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Preface
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explore the protein dynamics of human midbrain dopaminergic neurons to gain deeper

insights into the biology of PINK1-associated Parkinsons disease.
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e Prof. Dr. Eran Hornstein, Department of Molecular Neuroscience, Weizmann

Institute of Science, Israel.
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1. Abbreviations.

ALP — Autophagy lysosomal pathway

ATP - Adenosine triphosphate

BBB — Blood brain barrier

BCD - B-cyclodextrin

CCCP - Carbonyl cyanide m-chlorophenyl hydrazone
CHX — Cycloheximide

CSF — Cerebrospinal fluid

DAT - Dopamine transporter

DFG motif — Aspartate Phenylalanine Glycine motif in kinases
DIA — Data independent acquisition

ER - Endoplasmic reticulum

ETC - Electron transport chain

FLOT1 - Flotillin-1

GBA/GBAA1 - Glucocerebrosidase gene/protein
GFAP - Glial fibrillary acidic protein

GWAS - Genome-wide association study

HMGCR - 3-hydroxy-3-methylglutaryl-CoA reductase
IFN-y - Interferon gamma

IL-6 — Interleukin-6

IL-1B — Interleukin-1 beta

INSIG2 - Insulin-induced gene 2

KO - Knockout

LAMP1 — Lysosome associated membrane glycoprotein 1
LOF - Loss of function

LRRK2 - Leucine rich repeat kinase 2

MAP1B — Microtubule associated protein 1B

MDV — Mitochondria derived vesicle

MFN2 - Mitofusin 2

MOM - Mitochondrial outer membrane

MPP+ - 1-Methyl-4-phenylpyridinium

MPTP - 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine



NAC - Non-amyloid component

NLRP3 - NOD, LRR and pyrin domain containing protein 3
NF-kB - Nuclear factor kappa light chain enhancer of activated B cells
OPC - Oligodendroglial progenitor cells

OPTN - Optineurin

PAK2 - p21 activated kinase 2

PARL — Presenilin associated rhomboid-like protease
PD - Parkinson’s disease

PFO - Perfringolysin O (cholesterol binding protein)
PINK1 - PTEN induced putative kinase 1

PRKN - E3 ubiquitin ligase parkin

PTEN - Phosphatase and tensin homolog

ROS - Reactive oxygen species

SCAP - SREBP cleavage activating protein

SNpc — Substantia nigra pars compacta

SREBP - Sterol regulatory element binding protein
SQLE - Squalene monooxygenase

TLR2 - Toll like receptor 2

TNF-a - Tumor necrosis factor alpha

UB - Ubiquitin

UPS — Ubiquitin proteasomal system

WT - Wild-type



2. Abstract.

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized
by the loss of dopaminergic neurons in the substantia nigra. While environmental and
genetic factors both contribute to disease risk, pathogenic mutations in PINK1 are
among the most well-established causes of autosomal recessive early-onset PD.
Despite two decades of research, the precise physiological cellular mechanisms
through which PINK1 regulates neuronal health remain incompletely understood.
This thesis explores the biology of PINK1 in human dopaminergic neurons using stem
cell derived neuronal models, proteomics, and functional assays. First, a novel
pathogenic mutation, PINK1 p.F385S, was characterized in an Indian family with early-
onset PD. Functional studies revealed that this mutation destabilizes the kinase
domain, abolishes phosphorylation of ubiquitin at Ser65, prevents Parkin recruitment,
and thereby disrupts PINK1/Parkin mitophagy.

Second, spatio-temporal proteomics using microfluidic chambers was applied to
investigate protein turnover, axonal enriched and synthesized proteins and protein
trafficking between the soma and axonal part of human dopaminergic neurons. These
studies provide a quantitative resource of proteome dynamics and highlight neuronal
compartment specific regulation of proteostasis.

Third, a previously unrecognized role of PINK1 in regulating cholesterol metabolism
was identified in human dopaminergic neurons. Using phosphoproteomics, we showed
altered phosphorylation of a sterol regulatory protein, SCAP. Loss of PINK1 stabilizes
SCAP, increases cholesterol biosynthesis and leads to cholesterol accumulation in
plasma membranes and lipid rafts. This dysregulation disrupts dopamine transporter
localization and impairs neurotransmitter uptake, identifying cholesterol imbalance as
an early phenotype in the pathogenesis of PINK1 associated PD.

Collectively, this work expands the mechanistic repertoire of PINK1 biology beyond
mitochondrial quality control and identifies a previously unreported mechanism on how
PINK1 dysfunction contributes to PD. Additionally, we also provide a proteomic
framework using human dopaminergic neurons for future studies into the cellular

pathways driving PD pathogenesis.



3. Zusammenfassung.

Die Parkinson-Krankheit (PD) ist eine fortschreitende neurodegenerative Erkrankung,
die durch den Verlust dopaminerger Neuronen in der Substantia nigra gekennzeichnet
ist. Zwar tragen sowohl Umwelt- als auch genetische Faktoren zum Krankheitsrisiko
bei, dennoch gehoéren pathogene Mutationen in PINK1 zu den bekanntesten Ursachen
der autosomal rezessiv vererbten, frih auftretenden Parkinson-Krankheit. Trotz zwei
Jahrzehnten Forschung sind die genauen physiologischen molekularen und zellularen
Mechanismen, durch die PINK1 die neuronale Gesundheit reguliert, noch immer nicht
vollstandig verstanden.

In dieser Thesis wird die Biologie von PINK1 in menschlichen dopaminergen Neuronen
mit Hilfe von aus Stammzellen gewonnenen neuronalen Modellen, Proteomik und
funktionellen Assays untersucht. Zunachst haben wir eine neue pathogene Mutation,
PINK1 p.F385S, in einer indischen Familie mit frih einsetzender Parkinson-Krankheit
charakterisiert. Funktionelle Studien zeigten, dass diese Mutation die Kinasedoméane
destabilisiert, die Phosphorylierung von Ubiquitin an Ser65 aufhebt, die Parkin-
Rekrutierung verhindert und dadurch die Mitophagie stort.

Zweitens haben wir die radumlich-zeitliche Proteomik mit Hilfe von Mikrofluidikkammern
angewandt, um den Proteinumsatz, axonal angereicherte und synthetisierte Proteine
und die Proteintranslokation zwischen dem somatischen und axonalen Tell
menschlicher dopaminerger Neuronen zu untersuchen. Diese Studien stellen eine
quantitative Ressource fur die Proteomdynamik dar und zeigen die
kompartimentspezifische Regulierung der Proteostase in den Neuronen auf.

Drittens entdeckten wir eine bisher unbekannte Rolle von PINK1 bei der Regulierung
des Cholesterinstoffwechsels. Mithilfe der Phosphoproteomik konnten wir eine
veranderte Phosphorylierung eines Sterol-regulierenden Proteins, SCAP, nachweisen.
Der Verlust von PINK1 stabilisiert SCAP, erhoht die Cholesterinbiosynthese und fuhrt
zu einer Anhaufung von Cholesterin in Plasmamembranen und Lipid Rafts. Diese
Dysregulation stort die Lokalisierung von Dopamintransportern und beeintrachtigt die
Aufnahme von Neurotransmittern, was ein Cholesterin-Ungleichgewicht als frihen
Phanotyp in der Pathogenese der PINK1-assoziierten Parkinson-Erkrankung
identifiziert.

Insgesamt erweitert diese Arbeit das mechanistische Repertoire der PINK1-Biologie

Uber die mitochondriale Qualitatskontrolle hinaus und bietet neue Perspektiven fur die
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Frage, wie eine PINK1-Dysfunktion zu Parkinson beitragt. Darlber hinaus bieten wir
einen proteomischen Rahmen mit menschlichen dopaminergen Neuronen flr

zukunftige Studien Uber die zellularen Wege der PD-Pathogenese.
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5. Personal Contribution.

Manuscript 1: A Novel PINK1 p. F385S Loss-of-Function Mutation in an Indian Family
with Parkinson's Disease.

In this manuscript, | used HelLa cells having endogenous PINK1 kinase dead mutation
and transfected them with either wildtype or F385S mutant PINK1 to help determine —
a. The stability and half-life of PINK1 mutant using a Cycloheximide pulse chase
experiment, b. Impaired phospho-ubiquitin at Serine 65 in PINK1 F385S mutant upon
CCCP mediated depolarization of mitochondria and c¢. Performing
immunofluorescence to capture images for Parkin translocation to mitochondria and
mitochondrial morphology. For the publication, | wrote the first draft of the paper and

prepared the final figures.

Manuscript 2: Proteome dynamics in iPSC-derived human dopaminergic neurons.

In this manuscript, | differentiated dopaminergic neurons, cultivated them in
microfluidic devices and performed the treatments to have the samples forwarded to
our collaborators for mass spectrometry-based proteomics. Additionally, | performed
immunofluorescence and imaged the localization of axonal enriched proteins to
validate the proteomics finding. | also performed imaging to confirm that the

microfluidic devices have fluidic separation with no leakage.

Manuscript 3: PINK1 regulates cholesterol homeostasis via SCAP phosphorylation in
human dopaminergic neurons.

In this manuscript, | performed most of the experiments except for the
phosphoproteomics, lipidomics and the measurement of cholesterol in PINK1 mice and
HelLa cells. For the manuscript submission, | wrote the first draft of the paper and

prepared the final figures.



6. Introduction.

6.1 Parkinson’s disease

Parkinson’s disease (PD) was first described by James Parkinson in 1817 in his
treatise “An essay on the Shaking Palsy“. He case-studied the symptoms of six men
between the age of 50 and 65 years and believed that he had identified a new ‘medical
species’ that has not yet been classified by nosologists. He described the disease as
a nervous disorder in which the subjects showed a trembling of their limbs, reduced
muscular strength, a stooped posture and difficulty to stop once started to taking steps
to walk (Parkinson, 2002).

More than 200 years since the first description, most of James Parkinson’s
observations still holds true. However, the description and characteristics of the
disease are constantly being updated. PD can be broadly described as a
neurodegenerative disease characterized by the loss of dopaminergic neurons (DaNs)
in the substantia nigra pars compacta (SNpc). This loss of dopamine producing
neurons leads to the classical motor symptoms associated with PD — bradykinesia,
rigidity, resting tremor and postural instability. These motor symptoms are usually
preceded by non-motor symptoms — olfactory loss, sleep dysfunction, autonomics
dysfunction, sometimes psychiatric disturbances and cognitive impairment (Armstrong
and Okun, 2020). The occurrence of non-motor symptoms can precede the occurrence
of the motor symptoms and/or the diagnosis of PD, sometimes by decades (Figure 1).
The patients may, however, exhibit a mix of the various symptoms as the disease is

altogether heterogenous.

4 Pre-motor/prodromal period Parkinson’s disease diagnosis

Early Advanced/late
Complications

Psychosis

Fluctuations
Dyskinesia Motor
Dysphagia
Postural instability
Bradykinesia Freezing of gait
Rigidity Falls
Tremor

Degree of disability

EDS Pain Urinary symptoms b

Hyposmia Fatigue Orthostatic hypotension
Constipation RBD Depression Ml Dementia

T T T T
-20 -10 0 10 20

Time (years)



Figure 1: Clinical Symptoms and time course of Parkinson’s disease progression.

Image taken from (Kalia and Lang, 2015).

6.2 Causes of Parkinson’s disease

PD etiology can be broadly categorized as genetic, environmental and/or an interaction
of both genetics and environment. Due to technological advancements in sequencing
the whole genome of an individual, significant progress has been made in identifying
gene mutations that cause PD or those that contribute to PD risk. Understanding
environmental contributions, on the other hand, has proven more challenging because
exposures vary across a lifetime and are difficult to measure retrospectively. This
difficulty is further compounded by PD’s long prodromal period, during which clinical
symptoms may not yet be evident, making it hard to precisely link early-life exposures

to PD onset.

6.2.1 Genetic causes

In the late 1990s, SNCA was the first PD gene that was identified in a large Italian
kindred and in three unrelated families of Greek origin (Polymeropoulos et al., 1997).
Since then, many genes have been associated with monogenic forms of PD. The
genes SNCA, LRRK2 and VPS35 have been linked to autosomal dominant PD while
PRKN, DJ-1 and PINK1 have been linked to autosomal recessive and typically early-
onset form of PD. Various other genes — PLA2G6, ATP13A2, FBXO7, SYNJ1,
DNAJC6, VPS13C, PTPA and DAGLB cause early-onset or juvenile-onset
parkinsonism and present as PD but are often accompanied by atypical symptoms
such as early dementia, intellectual disability, epileptic seizures, pyramidal signs or
gaze palsy (Lim et al., 2024).

Despite major advancements, there still lies a major barrier in our knowledge of PD
genetics as most of the genome-wide association studies (GWAS) in PD have been
performed in populations with European ancestry that account for about 15% of the
world’s population. Expanding the horizon of PD genetics to a multi-ancestorial global
level may help us thoroughly define the complete genetic architecture of PD and guide

us in the translatability of genes for precision medicine (Gasser, 2024).



6.2.2 Environmental factors

Before the discovery of the first PD genes through linkage in large families, PD was
considered a sporadic disease in which age and environmental factors were known to
be the key cause for the disease. An early instance for associating environmental
exposures with PD came from an accidental event in 1983 when Langston and his
colleagues described individuals who had consumed a bad batch in the illicit
production of synthetic analog of the opioid meperidine (Demerol). The resulting
analogue synthesized instead was 1-methyl 4—phenyl 1,2,3, 6-tetrahydropyridine
(MPTP) (Langston et al., 1983). Our body metabolizes the protoxin MPTP into the
active mitochondrial toxin 1-methyl-4-phenylpyridinium ion (MPP+), that crosses the
blood brain barrier (BBB) and leads to the selective degeneration of dopaminergic
neurons in the substantia nigra (Nonnekes et al., 2018). Since then, numerous
environmental toxins have been implicated in the onset of PD, i.e., acetogenins and
alkaloids in plants from the Annonaceae family that caused atypical Parkinsonism in
the inhabitants of Guadeloupe; and sterol glucosides in cycad seeds that caused
Amyotrophic lateral sclerosis-Parkinsonism Dementia complex among the Chamorro
people of Guam (Shaw and Hoéglinger, 2008). There is also consistent and extensive
evidence from exposure to pesticides (i.e., paraquat, rotenone), head injuries and
traumatic brain injuries (Mackay et al., 2019, Camacho-Soto et al., 2017). Recently,
the SARS-CoV2 has also been implicated to parkinsonism and only a careful
longitudinal assessment can confirm this association (Brundin et al., 2020).

Additionally, several associations have also been shown to reduce the risk of
developing PD such as smoking, drinking coffee, use of non-steroidal anti-
inflammatory drugs and physical activity (Noyce et al., 2012). The gut health and other
gut-related factors have also been implicated in PD due to inflammation and o-

synuclein aggregation via the gut-brain axis (Tan et al., 2022).

6.2.3 Genetic and environmental interaction

Approximately 10-15% of all PD cases are monogenic (pathogenic, disease-causing
mutations or copy number variants (CNVs)) and the rest are sporadic (cases arising
with no known cause). Sporadic PD is believed to involve a complex interplay with

genetic predisposition and environmental influences. In the last decade, many PD
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GWAS have been done to identify novel risk genes, variants and single nucleotide
polymorphisms (SNPs) that can modify the risk of developing PD. Approximately 5-
15% of sporadic PD patients carry a GBA mutation with an overall odds ratio of 5.4 (n
= 7023) making Glucocerebrosidase (GBA) mutations one of the most important risk
factor for PD (Mata et al., 2008, Sidranskyl, 2009, Sidransky et al., 2009). The largest
PD GWAS to date has identified 90 independent significant risk signals throughout the
genome which include GBA, RAB29, SNCA, LRRK2, TMEM175 among others (Figure
2). These GWAS databases are key in developing a method to attribute polygenic risk
scores (PRS) in predicting PD risk for an individual by accounting for their total genetic
risk. As of now, between 16-36% of PD heritability can be explained by PRS (Nalls et
al., 2019). The identification of genes such as SNCA and LRRK2Z risk variants in
sporadic PD cases also suggests a link between monogenic and sporadic PD
(Bandres-Ciga et al., 2020).

Some studies have associated risk variants with environmental factors and lifestyle.
For example, PD risk was reduced to approximately 18% in individuals having variants
in CYP1A2, involved in caffeine metabolism, as they metabolize caffeine slower
compared to wildtype CYP1AZ2 individuals (Popat et al., 2011). In another study, the
risk of developing PD increased in individuals with head injury and those having a long
Rep1 (a polymorphic microsatellite) sequence in the promoter region of the SNCA
gene (Goldman et al., 2012). In a large cross-sectional study using the 23andMe, Inc.
research dataset, a significant interaction of PD PRS was associated to type 2
diabetes, body mass index, tobacco consumption and physical activity. The nature of
these interactions was mentioned by the authors as not straightforward but only as a
proof of principle and should be followed up by further research (Reynoso et al., 2024).
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Figure 2: Manhattan Plot showing significant PD risk genes (in light green) and novel
genes (in blue) whose variants are associated with Parkinson’s disease. Image taken
from (Nalls et al., 2019).

6.3 Neuropathology of Parkinson’s disease

The most prominent morphological change in a PD brain is observed in the transverse
sections of the brainstem, where in most cases there is a loss in the dark pigmented
region of SNpc and locus coeruleus. This loss of dark pigmentation is due to the
absence of neuromelanin containing DaNs in the SNpc and noradrenergic neurons in
the locus coeruleus (Dickson, 2012, Kouli et al., 2018).

Another aspect of PD pathology is the presence of Lewy bodies in the neurons of the
ventrolateral part of SNpc. Lewy bodies are localized in the cytoplasm of nerve cells
and consist of a fibrillar and granular core with a halo around them. These neurons are
accompanied by the degeneration of neurites (mostly axonal) termed as Lewy neurites.
A major component of Lewy bodies is the presence of amyloid or amyloid-like
filamentous a-Synuclein, especially at the halo. Other components of the Lewy bodies
include membranous structures, vesicles, dysmorphic organelles, cytoskeleton
elements, ubiquitin, tau and others (Kouli et al., 2018, Shahmoradian et al., 2019,
Spillantini et al., 1997, Xia et al., 2008).

However, it is important to note that neither loss of neurons in the SNpc nor the
presence of Lewy bodies is specific to PD as similar pathological features can also be
observed in Dementia with Lewy bodies, Multiple System Atrophy, Niemann-Pick type
C1, Krabbe disease and others. These two pathologies in combination are instead

12



specifically considered in the diagnosis of idiopathic PD (Halliday et al., 2011, Koga et
al., 2021, Dickson, 2012).

6.4 Molecular mechanisms associated with Parkinson’s disease.

The molecular mechanisms can be broadly characterized as follows:

6.4.1 a-Synuclein misfolding and aggregation.

Accumulation of misfolded a-Synuclein is one of the hallmarks of Lewy bodies in the
dopaminergic neurons of the SNpc. a-Synuclein is a 14kDa protein, comprising 140
amino acids, that is expressed both in the central and peripheral nervous system. The
amino acid residues 1-60 at the N-terminus have amphiphatic regions which can form
an a-helix structure and are known to facilitate membrane interactions. Residues 61-
95 comprises the non-amyloid B-component (NAC) region and is known to be
aggregation prone. And the residues 96-140 are negatively charged and are involved
in binding to calcium and promote chaperone-like activity (Davidson et al., 1998). The
physiological function of a-Synuclein is yet to be completely established. However,
since a-Synuclein is associated to presynaptic compartments, it has been shown that
a-Synuclein can help in SNARE assembly and is also involved in vesicle trafficking,
docking and modulating vesicle interaction leading to the reuptake and release of
neurotransmitters (Burre et al., 2010, Calabresi et al., 2023b). Pathological mutations
in a-Synuclein or alteration in cellular conditions can cause a-Synuclein to misfold,
oligomerize and form aggregated fibrils. Several post-translational modifications, such
as phosphorylation at Ser129, can also affect proper folding of a-Synuclein leading to
its aggregation (Calabresi et al., 2023a). The accumulation of toxic pathological
aggregates is associated to the death of DaNs in PD. a-Synuclein is also present in
the nucleus (Maroteaux et al., 1988), endoplasmic reticulum (ER) (Hoozemans et al.,
2007), Golgi (Gosavi et al., 2002), mitochondria (Li et al., 2007) and in the endo-
lysosomal system (Lee et al., 2004). Misfolded a-Synuclein has been shown to affect

the functions of all the above-mentioned organelles.
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6.4.2 Mitochondrial dysfunction.

Mitochondria are multifunctional organelles involved in cellular bioenergetics, oxidative
balance, calcium buffering, apoptosis, neurotransmitter metabolism, signaling and
interactions with other organelles among others (Chakrabarty and Chandel, 2022).
Due to their many crucial roles in the brain, their dysfunction is associated with many
neurological diseases including PD. Neurons have an elaborate and complex network
stretching from the dendrites to the axon terminals. Unlike most other cell types, DaNs
have a higher bioenergetic demand as they perform additional functions of
neurotransmission, firing and maintenance of their long axons, making them more
susceptible to mitochondrial damage. The first evidence of mitochondrial dysfunction
in PD came from the accidental consumption of MPTP which was later shown to inhibit
complex | of the mitochondrial electron transport chain (ETC) (Langston et al., 1983,
Nicklas et al., 1985, Desai et al., 1996). Since then, it has been well established that a
disruption of complex-| activity, specifically in dopaminergic neurons of the SNpc, can
lead to parkinsonism (Meredith and Rademacher, 2011, Gonzalez-Rodriguez et al.,
2021). Impaired activity of the other ETC complexes have also been associated with
PD, however the evidence is not consistently reported (Subrahmanian and LaVoie,
2021). Another area of research pointing towards mitochondrial dysfunction in PD
comes from the observation of increased aberrations in mitochondrial DNA — deletions
and mutations in biospecimens of PD patients compared to age matched healthy
individuals (Gu et al., 2002, Bender et al., 2006, Daélle et al., 2016, Puigros et al., 2024,
Puigros et al., 2022).

Several PD-linked genes PINK1, PRKN, PARK7 among others have a mitochondrial
localization and are involved in various processes that help in the maintenance of
mitochondrial health. PD-associated mutations in these genes can lead to
mitochondrial dysfunction via impaired pathways including mitochondrial fission and
fusion, biogenesis of mitochondria and mitochondria derived vesicles, mitophagy,
intracellular calcium signaling, impaired activity of ETC complexes and oxidative stress
(Lazarou et al., 2015, Deng et al., 2008, Yang et al., 2008, Soubannier et al., 20123,
McLelland et al., 2016, Kumar et al., 2020, Heeman et al., 2011, Morais et al., 2009,
Irrcher et al., 2010, Krebiehl et al., 2010, Guzman et al., 2010, Henrich et al., 2023).
Findings from PD-associated mitochondrial genes have further demonstrated that

multiple mitochondrial pathways are closely linked with PD pathogenesis.
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6.4.3 Proteostasis.

The basal steady-state levels of proteins are maintained by synthesis, post-
translational modifications, release and degradation. A defect in any part of these
processes can cause an impairment in the proteostasis of a system. In PD, there is a
strong genetic and molecular evidence of the accumulation of misfolded a-Synuclein
and aggregates. Protein clearance is regulated mainly through the ubiquitin-
proteasomal system (UPS) and the autophagy lysosomal pathway (ALP) (Hipp et al.,
2019, Ebrahimi-Fakhari et al., 2012).

The UPS mainly degrades soluble intracellular proteins in the cytosol, nucleus and ER
via a build-up of ubiquitin chains that tag the proteins to be recognized by the
proteasome, wherein these proteins are eventually degraded (Goldberg, 2003, Wong
and Cuervo, 2010). The involvement of the UPS in PD was initially speculated when
the presence of ubiquitin and components of the UPS was discovered in Lewy bodies
(Kuzuhara et al., 1988, Lennox et al., 1989, li et al., 1997, Kwak et al., 1991, Lowe et
al., 1990, Schlossmacher et al., 2002, Zhou et al., 2004). Another line of evidence
comes from proteins that are involved in PD, Parkin — an E3 ubiquitin ligase and UCH-
L1 — a ubiquitin hydrolase (Kitada et al., 1998, Leroy et al., 1998). Furthermore,
reduced proteasomal activity in the SN of PD brain tissues have also been reported
(McNaught et al., 2003, Tofaris et al., 2003, McNaught and Jenner, 2001).

