of 
pluripotency 
markers: Oct3/ 
4, Nanog, Sox2 

Fig. 1 panel D 

Quantitative analysis: 
RT-qPCR 

Transcripts for 
antigen & cell 
surface markers 

Fig. 1 panel C 

Genotype Karyotype (G-banding) 
and resolution 

46XY, 
Resolution 
450–500 

Fig. 1 panel B 
File available 
with author 

Identity Array-based 
karyotyping 

performed File available 
with author 

Mutation 
analysis (IF 
APPLICABLE) 

Sequencing homozygous 
c.634- 
636delGCC 

Fig. 1 panel F 

Southern Blot OR WGS N/A N/A 
Microbiology 

and virology 
Mycoplasma Mycoplasma 

testing by 
luminescence 
Negative 

Supplementary  
Fig. 1 B 

Differentiation 
potential 

Directed differentiation Proof of three 
germ layer 
formation 

Fig. 1 panel E 

Donor screening 
(OPTIONAL) 

HIV 1 + 2, Hepatitis B, 
Hepatitis C 

negative Supplementary 
file 1 

Genotype 
additional 
info 
(OPTIONAL) 

Blood group 
genotyping 

N/A N/A 

HLA tissue typing N/A N/A  

P. Mencke et al.

49

Results - Manuscript III 



Stem Cell Research 62 (2022) 102792

3

(caption on next page) 

P. Mencke et al.

50

Results - Manuscript III 



Stem Cell Research 62 (2022) 102792

4

9. In vitro differentiation

The ability of the iPSC to differentiate into the three germ layers was
tested at passage 18 using the manufacturer’s differentiation protocol of 
the Human Pluripotent Stem Cell Functional Identification Kit (R&D 
Systems). Expression of the mesodermal markers Brachyury and Pax3, 
the ectodermal markers Otx2 and Sox1 and the endodermal markers 
Sox17 and FOXA2 was confirmed after differentiation by immunocyto
chemistry. Images were acquired using a Zeiss spinning disk confocal 
microscope (Carl Zeiss Microimaging GmBH). 

10. Karyotyping and identity analysis

Molecular karyotyping and identity analysis of fibroblasts passage 9
and iPSC passage 6 was performed at Life&Brain GmbH (Bonn) using the 
HumanOmni2.5 Exome-8 DNA Analysis BeadChip. This method does 
not detect translocations or inversions, alterations in chromosome 
structure, mosaicism or polyploidy. 

11. Mycoplasma test

iPSCs were tested for Mycoplasma contamination at passage 9 by

Fig. 1. A: Brightfield image of DJ-1-delP iPSC colony. iPSC show the typical iPSC morphology. B: The karyotype of DJ-1-delP iPSC has no abnormalities. C: Gene 
expression analysis of pluripotency markers by qPCR shows the expression of DNMT3B, Nanog and Oct3/4 in control and DJ-1-delP iPSC and no expression of the 
markers in control fibroblasts. D: Expression of stemness markers by immunocytochemistry. DJ-1-delP iPSCs express the stemness marker Sox2, Oct3/4 and Nanog. E: 
DJ-1-delP iPSCs are able to differentiate into the three germ layers, as assessed by three germ layer differentiation and subsequent immunocytochemistry analysis of 
the markers for Brachyury and Pax3 (mesoderm), Otx2 and Sox1 (ectoderm) and Sox17 and FOXA2 (endoderm). F: The c.471_473delGCC mutation in the PARK7 
gene leading to the deletion of proline 158 of the encoded DJ-1 protein was confirmed by Sanger sequencing in the DJ-1-delP fibroblasts and iPSC. G: DJ-1-delP iPSC 
have normal DJ-1 mRNA levels, as assessed by RT-PCR. H: The mutation in the DJ-1-delP iPSC leads to loss of DJ-1 protein, as seen by Western blotting. 

Table 2 
Reagents details.  

Antibodies used for immunocytochemistry/flow-cytometry  
Antibody Dilution Company Cat # and RRID 

Pluripotency Markers Goat anti SOX2 (Y-17) 1:250 Santa Cruz, Cat #: sc-17320; RRID: 
AB_2286684 

Pluripotency Markers Mouse anti Oct3/4 1:1000 Santa Cruz, Cat #: sc-5279; RRID: 
AB_628051 

Pluripotency Markers Rabbit anti Nanog 1:1000 Abcam, Cat #: ab21624; RRID: AB_446437 
Pluripotency Markers Mouse anti Pax3 1:1000 DSHB 

AB_528426 
Pluripotency Markers Goat anti Sox1 1:1000 R & D Systems, Cat #: AF3369, 

RRID: AB_2239879 
Pluripotency Markers Mouse anti FOXA2 1:1000 Santa Cruz, Cat #: sc-101060, 

RRID: AB_1124660 
DJ-1 Rabbit anti DJ-1 (D29E5)XP 1:1500 cell signaling, Cat #: 5933; RRID: 

AB_11179085 
β-Actin mouse anti β-Actin (8H10D10) 1:20.000 cell signaling, Cat #: 3700S; RRID: 

AB_2242334 
Secondary antibody Alexa Fluor 488 Goat anti Mouse IgG (H + L) 1:1000 Invitrogen, Cat #: A11029; RRID: AB_138404 
Secondary antibody Alexa Fluor 568 Goat anti Mouse IgG (H + L) 1:1000 Invitrogen, Cat #: A-11031, RRID: 

AB_144696 
Secondary antibody Alexa Fluor 568 Goat anti Rabbit IgG (H + L) 1:1000 Invitrogen, Cat #: A11036; RRID: AB_143011 
Secondary antibody Alexa Fluor 568 Donkey anti Goat IgG (H + L) 1:1000 Invitrogen, Cat #: A-11057, 

RRID: AB_142581 
Secondary antibody Alexa Fluor 647 Donkey anti Goat IgG (H + L) 1:1000 Invitrogen, Cat #: A-21447, RRID: 

AB_2535864 
Secondary antibody Goat anti Rabbit IgG (H + L) Secondary Antibody, HRP, 0.5 mg GTXRB IgG F AB‘2 HRP 

X ADS 
1:5000 Invitrogen, Cat #: A24537; RRID 

AB_2536005 
Secondary antibody Goat anti Mouse IgG (H + L) Secondary Antibody, HRP 

0.5 mg GTXMU IgG F AB‘2 HRP X ADS 
1:10.000 Invitrogen, Cat #: A24524; RRID 

AB_2535993  

Primers  
Target Forward/Reverse primer (5′-3′) 

Targeted mutation analysis PARK7 gene, exon 7 1815 bp CTGAAGGAGCAAGGAACTGGA 
GGAATGCTGGGTGCTATTACCT 

Sequencing PARK7 gene, exon 7, locus of DJ-1 mutation in DJ-1-delP line 
213 bp 

GCCCATTAGGATGTCACCTTT 
GCAGTTCGCTGCTCTAGTCTT 

RNA status PARK7, whole transcript 
595 bp 

atatatggccATGGCTTCCAAAAGAGC 
cccccagatctCTAGTCTTTAAGAACAAG  

Beta actin 
140 bp 

CTGGAACGGTGAAGGTGACA 
AAGGGACTTCCTGTAACAATGCA 

Plasmid specific primers 
(PCR) 

OriP TCGGGGGTGTTAGAGACAAC 
TTCCACGAGGGTAGTGAACC 

Plasmid specific primers 
(PCR) 

EBNA1 ATCGTCAAAGCTGCACACAG 
CCCAGGAGTCCCAGTAGTCA  
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using a colorimetric mycoplasma detection kit (PlasmoTest™, 
Invivogen). 
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Preface 

As mentioned above, the generation of stem cell-derived models has revolutionized ways 

how to investigate monogenic, complex and epigenetic diseases and has improved drug 

discovery approaches13. However, it is important to include good controls for patient-

derived stem cell models. Before gene editing tools were available, age and gender 

matched controls were used to study disease phenotypes of patient-derived stem cells. 

However, these controls are not ideal as the genetic background is different from the 

patient, so the solely effect of a disease associated mutation on the cellular phenotype 

cannot be assessed. In 2012, Emmanuelle Charpentier and Jennifer Doudna published 

the components of the Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) – Cas 9 system and showed that the system could be used to cut specific sites 

in genomic DNA14. The advent of this technology allowed for the correction of for example 

disease causing mutations in patient-derived stem cells, thereby generating so called 

isogenic controls, which are essential for cellular phenotyping. In 2019, Jarazo and 

colleagues published a protocol for gene editing of stem cells to generate isogenic 

controls15. Using this protocol, I generated an isogenic control for the previously 

mentioned DelP line.   

I contributed to the following manuscript by performing the CRISPR Cas 9 gene editing. 

I obtained advice during the gene editing process from Dr. Hanss and Dr. Jarazo. 

Dr. Glaab generated the 3D protein structure model. Characterization of successfully 

edited stem cells was performed with help of co-authors. 
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Lab Resource: Genetically-Modified Single Cell Line 

Generation of isogenic control DJ-1-delP GC13 for the genetic Parkinson‘s 
disease-patient derived iPSC line DJ-1-delP (LCSBi008-A-1) 

Pauline Mencke a, Zoé Hanss a, Javier Jarazo b, François Massart a, Arkadiusz Rybicki a, 
Elizabet Petkovski c, Enrico Glaab d, Ibrahim Boussaad a, Vincenzo Bonifati e, 
Jens Christian Schwamborn b, Wim Mandemakers e, Rejko Krüger a,f,g,* 

a Translational Neuroscience, Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Luxembourg 
b Developmental & Cellular Biology Group, Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Luxembourg 
c Forensic Genetics, Dept. Legal Medicine, Laboratoire national de santé, Luxembourg 
d Biomedical Data Science Group, Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Luxembourg 
e Erasmus MC, University Medical Center Rotterdam, Dept. Clinical Genetics, Rotterdam The Netherlands 
f Parkinson Research Clinic, Centre Hospitalier de Luxembourg (CHL), Luxembourg 
g Transversal Translational Medicine, Luxembourg Institute of Health (LIH), Luxembourg  

A B S T R A C T

We describe the generation of an isogenic control cell line DJ-1-delP GC13 from an induced pluripotent stem cell (iPSC) line DJ-1-delP LCSBi008-A that was derived 
from fibroblasts obtained from a Parkinson’s disease (PD) patient. Using CRISPR/Cas9 technology, we corrected the disease causing c.471_473delGCC homozygous 
mutation in the PARK7 gene leading to p.158P deletion in the encoded protein DJ-1. The generated isogenic pair will be used for phenotypic analysis of PD-patient 
derived neurons and astrocytes.   

1. Resource table

Unique stem cell line identifier LCSBi001-A-1 

Alternative name(s) of stem cell line DJ-1-delP GC13 
delP GC13 

Institution Luxembourg Centre for Systems Biomedicine 
(LCSB) 

Contact information of the reported 
cell line distributor 

Dr. Wim Mandemakers, w. 
mandemakers@erasmusmc.nl 

Type of cell line Induced pluripotent stem cell line (iPSC) 
Origin Human 
Additional origin info (applicable for 

human ESC or iPSC) 
Age at biopsy, 66 years 
Sex: male 
Ethnicity: Caucasian 

Cell Source fibroblasts 
Method of reprogramming electroporation using three episomal 

plasmids 
Oct3/4 (pCXLE-hOCT3/4 (Addgene 
#27076)), Sox2 and Klf4 (pCXLE-hSK 
((Addgene #27078)), Lin28, L-Myc 
combined with a short hairpin RNA for p53 

Clonality Clonal 

(continued on next column)  

(continued ) 

Unique stem cell line identifier LCSBi001-A-1 

Evidence of the reprogramming 
transgene loss (including genomic 
copy if applicable) 

RT-/q-PCR, ICC, western blotting, etc. 
If piggyBac: evidence of excision/lack of 
insertion, PCR 

Cell culture system used Cells were grown on Geltrex or Matrigel 
Type of Genetic Modification Correction of mutation 
Associated disease Parkinson‘s disease 
Gene/locus PARK7 
Method of modification/site-specific 

nuclease used 
CRISPR/Cas9 

Site-specific nuclease (SSN) delivery 
method 

Plasmid transfection 

All genetic material introduced into 
the cells 

HDR donor vector 

Analysis of the nuclease-targeted 
allele status 

Sequencing of the targeted allele 

Method of the off-target nuclease 
activity surveillance 

in silico tool IDT CRISPR-Cas9 guide RNA 
design checker was used to identify off- 
targets, double-stranded breaks that may 
occur in the genome 

Name of transgene N/A 
puromycin 

(continued on next page) 
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E-mail address: rejko.krueger@uni.lu (R. Krüger).
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(continued )

Unique stem cell line identifier LCSBi001-A-1 

Eukaryotic selective agent 
resistance (including inducible/ 
gene expressing cell-specific) 

Inducible/constitutive system 
details 

N/A 

Date archived/stock date 22.09.2020 
Cell line repository/bank IBBL Luxembourg https://hpscreg.eu/us 

er/cellline/edit/LCSBi008-A-1 
Ethical/GMO work approvals Medical Ethical Committee, Erasmus MC 

Rotterdam, The Netherlands; MEC-2012- 
001/NL38860.078.11 

Addgene/public access repository 
recombinant DNA sources’ 
disclaimers (if applicable) 

HDR donor plasmid was synthesized by 
GeneArt®, sequence is available as suppl. 
File 
pX330 plasmid sequence available as suppl. 
file  

2. Resource utility

The p.158Pdel mutation in the PARK7 gene encoding the protein DJ-
1 leads to autosomal recessive early onset PD. By generating an isogenic 
control for the PD-patient derived iPSC line DJ-1-delP (Mencke et al., 
2022), the obtained isogenic pair of DJ-1-delP and DJ-1-delP GC13 will 
be used to investigate underlying pathological mechanisms of genetic 
PD that are caused by the loss of DJ-1 protein due to the p.158Pdel 
mutation (Mencke et al., 2022). 

3. Resource details

To generate the presented iPSC line, iPSC of the parental patient line
DJ-1-delP (Mencke et al., 2022) were used. Using an established pro
tocol for CRISPR/Cas9 fluorescent guided biallelic HDR targeting se
lection with PiggyBac system removal for gene editing (Jarazo et al., 
2019), the mutation was homozygously corrected. 

The generated isogenic control line shows the typical morphology of 
iPSC colonies (Fig. 1A). The cell line has a structurally and numerically 
normal karyotype (46, XY) after correction of the mutation (Fig. 1B). 
qPCR results for fibroblasts, control iPSC GM23338 (Larsen et al., 2020), 
DJ-1-delP and the newly generated DJ-1-delP GC13 iPSC in triplicates 
confirmed that the isogenic line express Nanog, Oct3/4 (POU5F1) and 
DMNT3B mRNA in the same range as the parental line (Fig. 1C). The DJ- 
1-delP GC13 iPSC express the stemness marker Sox2, Oct3/4 and Nanog,
as validated by immunocytochemistry (Fig. 1D). DJ-1-delP GC13 iPSC 
are capable of differentiating into the 3 germ layers mesoderm, endo
derm and ectoderm (Fig. 1E), as shown by immunofluorescence staining 
for the germ layer marker Brachyury (mesoderm), Otx2 (endoderm) and 
Sox17 (ectoderm) (Fig. 1E). 

The c.471_473delGCC mutation in the exon 7 of the PARK7 gene 
leading to the deletion of proline 158 of the encoded DJ-1 protein 
(Fig. 1F) is expected to impair homodimerization of the DJ-1 monomers 
as the proline residues lie in the contact site of the two monomers 
(Fig. 1G). 

The mutation does not affect the mRNA level of DJ-1 (Fig. 1I), but 
leads to loss of DJ-1 protein due to protein instability followed by 
degradation (Fig. 1J) (Ramsey and Giasson, 2010). The successful gene 
correction was confirmed by Sanger sequencing (Fig. 1H) and rescues 
the levels of DJ-1 protein (Fig. 1J) (Table 1). 

4. Materials and methods

iPSC were cultured in freshly prepared E8 medium (DMEM F-12 +
HEPES, Life Technologies; 1% Pen/Strep, Life Technologies; 1% Insulin- 
Transferrin-Selenium, Life Technologies; 2 μg/L TGFβ1, Peprotech; 10 
μg/L FGF2, Peprotech; 64 mg/L ascorbic acid 2 PM, Sigma-Aldrich; 100 
ng/mL Heparin, Sigma-Aldrich; 10% mTesR, StemCell Technologies). 
The medium was changed each day. The iPSC were passaged using 
EDTA (Life Technologies) once a week at a 1:5 ratio. iPSC were cultured 
at 37 ◦C under 5% CO2. 

5. Gene editing

To correct the mutation, we followed the steps described in the
protocol for CRISPR/Cas9 fluorescent guided biallelic HDR targeting 
selection with PiggyBac system removal for gene editing (Jarazo et al., 
2019). The donor plasmid (homology arms spanning the EGFP and the 
puromycin resistance) was synthesized by GeneArt®. The gRNA was 
designed using the broadinstitute gRNA design tool (sequence see 
Table 2, predicted off-targets see suppl. file 1). Nucleofection of the 
donor plasmid and the Cas9 plasmid was performed in DJ-1-delP iPSC at 
passage 18 using the AmaxaTM P3 Primary Cell 4D-NucleofectorTM X Kit 
L (24 RCT) and the Lonza NucleofectorTM (H9 program). Screening of 
the EGFP + colonies was performed using a Yokogawa CellVoyager 
CV7000 microscope. Green colonies were picked and analysed for 
random events and successful integration of EGFP (suppl. Fig. 1A and B, 
primers in Table 2). Non random EGFP integrated colonies were 
expanded and sorted to obtain 100% EGFP + cells with BD FASC Aria II, 
and sent for sequencing using primers spanning the region of the mu
tation (suppl. Fig. 1C, primers in Table 2). DJ-1-delP clone 13 showed 
the correction of the mutation (suppl. Fig. 1C, primers in Table 2). After 
the excision of the EGFP, cells were analysed for absence of integration 
of the donor plasmid and pX330 and sent for sequencing again (suppl. 
Fig. 1D + E, primers in Table 2). 

6. Mutation analysis

Genomic DNA was purified from fibroblasts and iPSC using the QIA
Blood and Tissue kit (Qiagen). Using the primers listed in Table 2, the 
exon 7 of the PARK7 gene was amplified by PCR and Sanger sequenced 
at Eurofins Genomics Germany GmbBH. 

6.1. RT-qPCR 

Total RNA was extracted from native fibroblasts passage 16, control 
iPSC passage 24, DJ-1-delP iPSC passage 9 and DJ-1-delP GC13 iPSC 
passage 40 using the RNeasy Mini Kit (Qiagen). Transcriptor High Fi
delity cDNA Synthesis Kit (Roche) was used to synthesize cDNA. 
Quantification of pluripotency markers by multiplex qPCR was per
formed using the LightCycler® 480 Probes Master kit (Roche) and hy
drolysis probes (Table 2). cDNA from DJ-1-delP fibroblasts passage 16 
was used as a negative control. 

7. RNA and protein status analysis by PCR and Western blotting

RNA and protein levels of PARK7/DJ-1 were evaluated by PCR and
Western blotting using the primers and antibodies listed in Table 2 
following our standard protocols (Boussaad et al., 2020). 
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7.1. Immunofluorescence staining 

Expression of stemness markers was analysed via immunocyto
chemistry. iPSC were fixed at passage 36 with 4% paraformaldehyde in 
PBS for 15 min and stained according to a standard immunofluorescence 
protocol using antibodies against Sox2, Oct3/4 and Nanog (Table 2). 
Nuclei were stained with Hoechst. Images were acquired using a Zeiss 
spinning disk confocal microscope (Carl Zeiss Microimaging GmbBH). 

7.2. In vitro differentiation 

The ability of the iPSC passage 36 to differentiate into the three germ 
layers was tested using the manufacturer’s differentiation protocol of 
the Human Pluripotent Stem Cell Functional Identification Kit (R&D 

Systems). Expression of the germ layer marker was confirmed after 
differentiation by immunocytochemistry (antibodies in Table 2). Images 
were acquired using a Zeiss spinning disk confocal microscope (Carl 
Zeiss Microimaging GmBH). 

7.3. Karyotyping and identity analysis 

Molecular karyotyping of iPSC passage 35 was performed at Thermo 
Fisher using the KaryoStat™ Assay. STR analysis of iPSC DJ-1-delP 
passage 26 and iPSC DJ-1-delP GC13 passage 40 was perfomed at the 
Laboratoire national de santé (LNS) Luxembourg. 

Table 1 
Characterization and validation.  

Classification (optional italicized) Test Result Data 

Morphology Photography  typical primed pluripotent human stem cell morphology Fig. 1 panel A 

Pluripotency status evidence for the 
described cell line  

Qualitative analysis 
(Immunocytochemistry)   

staining/expression of pluripotency markers: Oct3/4, Nanog, Sox2 Fig. 1 panel D 

Quantitative analysis (RT- 
qPCR) 

expression of pluripotency markers: DNMT3B, Nanog, Oct3/4 Fig. 1 panel C 

Karyotype Karyotype 46XY,  

Resolution 450–500 bhps 

Fig. 1 panel B 

Genotyping for the desired genomic 
alteration/allelic status of the gene of 
interest 

PCR across the edited site PCR + sequencing, Confirmation of the homozygous correction of 
the mutation 

Suppl. Fig. 1 

Transgene-specific PCR N/A N/A 
Verification of the absence of random 

plasmid integration events 
PCR  Random integration of donor plasmid in edited cell line not detected 

Integration of CRISPR/Cas9 (modified pX330) plasmid in edited cell 
line not detected 

Suppl. Fig. 1 

Parental and modified cell line genetic 
identity evidence  

STR analysis DNA Profiling   Submitted in the 
archive with journal 

Mutagenesis / genetic modification outcome 
analysis   

Sequencing (genomic DNA 
PCR)  

Confirmation of the homozygous correction of the mutation Fig. 1 panel H 

PCR-based analyses Detection of correctly-targeted and randomly-integrated selectable 
targeting construct status 

Suppl. Figure 1  

Western blotting Demonstration of protein rescue in gene corrected line Fig. 1 panel J 
Off-target nuclease analysis- in silico analysis of off-targets   in silico tool IDT CRISPR-Cas9 guide RNA design checker was used to 

identify off-targets, double-stranded breaks that may occur in the 
genome 

Suppl. File 1 

Specific pathogen-free status Mycoplasma   Mycoplasma testing by luminescence. Negative Suppl. Fig. 1 

Multilineage differentiation potential Directed differentiation Demonstration of ability to differentiate into derivatives of all 3 germ 
layers 

Fig. 1 panel E 

Donor screening (OPTIONAL) HIV 1 + 2 Hepatitis B, 
Hepatitis C 

N/A  

Genotype - additional histocompatibility info 
(OPTIONAL) 

Blood group genotyping N/A  
HLA tissue typing N/A   

Fig. 1. A: Brightfield image of DJ-1-delP GC13 iPSC colony. iPSC show the typical iPSC morphology. B: The karyotype of DJ-1-delP GC13 iPSC has no abnormalities. 
C: Gene expression analysis of pluripotency markers by qPCR shows the expression of DNMT3B, Nanog and Oct3/4 in control and DJ-1-delP GC13 iPSC and no 
expression of the markers in control fibroblasts. D: Expression of stemness markers by immunocytochemistry. DJ-1-delP GC13 iPSC express the stemness marker 
Sox2, Oct3/4 and Nanog. E: DJ-1-delP GC13 iPSC are able to differentiate into the three germ layers, as assessed by three germ layer differentiation and subsequent 
immunocytochemistry analysis of the markers for Brachyury (mesoderm), Otx2 (endoderm) and Sox17 (ectoderm). F: Graphical scheme of the location of the 
c.471_473delGCC mutation in the PARK7 gene. The mutation leads to the deletion of proline 158. G: 3D protein structure model of the DJ-1 protein dimer (PDB:
1UCF). One subunit of the dimer is highlighted in blue and one in green, the proline 158 residues in these subunits are marked in red (left). The residues are located in
the contact site of the two DJ-1 monomers (left) and contribute to dimer interactions via van-der-Waals contacts (right, visualized using the software UCSF Chimera).
The loss of proline 158 is therefore expected to impair homodimerization of the DJ-1 protein leading to subsequent proteasomal degradation. H: The mutation in the
DJ-1-delP line and the correction of the mutation in the isogenic counterpart DJ-1-delP GC13 was confirmed by Sanger sequencing. I: DJ-1-delP and DJ-1-delP GC13
iPSC have normal DJ-1 mRNA levels, as assessed by RT-PCR. J: The mutation in the DJ-1-delP iPSC leads to loss of DJ-1 protein, as seen by Western blotting. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2 
Reagents details.  

Antibodies and stains used for immunocytochemistry/flow-cytometry  

Antibody Dilution Company Cat # and RRID 

Pluripotency 
Markers 

Goat anti Sox2 (Y-17)  1:250 Santa Cruz, Cat #: sc-17320; RRID: 
AB_2286684 

Pluripotency 
Markers 

Mouse anti Oct3/4 1:1000 Santa Cruz, Cat #: sc-5279; RRID: AB_628051 

Pluripotency 
Markers 

Rabbit anti Nanog 1:1000 Abcam, Cat #: ab21624; RRID: AB_446437 

DJ-1 Rabbit anti DJ-1 (D29E5)XP 1:1500 cell signaling, Cat #: 5933; PRRID: 
AB_11179085 

β-Actin mouse anti β-Actin (8H10D10) 1:20.000 cell signaling, Cat #: 3700S; RRID: 
AB_2242334 

Secondary antibody Alexa Fluor 488 Goat anti Mouse IgG (H + L) 1:1000 Invitrogen, Cat #: A11029; RRID: AB_138404 
Secondary antibody Alexa Fluor 568 Goat anti Rabbit IgG (H + L) 1:1000 Invitrogen, Cat #: A11036; RRID: AB_143011 
Secondary antibody Alexa Fluor 647 Donkey anti Goat IgG (H + L) 1:1000 Invitrogen, Cat #: A-21447, RRID: AB_2535864 
Secondary antibody Goat anti Rabbit IgG (H + L) Secondary Antibody, HRP, 0.5 mg GTXRB IgG F AB‘2 HRP X 

ADS 
1:5000 Invitrogen, Cat #: A24537; RRID 

AB_2536005 
Secondary antibody Goat anti Mouse IgG (H + L) Secondary Antibody, HRP 

0.5 mg GTXMU IgG F AB‘2 HRP X ADS 
1:10.000 Invitrogen, Cat #: A24524; RRID 

AB_2535993  

Site-specific nuclease 

Cas9 Cas9  

Delivery method Nucleofection  
Selection/enrichment strategy Puromycin  
Primers and Oligonucleotides used in this study  

Target Forward/Reverse primer (5′-3′) 
Pluripotency Markers (qPCR) NANOG-FAM 

OCT4-FAM 
DNMT3B 

NANOG-FAM (Hs02387400_g1, Thermo Fisher Scientific) 
OCT4-FAM (Hs00999632_g1, Thermo Fisher Scientific) 
DNMT3B (Hs00171876_m1, Thermo Fisher Scientific) 

House-Keeping Genes (qPCR) ACTB ACTB (Hs03023880_g1, Thermo Fisher Scientific) was used as a housekeeping gene 
Genotyping (desired allele/transgene presence 

detection) 
PCR specific for the targeted 
allele 

Representative PCR gel (+/-) 
Fig. 1 I 
PARK7 fw 
5́-ACGAATTCGAATGGCTTCCAAAAGAGCTCTGGT-3́ 
PARK7 rev 
5́-AGCGGCCGCCTAGTCTTTAAGAACAAGTGGAGCC-3́ 
Beta actin fw 
5́-AAACTGGAACGGTGAAGGTG-3́ 
Beta actin rev 
5́-AGAGAAGTGGGGTGGCTTTT-3́  

Targeted mutation analysis/sequencing Sequencing data from both 
alleles 

Sanger sequencing chromatograms Fig. 1 H  

No integration PCR primer (for detection of homozygous/heterozygous gene editing and 
for sequencing after removal of the cassette) 
5́-CAATGCTGCGAGGGCAGTAA-3́ 
5́-CTCTTTTCCCTTCCCCAGGTA-3́  

Sequencing primer 
5́-GCCCATTAGGATGTCACCTTT-3́ 
5́-GCAGTTCGCTGCTCTAGTCTT-3́  

Potential random integration-detecting PCRs plasmid backbone, vector/ 
homology arm end PCRs 

Suppl. Figure 1 
Left homology arm (LHA) primer 
#246 
5́-CAATGCTGCGAGGGCAGTAA-3́ 
#861 
5́-AGATGTCCTAAATGCACAGCG-3́ 
Right homology arm (RHA) primer 
#43 
5́-CGATATACAGACCGATAAAACACATGC-3́ 
#247 
5́-CTCTTTTCCCTTCCCCAGGTA-3́ 
Cas9 primer 
5́-AGGAAATCGGCAAGGCTACC-3́ 
5́-TTCGCCGTTTGTCTCGATCA-3́ 
Random left primer 
#1321 
5́-AGATGTCCTAAATGCACAGCG-3́ 
#861 
5́-GCTGCCTATCAGAAGGTGGTG-3́ 
Random right primer 
#43 
5́-CGATATACAGACCGATAAAACACATGC-3́ 

(continued on next page) 
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Table 2 (continued ) 

Site-specific nuclease 

Cas9 Cas9  

#1752 
5́-GCAGCCACTGGTAACAGGAT-3́ 

gRNA sequence PARK7 5́-CTGATTCTTACAAGCCGGGG-3́ 
Genomic target sequence(s) PARK7 gRNA context sequence 

5́-CGGCCTGATTCTTACAAGCCGGGGTGGGAC-3́ 
PAM: TGG  

Gene: PARK7 
Location: 1.0.878 
Length:878 nt 
[Positional Info] 
XM_008975660.3 position: 527 

e.g. Top off-target mutagenesis predicted site 
sequencing (for CRISPR/Cas9 and TALENs) primers

in silico tool IDT CRISPR-Cas9 guide RNA design checker was used to identify off-targets, 
double-stranded breaks 
Suppl. File 1 

ODNs/plasmids/RNA templates used as templates for 
HDR-mediated site-directed mutagenesis. 
Backbone modifications in utilized ODNS have to 
be noted using standard nomenclature. 

N/A   
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Preface 

As explained in the introduction, epidemiologic studies have shown that people with a 

neurodegenerative disease have a reduced incidence for many different cancer types, but 

an increased risk for other cancers. In addition, an inverse correlation for the expression 

of Parkinson´s disease (PD)- and cancer-associated genes was described. PARK7, 

encoding DJ-1, was initially identified as an oncogene, but loss of DJ-1 causes early-onset 

PD. However, it remains elusive how differential DJ-1 levels contribute to opposite cell 

fates in cancer and PD.  