The ALP degrades intracellular proteins and organelles in the lysosomes (Wong and
Cuervo, 2010). As protein forms like oligomers and fibrils (i.e. a-Synuclein) can be
large in size, it has been postulated that many of them cannot pass through the
proteasomal barrel and therefore needs to be degraded via the autophagic
machineries (Cuervo et al., 2004, Levine and Klionsky, 2004). The accumulation of
autophagic vacuoles, membranes and autophagic machineries in the SNpc of PD brain
samples are early evidence that suggests the involvement of ALP in PD (Ebrahimi-
Fakhari et al., 2012, Anglade et al., 1997, Alvarez-Erviti et al., 2010, Crews et al., 2010,
Dehay et al., 2010, Taniji et al., 2011, Chu et al., 2009, Higashi et al., 2011, Li et al.,
2011, Tofaris et al.,, 2011, Shahmoradian et al., 2019). Similarly, an increase in
autophagosome marker LC3-Il and decrease in marker of lysosomes - LAMP1 have
also been identified in PD brain tissues (Ebrahimi-Fakhari et al., 2012). Supporting
genetic clues that support ALP dysfunction in PD comes from gene variants and

genetic risk factors that are linked to PD that are part of the lysosomes or the endo-
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lysosomal system which include ATP13A2, GBA1, CTSD, CTSB, CTSL, LRRK2
among others (Ramirez et al., 2006, Nalls et al., 2019).

Taken together, the evidence of altered proteostasis may explain abnormal
accumulation of misfolded protein aggregates, ruptured organellar membranes and

vacuolar vesicles in PD.

6.4.4 Neuroinflammation.

Inflammation, either acute or chronic, is usually a physiological reaction to harmful
internal or external stimuli. While acute inflammation could be mainly considered
beneficial to a system, sustained chronic inflammation is usually due to persistence
presence of toxicity. Multiple cell-types are involved in neuroinflammation which not
only include neuronal and non-neuronal glial cells — microglia, astrocytes and
oligodendrocytes but also peripheral circulating immune cells - macrophages,
monocytes and T-lymphocytes (Kannarkat et al., 2013, MacMahon Copas et al., 2021).
Altered cell pathways in DaNs — a-Synuclein aggregation, mitochondrial dysfunction,
impaired proteostasis also triggers inflammatory signaling in surrounding immune cells
(Arena et al., 2022). This causes the activation of microglia leading to the secretion of
high levels of pro-inflammatory mediators (e.g., TNF-a, IL-18, IL-6, IFN-y), damaging
neurons and perpetuating a cycle of neurodegeneration (Tansey et al., 2007, Fathi et
al., 2022, Wang et al., 2015, Arena et al., 2022). Cellular insults from pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) also increase the gene expression of cytokines via the NF-kB pathway.
Pathological forms of a-Synuclein can also bind to microglial receptors such as TLR2
and NLRP3 that triggers the NF-kB pathway and the inflammasome assembly which
further increases the release of cytokines (Liang et al., 2025).

The brain is typically considered to be isolated from inflammatory molecules via the
BBB. However, systemic inflammation can still trigger inflammation in the brain. Insults
to the integrity of the BBB can make it become more permeable under conditions due
to age, brain injuries and viral infections (Jin et al., 2024, Galea, 2021). Genetics has
also been informative in identifying the role of neuroinflammation in PD with the genes
SNCA, PINK1, PRKN, LRRK2, GBA, TMEM175, all contributing to increasing evidence
in the involvement of inflammation in PD (Tansey et al., 2022). Studies of the T-cell

subtypes in the PD patients have further associated PD genes in which they found
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CD4+ T cells specific to certain a-Synuclein peptides and PINK1, suggesting the
presence of adaptive and auto-immunity in PD (Arlehamn et al., 2020, Johansson et
al., 2025, Williams et al., 2025).

6.4.5 Gut dysbiosis.

The Braak hypothesis in 2003 introduced a model that PD pathology originates in the
gut. The evidence has been backed by gastro-intestinal dysfunction and constipation
symptoms that are preceded in PD diagnosis (Braak et al., 2003, Konings et al., 2023,
Rietdijk et al., 2017). Since then, the contributions from gut microbiome have been
postulated as a mechanism in PD involving the gut-brain axis (Houser and Tansey,
2017, Romano et al., 2021). Molecules from gut microbiota such as bacterial
lipopolysaccharides, peptidoglycans, viral double-stranded RNAs that reach the
systemic circulation can activate the immune responses thereby releasing pro-
inflammatory cytokines such as TNFa, IL-6 and IL-1B can promote neuroinflammatio
n (Zhu et al., 2022). Gut dysbiosis can also cause the misfolding and aggregation of
a-Synuclein in the enteric nervous system. These aggregates can propagate to the
brain via the vagus nerve causing neurodegeneration due to a-Synuclein pathology.
Microbial metabolism, such as short-chain fatty acids (SCFAs), that have anti-
inflammatory properties, contributes to maintaining the integrity of intestinal barriers. A
low number of SCFA-producing bacteria due to gut dysbiosis can cause leakiness of
the gut leading to systemic inflammation due to the passage of intestinal pathogens
and their products in the blood stream (Aho et al.,, 2021, Arena et al., 2022,
Kalyanaraman et al., 2024, Sun and Shen, 2018).

6.5 Discovery of PINK1.

PINK1 was first identified in 2001 in a screen for genes that are transcriptionally
transactivated by the tumor suppressor phosphatase and tensin homolog (PTEN).
From the obtained cDNA sequence, it was known that PINK1 encodes for a 581 amino
acid protein having a molecular mass of 62.8 kDa. To gain insights into the function,
the motifs of the protein were analyzed using SMART and PSORT Il Prediction tools.
The results from these protein sequences, localization and secondary structure
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prediction tools implied that PINK1 is likely to have a serine/threonine protein kinase
catalytic domain. Hence, the name PTEN-induced putative kinase (Unoki and
Nakamura, 2001).

In the same year, Valente and colleagues mapped a locus on human chromosome
1p35-p36, named PARKG6, to autosomal recessive early-onset PD in a large
consanguineous family from Sicily, Italy (Valente et al., 2001). Further evidence of
PARK®6 linked Parkinsonism was then shown in eight additional families across four
European countries (Valente et al., 2002). From these patients’ genetic data, the locus
of the PARK6 gene was narrowed down to approximately 40 genes. And based on
their putative function and expression in the human SN using cDNA libraries, the
candidate genes were prioritized which led to the identification of two homozygous
mutations in PINK1 in three consanguineous families with PD. This study established
PINK1 as a gene that can cause hereditary early-onset PD (Valente et al., 2004). In
the same study, due to the presence of mitochondrial targeting sequence in PINK1, it

was demonstrated that PINK1 localizes at the mitochondria.

6.6 PINK1 Life Cycle.

The life cycle of PINK1 can be different depending on the state of mitochondria (Figure
3). Under healthy physiological conditions, PINK1 has a very short half-life of ~30
minutes (Lin and Kang, 2008, Ando et al., 2017, Sharma et al., 2024). In the cell it can
be found in the cytosol or at the mitochondria(Lin and Kang, 2008). PINK1 is imported
to the inner membrane of the mitochondria via the TOM protein complex and TIM
(TIM17 and TIM23) proteins. In the mitochondria, PINK1 is cleaved by a protease
PARL in the transmembrane domain and released into the cytosol (Jin et al., 2010,
Aho et al., 2021, Deas et al., 2011). Due to the cleavage, PINK1 has now an N-terminal
phenylalanine which is an N-degron making this cleaved PINK1 follow the N-end rule
for degradation. Cleaved PINK1 is now recognized by E3 ubiquitin ligases — UBR1/2/4
which ubiquitinates cleaved PINK1 and targets it to the proteasomes for degradation
(Lin and Kang, 2008, Muqit et al., 2006, Yamano and Youle, 2013).

Upon mitochondrial damage, due to membrane depolarization, mitochondrial DNA
mutation, increased reactive oxygen species (ROS) or due to misfolded proteins,
PINK1 stabilizes at the outer membrane of the mitochondria and forms a complex with

TOM proteins (Lazarou et al., 2012, Okatsu et al., 2013, Narendra et al., 2010) and
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TIM17-TIM23 (Akabane et al., 2023, Eldeeb et al., 2024). However, mitochondrial
depolarization prevents the cleavage of PINK1 by PARL causing it to accumulate at
the mitochondria instead (Greene et al., 2012). The accumulation of PINK1 is at the
mitochondrial outer membrane (MOM) where it is associated and anchored by the
TOM complex proteins. The N-terminus of PINK1 is in complex with TIM17-TIM23
whereas the C-terminus kinase lobe of PINK1 faces the cytosol and undergoes trans-
autophosphorylation on serine 228 thereby forming a dimer which triggers it activation
(Rasool et al., 2022, Gan et al., 2022, Callegari et al., 2025).
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Figure 3: Life cycle of PINK1 under (a) normal physiological conditions and (b) under

mitochondrial stress. Image taken from (Narendra and Youle, 2024).

6.7 Role of PINK1.

6.7.1 PINK1/Parkin mitophagy.

Upon sensing mitochondrial damage, the complete import of PINK1 into the
mitochondria is halted leading to its stabilization and accumulation at the MOM.
Stabilized PINK1 at the mitochondria undergoes autophosphorylation and becomes
active. Activated PINK1 phosphorylates both ubiquitin and the E3 ubiquitin ligase

Parkin, which is normally found in the cytosol in its inactive form (Kazlauskaite et al.,
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2014, Kondapalli et al., 2012, Kane et al., 2014, Koyano et al., 2014). These
phosphorylation events trigger Parkin’s translocation to damaged mitochondria and
activate its E3 ubiquitin ligase activity (Wauer et al., 2015). Parkin ubiquitinates multiple
proteins (such as Mfn1/2, VDAC, Miro1 and CISD1) at the MOM (Geisler et al., 2010,
Wang et al.,, 2011, Narendra and Youle, 2024). The ubiquitin chains are further
phosphorylated by PINK1, amplifying the signal for mitophagy. The ubiquitinated and
phosphorylated mitochondrial surface is then recognized by autophagy adaptors (e.g.,
p62, NDP52, OPTN) which link damaged mitochondria to the autophagosome
membrane via the LC3-family proteins (Lazarou et al., 2015). The damaged
mitochondrion is enveloped by an autophagosome, which then fuses with a lysosome
leading to degradation of the mitochondria. This sequence of events leading to the
clearance of damaged mitochondria is termed as PINK1/Parkin dependent mitophagy.

6.7.2 Mitochondrial Fission.

Mitochondria constantly undergo fission and fusion dynamics to meet the changing
metabolic needs of a cell/system. Fission leads to the generation of smaller
mitochondria which can help mitochondria traverse larger distances within neurons,
potentially reaching dendritic ends. Fusion on the other hand leads to the formation of
a larger mitochondrion that has the ability for a higher oxidative phosphorylation
efficiency and can help neurons in meeting their bioenergetic needs (van der Bliek et
al., 2013, Mishra and Chan, 2016, Kageyama et al., 2012). PINK1 has been shown to
play a role in the modulation of fission proteins - Drp1 and Fis1. PINK1 can directly
phosphorylate Drp1 at serine 616 (S616), promoting Drp1 activation and its recruitment
to mitochondria. The phosphorylation mediated activation of Drp1 causes
mitochondrial fission. A loss of PINK1 results in reduced S616 Drp1 phosphorylation,
leading to an enlarged mitochondrion, whereas overexpression of PINK1 increases
mitochondrial fission and produces smaller, punctate mitochondria (Han et al., 2020,
Gao et al., 2022). Yang and colleagues have also shown the interaction of PINK1 with
Fis1, another key protein required for fission. They also show that Fis1 acts as mediator
between PINK1 and Drp1 for mitochondrial fission (Yang et al., 2008).
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6.7.3 Mitochondria-derived vesicles.

Mitochondria-derived vesicles (MDVs) are small (70-150nm), single or double
membrane-bound vesicles that bud off from mitochondria to selectively export
damaged or oxidized mitochondrial components for degradation. This process is
independent of mitochondrial fission machinery and different from mitophagy as only
selective chunks of the mitochondria are removed (Sugiura et al., 2014). MDV
biogenesis is initiated in response to mild mitochondrial stress during which PINK1
accumulates at sites of damage on the MOM, activating Parkin and via their
coordinated action leads to the budding of MDVs. MDVs may contain distinct
membrane markers, including TOM20 (outer membrane) or Pyruvate dehydrogenase
(inner membrane/matrix). These vesicles traffic to the lysosomes for degradation. Loss
of PINK1 can lead to an increase in certain types of MDVs (like TOM20-positive
MDVs), suggesting PINK1 may normally repress some MDV formation (Sugiura et al.,
2014, McLelland et al., 2014, Soubannier et al., 2012a, Soubannier et al., 2012b).

6.7.4 Calcium homeostasis.

Loss of PINK1 leads to increased ER calcium release via increased activity of the
inositol 1,4,5-trisphosphate receptor (IP3R) in neurons which elevate calcium levels in
the cytosol and mitochondria. An elevated mitochondrial calcium leads to increased
susceptibility to calcium-induced mitochondrial permeability transition that could trigger
apoptosis. This regulation of calcium was shown to depend on PINK1’s kinase activity,
involvement of Parkin and increased IP3R activity due to reduced protein levels of
CDGSH iron sulfur domain 1 (CISD1). CISD1 is localized at MOM and has
transmembrane and iron-sulfur domains. CISD1 forms a homodimer at MOM and
directly interacts with IP3R at the ER-mitochondria contact sites and modulates the
activity of IP3R (Ham et al., 2023). PINK1 can also phosphorylate LETM1 at Thr192,
a mitochondrial inner membrane protein that facilitates calcium transport.
Phosphorylated LETM1 improves both calcium uptake and release in mitochondria,
protecting neurons from calcium stress (Huang et al., 2017). Evidence of impaired
calcium homeostasis is further supported by multiple independent studies showing a
dysregulation of mitochondrial calcium in PINK1 neurons (Bus et al., 2020, Grossmann
et al., 2023).
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6.7.5 ER Quality.

In addition to the involvement of PINK1 and ER in maintaining calcium homeostasis in
neurons, the interaction of mitochondria and ER via contact sites regulates other
functions as well. Key ER components such as E3 ligases - gp78 and HRD1, along
with proteins like VCP, can help regulate PINK1 levels and maintain mitochondrial
quality control by ubiquitinating PINK1 and marking it for proteasomal degradation
(Guardia-Laguarta et al., 2019). PINK1 also helps in the selective clearance of the ER
via autophagy (ERphagy) by influencing proteins like KEAP1 and ubiquitination of
ERphagy receptor, RTNL1 (Wang et al., 2023). PINK1 has also been shown to control
RTN3L, another ERphagy receptor via RTN3L-SEC24C dependent ERphagy by
regulating and reshaping peripheral tubule junctions (Chidambaram et al., 2024).
PINK1 has been proposed to have a dual role in determining the clearance of both
mitochondria and ER via Parkin and KEAP1, respectively (Wang et al., 2023).
However, the direct association of PINK1 in ERphagy mechanism has not been
elucidated yet. This balanced removal of both damaged ER and mitochondria
highlights PINK1’s broader role in maintaining organelle homeostasis beyond

mitochondria.

6.7.6 Mitochondria-ER contacts.

The localization of PINK1 at MOM and in being in close contact with the ER via ER
mitochondria contacts has been established by multiple studies that have shown the
regulation of PINK1 levels at mitochondria (Guardia-Laguarta et al., 2019), calcium
homeostasis (Grossmann et al., 2023, Ham et al., 2023) and ERphagy (Wang et al.,
2023). Recently, a study has further shown the local synthesis of PINK1 near ER-
associated ribosomes and involving chaperone interactions at the mitochondria ER
contact sites. This process aids in the direct delivery of PINK1 protein to the
mitochondria (Hees et al., 2024). PINK1 deficiency and loss of kinase function
mutations have also been shown to alter mitochondria-ER contacts. However, whether
these contacts are increased or decreased is not clear due to contradictory reports
(Parrado-Fernandez et al., 2018, Grossmann et al., 2023, Bus et al., 2019, Celardo et
al., 2016). While it is clear that these contacts are affected, further studies are needed

using advanced experimental setup (sensors that get activated only upon close
22



contacts or interaction using reliable ER and mitochondria markers) and imaging
techniques (i.e., super-resolution microscopy) on live DaNs using isogenic PINK1
models to understand the regulation of mitochondria-ER contacts due to the loss of
PINK1.

6.7.7 Inflammation.

A loss in PINK1 function can affect the formation of MDVs and lead to the accumulation
of DAMPs from damaged mitochondria. In this situation, antigen presenting cells (APC)
recognize mitochondrial peptides via major histocompatibility complex | (MHCI) in a
process known as mitochondrial antigen presentation (MitAP). MitAP can cause the
development of T-cells that are specific to mitochondrial antigens and lead to T-cell
dependent autoimmunity in PINK-PD (Matheoud et al., 2016). Other studies have also
shown the modulation of immune responses due to oxidative stress and viral infection
in the absence of PINK1 (Zhou et al., 2019, Sun et al., 2018). Intestinal infection with
Gram-negative bacteria (especially Citrobacter rodentium) in PINK1 knockout (KO)
mice was also shown to induce CD8* T-cell autoreactivity providing evidence for the
involvement of the gut-brain axis in PINK1-PD (Matheoud et al., 2019). Another study
also showed a similar finding due to infection with Helicobacter pylori in PINK1 KO
mice suggesting the involvement of gene-environment interactions in PD (Kazanova
et al., 2024). Both of these studies were able to show motor and cognitive phenotypes
in PINK1 KO mice following infection. A follow-up study with Citrobacter rodentium
infected PINK1 KO mice provided an early-stage characterization for the
immunological events in the gut where Recinto and colleagues showed that within one
week of infection there was an increase in the differentiation of proinflammatory
myeloid cells with enhanced antigen presentation. In the second week post-infection,
the presence of T-cell cytotoxic profiles was already evident. Activated myeloid cells
also had an upregulation of IL-6 and IL-1 secretion (Recinto et al., 2025). Future work
in the identification of specific targeting signals that the T-cells acquire against would
be useful in understanding the molecular damages that are associated in PINK1
associated PD.
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6.7.8 Apoptosis.

The accumulation of dysfunctional organelles can generate excess ROS and release
pro-apoptotic molecules such as cytochrome c (Yang et al., 2024). It has been shown
that PINK1 can phosphorylate proteins Bcl-xL and Beclin1, thereby modulating MOM
permeabilization and influencing susceptibility to apoptosis (Arena et al., 2013, Brunelli
et al., 2022). In addition, loss of PINK1 has been associated with enhanced activation
of caspase-3 and caspase-9, indicating a role in the intrinsic apoptotic pathway
(Imbriani et al., 2019). Conversely, overexpression of PINK1 has been shown to
protect cells from apoptosis induced by oxidative insults, suggesting that PINK1 may

act as a direct anti-apoptotic factor (Petit et al., 2005).

6.8 Challenges associated with the study of PINK1 and Parkinson’s disease.

6.8.1 Complexity of PINK1 regulation.

Under physiological conditions, PINK1 is continuously imported into mitochondria and
rapidly degraded via PARL protease and/or via the ER-associated degradation
machinery involving the ubiquitination via gp78 or HRD1, targeting PINK1 for
proteasomal degradation (Narendra and Youle, 2024, Guardia-Laguarta et al., 2019).
Due to the rapid degradation, PINK1 has an estimated half-life of 30 minutes which
makes it difficult to study the role of PINK1. Many studies have had to manipulate
cellular conditions by either overexpressing PINK1 or inducing mitochondrial stress or
depolarization to study PINK1. This manipulation may miss out in deciphering PINK1
targets under physiological conditions as the cell’s metabolism is shifted to respond to
the mitochondrial stress and in the elimination of damaged mitochondria. Interventions
in stabilizing endogenous PINK1 may further help in our understanding of PINK1.

The structures of isolated kinase domains of PINK1 have been resolved from studies
using insects and body louse (Gan et al.,, 2022, Rasool et al., 2022). However,
purification of human PINK1 has proven to be a challenge. A recent study has been
successful in purifying human PINK1 that was stalled at the mitochondria after
depolarization and have already laid the groundwork for purified human PINK1 studies

(Callegari et al., 2025). But the N-terminus of PINK1 which also contain patient
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mutations remains unresolved. A full-length structure of human PINK1 may help in the
development of PINK1 stabilizers or activators and will be critical in understanding
PINK1-PD. In vitro kinase assay for purified human PINK1 is also yet to be established.
Evolution of PINK1 in the human kinome highlights a unique evolutionary branch and
an unusual activity, suggesting the possible requirement of additional unknown

cofactors for an in vitro kinase assay.

6.8.2 Involvement of other brain cells.

The degeneration of DaNs is a mainstay in the pathology of PD. However, it has been
shown that other cell types in the brain are also involved or are affected in PD
pathogenesis as there are evidences of neuroinflammation, activation of microglia and
the presence of a-Synuclein aggregates in non-neuronal cells such as astrocytes,
microglia and pericytes (Tansey et al., 2022, Stevenson et al., 2020). Furthermore, the
predominant expression of LRRK2 in microglia compared to neurons also suggests
the involvement of non-neuronal cells in PD pathology (Langston et al., 2022). Recent
developments in single cell and single nucleus RNA sequencing applications have
revolutionized our understanding of cell type changes in postmortem PD midbrain
tissues. These studies revealed that glial cells, particularly microglia and astrocytes,
show pronounced transcriptional alterations in PD, pointing to their significant role in
disease progression, in addition to neuron loss. The loss of oligodendrocytes has also
been shown in the midbrain of PD patients further highlighting the gap in our
understanding of PD biology (Smajic et al., 2022, Fiorini et al., 2024).

The expression of PINK1 has also been shown to increase during development and
differentiation of neural stem cells. The lack of PINK1 can also affect the development
of GFAP-positive astrocytes (Choi et al., 2016). Interestingly, Barodia et. al. have
shown in a rat model system that PINK1 phosphorylates ubiquitin at Ser65
predominantly in astrocytes, followed by oligodendrocyte precursor cells (OPCs) as
compared to neurons, suggesting that the role of PINK1 is not limited to neurons but
may rather involve a more complex co-ordination among brain cells for survival
(Barodia et al., 2019).

25



6.8.3 Age-dependent pathology.

PD is widely considered an age-related disorder as the risk for developing PD
increases with age. Aging, additionally, introduces factors such as slower metabolism,
build-up of toxic misfolded proteins along with acute or chronic exposure to
environmental stress. This interplay may produce a more severe and complex
phenotype than either aging or PD mutations alone. Additionally, genetic and
environmental interactions during aging have not yet been completely understood.

Researchers model PD using various systems which include animals such as flies,
mice and primates, human cells, iPSC derived DaNs and brain organoids. No model
system has yet to recapitulate the complete PD pathology as they often lack features
that can incorporate aging or are not human specific. Animal models have helped us
in understanding motor symptoms, inflammation and many PD associated
mechanisms, however, the major drawback of using animal models is that they may
lack specific cellular mechanisms that are unique to humans. iPSC derived DaNs or
organoids also do not fully recapitulate the physiology of human brain because they
do not retain aging signatures (Rocha et al., 2023). The involvement of peripheral
nervous system and gut have also not been modeled in a system using iPSC derived
brain cells/tissues. All model systems, along with data from human biospecimen can
instead help us with understanding PD as each of them have their specific advantages

and disadvantages.

6.8.4 Incomplete genetic understanding.

PINK1 mutations can cause autosomal-recessive early-onset PD. While homozygous
PINK1 mutations are associated with autosomal-recessive PD, many heterozygous
variants have been found in both PD patients and healthy individuals. This may raise
the question about whether some heterozygous mutations may act as risk factors
(Abou-Sleiman et al., 2006).