In the following manuscript I studied differential effects of DJ-1 protein levels in patient-

derived cellular models of PD and glioblastoma (GBM) cell lines.  

I contributed to the manuscript by conducting astrocyte and GBM cell experiments with 

help of François Massart. Brain section stainings, microglia differentiation and RNA 

sequencing analysis were performed with collaborations. Metabolite extractions for mass 

spectrometry were conducted by me, measurements were run in collaboration with a mass 

spectrometry facility, and data analysis was performed again by me using a computational 

pipeline, which I established during my PhD.  
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Summary 
An inverse correlation for the expression of Parkinson´s disease (PD)- and cancer-associated genes has 
been previously reported. PARK7, encoding DJ-1, was initially identified as an oncogene, but loss of DJ-1 
causes early-onset PD. However, it remains elusive how differential DJ-1 levels contribute to opposite cell 
fates in cancer and PD. Here, we demonstrate specific and differential effects of DJ-1 protein levels in 
patient-derived cellular models of PD and glioblastoma (GBM) cell lines. Loss of DJ-1 protein in human 
astrocytes led to impairment of energy metabolism and cell growth associated with an increased immune 
response upon IL-1β stimulation. In contrast, elevated DJ-1 levels in DJ-1 overexpressing astrocytes and 
GBM cell lines had the opposite effect. We show that decreased glutathione (GSH) synthesis and therefore 
increased reactive oxygen species (ROS) levels underly the observed cellular phenotypes, which could be 
rescued by supplementation with glutathione precursors. Thus, the mechanism by which DJ-1 modulates 
these phenotypes is the same in both diseases.    
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Graphical Abstract 

Modulation of GSH synthesis by DJ-1 regulates ROS levels and subsequently cell growth, the 
immune response and metabolism. DJ-1 deficiency associated phenotypes can be rescued by antioxidant 
treatment by restoring GSH levels.  

Keywords: 
Parkinson´s disease, glioblastoma, astrocytes, DJ-1, metabolism, immune response 
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Introduction 
Epidemiologic studies have shown that there is an inverse correlation for gene expression of Parkinson´s 
disease (PD) and cancer associated genes. Genes that are downregulated in PD are upregulated in cancer 
and vice versa. Here, PD-associated genes (e.g. PARK2, PARK7) are involved in rather rare cancer types 
like Glioblastoma  (GBM)1. In fact, high expression of PARK7, encoding the protein DJ-1, is associated 
with high grade and poor prognosis in glioma patients due to its influence on cell cycle and apoptosis2. The 
origin of GBM is still unsolved and over the last years emerging evidence indicated astrocytes as cells of 
origin for GBM3,4. Astrocytes are the most abundant glial subtype in the brain and are critical for the normal 
functioning of the brain. Recently, there has been increasing evidence for an important role of astrocytes in 
the pathogenesis of PD5. Under physiological conditions, one of the main functions of astrocytes is to 
metabolically support the surrounding neurons. Astrocytes have many different neuroprotective functions 
like releasing neurotrophic factors, producing antioxidants like glutathione (GSH), and disposing of 
neuronal waste products6. Since neurons are highly energy demanding cells7, it is crucial that astrocytes 
support their metabolism by providing them with glutamine, which can be converted into glutamate and 
fueled into the neuronal tricarboxylic acid cycle (TCA)8. Astrocytes also release stored glycogen, which 
can be converted into lactate that can be transported to the surrounding neurons and used to fuel their 
metabolism8.  

Astrocytes are also involved in inflammatory response or promote immunosuppression and tissue repair. It 
was shown that pro-inflammatory cytokines like interleukin 1 beta (IL-1β) as well as interferon gamma 
(IFNG), tumor necrosis factor (TNF), and interleukin 6 (IL-6), reduce the astrocytic glycogen storage and 
lactate transport9. Importantly, many key factors and intracellular signaling pathways were identified during 
the last years that mediate astrocyte behavior during neuroinflammation10.  

In pathological conditions like PD, astrocytes produce inflammatory cytokines11. In fact, astrogliosis is a 
common pathological feature in PD12,13. In addition, impaired astrocytes contribute to PD-linked 
pathological mechanisms like oxidative stress, neuroinflammation, and mitochondrial impairment6. 
Therefore, targeting astrocytic dysfunction to repair their neuroprotective ability may represent a 
therapeutic approach to prevent progressive neurodegeneration in PD. 

The PARK7 gene was initially described as an oncogene as it was isolated in the course of screening for c-
Myc-binding proteins in 199714. In 2003, a large deletion and missense mutation in PARK7 was identified 
in Italian and Dutch PD patients, leading to the discovery of PARK7 as a causative gene for familial PD 
with recessive inheritance15. DJ-1 is localized in the cytoplasm, nucleus and mitochondria16. In the human 
brain, DJ-1 displays much higher expression levels in astrocytes than neurons17. In PD patient-brains, it 
was shown that DJ-1 is increased in reactive astrocytes18. Several studies in mice showed that DJ-1 
overexpression in astrocytes resulted in protection from parkinsonism due to rotenone-induced neuronal 
cell death and that DJ-1 knockdown or knockout impaired the neuroprotective capacity of astrocytes and 
decreased neuronal survival19. These observations indicate an important role of DJ-1 for astrocytic function 
and astrocyte-mediated neuronal protection. There is increasing evidence for a direct involvement of DJ-1 
in cellular energy metabolism via effects on glycolysis and the TCA cycle20. So far, it is not known how 
DJ-1 affects astrocytic and neuronal metabolism in PD. Astrocytes are the major route for brain glucose 
uptake during periods of strong synaptic activity, indicating that astrocytic glucose uptake is of key 
importance to neurons21. The loss of DJ-1 in astrocytes could therefore also influence neuronal metabolism 
and viability. On the other hand, overexpression of DJ-1 could enhance brain metabolism and enable 
increased cell proliferation.  

In this study we analyzed the effects of DJ-1 deficiency or overexpression in human induced pluripotent 
stem cell (iPSC) derived astrocytes and GBM cell lines. We show that metabolic activity, cell growth and 
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immune response upon IL-1β stimulation in both cell types is dependent on DJ-1 levels which modulate 
these phenotypes via regulation of glutathione and ROS levels. 

Results 
Astrogliosis in DJ-1 PD patient brain 
In 2016, Taipa and colleagues described a case of a homozygous DJ-1-mutant patient (p.L172Q mutation) 
with early-onset parkinsonism with first symptoms at the age of 22. The mutation in the PARK7 gene causes 
DJ-1 protein loss and the patient brain showed diffuse Lewy body and astrogliosis22. To further analyze 
astrogliosis in this patient, we obtained sections from the cortex (of the patient, male, 49 years old, and a 
gender-matched control, male, 47 years old). We found that the patient brain showed a higher abundance 
of the activated astrocyte marker GFAP when compared to the control, which was accompanied by enlarged 
cell bodies and processes, known indicators for astrocyte activation23 (Figure 1A). In addition, astrocytes 
in the patient brain displayed reduced intensity of staining for the astrocyte marker aldolase c (Aldoc), a 
glycolytic enzyme (Figure 1B), implying that the patient astrocytes shift from a metabolically active to a 
reactive state (more GFAP staining). In addition, the microglial marker Allograft inflammatory factor 1 
(Iba1) showed an increased staining in the cortex of the DJ-1 patient when compared to the control, 
indicating increased neuroinflammation in the patient (Figure 1C, Suppl. file 1).    
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Increased immune response in DJ-1 deficient astrocytes 
To further investigate the effect of DJ-1 deficiency in PD astrocytes, we derived astrocytes from induced 
pluripotent stem cells (iPSCs) carrying two different PD-associated DJ-1 mutations. We used isogenic pairs 
with two different homozygous DJ-1 mutations - P158Δ in-frame deletion (DelP) and DelP gene-corrected 
(GC), and c.192G>C (C4 mut) and C4, respectively24–26. Sixty days-old astrocytes were used for all 
experiments. The cells showed an astrocytic morphology and the majority stained positive for canonical 
astrocyte markers like GFAP, S100b, Vimentin, EAAT2, NFIA, ID3, and EZRIN. No neuronal 
contamination was observed, as assessed by markers for TUJ1 and MAP2 (Suppl. Fig. 1). Expression of 
typical markers of astrocyte precursors is shown in supplementary figures (Suppl. Fig. 2-3). Gene 
expression of all cell lines was assessed using next generation RNA sequencing (Suppl. Fig. 4 and methods). 
Differential expression analysis showed downregulation of 146 genes and upregulation of 56 genes in C4 
mut astrocytes compared to isogenic control C4 astrocytes using a with log2-fold change cut-off of ± 1 with 
an adjusted p value < 0.05 (Suppl. Fig. 5A and B). Ingenuity pathway analysis (IPA)27 on the differentially 
expressed genes27 considering −log(p-value) > 2 identified that the highest ranked upregulated pathway in 
DJ-1-deficient astrocytes was neuroinflammation (z-score = 0.632) (Suppl. Fig. 5C). The graphical 
summary of this IPA core analysis illustrates the relation of upregulated Interleukin 1 beta (IL-1β) and 
interferon gamma (IFNG) signaling, immune signaling involved in T cell cytotoxicity and cancer 
immunotherapy, and apoptosis (Figure 2A and B). Therefore, we first validated the increased immune 
response in DJ-1-deficient astrocytes, which showed increased gene expression of C-C Motif Chemokine 
Ligand 5 (CCL5), also known as RANTES, upon stimulation with IL-1β for 2 to 12 hours, and for 24 and 
48 hours when compared to isogenic controls (Suppl. Fig. 6A). A similar phenotype was observed in DJ-
1-deficient microglia (Suppl. Fig. 6B). The increased gene expression levels of CCL5 in DJ-1-deficient
astrocytes resulted in increased secretion of CCL5 protein into the medium (Figure 2C). Concordantly with
the increased cytokine expression and release, DJ-1-deficient astrocytes attracted more CD4+ and CD8+
human T cells, as assessed by T cell migration assay, and CCL5 secretion was also increased during the
assay after 48 hours upon stimulation with IL-1β (Figure 2D). The migration towards DJ-1-deficient
astrocytes was even increased upon knockdown of DJ-1 in control T cells (60% knockdown, see Suppl.
Fig. 7), a scenario that is closer to the situation of a PD patient with homozygous DJ-1 mutations in which
the T cells are also DJ-1-deficient. Additionally, DJ-1 deficiency also significantly decreased astrocytic
proliferation (Figure 2F).
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DJ-1 deficiency in astrocytes causes impaired metabolic carbon contribution 
and GSH levels  
Based on the observed decrease in cell growth, we next investigated whether DJ-1-deficient astrocytes 
might have an impairment in energy metabolism. We analyzed glucose and glutamine metabolism in more 
detail by performing glucose and glutamine tracing. DJ-1-deficient astrocytes took up less glucose and 
released less lactic acid (Figure 3A)8. In line with reduced glucose uptake, glucose carbon contribution to 
the TCA was decreased (Figure 3B). However, the glycolytic carbon contribution towards 3PG and lactate 
was unaffected, as seen by analyzing the production of pyruvate from 3PG (by calculating the ratio of M3 
pyruvate over M3 3PG) and the ratio of M3 lactate over M3 pyruvate (Figure 3C). Pyruvate entry into the 
TCA was reduced as assessed via the analysis of the production of M2 citrate from M3 pyruvate (Figure 
3D). Consequently, the TCA cycling was reduced due to decreased production of M4 citrate from M2 citrate 
(Figure 3E). Labelling of glutamate was decreased indicating a deficiency of the cell to provide glutamate 
and eventually glutamine via glucose metabolism (Figure 3B). Glutamate is used by the cell for the 
synthesis of glutathione (GSH), the most important molecule in cellular oxidative stress response, and like 
lactic acid, glutamine is released by astrocytes to metabolically support neurons8. The reduced metabolic 
carbon contribution seen in deficient astrocytes by metabolic tracing was functionally confirmed by 
measurements of the extracellular acidification rate (ECAR) (Figure 3F) and the oxygen consumption rate 
(OCR) (Figure 3G), which revealed decreased glycolysis and oxidative phosphorylation (OXPHOS) 
compared to controls (Figure 3F and G). The decreased contribution of glucose to the TCA and glutamate 
production raised the question about the ability of the cell to compensate via the use of glutamine. 
Glutamine tracing revealed that glutamine uptake was significantly increased in DJ-1 -deficient astrocytes, 
and that over 95% of the glutamine detected in all cell lines was taken up from the medium (over 95% 
carbon contribution, Figure 3H). Yet, glutamine carbon contribution to all TCA cycle metabolites was 
decreased in DJ-1-deficient astrocytes compared to isogenic controls (Figure 3H). Interestingly, DJ-1 
deficient astrocytes used more glutamine for fueling into the TCA, as seen by the increased ratio of M5 
alpha-ketoglutarate over M5 glutamate (Figure 3I). However, increased alpha-ketoglutarate labeling did 
not translate into increased succinate labeling, as the production of succinate from alpha-ketoglutarate was 
significantly decreased (Figure 3J).  Glutamine carbon contribution of the subsequent TCA cycle 
metabolites and the cycling of the TCA were therefore also significantly reduced in DJ-1 deficient 
astrocytes Figure 3K). This means that the increased glutamine carbon contribution to alpha-ketoglutarate 
is not channeled towards the TCA cycle to compensate for lower glycolytic contribution. Glutamine can 
also be used for GSH synthesis, which is known to be decreased in DJ-1-deficient cells28. Indeed, GSH and 
oxidized glutathione (GSSG) labeling was increased compared to isogenic controls (Figure 3K and 3L). 
However, despite increased use of glutamine for GSH production, total GSH levels were decreased and 
GSSG levels still increased in DJ-1-deficient astrocytes when compared to isogenic controls, as assessed 
by luminescence-based quantification (Figure 3M). As more glutamine from the medium was used by DJ-
1-deficient astrocytes to synthesize GSH, we next analyzed whether doubling the amount of glutamine in
the medium could rescue GSH levels. Upon high glutamine supplementation (4 mM), GSH levels in the
DJ-1-deficient astrocytes reached wildtype levels (Figure 3K). GSSG levels remained increased in DJ-1-
deficient astrocytes when compared to the isogenic counterparts, indicating that the increased GSH levels
upon glutamine supplementation are being used to diminish increased ROS levels (Figure 3M). GSSG/GSH
ratio was significantly decreased upon glutamine supplementation (Figure 3M), which indicates a decrease
in oxidative stress upon glutamine supplementation in DJ-1-deficient cells, but not in the isogenic controls.
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Increased glutamine supply reduces ROS levels and rescues immune phenotype 
and growth impairment of DJ-1 deficient astrocytes  
DJ-1 is a known ROS scavenger28–31 and loss of DJ-1 protein was shown to increase ROS in mouse primary 
astrocyte cultures32–36. Consistent with these findings, DJ-1-deficient human astrocytes had elevated levels 
of cellular ROS, RNS and superoxide, which are predominantly produced as by-products of mitochondrial 
respiration (Figure 4A). The observed increase in GSSG levels in DJ-1 deficient cells (Figure 3K) indicate 
failure in oxidative stress response. We saw that glutamine uptake was increased in DJ-1-deficient 
astrocytes to produce GSH (Figure 3K). Thus, we further assessed whether increasing the amount of 
glutamine could also rescue the increased ROS levels. ROS levels were significantly reduced by high 
glutamine treatment in all cell lines, but not as efficiently as when treated with the positive control N-
Acetyl-Cysteine (NAC) (Figure 4B and C). ROS are important signaling molecules involved in immune 
signaling37. Therefore, we analyzed whether high glutamine or NAC supplementation in the astrocyte 
cultures could rescue immune related phenotypes. Both treatments reduced cytokine release (Figure 4D) 
and T cell migration (Figure 4E). Furthermore, doubling the amount of glutamine in the astrocyte medium 
rescued astrocyte cell growth of DJ-1-deficient astrocytes compared to isogenic controls (Figure 4F). The 
dependency on glutamine uptake can also be seen in cell survival rates. In baseline conditions, early 
apoptosis was significantly increased in DJ-1 deficient astrocytes compared to isogenic controls. Additional 
glutamine starvation for 4 hours further led to a significant increase of apoptosis in DJ-1-deficient 
astrocytes, which was not observed in isogenic controls (Figure 4G). 

Metabolic and growth impairment are reversed in DJ-1 overexpressing 
astrocytes and GBM cell lines  
Our observation that DJ-1 deficiency negatively modulates astrocyte metabolism and growth while 
increasing immune response led us to hypothesize that these mechanisms might be inversely regulated in 
GBM cases due to increased DJ-1 levels in GBM. Therefore, we generated DJ-1-overexpressing iPSC-
derived astrocytes as an oncogenic model to study the influence of elevated DJ-1 levels in astrocytes. 
Lentiviral overexpression was established in the iPSC line C4 to keep the same genetic background as the 
isogenic pair used to model PD (Suppl. Fig. 8 and 9). To study the role of DJ-1 in GBM, we used three 
different GBM cell lines, namely U251, U87 and LN229. All three lines displayed upregulated DJ-1 protein 
levels when compared to C4 astrocytes (Suppl. Fig. 10A).  
Gene expression of DJ-1-overexpressing and C4 astrocytes was profiled using RNA sequencing (Suppl. 
Fig. 4). Differential expression analysis revealed that 323 genes were downregulated and 225 upregulated 
in DJ-1-overexpressing astrocytes compared to isogenic control C4 with log2-fold change of -1 and padj of 
0.05 (Suppl. Fig. 11). IPA gene expression analysis showed an upregulation of pathways involved in cell 
cycle control, cell growth, and especially pathways associated with proliferation of tumor cells (Figure 5A 
and B) compared to C4 astrocytes. Thus, we again analyzed the growth behavior of the cells. Concordantly, 
C4 DJ-1 overexpression astrocytes showed increased cell growth compared to C4 control astrocytes (Figure 
5B). On the other hand, cell growth was reduced upon DJ-1 knockdown in the GBM cells (Figure 5C), 
which could be rescued by doubling the amount of glutamine in the medium (Figure 5D).  
DJ-1 overexpression in astrocytes caused reduced ROS levels, which were further reduced by high 
glutamine and NAC supplementation (Figure 5E). The overexpression decreased CCL5 secretion (Figure 
5F) but did not affect T cell migration (Figure 5G). On the other hand, the knockdown of DJ-1 in the GBM 
cells increased ROS levels (Figure 5H and I) and led to increased CCL5 secretion (Figure 5J) and 
consequently T cell migration (Figure 5K). Taken all together, overexpression of DJ-1 in astrocytes lead to 
opposite cellular phenotypes than observed in DJ-1-deficient astrocytes. However, glutamine carbon 
contribution to the TCA (Figure 5L and M) and to GSH production (Figure 5N) was decreased in DJ-1 
overexpression astrocytes compared to wildtype astrocytes. This suggests that low ROS levels and a 
sufficient metabolic activity make the cells less dependent on glutamine. In that case an increased carbon 
contribution of glucose to the TCA cycle should be seen. 
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Indeed, when analyzing glucose metabolism using labeled glucose, DJ-1 overexpression in astrocytes 
increased the carbon contribution from glucose to the TCA cycle (Figure 6A). Expectedly, we saw that 
knockdown of DJ-1 in the three different GBM cell lines reduced the carbon contribution from glucose to 
the TCA cycle and the reduction correlated with the knockdown efficiency of the three different shRNAs 
on protein levels in the GBM lines (Figure 6A and B). This suggests a dependency of the metabolic activity 
on DJ-1 levels in both cell types. Importantly, glutamate is known to be crucial for cancer cell 
metabolism38,39 . The contribution of glucose to its labeling was significantly increased in the oncogenic 
model, and DJ-1 knockdown in the GBM cells significantly reduced the carbon contribution of glucose to 
glutamate. Analysis of OXPHOS activity by OCR measurements revealed that the increased contribution 
from glycolysis in DJ-1 overexpressing astrocytes did not lead to an increase in mitochondrial respiration 
(Figure 6C). However, DJ-1 knockdown in GBM cells significantly decreased OXPHOS suggesting that 
increased DJ-1 levels are not sufficient to increase mitochondrial respiration but are essential to maintain 
an increased metabolic activity.  
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NAC supplementation rescues TCA cycle carbon contribution deficits in DJ-1 
deficient astrocytes and high glutamine supplementation increases TCA cycling 
and GSH synthesis from glutamine     
To understand whether the observed phenotypes of increased immune response and impaired cellular 
metabolism were caused by decreased GSH levels and subsequently increased ROS in the absence of DJ-
1, we then analyzed glucose and glutamine metabolism in the patient-derived isogenic astrocytes by LC-
MS tracing after treating the cells with NAC as a positive control or doubling the amount of glutamine in 
the medium. NAC supplementation rescued the glucose carbon contribution to all TCA intermediates 
(Figure 7C). The increased TCA carbon contribution was not only due to increased carbon contribution of 
glucose to pyruvate but also due to increased pyruvate entry into the TCA cycle (Figure 7B). Consequently, 
glucose carbon contribution to glutamate was brought back to wildtype levels (Figure 7C). In contrast, high 
glutamine did not rescue glucose carbon contribution to TCA cycle intermediates (Figure 7C) nor pyruvate 
entry into the TCA cycle (Figure 7B). Glutamine tracing under the same conditions revealed that 99% of 
the intracellularly detected glutamine in both cell lines and all conditions was taken up from the medium 
(Figure 7C). NAC treatment rescued the TCA cycle intermediate labeling (Figure 7C) to wildtype levels. 
Increased glutamine carbon contribution to alpha-ketoglutarate in DJ-1 deficient astrocytes was reduced by 
NAC (Figure 7D)by restoring the ability of the cells to convert alpha-ketoglutarate to succinate(Figure 7E). 
In contrast to this, supplying the cells with 4 mM glutamine did not rescue the glutamine carbon contribution 
to the TCA cycle intermediates (Figure 7C). Increased fueling of glutamine into the TCA until alpha 
ketoglutarate remained also increased in the presence of 4 mM glutamine (Figure 7D). The analysis of the 
ratio of M4 succinate over M5 alpha-ketoglutarate showed that the additionally provided glutamine did not 
enable the cells to use it efficiently for the TCA and to compensate for the reduced glucose carbon 
contribution to the TCA (Figure 7E). However, and confirming the results from earlier experiments (Figure 
3L-N), the increase of glutamine concentration led to an increased carbon contribution from glutamine to 
GSH (Figure 7E, M5 GSH) compared to wildtype cells and to the same cells in basal conditions or treated 
with NAC. NAC supplementation significantly decreased carbon contribution from glutamine to GSSG, 
but high glutamine did not affect GSSG labeling (Figure 7F). This suggests that additionally supplied 
glutamine is used for oxidative stress response, but that the protective effect is not as strong as with NAC 
treatment that caused a stronger reduction of ROS levels, especially of superoxide (Figure 5A and B) and 
hence, was able to not only rescue the growth and immune phenotypes, but also the TCA cycle 
insufficiency. 
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Discussion 
Astrocytes play an important role in the pathogenesis of PD, and GBM is claimed to be originating from 
astrocytes3,40. Thus, we analyzed the role of DJ-1 downregulation in PD, and DJ-1 upregulation in GBM to 
shed light on the opposite disease-related phenotypes of PD and GBM associated with diverging DJ-1 
levels.  

In human cortex of a PD patient with a DJ-1 mutation, we found increased astrogliosis22, which supports 
an activated immune mechanism involving astrocytes in the neurodegenerative process. Increased 
astrogliosis in PD midbrain was observed in previous studies of human midbrain of patients with idiopathic 
PD13, and neuroinflammation is increasingly recognized to play a critical role in the pathology of PD41. Our 
observation in human astrocytes deficient of DJ-1 was supported by next generation RNA sequencing 
showing an upregulation of proinflammatory pathways, which was subsequently validated by increased 
cytokine expression and release upon stimulation. It was previously shown that IL-1β and IL-6 are elevated 
in the brains from idiopathic PD patients42. A recent publication showed an increased cytokine release in 
human astrocytes derived from a PD patient carrying a G2019S mutation in LRRK243. It was shown that 
astrocytes and microglia from DJ-1-deficient mice showed increased inducible NO synthase (iNOS) 
levels44, which indicates that dysfunctional astrocytes may act as source for neuroinflammation. Kahle and 
colleagues also demonstrated higher astrocyte reactivity by showing increased cytokine release in 
astrocytes from DJ-1-/- mice upon lipopolysaccharide (LPS) stimulation compared to controls32. 
Furthermore, astrocytes from DJ-1-/- mice produced more nitric oxide (NO), which was mediated by ROS 
signaling leading to activation of iNOS32. Additional evidence for a primary pathological role of DJ-1-/- 
astrocytes in neurodegeneration came from Kahle´s in vitro study. Neurotoxicity upon LPS treatment was 
only observed, when either wt or DJ-1-/- neurons were co-cultured with DJ-1-/- astrocytes, but not with wt 
astrocytes32.  Interestingly, also in the in vivo situation of DJ-1 knockout mice no other neurodegeneration 
was observed as these animals displayed no nigral or striatal loss of dopaminergic neurons and only mild 
non-motor symptoms45, which may indicate that astrocytic pathology did not yet translate into 
neurodegeneration. Taken together, this strengthens the hypothesis that dysfunctional astrocytes 
significantly contribute to the pathogenesis of neurodegeneration and precedes neuronal loss in vivo. 
Consistent with an astrocytic activation, we found significantly decreased GSH levels and increased ROS 
in DJ-1-deficient human astrocytes compared to isogenic controls. ROS are known to regulate the immune 
response37,46,47. In fact, it was shown that  mitochondrial ROS can induce proinflammatory cytokine 
production48. A recent study suggests that transiently increased CCL5 expression in mice brains after mild 
traumatic brain injury (TBI) is a coping mechanism to reduce elevated ROS levels caused by the injury via 
glutathione peroxidase-1 (GPX1) activation49. However, in contrast to the situation after TBI, ROS levels 
in DJ-1-deficient cells are chronically elevated. In the case of astrocytes, this leads to an increased CCL5 
release, which over time can contribute to neuroinflammation50. These results are again indicating an 
important role of astrocytes as direct key players in causing neurodegeneration by maintaining a chronic 
inflammatory reaction. It was shown that infiltration of CD4+ lymphocytes into the brain contributes to 
neurodegeneration in a PD mouse model51. Here, we assessed the functional relevance of the increased 
ROS levels and cytokine release in DJ-1-deficient astrocytes and found increased T cell migration towards 
DJ-1-deficient astrocytes. Previously, it was shown that T cells from DJ-1 KO mice had elevated ROS 
levels52, pointing to the importance of evaluating the effect of lack of DJ-1 in T cells from DJ-1 patients. It 
is also known that ROS can activate T cells53. We observed an even increased T cell migration towards DJ-
1-deficient astrocytes after knockdown of DJ-1 in T cells, further implying a contribution to
neuroinflammation observed in PD patients with loss of function mutations in the DJ-1 gene.

On the other hand, CCL5 secretion upon stimulation by all three GBM cell lines was lower than in wildtype 
astrocytes and increased significantly upon DJ-1 knockdown. The knockdown also led to a significant 
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increase in T cell migration towards GBM cells suggesting that elevated DJ-1 levels in GBM might 
contribute to immune evasion of the tumor. GBM is known for its high metabolic activity54 and its 
immunosuppressive microenvironment that causes T cell dysfunction and therefore impaired T cell 
migration55. These immune evasion mechanisms are decreasing the effectiveness of immune therapy 
options. Increasing the infiltration of the tumor microenvironment with T lymphocytes is crucial for an 
improved tumor therapy. The observed increased glycolysis and TCA cycle activity are also connected to 
T cell exhaustion, as GBM cells deprive the tumor microenvironment from glucose that could be used by 
infiltrating T cells, which depend on glycolysis56. Therapeutic targeting of DJ-1-mediated regulation of 
cytokine secretion and metabolic modulation could help to decrease tumor growth and immune suppression, 
which in turn enables effective T cell infiltration, and eventually a better anti-tumor response. On the other 
hand, for PD, restoring metabolic activity and decreasing cytokine release could counteract 
neuroinflammation.  

Since the T cell migration was reduced upon NAC and glutamine supplementation, we investigated the 
energy metabolism in DJ-1-deficient astrocytes, which was reduced, as seen by decreased glycolysis, 
OXPHOS and TCA cycle carbon contribution. ROS are known to reduce the activity of the TCA cycle57, 
which is why the increased ROS levels in the DJ-1-deficient astrocytes might have caused the observed 
reduced TCA cycle carbon contribution, especially as the phenotype was rescued by NAC. In addition, we 
saw an increased glutamine fueling into the TCA until alpha-ketoglutarate in DJ-1 deficient astrocytes, 
which did not translate into increased glutamine carbon contribution to subsequent TCA cycle 
intermediates. This effect was associated with an impairment in the conversion of alpha-ketoglutarate to 
succinate. Thus, we observed an inability to use glutaminolysis for energy supply in the absence of DJ-1.  

GSH synthesis from glutamine was increased leading to the conclusion that DJ-1-deficient astrocytes use 
glutamine for GSH synthesis. Nonetheless, despite increased GSH synthesis, DJ-1-deficient astrocytes had 
decreased total GSH and increased GSSG levels, which indicates that the increased production from 
glutamine did not translate into higher total GSH and GSSG levels. The increased GSSG levels are again 
in line with the increased ROS, which the cells cannot cope with. Taken together, we found a vicious cycle 
of reduced GSH levels causing increased ROS levels leading to decreased TCA carbon contribution, which 
in turn leads to reduced production of the GSH precursor glutamine. In consequence, DJ-1-deficient 
astrocytes showed decreased cell growth, an increased immune response and increased cell death. All 
eventually leading to a reduced support of neuronal homeostasis by astrocytes. In fact, it has been shown 
that impairment of DJ-1 in primary mouse astrocytes negatively affects primary neurons following an 
oxidative insult19,58,59.  

In contrast to the observations in DJ-1-deficient astrocytes, DJ-1 overexpression had the inverse effect as it 
resulted in increased cell growth, metabolic activity and reduced ROS compared to wildtype astrocytes. 
Ingenuity pathway analysis revealed an upregulation of cancer-associated pathways involved in cell 
proliferation and cell cycle regulation, which again confirms DJ-1 overexpression in astrocytes as 
oncogenic model. In rat astrocytes, DJ-1 overexpression could protect against rotenone-induced 
neurotoxicity60. Overexpression of DJ-1 in mouse astrocytes was shown to be protective against rotenone-
induced mitochondrial dysfunction and ROS generation of co-cultured neurons19. Our results and these 
studies highlight the relevance of DJ-1 in astrocytes and their impact on surrounding neurons, again 
emphasizing the importance of astrocyte dysfunction in the pathogenesis of PD. Concordant with the results 
in the astrocytes, knockdown of DJ-1 in the GBM cell lines also decreased GBM cell growth and 
metabolism, increased ROS and the immune response.  