Heterozygous G411S variant has increased frequency in PD cases and impairs PINK1
kinase activity, suggesting a dominant negative mechanism. Not all carriers of PINK1
mutations develop PD or show symptoms, indicating incomplete penetrance and the

influence of genetic and gene-environment interactions, which complicates risk
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prediction (Gandhi and Plun-Favreau, 2017). While over 100 mutations in the PINK1
gene have been linked to PD, the precise consequences of many variants are unclear.
For example, R98W mutation at the PINK1 transmembrane region alter protein
positioning or processing and an increase in mitophagy due to accumulation at the
MOM (Brassard et al., 2025). Furthermore, despite evidence that some PINK1 variants
contribute to PD risk, PINK1 has not emerged strongly in GWAS, likely due to low
variant frequency and/or population differences as majority of these studies have been
performed in the Caucasian population. This limits the understanding of PINK1's
broader role in sporadic PD. A recent report has found higher frequency of PINK1
variants in populations of Polynesian descent. This study also found that 1 in 1300
West Polynesians carry L347P variant of PINK1, which is well above the typical rarity
threshold of 1 in 2200 (Yin and Dieriks, 2025). Their finding further highlights that we
may be overlooking some communities and that having a more inclusive approach may

help us further in understanding PD.
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7. Aims and Objectives.

The overarching aim of this thesis was to investigate the molecular and cellular
mechanisms underlying PINK1 associated PD using human DaN models. PD, a
progressive neurodegenerative disorder, remains one of the most challenging
conditions to treat because its underlying biology is still incompletely understood.
Among the various genetic contributors, mutations in the PINK7 gene are particularly
significant, as they cause autosomal recessive early-onset PD. Despite being
discovered more than two decades ago, the full spectrum of PINK1’s physiological
functions have not been fully defined. The main aim of this thesis was therefore to
bridge these knowledge gaps by combining gene mutations, molecular and cellular
biology and proteomics-based approaches in human DaNs.

The first aim was to extend the genetic understanding of PD beyond European
ancestry populations. By characterizing a novel PINK1 mutation (p.F385S) in an Indian
family with early-onset PD, we sought to highlight the importance of expanding genetic
studies to diverse populations. The genetic analysis was accompanied by functional
validation to determine how this mutation destabilizes the DFG kinase activation
domain, impairs phosphorylation of ubiquitin at Ser65, prevents Parkin recruitment and
ultimately impairs canonical PINK1/Parkin mitophagy.

The second aim was to capture the dynamic proteomic landscape of human DaNs.
Unlike proliferative cells, neurons have long lifespans and unique proteome dynamics.
We aimed to provide comprehensive datasets on protein turnover, subcellular
trafficking, and compartment-specific proteostasis in DaNs. The use of microfluidic
devices allowed separation of axonal compartments, enabling a method to study
protein synthesis and trafficking. This approach aimed to provide a methodological
advancement in studying neurological disorders and to provide a resource for the
proteome dynamics in human DaNs.

The third aim was to study PINK1 biology beyond its canonical role in mitochondrial
quality control. While PINK1/Parkin-dependent mitophagy is well established, most
previous research relied on using non-physiological mitochondrial depolarization
agents. This work aimed to explore PINK1 LOF under basal physiological conditions,
revealing a previously unrecognized regulatory role in cholesterol metabolism. By
identifying that PINK1 loss stabilizes SCAP, enhances cholesterol biosynthesis, and
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disrupts dopamine transporter localization, we found cholesterol imbalance as an early

cellular phenotype in the pathogenesis of PINK1 associated PD.

In summary, the aims of this dissertation were to: (1) expand the genetic architecture
of PD through genetic studies in the Indian population; (2) provide mechanistic
validation of a novel PINK1 mutation; (3) map the proteomic dynamics of human DaNs;
(4) identify a novel regulatory role of PINK1 cholesterol metabolism and (5) evaluate
the potential therapeutic role of cholesterol modulating drugs.
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8. Results and Discussion.

8.1 Manuscript 1: A Novel PINK1 p.F385S Loss-of-Function Mutation in an

Indian Family with Parkinson’s Disease.

Much of the genetic landscape of PD has been derived from the European populations,
leaving significant gaps in our understanding of how PD manifests in genetically
diverse groups globally. The transferability of findings from European cohorts to other
populations is limited, partly due to differences in genetic background, founder effects,
and gene-environment interactions. This lack of representation has implications that
may restrict diagnostic accuracy and limit the global applicability of potential gene
targeted therapies.

Despite recent advances, the genetic architecture of PD remains incompletely defined
worldwide. The South Asian population, comprising India with its vast genetic diversity
and unique environmental exposures, provides an important region for expanding PD
genetics. Previous large-scale studies have shown that loci identified in European
GWAS often do not replicate completely with Indian cohorts, highlighting the possibility
of unidentified population specific variants.

In this study, we aimed to bridge this gap by investigating a well characterized Indian

family with multiple members affected by early-onset PD.

8.1.2 Identification of a novel PINK1 p. F385S mutation in an Indian

family.

Using exome sequencing, we identified a previously unreported mutation in the PINK1
gene: a homozygous missense substitution p.F385S in three individuals of an Indian
family across two generations who have been affected by early-onset PD (Fig 1A).
Clinically, all affected carriers presented with early-onset PD. They exhibited classical
motor features of PD - bradykinesia, rigidity and tremor along with psychiatric
symptoms. Importantly, their symptoms responded well to levodopa therapy,
consistent with the clinical profile of PINK1 associated PD.

The mutation was located at chromosome 1:20648535 (GRCh38). At the protein level,

this resulted in the replacement of phenylalanine with serine at position 385 (p.F385S)
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within exon 6. This substitution was present in homozygous form in affected individuals
but absent in unaffected family members.

Analysis of runs of homozygosity (ROH) around the PINK1 locus revealed a 2.26 Mb
shared segment across affected individuals. This provided genomic evidence
consistent with consanguinity, even though none was reported at the time of family
recruitment. Such findings explained the apparent pseudodominant mode of
inheritance in this family where autosomal recessive disorders appear to follow a
dominant inheritance pattern due to shared ancestry.

The p.F385S substitution was absent in over 1,000 Indian genomes cataloged in the
IndiGenomes project, as well as in large global datasets such as gnomAD, which
includes genomic sequences from diverse populations. This confirmed that the variant
is not a common polymorphism but rather a rare, likely pathogenic mutation that is

unique to this family.

8.1.3 In Silico Modeling Predicts Disruption of Kinase Activation.

Following genetic identification, the structural and biochemical implications of the
F385S substitution were investigated through computational modeling. PINK1’s full-
length 3D structure was predicted by AlphaFold2 and used as a template. F385 lies
within the highly conserved DFG motif that regulates ATP binding and catalysis (Fig
1B-D).

Structural models revealed that the serine substitution disrupted hydrophobic
interactions needed to maintain the DFG-in conformation associated with kinase
activity. The predicted change in free energy (ddG) for the mutant was significantly
higher than that for WT, reflecting higher structural instability. Importantly, this
destabilization was more evident in the active conformation (P = 9.25 x 107'8), whereas
the inactive conformation was less destabilized (P = 4.7 x 107), suggesting a strong
shift in the conformation towards the inactive state which could impair kinase activation
(Fig 1E).

8.1.4 F385S mutant PINK1 has reduced stability.
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Under normal conditions, full-length PINK1 (~63 kDa) is imported into mitochondria
where its N-terminal targeting sequence is cleaved, producing a ~53 kDa fragment
(AN1). Another truncated product (~45 kDa, AN2) arises through cleavage and is
rapidly degraded by the proteasome. Cells expressing the F385S mutant showed a
similar processing profile. This indicated that the mutation did not prevent import into
mitochondria or the cleavage by mitochondrial proteases (Fig 1F).

However, treatment with cycloheximide to inhibit protein synthesis revealed that full-
length F385S PINK1 had a slight but significantly shorter half-life (26.2 minutes)
compared to WT PINK1 (30 minutes). Although the reduction was small, it showed a

tendency towards increased degradation (Fig 1G).

8.1.5 F385S Mutation Abolishes Phosphorylation of Ubiquitin at Ser65.

The most widely accepted function of PINK1 is phosphorylation of ubiquitin at Ser65
which serves as the trigger for Parkin activation and PINK1/Parkin mitophagy. To test
this, we reconstituted the PINK1/Parkin system in Hela cells lacking functional
endogenous PINK1 and Parkin (Fig 2 A-C).

When WT PINK1 was expressed with Parkin, treatment with the mitochondrial
uncoupler CCCP induced phosphorylation of ubiquitin at Ser65. However, cells
expressing the F385S mutant exhibited almost complete loss of ubiquitin
phosphorylation. Only a residual signal was detected after CCCP treatment, amounting
to less than 10% of WT levels (Fig 2D-E). Under basal conditions without CCCP,
phosphorylation was entirely absent. Importantly, levels of Parkin itself was

unchanged, confirming that the effect was due to impaired PINK1 activity.

8.1.6 F385S Mutation Impairs Parkin Recruitment.

As the phosphorylation of ubiquitin was impaired, the downstream consequences for
parkin recruitment and mitochondrial morphology were examined. In cells expressing
WT PINK1 and Parkin, CCCP induced mitochondrial depolarization led to significant
changes in/at the mitochondria. The mitochondrial marker SSBP1 aggregated into
large clusters, reflecting active mitophagy (Fig 2F). Correspondingly, parkin

translocated to mitochondria in the majority of cells (83%). However, in cells expressing
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the F385S mutant, mitochondria retained a dispersed morphology with many small foci
of SSBP1, similar to our control lacking PINK1. Quantitative image analysis confirmed
that the mean mitochondrial size was significantly reduced and the number of
mitochondrial foci per cell significantly increased compared with WT PINK1 (Fig 2 G-
H). Parkin remained largely cytosolic, with only ~1% of cells showing mitochondrial
localization (Fig 2I).

These findings show that the F385S impairs PINK1/Parkin mitophagy, as Parkin is not
recruited and the mitochondria do not cluster into mitoaggresomes.

Taken together, substitution of phenylalanine with serine at 385 within the DFG motif
destabilizes PINK1, reduces stability and kinase activity. This leads to almost complete
loss of ubiquitin phosphorylation at Ser65, absence of Parkin recruitment and failure
to initiate mitophagy. Importantly, these findings extend the database of pathogenic

PINK1 mutations beyond those already reported in European ancestry populations.
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8.2 Manuscript 2: Proteome Dynamics in Human iPSC Derived Dopaminergic

Neurons.

DaNs, characterized by their ability to synthesize and release dopamine, constitute a
vital subset of neurons within the central nervous system, particularly concentrated in
the SNpc and the ventral tegmental area. Their degeneration in the SNpc is closely
associated with Parkinsonian syndromes. Despite extensive characterization of their
electrophysiological properties and synaptic connectivity, comprehensive insights into
the temporal dynamics of their proteome remain limited. Unlike proliferative cells,
neurons must maintain a delicate balance of protein synthesis, degradation and
transport over prolonged lifespans requiring the need for proper regulation of
proteostasis. Using iPSC derived human dopaminergic neurons (hDaNs), we can
circumvent the limited inaccessibility of primary human neuronal tissue and apply
quantitative proteomics to probe into their dynamic proteome landscape.

To characterize the proteome dynamics of iPSC derived hDaNs, we implemented a
workflow combining in-depth proteome profiling, measurement of protein turnover
rates using dynamic SILAC labeling (Stable Isotope Labeling by Amino acids in Cell
culture) and spatio-temporal analysis of axonal and somatodendritic proteomes using

microfluidic devices.

8.2.1 Proteome coverage of iPSC derived hDaNs.

We assessed the global proteomic landscape of mature hDaNs, harvested at day 23
of differentiation and performed peptide fractionation and analyzed using data-
independent acquisition (DIA) mass spectrometry. Across three independent
differentiation replicates, we identified a total of 9,409 protein groups. Our data is one
of the deepest proteomic coverages that have been reported for iPSC derived neurons.
To evaluate the depth of this dataset, we used MitoCarta3.0 as a reference and
detected 913 mitochondrial proteins which is a coverage of ~81%, underscoring the
extensive representation of subcellular compartments in our dataset. This suggests
that the proteome coverage achieved a good representation of the cellular proteome
in these neurons (Fig S1A-B).

Next, we stratified proteins into five abundance bins based on DIA intensities and

performed enrichment analysis using the Panther database. Proteins with the highest
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intensities were enriched in pathways including PD, Huntington’s disease, cytoskeletal
regulation by Rho GTPases and glycolysis. Lower intensity bins still showed strong
representation of pathways relevant to dopaminergic function, such as ubiquitin
proteasome signaling, synaptic vesicle trafficking, dopamine receptor signaling,
Hedgehog signaling and axon guidance (Fig S1C). These results confirm that our

hDaN cultures dataset could recapitulate the molecular hallmarks of midbrain DaNs.

8.2.2 Protein turnover in hDaNs.

To measure protein turnover, we used dynamic SILAC labeling. hDaNs were pulsed
with heavy isotope-labeled lysine and arginine containing medium at day 18, and
harvested at five time points (6, 12, 48, 72, and 120 hours). High pH fractionation
followed by LC-MS/MS enabled quantification of approximately 6,000 protein groups
per time point. Using this method, we determined the half-lives of 4,397 proteins,
including 554 mitochondrial proteins and 59 MOM proteins (Fig 2A). Protein half lives
in hDaNs ranged from ~1 day to over 20 days, with a median half-life of ~97 hours (~4
days). This range is broadly consistent with values reported in other mammalian
neurons, but our dataset represents the first turnover study in human specific DaNs
(Fig S2B-C).

Mitochondrial and ribosomal proteins tend to be long lived, with half-lives significantly
higher than the population average, whereas synaptic proteins were significantly short
lived. These findings align with the high metabolic stability of mitochondria and the
need for rapid metabolism at the synapses.

Pathway enrichment analysis revealed that proteins with short half-lives (<3 days) were
enriched in synaptic vesicle trafficking, Wnt signaling, and Alzheimer's disease
associated pathways. Proteins with intermediate half-lives (3-7 days) were enriched in
dopamine receptor mediated signaling, DNA replication and PDGF pathways. While
long lived proteins (>7 days) were associated with central metabolism, TCA cycle,

cholesterol metabolism and purine synthesis (Fig S2D).

8.2.3 Dynamics of respiratory chain complexes.
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Given the central role of mitochondrial dysfunction in PD, we quantified turnover rates
of respiratory chain complexes. We observed variations in turnover rates across
complexes and even among subunits of the same complex. Complex |, which has 44
subunits (7 mitochondrial encoded) displayed particularly heterogeneous turnover with
peripheral subunits turning over faster than core subunits. In contrast, Complex V (ATP
synthase) subunits tended to be long-lived (Fig 2D).

Comparative analysis with proliferative cancer cells revealed that respiratory complex
subunits turned over more slowly in hDaNs. This difference was mainly confined to
nuclear encoded subunits as mitochondrial DNA encoded subunits showed similar
turnover between the two cell types. These findings highlight the distinct proteostasis

demands of post mitotic neurons compared to highly proliferative cancer cells.

8.2.4 Validation of microfluidic devices for axonal analysis.

To spatially resolve soma and axon proteomes, we cultured hDaNs in microfluidic
devices separated by 900 um microgroove barriers. To confirm fluidic isolation, we
performed control experiments where heavy SILAC amino acids were added only to
the distal (axonal) chamber before axons had crossed the barrier. After 48 hours,
<0.02% of proximal proteins showed labeling less than the 1% FDR threshold,
confirming negligible diffusion (Fig 3A-C, S4A). Additional live imaging with
mitochondrial and lipid dyes further showed the absence of leakage, with only

intracellular trafficking observed across the barrier (Fig S5D-F).

8.2.5 Somatodendritic and axonal proteomes.

Using differential SILAC labeling, we quantified up to 3,400 proteins in the soma-
enriched chamber and ~500 proteins in the axonal chamber across four time points. In
total, we identified 3,915 unique proteins, of which 1,279 were shared between both
compartments, 2,576 were exclusive to the soma, and 60 were detected only in the
axons (Fig 3E-G). Principal component analysis clearly separated axonal from
somatodendritic proteomes. For validation, nuclear protein NeuN was enriched in
somatic samples, while known axonal markers MAPT and MAP1B were enriched in

axonal samples (Fig 3H-I, Fig S4D).

36



We further examined proteins enriched at least fourfold in the axon, yielding a set of
127 candidate axonal proteins (Fig S4E-F). Among these, 22 were annotated as
axonal by Gene Ontology, including canonical markers MAPT and MAP1B. The
remaining 105 proteins represent putative novel axonal markers of hDaNs (Fig S4F).
We validated the axonal localization of GAP43 and STMN2 using immunofluorescence
microscopy, confirming their enrichment in axons (Fig S5G-H). Enrichment analysis of
axon specific proteins revealed representation of synaptic vesicle membranes, SNARE
complexes and exocytic vesicles (Fig S4G).

8.2.6 Local protein synthesis and trafficking between soma and axons.

Proteins labeled with medium SILAC in axons were interpreted as soma synthesized
and transported anterogradely, while proteins labeled with heavy SILAC in soma were
interpreted as axon synthesized and transported retrogradely. Overall, we identified
269 trafficking proteins of which 141 were soma synthesized and trafficked to axons,
154 were axon synthesized and trafficked to soma and 26 were detected moving in
both directions (Fig 3G).

To validate active protein synthesis, we inhibited translation with CHX. As expected,
CHX in the soma abolished medium labeling and reduced heavy labeling in the axonal
chamber, indicating that soma translation contributes to axonal proteins. Also, CHX in
the axonal chamber had negligible impact, likely due to the lower protein abundance

in axonal samples (Fig 4B).

To biologically associate our findings with the proteomic dataset, we used a few
examples:

KIF5C (kinesin heavy chain): Synthesized in soma and transported to axons (Fig 5A).
KLC1 (kinesin light chain): Showed similar soma-to-axon transport dynamics,
consistent with its role in kinesin-1 complexes (Fig 5B).

DHX30 (RNA helicase): Synthesized in axons and retrogradely transported to soma
(Fig 5C).

ADAR1 (RNA editing enzyme): Also synthesized in axons and trafficked to soma, but
at a slower rate (Fig 5D).

SEC24A (COPII vesicle protein): Primarily synthesized in axons and transported to
soma, suggesting localized vesicle assembly functions (Fig 5E).
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RAB11B (small GTPase): Detected as bidirectionally trafficked, consistent with its roles
in vesicle recycling and mitophagy regulation (Fig 5F).

These examples demonstrate that dopaminergic axons have local translation capacity
and can synthesize proteins implicated in RNA editing, mitochondrial function and

vesicle trafficking.

The study’s findings provide a thorough understanding of neuronal proteome
dynamics, integrating global turnover measurements, compartment specific protein
profiling and microfluidic based synthesis and transport analyses. The identification of
previously uncharacterized axonal markers and locally synthesized proteins
underscores the complexity of protein regulation in neurons and highlights the
importance of spatially resolved proteomics for understanding neuronal function.
Moreover, the use of microfluidic separation chambers with quantitative proteomics
provides a methodological advance enabling the analysis of compartment specific

protein dynamics.
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8.3 Manuscript 3: PINK1 regulates cholesterol homeostasis via SCAP

phosphorylation in human dopaminergic neurons.

PINK1 has long been primarily recognized as a regulator of mitochondrial quality
control, mostly through PINK1/Parkin mediated mitophagy. However, most of these
studies have been performed under mitochondrial depolarizing conditions that may not
mimic physiological conditions. Therefore, to bridge this gap in our understanding of
PINK1-PD, we aimed to study the effects of PINK1 LOF without the use of depolarizing
agents in iPSC derived hDaNs.

8.3.1 PINK1 LOF Reduces SCAP Phosphorylation at Ser822 and Ser838.

To investigate molecular alterations arising from the loss of PINK1, we performed an
unbiased, mass-spectrometry—based phosphoproteomics in iPSC derived hDaNs. We
used two independent PINK1 LOF systems: a PINK1 knockout (KO) model and
neurons derived from PD patient carrying the pathogenic PINK1 Q456X mutation.
Each was compared against its respective isogenic control lines (Fig 1A-C, Fig S1A-
D). This approach ensured that the observed effects were not influenced by an
individual's genetic predisposition.

Across all samples, we quantified approximately 2000 proteins, with no significant
global changes in total protein abundance between mutants and control DaNs (Fig
S1A). From over 13,000 phosphorylation sites identified with high localization
confidence, around 6500 sites were quantified per condition (Fig S1B). Among these,
we found reduced phosphorylation of sterol regulatory element-binding protein
cleavage-activating protein (SCAP) at two serine residues, Ser822 and Ser838, in both
PINK1 KO and PINK1 Q456X DaNs. Manual inspection of annotated MS/MS spectra
confirmed the precise localization of these phosphorylation sites (Fig S2). Mapping the
peptide sequence to the canonical SCAP sequence (UniProt Q12770-1) further
validated the detected residues.

Other phosphoproteins with altered phosphorylation included CLASP1/2, MAP1B and
KLC4 (involved in microtubule regulation), PAK2 and DAB2IP (linked to dendritic
development) and proteins regulating the endo-lysosomal system and metabolic
pathways (Fig 1B-C).
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8.3.2 PINK1 LOF Enhances Cholesterol Biosynthesis by Stabilizing
SCAP.

As SCAP is involved in the regulation of cholesterol biosynthesis, we probed into other
essential proteins that are involved in the cholesterol biosynthesis pathway.
Immunocytochemical analysis revealed increased nuclear localization of SREBP2 in
PINK1 KO DaNs compared to controls (Fig 1D-E). The accumulation of SREBP2
puncta in the nucleus can increase transcriptional activation of cholesterol biosynthesis
genes.

Using immunoblot analysis, we observed elevated expression of squalene
monooxygenase (SQLE), a rate limiting enzyme in the cholesterol pathway, and
decreased expression of the inhibitory regulator INSIG2. Interestingly, HMG-CoA
reductase (HMGCR), another rate limiting enzyme, did not show significant changes
in abundance (Fig 1F-l). These changes overall suggest that PINK1 LOF regulates
cholesterol biosynthesis.

To rule out clonal artifacts, we reintroduced WT PINK1 into KO neurons using lentiviral
expression. This intervention normalized SQLE levels and partially restored INSIG2,
while HMGCR remained unchanged. In contrast, a kinase-dead (3xKD) PINK1 mutant
failed to rescue these phenotypes, emphasizing that PINK1's kinase activity is
essential for maintaining cholesterol biosynthetic homeostasis (Fig S3A-E).

Impaired SCAP phosphorylation had previously been shown to increase its stability
due to reduced degradation. To test whether SCAP stability was altered, we performed
a CHX pulse chase experiment. In PINK1 KO DaNs, SCAP levels did not reduce over
time with CHX treatment, indicating increased stability of SCAP (Fig 1J-K). Importantly,
total SCAP abundance and PKCMI levels remained unchanged (Fig S4A-C), and co-
immunoprecipitation assays showed no direct interaction between PINK1 and SCAP
(Fig S4D).

Together, these results demonstrate that PINK1 indirectly regulates SCAP
phosphorylation and stability and that its LOF increases cholesterol biosynthesis.

8.3.3 PINK1 LOF Increases Neuronal Cholesterol in a Domain and Neuron

Specific Manner.
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We next examined whether the altered regulation of cholesterol biosynthesis is
reflected in total cholesterol levels. Using biochemical assays, we found significantly
elevated free cholesterol in both PINK1 KO and PINK1 Q456X DaNs. In contrast,
neurons carrying the PINK1 Q126P mutation, which affects the N-terminal domain
rather than the kinase domain, showed no cholesterol increase. Similarly, HeLa cells
harboring an endogenous PINK1 W437X mutation did not display cholesterol
accumulation (Fig 2B-F). These results highlight that the cholesterol phenotype is
specific to PINK1 mutations in the kinase domain and to DaNs or non-proliferating
cells.