Thus, the mechanism by which DJ-1 modulates these pathways seems to be the same in both diseases, as 
the knockdown of DJ-1 in the GBM cells had the same effect as loss of DJ-1 in PD patient-derived 
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astrocytes. The opposite phenotypic observations in our models of PD and GBM can therefore be attributed 
to initially inverse DJ-1 levels.  

In summary, we showed here, for the first time, that the two diseases share molecular pathophysiological 
features, which is supported by epidemiological evidence that individuals affected by a neurodegenerative 
disease may have a decreased risk of certain cancer types61. We have shown that PD and GBM cellular 
phenotypes are correlating with the levels of the disease associated protein DJ-1. Future large-scale studies 
will help to modulate these pathways in order to pave the way towards an improved therapy of these yet 
incurable conditions. 
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Figure 1: Astrogliosis in DJ-1 patient brain 

1A-C: Cortex section of a healthy donor (control) and the PD patient (DJ-1 patient) stained for A: the activated 
astrocyte marker GFAP. B: the astrocyte marker aldolase c (Aldoc). C: the microglial marker Allograft inflammatory 
factor 1 (Iba1). 

83

Results - Manuscript V



84

Results - Manuscript V



Figure 2: Increased immune response in DJ-1-deficient astrocytes 

A and B: Ingenuity pathway analysis. N=3. Relaxed cut offs were chosen due to little number of differentially expressed 
genes cutoff -0.5-0.5 log2foldchange p adj. 0.1. C: CCL5 secretion. N=3. Error bars show SEM. One-way ANOVA was 
used with Tukey´s multiple comparisons. D: T cell migration towards astrocytes and CCL5 secretion measured in this 
assays. N=3. Error bars show SEM. One-way ANOVA was used with Tukey´s multiple comparisons. E: Astrocyte growth 
(N=3) with SEM error bars. Non-linear fit was calculated (Exponential Malthusian growth) and 2-way ANOVA for each 
time point with Tukey´s multiple comparisons. Significance is indicated for the last time point. D-F: p <0.0001 = ****, 
p <0.001 = ***, p <0.01 = **, p <0.05 = *. 
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Figure 3: DJ-1 deficiency in astrocytes causes impaired metabolic carbon contribution and GSH levels 

A: Analysis of uptakes and release rates from the medium by GC-MS. N=3-5. Error bars show SEM. Two-tailed paired T test was 
used. B: Analysis of glucose metabolism using [U-13C6]Glucose tracing. N=3-5. 13C incorporation in metabolites was analyzed 
by GC-MS, resulting in heavier metabolites (M1+x), whereas no 13C incorporation corresponds to M0. The graphs show the carbon 
contribution for each metabolite (calculation see methods part). Error bars show SEM. Two-tailed paired T test was used. C-E: 
Ratios: The higher the ratio, the more production of the respective metabolite from its precursor. Error bars show SEM. Two-tailed 
paired T test was used. N=3-5. F-G: Extracellular flux analysis using Seahorse. N=3-5. Error bars show SEM. Two-tailed paired 
T test was used. H-M: [U-13C5]Glutamine tracing. N=3. Error bars show SEM. Paired T test was used, for GSH and GSSG 2-way 
ANOVA with Turkey´s multiple comparisons. N: GSH and GSSG measurement in cell lysates. N=3. Error bars show SEM. 
ANOVA was used. A-N: p <0.0001 = ****, p <0.001 = ***, p <0.01 = **, p <0.05 = *. 
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Figure 4: Increased glutamine supply reduces ROS levels and rescues cellular phenotypes  

A: Cellular ROS/RNS (left) and superoxide (right) levels in astrocytes. N=3. Error bars show SEM. Two-tailed paired T test was 
used. B-C: Cellular ROS/RNS (left) and superoxide (right) levels in astrocytes upon high glutamine or NAC supplementation. N=3. 
Error bars show SEM. One-way ANOVA with Šídák's multiple comparisons test was used. D: CCL5 secretion upon high glutamine 
or NAC supplementation. Error bars show SEM. One-way ANOVA was used with Tukey´s multiple comparisons. E: T cell migration 
towards astrocytes. N=3 (3 different blood donors with 3 independent astrocyte differentiations). Error bars show SEM. One-way 
ANOVA was used with Tukey´s multiple comparisons. F: Astrocyte growth (N=3) with SEM error bars. Non-linear fit was calculated 
(Exponential Malthusian growth) and 2-way ANOVA for each time point with Tukey´s multiple comparisons. Significance is 
indicated for the last time point. G: Early apoptosis assessed by Annexin V staining. N=3. Error bars show SEM. paired T test was 
used. A-G: p <0.0001 = ****, p <0.001 = ***, p <0.01 = **, p <0.05 = *. 
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Figure 5: Growth impairment is reversed in DJ-1 overexpressing astrocytes and GBM cell lines  

A: Ingenuity pathway analysis of DJ-1 overexpression astrocytes versus wildtype astrocytes. N=3. Upregulated pathways are shown in orange, 
downregulated ones in blue. B: Astrocyte cell growth with SEM error bars. N=3.Nonlinear fit was calculated with exponential (Malthusian) growth. 2-way 
ANOVA for each time point with Tukey´s multiple comparisons. Significance is indicated for the last time point. C-D: Growth curve of GBM cell lines. 
N=3. Nonlinear fit was calculated with exponential (Malthusian) growth. 2-way ANOVA for each time point with Tukey´s multiple comparisons. 
Significance is indicated for the last time point. E: Mitochondrial ROS level. N=3. Error bars show SEM. One-way ANOVA was used with Tukey´s multiple 
comparisons. F: CCL5 secretion of astrocytes assessed by ELISA. Error bars show SEM. Two-tailed paired T test was used. G: T cell migration towards 
astrocytes. Error bars show SEM. One-way ANOVA was used with Tukey´s multiple comparisons. H-I: ROS levels in GBM cells. The mean of the 3 lines 
is shown. Error bars show SEM. One-way ANOVA was used with Tukey´s multiple comparisons. J: CCL5 secretion of GBM cells assessed by ELISA. 
Each line is shown separately. N=1. Error bars show SEM. One-way ANOVA was used with Tukey´s multiple comparisons. K: T cell migration assay in 
GBM cell lines. Each line is shown separately. N=1. Error bars show SEM. One-way ANOVA was used with Tukey´s multiple comparisons. L: Glutamine 
LC-MS tracing in astrocytes with DJ-1 overexpression compared to wildtype astrocytes. N=3. Error bars show SEM. Two-tailed paired T test was used. M: 
Glutamine LC-MS tracing-based measurement. Ratio M2 citrate over M4 citrate. N: Glutamine LC-MS tracing-based measurement of GSH and GSSG. 
N=3. Error bars show SEM. Two-tailed paired T test was used. B-M: p <0.0001 = ****, p <0.001 = ***, p <0.01 = **, p <0.05 = *. 
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Figure 6: Metabolic impairment is reversed in DJ-1 overexpressing astrocytes and GBM cell lines 

A: Analysis of glucose metabolism using [U-13C6]Glucose tracing. Error bars show SEM. One-way ANOVA 
was used with Tukey´s multiple comparisons. B: Analysis of correlation of DJ-1 protein levels and carbon 
contribution using simple linear regression. C: Extracellular flux analysis of oxygen consumption rate in 
astrocytes and GBM cells. Mean of the 3 different GBM cell lines is shown. Error bars show SEM. Paired T test 
was used. A-C: p <0.0001 = ****, p <0.001 = ***, p <0.01 = **, p <0.05 = *. 
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Figure 7: NAC supplementation rescues TCA cycle carbon contribution deficits in DJ-1 deficient astrocytes  

A: Analysis of glucose metabolism using [U-13C6]Glucose tracing. N=3. 13C incorporation in metabolites was analyzed by GC-
MS, resulting in heavier metabolites (M1+x), whereas no 13C incorporation corresponds to M0. The graphs show the carbon 
contribution for each metabolite (calculation see methods part). Error bars show SEM. One-way ANOVA was used with Tukey´s 
multiple comparisons. B: Ratios for glucose tracing. N=3. Error bars show SEM. One-way ANOVA was used with Tukey´s 
multiple comparisons. C-G: [U-13C5]Glutamine tracing results. N=3. Error bars show SEM. One-way ANOVA was used with 
Tukey´s multiple comparisons. A-F: p <0.0001 = ****, p <0.001 = ***, p <0.01 = **, p <0.05 = *. 
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STAR Methods 

Cell lines 

We used isogenic pairs with two different homozygous DJ-1 mutations - P158Δ in-frame deletion (DelP) 
and DelP gene-corrected (GC), and c.192G>C (C4 mut) and C4, respectively24–26.  

Cell line Fibroblasts for iPSC 
derivation were obtained 
from  

Genetic modification 

DelP PD patient P158Δ in-frame deletion in the 
PARK7 gene 

DelP GC - Gene corrected counterpart for 
DelP  

C4 mut - Insertion of c.192G>C mutation in 
the PARK7 gene of C4 control line 

C4 Control person Isogenic counterpart of C4 mut 

Cell culture 

iPSC 
Parkinson´s disease patient-derived iPSC of the DelP mutant and the isogenic control were generated as 
described by Mencke et al. 202225,26. The C4 and C4 mut line (WT+DJ-1 mutant) were previously 
described24. All cells (iPSC, smNPC, hNSC, astrocytes and neurons) were cultivated in wells and flasks 
coated with Geltrex (Gibco™ A1413302). iPSCs were cultivated with DMEM/F12 (+Hepes) (Life/Tech – 
31330038) supplemented with 10 % mTESR1 (STEMCELL Technologies SARL, 5850), 1 % insulin 
transferrin selenin (Life/Tech – 41400045), 1 % penicillin/streptomycin (Life/Tech – 15140-163), ascorbic 
acid 2PM (Sigma – A8960-5G) 64µg/mL, FGF-2 (Peprotech - 100-18B) 10 ng/mL, TGF-β1 (Peprotech - 
100-21) 2 ng/mL and Heparin (Sigma – H3149-25KU) 100 ng/ml.

smNPC 
Differentiation of iPSC into smNPC was adopted from Reinhardt et al. 2013. On day one of differentiation, 
the iPSC medium was changed to iPSC medium without FGF-2 and mTESR1 plus 10 μM SB-431542 
(Sigma - S4317-5mg), 1 μM dorsomorphin (Sigma – P5499-5mg), 3 μM CHIR 99021 (Axon – Axon1386) 
and 0.5 μM Purmorphamine (PMA) (Sigma-Aldrich – SML0868-25mg). On day 2, the medium was 
replaced by N2B27 medium: 50:50 DMEM/F12 w/o HEPES (Life/Tech – 21331046) and NeuroBasal 
medium (Life/Tech – 21103049) supplemented with 1:200 N2 supplement (Life/Tech – 17502048), 1:100 
B27 supplement lacking vitamin A (Life/Tech – 12587-010), 1 % penicillin/streptomycin (Life/Tech – 
15140-163) and 1 % GlutaMAX Supplement (Life/Tech – 35050-061) plus 10 μM SB-431542, 1 μM 
dorsomorphin, 3 μM CHIR 99021 and 0.5 μM PMA. On day five, the medium was changed to N2B27 
medium supplemented with 3 μM CHIR 99021, 0.5 μM PMA and 150 μM ascorbic acid (Sigma – A8960-
5 g). Upon formation of neuroepithelial structures, the neuroepithelium was picked with a pipet tip, 
collected in a 1.5 ml tube, dissociated by pipetting and plated into 12-well in N2B27 medium supplemented 
with 3 μM CHIR 99021, 0.5 μM PMA and 150 μM ascorbic acid.  
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Astrocytes 
Astrocytes were generated from smNPC via hNSCs as described in Palm et al. 2015. 2 days prior to hNSC 
differentiation, 400 k smNPCs were seeded into one 6-well of a 6-well plate per line. After 2 days, the 
medium was changed to smNPC medium with 20 ngng/ml FGF-2 (Peprotech - 100-18B). After 4 days, the 
cells were split with Accutase® (Sigma A6964) and the medium was changed to hNSC medium consisting 
of DMEM/F12 w/o HEPES (Life/Tech – 21331046) supplemented with N2 supplement (Life/Tech – 
17502048), B27 supplement with vitamin A (Life Technologies Europe BV/Thermo Fisher Scientific 
17504044), GlutaMAX Supplement (Life/Tech – 35050-061), penicillin/streptomycin (Life/Tech – 15140-
163), 40 ng/ml EGF (Peprotech - AF-100-15-1mg), 40 ng/ml FGF-2 (Peprotech - 100-18B) and 1.5 ng/ml 
hLIF (Peprotech - AF-300-05). hNSCs were split with Accutase® when reaching 70-80 % of confluence. 
The astrocytic differentiation medium consisted of the basic cultivation medium DMEM/F12 w/o HEPES 
(Life/Tech – 21331046) supplemented with 1 % penicillin/streptomycin (Life/Tech – 15140-163), 1 % 
GlutaMAX Supplement (Life/Tech – 35050-061) and 1 % fetal bovine serum (Life/Tech – 10270-106). 1 
million hNSCs per T25 flask were plated 2 days prior to astrocyte differentiation. After 2 days, hNSC 
medium was changed to astrocyte medium. After 40 days, astrocytes were split to get rid of neurons that 
are dying during the differentiation and during the process of splitting. After 60 days, astrocytes were 
considered to be mature and all experiments were conducted around day 60.  

Glioblastoma cell culture  
GBM cell lines LN229, U87 and U251 were kindly provided by Dr. Johannes Meiser from the LIH. Cells 
were cultured with DMEM 1X high glucose with glutamine (Thermo) and supplemented with 10 % FBS. 
Knockdown of DJ-1 was done using three different shRNAs (SigmaAldrich) with different efficiencies 
(#18, #19#, #20). GBM lines were seeded one day prior to transduction (500 k cells per well in 6-well plates 
for LN229 and 750 k cells per well in 6-well plates for U87 and U251). The next day, cells were transduced 
for 242424 hours in the presence of polybrene 8 μg/ml. 7 days later, cells were seeded for metabolite glucose 
tracing (100 k cells per well in 12-well plates), Western blottingblotting (1 million cells per well in 6-well 
plates) and RNA collection (500 k cells per well in 12-well plates).  
In addition, a stable knockdown was generated for each GBM cell line using a mix of shRNA #18 and 
shRNA #20. Transduction was performed as described. The puromycin selection was started 24 hours post 
transduction for 4 days (U87: 1.5 μg/ml, U251: 1 μg/ml, LN229: 1.5 μg/ml).  

Microglia 
Maintenance of iPSC lines (C4 healthy control and DJ-1 deficient C4 mut line) was done in mTeSRTM Plus 
medium (Stem Cell Technologies). To achieve microglia differentiation, a previously established protocol 
was implemented62,63 as described briefly in Badanjak et al. 202164.  

Midbrain dopaminergic neuronal culture 
Midbrain dopaminergic neurons were differentiated as described by Reinhardt et al. 2013. Cells were split 
on days 2 and 5 during differentiation and then cultivated until final seeding. Neurons were used for 
experiments from day 21 on. 
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Generation of DJ-1 overexpression astrocytes 
Wildtype iPSC were stably transduced with a GFP-containing DJ-1 overexpression vector. Cells were 
sorted with a FACS Aria sorter for GFP to obtain around 90 % GFP+ iPSC (Suppl. Figure 6A-C). iPSC 
were differentiated into smNPCs as described by Reinhardt and colleagues. smNPCs were sorted again for 
GFP to obtain 100 % GFP+ DJ-1 overexpressing cells (Suppl. Figure 6D). DJ-1 overexpression was 
confirmed by qPCR and Western blotting (Suppl. Figure 6E). Wildtype and DJ-1 overexpression astrocytes 
were differentiated into astrocytes and cultured as described by Palm and colleagues65 (Suppl. Figure 7). 
Characterization of astrocytes was performed by FACS. Wildtype iPSC-derived midbrain dopaminergic 
neurons (differentiated according to Reinhardt and colleagues) were used as negative control.   

Knockdown of DJ-1 in GBM cell lines 
To assess the phenotypic effect of DJ-1 downregulation in the GBM cells, we used lentiviral constructs 
expressing three different shRNAs (Suppl. Fig. 10B-C). shRNA #20 had the strongest knockdown 
efficiency in all three lines and reduced the DJ-1 mRNA levels by around 80 % compared to shCtrl and the 
DJ-1 protein levels to around 50-60 % compared to shCtrl (Suppl. Fig. 10B-C).  

Growth assay 
Astrocytes were seeded at a density of 100.000 cells per well in 12-well plates in duplicates and GBM cells 
were seeded at a density of 200.000 cells per well in 6-well plates in duplicates. Cells were counted at time 
points 0, 24, 48, 72 and 96 hours.  

Imaging 
Antibodies used for imaging can be found in supplementary Table 1. 

Immunocytochemistry 
iPSC, smNPC and hNSC were plated onto coverslips in 24-well plates (50.000 cells per well) and fixed 
with 4 % PFA prior to staining. Cells were stained for the typical markers listed in Table 1 using standard 
immunocytochemistry techniques. Images were acquired using a Zeiss spinning disk confocal microscope. 
Astrocytes, neurons and microglia were plated in CellCarrier-384 ultra Microplates (Perkin Elmer 6057300) 
(10.000 cells per well for neurons and astrocytes, 25.000 cells per well for microglia). All cells were fixed 
with 4 % PFA for 15 minutes. Cells were stained for the markers listed in Table 1 using standard 
immunocytochemistry methods. Images were taken using a Yokogawa cell voyager microscope. 16 images 
were taken per well in 384-well plates. Image analysis was performed using Matlab.  

Immunohistochemical staining  
Sections of frontal cortex were cut at 6 µm thickness from formalin fixed, paraffin embedded blocks 
and mounted onto glass slides. Sections were stained automatically by using two equivalent Dako Omnis 
Autostainers (Dako), including hematoxylin counterstaining. According to the manufacturer’s instructions, 
each staining was performed by using default IHC protocols from the Omnis instrument software. Once 
stained, the tissue sections were dehydrated by rinsing them with EtOH and coverslipped following routine 
procedures. Finally, they were analyzed by using a brightfield microscope.  

Flow Cytometry 
Characterization of astrocytes 
Astrocytes and neurons were detached in single cell suspension using Accutase® and centrifuged at 300 g 
for 3 minutes. Cells were washed 3 times with PBS, at 700 g for 5 minutes and fixed with 4 % PFA for 15 
min. Cells were washed 3 times with PBS, at 700 g for 5 minutes and split into FACS tubes for the different 
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stainings, before being resuspended in Saponin buffer (0.05 % Saponin/1 % BSA/PBS). Cells were 
incubated for 20-30 minutes at 4 °C. For unstained and isotype controls, a few µl of each cell line was 
mixed. After 30 minutes, cells were diluted in PBS, pelleted at 700 g for 5 minutes and resuspended in 50 
µl of the primary antibody solution. Primary antibodies were prepared 1:50 in Saponin buffer (50 µl per 
tube). Cells were stained for GFAP, FoxA2, TH, TUJ1 and S100β or Recombinant Rabbit IgG, monoclonal 
[EPR25A] Isotype Control (ab172730) and Mouse IgG2a, kappa monoclonal [MG2a-53] Isotype control 
(ab18415). No primary antibody was added to the unstained control. Cells were incubated for 30 minutes 
at 4 °C.  Cells were washed 3 times with diluted FACS buffer, centrifuged at 700 g for 5 minutes (FACS 
Buffer: PBS + 5 % BSA + 0.1 % Sodium Azide (NaN3), Diluted FACS Buffer: 1:5 dilution of FACS 
buffer). Cells were resuspended in secondary antibody solution (Alexa Fluor 568 Goat α-Rabbit IgG (H+L), 
Alexa Fluor 647 Goat α-Mouse IgG (H+L), 1:100 in PBS/10 % BSA, 50 µL per tube) and incubated for 30 
minutes at 4 ⁰C, washed 2x with diluted FACS buffer, centrifuged at 700 g for 5 minutes, resuspend in 250 
µL – 350 µL PBS and analyzed with BD LSRFortessa flow cytometry analyzer. The mean fluorescence 
intensity was assessed on single cells by using FlowJo LLC software.  

�9
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Annexin V assay 
Astrocytes were deprived from glutamine in the medium for 4 hours. After 4 hours, cells were detached 
with Accutase® and centrifuged at 300 g for 3 minutes. Cell pellets were resuspended in 300 μL of 1X 
Annexin V binding buffer (Annexin-binding buffer 5X concentrate, Thermo Fisher Scientific B.V.B.A. 
V13246). 100.000 cells in 100 μL were used per sample and 5 μL of Annexin V, Alexa Fluor® 568 
conjugate (Life/Tech Europe BV/Thermo Fisher Scientific A13202) were added, and the samples were 
incubated in the dark for 15 minutes. After 15 minutes, 400 μL of 1X Annexin V binding buffer were added. 
For FACS analysis, 1 μL of DAPI were added per tube, and samples were analyzed with BD LSRFortessa 
flow cytometry analyzer. The mean fluorescence intensity was assessed on single cells by using FlowJo 
LLC software.  

T cell migration assay 
T cell medium (for 500 ml: IL2 (, Bio-Techne, 202-IL-010), CD3/CD 28 T cell activator (Stemcell, 10991), 
450 ml T cell media IMDM (Gibco, 21980-032), 50 ml heat-inactivated FBS (10 %) (Gibco, 10500-064), 
5 ml Pen/Strep (1 %) (Gibco, 15140-122), 5 ml non-essential amino acids (NEAA) (1 %) (Gibco, 11140-
035), 0.5 ml β-mercaptoethanol (50 μM) (Gibco, 21985023)).  T cell medium was adjusted to 1 % for the 
assay to avoid the generation of an FBS gradient that can lead to T cell migration.  

Buffy coats were retrieved from different donors (each donor was treated as one biological replicate) from 
Red Cross Luxembourg (ethical approval proof available with author). PBMCs were isolated using 
SepMate™ PBMC Isolation Tubes (50 ml) and Lymphoprep™ Density Gradient Medium following 
standard procedures described by STEMCELL Technologies 
(https://www.stemcell.com/products/brands/sepmate-pbmc-isolation.html). PBMCs were frozen down 
until T cell isolation. PBMCs were cultivated in RPMI with 10 % FBS and 1 % penicillin/streptomycin. 11 
days prior to the migration assay, PBMCs were thawed. T cells were isolated the day after using the Pan T 
cell isolation kit from Miltenyi following the manufacturer’s instructions. Cells were characterized by 
FACS on the day of isolation (FACS staining for CD3, CD4, and CD8). T cells were activated on the next 
day prior to viral transduction using ImmunoCult™ Human CD3/CD28 T Cell Activator (Stemcell 
Technologies, Catalogue #10971) following the ’manufacturer’s manufacturer’s protocol. The next day, T 
cells were transduced with shCtrl and shRNA for DJ-1 #18, #19, and #20. The supernatant was removed 
after 24 hours and 3 days later, 200.000 astrocytes were seeded into a geltrex-coated bottom well of a 12 
mm Transwell® with 3.0 µm Pore Polycarbonate Membrane Insert plate (Corning, 3402). Cells were either 
seeded in normal astrocyte medium or astrocyte medium supplemented with 5 mM NAC. After 2 days, 
astrocytes were stimulated with 10 ng/ml IL-1β in either normal astrocyte medium, astrocyte medium 
containing 5 mM NAC or 4 mM glutamine (double amount). The next day, T cells were activated again 
using ImmunoCult™ Human CD3/CD28 T Cell Activator. The day after (T cells were already 10 days in 
culture), inserts were placed into the stimulated astrocytes and 100.000 T cells were added in T cell medium 
with 1% FBS only into each insert. One well was kept without astrocytes as passive migration control and 
one well contained only astrocyte medium with CCL5 as positive control. Cells were incubated for 4 hours. 
After 4 hours, the transwell filter was removed and the T cells present in the upper chamber were saved. 
The astrocyte medium in the lower chamber was centrifuged to retrieve migrated T cells. The medium was 
saved for ELISA to analyze cytokine release after 48 hours upon IL-1β stimulation. T cells were analyzed 
by FACS using the antibodies listed in Supplementary Table 1 and CountBright™ Absolute Counting 
Beads following the manufacturer’s instructions. Stopping gate was CD3.  
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RNA extraction, cDNA synthesis, qPCR 
RNA extraction was performed using the RNeasy Kit fromfrom Qiagen according to manufacturer’s 
instructions. RNA concentration was assessed using a NanoDrop™ spectrophotometer. Subsequent cDNA 
synthesis was done with the High-Capacity cDNA Reverse Transcription Kit with Rnase Inhibitor (Applied 
Biosystems™) following the manufacturer’s instructions. qPCR was done with the hDMSPhigh-throughput 
platform at the LCSB using the Echo® Acoustic Liquid Handling droplet ejection system. qPCRs were run 
with a LightCycler® 480 machine (40 cycles per run). Standard curves for each primer were included to 
assess the efficiency of each primer and subsequently calculate the Pfaffl ratio.  

Primer target Reference/Sequence 
PARK7 AICSXDR 
ACTB Hs03023880_g1 
hACTB_F3 AAACTGGAACGGTGAAGGTG 
hACTB_R3 AGAGAAGTGGGGTGGCTTTT 
GM-CSF_F AATGTTTGACCTCCAGGAGCC 
GM-CSF_R TCTGGGTTGCACAGGAAGTTT 
hIL6_ex_F65 TGAACTCCTTCTCCACAAGCG 
hIL6_ex_R215 TCTGAAGAGGTGAGTGGCTGTC 

RNA sequencing 
RNA for RNA sequencing was extracted as described above (chapter: RNA extraction, cDNA synthesis, 
qPCR). RNA quality was assessed using the Agilent 2100 Bioanalyzer, RNA integrity (RIN) values were 
>8. Libraries were prepared using the TruSeq Stranded mRNA library prep kit and sequenced on a
NextSeq2000. For GBM samples paired reads of 51 bp length were generated, for astrocyte samples single
reads of 75 bp length were generated.

Data was processed using an in-house snakemake66 workflow available as a git repository https://git-
r3lab.uni.lu/aurelien.ginolhac/snakemake-rna-seq (release v0.2.3, and singularity image v0.4). Raw read 
quality was assessed by FastQC (v0.11.9)67. Adapters are removed using AdapterRemoval (v2.3.1)68, with 
a minimum length of the remaining reads set to 35 bp. Reads were mapped to hg38 (GRCh38.p13) using 
STAR (v.2.7.4a)69, featureCounts from the R package Rsubread (2.2.2)70 was used to count reads. All 
counts >10 were used for differential gene expression analysis using the R package DESeq2 (v1.28.1)71. 
Normalization in DEseq2 was done using apeglm (v.1.10.0)72. All FPKM were calculated using DESeq2 
package. Pathway analysis on DEGs with false discovery rate < 0.1 and a minimum log2-fold change cut-
off of +/- 0.5 was performed using Ingenuity Pathway Analysis tool from Qiagen, Content version: 
60467501 (release date: 2020-11-19). 

Western Blotting 
Cells were lysed with 200 µL lysis buffer (1 % SDS + protease inhibitor cocktail tablet Roche) per well in 
6-well plates and the lysate was collected by scraping. The lysate was transferred into 1.5 ml tubes and
boiled for 5 minutes at 95 °C, centrifuged briefly and stored at -80 °C. Samples were sonicated after
thawing. Protein quantification was performed using the Pierce BCA assay. Invitrogen™ NuPAGE™ 4 to
12 %, Bis-Tris, 1.0 mm, Mini Protein Gels with 12-wells were used for all blots. Prior to loading, samples
were diluted with loading buffer (NuPAGE™ LDS Sample Buffer (4X) with RA 10x) and boiled for 5
minutes at 95 °C. One ml of anti-oxidant for 400 ml of running buffer (NuPAGE™ MES SDS Running
Buffer (20X)) were used. As ladder, PageRuler Plus Prestained Protein Ladder was used. After the run, wet
transfer was performed following standard protocols (transfer buffer 1:5, 99 % Ethanol, 1X Tris glycine in
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MilliQ water). The transfer was run for 75 minutes at 100 V. Ponceau red was always used after the transfer. 
The membrane was rinsed with TBS-T and blocked with 5 % milk in TBS-T for 1 hour prior to incubation 
of the primary antibody overnight at 4 °C with rotation. The next day, the membrane was washed 3 times 
for 10 minutes in TBS-T with shaking and incubated with the secondary antibody for 1 hour at room 
temperature with shaking. After 1 hour, the membrane was washed 3 times for 10 minutes in TBS-T with 
shaking before revealing the gel using an Odyssey® Imager after incubating the membrane for 30 seconds 
with ECL solution: 50 % Peroxide solution + 50 % Luminol solution.  

Metabolic carbon contribution analysis using gas chromatography – mass 
spectrometry (GC-MS) and Liquid chromatography – mass spectrometry (LC-MS) 
Metabolite extraction  
Intracellular  
Stable isotope-assisted metabolomics analyses were conducted using [U-13C6]Glucose or [U-
13C5]Glutamine tracers. Cells were incubated with the tracing medium for 48 hours to reach an isotopic 
steady-state (200.000 cells per well in 12-well plates, with technical triplicates). After 48 hours, intracellular 
metabolite extraction was performed at 4 °C. First, the medium was collected for further extracellular 
metabolite analysis. For [U-13C6] Glucose labelling, measured using GC-MS, cells were washed once with 
1 mL 0.9 % NaCl solution. Then, 200 μL of methanol were added (containing 5 µg/mL Tridecanoid-D25 
acid as internal standard), followed by the addition of 80 μL of MilliQ water (4 °C) (containing 1 µg/mL 
Pentanedioic-D6 acid as internal standard). The plates were gently shaken for 10 minutes at 4 °C before the 
mixture was transferred into a new 1.5 mL-reaction tube containing 100 uL of Chloroform. The reaction 
tubes were shaken for 5 minutes at 4 °C and full speed in an Eppendorf Thermomixer. For phase separation, 
100μL of Chloroform and 100 uL of water were added. Afterwards, the reaction tubes were vigorously 
vortexed for 10 seconds and centrifuged for 5 minutes at 4 °C and full speed. 125 μL of the upper polar 
phase were transferred into a GC vial with micro insert. The samples were evaporated in a centrifugal 
vacuum concentrator at -4 °C, capped and stored at -80 °C until GC-MS measurement. 
For LC-MS analyses, cells were washed once with 1 mL 0.9 % NaCl solution. Then, 250 μL of an extraction 
fluid (4:1, Methanol/H2O mixture) were added to each well. The following internal standards were added 
to the water fraction of the extraction fluid: [UL-13C]Ribitol (c = 2 μg/mL), Pentanedioic-D6 acid (c = 2 
μg/mL), Tridecanoic-D25 acid (c = 10 μg/mL), 6-Chloropurine riboside (c = 10 μg/mL), 4-Chloro-DL-
phenylalanine (c = 10 μg/mL), Nε-Trifluoroacetyl-L-lysine (c = 10 μg/mL), Thionicotinamide adenine 
dinucleotide (c = 10 μg/mL). Then, 30 μL of MilliQ water (4 °C) were added per well and the procedure 
was continued like described above.  