We also measured free cholesterol levels in PINK1 KO mice. In the striatum of young
(4 month old) KO mice, cholesterol was elevated compared to WT controls. However,
in older (16 month old) mice, cholesterol levels showed no difference (Fig 2G). We
hypothesize that increased cholesterol may be an early phenotype in PINK1-PD DaNs.
This is also consistent with the literature that only young developing neurons
synthesize cholesterol. Interestingly, cholesterol levels in the ventral midbrain
remained unchanged in both young and old mice, which is consistent with the fact that
DaNs in the ventral midbrain are unaffected in PD (Fig 2H).

Lipidomics analyses revealed no significant changes in other major lipid classes (Fig
S5). This specificity shows disruption of cholesterol regulation rather than a general
lipid imbalance.

8.3.4 Cholesterol Accumulates at the Plasma Membrane and in Flotillin-
Rich Lipid Rafts.

To determine the localization of excess cholesterol, we used live cell staining with
NR12A, a dye specific for plasma membrane cholesterol composition which revealed
increased fluorescence intensity in PINK1 KO DaNs (Fig 2l). Quantification of lipid
order using a plate reader assay further confirmed a significant increase, indicating
enrichment of cholesterol in the plasma membrane. Importantly, cholesterol-lowering
treatments with Simvastatin or B-cyclodextrin (BCD) rescued the lipid order ratio (Fig
2J).
To determine cholesterol levels inside the neurons, we used perfringolysin O (PFO), a
cholesterol binding toxin, which revealed increased cholesterol intensities that
colocalized with flotillin-1 (FLOT1), a marker of lipid rafts. Both PFO intensity and
41



FLOT1 staining were elevated in PINK1 KO DaNs, indicating accumulation of
cholesterol within internalized lipid rafts (Fig 2K).

Together, these observations establish that PINK1 LOF leads to the accumulation of
cholesterol at the plasma membrane and in FLOT1-rich lipid rafts.

8.3.5 Excess Cholesterol Disrupts DAT Distribution and Neurotransmitter
Uptake.

Since cholesterol rich lipid rafts regulate trafficking of the dopamine transporter (DAT),
we next investigated the functional consequences of cholesterol accumulation. In
PINK1 KO DaNs, DAT accumulated at the perinuclear regions, partially colocalizing
with PFO stained cholesterol. Cholesterol lowering agents - simvastatin or BCD
restored DAT distribution, similar to WT hDaNs (Fig 4A).

To test whether altered distribution of DAT affects its function at the plasma membrane,
we performed a neurotransmitter uptake assay (Fig 4B). PINK1 KO DaNs exhibited
significantly reduced uptake rate compared to WT hDaNs. This deficit was rescued by
treatment with cholesterol lowering agents - Simvastatin or BCD. Moreover,
pharmacological inhibition of DAT almost completely abolished neurotransmitter
uptake, confirming that this defect was largely DAT dependent (Fig 4C).

Overall, our findings identify reduced phosphorylation of SCAP at Ser822 and Ser838
as a critical early defect in PINK1 LOF neurons. This alteration stabilizes SCAP,
enhances cholesterol biosynthesis and drives cholesterol accumulation at the plasma
membrane and within FLOT1-rich lipid rafts. These altered cholesterol levels disrupt
DAT trafficking and impair neurotransmitter uptake, providing a mechanistic link

between PINK1 loss, cholesterol dysregulation and dopaminergic dysfunction.
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9. Conclusion and Future Perspectives.

In this thesis, the research opened up a deeper understanding of PINK1 associated
PD using genetics, cellular and molecular and proteomic approaches in hDaN models.
This work revealed novel insights and expands the mechanistic repertoire of PINK1

biology.

First, the identification and functional validation of the PINK1 p.F385S mutation in an
Indian family not only expanded the list of pathogenic PINK1 variants but also
addressed a critical gap in the representation of non-European ancestry populations
in PD genetics. Functional assays demonstrated that this mutation destabilizes the
DFG kinase domain, disrupts phosphorylation of ubiquitin at Ser65 and prevents
Parkin recruitment thereby impairing canonical PINK1/Parkin mitophagy. This provides
additional validation between PINK1 mutations and mitochondrial dysfunction. This
also highlights the need for inclusive genetic studies that incorporate diverse

populations to ensure precision medicine.

Second, the exploration of proteome dynamics in iPSC derived hDaNs established a
resource that benefits researchers working on diseases associated with DaNs,
including PD. By mapping global protein turnover, compartment specific protein
dynamics and axonal trafficking, this work provides a thorough protein characterization
of hDaNs. For example, the observation that synaptic proteins are among the most
short-lived, whereas mitochondrial and ribosomal proteins are long-lived, underscores
the fine balance that post-mitotic neurons maintain to preserve function over longer
periods. In addition, the methodological advance, integrating microfluidic device-based
culture methods with proteomics also provides a framework for future studies that seek

to dissect neuron compartmentalization at the molecular level.

Third, this work uncovered a novel role of PINK1 in the regulation of cholesterol
metabolism. Through phosphoproteomics and functional validation, we showed that
PINK1 LOF reduces phosphorylation of SCAP, stabilizing the protein and enhancing
cholesterol biosynthesis. This in turn leads to cholesterol accumulation in neuronal
plasma membranes and lipid rafts, disrupts dopamine transporter distribution and

43



impairs neurotransmitter uptake. This finding showed additional roles of PINK1 beyond

mitochondrial quality control.

Overall, these findings open up multiple research avenues.

The identification of a novel pathogenic PINK1 mutation in the Indian population
highlights that there are potentially many novel variants or mutations that remains to
be identified in the global population. Population specific variants may reveal new
mechanistic insights or therapeutic targets. Such discoveries will broaden the
conceptual landscape of PD genetics and biology and facilitate the development of
effective therapies that are globally applicable. Additionally, the inclusive genetic
approach taken in this work highlights the need for population specific screening tools.
Incorporating diverse genetic variants into diagnostic panels will improve the accuracy

of early detection and risk stratification globally.

The proteome dynamics dataset also raises important questions. For instance,
identifying regulatory networks that determine the distinct half-lives of synaptic versus
mitochondrial proteins. Or the presence of neuron specific chaperones or degradation
pathways that selectively protects long-lived proteins. The proteomic approach and
resource also open up translational cues. Proteins with altered turnover or
compartment specific enrichment in neurons associated with neurological disorder
may serve as biomarkers of early dysfunction. For example, axonal proteins that are
differentially expressed, mislocalized or that fail to traffic efficiently could be studied in
patient biospecimens such as cerebrospinal fluid (CSF) or blood. This would provide a
bridge between cellular phenotypes and clinically identifiable biomarkers.

The cholesterol finding identifies a mechanistic understanding on how SCAP
phosphorylation is regulated by PINK1. The discovery that cholesterol imbalance
occurs early in PINK1 LOF hDaNs suggests opportunities for therapeutic intervention
before disease manifestation. Statins, cyclodextrins or other cholesterol lowering
agents could be tested in human neuronal models and preclinical settings. Importantly,
these interventions should be assessed not only for their ability to normalize
cholesterol levels but also for their impact in disease manifestation and/or progression.
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Finally, future work embracing interdisciplinary integration and convergence of multiple
methodological applications, including proteomics, lipidomics, genomics and
advanced imaging will be essential to capture the complexity of PD biology. Moreover,
coupling human iPSC derived models with organoid systems, in vivo imaging and
computational modeling could provide conserved, reproducible and meaningful

insights in PD pathology.
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ABSTRACT: Background: Most Parkinson’s dis-
ease (PD) loci have shown low prevalence in the Indian
population, highlighting the need for further research.
Objective: The aim of this study was to characterize a
novel phosphatase tensin homolog-induced serine/
threonine kinase 1 (PINK7) mutation causing PD in an
Indian family.

Methods: Exome sequencing of a well-characterized
Indian family with PD. A novel PINK7 mutation was
studied by in silico modeling using AlphaFold2,
expression of mutant PINK1 in human cells depleted
of functional endogenous PINK1, followed by quanti-
tative image analysis and biochemical assessment.
Results: We identified a homozygous chr1:20648535—
20648535 T>C on GRCh38 (p.F385S) mutation in exon 6
of PINK1, which was absent in 1029 genomes from India
and in other known databases. PINK1 F385S lies within
the highly conserved Deutsche Forschungsgemeinschaft
(DFG) motif, destabilizes its active state, and impairs
phosphorylation of ubiquitin at serine 65 and proper
engagement of parkin upon mitochondrial depolarization.
Conclusions: We characterized a novel non-
conservative mutation in the DFG motif of PINK7, which
causes loss of its ubiquitin kinase activity and inhibition
of mitophagy. © 2024 The Authors. Movement Disor-
ders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society.

Key Words: PINK1; genome sequencing; phosphor-
ylation; ubiquitin; mitophagy; Parkinson’s disease

- /

Introduction

Mutations in phosphatase tensin homolog-induced
serine/threonine kinase 1 gene (PINK1) cause autoso-
mal recessive Parkinson’s disease (PD)." PINK1-PD is
usually of early onset, is slowly progressive, and shows
excellent response to levodopa treatment.” The discov-
ery of PINK1 as a cause of familial PD, together with
several other mutations, led to the identification of dis-
turbed mitochondrial quality control as a molecular
mechanism underlying PD. Most, if not all, monoge-
netic causes of PD have been identified in the European
population, and there is a lack transferability to other
ethnically diverse populations. In our study, we found a
novel PINK1 mutation. The p.F385S mutation lies in
the highly conserved DFG motif of PINK1, which is
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important for its ATP binding and kinase activity.” Kinase
activity is required for PINK1 to initiate the clearance of
damaged mitochondria via PINK1/Parkin mitophagy.*
Upon mitochondrial stress, PINK1 forms a dimer at
the mitochondrial outer membrane (MOM) and
autophosphorylates itself, enabling self-activation.’® This
activation frees its ubiquitin recognition site and helps in
the recruitment of parkin by phosphorylation of ubiquitin
at Ser65 and the ubiquitin-like domain of parkin.”'®
PINK1 further phosphorylates proteins of the MOM, and
parkin ubiquitinates them in a cascade to promote outside-
in mitophagy.'”"” Previously described mutations in
PINK1 in the Caucasian population, particularly the
G386A mutation, also localize in the DFG motif."'*° Our
aim was to functionally characterize a novel PINK1 muta-
tion causing PD identified in an Indian family.

Subjects and Methods
Monogenetic PD Cohort

Sixty families with PD were compiled over 10 years
as part of Cataloging Genetic Architecture of PD and
Genomic Registry of Parkinson Disease in the Move-
ment Disorder Centre of Sree Chitra Tirunal Institute
for Medical Sciences and Technology, India. All
affected and nonaffected individuals were inter-
viewed and examined by a movement disorder spe-
cialist. The ethics committee of Sree Chitra Tirunal
Institute for Medical Sciences and Technology
approved the study. All participants gave written
informed consent.

Exome Sequencing

Genomic DNA was extracted using the salting-out
method for targeted resequencing and whole-genome
analysis. Exome sequencing was performed at the Core
Facility of Applied Transcriptomics and Genomics at the
Institute of Medical Genetics (University of Tiibingen,
Tiibingen, Germany). The data analysis was performed
using a medical genetics sequence analysis pipeline (see
Supporting Information Methods: Data S1). We first
searched for known mutations in our cohorts, and to find
novel PD variants, we filtered the detected variants using
two main criteria: (1) the variant must be protein altering
or in a splice region; and (2) the variant should have a
maximum allele frequency of 0.01% in gnomAD, includ-
ing subpopulations.

IndiGenomes

A publicly available database was used to search for
putative variants in the control genomes ascertained from
different regions of India. In brief, a total of 1029 self-
declared healthy individuals underwent whole-genome
sequencing to develop a comprehensive compendium of
genetic variants in the Indian population.?!-**

Molecular Modeling

We used the full-length (FL) structure of human
PINK1 predicted via AlphaFold2,”® which is available
through accession number QIBXM?7 (https://alphafold.
ebi.ac.uk/entry/QIBXM7), maintained at the European
Bioinformatics Institute.”* We assessed the effect of the
PINK1 F385S mutation through the ddg_monomer pro-
tocol*” from the RosettaCommons molecular modeling
suite (https://www.rosettacommons.org/). For further
details, see Supporting Information Methods: Data S1.
We calculated the statistical significance of energetic cal-
culations through the “ranksums” method of the Python
(v3.10.4) scipy (v1.7.3) and seaborn (v0.12.2) libraries.

Site-Directed Mutagenesis

Plasmid pcDNA/V5-His A with wild-type (WT) PINK1
gene at the multiple cloning site was used to introduce
the Phe385Ser (F385S) mutation by altering T>C at posi-
tion 1154 of the gene with QuikChange II Site-Directed
Mutagenesis  Kit (200523; Agilent Technologies
Deutschland GmbH, Waldbronn, Germany). The primers
used were $§'-gcagcagccagaatctgegatcaccageca-3' and 5'-
tggctggtgatcgeagattetggetgetge-3'. The polymerase chain
reaction, cycle parameters, and procedure were followed
according to the manufacturer’s instructions.

Cell Culture and Transfection

WT and PINK1 W437X HeLa cells*® (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) were maintained
in Dulbecco’s Modified Eagles Medium: 4.5 g/l glucose
(D6429; Sigma-Aldrich) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. For DNA
transfection (Thermo Fisher Scientific, Waltham, MA,
USA) with WT-PINK1 pcDNA/VS-His A or F385S-
PINK1 pcDNA/VS-His A and WT parkin-3XFLAG
pcDNA3.1, cells were seeded at least 24 h before
transfecting with Lipofectamine 3000 reagent (L3000008;
Invitrogen) according to the manufacturer’s instructions.

Cell Culture Treatments

For half-life and stability assays, cells were treated
with 100 uM  cycloheximide solution (CHX; 239763;
Calbiochem, Merck Chemicals GmbH, an affiliate of
Merck KGaA, Darmstadt, Germany) and/or 10 pM
MG132 (s¢210270; Santa Cruz Biotechnology, Inc., Hei-
delberg, Germany) resuspended in dimethylsulfoxide
(DMSO) with an equal volume of DMSO used as a vehi-
cle. For the stability assay, cells were pretreated
with MG132 for 2 hours and maintained in the
media throughout the 6-hour time course. For the
mitophagy initiation assay, 40 pM carbonyl cyanide
chlorophenylhydrazone (CCCP) (C2759; Sigma-
Aldrich) resuspended in DMSO was used with an
equal volume of DMSO as a vehicle.
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Immunofluorescence

Cells were fixed in 4% paraformaldehyde solution
and washed with PBS. Permeabilization and blocking
were done using 0.3% Triton X-100 + 1% bovine
serum albumin and incubated for 1 hour at room tem-
perature. Antibodies were added in 0.1% Triton X-100
+ 1% bovine serum albumin overnight at room temper-
ature inside a humidifier chamber. Primary antibodies
were used at 1:1000 for Parkin (2132, rabbit; Cell Sig-
naling Technology Europe B.V. Leiden, The Nether-
lands), 1:500 for v5 (sc271944, mouse; Santa Cruz),
and 1:500 for single-stranded DNA binding protein
(SSBP1; AF6588, sheep; R&D Systems- Bio-Techne
GmbH, Wiesbaden Nordenstadt, Germany). The sec-
ondary antibodies were all used at 1:1000 and included
donkey anti-sheep Alexa 488 (A-11015; Invitrogen),
donkey anti-mouse Alexa 568 (A10037; Life Technolo-
gies, Thermo Fisher Scientific), and goat anti-rabbit
Alexa 647 (A21245; Life Technologies). Hoechst
(H3569; Molecular Devices, GmbH, Munich, Ger-
many) was used to stain nuclei before mounting with
Dako fluorescent mounting medium (S3023; Agilent).

Immunoblotting

Cells were lysed in 1% Triton X-100 + 1% SDS in
PBS containing cOmplete protease inhibitor (Millipore
89, 11873580001; Sigma) and PhosStop phosphatase
inhibitor (4906837001; Sigma-Aldrich). SDS-PAGE gel
and protein transfer was followed by incubation with pri-
mary antibodies used at 1:500 for v5 (sc271944, mouse;
Santa Cruz), 1:1000 for PINK1 (BC100-494, rabbit;
Novus Biologicals, - Bio-Techne GmbH, Wiesbaden
Nordenstadt, Germany), 1:1000 for Parkin (ab15954,
rabbit; Abcam Limited, Cambridge, United Kingdom),
1:10,000 for GAPDH (CB1001, mouse; Sigma), and
1:500 for phospho-ubiquitin Ser65 (628028, rabbit; Cell
Signaling). Secondary antibodies were used at 1:10,000
(926-32211 and 926-68070; LI-COR Biotechnology -
GmbH, Bad Homburg, Germany) and detected with
Odyssey CLx (LI-COR) using Image Studio software (LI-
COR). Mitochondrial fragmentation analysis used Cel-
IProfiler. For semiquantitative image analysis, CellProfiler
(4.2.1 version) software was used. In all transfected condi-
tions, a minimum of 169 cells were assessed combining

all three replicates, with each replicate including between
37 and 81 cells. In nontransfected cells, a minimum of
157 cells were analyzed per replicate. In all cases, individ-
ual cells were recognized with the nuclear staining, and
the cytoplasmic area was established using PINK1 and
parkin staining. Nuclei were not considered as part of the
cytoplasm. For details, see Supporting Information
Methods: Data S1.

Parkin Translocation Analysis

Parkin localization was assessed manually using the
same raw images and cell number used for SSBP1 mor-
phology analysis (see earlier). In this study, transfected
cells were classified as either positive or negative for
parkin translocation only when the parkin signal col-
ocalized with SSBP1.

Statistical Analysis and Interpretation

For statistical analyses, GraphPad Prism version 8.4.0
was used. Data are presented as mean average + standard
error of the mean (SEM) (*P<0.05; **P <0.0035;
*#*P < 0.0005; ****P < 0.0001; "P > 0.05, where ns rep-
resents nonsignificant). For details, see the figure legends
and Supporting Information Methods: Data S1.

Results

Identification of a Novel PINK1 p.F385S
Mutation

For exome sequencing, the mean sequencing depth
was 124x. On average, 94.82% of the 50-Mb target
region was covered with at least 20x depth. The exome
sequencing identified a novel missense mutation, homo-
zygous PINK1 p.F385S, in three affected carriers span-
ning two consecutive generations, but not in healthy
subjects (Fig. 1A). Analysis of the sum of runs of homo-
zygosity (ROHs) larger than 500 Kb in the three carriers
showed likely consanguinity implicating a pse-
udodominant inheritance. When looking at the ROHs
around PINKI1, they share an ROH of 2.26 Mb at
chr1:19713608-21974391 (hg38) (see Supporting Infor-
mation Methods: Data S1). Using publicly available
IndiGenomes and gnomad databases, the mutation was
not present in the Indian and the European population,

FIG. 1. (A) The Indian family pedigree showed a pseudodominant mode of inheritance. (B) Consensus logo of the Hidden Markov Model of the Kinase
domain (https://www.ebi.ac.uk/interpro/entry/pfam/PF00069/logo/) showing the conservation profile of the DFG motif. (C) Cartoon three-dimensional
representations of the predicted full-length structure of PINK1 in complex with ATP. (D) Zoomed view of the contacts mediated by the F385 residue. (E)
Bar plots showing the predicted ddG for the wild-type (WT) and F385S mutant of PINK1 predicted in its active conformation (left) and DFG-out, inactive
conformation (right). (F) HeLa cells expressing WT or mutant (F385S) PINK1 were untreated or treated with 100 pM cycloheximide (CHX) for 0.5, 1, 3, or
6 hours. Western blot probed for V5-tagged PINK1 (v5), PINK1, and GAPDH loading control. The Western blot was stained for total protein using the
Ponceau stain. Full-length PINK1, N-terminal processed PINK1 (AN1), and further N-terminal processed PINK1 (AN2) are observed. A representative
Western blot is shown (n = 3). (G) Quantified levels of V5-tagged full-length PINK1 normalized to total protein levels at 0, 0.5, 1, 3, and 6 hours of CHX
treatment. Half-lives (T1/2) of full-length WT and mutant F385S PINK1 are shown (minutes). Error bars show the standard error of the mean (SEM)
(n = 3). The correlation of WT and mutant F385S PINK1 levels over time using Pearson’s r test (2-tailed) is shown. FL, full-length PINK1. [Color figure

can be viewed at wileyonlinelibrary.com]
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In Silico Modeling Predicts the PINK1 F385S
Mutation to Disrupt Kinase Activation

PINK1 F385 is part of the highly conserved DFG motif,
which is a master regulator of the kinase domain activa-
tion (Fig. 1B). We have modeled the functional conse-
quences of the F385S mutation in silico using the
structure of monomeric PINK1, predicted by AlphaFold2
(Fig. 1C,D). We predicted the effect of the mutation via
energy calculations, which showed a higher ddG for the
mutant versus the WT in its active (P = 9.25E—18) and
inactive state (P = 0.00047) (Fig. 1E). This suggested a
much greater overall destabilization of PINK1, particu-
larly in its active state, and consequently impairment of
its kinase function.

Expression and Processing of F385S Mutant
PINK1

Under basal conditions, FL PINK1 is efficiently imported
into mitochondria. The N-terminal mitochondrial targeting
sequence is removed by mitochondrial processing proteases
to yield AN1. PINK1 is then further N-terminally trun-
cated to yield AN2, which is rapidly degraded via the
proteasome.”” Overexpressed WT PINK1-VS showed this
processing pattern: FL, 63-kDa; AN1, 53-kDa; and AN2,
45-kDa bands, which are consistent with the literature.”®*’
F385S-PINK1-VS5 showed the same pattern (Fig. 1F), indi-
cating intact processing of mutant PINK1. To determine
protein half-life, we blocked translation with CHX and
chased the cells for a time ranging from 0.5 to 6 hours.
When probed for anti-V5 and with anti-PINK1 directly,
FL-F385S-PINK1 had a slightly but significantly reduced
half-life of 26.238 minutes compared with FL-WT-PINK1,
which had a half-life of 29.994 minutes (Fig. 1G). To
investigate protein stability, we treated the cells with CHX
for 0.5 to 6 hours in the presence of MG132 followed by
probing with anti-VS and anti-PINK1 (Supporting Infor-
mation Fig. S1A) and quantified the levels of FL (Fig. S1B),
AN1 (Fig. S1C), and AN1/FL ratio of v5-tagged PINK1
(Fig. S1D). There were no differences in the WT and
F385S-PINK1 levels, suggesting no impact of F385S muta-
tion on PINKT1 stability and processing. The reduced half-
life of F385S-PINK1 observed in Figure 1G is due to
slightly faster degradation of FL-F385S compared with the

WT protein, as confirmed by the proteasomal inhibition
with MG132. The observed half-life of FL-WT-PINK1 is

in line with other studies.?%°

F385S-PINK1 Disrupts Phosphorylation of
Ubiquitin at Ser65

To confirm that the F385S mutation abolishes PINK1
kinase activity, we assessed a well-known substrate of
PINK1 in stressed cells: phospho-ubiquitin Ser65.%%1!
We used HeLa cells that lack endogenous parkin,*! which
were gene edited to remove functional, endogenous
PINK1.2® The PINK1-parkin system was reconstituted in
the cell culture model by cotransfection of FLAG-tagged
parkin ubiquitin ligase and either WT or F385S
PINK1-VS5. PINK1-parkin—dependent mitophagy was
induced by the addition of CCCP to the culture medium.
CCCP treatment led to the stabilization of WT-PINKI1,
with a reduction tendency of F385S-PINK1 over a time
course of 6 hours (Fig. 2A-C). FLAG-parkin levels did
not alter significantly in this time frame (Fig. 2A-C).

Under basal conditions (no CCCP treatment), there was
no phosphorylation of ubiquitin at S65 in F385S-PINK1-
expressing cells. However, when treated with CCCP,
there is some residual phosphorylation of ubiquitin at
Ser65 in F385S-PINK1 cells, yet still ~90% less phos-
phorylated compared with WT-PINK1-expressing cells
(Fig. 2D,E).