Extracellular 
Medium was filtered using a Phenex Regenerated Cellulose (RC) Syringe Filters µm filter prior to freezing 
to remove any cells or debris. 180μL of the sample (spent medium, fresh medium and calibrants) were 
added to 180 μL ice-cold extraction fluid (5:1, Methanol/H2O mixture). Two internal standards, containing 
[U-13C]Ribitol (c =final concentration: 50 µg/mL) and Pentanedioic-D6 acid (final concentration: 20 
µg/mL), were added to the water fraction of the extraction fluid. Then, samples were vortexed for 10 
seconds and incubated for 15 minutes at 4 °C at maximum speed in an Eppendorf Thermomixer, followed 
by centrifugation for 5 minutes at 4 °C and full speed. 50 μL of the supernatant were transferred into a GC 
vial with micro insert. The samples were evaporated in a centrifugal vacuum concentrator at -4 °C, capped 
and stored at -80 °C until GC-MS measurement. 
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Metabolomics data acquisition and data analysis  
Sample measurements were performed at the LCSB Metabolomics Platform using SIM-TCA, SIM-MED 
and LC-GlasgowMA methods.  

Explanation of Metabolite tracing illustrated in supplementary Figure 14. 

Intracellular 
R was used to analyze the MS data. Details on all packages used can be found in the code deposited at 
https://gitlab.lcsb.uni.lu/TNG/papers/PD_GBM_publication. Raw data (mass isotopomer distribution for 
each metabolite) were loaded as excel files and formatted according to tidy data guidelines73. The means of 
the three independent replicates per biological replicate were calculated for each metabolite before 
calculating the mean of the biological replicates. Data were plotted in R using ggplot. Means and single 
values for each metabolite (isotopologue fractions) per sample were exported as .csv files and carbon 
contribution was calculated from isotopologue fraction for each metabolite as follows: for example for a 5 
carbon molecule: (M1*1 + M2*2 + M3*3 + M4*4 + M5*5) /5. Final graphs were generated using GraphPad 
Prism. Full MIDs can be found deposited at https://gitlab.lcsb.uni.lu/TNG/papers/PD_GBM_publication 
and as supplementary Figures 12 and 13.  

Extracellular 
After loading the raw data (internal standard normalized peak areas), data were formatted according to tidy 
data guidelines. Outliers in standards were removed using interquartile range. To determine the 
concentration of each metabolite in the cell culture tracing medium and the fresh tracing medium, the 
calibration curve (measured in technical triplicates) was used to apply linear regression and calculate the 
unknown concentration for each metabolite. The concentration of each metabolite in Mol was subtracted 
by the concentration in Mol for each metabolite measured in the fresh tracing medium to obtain a delta 
corresponding to uptake and release of the respective metabolite in Mol. The means of the three independent 
replicates per biological replicate were calculated for each metabolite in Mol before calculating the mean 
of the biological replicates. Data were again plotted in R using ggplot. Means and single values for each 
metabolite per sample were also exported as .csv files and final graphs were generated using GraphPad 
Prism.  
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Seahorse 
Oxygen consumption rate (OCR) and Extracellular Acidification Rate (ECAR) as well as the glycolytic 
stress test were measured in whole cells using the Seahorse Xfe96 Cell Metabolism Analyzer (Agilent). 
The concentrations of mitochondrial toxins and compounds used were optimized according to the 
manufacturer’s recommendations. Final concentrations are listed in Table 2.  

Table 2 

Compound Reference Company Molecular 
weight 

Final concentration for assay 

Oligomycin  Lot 
APN14317-
13, 
ab141829 

Abcam 10 µM for OCR 

Oligomycin  Lot 
APN14317-
13, 
ab141829 

Abcam 100 µM for glycolytic stress test 

FCCP C2920-
10MG 

Sigma 2 µM 

Rotenone R8875-1G Sigma 394.42 5 µM 
Antimycin A A86474 Sigma 532 5 µM 
Glucose Monohydrate 6887 Carl Roth 180.156 80 mM 
2-DG D8375-5G Sigma 164.16 500 mM 

Compound aliquots were dissolved in Seahorse Base medium on the day of the experiment. To prepare the 
Seahorse Base medium, 990 mL of ddH2O were autoclaved and 1 vial of DMEM Basal Powder (Sigma 
D5030) was added, the solution was sterile filtered, and the pH was adjusted to 7.4 ± 0.05 at 37 °C (pH was 
checked for every experiment). Seahorse assay medium for the two different assays was prepared according 
to the manufacturer’s instructions.  

Laminin (Sigma, L2020; 25 µL aliquot) was added to 2.55 mL of PBS before 25 µL of diluted laminin were 
added into each well of a Seahorse Xfe96 well plate. The plate was incubated overnight at 37 °C. Astrocytes 
were plated in the Seahorse Xfe96 well plate 24 hours prior to measuring at a density of 80.000 cells per 
well. Perimeter wells were not used due to evaporation. After seeding, the plate was left at room temperature 
for 1 hour to prevent edge-effects. After 1 hour, all unused wells were filled with astrocyte media only and 
incubated overnight at 37 °C + 5 % CO2. The cartridge was hydrated using 200 µL of XF-calibrant solution 
and incubated overnight at 37 °C in a non-CO2 incubator. 100 mL of each of the prepared Seahorse assay 
media were aliquoted, the pH was adjusted to 7.4 ± 0.05 at 37 °C and the media were incubated in a non-
CO2 incubator overnight. The media of the cells was changed approximately 1 hour before starting the 
experiment by removing 60 µL of culture media (leaving 20 µL) from each well, rinsing 2x with 200 µL 
of Seahorse assay media and eventually adding 155 µL of assay media to each well for a final volume of 
175 µL/well. The plate was then incubated in non-CO2 incubator for at least an hour so that the cells were 
allowed to equilibrate to the assay media. The compounds were loaded into the cartridge on the Seahorse 
utility plate using the loading guide plates while the cells are incubating in the non-CO2 incubator. After 
the loading of the compounds, the plate was incubated for 30 minutes in a non-CO2 incubator before the 
measurement was started. Normalization was performed using the CyQUANT® kit. After the Seahorse 
assay, the assay media was removed from the wells by inverting and blotting the surplus onto paper towels 
and the Seahorse cell culture plates were stored at -80 °C until the CyQUANT® assay was performed. The 
CyQUANT® GR stock solution in DMSO was brought to room temperature. The Seahorse cell culture 
plates were also equilibrated at room temperature. The 20x concentrated cell-lysis buffer stock solution 
(Component B) was diluted 20-fold in distilled water. For each well, 200 μL were required. The 
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CyQUANT® GR stock solution (Component A) was diluted 400-fold into the 1X cell-lysis buffer. 200 μL 
of the CyQUANT® GR dye/cell-lysis buffer were added to each well. The plates were incubated 2–5 
minutes at room temperature, protected from light. The samples were transferred into a 96-well plate before 
measuring the sample fluorescence using a fluorescence microplate reader with filters appropriate for ~480 
nm excitation and ~520 nm emission maxima.  

ROS assay 
5000 GBM cells and 5000 astrocytes were seeded into a CellCarrier-384 ultra Microplate (Perkin Elmer 
6057300). For NAC treated cells, cells were seeded with medium containing 5 mM NAC. Two days later, 
the medium was changed and for the hGln condition (GlutaMAX Supplement (Life/Tech – 35050-061)), 
medium with hGln (4 mM for astrocytes medium, 8 mM for GBM cell medium) was added. Two days after 
that, cells were starved for 4 hours without FBS. To analyze ROS, the ROS-ID® Total ROS/Superoxide 
detection kit - ENZ-51010 was used. The assay was conducted following the manufacturer’s instructions 
(except no pretreatment with NAC for 30 minutes was necessary as respective wells (NAC treated) had 
NAC for 9696 hours). After the assay, plate contents were emptied and 20 μL of RIPA buffer were added 
per well. The plate was stored for 30 minutes at -80 °C. After 30 minutes, the plate was retrieved from the 
freezer and the lysis buffer was thawed. Once the buffer was thawed, Pierce BCA was performed according 
to the manufacturer´s protocol (30 μL of BCA working solution per well).  

GSH/GSSG measurement 
Cells were seeded in a 96-well plate with different media (20k cells per well). Cells were cultivated for 48 
hours. Two days later, cells were detached, counted and 3000 cells per 384-well for each condition were 
centrifuged. The GSH and GSSG measurement was performed using the GSH GSH/GSSG-Glo™ Assay 
from Promega following the manufacturer’s instructions in 384-well format.  

Data analysis 
Each GBM cell line was treated as biological replicate so for each line, experiments were run in technical 
replicates and statistics were calculated using the mean of all the data. Metabolomics data were analyzed 
using R. Images were analyzed using the Zeiss Zen program and Yokogawa images were analyzed using 
Matlab and R. All original code has been deposited at 
https://gitlab.lcsb.uni.lu/TNG/papers/PD_GBM_publication. FACS data were analyzed using FlowJo LLC 
software. Final graphs were made using GraphPad Prism. All experiments have sample sizes equal to or 
higher than 3. Exclusion criteria were biological and technical variation. Statistical method of comparison 
was paired t-test for the two isogenic pairs. All error bars show the standard error of the mean. 

Materials availability statement 
All cell lines are available upon request. More information on use restrictions and on how to submit the 
request to obtain the cell lines is available at DOI: 10.17881/0m4p-ht15. 
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Data and code availability 
The raw RNA sequencing data for this manuscript are not publicly available due to its sensitive nature. The 
data are available upon request. All derived data, data behind figures and supplementary material has been 
deposited at 

https://data.mendeley.com/datasets/xv5gt4hpjd/draft?a=f39d6035-c276-4c2b-90c6-e8f21b4cffdd 

under CC-BY license and it will be publicly available at DOI: 10.17632/xv5gt4hpjd. 

More information on availability of data and how to submit the request to access the sensitive dataset is 
available at DOI: 10.17881/0m4p-ht15. 

Code is deposited at https://gitlab.lcsb.uni.lu/TNG/papers/PD_GBM_publication. 

Any additional information required to reanalyze the data reported in this paper is available from the lead 
contact upon request. 
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Supplementary material 
Supplementary Table 1: Antibody list 

Cell type to be 
stained  

Antibody Species Company Reference Dilution 2ndary antibody all 
1:1000 for ICC, for 
FACS 1:100 

iPSC Anti Nanog rabbit  abcam ab21624 dilution 1:1000 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

iPSC Anti Oct3/4 mouse  santa cruz sc-5279 dilution 1:1000 Alexa Fluor 647 Goat α-
Mouse IgG (H+L) A21236 

iPSC, smNPC Anti SOX2 (Y-17)  goat  santa cruz sc-17320 dilution 1:250 Alexa Fluor 647 Donkey 
α-Goat IgG (H+L) 
A21447 

smNPC, hNSC Anti Nestin mouse R&D Systems MAB1259 dilution 1:1000 Alexa Fluor 647 Goat α-
Mouse IgG (H+L) A21236 

smNPC, hNSC Anti Musashi rabbit abcam ab21628 dilution 1:250 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

hNSC Anti SOX1 goat R&D Systems AF3369 dilution 1:250 Alexa Fluor 647 Donkey 
α-Goat IgG (H+L) 
A21447 

Astrocytes and 
neurons 

Anti ID3 mouse abcam ab236505 dilution 1:1000 Alexa Fluor 647 Goat α-
Mouse IgG (H+L) A21236 

Astrocytes and 
neurons 

Anti NFIA rabbit abcam ab228897 dilution 1:1000 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

Astrocytes and 
neurons 

Anti EZRIN rabbit abcam ab40839  dilution 1:500 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

Astrocytes and 
neurons 

Anti S100b rabbit abcam  ab868 dilution 1:500 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

Astrocytes and 
neurons 

Anti EAAT2 mouse 
IgG2b 

santa cruz   sc-365634 dilution 1:500 Alexa Fluor 647 Goat α-
Mouse IgG (H+L) A21236 

Astrocytes and 
neurons 

Anti Vimentin chicken abcam  ab24525 9822 dilution 1:2200 Goat α-chicken 568 abcam 
ab175477 

Astrocytes and 
neurons 

Anti TUJ1 mouse Biolgened 801201 dilution 1:500 Alexa Fluor 647 Goat α-
Mouse IgG (H+L) A21236 

Astrocytes and 
neurons 

Anti MAP2 mouse sigma M4403 2ML dilution 1:1000 Alexa Fluor 647 Goat α-
Mouse IgG (H+L) A21236 

Astrocytes and 
neurons 

Anti GFAP rabbit Millipore AB5804 dilution 1:500 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

Astrocytes and 
neurons 

Anti TH rabbit  santa cruz sc-14007 dilution 1:50 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

Astrocytes and 
neurons  

Anti HNF-3β (RY-7) 
[FoxA2] 

mouse  santa cruz sc-101060 dilution 1:50 Alexa Fluor 647 Goat α-
Mouse IgG (H+L) A21236 

Astrocytes and 
neurons 

S100β  rabbit  abcam  ab868 dilution 1:50 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

Astrocytes and 
neurons 

Lamp1 mouse abcam ab2296838 dilution 1:1000  Alexa Fluor 647 Goat α-
Mouse IgG (H+L) A21236 

Astrocytes and 
neurons 

Tom20 (FL-145) rabbit santa cruz sc-11415 dilution 1:1000 Alexa Fluor 568 Goat α-
Rabbit IgG (H+L) A11036 

Microglia Iba1 rabbit FUJIFILM 019-19741 dilution 1:500 Alexa Fluor 647 goat α-
Rabbit IgG A27040 

T cells FITC Mouse Anti-
Human CD3 (clon 
UCHT1) mouse BD Pharmingen 581806 

dilution 1:100 

T cells APC Mouse Anti-
Human CD4 (clon 
L200) mouse BD Pharmingen 551980 

dilution 1:100 

T cells PE Mouse Anti-
Human CD8 (Clon 
RPA-T8) mouse BD Pharmingen 561949 

dilution 1:100 

Astrocytes, T cells 
DJ-1 rabbit  

Beta actin mouse 
Human brain tissue 

GFAP Sigma-HPA063513 
dilution 1:800 

Human brain tissue 
Aldoc Sigma-HPA003282 

dilution 1:1000 

Human brain tissue 
Iba1 Wako-019-19741 

dilution 1:1000 
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Suppl. Figure 1 

Supplementary Figure 1: A: Characterization of astrocytes by FACS. Almost all cells were GFAP and S100b positive. No neuronal 
contamination of astrocytic culture as assessed by TUJ1 staining. B and C: Characterization of astrocytes by ICC. The cells showed 
an astrocytic morphology and the majority stained positive for canonical astrocyte markers like GFAP, S100b, Vimentin, EAAT2, 
NFIA, ID3, EZRIN and no neuronal contamination as assessed by markers for TUJ1 and MAP2. D: Characterization of microglia 
by ICC. The cells showed microglia morphology and stained positive for the microglia marker Iba1. 
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Suppl. Figure 2 

Supplementary Figure 2: Characterization of smNPCs by ICC. 
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Suppl. Figure 3 

Supplementary Figure 3: Characterization of hNSCs by ICC. 

110

5HVXOWV���0DQXVFULSW�9



Suppl. Figure 4 

Supplementary Figure 4: RNAseq analysis of astrocytes. A: Principal Component Analysis (PCA) plot for RNA-seq data in 
each genotype based on top 500 DEGs. Three biological replicates for each cell line are represented separately.  
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Suppl. Figure 5 

Supplementary Figure 5: RNAseq analysis of C4 mut astrocytes and C4 wildtype astrocytes. A: Volcano plot. Red dots 
highlight DEG with log2 fold change of +- - and padj < 0.05. gene names are reported for -log10(adjusted-pval) > 10 and 
abs(logFC) >= 3. B: MA-plot obtained after schrinkage of logFC by apeglm, blue dots highlight DEGs with padj < 0.05. C: 
Top ranked pathways of IPA analysis showing only −log(p-value) > 2 revealed that different pathways were enriched and that 
especially neuroinflammation pathways were activated (z-score >0.5). 
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Suppl. Figure 6 

Supplementary Figure 6: CCL5 mRNA expression upon IL-1β treatment (10 ng/ml) at indicated time points. A: Expression 
levels of CCL5 mRNA in astrocytes at 0h, 2h, 4h, 6h, 12h, 24h, and 48h after IL-1β stimulation assessed by qPCR. N= 3. B: 
Expression levels of CCL5 mRNA in iPSC-derived microglia 48h after IL-1β stimulation assessed by qPCR. N= 3. 
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Suppl. Figure 7 

Supplementary Figure 7: A+B: DJ-1 knockdown in T cells prior to T cell migration assay using shRNAs #18 and #20 together. 
Each PBMC donor represents one independent biological replicate that was used for the respective different astrocyte 
differentiations. N=3. Panel A shows the knockdown for the T cell migration assay performed with C4 and C4 mut astrocytes, 
panel B for the assay with DelP GC and DelP astrocytes.  
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Suppl. Figure 8 

Supplementary Figure 8: A:  FACS sorting for GFP+ cells of transduced C4 wildtype iPSC with GFP containing 
lentiviral construct for DJ-1 overexpression. For the first sort, 0.16% of the cells were GFP+. B: Second sort of 
transduced iPSC resulted in 4.78% GFP+ cells. C: GFP+ iPSC colonies after the second sort. D: GFP+ iPSCs were 
differentiated into smNPCs and sorted for GFP+ cells again which resulted in 100% GFP+ cells. E: Characterization 
of DJ-1 overexpression smNPCs showed increased DJ-1 mRNA and protein level.  
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Suppl. Figure 9 

Supplementary Figure 9: A: FACS-based characterization of astrocytes showed that astrocytes express astrocyte markers GFAP 
and S100b, but no neuronal contamination due to absence of TUJ1 staining.  
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Suppl. Figure 10 

Supplementary Figure 10: A: GBM cell lines have upregulated DJ-1 mRNA and protein levels when compared to C4 
astrocytes. B: shRNA mediated knockdown of DJ-1 reduced DJ-1 mRNA level. shRNA #20 had the strongest knockdown effect 
in all the lines and reduced the DJ-1 mRNA levels to around 20% compared to shCtrl. C: DJ-1 protein levels upon knockdown 
reduced to 50-60% compared to shCtrl. D: DJ-1 protein levels upon stable knockdown reduced to 30-50% compared to shCtrl.  
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Suppl. Figure 11 

Supplementary Figure 11: RNAseq analysis of C4 DJ-1 OE astrocytes and C4 wildtype astrocytes. A: Volcano plot. Red 
dots highlight DEG with log2 fold change of +- - and padj < 0.05. gene names are reported for -log10(adjusted-pval) > 10 and 
abs(logFC) >= 3. B: MA-plot obtained after schrinkage of logFC by apeglm, blue dots highlight DEGs with padj < 0.05. 
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Suppl. Figure 12 

Supplementary Figure 9: A: Analysis of glucose metabolism using [U-13C6]Glucose tracing. N=3. 13C incorporation in 
metabolites was analyzed by GC-MS, resulting in heavier metabolites (M1+x), whereas no 13C incorporation corresponds to M0. 
B: [U-13C5]Glutamine tracing results. N=3.  
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Supplementary Figure 12: A: Analysis of glucose metabolism using [U-13C6]Glucose tracing. N=3. 13C incorporation in 
metabolites was analyzed by GC-MS, resulting in heavier metabolites (M1+x), whereas no 13C incorporation corresponds to M0. 
B: [U-13C5]Glutamine tracing results. N=3.  
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Suppl. Figure 13 

Supplementary Figure 13: A: Analysis of glucose metabolism using [U-13C6]Glucose tracing. N=3. 13C incorporation in 
metabolites was analyzed by GC-MS, resulting in heavier metabolites (M1+x), whereas no 13C incorporation corresponds to M0. 
B: [U-13C5]Glutamine tracing results. N=3.  

121

Results - Manuscript V



Suppl. Figure 14 

Supplementary Figure 14: A: Principle of [U-13C6]Glucose tracing. 13C (red) incorporation in metabolites is analyzed by 
GC-MS, resulting in heavier metabolites (M1+x), whereas no 13C incorporation corresponds to M0. 
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Suppl. File 1 

Whole scans of immunohistochemically stained brain slides. Files can be viewed using QuPath. 
A: Control brain slide stained for Aldoc  
B: Control brain slide stained for GFAP 
C: Control brain slide stained for Iba1 
D: DJ-1 patient brain slide stained for Aldoc 
E: DJ-1 patient brain slide stained for GFAP 
F: DJ-1 patient brain slide stained for Iba1 
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Discussion 

GBM and PD are characterized by pathophysiologic mechanisms that lie on the opposite 

ends of the spectrum of cell fate; one shows enhanced cell proliferation/survival and the 

other by premature cell death. As previously discussed, there has been increasing 

evidence that links these two disease mechanisms since epidemiological studies have 

shown an inverse correlation for gene expression of PD and GBM associated genes like 

PARK7 (DJ-1). Loss of DJ-1 protein is causing PD and high levels of DJ-1 are associated 

with poor prognosis and survival of gliomas16,17. 

Thus, the aim of this doctoral thesis was to analyze the role of DJ-1 protein in PD and 

GBM and to identify pathways in both diseases that are regulated by DJ-1.  

Astrocytes are the most populous glial subtype and are critical for brain function. So far, 

there are only few studies regarding the role of astrocyte function in neurodegenerative 

diseases like PD, but it was shown that PD associated genes are expressed in astrocytes 

and play important roles in astrocyte function18. PARK7 is ubiquitously expressed, but 

especially highly expressed in astrocytes and upregulated in reactive astrocytes in 

patients with PD19,20. In addition to their emerging role in the pathogenesis of PD, 

astrocytes are claimed to be the origin of GBM8, and DJ-1 was shown to be upregulated 

in GBM21. Thus, we analyzed the role of DJ-1 downregulation in PD and DJ-1 upregulation 

in GBM to shed light on the inverse phenotypes of PD and GBM associated with inverse 

DJ-1 level.  

To generate PD patient-derived astrocytes, we first had to develop isogenic PD patient-

derived stem cell models (Manuscript II and III) to allow the analysis of DJ-1 associated 

cellular phenotypes.  

As mentioned in the introduction (Manuscript I and II), DJ-1 is a multifunctional protein22. 

There are many studies showing the involvement of DJ-1 in mitochondrial functioning and 

its ROS scavenging function, overall leading to a neuroprotective role of DJ-123. 

However, there are only few studies analyzing the immune function and metabolic role of 

DJ-1. This is why we focused on the regulation of astrocytic and GBM cell metabolism and 

immune response by DJ-1.  
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Astrocytes play an important role in brain metabolism homeostasis, they have many 

processes (endfeet) that have contact to intraparenchymal capillaries. Via these 

capillaries, astrocytes can take up glucose24. The astrocytic endfeets can also be in 

contact with synapses and nerve bodies25. Astrocytic neurotransmitter receptors allow to 

sense synaptic activity26. Astrocytes interact with neurons via the release of 

gliotransmitters like ATP and D-serine, that can be used for neuronal metabolism, and 

neurotrophins, eicosanoids, and neuropeptides25,27. Astrocytic glutamine formed can be 

taken up by neurons and used to synthesize neurotransmitters, such as glutamate and 

GABA28 (Figure 1). In addition, astrocytes release lactate that can be taken up by the 

neurons to fuel it into their metabolism29 (Figure 1). Moreover, astrocytes can use 

glutamate removed from the synaptic cleft to fuel it into the TCA. However, in general, 

astrocytes mainly take up glucose from surrounding blood vessels (Figure 1) to generate 

energy via glycolysis27,30 as their filopodial and lamellipodial extensions - the major part of 

their surface area - are too narrow for mitochondria31.  

Figure 1: Metabolic dependency of neurons and astrocytes. Astrocytes release lactate and glutamine that 

can be taken up by the neurons and fueled into their metabolism. As shown by our data, lactate and glutamate 

production are dependent on DJ-1 level. This is why DJ-1 deficiency in astrocytes impairs the neuronal 

metabolic support. DJ-1 also regulates the astrocytic immune response, eventually influencing T cell 

migration. Thus, in addition to the metabolic impairment that the neurons have due to their lack of DJ-1 in PD, 

the lack of astrocytic support can enhance the metabolic neuronal phenotype.  
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We analyzed the influence of DJ-1 deficiency on the metabolism in PD patient iPSC-

derived astrocytes and found that DJ-1 deficiency reduces glucose uptake, TCA cycle flux 

and OXPHOS of astrocytes. Furthermore, we saw that the glutamine contribution to the 

TCA cycle was reduced in DJ-1 deficient astrocytes. These results are consistent with 

previous findings from Meiser and colleagues who showed that DJ-1 silenced LUHMES 

cells showed an active TCA cycle, but also had decreased glutamine contribution to the 

TCA32. Concordantly, it was shown that PARK7 knockout (KO) and mutant astrocytes had 

impaired glutamate uptake due to a decreased EAAT2 protein levels18,33. 

Astrocytes are interconnected via gap junctions, which enables exchange of small 

molecules like ATP, glucose, neurotransmitter glutamate and glutathione (GSH) between 

the cells. As already mentioned, DJ-1 is an important ROS scavenger that regulates 

among others the synthesis of GSH32,34. Glutamine is an important precursor of GSH, and 

we found glutamine contribution to the TCA cycle to be decreased in DJ-1 deficient 

astrocytes. However, GSH synthesis from glutamine was increased leading to the 

conclusion that DJ-1 deficient astrocytes use glutamine for GSH synthesis rather than to 

fuel it into the TCA, which would also produce more ROS eventually via OXPHOS. 

Nonetheless, DJ-1 deficient astrocytes had decreased total GSH and increased oxidized 

GSH (GSSG) levels, which indicates that despite the increased production from glutamine, 

GSH levels remain lower than in isogenic counterparts. Consistently, DJ-1 knockdown 

was found to attenuate GSH levels in vitro and vivo35.  

The increased GSSG levels are also indicating the presence of high ROS levels in DJ-1 

deficient astrocytes. Astrocytes have a loosely assembled mitochondrial respiratory chain 

that is associated with a higher generation of mitochondrial ROS36. DJ-1 knockout mice 

astrocytes were shown to produce more nitric oxide (NO), which was mediated by ROS 

signaling leading to activation of inducible NO synthase (iNOS)37. In another study, DJ-1 

deficient mouse astrocytes and microglia had also increased iNOS38. Similarly, we found 

significantly increased ROS in DJ-1 deficient astrocytes compared to isogenic controls. It 

was shown that astrocytic mitochondrial ROS can modulate brain metabolism of mice30 

and ROS are known to reduce the activity of the TCA cycle39, which is why the increased 

ROS levels in the DJ-1 deficient astrocytes might cause the observed reduced TCA cycle 

flux.  
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It is very well known that ROS regulate the immune response40–42. In fact, it was shown 

that mitochondrial ROS can induce proinflammatory cytokine production43. It is also known 

that ROS can activate T cells44. Astrocytes are also highly involved in immune signaling. 

The astrocytic immune response can be beneficial or harmful for tissue repair, which is 

dependent on the stimuli from the locus of inflammation. The immune function of 

astrocytes is mediated via signaling pathways - protective pathways are activated for 

example by TGFβ, IFNγ, STAT3, whereas among others IL17, NFκB, chemokines and 

VEGF trigger damaging pathways45. 

NFkB signaling has a well-known role in immune responses and inflammation and it´s 

signaling pathways are very complex as they are involved in many different processes46,47. 

One of many activators of NFkB signaling is interleukin 1 (IL-1) in astrocytes. Activation of 

the IL-1 receptor (IL-1R) leads to the activation of IκB-kinases followed by phosphorylation 

and degradation of several IκB isoforms. Then, NFκB translocates to the nucleus and 

induces the expression of proinflammatory genes48. One important chemokine that is 

activated upon  IL-1β stimulation via NFkB signaling is C-C Motif Chemokine Ligand 5 

(CCL5), also known as RANTES49.  

We analyzed reactive astrocyte and inflammation in the cortex of a PD patient with a DJ-

1 mutation. Here, we found significant amount of astrogliosis50, as seen by increased 

immunoreactivity for the reactive astrocyte marker GFAP. Increased astrogliosis in PD 

midbrain is in line with previous studies of human midbrain of other idiopathic and genetic 

PD patients51. Concordantly with increased GFAP expression in the PD patient brain, 

ingenuity pathway analysis of human DJ-1 deficient astrocytes showed upregulation of 

proinflammatory pathways and cells had increased cytokine expression and release.  

Sonninen and colleagues have recently also shown increased cytokine release in human 

PD astrocytes52. Another study found that DJ-1 deficiency in mice delayed neuronal repair 

due to a decrease in the chemokine CCL2/MCP-153. It has also been shown that PARK7 

knockout (KO) astrocytes display alterations in inflammatory cytokine production33,54. DJ-

1 was also shown to regulate astrocyte inflammatory response to IFN-γ by terminating the 

signaling cascade, which was neuroprotective; IFN-γ treatment increased neuronal 

toxicity in PARK7-KO brain slices when compared to wild-type samples38. Frøyset and 

colleagues found that astrocytic DJ-1 overexpression in zebrafish was neuroprotective55. 

Kahle and colleagues showed increased cytokine release in DJ-1 knockout mouse 

astrocytes upon lipopolysaccharide (LPS) stimulation compared to controls37.  
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CCL5 was shown to regulate the migration of T lymphocytes56. Lymphocytes play an 

important role in the adaptive immune system and are produced in the bone marrow. They 

mature in the thymus, from which they are then being released to peripheral lymphoid 

organs. Here, they are primed by engaging with professional antigen presenting cells57. It 

was shown that T cells play an important role in PD pathogenesis58. CD3+ T cells can 

infiltrate the brains of PD patients and it was found that more CD4+ and CD8+ T cells were 

present in the substantia nigra pars compacta of patients with PD compared to controls59. 

Concordantly, we found increased T cell migration towards DJ-1 deficient astrocytes. T 

cell migration was even enhanced when T cells had reduced DJ-1 levels, which mimics 

more the PD patient situation where all cells are DJ-1 deficient.  