F385S-PINK1 Affects Parkin Recruitment and
Mitochondrial Fragmentation

To investigate the implications of the F385S mutation
on PINK1 function, we performed mitophagy induction
using CCCP as a depolarizing agent. Upon cotransfection
with WT-PINK1-V5 and FLAG-parkin, a strong mito-
chondrial phenotype was observed after 6-hour CCCP
treatment, with the matrix mitochondrial marker SSBP1
appearing in big clusters instead of localized foci (Fig. 2F).
In contrast, dispersed SSBP1 foci were observed upon
transfection with parkin alone, as well as in the parkin
and F385S-PINK1 cotransfected cells (Fig. 2F), indicating
that F385S mutant PINK1 impairs initiation of
PINK 1-parkin-dependent mitophagy."”

FIG. 2. Hela cells expressing parkin and either wild-type (WT) or mutant (F385S) PINK1 were untreated or treated with 40 pM CCCP for 3 or 6 hours.
(A) Western blot probed for V5-tagged PINK1 (v5) and parkin. The Western blot was stained for total protein using Ponceau stain. Full-length PINK1 is
shown. A representative Western blot is shown (n = 4). (B, C) Quantified fold change of V5-tagged PINK1 (B) and parkin levels (C) after CCCP treatment
compared with the untreated control. Error bars show mean + SEM (n = 4). Statistical test: ordinary one-way ANOVA with multiple comparisons using
Dunnett’s multiple comparison test. (D) Western blot probed for phospho-ubiquitin Ser65 (pUbSer65) and loading control GAPDH. The Western blot
was stained for total protein using the Ponceau stain. A representative Western blot is shown (n = 4). (E) Quantified fold change of pUbSer65 after
CCCP treatment compared with the untreated WT control. Error bars show mean + SEM (n = 4). Statistical test: ordinary one-way ANOVA with multiple
comparisons using Dunnett’s multiple comparison test. (F) Representative images of Hela cells transfected with parkin (blue) only or together with WT
PINK1 or F385S PINK1 (pink) upon 6 hours of CCCP treatment showing SSBP1 marker of mitochondria (yellow). Scale bar: 10 pm. (G, H) Mean mito-
chondrial size of SSBP1 foci after 6 hours of CCCP treatment (G); normalized count of the number of SSBP1 foci per cell (H). In both panels (G, H),
each dot represents a single-cell value. (I) Percentage of cells with mitochondrial or cytosolic parkin after 6 hours of CCCP treatment. Error bars:
mean + SEM. NT, nontransfected (n = 3). [Color figure can be viewed at wileyonlinelibrary.com]
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CellProfiler image analysis allowed for an unbiased,
automated quantification.'”** Upon expression of WT-
PINK1, there was a significant increase in the mean size
of SSBP1 profiles compared with nontransfected, parkin-
only, and F385S-PINK1 plus parkin transfected condi-
tions, indicating successful mitochondrial clustering as a
consequence of mitophagy initiation only in WT-PINK1
conditions (Fig. 2G). Concomitantly, SSBP1 mean foci
count was significantly reduced as mitochondria coa-
lesced into mitoaggresomes only in WT-PINK1-
expressing cells, again suggesting impaired mitochondrial
clustering (Fig. 2H). Because translocation of active
parkin to mitochondria depends on PINK1 kinase activ-
ity, we analyzed parkin localization upon mitochondrial
depolarization (Fig. 2I). Strikingly, upon coexpression of
parkin and WT-PINK1, parkin was found on mitochon-
dria in 83% of the cells, whereas only 1% of the cells
showed mitochondrial parkin in F385S-PINK1 condi-
tions (Fig. 2I). Overall, our data indicate an impaired
mitophagy initiation upon expression of F385S-PINK1,
confirming F385S to be a loss-of-kinase-function
mutation.

Discussion

Addressing the issue of global genetic disparity in
genomic research, we are developing a large PD genetic
catalog for the Indian population. The identification of
novel loci or novel variants in known monogenic PD
genes would help to understand the molecular mecha-
nisms. Future therapeutics targeting monogenic forms
of PD might not be equally generalizable for every pop-
ulation.?® Further, this would also allow the possibility
of linking risk variants with environmental factors in
that region because they are believed to work synergis-
tically to modify PD risk.** Here, in our ongoing mono-
genic project, we report a novel homozygous mutation
in the PINK1 gene. Interestingly, the underlying disease
inheritance highlighted a pseudodominant mode in this
family, a phenomenon that has been reported previ-
ously in European and North African patients with par-
kinsonism.?’ Although there was no consanguinity
reported at the time of sampling, analysis of ROHs pre-
dicts likely consanguinity, indicating the pse-
udodominant mode of inheritance. The majority of the
phenotypic features in this family were similar to typi-
cal PINK1 PD, with onset in the fourth decade in two
affected individuals and slightly later in the third. There
was sustained levodopa responsiveness, early fluctua-
tions and dyskinesias, and the common nonmotor
symptoms reported with this mutation.?> The atypical
features were cognitive involvement and the occurrence
of mild dysphagia for liquids, after a decade from the
onset of the disease in this family. Cognitive impair-
ment is considered rare in PINK1 mutation carriers but

P.F385S IN AN

INDIAN FAMILY WITH PD
was reported in 14% of 65 PINK1 mutation carriers in
a recent systematic review.>>

Duplication or deletion of PINK1 was ruled out by
sequencing and MLPA, and we designed the functional
experiments accordingly by expressing F385S-PINK1 in
cells lacking any functional, endogenous PINKI.
PINK1/Parkin mitophagy is one of the most widely
studied pathways to functionally characterize the role
of both PINK1 and parkin in cell culture systems, with
PD-associated mutations in PINK1 having a com-
promised canonical mitophagy.®® To functionally char-
acterize F385S-PINK1, we employed this assay and
found the F385S PINK1 mutation to be detrimental to
PINK1 kinase activity because there is absence of phos-
phorylated ubiquitin at Ser65. Consequently, parkin
activation is also affected, observed by reduced
parkin translocation and mitoaggresome formation in
F385S-PINK1 cells, which are wunable to initiate
mitophagy under depolarizing conditions. F385S-
PINK1 has a slightly shorter half-life than WT PINK1.
Thus, the reduced kinase activity of F385S mutant
PINK1 could also be attributed partially to the reduced
half-life of FL-PINK1. Our quantifications of PINK1
half-life were restricted to the FL form for reliability.

In summary, we identified a novel p.F385S PINK1
mutation in an Indian family. We characterized the
mutation both structurally and functionally and con-
cluded that this mutation results in a severe loss of its
kinase activity. Our work provides an understanding of
pathological events that are governed by PINK1 loss-
of-function mutations in PD and highlights the impor-
tance of including diversity in PD genetics. ®

Acknowledgments: We acknowledge Olmo Ruiz (Graduate Training
Centre of Neuroscience, University of Tiibingen) for performing site-directed
mutagenesis and Jana Staib (Interfaculty Institute for Cell Biology, University
of Tiibingen) for helping with the plating and transfection of cells. We thank
Roland L. Dunbrack (Fox Chase Cancer Center, Philadelphia, PA, USA) for
assisting us with the usage of KinCore and Ann-Kathrin Hauser (Hertie Insti-
tute for Clinical Brain Research, University of Tiibingen) for performing the
MLPA analysis. We thank the HIH-CIN Imaging Cluster of Microscopy
Core Facility of the Medical Faculty at the University of Tuibingen for provid-
ing support (especially Olga Oleksiuk) and instrumentation. Open Access
funding enabled and organized by Projekt DEAL.

Data Availability

The information on genetic variants from the
Cataloging Genetic Architecture of PD cohort is avail-
able upon request from the corresponding author.

References

1. Valente EM, Abou-Sleiman PM, Caputo V, et al. Hereditary early-
onset Parkinson’s disease caused by mutations in PINK1. Science 2004;
304(5674):1158-1160. https:/doi.org/10.1126/science. 1096284

2. Schneider SA, Klein C. PINK1 type of young-onset Parkinson dis-
ease. In: Adam MP, Mirzaa GM, Pagon RA, eds. Seattle (WA):
GeneReviews®; 1993.

Movement Disorders, 2024 7

d ‘0 “LSTSIEST

sdiy woxy

sdiy) SUONIPUO) pue SuLd 1, Y 39S “[KZ0/F0/60] U0 A1eIqrT QUIUQ ASTIA DBUIEYL L ¥OUIONQIGS LUBNSIOAIUN AQ Z6L6T'SPU/Z001"01/10P/WOY D1

0o Kaqm A

- PUE-SULIO) L

ASULOIT SUOWIO)) dANEaI)) d[qearjdde oy Aq pauIoA0S dIe SA[ONIER Y 2SN JO SA[NI 10} AIBIqIT AUI[UQ AS[IA UO (¢


https://doi.org/10.1126/science.1096284

SHARMA ET AL J
3. Trempe JF, Gehring K. Structural mechanisms of mitochondrial relevant cardiac ion channelopathy variants. Hum Genomics 2022;

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

quality control mediated by PINK1 and Parkin. ] Mol Biol 2023;
435(12):168090. https://doi.org/10.1016/j.jmb.2023.168090

Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol
Cell Biol 2011;12(1):9-14. https://doi.org/10.1038/nrm3028

Gan ZY, Callegari S, Cobbold SA, et al. Activation mechanism of
PINK1. Nature 2022;602(7896):328-335. https://doi.org/10.1038/
s41586-021-04340-2

Rasool S, Veyron S, Soya N, et al. Mechanism of PINK1 activation
by autophosphorylation and insights into assembly on the TOM
complex. Mol Cell 2022;82(1):44. https://doi.org/10.1016/j.molcel.
2021.11.012

Gladkova C, Maslen SL, Skehel JM, et al. Mechanism of parkin acti-
vation by PINK1. Nature 2018;559(7714):410-414. https://doi.org/
10.1038/s41586-018-0224-x

Kane LA, Lazarou M, Fogel Al, et al. PINK1 phosphorylates
ubiquitin to activate Parkin E3 ubiquitin ligase activity. J Cell Biol
2014;205(2):143-153. https://doi.org/10.1083/jcb.201402104

Kazlauskaite A, Kondapalli C, Gourlay R, et al. Parkin is activated
by PINK1-dependent phosphorylation of ubiquitin at Ser65. Bio-
chem ] 2014;460(1):127-139. https://doi.org/10.1042/BJ20140334

Kondapalli C, Kazlauskaite A, Zhang N, et al. PINK1 is activated
by mitochondrial membrane potential depolarization and stimulates
Parkin E3 ligase activity by phosphorylating serine 65. Open Biol
2012;2(5). https://doi.org/10.1098/rsob.120080

Koyano F, Okatsu K, Kosako H, et al. Ubiquitin is phosphorylated
by PINK1 to activate parkin. Nature 2014;510(7503):162. https://
doi.org/10.1038/nature13392

Ordureau A, Sarraf SA, Duda DM, et al. Quantitative proteomics
reveal a feedforward mechanism for mitochondrial PARKIN translo-
cation and ubiquitin chain synthesis. Mol Cell 2014;56(3):360-375.
https://doi.org/10.1016/j.molcel.2014.09.007

Lazarou M, Jin SM, Kane LA, et al. Role of PINK1 binding to the
TOM complex and alternate intracellular membranes in recruitment
and activation of the E3 ligase Parkin. Dev Cell 2012;22(2):320-
333. https://doi.org/10.1016/j.devcel.2011.12.014

Okatsu K, Oka T, Iguchi M, et al. PINK1 autophosphorylation
upon membrane potential dissipation is essential for Parkin recruit-
ment to damaged mitochondria. Nat Commun 2012;3. https://doi.
org/10.1038/ncomms2016

Shiba-Fukushima K, Imai Y, Yoshida S, et al. PINK1-mediated
phosphorylation of the Parkin ubiquitin-like domain primes mito-
chondrial translocation of Parkin and regulates mitophagy. Sci Rep-

UK 2012;2. https://doi.org/10.1038/srep01002

Wauer T, Simicek M, Schubert A, et al. Mechanism of phospho-
ubiquitin-induced PARKIN activation. Nature 2015;524(7565):370.
https://doi.org/10.1038/nature14879

Geisler S, Holmstrom KM, Skujat D, et al. PINK1/Parkin-mediated
mitophagy is dependent on VDAC1 and p62/SQSTM1. Nat Cell
Biol 2010;12(2):119-170. https://doi.org/10.1038/ncb2012

Wang X, Winter D, Ashrafi G, et al. PINK1 and Parkin target Miro
for phosphorylation and degradation to arrest mitochondrial motility.
Cell 2011;147(4):893-906. https://doi.org/10.1016/j.cell.2011.10.018

Lechado-Terradas A, Schepers S, Zittlau KI, et al. Parkin-dependent
mitophagy occurs via proteasome-dependent steps sequentially targeting
separate mitochondrial sub-compartments for autophagy. Autophagy Rep
2022;1(1):576-602. https://doi.org/10.1080/27694127.2022.2143214

Ibanez P, Lesage S, Lohmann E, et al. Mutational analysis of the
PINK1 gene in early-onset parkinsonism in Europe and North Africa.
Brain 2006;129(3):686-694. https://doi.org/10.1093/brain/awl005

Bajaj A, Senthivel V, Bhoyar R, et al. 1029 genomes of self-declared
healthy individuals from India reveal prevalent and clinically

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

16(1):30. https://doi.org/10.1186/s40246-022-00402-2

Jain A, Bhoyar RC, Pandhare K, et al. IndiGenomes: a comprehen-
sive resource of genetic variants from over 1000 Indian genomes.
Nucleic Acids Res 2021;49(D1):D1225-D1232. https://doi.org/10.
1093/nar/gkaa923

Jumper ], Evans R, Pritzel A, et al. Highly accurate protein structure
prediction with AlphaFold. Nature 2021;596(7873):583-589.
https://doi.org/10.1038/s41586-021-03819-2

Varadi M, Anyango S, Deshpande M, et al. AlphaFold protein structure
database: massively expanding the structural coverage of protein-
sequence space with high-accuracy models. Nucleic Acids Res 2022;
50(D1):D439-D444. https://doi.org/10.1093/nar/gkab1061

Kellogg EH, Leaver-Fay A, Baker D. Role of conformational sampling
in computing mutation-induced changes in protein structure and stabil-
ity. Proteins 2011;79(3):830-838. https://doi.org/10.1002/prot.22921

Wettengel J, Reautschnig P, Geisler S, et al. Harnessing human
ADAR2 for RNA repair — recoding a PINK1 mutation rescues
mitophagy. Nucleic Acids Res 2017;45(5):2797-2808. https://doi.
org/10.1093/nar/gkw911

Greene AW, Grenier K, Aguileta MA, et al. Mitochondrial
processing peptidase regulates PINK1 processing, import and Parkin
recruitment. EMBO Rep 2012;13(4):378-385. https://doi.org/10.
1038/embor.2012.14

Lin W, Kang UJ. Characterization of PINK1 processing, stability,
and subcellular localization. J Neurochem 2008;106(1):464-474.
https://doi.org/10.1111/.1471-4159.2008.05398.x

Deas E, Plun-Favreau H, Gandhi S, et al. PINK1 cleavage at position
A103 by the mitochondrial protease PARL. Hum Mol Genet 2011;
20(5):867-879. https://doi.org/10.1093/hmg/ddq526

Ando M, Fiesel FC, Hudec R, et al. The PINK1 p.I368N mutation
affects protein stability and ubiquitin kinase activity. Mol Neu-
rodegener  2017;12(1):32.  https://doi.org/10.1186/s13024-017-
0174-z

Denison SR, Wang F, Becker NA, et al. Alterations in the common
fragile site gene Parkin in ovarian and other cancers. Oncogene

2003;22(51):8370-8378. https://doi.org/10.1038/sj.0onc.1207072

Zittlau KI, Lechado-Terradas A, Nalpas N, et al. Temporal analysis
of protein Ubiquitylation and phosphorylation during Parkin-
dependent Mitophagy. Mol Cell Proteomics 2022;21(2):100191.
https://doi.org/10.1016/j.mcpro.2021.100191

Blauwendraat C, Nalls MA, Singleton AB. The genetic architecture
of Parkinson’s disease. Lancet Neurol 2020;19(2):170-178. https:/
doi.org/10.1016/5S1474-4422(19)30287-X

Perinan MT, Brolin K, Bandres-Ciga S, et al. Effect modification
between genes and environment and Parkinson’s disease risk. Ann
Neurol 2022;92(5):715-724. https://doi.org/10.1002/ana.26467

Kasten M et al. Genotype-phenotype relations for the Parkinson’s
disease genes Parkin, PINK1, DJ1: MDSGene systematic review.
Mov Disord 2018;33(5):730~741.

Geisler S, Holmstrom KM, Treis A, et al. The PINK1/Parkin-mediated
mitophagy is compromised by PD-associated mutations. Autophagy
2010;6(7):871-878. https://doi.org/10.4161/auto.6.7.13286

Supporting Data

Additional Supporting Information may be found in

the online version of this article at the publisher’s
web-site.

Movement Disorders, 2024

d ‘0 “LSTSIEST

:sdny woxy

9SUIIT SuOWWO)) AN d[qearjdde oy Aq paurosoS ae sa[oNIR YO (asn Jo sa[NI 10 A1RIqIT dUI[uQ AS[IA\ UO (SUOT)IPUOD-PUB-SULId} WO AS[IM ATRIqI[oUI[UO//:sdNY) SUONIPUO) Pue SWId ], 3y} 39S “[$707/#0/60] U0 A1eiqry auruQ A[1p\ ‘oSurgy e YOylo1qIqs [oISIOAIUN £q Z6L6T SPW/Z00T 0 1/10p/wod Ka[im A:


https://doi.org/10.1016/j.jmb.2023.168090
https://doi.org/10.1038/nrm3028
https://doi.org/10.1038/s41586-021-04340-2
https://doi.org/10.1038/s41586-021-04340-2
https://doi.org/10.1016/j.molcel.2021.11.012
https://doi.org/10.1016/j.molcel.2021.11.012
https://doi.org/10.1038/s41586-018-0224-x
https://doi.org/10.1038/s41586-018-0224-x
https://doi.org/10.1083/jcb.201402104
https://doi.org/10.1042/BJ20140334
https://doi.org/10.1098/rsob.120080
https://doi.org/10.1038/nature13392
https://doi.org/10.1038/nature13392
https://doi.org/10.1016/j.molcel.2014.09.007
https://doi.org/10.1016/j.devcel.2011.12.014
https://doi.org/10.1038/ncomms2016
https://doi.org/10.1038/ncomms2016
https://doi.org/10.1038/srep01002
https://doi.org/10.1038/nature14879
https://doi.org/10.1038/ncb2012
https://doi.org/10.1016/j.cell.2011.10.018
https://doi.org/10.1080/27694127.2022.2143214
https://doi.org/10.1093/brain/awl005
https://doi.org/10.1186/s40246-022-00402-2
https://doi.org/10.1093/nar/gkaa923
https://doi.org/10.1093/nar/gkaa923
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1002/prot.22921
https://doi.org/10.1093/nar/gkw911
https://doi.org/10.1093/nar/gkw911
https://doi.org/10.1038/embor.2012.14
https://doi.org/10.1038/embor.2012.14
https://doi.org/10.1111/j.1471-4159.2008.05398.x
https://doi.org/10.1093/hmg/ddq526
https://doi.org/10.1186/s13024-017-0174-z
https://doi.org/10.1186/s13024-017-0174-z
https://doi.org/10.1038/sj.onc.1207072
https://doi.org/10.1016/j.mcpro.2021.100191
https://doi.org/10.1016/S1474-4422(19)30287-X
https://doi.org/10.1016/S1474-4422(19)30287-X
https://doi.org/10.1002/ana.26467
https://doi.org/10.4161/auto.6.7.13286

SGML and CITI Use Only
DO NOT PRINT

Author Roles

Karan Sharma: validation, formal analysis, investigation, writing—original draft, writing—review and editing, and
visualization. Asha Kishore: investigation, resources, writing—review and editing, and funding acquisition. Anna
Lechado-Terradas: validation, formal analysis, investigation, writing—original draft, writing—review and editing,
and visualization. Raffaele Passannanti: formal analysis, investigation, and visualization. Francesco Raimondi: formal
analysis, investigation, visualization, supervision, and writing—original draft. Marc Sturm: methodology, software,
formal analysis, investigation, and writing—review and editing. Ashwin Ashok Kumar Sreelatha: methodology, soft-
ware, formal analysis, and visualization. Divya Kalikavila Puthenveedu: resources and investigation. Gangadhara
Sarma: resources and investigation. Nicolas Casadei: methodology, software, validation, formal analysis, and investi-
gation. Rejko Kriiger: resources and writing—review and editing. Thomas Gasser: resources and validation. Philipp
Kahle: methodology, resources, writing—original draft, writing—review and editing, and supervision. Olaf Riess:
resources and writing—review and editing. Julia C. Fitzgerald: conceptualization, methodology, investigation, formal
analysis, resources, writing—original draft, writing—review and editing, and supervision. Manu Sharma: conceptual-
ization, methodology, resources, validation, formal analysis, writing—review and editing, project administration,
supervision, and funding acquisition.

Financial Disclosures

This study was supported by The Michael J. Fox Foundation, USA, GP2, and The German Research Council-
Deutsche Forschungsgemeinschaft (DFG). M.S. was supported by funding from The Michael J. Fox Foundation and
GP2 (Grants MJFF-11879, 17473, 009411, and 023430) and DFG (Grant SH599/16-1). P.K,, J.C.F., A.L.-T., and
K.S. acknowledge support from the DFG, German Research Council, Research Training Group (MOMbrane
654651/GRK2364). The authors declare that there are no conflicts of interest relevant to this work. The authors
declare that there are no additional disclosures to report.

d ‘0 “LSTSIEST

sdy woxy

sdiy) SUONIPUO) pue SuLd 1, Y 39S “[KZ0/F0/60] U0 A1eIqrT QUIUQ ASTIA DBUIEYL L ¥OUIONQIGS LUBNSIOAIUN AQ Z6L6T'SPU/Z001"01/10P/WOY D1

105 Ko &

- PUE-SULIO) L

QSULIIT SUOWIO)) dANEaI)) d[qearjdde oy Aq pauIoA0S dIe SA[ONIER YO 98N JO SA[NI 10] AIRIQIT AUI[UQ AS[IA UO (SUOL



MCP RESEARCH ARTICLE COLLECTION: NEUROSCIENCE

Proteome Dynamics in iPSC-Derived Human
Dopaminergic Neurons

Authors

Claudia Cavarischia-Rega, Karan Sharma, Julia C. Fitzgerald, and Boris Macek

Correspondence

Julia.Fitzgerald@uni-tuebingen.
de; boris.macek@uni-tuebingen.
de

In Brief

Our study provides in-depth
proteome analysis of iPSC-
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dynamic SILAC to measure half-
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provide evidence for local
protein synthesis and trafficking
between axons and the soma.
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reference for studying axonal
proteins and a resource for
researchers working on protein
biology of hDaNs.
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Dopaminergic neurons participate in fundamental physi-
ological processes and are the cell type primarily affected
in Parkinson’s disease. Their analysis is challenging due to
the intricate nature of their function, involvement in
diverse neurological processes, and heterogeneity and
localization in deep brain regions. Consequently, most of
the research on the protein dynamics of dopaminergic
neurons has been performed in animal cells ex vivo. Here
we use iPSC-derived human mid-brain-specific dopami-
nergic neurons to study general features of their proteome
biology and provide datasets for protein turnover and dy-
namics, including a human axonal translatome. We cover
the proteome to a depth of 9409 proteins and use dynamic
SILAC to measure the half-life of more than 4300 proteins.
We report uniform turnover rates of conserved cytosolic
protein complexes such as the proteasome and map the
variable rates of turnover of the respiratory chain com-
plexes in these cells. We use differential dynamic SILAC
labeling in combination with microfluidic devices to
analyze local protein synthesis and transport between
axons and soma. We report 105 potentially novel axonal
markers and detect translocation of 269 proteins between
axons and the soma in the time frame of our analysis
(120 h). Importantly, we provide evidence for local syn-
thesis of 154 proteins in the axon and their retrograde
transport to the soma, among them several proteins
involved in RNA editing such as ADAR1 and the RNA
helicase DHX30, involved in the assembly of mitochondrial
ribosomes. Our study provides a workflow and resource
for the future applications of quantitative proteomics in
iPSC-derived human neurons.