T cell migration could be reduced in DJ-1 deficient astrocytes cultured with WT T cells and 

with DJ-1 knockdown T cells, by both, N-acetylcysteine (NAC) and glutamine 

supplementation. The fact that decreasing ROS and increasing TCA fueling/GSH 

precursor could rescue the enhanced immune response in DJ-1 deficient astrocytes 

indicates that DJ-1 level-dependent T cell migration is mediated by ROS signaling.    

It was shown that reactive astrocytes enhanced their DJ-1 expression upon oxidative 

stress induction in rats and that DJ-1 expression is upregulated in reactive astrocytes in 

patients with PD20, which indicates that astrocytic reactivity and immune response are 

affecting DJ-1 levels and vice versa60.  

In addition to its ROS scavenging functions, many studies have described DJ-1 as 

important regulator of cell growth and apoptosis, for example via regulation of 

Phosphatase And Tensin Homolog (PTEN) and p5361,62. Our gene expression pathway 

analysis showed an upregulation of apoptosis pathways in DJ-1 deficient astrocytes. 

Simultaneously, early apoptosis was significantly increased, and cell growth decreased in 

DJ-1 deficient astrocytes. Overall, we found a vicious cycle of decreased GSH levels, 

increased ROS, decreased energy production and therefore growth deficiency, and an 

increased immune response and eventually increased cell death.    

Due to its influence on cell proliferation and apoptosis, DJ-1 was initially described as 

oncogene63. DJ-1 was shown to be upregulated in GBM21. The well-known role of DJ-1 to 

enhance cell proliferation, inhibit oxidative stress, regulation of metabolism and immune 

response can therefore be beneficial for GBM proliferation.  
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To study the role of DJ-1 in GBM, we performed DJ-1 knockdown in 3 different GBM cell 

lines (LN229, U87, U251). As GBM is claimed to be originating from astrocytes and 

somatic mutations in oncogenes drive tumorigenesis, we generated a DJ-1 

overexpression line from wildtype (WT) iPSC to differentiate them into astrocytes and 

compare them to the GBM cells as an oncogenic model.  

Like astrocytes, GBM tumor cells mainly rely on glycolysis64 (Figure 2). GBM is the most 

malignant brain tumor with very low survival65. The aggressiveness of the tumor is caused 

by the high proliferation rate and immune escape mechanisms of the tumor cells66. 

Moreover, the tumor heterogeneity67 and the infiltrative growth harden effective therapy68. 

Initially, GBM research was dominated by the study of enhanced glycolysis, even in the 

presence of oxygen (Warburg effect) regarding the analysis of tumor metabolism (Figure 

2). However, in the last years, more and more studies have identified also other metabolic 

pathways like TCA cycle, lipid, amino acid, and nucleotide metabolism to be very relevant 

for tumor growth and invasion69 (Figure 2).  

Figure 2: GBM tumor drives angiogenesis, proliferation and migration of glioma cells and glioma stem cells 

and T cell exhaustion via regulation of metabolism and immune pathways.  
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In line with these observations, PARK7 overexpression astrocytes showed increased cell 

growth, metabolic activity and reduced ROS levels when compared to WT astrocytes. 

Ingenuity pathway analysis revealed upregulation of cancer associated pathways involved 

in cancer cell proliferation and cell cycle regulation, which indicates that DJ-1 

overexpression in astrocytes can serve as an oncogenic model to compare it to the GBM 

cell lines.  

The brain consumes 25% of the body’s glucose. Glucose is the main energy substrate, 

however, other metabolites such as amino acids, fatty acids, or lactate are also used as a 

source of energy70. In fact, glutamine has also been identified to be important for GBM 

metabolism (Figure 2). Glutamine is the most abundant amino acid in the human body. 

Besides it being an excitatory neurotransmitter, it is also involved in numerous 

intermediary metabolic processes, especially in the synthesis of amino acids and purines 

and it can be fueled into the TCA cycle. It was shown that intratumoral glutamine levels 

were increased in GBM tissue when compared to healthy controls71,72.  

Glutamine can be derived from two sources: the main part of glutamine is coming from 

astrocytes that are within and surrounding the tumor and the rest is derived from the 

system circulation.  

GBM cells are efficiently and successfully competing for the glutamine that is usually used 

by astrocytes by upregulating the expression of glutamine and glutamate importers. In 

fact, human glioma cell lines were shown to have upregulated levels of Solute Carrier 

Family 1 Member 5 (SLC1A5), the main glutamine importer73. We found that knockdown 

of DJ-1 in the GBM cells reduced glutamate production from glucose.  

Besides the above mentioned functions, glutamine is a key substrate for the synthesis of 

DNA and fatty acids and a precursor of GSH, which is important to counteract oxidative 

stress via ROS elimination and mediate radiation and chemotherapy resistance74. As 

discussed above, ROS have been shown to play a critical role in the regulation of T cell-

mediated immunity, and T cell migration/infiltration75,76.  In addition to promoting T cell 

proliferation, ROS were also shown to be important in modulating the differentiation and 

effector functions of T cells. For example, high ROS levels were shown to be beneficial 

for the development of T helper cells and increased IL-4 and IL-2 production in T 

cells75,77,78. In a pathological state like during GBM pathogenesis, T cells leave the 

circulation and enter the brain. It was shown that T cells are the primary lymphoid 
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component of the GBM tumor microenvironment64. As explained above, GBM cells rapidly 

take up glucose and produce lactate79 (Figure 2). In consequence, there is less glucose 

available for the T cells and therefore decreased Glucose transporter 1 (GLUT1) binding 

(also downregulated by cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)), which 

eventually downregulates T cell function and motility. The high lactate production leads to 

internalization of lactate also by the T cells within the tumor, where it also inhibits 

glycolysis, eventually resulting in decreased T cell migration80.  

Once T cells traffic past the blood brain barrier and infiltrate the tumor, they will encounter 

the highly immunosuppressive tumor microenvironment (TME), consisting for example of 

regulatory T cells, tumor-associated macrophages, which works to suppress T cell 

function80,81. Regulatory T cells can trigger T cell exhaustion (Figure 2), apoptosis and 

inhibit the production of inflammatory cytokines, which is why GBM cells highly recruit 

regulatory T cells to the TME80. It was shown that glioma stem cell-derived pericytes also 

secrete CCL5, which can promote the recruitment of regulatory T cells to the TME82.  

In addition to the recruitment of regulatory T cells to suppress T cell function, stromal cells 

in the TME produce highly immunosuppressive cytokines, such as transforming growth 

factor β (TGFβ) and interleukin-10 (IL-10)83,84, which further suppress T cell function.  

We found that there is almost no T cell migration induced towards the GBM cell lines upon 

stimulation of the GBM cells with IL-1β. However, knockdown of DJ-1 increased T cell 

migration towards the tumor cells indicating that high levels of DJ-1 suppress T cell 

migration. DJ-1 overexpression astrocytes also showed only little T cell migration, which 

was increased upon DJ-1 knockdown in the T cells.  

In summary, GBM cells are masters in rewiring their metabolism, signaling pathways and 

immune regulation to boost cell growth and enhance tumor evasion and metastasis.  

Functionally relevant, it was shown that knockdown or knockout of PARK7 in astrocytes 

impairs the protection of neurons in rotenone and 6-hydroxydopamine neurotoxin models 

of PD85,86. On the other hand, overexpression of WT PARK7 increases the neuroprotective 

capacity of astrocytes in the rotenone model85. The neuroprotective effect of astrocytic DJ-

1 seems to be mediated via protection against oxidative stress by reducing the amount of 

neuronal thiol oxidation87. In line with these findings for PARK7 overexpression, but in 

contrast to the observations in DJ-1 deficient astrocytes, DJ-1 overexpression increased 

cell growth, metabolic activity and reduced ROS compared to WT astrocytes. Ingenuity 
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pathway analysis revealed upregulation of cancer associated pathways involved in cell 

proliferation and cell cycle regulation, which indicates that DJ-1 overexpression in 

astrocytes can serve as oncogenic model to compare it to the GBM cell lines. 

Consentaneous with the results in the astrocytes, knockdown of DJ-1 in the GBM cell lines 

also decreased cell growth and metabolism, increased ROS and the immune response.  

GBM is known for its high metabolic activity79 and its immunosuppressive 

microenvironment that causes T cell dysfunction and therefore impaired T cell migration88. 

These immune evasion mechanisms are decreasing the effectiveness of immune therapy 

options. Increasing the infiltration of the tumor microenvironment with T lymphocytes is 

crucial for an improved tumor therapy. The observed increased glycolysis and TCA cycle 

are also connected to T cell exhaustion, as GBM cells deprive the tumor microenvironment 

from glucose that could be used by infiltrating T cells which depend on glycolysis89.  

Since the DJ-1 knockdown aimed to normalize the DJ-1 levels in the GBM cells, the 

observed decreased TCA cycle flux in the GBM cells upon DJ-1 knockdown might 

compromise the metabolic activity of the cells so that they cannot produce as much energy 

as compared to GBM cells with high levels of DJ-1. As discussed above, cancer cells use 

glycolysis even in the presence of oxygen, rather than fuel the TCA cycle and OXPHOS. 

However, as stated, in the last years, an increasing number of studies have shown that 

the TCA cycle plays an important role in the metabolic reprogramming of the cancer cells, 

emphasizing the importance of our results regarding the effect of DJ-1 levels on the TCA 

cycle in the GBM cells.  

In summary, the direction of the modulation of the pathways by DJ-1 seems to be the 

same in both diseases, as the knockdown of DJ-1 in the GBM cells had the same effect 

as loss of DJ-1 in PD patient-derived astrocytes. The inverse phenotypic observations in 

our models of PD and GBM are therefore attributed to initially inverse DJ-1 levels.  
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Conclusion and Perspectives 

As a conclusion, for GBM, therapeutic targeting of DJ-1 mediated regulation of cytokine 

secretion and metabolic modulation could help to decrease tumor growth and immune 

suppressive behavior, which in turn enables effective T cell infiltration and eventually a 

better antitumor response and thus prognostic outcomes. On the other hand, upregulation 

of DJ-1 levels to WT levels as a therapeutic option for PD patients could help to restore 

metabolic activity and decrease neuroinflammation.  

Interestingly, TCA cycle influencing mutations in isoforms 1 and 2 of isocitrate 

dehydrogenase (IDH1 and IDH2) were found frequently in secondary GBM, which account 

for 73% of clinical cases, whereas they were less seen in primary GBM (3.7%)90. IDH-

mutant enzymes mediate the conversion of α-ketoglutarate (α-KG) to the oncometabolite 

D-2-Hydroxyglutarate (D-2-HG), thus draining metabolites from the TCA91.

D-2-HG was found to be primarily derived from glutamine: glutamine is hydrolyzed by

glutaminase to produce glutamate, which is converted to α-KG and eventually converted

to 2-HG by mutant IDH92. Inhibition of glutaminase was shown to reduce glutamate and

α-KG level, thereby preventing the formation of D-2-HG92. These results emphasize the

importance of our finding of reduced glutamate labeling in the GBM cells upon DJ-1

knockdown. A reduction of DJ-1 levels in IDH mutant GBM cells could therefore not only

help to reduce metabolic activity of GBM cells, but also reduce glutamate drainage for D-

2-HG production91.

IDH enzymes were also shown to play a role in neurodegeneration due to their role in 

cellular metabolism and redox homeostasis via the regeneration of GSH that is very well 

known to protect neurons from oxidative damage93. 

In PD, IDH dysregulation has been directly linked to DJ-1 as DJ-1 was shown to 

transcriptionally control IDH expression under oxidative stress94. Phenotyping of 

mammalian DJ-1 knockout cells with IDH1 and IDH2 constructs revealed that both 

paralogs were able to rescue ROS-induced cell death caused by DJ-1 loss94.  

As an outlook, future experiments could therefore for example analyze the role of DJ-1 in 

IDH mutant GBM lines.  
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Importantly, future studies should include the analysis of pathways in both DJ-1 

overexpression astrocytes and GBM knockdown cell lines to shed light on the regulation 

of this pathway by differential DJ-1 level.  

Eventually, considering phenotypic overlaps between these conditions might help to 

understand their mechanistic basis, and thus to define novel target-based treatment 

strategies for causative treatments. 
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Mitochondrial and Clearance Impairment in p.D620N VPS35
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ABSTRACT: Background: VPS35 is part of the retromer
complex and is responsible for the trafficking and recycling
of proteins implicated in autophagy and lysosomal degrada-
tion, but also takes part in the degradation of mitochondrial
proteins via mitochondria-derived vesicles. The p.D620N
mutation of VPS35 causes an autosomal-dominant form of
Parkinson’s disease (PD), clinically representing typical PD.
Objective: Most of the studies on p.D620N VPS35 were
performed on human tumor cell lines, rodent models
overexpressing mutant VPS35, or in patient-derived fibro-
blasts. Here, based on identified target proteins, we
investigated the implication of mutant VPS35 in
autophagy, lysosomal degradation, and mitochondrial
function in induced pluripotent stem cell-derived neurons
from a patient harboring the p.D620N mutation.
Methods: We reprogrammed fibroblasts from a PD
patient carrying the p.D620N mutation in the VPS35
gene and from two healthy donors in induced pluripotent
stem cells. These were subsequently differentiated into
neuronal precursor cells to finally generate midbrain
dopaminergic neurons.

Results: We observed a decreased autophagic flux and
lysosomal mass associated with an accumulation of
α-synuclein in patient-derived neurons compared to
controls. Moreover, patient-derived neurons presented
a mitochondrial dysfunction with decreased membrane
potential, impaired mitochondrial respiration, and
increased production of reactive oxygen species asso-
ciated with a defect in mitochondrial quality control via
mitophagy.
Conclusion: We describe for the first time the impact of the
p.D620N VPS35 mutation on autophago-lysosome pathway
and mitochondrial function in stem cell-derived neurons
from an affected p.D620N carrier and define neuronal phe-
notypes for future pharmacological interventions. © 2020
The Authors. Movement Disorders published by Wiley Peri-
odicals LLC on behalf of International Parkinson and Move-
ment Disorder Society.

Key Words: VPS35; induced pluripotent stem cells;
mitochondrial impairment; Parkinson’s disease;
α-synuclein
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The functional characterization of Parkinson’s disease
(PD)-linked mutations has enabled he identification
of impaired cellular pathways underlying the neu-
rodegeneration of dopaminergic neurons of the substantia
nigra.1 Recently, based on a growing number of genes
identified in monogenic forms of PD, alterations of
endosomal trafficking came into focus as a pathway
linked to the disease. The p.D620N mutation in VPS35
was identified by two independent research groups
in 20112,3 and causes a rare autosomal-dominant form of
PD, occurring in 1.3% of familial cases and 0.1% of
all PD cases.4 The clinical phenotype of patients resembles
the one of typical sporadic PD patients, although variabil-
ity is present in terms of age of onset.3,5 Furthermore,
VPS35 expression has been showed to be reduced in the
substantia nigra of sporadic PD patients.6 Therefore, the
study of the VPS35 pathway is of interest for a wide
range of PD patients.
VPS35 is part of the retromer complex, responsible

for the recycling of targeted transmembrane proteins
from the early endosome back to the plasma membrane
and the retrograde transport from the endosomal sys-
tem towards the trans-Golgi network (TGN).7 The
retromer is composed of VPS35, VPS29, VPS26A, or
VPS26B, and various sorting nexins. The pathogenic p.
D620N VPS35 does not intervene with the proper for-
mation of the retromer.8

The retromer transports proteins essential to lyso-
somal clearance, carrying them to the TGN to avoid
their degradation. One of the most studied cargo pro-
teins of the retromer is the cation-independent mannose
6-phosphate receptor (CIMPR).9 CIMPR is an
endosomal protein that transports procathepsin D from
the endoplasmic reticulum (ER) to the lysosome and is
essential for the maturation into the hydrolase cathep-
sin D. CIMPR is then recycled via the retromer. In cells
with a deficiency in VPS35, either through knockdown
or by expressing the p.D620N mutant protein, CIMPR
is not properly recycled back to the TGN, which leads
to the degradation of the receptor and the subsequent
mistrafficking of cathepsin D.10-12 The retromer also
recycles key autophagy proteins: Lamp2a, implicated in
chaperone-mediated autophagy, and ATG9, a protein
involved in the induction of autophagy. Retromer com-
plexes containing mutant VPS35 can no longer bind
their cargo proteins and, thus, these proteins cannot
escape degradation by the lysosome.8,13 Overall, the
retromer is crucial for proper trafficking of lysosomal
clearance proteins, and the p.D620N mutation in
VPS35 was found to be associated with dysfunctional
lysosomal clearance.12

Several studies have identified mitochondrial impair-
ment in rodent dopaminergic neurons expressing p.
D620N VPS35. It has been reported that p.D620N
VPS35 directly interacts with Drp1 (dynamin-related
protein 1), a key component in mitochondria fission,

leading to fragmented mitochondria and cell death.14

Moreover, in dopaminergic neurons from mice
depleted of VPS35 or expressing p.D620N VPS35,
mitochondrial fragmentation was observed with
reduced level of mitochondrial fusion protein Mfn2
(mitofusin 2).15 This was related to increased mito-
chondrial fragmentation, with decreased mitochon-
drial membrane potential (MMP) and impaired
respiration.14,15 Similar results were described in
patient-derived fibroblasts.16 Overall, VPS35, by its
central role in endosomal trafficking, regulates cellular
and mitochondrial quality control.17

Most studies with VPS35 deficiency have been con-
ducted in rodent dopaminergic neurons or VPS35
knockdown models. Similar loss of function phenotypes
were observed in cell lines overexpressing p.D620N
VPS35, or in patient-derived fibroblasts of p.D620N
VPS35 carriers. To date there have been no studies
investigating the effect of mutant p.D620N VPS35 on
cellular phenotypes related to mitochondrial function,
autophago-lysosomal pathway, and α-synuclein levels
in patient-derived neuronal models. Here, we rep-
rogrammed fibroblasts from one patient carrying the p.
D620N VPS35 mutation and two gender-matched con-
trols of similar age into induced pluripotent stem cells
(iPSCs). Then, we differentiated iPSCs into small mole-
cule neuronal precursor cells (smNPC) and further into
neuronal populations enriched in dopaminergic
neurons.18

We found that iPSC-derived neurons carrying the p.
D620N mutation in VPS35 displayed severe mitochon-
drial dysfunction with decreased MMP, increased mito-
chondrial reactive oxygen species (ROS) level, and
impaired respiration. Further, we found alterations in
mitophagy and a decrease in overall autophagic flux
that may be associated with the observed impaired lyso-
somal function. Moreover, these patient-derived neu-
rons harboring the p.D620N VPS35 mutation
displayed a typical accumulation of α-synuclein protein.
This suggests that p.D620N VPS35 leads to a profound
dysfunction of several cellular processes through its
central role in trafficking of proteins.

Materials and Methods
Subjects

We included a male patient carrying the p.D620N
mutation in VPS35, described previously by Follet
et al10 and two healthy male controls from Tübingen
Biobank Control 1 and Control 2. Skin biopsies were
taken from each individual aged 73, 72, and 77 years,
respectively.
Ethical approval for the generation and functional

characterization of patient-derived iPSCs have been
provided by informed consent.
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Cell Culture and Treatments
For mitochondrial morphology, membrane potential,

and ROS assessment, neurons were cultivated in neuro-
nal medium without B27 and ascorbic acid (without
antioxidants supplementation) 4 hours prior to the
experiment. All treatments were performed in the neu-
ronal medium without antioxidants. To assess the
mitophagic clearance capacity, the edited neurons with
the Rosella construct were treated with 10 μM CCCP
(carbonyl cyanide 3-chlorophenylhydrazone) (Abcam,
Cambridge, UK) for 24 hours. For the autophagy exper-
iment, neurons were treated with 100 nM Bafilomycin
A1 (Enzo Life Sciences, Bruxelles, Belgium) for 24 hours.
For autophagy enhancement, neurons were treated
with 25 or 50 nM rapamycin (Enzo Life Sciences) for
24 hours. All experiments were repeated on three to six
independent neuronal differentiations.

Live Cell Imaging and Analysis
Mitochondria were visualized using 100 nM

MitoTracker Green FM (Invitrogen, Gent, Belgium) in
neuronal medium without antioxidants and lysosomes
with 100 nM LysoTracker Deep Red (Invitrogen) in
neuronal medium with or without antioxidants. At least
five Z-stack images per well were acquired using a Zeiss
spinning disk confocal microscope. All the raw image
datasets used in this study are deposited online in our R3
lab of the University of Luxembourg (https://webdav-
r3lab.uni.lu/public/MitoNetworks/VPS35Neurons/).
To segment mitochondria, the mitochondrial channel

was pre-processed with a difference of Gaussians where
the foreground image was convolved with a Gaussian
of size 11 and standard deviation 1 and the subtracted
background image with a Gaussian of size 11 and stan-
dard deviation 3 (Mito_DoG). Only pixels above
threshold 3000 in Mito_DoG and an intensity above
5000 in the raw mitochondrial channel were considered
as foreground pixels. The mitochondrial mask was
defined by removing connected components with less
than 10 pixels. Mitochondrial morphometrics were
quantified as previously described.19 Additional data on
mitochondrial network can be consulted in Zanin
et al.20

Mitorosella Sensor, Generation of the Lines,
Image Acquisition and Analysis

The generation of the lines carrying the Rosella
reporter was performed as previously described.21

Briefly, the tandem fluorescent proteins consisting of pH
sensor fluorescent protein pHluorin (F64L, S65T,
V193G, and H231Q) and DsRed were fused to the
entire open reading frame of ATP5C1 serving as a mito-
chondrial targeting sequence, and placed in between the
homology arms targeting the AAV1 safe harbour22

(Addgene plasmid #22075). A double-strand break for

triggering homologous recombination was performed
with the px33023 (Addgene plasmid #42230) carrying
the sgRNA targeting sequence for the safe harbor as
described by Mali et al.24 SmNPC from patients (VPS35
1_2) and control individuals (Control 1) were nucleo-
fected (P3 Primary Cell 4D-Nucleofector, V4XP-3024;
Lonza, Basel, Switzerland) with both constructs and
expanded before purification by fluorescence-activated
cell sorting (FACS) (Aria III; Beckton Dickinson, Frank-
lin Lakes, NJ).
Images were obtained on an Opera QEHS confocal

spinning disk microscope (Perkin Elmer, Waltham, MA)
with a 60× water immersion objective (NA = 1.2).
pHluorin was excited with a 488 nm laser and
detected on camera 1 behind a 520/35 bandpass fil-
ter, while DsRed was excited with a 561 nm laser
and detected on camera 2 behind a 600/40 bandpass
filter. A 568 dichroic mirror split the light towards
the corresponding cameras. Both fluorescent channels
were acquired simultaneously with a binning setting
of 2. One plane and 15 fields per well were acquired.
One pixel corresponds to 0.2152 μm. Differentiated
neurons were maintained under normal incubation
conditions (37�C, 5% CO2, and 80% humidity)
within the microscope in between and during the dif-
ferent acquisition time points.
The automated image analysis was performed

through a series of pre-processing and thresholds in
MATLAB (The MathWorks, Inc., Natick, MA) as pre-
viously described.21 Briefly, a difference of Gaussian of
convoluted foreground and background images was
used for detecting all the events in the field. For classify-
ing the events either as a mitochondrial or mitophagic
event, a combination of green to red fluorescence ratio
analysis and morphological filtering based on difference
of Gaussians thresholding was used. Those presenting
a mean ratio value below 0.6 were classified as
mitophagic events.

Flow Cytometry
Neurons were detached with Accutase (Sigma,

Bornem, Begium) and centrifuged at 300 g for
3 minutes. Batches of 200,000 cells were then incubated
in the dye or in the buffer (unstained). MMP was
assessed by staining the single-cell suspension with
200 nM tetramethylrhodamine ethyl ester (TMRE; Invi-
trogen) for 30 minutes at 37�C. To correct for mito-
chondrial mass, MitoTracker Green FM (Invitrogen)
was used as a counterstaining. For mitochondrial ROS,
the single-cell suspension was stained with 2 μM
MitoSOX Red (Invitrogen) for 15 minutes at 37�C with-
out CO2. Cells were analyzed with the BD LSRFortessa
flow cytometry analyser and the mean fluorescence
intensity of each dye was assessed on at least 20,000 sin-
gle cells by using FlowJo LLC software. Mean

706 Movement Disorders, Vol. 36, No. 3, 2021

H A N S S E T A L

140

Appendix

https://webdav-r3lab.uni.lu/public/MitoNetworks/VPS35Neurons/
https://webdav-r3lab.uni.lu/public/MitoNetworks/VPS35Neurons/


fluorescence of the unstained cells was subtracted to
account for autofluorescence.

Oxygen Consumption Rate Measurement
Oxygen consumption rate (OCR) was measured in

whole cells using the Seahorse XFe96 Cell Metabolism
Analyser (Agilent, Diegem, Belgium). Neurons were
plated in the Seahorse XFe96 well plates 24 hours
prior to measuring at a density of 80,000 cells per well.
The concentrations of mitochondrial toxins used were
optimized for neurons according to the manufacturer’s
recommendations. The final concentrations of toxin
used were: oligomycin (oligo) - 2 μM; FCCP - 250 nM;
antimycin A (AA), and rotenone (rot) - 5 μM. The
cells of each well were lysed with radioimmuno-
precipitation assay (RIPA) buffer after the experiment

and the OCR of each well was corrected for protein
amount.Statistics
Statistical analyses were performed with GraphPad

Prism. The statistical analyses performed and the
P value of each experiment can be found in the legend
of the figures.

Data Availability
The authors confirm that the data supporting the

findings of this study are available within the article
and its supplementary material.

Results
Clinical Phenotype of p.D620N VPS35 Patient
The male patient donor case #2610 comes from a

multi-incident family #445 reported previously from

FIG. 1. No difference in neuronal morphology and network nor in levels of VPS35 and VPS29 proteins between patient and control induced pluripotent
stem cell (IPSC)-derived neurons. (A) Representative images of immunofluorescence staining show expression of tyrosine hydroxylase (TH), class III
β-tubulin (Tuj1), and nuclear DAPI in IPSC-derived neurons. (B) Fluorescence-activated cell sorting (FACS) analysis of neuronal culture revealed no dif-
ference in terms of percentage of dopaminergic neurons (TH+) among all neurons (Tuj1+) in control- and patient-derived neuronal cultures after 30 days
of maturation (n = 4). (C) Analysis of the neuronal network by comparison of neurite length (skeleton) and number of branchpoints shows similar com-
plexity between control- and patient-derived neurons. Values represent pixel count of skeleton or branchpoint normalized to the pixel count of the
respective neuronal mask (n = 4). (D,E) Western blot analysis of VPS35 (D), VPS29 (E), and β-actin (loading control) show no difference in protein levels
between control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons under basal culture condition. Values normalized to
Control 1 (n = 4–6). [Color figure can be viewed at wileyonlinelibrary.com]
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the Queensland Parkinson’s Project,25 that immigrated
from Western Europe. Besides the index patient, the
diagnosis of PD was made in his mother and maternal
grandfather but no additional family members are
known to be affected. The diagnosis of PD was made
by a movement disorders neurologist after a 1-year his-
tory of muscular rigidity and tremor. The PD-related
motor symptoms responded well to levodopa therapy.
The index patient underwent deep brain stimulation
6 years after diagnosis after experiencing motor fluctua-
tions with good treatment response.

VPS35 and VPS29 Levels are Unchanged in
p.D620N VPS35 Patient-Derived Neurons

Previous studies have reported that VPS35 protein
levels did not change in cells carrying mutant VPS35.8

The p.D620N mutation in VPS35 has been shown not
to impair its binding to the other components of the
retromer.10 To investigate the levels of retromer com-
ponents we differentiated iPSC from the index patient
(VPS35 1_1 and 1_2)26 and two age- and gender-
matched controls (Control 1 and 2) into smNPC.18All
iPSC and smNPC clones were fully characterized in
this study (Figs. S1–S3) or elsewhere.26 We success-
fully differentiated these smNPC into physiologically
active neurons expressing the neuronal marker Tuj1
(tubulin β3), enriched in dopaminergic neurons
expressing tyrosine hydroxylase (TH) (Figs. 1A and
S4A-H).18 No difference was observed in terms of
neuronal differentiation efficiency (Figs. 1B and S4A,
B) or neuronal network complexity between control-
and patient-derived lines (Figs. 1C and S4D). We
identified by western blotting that protein levels of
both retromer components VPS35 and VPS29 were
unchanged between control- and patient-derived neu-
rons (Fig. 1D,E).

p.D620N VPS35 Patient-Derived Neurons
Display Mitochondrial Dysfunction

To evaluate the mitochondrial network, we analyzed
Z-stack images from two controls and two clones of
patient-derived neurons stained with MitoTracker
Green FM (Fig. 2A). Computational analyses revealed
a decrease in mitochondrial size representative of
fragmentation (Fig. 2B). Moreover, mitochondrial
branching as a readout for connectivity within the
mitochondrial network was impaired with a decreased
average number of links (Fig. 2C) and nodes (Fig. 2D).
The identification of these morphological alterations

observed in patient-derived neurons led us to assess the
mitochondrial function. We measured the bioenergetic
profile and found a decreased MMP in patient-derived
neurons compared to controls (Fig. 2E). The reduced
MMP was accompanied by an increase of intra-
mitochondrial ROS compared to controls (Fig. 2F).

Subsequently, mitochondrial respiration was assessed
by recording the OCR while we applied mitochondrial
stressors: oligomycin, FCCP, antimycin A, and rote-
none to measure different respiratory parameters
(Fig. 2G). We found that neurons carrying the p.
D620N VPS35 mutation displayed a reduced basal and
maximal respiration, reduced spare respiratory capac-
ity, and non-mitochondrial oxygen consumption
(Fig. 2H). This was associated with a significantly
reduced ATP production in patient-derived neurons
compared to controls.