Dopaminergic neurons are a subset of neurons within the
central nervous system characterized by their synthesis and
release of dopamine, a pivotal neurotransmitter (1). They are
predominantly localized in discrete brain regions, notably the
Substantia nigra (SN) and the ventral tegmental area (2), and
they participate in fundamental physiological processes that
include motor control, reward mechanisms, motivation, and
mood regulation (3). The study of dopaminergic neurons
poses significant challenges owing to their heterogeneity and

t

, Julia C. Fitzgerald®, and

localization in deep brain structures, impeding direct access
for experimental interventions (2, 4). Dopaminergic neurons
are especially relevant in the context of Parkinson’s disease
(PD), which is characterized by their selective loss in the SN
region of the midbrain (5). Recently, extensive investigations
into the proteome of this specific neuronal subtype in PD was
performed using post mortem brain tissue from patients (6),
but there are no dynamic studies of cultured human dopa-
minergic neurons, which are a mainstay model system.

Quantitative proteomics has long since contributed to our
understanding of proteomic alterations associated with
neurodegenerative disorders, including PD, Huntington’s dis-
ease, Schizophrenia, and Alzheimer’'s disease (AD) (6-10).
Several proteomics studies have scrutinized the bulk prote-
ome and post-translational modification (PTMome) (11) of
human induced pluripotent stem cell (iPSC)-derived mid-
brain-specific dopaminergic neurons (hDaNs) models of fa-
milial (12-15) and sporadic PD (16). Other studies have
focused on the synaptic proteome of striatal dopaminergic
terminals in mice (17) and, recently, the distinct protein
expression profiles in the axons and soma of dopaminergic
neurons in mice (18).

Protein turnover is defined by the rates of protein synthesis
and degradation, and it is previously shown to be dependent
on the cell type (19). This underscores a necessity for a
reference dataset that focuses on the turnover of the proteins
in hDaNs. Dynamic Stable Isotope Labeling with Amino acids
in Cell culture (SILAC) has emerged as a powerful tool for
investigating protein turnover (20-22). Studies on protein
turnover in mice (23, 24) and rats (25-27) have provided crucial
insights into the cellular dynamics of dopaminergic neurons,
yet further work in human cells is needed to bring forward
methods and resources for translational research and pre-
clinical studies.

Axons are elongated subcellular compartments protruding
from the cell body (soma). Proper arborization of axons and
synapses are essential for neuronal function. Increasing evi-
dence suggests that early primary cilia impairments (affecting
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neuronal development, axon pathfinding, and migration)
contribute to PD etiology (28-30). Axons possess the ma-
chinery for protein synthesis, including mRNA, ribosomes, and
other necessary factors (31-34). Regulation of the local
translation of mMRNAs and protein degradation enables spatial
and temporal control of the axonal proteome in response to
multiple stimuli (35). Local translation in axons is especially
important for axonal guidance and synaptic plasticity, due to
the considerable distance from the soma, the primary site for
protein synthesis in neurons (36). Recent work has also
highlighted the importance of local translation in axons to
support mitophagy (37), a form of mitochondrial quality control
associated with aging and PD (38-40). The study of local
protein synthesis using pulsed SILAC in primary neurons
derived from Xenopus embryos has shown that different
guidance cues can induce rapid synthesis of new proteins in
the axons within minutes (41). Microfluidic devices have been
used to study axonal injury and regeneration, where the au-
thors also demonstrated their utility in providing fluidic isola-
tion between the wells (42). These devices have also been
used for targeted studies, for example, to investigate the ef-
fect of a mutation in the neurofilament light gene in human
iPSC-derived motor neurons (43) or to study the replication of
mitochondrial DNA in the axons, operating independently of
the soma in primary neurons from mice (44). Furthermore,
there is a large body of work demonstrating retrograde
transport of murine proteins (Importin 1, Stat3, mTOR, CREB,
and ATF4) synthesized in axons in response to injury stimuli
(45-49).

In this study, we employ a workflow based on mass spec-
trometry and stable isotope labeling of neurons, in combina-
tion with cell culture in microfluidic devices, to uncover protein
composition, turnover dynamics, and spatial regulation of
proteins in untreated human iPSC-derived hDaNs from a
healthy donor. We cover approximately 9400 proteins and use
dynamic SILAC to measure the half-life of more than 4300
proteins. We employ differential dynamic SILAC labeling in
combination with microfluidic devices to analyze local protein
synthesis and transport between axons and soma. We report
novel axonal markers and detect translocation of proteins
between axons and the soma. Importantly, we provide evi-
dence for local synthesis of over 150 proteins in the axon and
their retrograde transport to the soma.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

All experiments were performed in biological triplicates, all of which
presented independent differentiations of iPSC-derived hDaNs. For
the turnover dataset, only proteins with detectable label incorporation
in at least four out of five times points in at least two out of three
replicates were taken into consideration. For the data from microfluidic
devices, only proteins with label incorporation in two out of three
replicates were taken into consideration. These filtering criteria were

chosen as a compromise between statistical stringency and number
of data points that remain after filtering. Statistical analysis was per-
formed with two-tailed unpaired t test in GraphPad Prism. Significance
is indicated by asterisks: *p < 0.05, **p < 0.01, *™p < 0.001. For the
pathway enrichment analysis, a Fisher exact test with a false discovery
rate (FDR) < 0.05 was performed.

Generation of neural progenitor cells and Differentiation to hDaNs

Human Dopaminergic Neuron Differentiation— An iPSC line derived
from a healthy female donor was previously generated and charac-
terized by Schwarz, et.al., 2021 (50). Briefly, iPSCs were used to
generate human dopaminergic neurons (hDaNs) via neural progenitor
cell intermediates using chemical induction as described in Schwarz,
et. al., 2022 (51) and based on a protocol described by Reinhardt, et.
al., 2013 (52) with slight modification (13). Experiments were per-
formed at day 18 (mature hDaNs) and the cells were harvested at day
23 for proteomic analysis.

Characterization of hDaNs—The efficiency of differentiation was
validated with immunofluorescence data (Supplemental Fig. S5, A and
B) and analysis of the proteomic dataset for dopaminergic markers
compared with markers of mature neurons and their subtypes (TH for
dopaminergic neurons, TPH for serotonergic neurons, GAD1 for
GABAergic neurons, and ChAT for cholinergic neurons) (Supplemental
Fig. S5C). These data are in line with previous, published character-
ization of mid-brain—-specific dopaminergic neurons differentiated via
neuronal progenitors using the same protocol and same cells (13, 52).

Culturing hDaNs in Microfluidic Devices—On day 9 post-
differentiation start, cells were dissociated using Accumax, Cell
Dissociation Solution (#P10-21200, PAN-Biotech) and plated onto
XonaChips XC900 (# XC900, Xona Microfluidics) at a density of
70,000 cells per chamber in the proximal or somatodendritic well
(140,000 cells in total), according to the manufacturer’s protocol.
hDaN differentiation was then induced and specific experiments were
performed after maturation at day 18 post-differentiation start and
harvested at the day 23 post-differentiation.

Imaging

Eighteen days prior to imaging, 140,000 differentiating hDaNs (day
9 post differentiation start) were seeded on Matrigel-coated Xona
XC900 Microfluidic chip. For labeling of mitochondria and neutral
lipids, hDaNs (day 27 post differentiation start) were stained continu-
ously at 37 °C with 5% CO2 with 100 nM MitoTracker deep red
(#M22426, Thermo Fisher Scientific) and 4.77 pM Bodipy (#790389-
500 MG, Sigma), respectively. For imaging, the medium was not
replaced and a Leica DMi8 Microscope (4 x and 10x objective) with
the LASX software was used.

For imaging on microscopy slides, ~30,000 differentiating hDaNs
(day 15 post differentiation start) were seeded on matrigel-coated
coverslips. On day 18, the cells were fixed using 4% para-
formaldehyde solution for 15 min at room temperature. Post fixation,
the cells were permeabilized and blocked using a 1% bovine serum
albumin (BSA) + 0.3% Triton X-100 solution in PBS for 1 h. The pri-
mary antibodies STMN2 (mouse, #sc-135620, SantaCruz), DHX30
(rabbit, ab254660, Abcam), and GAP43 (rabbit, #NB300-143SS,
Novus) were added at 1:500 dilution in 1% BSA + 0.1% Triton X-100
solution in PBS overnight at room temperature. The following day,
secondary antibodies goat anti-mouse 488 and goat anti-rabbit 488
were added at 1:500 in 1% BSA + 0.1% Triton X-100 solution in PBS
for 1 h at room temperature protected from direct light. The cells were
washed with PBS three times and incubated with Hoechst stain
(#H3569, Molecular Devices) at 1:5000 in PBS for 5 min. The cells
were then washed with PBS and mounted with Dako fluorescent
mounting medium (#S3023, Agilent) and placed onto microscopy
slides, sealed with nail polish, and stored at 4 °C prior to imaging. For
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imaging, Zeiss Imager.Z1 equipped with an ApoTome.2 and an Axi-
oCam MRm was used and the images were captured using the 40x
and 63x objective. ImageJ2 (Fiji) was used for processing the images.

For fixed cells imaging on microfluidic devices, the same fixation,
permeabilization, blocking, and antibody addition protocol was fol-
lowed as described above. Tyrosine hydroxylase antibody (mouse,
#sc-25269, Santa Cruz) was used at 1:500 dilution. The secondary
antibodies goat anti-mouse 488 was used at 1:500 dilution. Following
antibodies staining, Hoechst stain was added followed by a PBS wash
and Dako fluorescent mounting medium was added to the top wells as
advised by Xona microfluidic manual for immunofluorescence stain-
ing. The images were captured using Leica DMi8 Microscope (4x and
10x objective). The images were processed using ImageJ2 (Fiji).

Treatments

Dulbecco’s modified Eagle’s medium (DMEM)-SILAC (Sigma-
Aldrich) lacking arginine and lysine supplemented with penicillin/
streptomycin (100 U/ml, PAN) and stable isotope-encoded arginine
and lysine was added to the cells. The ‘light’ SILAC media was sup-
plemented with L-['?Cg,"*N,] lysine (Lys0) and L-['?Cg,'*N,] arginine
(Arg0) (Cambridge Isotope Laboratories), whereas L-[2H,] lysine (Lys4)
and L-['®Cg] arginine (Arg6) were added to the ‘medium-heavy’ SILAC
media and L-['3Cq,'®N,] lysine (Lys8) and L-['3Cg,'®N,] arginine
(Arg10) to ‘heavy’ SILAC media.

For the turnover dataset, hDaNs (on day 18) were cultured in
DMEM-SILAC heavy/medium-heavy media for 0, 6, 12, 48, 72, and
120 h and were all harvested on day 23. For the 120 h timepoint,
hDaNs were cultured in SILAC medium on day 18, while for the 72 h
timepoint, hDaNs were cultured in SILAC media on day 20 and similar
for the other timepoints. This was done so that the cells were har-
vested on day 23, all at the same time and to avoid differences that
could arise due to the cell’s maturation state.

For the experiments in microfluidic devices, after axons protruded
through the microgroove barriers, DMEM-SILAC “medium-heavy”
medium was added in the somatodendritic enriched well and DMEM-
SILAC “heavy” was added in the axonal well for 12, 48, 72, and 120 h.
At the somatodendritic (proximal) well, 150 ul media was added, while
at the axonal (distal) well, 120 pl media was added to create hydro-
static pressure and ensure fluidic isolation between the two wells. The
cells were harvested on day 23 for all timepoints.

To prevent protein translation, 100 uM cycloheximide (CHX) solu-
tion (#239765, Calbiochem) was used (33) and added to the soma-
todendritic well and/or to the axonal side.

Sample Preparation for Mass Spectrometry Analysis

Cell Lysis—For data-independent acquisition (DIA) and turnover
dataset, cells pellets were lysed with urea lysis buffer (6 M urea, 2 M
thiourea, 60 mM Tris pH 8.0) and kept on ice for 20 min. DNA and RNA
were removed from the cell lysate using benzonase (1 U/ml, Merck
Millipore) for 10 min at room temperature (RT) and samples centri-
fuged for 10 min at 13,000 rpm and 4 °C.

Protein quantification was performed with Bradford reagent, using a
standard curve with known concentrations of BSA, and the absor-
bance was measured at 595 nm.

Extraction from Microfluidic Devices—The cells were washed with
PBS (#D8537, Sigma-Aldrich) followed by the addition of 30 pl of urea
lysis buffer (6 M urea, 2 M thiourea, 60 mM Tris pH 8.0) into each well.
A 10 pl pipette tip was used to scrape the surface of the device and
the lysates were collected and stored at —-80 °C until further analysis.

Protein In-Solution Digestion—Proteins were reduced with 10 mM
of DTT for 1 hour, alkylated with 55 mM iodoacetamide for 1 hour, and
digested with Lys-C (Lysyl Endopeptidase, Wako Chemicals) for
3 hours at RT. Afterwards, four volumes of 10 mM ammonium

bicarbonate were added and proteins were digested with trypsin
(Promega Corporation) overnight. To stop the digestion, 1% TFA was
added.

High pH Reverse-Phase Chromatography—For the DIA and turn-
over datasets, samples were fractionated with the Pierce High pH
Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific,
Kit #84868). First, the samples were purified by solid phase extraction
on Sep-Pak C18 cartridges (Waters). Hundred micrograms of peptides
were loaded in the conditioned spin columns and separated into nine
fractions according to the hydrophobicity. Elution was done with a
steep gradient of acetonitrile and ammonia (6%-50% acetonitrile in
10 mM NH4OH). Finally, fractions were acidified to pH to <2.7 with
TFA, dried by vacuum centrifugation, and purified on C18 StageTips
prior LC-MS/MS measurements.

LC-MS Measurement

Peptide samples were measured on an Exploris 480 mass spec-
trometer (Thermo Fisher Scientific) online-coupled to an Easy-nLC
1200 UHPLC (Thermo Fisher Scientific). Peptides were separated
using a 20-cm-long, 75-pm-inner diameter analytical HPLC column (ID
PicoTip fused silica emitter; New Objective) packed in-house with
ReproSil-Pur C18-AQ 1.9-um silica beads (Dr Maisch GmbH).

For DIA analysis, samples were measured using 90 min LC gradient
which was optimized for each HpH fraction. The full scan range was
set to 400 to 1000 m/z at a resolution of 120k. Fragment ions were
analyzed in 40 DIA windows, with an isolation window of 15 Th (1 Th
overlap), at a resolution of 30,000.

In the turnover experiment, samples were measured using 90 min
gradient optimized for each HpH fraction. Automatic gain control was
set to “standard” and the mass spectrometer was operated in the
positive ion mode. Full MS scans were acquired in a range of 300 to
1750 m/z at resolution of 60,000. Twenty most intense multiply
charged ions were selected for HCD fragmentation with a dynamic
exclusion period of 30 s and tandem MS (MS/MS) spectra were ac-
quired at resolution of 30.000.

For all measurements of samples from microfluidic devices, pep-
tides were eluted using a 60-min segmented gradient from to 10-33 to
50 to 90% of solvents A (0.1% formic acid) and B (80% acetonitrile in
0.1% formic acid) at a constant flow rate of 200 nl/min. The mass
spectrometer was operated in the positive ion mode. Full MS scans
were acquired in a range of 300 to 1750 m/z at resolution of 120,000.
20 most intense multiple-charged ions were selected for HCD frag-
mentation with a dynamic exclusion period of 30 s and MS/MS
spectra were acquired at resolution of 15,000. Automatic gain control
set to “custom”.

The column temperature was maintained at 40 °C using an inte-
grated Sonation column oven. Peptides were ionized using nanospray
ionization; the source temperature was set to 275 °C.

MS Data Processing

The LC-MS/MS acquired DDA raw data was processed using the
MaxQuant software package (version 2.2.0.0.). Spectra were searched
against Uniprot Homo sapiens database (103,830 entries, downloaded
2022/12/16) and 286 commonly observed laboratory contaminants.
The SILAC labels were defined as follows: LysO and Arg0 as the
“light,” Lys4 and Arg6 as the “medium-heavy,” and Lys8 and Arg10 as
the “heavy” channel. Carbamidomethylation on cysteine was set as a
fixed modification, while N-terminal acetylation and methionine
oxidation were selected as variable modifications. For MS and MS/
MS, the peptide mass tolerance was set at 4.5 ppm and 20 ppm,
respectively. Only two missed cleavages were allowed for the tryptic
digestion. FDR was set to 1% at both peptide and protein level.
Intensity-based absolute quantification (iBAQ) was enabled. For the
turnover dataset, the “requantification” option was enabled.
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For the DIA dataset, the MaxDIA version 2.4.2.0. was used in
discovery mode, and the default parameters were used unless
otherwise stated. Label-free quantification was enabled. In silico—-
predicted library for all human peptides with up to one missed
cleavage was downloaded on 30.05.2023 from http://annotations.
perseus-framework.org. The spectral libraries of peptides were
uploaded to the MaxQuant software in the form of ‘evidence’ and
‘msms’ files. Carbamidomethylation on cysteine was set as a fixed
modification, while N-terminal acetylation and methionine oxidation
were selected as variable modifications. For MS and MS/MS, the
peptide mass tolerance was set at 4.5 ppm and 20 ppm,
respectively. Only two missed cleavages were allowed for the
tryptic digestion. FDR was set to 1% at both peptide and protein
level. Label-free quantification and iBAQ were enabled.

MS Data Analysis and Statistical Analysis

Downstream analysis of the ‘proteinGroups.txt’ output table was
performed in Perseus (version 1.6.15.0). Contaminants, “reversed”
protein hits and proteins only identified by one site were filtered out.
Proteins were functionally annotated with Gene Ontology (GO) Bio-
logical Processes, GO Cellular Compartment, GO Molecular Func-
tions, and Kyoto Encyclopedia of Genes and Genomes, as well as
MitoCarta3.0.

The fisher exact test (FDR <0.5) was used to assess the over-
represented categories. It was performed with the PANTHER Classi-
fication System software (Version 18.0 released 2023-08-01), available
online at https://www.pantherdb.org (53).

For the turnover experiment, normalized protein H/L ratios from
proteinGroups.txt were used for protein quantification. Only proteins
with ratios in four out of five time points in two out of three replicates
were considered.

Label incorporation was calculated with the following formula:

Heavy label intensity  Medium label intensity
>’ label intensity >, label intensity

Q)

Protein turnover rate (k) was determined using a described
formula (54) independent of the growth rate (Equation 2), by linear
regression of the natural logarithm of protein SILAC H/L ratio over
time, where m is the number of time points (ti) and rti is protein H/
L ratio measured in a time point ti. To determine the half-life of a
protein (T1/2), the turnover rate k was divided by the natural
logarithm (Equation 3).

7, oy + 1)

k m
2t
i=1

@

2

Tip =% @)

Protein turnover rates are reported in the Supplemental Table S2.
For the microfluidic experiment, label incorporation was calculated
following Equation 1 from the intensities found in proteinGroups.txt.
For generation of Venn diagrams, the online tool https://www.
stefanjol.nl/venny  and https://bioinfogp.cnb.csic.es/tools/venny/
index.html were used. Box plot analysis of label incorporation was
prepared in the online tool: http://shiny.chemgrid.org/boxplotr/.
Additional graphical visualization was performed in the R environment
(version 4.1.1) and in GraphPad (version 8.0.1.). Statistical analysis
was performed with two-tailed unpaired t test in GraphPad Prism.
Significance is indicated by asterisks: *»p < 0.05, *p < 0.01,

*kok

0 < 0.001.

RESULTS

To perform a comprehensive analysis of proteome dy-
namics of hDaNs, we used three distinct workflows (Fig. 1). In
order to maximize the proteome coverage, we first performed
in-depth identification of proteins in hDaN cultures by high-pH
fractionation followed by MS measurement using DIA. We
next focused on the investigation of protein turnover using
dynamic SILAC labeling of hDaNs under standard cell culture
conditions. Finally, we analyzed differential expression, local
synthesis, and trafficking of proteins between the axon and
the soma by combining dynamic SILAC with culturing of
neurons in microfluidic devices that featured physical sepa-
ration of axons and soma. The hDaNs were differentiated from
healthy human iPSCs using a previously described protocol
(52) and characterization (13, 50-52, 55). Characterization of
the markers of mature neuronal subtypes by microscopy
(Supplemental Fig. S5, A and B) and mass spectrometry
(Supplemental Fig. S5C) confirmed the dopaminergic lineage.

The Proteome of iPSC-Derived hDaNs to a Depth of 9409
Proteins

Healthy hDaNs were bulk-harvested at day 23 from three
independent hDaN differentiations. After trypsin digestion,
peptides were fractionated using high pH reversed-phase
chromatography and measured by DIA on an Orbitrap
Exploris 480 instrument. This resulted in the identification of
9409 protein groups. Based on the coverage of annotated
mitochondrial proteins (913 or 80.6%) and mitochondrial outer
membrane proteins (91 or 81.3%), we estimate similar
coverage of the cellular proteome (Supplemental Fig. S1, A
and B and Supplemental Table S1-1). Identified proteins were
stratified according to their intensity into five bins
(Supplemental Fig. S1C); the Fisher exact test (FDR< 0.05)
was performed to determine which molecular pathways, ac-
cording to Panther (53, 56), were enriched in each intensity bin
(Supplemental Fig. S1D and Supplemental Table S1-2). Within
the bin with the highest DIA intensity, we detected a significant
over-representation of proteins involved in Huntington’s dis-
ease, Parkinson’s disease, and Cytoskeletal regulation by Rho
GTPase and glycolysis. They were followed by proteins from
central metabolic pathways such as TCA cycle, pyruvate
metabolism, pentose phosphate pathway, and glycolysis in
the bin with the second-highest DIA intensity. Interestingly,
physiological processes of dopaminergic neurons including
those related to PD such as the ubiquitin-proteasome
pathway, synaptic vesicle trafficking, Hedgehog signaling,
dopamine receptor signaling, and axon guidance were also
enriched in this bin (Supplemental Fig. S1D).

Dynamic SILAC Enables Measurement of Protein Turnover
for over 4300 Proteins

In order to generate a reference protein turnover dataset, we
pulsed differentiated dopaminergic neurons with “heavy”

4 Mol Cell Proteomics (2024) 23(10) 100838
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Fic. 1. Schematic representation of the methodologies employed for protein detection in hDANs. The workflows delineate distinct
procedures for protein quantification, turnover analysis, and investigation of local protein synthesis and trafficking. A, depiction of the first
method, used to get a comprehensive coverage of the proteome of healthy hDaN cultures (day 23). B, schematic illustration showing an
investigation of protein turnover dynamics using SILAC. Following cell differentiation and maturation (day 18), the culture medium is replaced
with DMEM containing heavy (H) amino acids for varying durations (0 h, 6 h, 12 h, 48 h, 72 h, or 120 h) prior to protein harvesting at day 23 (n =3
for each time point). C, schematic illustration of the dynamic SILAC approach applied to study local synthesis and trafficking of proteins in
dopaminergic neurons. Following cell differentiation, cells are seeded in microfluidic devices, allowing axonal growth for 10 days. Subsequently,
the culture medium is changed, with the soma well receiving DMEM containing medium-heavy (M) amino acids and the axonal well DMEM with
heavy (H) amino acids for varying durations (12 h, 48 h, 72 h, or 120 h) prior to LC-MS analysis (n = 3 for each time point).

stable isotope-labeled Arg and Lys amino acids and harvested
the cells after five time points (6, 12, 48, 72, and 120 h).
Following high-pH reversed-phase fractionation and MS
measurement, about 6000 protein groups were quantified in
each time point (Supplemental Table S2-1). The average label
incorporation after 120 h was approximately 50% (Fig. 2A and
Supplemental Table S2-2). We next used the previously
described approach to calculate protein half-lives (54), taking
into consideration only proteins with detectable label incor-
poration in at least four out of five time points in at least two
out of three replicates. This led to determination of the protein
half-life for 4397 proteins (Supplemental Table S2-3), out of
which 554 were annotated as mitochondrial and 59 as mito-
chondrial outer membrane proteins. The measured half-lives
ranged from 1 day to more than 20 days (Supplemental
Fig. S2B), with a median of 97 h (Fig. 2C).