VPS35 D620N Patient-Derived Neurons Show
an Impaired Mitochondrial Clearance

As patient neurons present morphologically and func-
tionally altered mitochondria, we hypothesized that
mitochondrial mass, biogenesis, and clearance (ie,
mitophagy) might be dysregulated. We found no differ-
ence in mitochondrial mass between patient and control
neurons as defined by western blotting against the mito-
chondrial proteins TOM20 (Fig. 3A) and VDAC1
(Fig. 3B). Moreover, protein expression levels of
PGC1α (Fig. 3C), the master regulator of mitochondrial
biogenesis, were unchanged in patient-derived neurons
under basal conditions.
In order to study mitophagy, Control 1 and VPS35

1_2 cell lines underwent CRISPR-Cas9 gene engineering
as iPSC-derived smNPC to express a mitochondrial
fusion protein: ATP5C1-DsRed-pHluorin. Briefly, when
mitochondria are in the cytoplasm, both fluorophores are
functional. Once mitochondria are exposed to an acidic
environment inside the autophagosome (mitophagic
event) the green fluorescence will be quenched (Fig. 3D).
To induce mitophagic events, we treated the gene-edited
neurons with CCCP and acquired images from the same
field of view at different time points: t = 0, 3, 8, and
24 hours. In control neurons (Fig. 3E), the number of
mitochondria inside autophagosomes increased signifi-
cantly after 3 hours CCCP treatment. After 8 hours and
further after 24 hours of CCCP treatment, the number of
mitochondria inside autophagosomes were decreasing,
showing an efficient clearance. In the patient-derived neu-
rons harbouring the p.D620N VPS35 (Fig. 3F), the num-
ber of mitochondria inside autophagosome also increased
significantly after 3 hours of CCCP treatment. After
8 hours and 24 hours, the number of mitochondria inside
autophagosomes failed to decrease and stayed elevated,
indicating a deficient clearance (Fig. 3G). Under basal
conditions (t = 0), we see no significant differences in the
number of mitochondria inside autophagosomes between
patient and control neurons. In addition, after 3 hours of
CCCP treatment there was no difference in the number
of mitochondria inside autophagosomes between patients
and controls (Fig. 3G), indicating that the induction of
mitophagy was not impaired in patient neurons.
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However, the difference between patient and control cells
becomes significant at 8 hours and 24 hours, as the num-
ber of mitochondria inside autophagosomes decreased in
control-derived neurons and stayed elevated in patient-
derived neurons.

Lysosomal Clearance Dysfunction and
α-Synuclein Accumulation in p.D620N VPS35

Patient-Derived Neurons
The link between the retromer and macroautophagy

has been identified by the sorting of ATG9, an

FIG. 2. Mitochondrial dysfunction in VPS35 mutant induced pluripotent stem cell (IPSC)-derived neurons. (A) Representative image of mitochondria stained
with MitoTracker Green FM and evaluation of mitochondrial size (B), average links per mitochondrion (C), and average nodes per mitochondrion (D) in con-
trol (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons in culture medium without antioxidants (without B27 and ascorbic
acid) for 24 hours (n = 4). (E) Mitochondrial membrane potential measured by tetramethylrhodamine ethyl ester (TMRE) mean fluorescence intensity and (F)
mitochondrial reactive oxygen species measured by MitoSOX mean fluorescence intensity by flow cytometry in control (Control 1 and 2) and VPS35 D620N
mutant (VPS35 clones 1_1 and 1_2) neurons in culture medium without antioxidants (without B27 and ascorbic acid) for 4 hours (n = 4). (G) Mean average
oxygen consumption rate (OCR) of control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons over a time course. Measure-
ment of basal OCR is followed by the addition of oligomycin (oligo) 2 μM final concentration, FCCP 250 nM final concentration, and antimycin A (AA) 5 μM
final concentration and rotenone (rot) 5 μM final concentration (n = 4). (H) Calculated basal respiration, maximal respiration, spare respiratory capacity, pro-
ton leak, ATP production, and non-mitochondrial oxygen consumption (n = 4). All statistical tests were Mann–Whitney tests to compare groups. Error bars
show standard deviation and ns P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 3. Mitophagy clearance impairment in VPS35 mutant induced pluripotent stem cell (IPSC)-derived neurons after CCCP (carbonyl cyanide
3-chlorophenylhydrazone) treatment. (A,B,C) Western blot analysis of TOM20 (A), VDAC (B), PGC1α (C), and β-actin (loading control) of control (Control
1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons under basal culture condition (n = 4). (D) Representative image of mitochon-
dria and mitophagy events under CCCP treatment over a time course. The scale bar represents 20 μm. Calculated mitophagic events by mitochondria
count in Control 1 (E) and mutant VPS35 1_2 (F) from three independent differentiations of control (Control 1) and VPS35 D620N mutant (VPS35 clone
1_2) neurons expressing ATP5C1-RFP-pHluorin protein in culture medium without antioxidants (without B27 and ascorbic acid) and treated with CCCP
10 μM for 0, 3, 8, and 24 hours. Each time point is compared with the previous one (n = 3). (G) Comparison of both lines. All statistical tests were
Mann–Whitney tests or one-way ANOVA followed by Sidak’s multiple comparisons tests to compare groups and conditions. Error bars show standard
deviation and ns P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. [Color figure can be viewed at wileyonlinelibrary.com]
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important protein for induction of autophagy with the
retromer.27 Additionally, in cells overexpressing the
mutant p.D620N VPS35 it was shown that ATG9 was
missorted, which is thought to lead to impaired
autophagy.8 Here, we measured the steady-state level
of the autophagy protein p62 (Fig. 4A), which was not
differing between patient and control-derived neurons.
Upon treatment with Bafilomycin A1, which blocks
autophagy by inhibiting the lysosomal v-ATPase, p62
was accumulating in the controls, as shown by an
increase compared to the untreated state. However,
p62 did not significantly increase in the patient neurons

after Bafilomycin A1 treatment, showing an impaired
autophagic flux. Moreover, compared to control-derived
neurons, we found reduced Lamp1 and Lamp2 steady-
state protein levels in the patient neurons (Fig. 4B),
suggesting a lower late-endosome/lysosome mass com-
pared to controls. This decrease in Lamp1 and Lamp2
levels was accompanied by the presence of smaller lyso-
somes in patient-derived neurons, while the number of
lysosomes was comparable between groups (Fig. 4C).
This reduction in content and size of lysosome is imply-
ing an impaired functionality13 which is also revealed
by a decreased intensity of the acidotropic probe,

FIG. 4. Impaired lysosomal clearance and α-synuclein accumulation in VPS35 mutant induced pluripotent stem cell (IPSC)-derived neurons. (A) Western
blot analysis of p62 and β-actin (loading control) in control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons under
basal culture condition and Bafilomycin A1 (BafA1) 100 nM treatment for 24 hours (n = 5). (B) Western blot analysis of Lamp1, Lamp2, and β-actin
(loading control) in control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons under basal culture condition (n = 4). (C)
Left: evaluation of lysosomal size and number by LysoTracker staining in control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and
1_2) neurons under basal culture condition (n = 3). Right: representative images of lysosomes stained with LysoTracker Deep Red (white). Nucleus are
stained with Hoechst. (D) Evaluation of LysoTracker Deep Red staining intensity in control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones
1_1 and 1_2) neurons under basal culture condition and mild stress (antioxidant removal) (n = 3). (E) Western blot analysis of α-synuclein (α-syn) and
β-actin (loading control) in control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons under basal culture condition
(n = 4). (F) Time-resolved fluorescence energy transfer (TR-FRET) measurement of total α-synuclein (α-syn) amount in control (Control 1 and 2) and
VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons under basal culture condition (n = 4). All statistical tests were Mann–Whitney tests or one-
way ANOVA followed by Sidak’s multiple comparisons tests to compare groups and conditions. Error bars show standard deviation and *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001. [Color figure can be viewed at wileyonlinelibrary.com]
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LysoTracker, in patient-derived neurons when exposed
to mild oxidative stress (antioxidant removal) (Fig. 4D)
as already described in other genetic models of PD.28

The impaired lysosomal clearance was accompanied
by an increase of the amount of α-synuclein in patient-

derived neurons as demonstrated by western blotting
for the monomeric form of α-synuclein (Fig. 4E)
and validated by time-resolved fluorescence energy
transfer (TR-FRET) assessing total α-synuclein amount
(Fig. 4F).

FIG. 5. Autophagy enhancement and α-synuclein knockdown are not sufficient to alleviate mitochondrial dysfunction. (A,B) Western blot analysis of
Lamp1 (A) and α-synuclein (B) of control and VPS35 D620N mutant neurons after 24 hours of treatment with DMSO (50 nM) or rapamycin (25 or 50 nM)
(n = 5). Values are normalized to DMSO-treated line respectively. (C) Mitochondrial membrane potential measured by tetramethylrhodamine ethyl ester
(TMRE) mean fluorescence intensity, (D) mitochondrial reactive oxygen species measured by MitoSOX mean fluorescence intensity, and (E) mitochon-
drial mass measured by MitoTracker Green FM mean fluorescence intensity by flow cytometry in control and VPS35 D620N mutant neurons after
24 hours of treatment with DMSO (50 nM) or rapamycin (25 or 50 nM) (n = 5). Values are normalized to DMSO-treated Control 1. (F) Mitochondrial
membrane potential measured by TMRE mean fluorescence intensity and (G) mitochondrial reactive oxygen species measured by MitoSOX mean fluo-
rescence intensity by flow cytometry in control and VPS35 D620N mutant neurons transduced with scramble shRNA and shRNA against α-synuclein
(n = 3). Values are normalized to scramble transduced line respectively. All statistical tests were Mann–Whitney tests or one-way ANOVA followed by
Sidak’s multiple comparisons tests to compare groups and conditions. Error bars show standard deviation and *P < 0.05; **P < 0.01. [Color figure can
be viewed at wileyonlinelibrary.com]
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α-Synuclein Accumulation is not the Main
Cause of Mitochondrial Impairment in pD620N

VPS35 Neurons
In patient-derived neurons carrying a triplication of the

SNCA gene locus, extensive mitochondrial defects are
found.29, 30 Consequently, we hypothesized that the
mitochondrial impairment seen in our patient-derived
neurons could be due to both a general impairment of
the autophagy machinery and to α-synuclein accumula-
tion. Therefore, we used a pharmacological approach to
rescue autophagy with rapamycin.31 Rapamycin has been
shown to increase lysosomal biogenesis and to enhance
mitophagy in cellular models of PD.32, 33 After 24 hours
of treatment, Lamp1 levels were increased in both
control- and patient-derived neurons (Fig. 5A) and this
led to a moderate decrease of α-synuclein levels in
patient-derived neurons (Fig. 5B). We evaluated the effect
of this treatment on mitochondrial dysfunction but did
not observe a rescue of the decreased MMP nor of the
increased ROS levels in patient-derived lines (Fig. 5C,D).
Of note, mitochondrial mass was not affected (Fig. 5E),
which shows that rapamycin did not enhance basal
mitophagy in these experimental conditions. We hypothe-
sized that a more efficient decrease of α-synuclein levels
might influence the mitochondrial impairment. We
knocked-down α-synuclein in both control- and patient-
derived neurons with shRNA against SNCA.34 After
transduction, we detected a reduction of the levels of
α-synuclein in patient-derived neurons to the physiologi-
cal levels of α-synuclein (Fig. S5A,B). Using the same
technique as previously, we found that the reduction of
α-synuclein protein levels did not rescue the loss of MMP
(Fig. 5F) nor the increased ROS level (Fig. 5G).

Discussion

The increasing importance of endosomal trafficking
pathways in PD pathogenesis has been widely recog-
nized besides established pathways such as mitochon-
drial impairment, lysosomal dysfunction, protein
aggregation, and synaptic dysfunction.35 Indeed,
numerous PARK genes (DNAJC13, LRRK2, and
SNCA) are implicated in this pathway and there is a
growing interest in finding other disease-relevant
endosomal trafficking genes.36

VPS35 deficiency has been previously linked to
mitochondrial and lysosomal clearance impairment in
multiple cellular models such as dopaminergic neurons
from mice carrying a heterozygous loss of VPS35, rat
cortical neurons overexpressing p.D620N VPS35, and
patient fibroblasts carrying the p.D620N VPS35
mutation. These studies consistently report fragmented
mitochondria with decreased MMP and impaired respira-
tion.14-16 Moreover, decreased autophagic flux together
with impaired cathepsin D and Lamp2a trafficking was

also previously described in other models.5 In this study,
we demonstrate for the first time in patient-specific iPSC-
derived neurons that the PD-causing mutation p.D620N
in VPS35 leads to fragmented and impaired mitochon-
dria with decreased size and branching, decreased mem-
brane potential, increased mitochondrial ROS, and
dysfunctional respiration (Fig. 2). These defects were
linked to dysfunctional mitochondrial clearance with
accumulation of mitophagic events under mitochondrial
stress without completion of the full mitophagic process
(Fig. 3). Lysosomal clearance was also more globally
impaired with decreased autophagic flux, decreased late-
endosome/lysosome mass and size, and impaired acidifi-
cation (Fig. 4A–D). Possibly linked to the lysosomal dys-
function, we observed an accumulation of α-synuclein in
patient-derived neurons (Fig. 4E,F).
We hypothesize that mitochondrial impairment in

iPSC-derived neurons carrying the p.D620N VPS35
mutation is caused by a substantially impaired mito-
chondrial quality control linked to a more general
autophagy defect. Improving autophagic function by
rapamycin treatment reduced α-synuclein levels in
patient-derived neurons, showing the involvement of
lysosomal dysfunction in α-synuclein accumulation, but
the mitochondrial dysfunction remained (Fig. 5A–D).
As it is known that the induction of autophagy via
rapamycin is only mild in mammalian cells, for exam-
ple, compared to yeast cells,37 we used a more stringent
reduction of α-synuclein levels via RNA knockdown.
However, also this was not sufficient to significantly
improve mitochondrial function (Fig. 5F,G) and shows
that α-synuclein accumulation is not the main cause of
mitochondrial impairment in p.D620N VPS35 neurons.
Further pharmacological and genetic modification of

the lysosome, as well as alternative organellar degrada-
tion pathways, may help to better understand the link
between lysosomal dysfunction and mitochondrial
impairment. Indeed, previous studies also reported that
VPS35 and the retromer are involved in an alternative
subtype of mitochondrial quality control, via the for-
mation of mitochondria-derived vesicles (MDVs).38

Two cargos have been identified trafficking towards the
lysosome or the peroxisome for degradation, namely
Drp114 and MAPL (mitochondrial-associated protein
ligase).15,38 MAPL is known to stabilize Drp1, a mito-
chondrial fission protein, and degrade Mfn2, a mito-
chondrial fusion protein. By trafficking both proteins,
VPS35 seems to stabilize the mitochondrial network in
a fused state. In cells overexpressing p.D620N VPS35,
the retromer does not correctly transport Drp1 and
MAPL, which leads to increased MAPL and Drp1 pro-
tein levels and a decreased Mfn2 protein level. This
subsequently leads to a fragmented mitochondrial
network,14,15 also observed in patient-derived neurons
in our study. Interestingly, treatment of cells over-
expressing p.D620N VPS35 and patient fibroblasts
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carrying the p.D620N VPS35 variant with Mdivi1, a
Drp1 inhibitor, rescues the mitochondrial functional
impairment.14,16 This suggests that mitochondrial func-
tional impairment is at least in part caused by the mis-
trafficking of Drp1 and MAPL by the retromer-
containing mutant p.D620N VPS35.
Although providing evidence for novel cellular phe-

notypes related to mutant VPS35 in patient-derived
neurons, our study has limitations towards the specific-
ity of these findings for the dopaminergic pathway. In
order to directly assess a specific role of mutations of
VPS35 on dopaminergic neurons, single-cell analyses of
these neurons within a mixed culture including glial
cells or a cell-sorting of dopaminergic neurons for
enrichment prior to experiments would allow evalua-
tion of the specific contribution of these observed cellu-
lar phenotypes for dopaminergic neurons. Previous
findings on iPSC-derived neurons with heterozygous
VPS35 mutations39 suggested that the p.D620N VPS35
mutation acts by a loss-of-function mechanism, while
animal models using overexpression of human mutant
VPS35 tend to support a toxic gain-of-function or a
dominant-negative mechanism.40,41 The present data
show conserved levels of VPS35 protein and suggest an
impairment of physiological functions of VPS35. The
next steps to better qualify the p.D620N mutation
would include the investigation of the described pheno-
types on a larger panel of patient-derived VPS35
D620N lines as well as overexpression of the wild-type
and mutant protein in different cell types. Also, the
inclusion of isogenic controls would allow dissection of
the specific contribution of the p.D620N VPS35 muta-
tion within the individual genetic background of the
controls and the patient, which may influence the dis-
ease phenotype by itself. Taken together, our findings
provide the first evidence for mitochondrial impair-
ment, lysosomal degradation defects, and α-synuclein
accumulation in patient-derived neurons, which con-
firm the implication of the p.D620N VPS35 mutation
in the typical pathophysiology of PD.
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ARTICLE

GDAP1 loss of function inhibits the mitochondrial
pyruvate dehydrogenase complex by altering the
actin cytoskeleton
Christina Wolf1, Alireza Pouya 1, Sara Bitar1, Annika Pfeiffer 1, Diones Bueno 1, Liliana Rojas-Charry1,

Sabine Arndt 2, David Gomez-Zepeda2, Stefan Tenzer 2, Federica Dal Bello1,3,4, Caterina Vianello 1,3,4,

Sandra Ritz5, Jonas Schwirz5, Kristina Dobrindt6, Michael Peitz 6,7, Eva-Maria Hanschmann8,

Pauline Mencke9, Ibrahim Boussaad 9,10, Marion Silies 11, Oliver Brüstle6, Marta Giacomello 3,4,

Rejko Krüger9,12 & Axel Methner 1✉

Charcot-Marie-Tooth (CMT) disease 4A is an autosomal-recessive polyneuropathy caused

by mutations of ganglioside-induced differentiation-associated protein 1 (GDAP1), a putative

glutathione transferase, which affects mitochondrial shape and alters cellular Ca2+ home-

ostasis. Here, we identify the underlying mechanism. We found that patient-derived moto-

neurons and GDAP1 knockdown SH-SY5Y cells display two phenotypes: more tubular

mitochondria and a metabolism characterized by glutamine dependence and fewer cytosolic

lipid droplets. GDAP1 interacts with the actin-depolymerizing protein Cofilin-1 and beta-

tubulin in a redox-dependent manner, suggesting a role for actin signaling. Consistently,

GDAP1 loss causes less F-actin close to mitochondria, which restricts mitochondrial locali-

zation of the fission factor dynamin-related protein 1, instigating tubularity. GDAP1 silencing

also disrupts mitochondria-ER contact sites. These changes result in lower mitochondrial

Ca2+ levels and inhibition of the pyruvate dehydrogenase complex, explaining the metabolic

changes upon GDAP1 loss of function. Together, our findings reconcile GDAP1-associated

phenotypes and implicate disrupted actin signaling in CMT4A pathophysiology.
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Charcot-Marie-Tooth (CMT) disease is the most frequently
inherited peripheral neuropathy in humans and affects one
in 2500 people. Clinically, this group of diseases can be

distinguished by mode of inheritance, age of onset, and by elec-
trophysiological characteristics that distinguish demyelinating and
axonal forms. Mutations in the gene GDAP1 (ganglioside-induced
differentiation-associated protein 1) cause various forms of CMT:
the most frequent recessively inherited demyelinating subtype
CMT4A1, the axonal-recessive (AR)-CMT22, the intermediate-
recessive subtype CMTRIA3, and the dominant subtype CMT2K4.

GDAP1 is located in the mitochondrial outer membrane facing
the cytosol. It possesses two glutathione transferase (GST)-like
domains2,5,6 and a C-terminal hydrophobic anchor which crosses
the outer mitochondrial membrane7. Whether GDAP1 is a cat-
alytically active GST remains controversial6,8–10, but it appears
clear that GDAP1 can bind GST substrates9,10.

One potential mechanism of GDAP1 action that has been
connected to CMT4A disease is mitochondrial dynamics. Over-
expression of GDAP1, but not over-expression of GDAP1 bearing
recessive disease-causing mutations, results in more fragmented
mitochondria, whereas a GDAP1 knockdown (KD) results in
mitochondrial elongation11. This GDAP1-mediated mitochon-
drial fragmentation depends on the activity of dynamin-related
protein 1 (DRP1), the major mitochondrial fission factor12,13.
The mechanism behind this is unknown. DRP1 is a cytosolic
protein which, when recruited to mitochondria, promotes
fission by forming ring-like oligomers that constrict and divide
mitochondria14. The recruitment of DRP1 to mitochondria
depends on the presence of ER tubules15 and filamentous actin (F-
actin)16 at the sites of constriction. The ER-protein inverted for-
min 2 (INF2) promotes actin polymerization which occurs before
DRP1-driven constriction17. INF2-mediated actin polymerization
also increases mitochondria-ER contact sites (MERCS)18. This
further connects actin polymerization and GDAP1 function as
mitochondrial and ER marker proteins colocalize less frequently
in GDAP1 KD cells19. Interestingly, INF2 mutations also cause
CMT disease (CMTDIE)20, implying that actin polymerization is
important for the survival of peripheral nervous system neurons,
similar to GDAP1 function. Another protein at the interface of
F-actin polymerization and DRP1 recruitment is Cofilin-1.
Cofilin-1 binds to monomeric actin and F-actin and controls
cytoskeletal dynamics mostly by actin depolymerization. Cofilin-1
deletion results in DRP1 accumulation at mitochondria and
fragmentation21. In summary, defective actin polymerization
affects the same mitochondrial fission pathway upstream of DRP1
and results in a clinical phenotype similar to GDAP1 mutation.
Whether F-actin polymerization and its regulation play a role in
CMT4A is still poorly understood.
Another process that is affected by loss of GDAP1 is cellular

Ca2+ homeostasis. Neuronal GDAP1 KD reduces Ca2+ influx
from the extracellular space that follows depletion of the ER Ca2+

stores, so-called store-operated Ca2+ entry (SOCE), possibly due
to an impaired mitochondrial localization at subplasmalemmal
microdomains19. GDAP1 KD also blunts the Ca2+-dependent
increase of mitochondrial respiration upon SOCE22. Mitochon-
drial Ca2+ levels increase the activity of several enzymes of the
tricarboxylic acid cycle (TCA) like pyruvate dehydrogenase
(PDH)23, the key enzyme of the pyruvate dehydrogenase complex
(PDC) which catalyzes the conversion of pyruvate to acetyl-CoA
and links glycolysis to the TCA. This connection between Ca2+

and TCA activity is thought to connect mitochondrial activity to
ATP demand. Changes in the activity of the PDC have not been
studied yet in CMT4A or in cells with perturbed GDAP1
expression but, interestingly, a pathogenic mutation of pyruvate
dehydrogenase kinase isoenzyme 3 (PDK3) that inhibits the PDC
also causes CMT disease, CMTX624. How GDAP1-mediated

changes of the mitochondrial Ca2+ homeostasis are connected to
its fission activity is still unclear.
In this study, we used motoneurons obtained from CMT4A-

patient-derived induced-pluripotent stem cells and neuronal
GDAP1 KD cells to study the pathophysiology of CMT4A. We
found that GDAP1 interacts with actin-binding Cofilin-1. Loss of
GDAP1 results in a reduction of F-actin fibers in mitochondrial
proximity, which restricts DRP1 access to mitochondrial con-
striction sites and disrupts mitochondria-ER contact sites. This
reduces mitochondrial Ca2+ levels and inhibits the PDC resulting
in a rewired cellular metabolism characterized by glutamine
dependence and increased consumption of fatty acids. Together,
these findings implicate disrupted F-actin signaling in CMT4A
pathophysiology.

Results
More tubular mitochondria and an increased mitochondrial
membrane potential in CMT4A patient-derived neuronal cells
and GDAP1 knockdown cells. To establish a model for CMT4A,
we compared GDAP1 KD SH-SY5Y cells19,25 with neuronal cells
derived from CMT4A patients. Patient CMT#1 is a 25-year-old
ambulant male with a compound heterozygosity (L239F/R273G)
of mutations in the C-terminal GST domain of GDAP1 and
patient CMT#2 is a 40-year-old wheelchair-bound male with
a homozygous mutation of the intron 4 splice donor site
(c.579+ 1G>A). This mutation causes skipping of exon 4 leading
to a frameshift and a truncated protein lacking the C-terminal
GST and the transmembrane domain of GDAP1 (Fig. 1a).

We generated induced-pluripotent stem cells from fibroblast
cell lines26 from these patients using non-integrative expression
of the Yamanaka factors and differentiated them to neuronal
precursor cells (NPCs) (Fig. 1b) that express the neuronal marker
protein β-III tubulin (Fig. 1c). In contrast to fibroblasts26, control
and CMT#1 NPCs express GDAP1 detectable by immunoblotting
(Fig. 1d). NPCs from CMT#2 lacked GDAP1 expression (Fig. 1d).
Because the polyclonal antiserum targets an antigen which should
still be present in the patient, this is probably due to nonsense-
mediated mRNA decay or degradation of the truncated protein.
We quantified mitochondrial shape and membrane potential

(Δψm) using automated high-content confocal microscopy
analysis of cells simultaneously stained with the fluorescent
dyes mitotracker and tetramethylrhodamine methyl ester
(TMRM). Patient-derived neuronal cells contained signifi-
cantly more tubular mitochondria (Fig. 1e) with a more
negative mitochondrial membrane potential (Fig. 1f). Applying
the same methodology to GDAP1 KD cells (Fig. 1g), we found
similar changes; more elongated mitochondria (Fig. 1h) and a
significantly more negative membrane potential (Fig. 1i). The
consistency between the phenotypes of patient-derived cells
and GDAP1 KD cells suggests that GDAP1 KD cells are a
suitable model to study CMT4A disease.

GDAP1 knockdown uncouples mitochondrial respiration from
ATP generation. Mitochondria produce ATP by consuming
oxygen and the energetic electron donors NADH and FADH2 in a
process called oxidative phosphorylation. NADH is provided by
the TCA, PDH and β-oxidation. To assess the effect of GDAP1 KD
on this all-important process, we measured mitochondrial oxygen
consumption using high-resolution respirometry and found a
higher mitochondrial routine respiration in GDAP1 KD cells
(Fig. 2a). The maximal capacity of the electron transfer system
(ETS), determined by titrating in the uncoupler FCCP, was
however similar in both cell lines (Fig. 2a). Normalization of the
respiratory states to the maximum ETS capacity, the so-called flux
control ratio, revealed that the GDAP1 KD cells use a higher
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fraction of their maximal capacity for routine, leak and phos-
phorylating respiration (Fig. 2a′). An increased ratio between non-
phosphorylating leak respiration (electron flow coupled to proton
pumping to compensate for proton leaks) and ETS capacity sug-
gests intrinsic uncoupling or dysfunction in GDAP1 KD cells.
Quantification of ATP content using the ratiometric reporters
BTeam targeted either to the cytosol or to the mitochondrial
matrix27 also demonstrated a reduced mitochondrial ATP

generation in GDAP1 KD cells despite the increased Δψm and
routine respiration (Fig. 2b). Taken together, these data suggest
that GDAP1 KD results in the uncoupling of mitochondrial
respiration and ATP generation via oxidative phosphorylation.

GDAP1 knockdown shifts cellular metabolism towards gluta-
minolysis. To identify metabolic pathways in GDAP1 KD cells
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patient-derived (e) and GDAP1 KD (h) cells demonstrating elongated mitochondria in GDAP1 loss-of-function cells. f, i Increased mitochondrial membrane
potential (TMRM) in patient-derived (f) and GDAP1 KD (i) cells. The values obtained in control cells were set as 1. g GDAP1 immunoblot and quantification
demonstrating successful knockdown. Size is indicated, Actin served as loading control. Data in e and f are from 3 independent experiments with 4–8
replicates per experiment with a range of 74 to 1908 cells per well. Data in (h) and (i) are from 4 independent experiments with 4–8 replicates with a range
of 343 to 4977 cells per well. Statistical variation is shown as scatter plot (e–g) or Tukey boxplot (h, i) and significance calculated using one-way ANOVA
(e, f) or Mann–Whitney (g–i) tests, *p < 0.05, **p < 0.001, ***p < 0.0001.
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that compensate for the diminished capacity for oxidative phos-
phorylation, we quantified the expression levels of various
metabolic enzymes in control and KD cells by immunoblotting.
This revealed a significant higher protein levels of lactate dehy-
drogenase (LDHA) and glutamate dehydrogenase 1 (GLUD1) in

GDAP1 KD cells (Fig. 2c, Supplementary Fig. 1). LDHA catalyzes
the interconversion of pyruvate to lactate. GLUD1, in contrast,
converts glutamate to α-ketoglutarate, the precursor of succinyl-
CoA in the TCA. In line with the increased expression of GLUD1,
GDAP1 KD cells consume significantly more glutamate, the
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Fig. 2 GDAP1 knockdown uncouples mitochondrial respiration from ATP generation and shifts metabolism towards glutaminolysis. a Mitochondrial
oxygen consumption of intact cells in regular growth medium measured by high-resolution respirometry and corrected for ROX. ETS, electron transfer
system; L, leak respiration; R, routine respiration; E, ETS capacity; ROX, residual oxygen consumption; netR, oxygen consumption minus ROX. Calculation of
flux control ratios. b Comparison of cytosolic and mitochondrial ATP content using the genetically encoded ATP sensor BTeam. Calculation of BTeam YFP/
NLuc emission ratios under basal conditions revealed reduced mitochondrial ATP levels. c Immunoblot quantification of proteins involved in glycolysis in
Ctrl and KD cells shows an increase in lactate dehydrogenase A (LDHA) and glutamate dehydrogenase 1 (GLUD1) levels. HK, Hexokinase; G6PD, glucose-
6-phosphate dehydrogenase; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; PKM1, pyruvate kinase M1; PDH, pyruvate dehydrogenase; pPDK1,
phospho-pyruvate dehydrogenase kinase. Actin expression served as loading control. d Diminished glutamate and glutamine levels determined by a
luminescence-based assay. e Comparison of cytosolic ATP content using the genetically encoded ATP sensor BTeam. BTeam YFP/NLuc emission ratios
after treatment with 25 µM 2-deoxyglucose reveals increased non-glucose dependent ATP generation capacity in KD cells. f Automated high-content
confocal microscopy analysis of BODIPY-stained fatty acids demonstrating less lipid droplets in KD cells identified by Höchst staining of nuclei. Lipid
droplets close to mitochondria were identified by MitoTracker staining. g ETS capacity in the presence of palmitate or BSA as substrates measured by high-
resolution respirometry. h Schematic illustration of metabolic changes observed in GDAP1 KD cells. Upregulation is shown in blue and bold lines;
downregulation in magenta and dashed lines. ME, malic enzyme 1; PDC, pyruvate dehydrogenase complex; PKM1/2, pyruvate kinase M1/2; OAA,
oxaloacetate. Data in (a) and (a′) are from 12 independent experiments performed in duplicate. Data in (b) are from 4 independent experiments performed
in triplicates. Data in (e) are from 6 independent experiments performed in triplicates. Data in (f) were from >10,000 cells in total and were analyzed in 3
independent experiments performed in triplicates. Statistical variation is shown as Tukey’s boxplots in (a) and (b), XY graph in (c), scatter plots in (d) and
(f), mean ± SEM in (e). Significance was calculated using the student’s t test in (a), 2-way ANOVA in b, the non-parametric Kruskal–Wallis test in (c), the
Mann–Whitney test in (d–g), *p < 0.05, **p < 0.001, ***p < 0.0001.
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substrate of GLUD1, and more glutamine which can be converted
to glutamate by glutaminase (Fig. 2d). We also observed an
attenuated decline in cytosolic ATP content in KD cells after
treatment with the glucose antimetabolite 2-deoxyglucose
(Fig. 2e) in line with a reduced use of glucose as the major fuel
for the TCA cycle. The TCA metabolite upstream of α-
ketoglutarate is citrate, which is produced by the transfer of
acetyl-CoA to oxaloacetate. Acetyl-CoA is the product of the
PDC in the mitochondrial matrix or of mitochondrial β-
oxidation. We suspected a dysfunction of the TCA cycle in
GDAP1 KD cells at the level of the PDC and therefore quantified
the amount of lipid droplets as alternative sources for acetyl-CoA
via β-oxidation in GDAP1 KD cells. We quantified the amount
of lipid droplets by BODIPY C12 staining and indeed found
decreased cytosolic lipid droplet levels in GDAP1 KD cells,
whereas lipid droplets associated with mitochondria were
unchanged (Fig. 2f). Maximum oxygen consumption of GDAP1
KD cells indeed tended to be higher in the presence of the fatty
acid oxidation substrate palmitate (Fig. 2g). Together, these
results are in line with a high lipid catabolism that serves to
replenish fatty acids and consequently acetyl-CoA levels in the
TCA cycle. We posit that the increased demand of glutamine and
fatty acids in GDAP1 KD probably serve as compensatory

mechanisms, clearly pointing towards a dysfunction of the TCA
cycle in GDAP1 KD cells at the level of the PDC (summarized in
Fig. 2h).

Hyperphosphorylated pyruvate dehydrogenase and reduced
mitochondrial Ca2+ levels in GDAP1 KD cells. Increased
mitochondrial Ca2+ levels activate the PDC by stimulating PDH
phosphatase28. Ca2+ also activates isocitrate dehydrogenase
which is upstream of α-ketoglutarate, the product of GLUD1, and
α-ketoglutarate dehydrogenase29. Based on the reported atte-
nuated mitochondrial respiration upon SOCE in GDAP1 KD
cells22, we suspected altered PDH phosphorylation levels driven
by changes in mitochondrial Ca2+ content as the reason for PDC
inhibition (see scheme in Fig. 3a). To test this idea, we probed
phosphorylation of serine 293 of the E1 PDH subunit, which has
been directly linked to PDC activity30. Immunoblotting showed a
significantly increased phosphorylation of PDH E1 serine 293 in
GDAP1 KD cells as compared to total E1 PDH (Fig. 3b). This is in
line with a decreased activity of the PDC. We then measured
mitochondrial Ca2+ levels by imaging live cells stained with
Rhod2-AM or expressing the genetically encoded mitochondrial
Ca2+ sensor mito-CEPIA31 normalized to mito-FarRed. The
Ca2+ sensor GEM-CEPIA1er targeted to the ER served as a
control. Both methods revealed a reduction in steady-state
mitochondrial Ca2+ levels in GDAP1 KD cells, whereas ER cal-
cium levels were not affected (Fig. 3c). We conclude that the PDC
malfunction in GDAP1 KD cells is likely caused by a reduction in
mitochondrial Ca2+ levels resulting in an increased phosphor-
ylation of PDH.

Patient-derived cells are similarly characterized by increased
glutaminolysis, reduced lipid droplets and reduced mitochon-
drial Ca2+ levels. We next tested whether the findings of reduced
mitochondrial Ca2+ levels and increased glutaminolysis also
apply to patient-derived cells. We set out to specifically test this in
motoneurons, a cell type affected by CMT4A. Motoneurons were
differentiated from NPCs following established protocols (Fig. 4a)
and motoneuronal identity was confirmed by immunostaining
against the dendrite marker MAP2 and the motoneuronal neu-
rofilament H marker antibody Smi32 (Fig. 4b). Control and
patient-derived motoneurons stained similarly for these markers
as shown by high-content imaging (Supplementary Fig. 2). These
motoneurons express GDAP1 similar to NPCs with cells from
patient CMT#2 lacking GDAP1 expression (Fig. 4c). High-
content microscopy of MitoTracker-stained cells revealed an
increased area occupied by mitochondria (Fig. 4d). Immuno-
blotting reproduced the increased expression of GLUD1 seen
upon GDAP1 KD (Figs. 4e, 2c). Motoneurons differentiated from
patient-derived cells also increased the consumption of the
GLUD1-substrate glutamate (Figs. 4f, 2d) and its precursor glu-
tamine. Furthermore, motoneurons showed a decrease in lipid
droplets normalized to the nuclear area (Fig. 4g), indicative of
increased fatty acid consumption. Together, these data further
highlight the similarity between patient-derived cells and GDAP1
KD cells.
Because motoneuronal cells showed a low transfection

efficiency which made it difficult to identify single neurons in
the cultures, we reverted to the patient-derived NPCs instead of
fully differentiated motoneurons to assess the mitochondrial
Ca2+ phenotype. We measured lower resting Ca2+ levels with
Rhod2-AM and mito-CEPIA (Fig. 4h) in NPCs, similar to KD
cells. Patient-derived NPCs also had increased levels of pPDH as
compared to total PDH levels (Fig. 4i). We conclude that
neuronal cells from patients with GDAP1 mutation not only
have the same changes in mitochondrial shape and membrane

a b

0

1

2

3

re
la

tiv
e

[C
a2

+]
m

t

mt-CEPIA3

0.0

0.5

1.0

1.5

(44) (29)

(64)

(35) (27)

(54)

Ctrl KD

Ctrl KD Ctrl KD

***

*

Rhod2-AM
Ctrl KD

***
c

α-pPDH

α-PDH

Ca2+

PDC

PDC

PDKPDP1

Pyruvate Acetyl-CoA

ATP

ADP+P

P P P

MPC

E1
E2 E3

0.0
0.5
1.0
1.5
2.0
2.5

pP
D

H
/P

D
H

re
la

tiv
e

[C
a2

+]
ER

0

1

2

GEM-CEPIA3ER

Ctrl KD

n.s.

kDa
40-

40-

Fig. 3 Hyperphosphorylated pyruvate dehydrogenase and reduced
mitochondrial Ca2+ levels in GDAP1 KD cells. a Scheme showing the
regulation of the pyruvate dehydrogenase complex (PDC). The PDC
E1 subunit can be phosphorylated by the catalytic activity of the PDH kinase
(PDK). The PDH phosphatase subunit 1 (PDP1) in turn dephosphorylates
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*p < 0.05, **p < 0.001, ***p < 0.0001.
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potential as GDAP1 KD cells (Fig. 1) but also feature the same
metabolic changes and alterations of Ca2+ levels. Together this
suggests that GDAP1-mediated CMT4A is caused by inhibition
of PDH activity resulting in an anaplerotic state.

GDAP1 knockdown reduces the number of contact sites
between mitochondria and the endoplasmic reticulum. We
suspected that changes in MERCS might underlie the changes in
mitochondrial Ca2+ levels especially as a reduced colocalization
of ER and mitochondrial markers hint to changes in MERCS, as
shown previously19. MERCS are hot spots of interactions between
the ER and mitochondria defined by a distance of mitochondrial
and ER membranes between ~10 and ~50 nm32 and are impor-
tant signaling hubs (reviewed in ref. 33). Using transmission
electron microscopy, we indeed found (i) a decrease in MERCS in
GDAP1 KD cells defined as the percentage of mitochondrial
perimeter covered by the ER, (ii) a decreased number of MERCS

per mitochondrion, (iii) a decreased length of MERCS (Fig. 5a)
and (iv) an increased width between the ER and mitochondria
(Fig. 5a, b). As an additional readout to quantify the distance
between mitochondria and the ER, we used a well-established
assay based on Förster resonance emission transfer (FRET)
between two fluorescent proteins targeted to the surface of
mitochondria and the ER, both facing the cytosol34,35. The lower
FRET ratio (Fig. 5c) confirmed the data obtained by the mor-
phometric analysis with an increased width between the orga-
nelles in GDAP1 KD cells. Comparing the amount of ER protein
present in mitochondrial cell fractions using immunoblotting of
the membrane ER protein Sec62 and the mitochondrial protein
Cox4 also confirmed the reduction in contact sites (Fig. 5d). Such
a reduction and increased distance should result in decreased
Ca2+ transfer from the ER to the mitochondrial matrix. We
studied this by triggering ER Ca2+ release with the cholinergic
agent carbachol, which activates inositol trisphosphate receptors
(IP3Rs) leading to Ca2+ release into the cytosol, generating Ca2+
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test, *p < 0.05, **p < 0.001, ***p < 0.0001.

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03487-6

6 COMMUNICATIONS BIOLOGY |           (2022) 5:541 | https://doi.org/10.1038/s42003-022-03487-6 | www.nature.com/commsbio

Appendix

157

157

www.nature.com/commsbio


microdomains at MERCS, which sustain rapid Ca2+ uptake by
mitochondria34,36. Surprisingly, we did not observe a difference
in mitochondrial Ca2+ uptake measured by mitochondrially-
targeted aequorin upon treatment with carbachol (Fig. 5e). The
direct reducing effect of carbachol on PDH E1 phosphorylation
was also similar in both cell lines while the baseline levels were
significantly increased in GDAP1 KD cells (Fig. 5f). Apparently,
upregulated MCU levels (Fig. 5g) and hyperpolarization (see
Fig. 1I) can compensate for the increased distance between the
organelles under conditions of high Ca2+ influx. The other
components of the ER-mitochondrial Ca2+ uptake complex37,
the IP3R ER Ca2+ release channels, the molecular chaperone
glucose-regulated protein 75 (Grp75, official name Heat Shock
Protein Family A (Hsp70) Member (HSPA)), and the mito-
chondrial voltage-dependent anion channel 1 (VDAC1) at the
outer mitochondrial membrane were however similarly expressed
in GDAP1 KD and control cells (Fig. 5h). Taken together our

findings support altered MERCS with an increased distance
between the ER and mitochondria in GDAP1 KD cells.

Increased levels of proteins involved in β-oxidation in GDAP1
KD cells. To clarify how GDAP1 KD affects MERCS and mito-
chondrial Ca2+ levels, we next set out to identify proteins that are
dysregulated in KD cells by label-free quantitative liquid chro-
matography coupled to mass spectrometry (LC-MS)38. Compar-
ing the proteome of control and GDAP1 KD cells identified
985 significantly dysregulated proteins out of 3914 proteins—456
proteins were found to be less abundant and 529 to be more
abundant (Fig. 6a). Then, we submitted the list of upregulated
proteins to STRING39 and observed that the following KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways were
over-represented with an false-detection rate below 2 × 10−4:
protein processing in the ER, lysosome, regulation of the actin
cytoskeleton, endocytosis, fatty acid degradation and citrate cycle

Fig. 5 GDAP1 knockdown reduces the number of contact sites between mitochondria and the endoplasmic reticulum. a Transmission electron
microscopy of knockdown (KD) and control (Ctrl) cells. The indicated parameters were quantified using ImageJ by a blinded investigator. M,
mitochondrion. b Histogram showing the distribution of MERCS’ widths, and an increased distance in KD cells between the ER and mitochondria.
c Proximity of ER and mitochondria was measured using a FRET-FEMP sensor comprising ER CFP-Sac1 and mitochondrial YFP-Akap1. Proximity leads to
high intensity of YFP-FRET-emission (410-430/520-560 ex/em). 100 nM rapamycine was added to achieve the closest possible distance, and the
measurement of FRET ratio was calculated as (FRETmax-FRETbasal)/FRETbasal. d Quantification of ER membrane (Sec62) and mitochondrial (Cox4) proteins
in mitochondrial fractions. e Representative curve for the aequorin Ca2+ measurement and quantification of mitochondrial Ca2+ levels after addition of
200 µM carbachol (CCH), which releases Ca2+ from the ER by activation of a G-protein-coupled receptor. f) Immunoblot of Ctrl and KD cells lysed 10min
after 200 µM CCH addition to quantify the PDH phosphorylation (pPDH/(PDHtotal) after Ca2+ release into the MERCS and mitochondria. g, h Immunoblot
of total cell lysates of Ctrl and KD cells showing increased expression levels of MCU but not pan-IP3R, HSPA9 or VDAC1, actin served as loading control,
size is indicated. Data in (a) were obtained from 11 (Ctrl) and 9 (KD) cells, in (b) from 4 independent experiments in triplicate or quintuplicate with a range
of 162–818 cells per experiment, and in (d) from 4 independent experiments. Data in (e) from 5 independent experiments performed in triplicates. Data
points corresponding to the example blots are highlighted. Statistical variation is shown as Tukey boxplots or scatter plots with the indication of
mean ± SEM and significance was calculated using the non-parametric Mann–Whitney test, *p < 0.05, **p < 0.001, ***p < 0.0001.
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(Fig. 6b). The analysis corroborated the increased levels of LDHA
and GLUD1 observed by immunoblotting (Fig. 2c). It also
demonstrated increased levels of proteins involved in β-oxidation
(Fig. 6c) like carnitine palmitoyltransferase 1 (CPT1A) which
catalyzes the transfer of the acyl group of long-chain fatty acid-
CoA conjugates onto carnitine to transport the resulting acyl-
carnitine long-chain fatty acids inside the mitochondria. These
results suggest that the decrease in lipid droplets observed in
GDAP1 KD cells (Fig. 2f) indeed reflects a high lipid catabolism
that serves to provide the TCA cycle with acetyl-CoA.

GDAP1 interacts with proteins of the actin cytoskeleton in a
redox-dependent manner. We then used label-free proteomics to
identify GDAP1-interacting proteins to get a more complete
picture of how GDAP1 loss of function affects cellular metabo-
lism. We transduced primary cortical cultures from mice
expressing the biotin ligase BirA40 with adeno-associated viruses
expressing GDAP1 tagged with an Avi-tag, a specific substrate for
BirA41. Only Avi-HA-tagged GDAP1 but not the HA-tagged
control was biotinylated (Fig. 6d). By treating the mitochondrial
preparations with GSH or GSSG as described42, we further aimed
to identify proteins whose interaction is affected by their specific
redox state. This was driven by the fact that GDAP1 can bind
potential GST substrates9,10 and the assumption that such an
interaction might depend on the local redox environment. A total
of 268 proteins were pulled down from Avi-HA but not or less
from HA-GDAP1-transduced cultures. 176 of these proteins

showed a statistically different abundance in preparations treated
with GSH compared to vehicle and 106 in preparations treated
with GSSG. For 72 proteins the interaction with GDAP1 was
altered only by GSH and not by GSSG treatment (Fig. 6e).
Interestingly, the most strongly and most significantly regulated
proteins can be linked to the cytoskeleton like tubulins (Fig. 6f,
green), crucial components of the cytoskeleton that can serve as a
scaffold for mitochondrial transport43. This is consistent with
regulation of the actin cytoskeleton being one of the top hits in
the KEGG analysis of proteins upregulated in GDAP1 KD cells
(Fig. 6b, Supplementary fig. 3). In addition, an interaction
between GDAP1 and β-tubulin TUBB has been reported in a
yeast-two-hybrid experiment44. This led us to further concentrate
our subsequent analysis on a potential misregulation in actin
dynamics in CMT4A-disease models.

GDAP1 knockdown reduces Cofilin-1 abundance at mito-
chondria. The actin-regulatory protein Cofilin-1 (Fig. 6g) speci-
fically caught our attention because it affects mitochondrial shape
by inducing depolymerization of actin filaments in mitochondrial
proximity which restricts access of DRP1 to mitochondria21. Its
antagonist is the ER-anchored INF2, which also causes CMT
disease when mutated20. We further explored the identified
interaction between GDAP1 and Cofilin-1, and hypothesized that
GDAP1 alters actin abundance, polymerization or both at mito-
chondrial sites by interacting with Cofilin-1. The actin-binding
ability of Cofilin-1 is inhibited by phosphorylation of serine 3

Fig. 6 LC-MS proteomics identifies proteins involved in β-oxidation as being more abundant in GDAP1 KD cells and hints to alterations of the actin
cytoskeleton mediated by redox-dependent interactions with GDAP1. a Number of proteins dysregulated in GDAP1 KD cells identified by label-free
proteomics from three independent experiments, measured in quadruplicates, green less abundant, magenta more abundant. Statistical significance was
determined by Student’s t test with Bonferroni correction. b KEGG pathways significantly altered in proteins more abundant in GDAP1 KD cells. c Section of
a STRING analysis of proteins more abundant in GDAP1 KD cells corroborating altered carbon metabolism (blue) and fatty acid degradation (green) in
these cells. Open dots correspond to more abundant interacting proteins that do not fall directly into these categories. Proteins in bold were found to be
more abundant independently using immunoblotting. d Schematic illustration showing the biotinylation of the AviTag fused to GDAP1 protein and
subsequent pulldown and enrichment of biotinylated GDAP1 protein via streptavidin-labeled magnetic beads. Immunoblot of cell lysates prior to pulldown
of biotinylated GDAP1 stained against GDAP1 and Biotin with an infrared-labeled streptavidin (SA) dye shows an overlap of biotinylation and GDAP1
protein. Streptavidin pulldown was performed with primary neuronal cultures from BirA-expressing E16 mouse embryos. e Results from label-free
quantitative proteomics performed with GSH or GSSG added to the preparation, (f) shows the 72 proteins with an altered expression after addition of GSH
but not GSSG. g TOP3 quantification of Cofilin-1 abundance and increased Cofilin-1 abundance upon GSH, but not GSSG addition indicated an interaction
with GDAP1 in a redox-dependent manner. Statistical significance in g was determined by one-way ANOVA and the Tukey test, ***p < 0.0001.
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which is controlled by the presence of intramolecular disulfide
bridges45,46 or protein glutathionylation47 and could thus be a
target of GDAP1’s GST activity. Alternatively, GDAP1 could just
recruit Cofilin-1 to the mitochondrial surface in a redox-
dependent manner. We studied Cofilin-1 abundance and intra-
cellular localization and phosphorylation in GDAP1 KD and
control cells. GDAP1 KD increased the total abundance of
Cofilin-1 but did not affect phosphorylation (Fig. 7a). However,
when we compared the protein levels in mitochondrial fractions,
we observed the opposite, a significant reduction in GDAP1 KD
cells (Fig. 7b). To further test for the amount and localization of
Cofilin-1 close to mitochondria, we used HSPA9, a mitochondrial
matrix protein, as a marker as it was not regulated in GDAP1 KD
cells (Fig. 5h) and plays a role in ER-mitochondrial Ca2+

transfer37. Confocal microscopy demonstrated an increase in the
area covered by mitochondria (Fig. 7c and d) in line with the
more tubular network in GDAP1 KD cells (Fig. 1h) and a
reduction of mitochondrial Cofilin-1 compared to total Cofilin-1
in GDAP1 KD cells (Fig. 7e), in line with the fractionation assays.
In addition, the distance of Cofilin-1 spots from mitochondria
was significantly increased (Fig. 7f) and the colocalization of the
surfaces of Cofilin-1 and HSPA9-expressing structures was
reduced (Fig. 7g). These results imply that GDAP1 controls the
presence of Cofilin-1 in proximity to the mitochondrial surface,
possibly at MERCS.

GDAP1 KD reduces F-actin fibers at mitochondrial surfaces
and restricts access of DRP1 to the mitochondria resulting in
less DRP1 and MFF. Because Cofilin-1 is an actin-binding pro-
tein, we suspected less actin in the proximity of mitochondria in
GDAP1 KD cells. We quantitated F-actin levels and its colocali-
zation with mitochondria in living cells by transiently transfecting
control and GDAP1 KD cells with GFP-tagged F-tractin and

labeling of mitochondria with mitotracker red. F-tractin does not
perturb actin rearrangement48–50 and was previously used to
study the effects of INF2 perturbation on mitochondrial
dynamics18,51. Our data revealed a significant reduction of surface
colocalization between F-actin and mitochondria in GDAP1 KD
cells (Fig. 8a) in line with our hypothesis. As expected from
previous work17, this severely reduced DRP1 localization in
mitochondrial fractions (Fig. 8b). The decreased colocalization of
DRP1 with mitochondria was also evident when we over-
expressed GFP-tagged DRP1 in control and GDAP1 KD cells
(Fig. 8c). Interestingly, DRP1 also covered less space in GDAP1
KD cells (Fig. 8d). To rule out that this is caused by a reduced
transfection efficiency, we quantified total endogenous DRP1.
This also revealed a reduced abundance of DRP1 and its receptor
at the mitochondrial surface, mitochondrial fission factor (MFF)
(Fig. 8e). In summary, these findings imply that in the absence of
GDAP1, F-actin fibers are less present at the mitochondrial
surface which restricts the access of ER tubules and DRP1 to sites
of mitochondrial constriction and decreased levels of DRP1 and
its receptor MFF resulting in a dysfunction of mitochondrial
dynamics (Fig. 8f).

Discussion
In this work, we used neuronal GDAP1 KD in human SH-SY5Y
neuroblastoma cells and patient-derived cells to study the
pathophysiology of CMT4A. We found that GDAP1 interacts
with the actin-interacting protein Cofilin-1 and that loss of
GDAP1 results in a reduction of F-actin fibers in mitochondrial
proximity. This limits the access of ER tubules to mitochondria
which connects two processes: it impedes DRP1 recruitment to
mitochondrial constriction sites resulting in more tubular mito-
chondria and it disrupts mitochondria-ER contact sites causing
reduced mitochondrial Ca2+ levels. The reduced mitochondrial

Fig. 7 Reduced presence of Cofilin-1 at mitochondria. a Immunoblot of whole cell lysates and quantification of Cofilin-1 and p-Cofilin-1 (S3) protein levels.
Actin served as loading control. b Analysis of Cofilin-1 abundance at the mitochondria after fractionation of crude mitochondria (CM) normalized to Cofilin-
1 levels in whole cell lysates (CL). c Immunostaining of Ctrl and GDAP1 KD cells for Cofilin-1 and HSPA9 as mitochondrial protein. Nuclei were
counterstained with DAPI. Imaris analysis confirmed (d) the increased mitochondrial area in KD cells and (e) a reduction of mitochondrially-located
Cofilin-1 (white, arrowheads) concomitant with (f) an increased distance between mitochondria and cofilin-1. Conversion of the structures into surfaces
using contact XTension demonstrated (g) that the proportion of the mitochondrial surface area in contact with Cofilin-1 was significantly reduced. d, f Data
are from a total of n= 20 cells per cell line from three independent experiments. Data points corresponding to the example are highlighted. Statistical
variation is shown as scatter plots with the indication of mean ± SEM and significance calculated using the non-parametric Mann–Whitney test, *p < 0.05.
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Ca2+ levels inhibit the PDC and result in a rewired cellular
metabolism characterized by dependence on glutamine and fatty
acids to compensate for an impaired TCA cycle. We therefore
conclude that the reduction in F-actin presence at mitochondria
caused by GDAP1 loss of function represents the probable cause
of autosomal-recessive CMT4A.
The reduced mitochondrial Ca2+ levels in GDAP1 KD and

GDAP1-loss-of-function NPCs are difficult to understand
because over-expression of the MCU was shown previously to
increase the matrix Ca2+ concentration52. Other, unchanged
components of the ER-mitochondrial complex that regulate Ca2+

transfer, such as the ER release channels, the mitochondrial
VDAC1 channels and the linking protein HSPA9 (Grp75)37

(Fig. 5h) might account for this. In addition, the amount and
stoichiometry of the MCU-interacting proteins MICU1 and
MICU1, which are regulatory subunits of the large protein
complex which mediates mitochondrial Ca2+ uptake, also affect
the matrix Ca2+ concentration52 and were not further studied
here as it is difficult to fathom how the outer mitochondrial
membrane protein GDAP1 could affect or modify these proteins.
Despite the reduction in MERCs in GDAP1 KD cells, agonist-
induced increases in mitochondrial Ca2+ levels were unchanged.
Such Ca2+ transients are believed to instigate the increase in PDC
activity28,29. We therefore have to conclude that the reported
blunting of the Ca2+-dependent increase of mitochondrial

respiration upon SOCE22 also affects PDC activity. In line with
this, it was recently shown that in mouse Gdap1−/− moto-
neurons, glutamate treatment results in a decreased decay of the
Ca2+ signal and a reduction in respiration53. The authors
attributed this to defects in mitochondrial movement resulting in
a lack of correct positioning of mitochondria at sites where an
intense stimulation of ATP production by oxidative phosphor-
ylation is required like the plasma membrane. Interestingly, the
actin cytoskeleton is essential for short-distance mitochondrial
movements and for immobilization of mitochondria at the actin
cortex, a specialized layer of cytoplasmic proteins on the inner
face of the cell membrane (reviewed in54) suggesting that the
changes described here could also underlie these defects in
mitochondrial positioning. Alternatively, other yet unknown
mechanisms exist that link the actin cytoskeleton to steady-state
mitochondrial Ca2+ levels.

We found that GDAP1 interacts with Cofilin-1 in a redox-
dependent manner and restricts its presence at the mitochondrial
surface. This was shown by confocal microscopy using HSPA9 as
a marker protein. HSPA9 (Grp75) is recognized to be enriched in
MERCS. An enrichment of Cofilin-1 in MERCs has not been
reported yet and we reproduced the reduced abundance of
Cofilin-1 in GDAP1 KD cells in fractions containing crude
mitochondria (Fig. 7b). We therefore conclude that the reduction
of Cofilin-1 at mitochondrial surfaces is not restricted to MERCS.

Fig. 8 GDAP1 KD reduces F-actin fibers at mitochondrial surfaces and restricts access of DRP1 to the mitochondria resulting in less DRP1 and MFF.
a Live cell imaging of GFP-F-tractin transfected cells. Mitochondria were stained with MitoTracker and images analyzed for contact area using Imaris.
b Immunoblot of DRP1 in cytosolic and mitochondrial fractions demonstrating a reduced DRP1 abundance in mitochondrial fractions. TOM20 and actin
served as loading controls, size is indicated. c, d Live cell imaging of GFP-DRP1 transfected cells. Mitochondria were stained with MitoTracker and images
analyzed for (c) colocalization and (d) area. e Immunoblot of total DRP1 and MFF demonstrating a reduced abundance of both proteins. Actin served as
loading control, size is indicated. f Scheme depicting our findings. Cof1, Cofilin-1. In the absence of GDAP1 mitochondrial F-actin is reduced resulting in an
increased distance between ER and mitochondria, reduced mitochondrial Ca2+ levels, and a reduced presence of DRP1 at mitochondrial constriction sites.
Data from (a) are from n= 19 cells per cell line from three independent experiments performed in triplicates. Data from (c) are from n= 10 and (d) from
n= 16 cells per cell line from three independent experiments. Data points corresponding to the examples are highlighted. Statistical variation is shown as
scatter plots with the indication of mean ± SEM and significance calculated using the non-parametric Mann–Whitney test, *p < 0.05.
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Very recently, Cofilin-1 was shown to affect mitochondrial shape
and function55. Theoretically, GDAP1 could affect Cofilin-1
function through its still unresolved potential GST-like enzymatic
activity6,8–10 because Cofilin-1 contains four potential GST target
cysteine residues at the positions 39, 80, 139 and 147. Cysteines
39 and 80 are buried inside the protein while cysteines 139 and
147 are located on the surface of the protein56. Redox-mediated
modifications of these cysteine residues clearly affect the function
of Cofilin-1. Treatment with hydrogen peroxide leads to the
formation of an intramolecular disulfide bond resulting in a
conformational change that prevents phosphorylation and
thereby actin polymerization45. Moreover, intermolecular dis-
ulfides and oligomeric forms of Cofilin-1 have been described.
Monomeric Cofilin-1 possesses severing activity, whereas the
dimeric and oligomeric forms have actin-bundling activity57.
Interestingly, only monomeric Cofilin-1 is phosphorylated58

which represents the most-studied post-translational modifica-
tion of Cofilin-1 to date. Cofilin-1 can be post-translationally
modified by phosphorylation of serine 3. Increased phosphor-
ylation inhibits the actin-binding ability of Cofilin-159; depho-
sphorylated Cofilin-1 preferentially localizes to mitochondria,
whereas a mutation mimicking the phosphorylated protein pre-
vents translocation from the cytosol to mitochondria60. We found
no changes in Cofilin-1 phosphorylation in whole cell lysates and
no phosphorylated Cofilin-1 in mitochondrial fractions. Upon
oxidation of all four cysteine residues and dephosphorylation at
serine 3, Cofilin-1 loses its affinity for actin, translocates from the
cytosol to mitochondria and induces apoptosis60,61. Oxidation of
methionine 115 apparently also prevents its actin depolymeriza-
tion activity and induces forced mitochondrial translocation and
apoptosis62. In addition, Cofilin-1 can be glutathionylated, which
represents the presumed enzymatic activity of GDAP1. Glu-
tathionylation of Cofilin-1 was demonstrated in lymphocytes
treated with the thiol-oxidizing reagent diamide63 and in cells of
the rat nucleus accumbens during cued cocaine seeking in the
absence of cocaine47. Interestingly, glutathionylation reduces
cofilin-1-dependent depolymerization of F-actin, implying reg-
ulatory functions in cell signaling47. It remains to be clarified
whether GDAP1 affects the redox state and function of Cofilin-1
by specific glutathionylation.

Mutations in other proteins that target the same pathway also
cause CMT disease. Mutated PDK3 also inhibits the PDC by
hyperphosphorylation of the PDH E1α subunit similar to GDAP1
loss of function. This causes CMTX624. Loss of function of the
actin-polymerizing protein INF2 alters mitochondrial shape by
changing DRP1 access to mitochondria similar to GDAP1 KD17.
INF2 is also implicated in the abundance of MERCS and changes in
mitochondrial Ca2+ dynamics18 which we also observed in GDAP1
loss-of-function cells. Mutations in INF2 also cause CMT disease,
CMTDIE20. Mutations in Dynamin-2 (DNM2), a ubiquitously
expressed large GTPase that interacts tightly with the actin and
microtubule network64,65 also cause CMT disease, dominant
intermediate CMT (CMTDIB)66 and autosomal-dominant
CMT2M67. Similar to GDAP1, DNM2 works in concert with
DRP1 to orchestrate mitochondrial constriction events that result in
division68. DNM2 therefore directly interferes with the same pro-
cesses that we found to be affected by GDAP1 loss of function.
Finally mutations in BSCL2 (Bernardinelli-Seip Congenital Lipo-
dystrophy Type 2) also known as seipin cause a distal hereditary
motor neuronopathy (HMN5C) which can present with features of
axonal CMT269. BSCL2 is an ER protein crucial in the formation of
lipid droplets70,71. BSCL2 also interacts with the adaptor protein
YWHAB (14-3-3-beta) which then recruits cofilin-1 to remodel the
actin cytoskeleton for adipocyte differentiation72.
In summary, our results shed light on the pathophysiology of

CMT4A and highlight the importance of GDAP1 and actin for

mitochondrial function. The fact that mutations in diverse pro-
teins that all interact with the overarching mechanisms described
here—metabolic and mitochondrial remodeling caused by chan-
ges in the the interaction of the actin cytoskeleton with mito-
chondria—cause CMT disease strengthens the importance of this
mechanism for the health of the peripheral nervous system.