We then examined the relationship between protein half-life
and its cellular location and/or function. As depicted in

Figure 2B, most proteins exhibited a diverse range of half-lives
that were not significantly different from the population
average. However, in agreement with previous reports, both
mitochondrial and ribosomal proteins deviated from the pop-
ulation average and exhibited significantly longer half-lives
than other groups. Synaptic proteins, on the other hand, had
significantly shorter half-lives than the median of all proteins.
We next stratified proteins according to their half-life into
seven bins (Supplemental Fig. S2C), subjected each bin to a
Fisher's exact test (FDR< 0.05), and generated over-
represented pathways according to the Panther database
(Supplemental Fig. S2D and Supplemental Table S2-4).
Among the most short-lived proteins (less than 3 days), syn-
aptic vesicle trafficking, Wnt signaling, and Alzheimer’s
disease-amyloid and -presenilin pathways were over-
represented. Multiple signaling pathways, such as purine
synthesis, pyruvate metabolism, TCA cycle, cholesterol
metabolism, and glycolysis, were highly enriched in a group
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with longer half-lives (between seven and 11 days). Among the
proteins with average half-lives (between 3 and 7 days),
dopamine receptor-mediated pathways, DNA replication,
hormone signaling, and PDGF signaling were enriched
(Supplemental Fig. S2D). We next focused on protein com-
plexes and pathways. Whereas conserved complexes and
protein classes, such as the proteasome subunits, E3-ligases,
and Rab proteins, had relatively uniform half-lives, we
observed several interesting outliers. In agreement with pre-
vious reports, the components TOM20 and TOM70 of the
TOM complex had shorter half-lives than other TOM compo-
nents (Fig. 2D and Supplemental Fig. S3A). Interestingly, the
peptidyl-prolyl cis-trans isomerase FKBP8, a putative chap-
erone that plays a role in mitophagy and apoptosis, had a
significantly shorter half-life than other members of these
pathways, making it an interesting subject for further in-
vestigations (Supplemental Fig. S3C). Also interesting were
the proteins from the cytosolic (80S) ribosome, which had
significantly different half-lives between large and small ribo-
somal subunit (Supplemental Fig. S3, A and B). This was not
the case for the proteins of the mitochondrial (70S) ribosome,
which overall had shorter and more uniform half-lives than the
80S-proteins (Supplemental Fig. S3, A and B). We then
investigated the turnover rates of respiratory chain complexes
due to their association with mitochondrial dysfunction in
Parkinson’s disease. There is a large range of turnover across
complexes and subunits, especially within complex | (Fig. 2D),
which contains the most subunits (44 in total, including seven
encoded by the mitochondrial DNA). Complex V is a large
complex and contains subunits that have the longest half-lives
(notably, none of the alpha subunits of complex V were
detected), while the peripheral arm of complex | has the
shortest half-lives (Fig. 2D). We compared the respiratory
complex turnover rates from dopaminergic neurons used in
this study (post-mitotic), with published data from cancer
cells, which are proliferative (57), and found that overall res-
piratory chain complex turnover is slower in dopaminergic
neurons than cancer cells (Supplemental Table S2-6). Inter-
estingly, slower turnover of respiratory complex subunits in
dopaminergic neurons as compared to cancer cells was not
observed for those subunits encoded by the mitochondrial
genome (Supplemental Table S2-6).

Microfluidic Devices Enable Differential Analysis of
Somatodendritic and Axonal Proteins

In order to study proteome dynamics in axons, we used
two-well microfluidic devices (Xona Microfluidics), which

feature fluidic isolation between the wells. In such devices,
differentiating neurons seeded in one well (termed proximal
or somatodendritic well) elongate their axons across the
900 pm-long microgroove barrier into the adjacent well
(termed distal or axonal well). This allows for a spatial
differential analysis of the somatodendritic and axonal
proteome and selective usage of the SILAC label in the
somatodendritic or in the axonal well.

To validate the absence of fluidic diffusion between the
wells, we first seeded neurons (day 9 post-differentiation start)
in the proximal well, and 24 h after seeding, added the heavy
SILAC medium into the empty distal well. This timeframe was
long enough to allow cell attachment but too short for axons
to protrude through the microgroove barrier (Supplemental
Fig. S4A). After 48 h of SILAC incubation, only 0.02% of the
proteins in the proximal well were detected with the heavy
label, which was below the FDR threshold of 1%. As a
negative control, we also searched the database for medium-
heavy labeled proteins, which were not present in the sample.
As expected, the number of identified medium-heavy labeled
proteins was below the 1% FDR threshold (Fig. 3, A-C),
validating the dataset. This experiment confirmed the absence
of detectable fluidic diffusion of heavy amino acids between
the wells. We also performed live imaging of the microfluidic
devices over a 24 h period where we followed mitochondria
stained in the axonal side only by using MitoTracker deep red
and neutral lipids stained in the soma side only by using
BODIPY-green (Supplemental Fig. S5, D-F). This experiment
confirmed only intracellular transport of stained mitochondria
or lipids at the microgroove barrier.

To independently investigate the proteome dynamics of
somatodendritic and axonal proteins, we seeded the differ-
entiating hDaNs into the proximal (somatodendritic) well and
allowed for axonal elongation across the microgroove barrier
into the distal (axonal) well (Supplemental Fig. S4B). After
10 days, we added different SILAC amino acids into each well:
medium-heavy (Lys4/Arg6) in the somatodendritic well and
heavy (Lys8/Arg10) in the axonal well (Fig. 3D). The employed
combination of labeled amino acids allowed us to determine
the origin of each detected protein and therefore address local
protein synthesis and transport between axons and the soma.
Samples from both wells were harvested at 12, 48, 72, and
120 h after SILAC labeling and measured separately by LC-
MS. This led to quantification of up to 3400 protein groups
in the somatodendritic well and about 500 proteins in the
axonal well across all timepoints (Fig. 3, E and F and
Supplemental Table S3-1).

GOCC annotation. Number of protein groups assigned to each compartment is given in brackets. Significant *p < 0.05, *p < 0.01, and

*kk

p < 0.001, t test. For the boxplots, center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R

software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots. C, range of log,
scale half-lives of hDANs proteins, with a median of 97 h. D, schematic illustration of the TOM complex (upper left panel), the 20S proteasome
(upper right panel), and the respiratory chain (Jower panel) showing half-lives for individual components of each complex. Proteins are color
coded as a gradient from light pink (shortest half-life) to dark blue-black (longest half-life).

SASBMB

Mol Cell Proteomics (2024) 23(10) 100838 7



Comprehensive Proteomics of Human Dopaminergic Neurons

Somatodendritic well Axonal well
5000 500
€ i €
8 4500 8 400 4
g 4000 3852 8 6
@ 300
S 3500 =3
o o
G 3000+ 5 2007
c c
T 2500 g 100
o 80 O 40+ 15
o 40 b 16 19 o 20 H 2
0 - 0 -
Light  Medium Heavy Light  Medium Heavy
label label label label label label
Somatodendritic well Axonal well
4000 1500+

3427

Protein Groups count
Protein Groups count

G H |

Proteins detected in

NeuN MAPT

5 * Kk _
at least one sample A d 0.020 _
s o P
S 6x105 2 0,015 °
c 2
= £
PGs g 4x10°+ S 0.0104
detected % .g oe°
in axon ’ © (L)
£ 2x10° © °
(1339) s € 0.005+
= 2
[0 s - g
0.000
® Soma ® Axon ® Soma ® Axon
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(orange color) after 24 h. B, number of PGs with each label identified in the soma sample in diffusion experiment after incubation for 48 h. C,
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point in the axonal well. All the bar graphs represent mean with error bars (SEM) from three biological replicates. G, Venn diagram of identified
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We next assessed the overlap of proteins identified in the the somatodendritic and axonal proteins revealed two sepa-
somatodendritic and axonal well. Of a total of 3915 proteins, rate, nonintersecting clusters (Supplemental Fig. S4C). To
1279 were detected in both wells, with 60 exclusively detected assess the purity of each well, we compared normalized in-
in the axonal well and 2576 in the somatodendritic well tensities of several marker proteins. Neuronal nuclear protein
(Fig. 3G). Principal component analysis performed between NeuN, present exclusively in the nucleus (soma), was
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significantly enriched in samples from the somatodendritic
well (Fig. 3H and Supplemental Table S3-3), whereas proteins
MAPT and MAP1B, known structural and axonal markers,
were enriched in samples from the axonal well (Fig. 3/ and
Supplemental Fig. S4D and Supplemental Table S3-3).

We further investigated the 60 proteins exclusively detected
in the axonal well, as well as those with four-fold higher rela-
tive abundance in the axonal well than the somatodendritic
well (total of 67 proteins) (Supplemental Fig. S4E). This com-
bined dataset of 127 proteins included 22 proteins classified
as axonal according to GO, among which were the known
axonal markers MAPT and MAP1B. The remaining 105 pro-
teins have a likely axonal localization but have not yet been
annotated as axonal proteins (Supplemental Fig. S4F and
Supplemental Table S3-4). We validated the axonal location of
two of these proteins using immunofluorescence microscopy,
namely GAP43 and STMN2 which had a high fluorescence
intensity in the axons (Supplemental Fig. S5, G and H). We
next subjected the list of proteins exclusively detected in the
axonal well and those enriched in axons to a Fisher exact test
(FDR< 0.05). Cell-cell contact zones, synaptic vesicle mem-
brane, synaptic vesicle, SNARE complex, and exocytic vesi-
cles were highly enriched among other Panther terms, further
pointing to axonal specificity (Supplemental Fig. S5G and
Supplemental Table S3-5).

Differential SILAC Labeling Reveals Local Protein Synthesis
and Transport Between the Soma and Axons

We next analyzed the SILAC label incorporation in each
well. Incorporation of the medium-heavy SILAC label in pro-
teins detected in the somatodendritic well (Fig. 4A and
Supplemental Table S3-2) followed a pattern very similar to
that of whole neurons (Fig. 2A). This was expected, as the
cells in this well are very similar to the neuronal cell (not all
axons generated by the neurons in the somatodendritic well
cross the microgroove barrier). Importantly, 141 proteins
detected in the axonal well contained the medium-heavy
SILAC label, pointing to their synthesis in the soma and
anterograde transport into the axons. Conversely, 154 pro-
teins detected in the somatodendritic well contained the
heavy SILAC label, pointing to their synthesis in the axon and
retrograde transport into the soma. Of note, 107 out of these
154 proteins were also detected in the unlabeled axonal
proteome (Fig. 3G). In total, differential SILAC labeling
revealed 269 proteins that were trafficking between the soma
and the axon during the time window of our analysis (26 of
them in both directions).

To validate local protein synthesis, we inhibited translation
by adding CHX together with the SILAC labels for 72 h in each
well separately. As expected, the CHX treatment in the
somatodendritic well almost completely abolished incorpora-
tion of the medium-heavy SILAC label, pointing to a block in
protein synthesis. Interestingly, CHX treatment in the

somatodendritic well also decreased incorporation of
the heavy SILAC label in the axonal well. CHX treatment in the
axonal well did not lead to any detectable effect, likely due to
the low amount of proteins detected in the axonal well
(Fig. 4B, Supplemental Tables S3-7, and S3-8). Combined,
these results confirmed that dynamic SILAC applied to
microfluidic devices can measure protein synthesis indepen-
dently in the soma and the axon.

We next focused on the protein transport between the soma
and the axon. To this end, we analyzed temporal SILAC
incorporation profiles of proteins known to be trafficking be-
tween the two cellular components. We focused on the
Kinesin Family Member 5C (KIF5C), a motor protein essential
for intracellular transport, primarily involved in anterograde
transport, moving cargo from the neuron cell body (soma)
towards the synaptic terminals in the axon (58). In our dataset,
KIF5C was labeled with medium-heavy SILAC and detected
both in the soma sample and in the axonal well (Fig. 5A).
Importantly, the patterns of the SILAC label incorporation were
markedly different in the soma and in the axon: the pattern in
the soma was similar to that measured in the whole neuronal
cell, where 50% of the protein was labeled after 72 h. How-
ever, in the axon, only 10% of the protein was labeled in that
time frame. Interestingly, after 120 h, the label incorporation
was identical in both soma and axon, pointing to the time
frame needed for the pool of newly synthesized KIF5C mole-
cules to equilibrate within the cell. Upon CHX treatment in the
soma, the protein was no longer synthesized (Supplemental
Fig. S6A).

Kinesin Light Chain 1 (KLC1) is an integral part of the
kinesin-1 motor complex, since this complex is typically
formed by two kinesin heavy chains (KIF5s) and two KLCs
(59). Similar to KIF5C, the curve of medium-heavy label
incorporation in the soma and in the axon were different. In
this case, after 72 h, 55% of KIF5C was labeled in the soma,
but only 15% was labeled in the axon (Fig. 5B). Upon CHX
treatment in the soma, the protein was no longer newly syn-
thesized (Supplemental Fig. S6B).

Interestingly, several proteins that are involved in RNA
biology were detected as synthesized in the axon and trans-
ported into the soma. These included adenosine deaminase
ADART1 (double-stranded RNA-specific adenosine deaminase)
(60) and RNA helicase DHX30 (ATP-dependent RNA helicase
DHX30), involved in the assembly of mitochondrial ribosomes
(61). Both proteins were labeled with medium-heavy SILAC
and with heavy SILAC and detected in the soma sample. The
heavy labeled DHX30 increased in the soma at a faster rate
than the medium-heavy labeled, which highlights the impor-
tance of the synthesis of this protein in the axon and its
retrograde transport (Fig. 5C). Overall, the majority of the
DHX30 protein copies in the soma were synthesized in
the axon. On the other hand, ADART1 is also synthesized in the
axons and later on transported towards the soma, but at a
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slower rate (Fig. 5D). We validated the localization of DHX30
using fluorescence microscopy, which was mainly localized in
the axons (Supplemental Fig. S5).

Another group of interesting trafficked proteins are those
involved in vesicle transport such as SEC24A (Protein trans-
port protein Sec24A) and RAB11B (Ras-related protein Rab-
11B). SEC24A is a component of the coat protein complex
Il, which plays a crucial role in the formation of transport
vesicles from the endoplasmic reticulum (ER). It was labeled
with medium-heavy SILAC and with heavy SILAC. Similar to
DHX30, the amount of heavy label SEC24A was higher than
the medium-heavy label, which suggests that the majority of
the protein in the soma was synthesized in axon and retro-
gradely transported (Fig. 5E). RAB11B belongs to the Ras
superfamily of small GTPases, which are key regulators of
intracellular membrane trafficking, from the formation of
transport vesicles to their fusion with membranes (62).
RAB11B was labeled with medium-heavy SILAC and detected
both in the soma sample and in the axonal sample and was
also labeled with heavy SILAC and detected both in the soma
sample and in the axonal sample. The label incorporation
indicated that the majority of the protein was synthesized in
the soma and transported to the axonal side. However, some
of the RAB11B was also synthesized in the axon and trans-
ported to the soma (Fig. 5F).

DISCUSSION

Using previously characterized iPSC-derived hDaNs, we
report the proteome, protein turnover and the first spatial
proteome datasets for this cell type and model system. Our
study provides a workflow and resource for future applications
of quantitative proteomics to cultured human neurons in
general.

We first confirmed the dopaminergic differentiation of
neurons using immunofluorescence-based and proteomic-
based characterization of mature neuronal markers
(Supplemental Fig. S5, A and B). We detected serotonergic
marker TPH2 as the second most abundant mature
neuronal marker (Supplemental Fig. S5C), indicating that
our cultures contained serotonergic neurons. We did not
detect significant markers of glutaminergic or GABAergic
neurons (Supplemental Fig. S5C). This is in line with pre-
viously published characterization of the differentiation
method (13, 51, 55).

We next employed extensive fractionation and DIA to ach-
ieve high proteome coverage. We identified over 9400 pro-
teins from bulk extraction of iPSC-derived hDaNs. The

coverage of the mitochondrial and mitochondrial outer mem-
brane proteomes was >80% based on MitoCarta 3.0, one of
the best annotated reference proteomes available to date (63).
Mitochondrial proteins and their dynamics have a pivotal role
in dopaminergic neurons and in neuronal health, linking them
to energy metabolism and the pathophysiology of neurode-
generative disorders (64-66). Previous studies have relied on
prior enrichment of mitochondria to achieve 65% coverage
using DIA for iPSC-derived hDaNs (13) and in mapping more
than 1100 mitochondrial proteins in mammalian cells (57).
Since we report the first axonal proteome for human iPSC-
derived dopaminergic neurons, we compared our data to
two existing axonal transcriptomes from human iPSC-derived
spinal motor neurons and mouse primary neurons. The first
study with spinal motor neurons used the same devices (67)
and we found an overlap of nine gene/protein groups. In the
other study, we found an overlap of 37 gene/protein groups
where another microfluidic system utilizing mouse neurons
was used (68). The relatively low overlap may be attributed to
different cell types and technological platform (tran-
scriptomics) used in these studies.

Our study also provides the first protein turnover dataset for
iPSC-derived hDaNs. Most of the studies that addressed
proteome turnover data to date have employed tissue or pri-
mary neuronal cultures from rodents (24, 26) or mRNA data
from human brain tissue (69), nonmammalian cells (70), or
human midbrain-like organoids (71). These studies led to the
discovery of cell type specificity and influence of glia and other
non-neuronal subtypes on the neuronal proteome. Pathway
analysis based on our protein turnover data showed that the
longest-lived proteins associated with central metabolism;
pyruvate metabolism and de novo purine and cholesterol
biosynthesis, biosynthesis of nucleotides, and the ubiquitin
proteasome pathway. We also detected serotonergic path-
ways such as 5-HT degradation together with PDGF, EGF,
and VEGF signaling, confirming the presence of serotonergic
neurons and possibly oligodendroglia and neuroepithelial
cells.

Depiction of the half-lives of individual subunits of the pro-
teasome highlights the relatively long lived, uniform, syn-
chronous turnover of the proteasome in hDaNs. In contrast, a
study using mouse embryonic neurons reported shorter half-
lives of those that we observe (19). Previous studies have
reported an inverse correlation between organismal life-span
and protein turnover (72, 73). This may explain why mouse
embryonic neurons have shorter protein half-lives than human
neurons.

medium-heavy label of KLC1 in the soma side and in the axon side and the label incorporation curve of KLC1 in the turnover dataset. C, label
incorporation curves of the heavy and medium-heavy label of DHX30 in the soma side and the label incorporation curve of DHX30 in the turnover
dataset. D, label incorporation curves of the heavy and medium-heavy label of ADAR in the soma and the label incorporation curve of ADAR in
the turnover dataset. E, label incorporation curves of the heavy and medium-heavy label of SEC24A in the soma side and the label incorporation
curve of SEC24A in the turnover dataset. F, label incorporation curves of the heavy and medium-heavy label of RAB11B in the soma side and in
the axon side and the label incorporation curve of RAB11B in the turnover dataset.
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In our study, long-lived processes included cytoskeletal
regulation by Rho GTPases, which include a large number of
proteins involved in cytoskeletal processes crucial for
neuronal function such as the filopodia, lamellipodia, and
vesicle transport. The mitochondrial Rho proteins regulate
several aspects of mitochondria homeostasis and transport.
One of the encoded proteins, a Rho GTPase known as Miro1,
was detected in two protein groups and had a half-life of
99.8 h for isoforms 1/4 and 126.9 h for isoforms 3/5/7 in
hDaNs. Miro1 regulates mitophagy and calcium handling and
is currently a biomarker and drug development target for PD
(74, 75). We also looked in more detail at mitophagy and the
TOM complex. Component subunits of the TOM complex
have non-uniform half-lives, in agreement with a previous
report (57). The detailed organization and binding activities of
the TOM complex are particularly relevant in PD, since the
interaction of PD protein PINK1 with the TOM complex is
intensely studied due to its relevance for activation of the ki-
nase (76-79). Similar to previous studies in rat primary neuron
cultures, we show that synaptic proteins tend to be short-
lived, while mitochondrial proteins tend to be long-lived (25,
26). We further looked into the half-lives of ribosomal proteins.
Our analysis revealed distinctions in the stability of proteins
associated with the large and small subunits of the ribosome
(Supplemental Fig. S3, A and B). Interestingly, the 55S mito-
chondrial ribosome proteins had significantly shorter half-lives
than their 80S human counterparts, with no discernible vari-
ations in protein half-lives between its two subunits
(Supplemental Fig. S3, A and B). The mitochondrial ribosomes
are subjected to substantial oxidative damage, particularly in
neurons, which could explain the need for a faster turnover. To
our knowledge, this was never reported so far. However, it
should be mentioned that the coverage of the cytosolic (80S)
ribosome proteins in our dataset was 94%, while the coverage
of the mitochondrial (70S) ribosome was 70%, so there is a
chance that some proteins with lower turnover were not
detected.

Most axonal proteins in neurons are delivered from their
site of synthesis in the soma to the axon via anterograde
vesicular transport and undergo retrograde transport for
redistribution and/or lysosomal degradation (80). After syn-
thesis in the cell body, proteins are transported down the
axon as various kinds of membrane organelles or protein
complexes (81). Furthermore, active transport is the primary
mechanism by which organelles, proteins, nucleic acids, and
lipids are delivered to relatively distant regions of a growing
neuron (82). To address local protein synthesis and transport
between axon and soma, we developed and optimized hDaN
spatial proteomics using microfluidic devices. This is partic-
ularly challenging, due to the very small amount of starting
material that can be harvested from the chambers for mass
spectrometry. Other groups have successfully performed
axon versus soma analysis from mouse brain slices with apex
(18) and the nascent proteome in retinal axons from Xenopus

laevis using dynamic SILAC (41). Here we provide the first
evidence of local protein synthesis of 154 proteins in the
axon and their retrograde transport to the soma of hDaN. In
addition, we provide a database for proteome dynamics
(axons versus soma) in hDaNs over a 120 h period. We did
not identify retrograde transport of proteins previously shown
to be synthesized in mouse axons and transported to the
soma such as Importin, Stat3, mTOR, CREB, or ATF4
following injury (45-49). These protein examples are not ideal
controls because in our study, we do not induce axonal
injury. Instead, we chose six other proteins as examples to
demonstrate and discuss the method: KIF5C, KLC1, DHX30,
ADAR, SEC24A, and RAB11B.

There are three isoforms of Kinesin Family Member 5 (KIF5),
the ubiquitous KIF5A, KIF5B, and KIF5C, which are isoforms
found specifically in neurons (83). Interestingly, KIF5C was the
only isoform of KIF5 detected to be newly synthesized and
transported within the 120 h time period. It was also the most
abundant of all three forms, while KIF5A was not detected at
all time points (Supplemental Fig. S7B). The half-life of KIF5B
was 116 h, while of KIF5C is 68 h, which could also explain the
lack of observed label incorporation seen for KIF5B in the time
course of our study (Supplemental Fig. S7A). Interestingly,
KIF5 motors bind Miro1 to facilitate mitochondrial trafficking
and importantly, mitochondrial stopping (84), a prerequisite for
mitophagy.

KLC1 had similar dynamics to KIF5C. Transcriptome anal-
ysis in mice revealed that KLC1 splicing could modify amyloid
beta accumulation (85) and therefore could contribute to AD.
Later studies showed that KIF and KLC1 implicated
axoplasmic transport is disrupted in AD and axonal transport
in general is significantly associated with neurodegenerative
diseases (86). Another protein of the transport machinery,
DYNC1H1 (Dynein, cytoplasmic 1, heavy chain 1), is a
component of the cytoplasmic dynein complex, primarily
known for its role in retrograde transport, moving cargoes
from the axon terminal back to the soma (59). We observed it
to be newly synthesized in the soma but could not detect it
with medium-heavy label in the axon. Notably, it was also
detected as heavy-labeled in the soma, which indicated that it
is also synthesized in the axon (Supplemental Fig. S7C) and
CHX treatment abolished its synthesis in the soma
(Supplemental Fig. S7D).

Since the length of the microgroove barrier is known
(900 pum), as are the axonal velocity rates of kinesin and dynein
(0.5-1.0 um/sec) (87), it is tempting to analyze our data in the
context of transport rates. However, these rates will be difficult
to estimate, as we measure the bulk protein population in
numerous cells and our approach requires extra time to
accumulate enough protein molecules to detect the signal on
each side of the barrier.