Methods
Generation of iPSCs. iPSC lines from two CMT4A patients and one healthy donor
were generated with Sendai virus (CytoTune, DNAVEC Corporation) coding for
POU5F1, SOX2, KLF4 and MYC. All subjects gave written informed consent prior
and the study was approved by the local ethics committee at the Universities of
Warsaw (patient #1), Düsseldorf (patient #2) and Bonn (healthy donor). In brief,
Sendai virus-infected primary fibroblasts were immediately centrifuged for 45 min
at 32 °C with 1500 g (spinfection) and cultivated in Advanced DMEM containing
5% fetal calf serum (FCS) and 1% GlutaMAX™ (all from Life Technologies). On the
following day the virus-containing medium was replaced with fresh culture med-
ium. Five days post infection (d5), transduced fibroblasts were trypsinized and
seeded onto mouse feeder-coated dishes in DMEM/F-12 containing 10% Knock-
Out™ Serum Replacement, 1% nonessential amino acids (NEAA), 1% GlutaMAX™,
1% pyruvate, 0.1 mM β-mercaptoethanol and 10 ng/ml basic fibroblast growth
factor (bFGF) (all from Life Technologies). Medium was changed every other day
until clonal iPSC colonies were manually picked and adapted to feeder-free culture
conditions. Several clonal lines were subjected to SNP genotyping in order to
identify iPSC clones with normal karyotype.

SNP analysis of iPSC lines. Genomic DNA was prepared using the DNeasy Blood
& Tissue Kit (Qiagen). Whole-genome single nucleotide polymorphism (SNP)
genotyping was performed at the Institute of Human Genetics at the University of
Bonn. Genomic DNA at a concentration of 60 ng/µL was used for whole-genome
amplification. Afterwards, the amplified DNA was fragmented and hybridized to
sequence-specific oligomers bound to beads on an Illumina HumanOmniExpress-
12v1.0 chip. Data were analyzed using Illumina Bead Studio.

Differentiation of hiPSCs into neural cells. Induced-pluripotent stem cells were
grown using mTeSR™1 medium (Stemcell Tech., 05850) on matrigel (Corning,
354277). Human iPS cells were detached from matrigel using ReLeSRTM (Stemcell
Tech., 05872), resuspended in medium consisting of Dulbecco’s modified Eagle’s
medium/ F12 supplemented with 10% knockout serum (Invitrogen, 10828-028),
1% N2 supplement (Gibco, 17502-048), 0.05% B27 (Gibco, 17504-044), 20 ng/ml
epidermal growth factor (Sigma, E9644) and 10 ng/ml basic fibroblast growth
factor (Gibco, PHG0024), and plated within a low-attachment petri dish to induce
embryoid body (EB) formation for 4 days. The EBs were plated on polyornithine
(Sigma, P3655)/laminin (Sigma, L2020)-coated dishes for additional 6 days to
induce the formation of neural rosettes. Neural rosettes were then manually
removed, dissociated with accutase (Stemcell Tech., 07920), plated on poly-L-
ornithine/laminin-coated dishes, and then treated with 3 µM retinoic acid for
7 days. The medium was changed daily and cultures were passaged weekly by
accutase and plated on matrigel-coated dishes in the above-mentioned neural
medium.

Small molecule differentiation of hiPSCs into motoneurons. iPSCs differentia-
tion was performed by the addition of small molecules adapted from a previously
described protocol73. Briefly, for neuronal induction, iPSCs were seeded as colonies
resuspended in E8 medium 2 days prior differentiation. To start the differentiation,
medium was changed to N2B27 medium (50% Neurobasal medium/ 50% DMEM-
F12 medium with 1:200 N2 supplement, 1:100 B27 supplement without vitamin A
and 1% penicillin, streptomycin and L-glutamine respectively) supplemented with
the small molecules 10 µM SB-431542 (SB), 1 µM dorsomorphin (DM), 3 µM
CHIR 99021 and 0.5 µM PMA for four days. Subsequently, SB and DM were
replaced by 150 µM Ascorbic Acid (AA), and cells were fed daily until epithelium-
like structures emerged. Neural epithelial structures were picked, dissociated
mechanically and plated on 12-well plates, which were coated with Matrigel (1:100
in DMEM/F12) overnight. After around five passages the smNPC cells reached a
high purity and were further kept in culture on Matrigel-coated plates and N2B27
medium supplemented with CHIR, PMS and AA. Detaching of the cells for pas-
saging was performed with accutase. Starting from smNPC passage 13, differ-
entiation to MN could be initiated. N2B27 medium with 1 µM PMA was added
3 days after passaging. After two more days, 1 µM retinoic acid (RA) and 1 µM
PMA were supplemented to the medium for the following 8 days, until culturing in
maturation medium began, consisting of N2B27 medium with BDNF, GDNF and
dbcAMP for two more weeks.

Immunoblotting. Denatured total cellular protein samples were separated on SDS
polyacrylamide gels 4-15% Mini-PROTEAN® TGX Stain-Free™ gels (Bio-Rad) and
transferred onto a nitrocellulose membrane using the Trans-Blot® Turbo™ Transfer
System (Bio-Rad). Membranes were blocked with 3% (w/v) milk powder in PBS-T
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or TBS-T (1x PBS or TBS, 0.05% (v/v) Tween 20) for 1 h at room temperature
(RT). Chameleon Duo Pre-stained Protein Ladder (Li-Cor Biosciences) was used as
a molecular weight standard. Primary antibodies were anti-actin mAB (clone C4,
1:4000; Millipore MAB1501), anti-Cofilin-1 mAB (clone D3F9, 1:1000, Cell Sig-
naling, 5175), anti-p-Cofilin-1 mAB (Ser3, clone 77G2, 1:1000, Cell Signaling
3313), anti-DRP1 mAB (clone 4E11B11, 1:1000, Cell Signaling 14647), anti-
GDAP1 (1:750, Sigma HPA014266), anti-G6PD mAB (clone D5D2, 1:1000, Cell
Signaling 12263), anti-GAPDH mAB (clone 14C10, 1:2000, Cell Signaling 2118),
anti-GLUD1 mAB (clone D9F7P, 1:1000, Cell Signaling 12793), anti-HK1 mAB
(clone C35C4, 1:1000; Cell Signaling 2024), anti-HK2 mAB (clone C64G5, 1:1000,
Cell Signaling 2687), anti-HSPA9 (clone N52A/42, 1:1000, UC Davis/NIH Neu-
roMab Facility, Davis, USA, 73-127), anti-LDHA mAb (clone C4B5, 1:1000, Cell
Signaling 3582), anti-MCU (1:1000, Sigma HPA016480), anti-MFF (1:1000, Pro-
teintech 17090-1-AP), anti-MFN2 mAB (clone M03, 1:500; Abnova H00009927-
M03), anti-Nestin mAB (clone rat-401, 1:1000, Merck chemicals MAB353), anti-
PDH mAb (E1α, clone C54G1, 1:1000, Cell Signaling 3205), anti-PDH mAB
(E2,E3bp, clone 13G2AE2BH5, 1:1000, Abcam, ab110333) anti-p-PDH (Ser293,
1:1000, Cell Signaling 31866), anti-PKM1/2 mAb (clone C103A3, 1:1000, Cell
Signaling 3582), anti-TOM20 (1:1000, Sigma HPA011562), anti-βIII-Tubulin mAB
(clone TuJ-1, 1:1000, R&D Systems MAB1195), anti-VDAC1 (clone 20B12AF2,
1:1000, Abcam ab14734). The membranes were incubated with the primary anti-
bodies overnight at 4 °C. For visualization, membranes were incubated with an
infrared fluorescence IRDye® 680RD Streptavidin for biotinylation staining or
IRDye 800-conjugated anti-mouse, 800-conjugated anti-rabbit, or 680-conjugated
anti-mouse IgG secondary antibody (1:15,000; Licor), for 1 h at RT and detected
with the Odyssey Infrared Imaging System (Licor). Western Blots were analyzed
with the Image Studio Lite Software (Li-Cor Biosciences).

Immunocytochemistry. Neuronal cells were grown on matrigel-coated µ-Slide 8
Well, ibiTreat (Ibidi, 80826), fixed with 4% paraformaldehyde (PFA) (CarlROTH,
3105.2) and permeabilized by 0.25% (v/v) Triton X-100 in PBS. Unspecific binding
of antibodies was blocked with 1X Roti®-Block (CarlROTH, A151.4) for 30 min.
Primary antibodies anti-Nestin (1:100, Ebioscience, 14-9843-82), anti-MAP2
(1:500, Synaptic Systems, 188004), anti-Smi32 (Clone SMI32, 1:1000, Biolegend
801702), anti-beta-III tubulin (1:1000, R&D Systems, MAB1195) were treated in
1X Roti®-Block at 4 °C overnight. The cells were washed three times with PBS and
incubated with the fluorescent conjugated secondary antibody (Molecular Probes,
A-11001) in 1X Roti®-Block for 1 h at RT. Subsequently, three PBS washing steps
were done. Nuclei were stained with 300 nM 4′,6-diamidino-2-phenylindole
(DAPI). Pictures were taken with a Leica TCS SP5 inverted confocal microscope
with a 63x/NA1.4 oil immersion objective, a BX51 Fluorescence microscope
(Olympus) with a 20x objective or an Opera PhenixTM spinning disc high-content
screening microscope (Perkin Elmer, USA) equipped with two 16-bit sCMOS
cameras and a 40x, 1.1 NA water immersion objective. For Cofilin-1 evaluations,
SH-SY5Y cells were grown on 12 mm glass cover slides. Primary antibodies were
anti-Cofilin-1 mAB (clone D3F9, 1:100, Cell Signaling, 5175), anti-GRP75 mAB
(clone N52A/42, 1:20, Neuromab 75-127). Pictures were taken with a Leica TCS
SP8 inverted confocal microscope with a 63x/1.4 NA oil immersion objective in
z-stacks. Images were analyzed in Imaris 9.5.1 (Bitplane). For motoneurons ana-
lysis, images were imported into marcopolo columbus database and underwent
batch analysis that determined the fluorescence intensity of each marker. The
signal intensities of Smi32 and MAP2 were normalized to β-tubulinIII each.

Confocal microscopy and image analysis. High-content light microscopy ana-
lysis was conducted with the Opera PhenixTM spinning disc microscope. Fluor-
escence (Ex/Em) for Hoechst, MitoTrackerTM Green FM and
tetramethylrhodamine methyl ester perchlorate (TMRM) was measured at 405/
435-480, 488/500-550 and 561/570-630 nm ex/em, respectively. BODIPY™ 558/568
C12 was added to the cells in parallel to MitoTracker in a final concentration of
1 µM for 15 min and subsequently, cells were incubated with normal growth
medium. The images were analyzed with the software packages Harmony (version
4.5) and Columbus (version 2.7.1) containing the PhenoLOGICTM machine
learning plugin (Perkin Elmer). Cells were selected via nuclear staining with
HOECHST, but the cytosol region was defined using the mitochondrial stain.
Within this selection, mitochondria and LDs were defined as isolated populations
and analyzed respectively for their area and intensity. For mitochondria-associated
LDs, the intensity of BODIPYTM 558/568 C12 staining was determined within the
mitochondrial area. The complete image analysis sequences are available upon
request. Live-cell imaging of actin filament analysis was conducted two days after
transfection of GFP-F-tractin (gift of Henry N. Higgs, Dartmouth University) and
together with staining of mitochondria with 100 nM MitoTracker™ Red CMXRos.
Cells were imaged using the Leica TCS SP8 inverted confocal microscope with a
63x/1.4 NA oil immersion objective in z-stacks. Cells were captured at 1024×1024
with sequential image capturing. Step size was set at 0.25 µm. Images from confocal
microscopy for Cofilin-1, HSPA9 and actin filament quantification were analyzed
in Imaris 9.5.1 (Bitplane). To improve the signal-to-noise ratio, iterative decon-
volution was performed (Huygens Essential 20.10). The software then created 3D
surfaces of mitochondria and Cofilin-1 spots to measure the surface area and to
determine the shortest distance from the Cofilin-1 surface to the mitochondrial
surface. Colocalizing Cofilin-1/actin with a distance ≤ 0 µm was duplicated to a

new surface and taken for the Imaris surface-surface contact XTension to quantify
the contact area, defined as the percentage of mitochondrial surface contacting
Cofilin-1. Similarly, 3D surfaces of Actin and the mitochondria were created. The
software computed the contact area between the two surfaces as well as the shortest
distance between the actin and mitochondria surfaces. Live-cell imaging of
DRP1 surface analysis was conducted two days after transfection of pcDNA3-GFP-
DRP1 (gift of Prof. Dr. Culmsee, Philipps-Universität Marburg) and together with
staining of mitochondria with 100 nM MitoTracker™ RedCMXRos. Images were
captured in a similar manner using the Leica TCS SP8 inverted confocal micro-
scope. Images were then imported to and analyzed in Imaris 9.7.2 (Bitplane) where
3D surfaces of Actin and the mitochondria were created. The software computed
the contact area between the two surfaces as well as colocalization XTension to
quantify the colocalized voxels between the Drp1 surface and the mitochondrial
surface.

Cell culture and generation of stable cell lines. SH-SY5Y cell lines were grown in
DMEM/F12 medium (Gibco) supplemented with 10% (v/v) fetal calf serum (FCS;
Thermo Scientific), 2 mM L-glutamine (Gibco), 1 x MEM non-essential amino
acids, 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco) in a humidified
incubator at 37 °C, 5% CO2 and 95% air. The SH-SY5Y cell lines pLKO-NT
(control) and G4 (knockdown) were a kind gift of David Pla-Martin and Francesc
Palau19 and were grown in growth medium containing 2 µg/ml puromycin
(InvivoGen).

Measurement of mitochondrial oxygen consumption. Mitochondrial respiration
and oxygen consumption were analyzed using the Oxygraph-2k (Oroboros
Instruments). Cells in suspension at a density of 1.5–2.0 × 106 cells/ml were
analyzed under continuous stirring at 750 rpm and 37 °C. All chemicals with the
exception of palmitate-BSA were purchased from Sigma. Palmitate-BSA was
purchased from Biomol. In a phosphorylation-control-protocol, the routine
respiration of cells in their general growth medium was measured following the
addition of 2 µg/ml oligomycin to inhibit the ATP synthase and measure leak
respiration. By titration of the protonophore carbonyl cyanide 4-(tri-
fluoromethoxy) phenylhydrazone in 0.5 µM steps the respiration was stimulated up
to a maximum oxygen flow and the electron transfer system capacity was deter-
mined. By the addition of 0.5 µM rotenone and 2.5 µM antimycin A the respiration
was inhibited and the non-mitochondrial residual oxygen consumption was
measured. In 2 s intervals, the oxygen concentration and the oxygen flow per cells
were recorded using the DatLab software 5.1 (Oroboros Instruments). All mea-
surements were performed after daily calibration of the polarographic oxygen
sensors and using instrumental background correction. The measured respiratory
states were analyzed after correction with ROX to compare only mitochondrial
oxygen consumption.

ATP measurements. Cytosolic and mitochondrial ATP levels were quantified as
described27. Cells were transiently transfected with plasmids carrying the biolu-
minescence energy transfer (BRET)-based ATP biosensor BTeam without targeting
signal sequence (for cyto-ATP determination) or targeted to mitochondria (for
mito-ATP determination) using TurboFectin reagent (OriGene). The plasmids
were a kind gift of Hiroshi Imamura, University of Kyoto. 48 h later, the cells were
incubated for 30 min in phenol red-free medium supplemented with 30 μM
NanoLuciferase (NLuc) inhibitor to avoid disturbance from the BTeam released
from dead cells. Afterwards, NLuc substrate (Promega) was added to the medium
and the plate incubated for 20 min. Subsequently, luminescent emissions from the
cells were measured at 37 °C at 520/560 nm (Yellow Fluorescent Protein (YFP)
emission) and at 430/470 nm (NLuc emission) using a Tecan Spark® Multimode
Microplate Reader.

Glutamine and glutamate measurements. The glutamine-glutamate-glo assay
(Promega, # J8021) was performed according to manufacturer’s instructions to
determine intracellular glutamine and glutamate concentrations. Briefly, 20,000
cells of the SH-SY5Y cell line and 100,000 motoneurons were plated in triplicates
per experiment on white 96-well plates (Greiner, # 655083) two or seven days prior
to the experiment, respectively. On the day of the experiment, cells were washed
twice with PBS and 30 µl of PBS as well as 15 µl of 0.3 HCl solution was added to
the cells and mixed for 5 min. 15 µl of 450 mM Tris solution, pH 8.0 was added and
incubated for further 60 sec. From each lysate, 25 µl was transferred into a new
white 96-well plate for I) glutamine plus glutamate and II) glutamate only mea-
surement. Glutaminase was only added to the first set of wells and incubated for
30 min at RT. The detection reagent composed of Luciferin detection solution,
reductase, reductase substrate, GLUD1 and NAD was added to all wells and
incubated for 60 min at RT before luminescence detection in a Tecan Infinite 200
pro plate reader. Concentrations were calculated with glutamine and glutamate
standard curves (0.78 to 50 µM) and a blank was included to remove any assay
background signal. Glutamate levels were calculated by subtracting the glutamate-
only signal from the signal containing glutamate and glutamine levels together.

Electron microscopy and analysis. Cells were pelleted by centrifugation at
1300 rpm for 3 min and fixed in 3% glutaraldehyde overnight. Following several
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rinses in 0.2 M sodium cacodylate buffer (pH 7.3), the samples were postfixed in
1% osmium tetroxide in cacodylate buffer for 2 h, dehydrated through an
ascending series of ethanol concentrations and embedded in resin with propylene
oxide as an intermediary. Semi-thin (0.65 µm) sections for light microscopy and
ultrathin (50 nm) sections for electron microscopy were cut on a Leica Ultracut
UCT ultramicrotome. Semi-thin sections were stained with methylene blue.
Ultrathin sections were stained with an alcoholic solution of 1% uranyl acetate and
lead citrate in sodium hydroxide and examined with a Zeiss EM-910 transmission
electron microscope. For morphometric and quantitative analysis, representative
cells were photographed at a magnification of 10,000 and 18,000. Analyses were
done with ImageJ. MERCs were defined by a distance of mitochondrial and ER
membranes between ~10 and ~50 nm. The frequency distribution of the MERCs
width was calculated using GraphPad.

Biochemical analysis of mitochondria-ER contact sites. Cells were detached
using trypsin/ETDA and resuspended in 1–2 ml of a buffer containing 0.32 M
sucrose, 10 mM Tris-HCl, 1 mM EDTA and protease (Roche Diagnostics,
04693124001) and phosphatase (Roche Diagnostics, 04906845001) inhibitors. Cells
were disrupted by a nitrogen decompression instrument (Parr Instrument Com-
pany, 4639) and centrifuged (2000 g, 10 min). The supernatant was transferred to a
new microtube, centrifuged at 10,000 g for 10 min and the cell pellet resuspended in
1 ml of the same buffer containing the same components as above except 0.5 M
sucrose. Finally, mitochondria were sedimented by centrifugation at 10,000 g for
10 min and resolved in an appropriate amount of RIPA buffer for the subsequent
experiments.

FRET-based FEMP probe to quantify mitochondria-ER contact sites. MERCS
were quantified with a FRET-based sensor indicating the proximity between the ER
and mitochondria. The plasmid encodes for a YFP-linked outer mitochondrial
membrane protein Akap1 and a CFP-conjugated ER-protein Sac1, as well as a
fused FKBP and FRB domain respectively and is available from Marta Giacomello,
University of Padova. These domains can form heterodimers upon rapamycin
treatment. The specific localization of these proteins is ensured by the introduction
of a self-cleavable Tav2A sequence34,35. The FEMP plasmid (FRET-based ER-
mitochondria probe) was transfected with GenJet. 48 h later, images were taken
with the Perkin Elmer Operetta High-Content Imaging System acquiring the CFP-
(410-430/460-500 ex/em), YFP- (490-510/520-560 ex/em) and YFPFRET-emission
(410-430/520-560 ex/em) with a ×40 water objective for determination of the basal
distances between the organelles. Subsequently, the cells were treated with 100 nM
rapamycine for 15 min for FKBP-FRB dimerization induction and to reach a
maximum of YFPFRET signal. Cells were fixed for another 20 min with 1% PFA and
imaging was performed again with equal microscopy settings. For the analysis, the
Harmony software was used. First, the cells were identified using the YFP channel.
Within each cell and region of interest (ROI), the intensities of the three acquired
channels were calculated, including background subtraction. FRET basal and FRET
max were calculated as: (FYFP-FRETcell-FYFP-FRETbackground)/ (FCFPcell-
FCFPbackground); FRET Ratio was calculated as (FRETmax–FRETbasal)/FRETbasal.

Mitochondrial Ca2+ measurement. Dye: Cells were plated (20,000 cells/cm2) in
8-well µ-slides ibiTreat (ibidi, 80826) and treated with 5 µM of Rhod2-AM
(Molecular Probes, R1245MP) in culture medium without FBS for 60 min at 37 °C
the next day. Rhod2-AM fluorescent signals were analyzed at (Ex/Em) 549/578 nm
wavelengths using a Leica SP5 confocal microscope and analyzed by ImageJ.
Genetically encoded reporter: Cells were transfected with the genetically encoded
reporters and analyzed two days later in an inverted TCS-SP5 confocal microscope
(Leica) with appropriate excitation/emission wavelengths as reported for
CEPIA3mt (Addgene, 58219) and GEM-CEPIA1er (Addgene, 58217)31. The
CEPIA3mt construct was co-transfected and normalized to mito-TurboFarRed.

Aequorin Ca2+ measurements. For Ca2+ measurements, the biosensor aequorin
(AEQ) was used, which is a 22 kDa calcium-binding photoprotein isolated from
jellyfish Aequorea Victoria. The plasmid is available from Marta Giacomello,
University of Padova. SH-SY5Y cells were grown on 12mm glass coverslips to a
confluence of 40–50% and transfected with cytosolic or mitochondria-targeted
AEQ (cytAEQ/mtAEQ) using GenJet. On the day of the experiment, the cells were
treated with 5 µM coelenterazine-N-AM (Santa Cruz Biotechnology sc-205904) in
basic saline solution (BS, 135 mM NaCl2, 5 mM KCl, 0.4 mM KH2PO4, 1 mM
MgSO4 x 7 H2O, 20 mM HEPES, 0.1% (w/v) glucose, pH 7.4 adjustment at 37 °C
with NaOH 10 N) containing 1 mM CaCl2 for 2 h at 37 °C and 5% CO2. Coe-
lenterazine served as a substrate for AEQ. Cover slides were then placed in the
luminometer with constant buffer perfusion with BS supplemented with I) 1 mM
Ca2+ (30 s) II) 200 µM EGTA (30 s) III) 200 µM Carbachol (CCH)+ 200 µM
EGTA (120 s) IV) 100 µM Digitonin + 5 mM CaCl2 (220 s).

Precipitation of biotinylated Avi-GDAP1. Primary cortical neuron cultures were
prepared from embryos (E16) from the transgenic mouse line Gt(ROSA)
26Sortm1(birA)Mejr (ROSA26-BirA) of a C57BL/6 N background. In this mouse
strain, the biotin ligase BirA was inserted into the gene locus of the ROSA26
promoter40. Cortical neurons were cultured on poly-D-lysine coated plates

(0.05 mg/ml) in Neurobasal medium (NBM, Life Technologies, 21103049) sup-
plemented with 2% (v/v) B-27 supplement (Life Technologies, 17504-044), 1% (v/
v) L-glutamine (Sigma-Aldrich, G1251) and 100 U/ml penicillin and 100 µg/ml
streptomycin (Sigma-Aldrich, P0781). Medium change was performed at day 1 and
day 4 after isolation. For transduction of the primary neurons, viruses were added
in a volume that equaled 6 × 107−8 × 107 copies/µl per well of a 6 well plate
containing 4 ml of NBM and neurons on day 4 after isolation. Neurons were
cultured for further 7 days. Cells were harvested, washed with PBS and lysed in
RIPA buffer supplemented with protease inhibitors. The samples were centrifuged
at 21,000 g for 30 min at 4 °C, the proteins concentration was determined via BC-
Assay and 20 µg protein lysate was removed as input-control. Protein lysates were
either directly incubated with Dynabeads™ MyOne™ Streptavidin T1 according to
the manufacturer’s protocol or taken for GSH or GSSG incubation (5 mM GSH or
GSSG in 10 mM HEPES pH 7.4, 35 mM sucrose, 40 mM KCl, 0.25 mM EGTA,
2 mM Mg(CH3COO)2, 0.5 mM GTP, 1 mM ATP (K+), 5 mM Na-succinate,
0.08 mM ADP, 2 mM K2HPO4 for 30 min at 37 °C). Dynabeads™ MyOne™ Strep-
tavidin T1 were incubated for 45 min at RT on a shaker. Dynabeads were washed
three times with RIPA buffer and once with PBS and stored at −80 °C until further
processing for LC-MS.

Protein elution, lysis and digestion. Bound proteins were eluted from Dynabeads
in 10 mM Tris pH 8.0, 2% SDS, 1 mM Biotin at 80 °C. Whole cells were lysed in
5 µl of 10% SDS at 95 °C for 5 min. Protein samples were digested using the SP3
(“Single-Pot Solid-Phase-Enhanced Sample Preparation”) protocol74 with
modifications75. Proteins were reduced by adding 5 µl of 200 mM Dithiothreitol
(DTT) per 100 µl lysate (45 °C, 30 min). Free cysteines were subsequently alkylated
by adding 10 µl 100 mM Iodoacetamide (IAA) per 100 µl lysate (RT, 30 min, in the
dark). Subsequently, remaining IAA was quenched by adding 10 µl 200 mM DTT
per 100 µl lysate. Magnetic carboxylate modified particles Beads (SpeedBeads,
Sigma) were used for protein clean-up and acetonitrile (ACN), in a final con-
centration of 70%, was added to the samples to induce the binding of the proteins
to the beads by hydrophilic interactions (18 min RT). By incubating the bead-
protein mixture on a magnetic stand for 2 min, the sample was bound to the
magnet and the supernatant removed, followed by two washing steps with 70%
ethanol (EtOH), addition of 180 µl ACN, incubation for 15 s and removal of the
solvent. Finally, 5 µl digest buffer (50 mM ammonium bicarbonate, 1:25 w/w
trypsin:protein ratio) was added to the air-dried bead-protein mixtures and incu-
bated overnight at 37 °C. To purify peptides after digestion, ACN was added to a
final concentration of 95%. After another washing step. the beads were resus-
pended in 10 µl 2% DMSO (in water), put into an ultrasonic bath for 1 min and
then shortly centrifuged. 10 µl of the resulting supernatant was mixed with 5 µl 100
fmol/µl Enolase digest (Waters Corporation) and acidified with 5 µl 1% formic
acid (FA).

LC-MS analysis. Liquid chromatography (LC) of tryptic peptides was performed
on a NanoAQUITY UPLC system (Waters Corporation) equipped with 75 µM ×
250 mm HSS-T3 C18 column (Waters corporation). Mobile phase A was 0.1% (v/
v) formic acid (FA) and 3% (v/v) DMSO in water. Mobile phase B was 0.1% (v/v)
FA and 3% (v/v) DMSO in ACN. Peptides were separated running a gradient from
5 to 40% (v/v) mobile phase B at a flow rate of 300 nL/ min over 90 min. The
column was heated to 55 °C. MS analysis of eluting peptides was performed by ion-
mobility enhanced data-independent acquisition (UDMSE). Precursor ion infor-
mation was collected in low-energy MS mode at a constant collision energy of 4 eV.
Fragment ion information was obtained in the elevated energy scan applying drift-
time specific collision energies. The spectral acquisition time in each mode was
0.7 s with a 0.05 s interscan delay resulting in an overall cycle time of 1.5 s for the
acquisition of one cycle of low and elevated energy data. [Glu1]-fibrinopeptide was
used as lock mass at 100 fmol/μL and sampled every 30 s into the mass spectro-
meter via the reference sprayer of the NanoLockSpray source. All samples were
analyzed in three technical replicates.

Data processing and label-free protein quantification. UDMSE data processing
and database search was performed using ProteinLynx Global Server (PLGS, ver.
3.0.2, Waters Corporation). The resulting proteins were searched against the
UniProt proteome database (species: Mus musculus, UniProtK-Swissprot release
2019_05, 17.051 entries; Homo sapiens, UniProtK-Swissprot release 2019_10,
20367 entries) supplemented with a list of common contaminants. The database
search was specified by trypsin as enzyme for digestion and peptides with up to two
missed cleavages were included. Carbamidomethyl cysteine was set as fixed
modification and oxidized methionine as variable modification. False discovery rate
assessment for peptide and protein identification was done using the target-decoy
strategy by searching a reverse database and was set to 0.01 for database search in
PLGS. Retention time alignment, exact mass retention time (EMRT), as well as
normalization and filtering were performed in ISOQuant ver.1.8. By using TOP3
quantification, absolute in-sample amounts of proteins were calculated.

Statistics and reproducibility. Normal distribution was tested using the
D’Agostino-Pearson omnibus normality test. Statistical significance was then ver-
ified using appropriate parametric (Student’s t test or ANOVA) or non-parametric
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tests (Mann–Whitney and Kruskal–Wallis tests) followed by multiple comparison
tests as indicated. The Wilcoxon signed rank test was used when normalization to
100% was necessary as indicated. Statistical analysis of mass spectrometry data was
performed using two-tailed, paired t-tests and subsequent Bonferroni correction.
Here, a corrected p < 0.01 was considered significant for the biotinylated Avi-
GDAP1 pulldown experiment and p < 0.05 for whole cell lysates. In all other data a
p < 0.05 was considered to be statistically significant. Pathway over-representation
analysis was performed using the STRING database with default parameters39.
KEGG pathway visualization was performed using the R package clusterProfiler76.

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

Data availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository77 with the data set identifiers: <PXD024555> for the biotinylated Avi-GDAP1
coprecipitation experiment; and <PXD028460> for the GDAP1 KD label-free
quantification experiment. Plasmids used are mentioned in the Methods section and can
be requested from those that generated them upon reasonable request. Supplementary
Data 1 contains all raw data and uncropped immunoblots.
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