An increasing number of studies has highlighted the crucial
role of local protein synthesis in axons. In particular, the role of
local synthesis of mitochondrial proteins in axons to maintain
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the health of neurons and meet energy demands (88, 89).
Interestingly, the mRNA population only partially predicts the
local protein population in neurons and this relationship
significantly varies between different gene groups (90). Our
method could assist in better dissection of RNA transport and
local protein synthesis in iPSC-derived neurons. Of 154 pro-
teins that incorporated the heavy SILAC label and were
therefore synthesized in the axon, we discuss only those with
the highest label incorporation.

DHX30 is an RNA helicase that is part of the DExD/H-box
protein family, which is involved in various aspects of RNA
metabolism. It has been shown to be a RNA granule protein
and has an important role in the assembly of mitochondrial
ribosomes (61). In our study, this protein was synthesized
locally in the axons and transported in a retrograde manner
into the soma. Another interesting protein in terms of dy-
namics was ADAR, which catalyzes the hydrolytic deamina-
tion of adenosine to inosine in dsRNA, which is referred to as
A-to-I RNA editing (60). In our dataset, we refer to ADART,
which is an essential player in the regulation of cellular im-
mune responses, transcriptomic diversity, and cell senes-
cence (91). Of a small number of conserved mammalian
ADAR editing sites, they tend to be located in genes
encoding neurotransmitter receptors or other synapse-
related proteins (92). Indeed, this protein is reported to
have an important role in metazoan nervous system, where it
modifies pre-mRNAs of proteins involved in electrical and
chemical neurotransmission, such as pre-synaptic release
complexes and voltage- and ligand-gated ion channels (93).
So far, it was reported to be localized mainly in the soma
(nucleus) (93). The proteomics data points to the importance
of the synthesis of this protein in the axon and its retrograde
transport into the soma. Finally, we focused on the protein
transport protein SEC24A, a component of the coat protein
complex Il and RAB11B, a Rab family GTPase involved in the
transport of vesicles and endocytic recycling important for
synaptic function. SEC24A regulates the control of the for-
mation of transport vesicles from the ER and Ca®* flux be-
tween the ER and mitochondria (94). In our dataset, the
majority of SEC24A was synthesized in the axons and
retrogradely transported to the soma after 48 h. Rab proteins
have been associated with PD following discovery of Rab8A,
Rab10, Rab8A, Rab8B, and Rab13 as substrates of the PD
kinases LRRK2 (95) and PINK1 (96). In our study, we
detected Rab11B, which is highly expressed in the brain and
involved in recycling via the recycling endosome (97) and
implicated in several neurodegenerative diseases (98). Rab11
is particularly interesting in the context of mitochondrial
dysfunction in PD since many Rab proteins are essential in
regulating autophagy and Rab11 was shown to regulate
mitophagy downstream of PINK1 and parkin (99) and up-
stream of alpha synuclein (100). In hDaNs, Rab11B was
synthesized in both soma and axons and transported
bidirectionally.

Limitations of the Study

Studying global protein turnover and transport in cultured
iPSC-derived hDaNs is challenging, and our study is not free
of experimental bias. Dynamic SILAC is a powerful method to
study protein turnover, but its application over a relatively
short experimental time frame leads to low label incorporation
in proteins with low turnover, which in turn leads to high
variability of the measured SILAC ratios. Conversely, high
turnover proteins may already have been completely labeled
by the time the first sample was taken for analysis (6 h). It is
therefore important to note that half-lives of proteins with high
or low turnover are either missing or are prone to high mea-
surement error due to the employed experimental design.
Furthermore, recycling of unlabeled amino acids released from
the degradation of pre-existing proteins may cause a dilution
of the labeled amino acid pool and result in apparently lower
turnover rates, as described before (101). These values can be
corrected using a recycling factor that can be calculated by
measuring label incorporation in partially labeled missed
cleaved peptides (102). Although these issues may influence
the overall sensitivity and accurate estimation of individual
protein turnover rates, we do not expect that they lead to a
false detection of the newly synthesized proteins in our
dataset.

Culturing of neurons in Xona microfluidic devices, as done
in this and other studies (103), provides a robust way of
separating axons and soma. However, the relatively small well
size enables seeding of only up to 140,000 cells in the prox-
imal (somatodendritic well), which leads to a very low amount
of proteins extracted from the distal (axonal) well. Indeed,
based on the median of the total iBAQ intensity in all samples,
we estimate that the biomass in the distal well was about 33
times lower than in the proximal well. The low number and low
intensity of identified proteins in the axonal well pose a sig-
nificant challenge for quantitation, due to the dynamic range
needed to measure low SILAC incorporation. For this reason,
heavy-labeled proteins (synthesized in axon) were mainly
detected in the somatodendritic well, where the protein
amount and signal intensity were higher. Given that the
amount of cell seeding is limited by the employed microfluidic
devices, increasing cell seeding would lead to the clogging of
the microgroove barrier; therefore, application of higher ca-
pacity microfluidic devices and improvements in MS sensi-
tivity will be crucial for better coverage of the axonal
translatome. Diffusion of small molecules (e.g. amino acids)
between the wells is another critical aspect in the application
of dynamic SILAC to microfluidic devices. We experimentally
confirmed that diffusion does not take place in three ways:
addition of heavy SILAC amino acids into an empty distal well
did not lead to any significant detection of SILAC incorpora-
tion in the cells cultured in the proximal well, even after pro-
longed incubation time (Fig. 3, A-C). In theory, diffusion can
also take place intracellularly, after a small molecule enters the
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cytosol. This was addressed in the experiment where CHX
was used to inhibit the protein synthesis (Fig. 4B). Addition of
CHX to the distal (axonal) well did not have an influence on the
protein synthesis in the proximal well, confirming that no
measurable intracellular diffusion took place in the time course
of analysis. The use of differential dynamic SILAC labeling to
study protein transport between cell compartments is
complicated by the fact that two processes, protein synthesis
and protein transport, are being simultaneously measured.
Therefore, the transport of even abundant but low turnover
proteins could not be detected in our experimental setup and
only limited information on transport rates can be inferred from
our data. Finally, we used commercially available dyes that are
taken up by cells to stain mitochondria (MitoTracker Deep
Red) and neutral lipids (Bodipy) on only one side of the
microfluidic devices. We tracked the stained organelles and
lipids on either side and could observe only intracellular
diffusion/transport in the axons traversing the microgroove
(Supplemental Fig. S5, D-F).
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PINK1 regulates cholesterol homeostasis via SCAP phosphorylation in

human dopaminergic neurons
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Brouwers?, Gerard J.M. Martens*, Philip Seibler®, Javier Jarazo®, Thomas Gasser'’, Daniela

M. Vogt Weisenhorn®®, Boris Macek? and Julia C. Fitzgerald"

Abstract

Cholesterol is a key lipid enriched in neuronal membranes and essential for signaling
and synaptic transmission. An imbalance in cholesterol levels may affect synaptic
plasticity and contribute to neurodegeneration. Here, we identify in human
dopaminergic neurons a mechanism linking loss of function of the Parkinson’s disease
(PD) gene PINK1 to altered cholesterol homeostasis. Loss of functional PINK1
impaired SCAP phosphorylation at Ser822 and Ser838, stabilizing SCAP and driving
excess cholesterol biosynthesis. Cholesterol accumulated at the plasma membrane
and in flotillin-rich lipid rafts, causing reduced neurotransmitter uptake and altering the
distribution of dopamine transporter (DAT). Restoring PINK1 expression normalized
cholesterol biosynthesis and levels. Moreover, the cholesterol-lowering drugs
simvastatin and B-cyclodextrin rescued DAT distribution and neurotransmitter uptake
defects. These findings demonstrate that PINK1 influences cholesterol homeostasis
through SCAP phosphorylation at Ser822 and Ser838 and that restoring cholesterol
levels mitigates phenotypes observed in PINK1 PD neurons. These findings further
highlight the cross-talk between mitochondria and lipid homeostasis in PD models,

underscoring the relevance of cholesterol levels to dopaminergic functions.
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Introduction

Mutations in phosphatase and tensin homolog-induced kinase 1 (PINKT) typically
cause autosomal recessive Parkinson’s disease (PD)'. Clinically, PINK1-PD presents
early (median age at 32 years) with tremor, bradykinesia and rigidity and responds
well to levodopa treatment?. PINK1-associated neuropathology involves the selective
degeneration of dopaminergic neurons (DaNs) in the substantia nigra, while Lewy

body pathology is inconsistently observed?4.

The canonical function of PINK1 is mitochondrial quality control. Upon mitochondrial
depolarization, PINK1 accumulates at the outer mitochondrial membrane, where it
phosphorylates ubiquitin and Parkin, initiating an outside-in PINK1/Parkin-dependent
mitophagy to remove damaged mitochondria®2°. Beyond mitochondria, PINK1 has
been implicated in maintaining endoplasmic reticulum (ER) homeostasis by promoting
selective clearance of the organelle?!, regulating ER calcium release mediated by
IP3R?? and modulating the ER unfolded protein response (UPR)?® 24, PINK1 loss of
function (LOF) also disrupts ER-mitochondria contacts and calcium buffering,

suggesting broader roles at ER-mitochondria interfaces 2°.

Cholesterol, synthesized in the ER, is an essential structural and functional component
of neuronal membranes. At the plasma membrane cholesterol supports neuronal
signaling, vesicle trafficking and synaptic neurotransmission?. Cholesterol is
synthesized de novo in the brain as cholesterol does not cross the blood brain barrier
(BBB)?’. Young and developing neurons make their own cholesterol, while adult

neurons rely mainly on cholesterol imported from neighbouring astrocytes?® 2°.

Cholesterol biosynthesis is tightly regulated by the sterol regulatory element-binding
protein (SREBP) pathway, with sterol regulatory element-binding protein cleavage-
activating protein (SCAP) as a key regulator®®. During synthesis, insulin-induced gene
(INSIG) proteins are dissociated from the SCAP-SREBP2 complex at the ER
membrane3®-33, The SREBP2-SCAP complex then leaves the ER and translocate to
the Golgi, where SREBP?2 is cleaved by site 1 and site 2 proteases (S1P and S2P,
respectively). Cleaved SREBP2 then goes to the nucleus and binds to the sterol
regulatory element (SRE) to transcribe SREBP2 target genes i.e., 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR) and squalene monooxygenase (SQLE) that

are the rate-limiting enzymes for cholesterol biosynthesis3® 34. The activity of SCAP is



negatively regulated by five sterol-sensing transmembrane (TM) helices (TM domains
2-6) and by phosphorylation involving the atypical protein kinase C M (PKCMi) that

phosphorylates multiple serine residues of SCAP at the C-terminus®.

Alteration of key proteins involved in cholesterol regulation, levels in blood and cellular
distribution have been implicated in neurodegenerative diseases. In PD, the role of
cholesterol in disease progression is unclear as there are conflicting reports about the
association between serum cholesterol levels and PD risk3¢-4!. However, the levels of

cholesterol and their cellular impact in PD neurons remain unexplored.

Here, we investigated cholesterol regulation in PINK1 LOF DaNs. An unbiased
phosphoproteomics screen revealed reduced phosphorylation of SCAP at Ser822 and
Ser838 in PINK1 knockout (KO) and PINK1-Q456X PD neurons. Reduced regulation
by phosphorylation, stabilized SCAP, enhanced cholesterol biosynthesis, and led to
cholesterol accumulation at plasma membrane and in Flotillin 1 (FLOT1) rich lipid rafts.
Elevated cholesterol disrupted dopamine transporter (DAT) distribution and impaired
neurotransmitter uptake. Notably, both genetic restoration of wildtype (WT) PINK1 and
pharmacological cholesterol lowering with simvastatin or B-cyclodextrin (BCD)
rescued these phenotypes. Our findings identify regulation of cholesterol homeostasis
as a previously unrecognized role of PINK1, mediated through SCAP phosphorylation,
and suggest that targeting cholesterol metabolism may improve neuronal function in
PINK1-linked PD.

Materials and methods

Ethics statement

The study was approved by the ethics committee (Institutional Review Board) of the
Medical Faculty of the University of Tubingen and the University Clinic Tubingen
(146/2009BO1 and 102/2005). A general consent form of the Hertie Institute for
Clinical Brain Research Neurobiobank and a project-specific consent form including
an information sheet about the study were used. All participants gave written, informed
consent. All research adheres to the current, updated version of the Helsinki

declaration.

Cell culture



DaN differentiation

PINK1 wildtype (WT) and knockout (KO) iPSCs were previously generated and
characterized in Bus et al.*?, PINK1 Q456X and gene corrected (GC) iPSCs from PD
patients #1 and #2 were previously generated and characterized in Jarazo et al.*3. The
PINK1 Q126P patient line was previously described in Prestel et al.** and gene
corrected by our group. These iPSC lines were differentiated by chemical induction
using small molecules based on the protocol from Reinhardt, et al,*> with slight
modifications*2. The experiments were performed on day 21 post-differentiation start.

HelLa cell culture

WT and PINK1 W437X Hela cells, characterized in Wettengel et al.*® were maintained
in Dulbecco’s Modified Eagles Medium: 4.5 g/L glucose (D6429; Sigma-Aldrich) and

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.
Generation of PINK1 Q126P Gene Corrected iPSCs

The homozygous PINK1 Q126P iPSCs were cultured in mTeSR1 Plus medium (Stem
Cell Technologies) on Matrigel (Corning). Endogenous expression of Cas9 was
established by introducing a doxycycline-inducible Cas9 construct (Addgene 12551,47)
within safe-harbour AAVS1 locus using plasmid-mediated HDR and Crispr-Cas9 in
homozygous PINK1 Q126P iPSCs. A detailed description is given in the
Supplementary methods.

PINK1 KO mice

PINK1 KO mice, previously described in Glasl et al. 8, were used at 4 months (young)
and 16 months (old) of age and bred in accordance with the regulations from the
government of Upper Bavaria. The mice were kept on a C57BL/6J background and on
an inverse 12-h light/12-h dark cycle (lights off at 18:00). Mice were provided with ad
libitum access to standard chow and water. Mice were killed by cervical dislocation
and the brains immediately removed. Thereafter, single-brain regions were dissected

and the tissue shock frozen in liquid nitrogen.
Cell Treatments

Cycloheximide treatment: To check for protein stability, cells were treated with 100
MM cycloheximide solution (CHX; 239765; Calbiochem, Merck Chemicals GmbH, an



affiliate of Merck KGaA, Darmstadt, Germany) with an equal volume of DMSO used
as a vehicle.

Mitophagy induction: Mitochondria were depolarized using 100 yM Antimycin A
(#A8674-50MG Merck). Equal volumes of 95% ethanol were added as vehicle.

Simvastatin: Simvastatin was used at 10 yM concentration. The powder (#S1792,
Selleckchem) was resuspended in ethanol and stored at -80°C. For each experiment,
200 pL of this solution was added to 300 yL 0.1N NaOH solution and heated for 2h at
50°C. Then the pH was adjusted to 7 with HCI and the total volume was adjusted to
1.431 mL. This final solution was freshly prepared before each experiment and kept in

the media for 16 hours.

B-cyclodextrin (BCD): A 1 mM concentration of (2-Hydroxypropyl)-B-cyclodextrin
(#H107-5G, Sigma-Aldrich) was freshly made with culture media and added to the
cells for 16 hours.

Cholesterol: 100 uM cholesterol (#C3045, Sigma) freshly resuspended in culture

media was used to treat the cells and kept for 16 hours.

DAT inhibitor: 10 uM of DAT inhibitor (GBR 12935 dihydrochloride, #0514, Tocris)

was resuspended in DMSO and added to cells for 16 hours.
Measurement of Free Cholesterol

The Total Cholesterol Assay Kit (Fluorometric) (STA-390, Cell Biolabs Inc) was used
to measure free cholesterol (non esterified) according to manufacturer’s instructions.
Absolute cholesterol levels were measured using cholesterol standards and
normalized to protein input in the lipid extraction. For the mouse brain tissues, free

cholesterol levels were normalized to the tissue mass used.
Mass-Spectrometry-Based Phosphoproteomics

For each phosphoproteomics experiment, 1 mg total protein per sample was used.
Proteins were reduced with 1 mM dithiothreitol (DTT), which was incubated for one
hour at room temperature (RT) while shaking. To stabilize the reduction, 5.5 mM
iodoacetamide (IAA) was added and incubated for one hour at RT while shaking in the
dark. Samples were pre-digested with Lysyl Endopeptidase (LysC, Wako Chemicals)
for 3 hours at RT. Next, four volumes of water were added and proteins were digested



with trypsin (Promega Corporation) overnight. The reaction was stopped the following
morning by acidifying the samples using around 0.1% v/v of trifluoroacetic acid. The
peptides for proteome and phosphoproteome analysis were desalted and purified
using C18 StageTips (Empore). Samples were measured on an Exploris 480 mass
spectrometer (Thermo Fisher Scientific) online-coupled to a VanquishNeo UHPLC
(Thermo Fisher Scientific). Chromatographic separation was performed on a 20 cm
long, 75 um inner diameter analytical HPLC column (ID PicoTip fused silica emitter;
New Objective), packed in-house with ReproSil-Pur C18-AQ 1.9-um silica beads (Dr
Maisch GmbH). The raw data were processed using the MaxQuant program (version
2.2.0.0). The raw spectra were searched against the UniProt Homo sapiens database
(104556 entries, downloaded 30.01.2024). The downstream analysis of MaxQuant
output data was performed in Perseus (version 2.0.10.0). Contaminants, reversed hits
and proteins identified only by site were filtered out. Scatter plots were prepared to
assess reproducibility between replicates and Pearson’s correlation was calculated.
For the proteome, Label-Free Quantification intensity was used to conduct a t-test and
the results were displayed in a volcano plot. This was also done for the unnormalized
phosphoproteome. To normalize the phosphosites, the t-test difference of the phospho
was subtracted from the t-test difference of the proteome. Sites with a difference of 1
or -1 were considered significantly upregulated or downregulated, respectively. The
intensity of the phosphorylation (p)-sites from WT and KO was summed, as depicted
in a scatter plot. Regulated p-sites underwent a Fisher's exact test based on KEGG.
Additional graphical visualization was performed in the R environment (version 4.1.1)
and GraphPad (version 8.0.1), while figures were edited using Adobe lllustrator. A

detailed description can be found in Supplementary methods.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE*® partner repository with the dataset
identifier PXD067740 and 10.6019/PXD067740

Immunofluorescence

Neurons, plated onto coverslips, were fixed using 4% paraformaldehyde solution,
washed and blocked for 1 hour at RT. Primary antibodies were added in 0.1% Triton
X-100 and 1% bovine serum albumin overnight at 4°. Finally, the coverslips were

washed and mounted to slides using Dako fluorescent mounting medium (S3023,



Agilent). Fixed cells were imaged using a standard inverted laser scanning Olympus
FV 3000 confocal microscope. Representative images of the cells are shown in the
figures with equal and optimal adjustment of brightness and contrast for better

visualization.

Primary antibodies include SREBP2 (#28212-1-AP, Proteintech) at 1:500, FLOT1
(#18634, Cell Signaling) at 1:500, DAT (#22524-1-AP, Proteintech) at 1:500 and
TOM20 (#sc11415, SantaCruz Biotechnology) at 1:200. Recombinant Clostridium
perfringens Perfringolysin O (PFO) tagged with 6xHis (#CSB-EP314820CMB, Holzel
Diagnostika Handels GmbH) and resuspended in 1:1 ratio of water:glycerol to make a
1 mg/mL stock concentration and stored at -20°C. PFO was used at 2.5 pg/mL final
concentration onto coverslips. The NR12A dye, a kind gift from Dr. Andrey
Klymchenko (University of Strasbourg, France) was used at 40 nM and incubated for
7 minutes. Following the incubation, the media was changed to phenol red free and
live-cell imaging was performed using a Leica DMi8 epifluorescence microscope and
images were captured using the LASX software. A detailed description can be found

in Supplementary methods.
Immunoblotting

SDS-PAGE gel and protein transfer was followed by blot incubation with primary
antibodies - HMGCR (NBP2-66888, Novus Biologicals) at 1:500, SQLE (12544-1-AP,
Proteintech) at 1:500, INSIG2 (24766-1-AP, Proteintech) at 1:500, SCAP (PA5-28982,
Invitrogen) at 1:500, Miro1 (NBP1-89011, Novus Biologicals) at 1:500, MFN2
(HO0009927-M01, Abnova) at 1:500, B3-tubulin (801202, Biolegend) at 1:5000,
Vinculin (V9131, Sigma) at 1:2000, GAPDH (CB1001, Sigma) at 1:5000, PKCA
(610208, Biolegend) at 1:500 and PINK1 (846202, Biolegend) at 1:500. Bands were
detected with Odyssey CLx (LI-COR) using Image Studio software (LICOR). The band
intensities were normalized to a total protein stain — ponceau S solution (#A2935,
PanReac AppliChem ITW Reagents) unless otherwise mentioned in the quantification
as housekeeping genes — GAPDH and Vinculin were also used for some blots. Image
Studio Lite Ver 5.2 (Licor) was used for the quantification of the intensity of bands. A
detailed description can be found in Supplementary methods.

Neurotransmitter Uptake Assay



Neurotransmitter transporter activity in DaNs was measured using the
Neurotransmitter Transporter Uptake Assay Kit (#R8174, Molecular Devices)
according to the manufacturer’s instructions. Mature DaNs were seeded in Matrigel-
coated black, clear bottom 96 well plates prior to the assay at a density of 60,000
cells/well. DaNs were treated with the specific DAT inhibitor GBR 12935
dihydrochloride. Uptake fluorescence was measured using the SpectraMax MZ2e
microplate reader in kinetic mode (Molecular Devices) measuring every 30 s. After the
assay, the DaNs were washed and fixed in 4% (v/v) performic acid containing Hoechst

to account for cell number in each well.
Lipidomics.

Lipidomics of whole DaNs from independent differentiations (n=3) were performed

according to the exact method described in Xicoy et al.>®
Mitochondrial Respiration

For the basic mitochondrial stress test, Oxygen Consumption Rate (OCR) and
Extracellular Acidification Rate (ECAR)were measured in DaNs using a Seahorse™
XF96 Extracellular Flux Analyzer. Cells were seeded in Matrigel-coated Seahorse cell
plates 24-48 h prior to the experiment. A detailed description can be found in

Supplementary methods.
Immunoprecipitation (IP)

A non-denaturing lysis buffer was used containing 20 mM Tris HCI at pH 8, 137 mM
NaCl, 10% glycerol, 1% NP-40 and 2 mM EDTA solution. cOmplete protease inhibitor
(#11873580001; Sigma) and PhosStop phosphatase inhibitor (#4906837001; Sigma)
were added before use. Lysed cells were centrifuged at 150009 for 20 minutes at 4 °C
and the supernatant was collected. 1 ug of SCAP polyclonal antibody (PA5-28982,
Invitrogen) was added to 1000 pg of total protein and incubated under constant
agitation overnight at 4 °C. The next day, 50 pL of Protein A Sepharose beads was
added to the solution and incubated under constant agitation for 4 h at 4 °C. A detailed

description can be found in Supplementary methods.

Lipid Order Measurement



NR12A dye, described in Danylchuk et al. 7, a kind gift from Dr. Andrey Klymchenko
(University of Strasbourg, France) was used at 40 nM and incubated for 7 minutes.
Fluorescence was measured using SpectraMax M2e microplate reader with 10 flashes
per well in an endpoint reading mode. The excitation wavelength was set at 520 nm

and emissions at 560 nm and 630 nm.
Statistics

For statistical analyses, GraphPad Prism version 8.4.0 was used. The data is
presented as mean +/- standard error of mean (SEM) (*P<0.05; **P <0.005;
***P <0.0005; ***P<0.0001; nsP>0.05, where ns represents non-significant).
Statistical comparisons between more than two conditions were analyzed using an
ordinary one-way ANOVA with Tukey’'s multiple comparisons tests. Statistical

significance between two conditions were determined using unpaired t-test, two-tailed.

Results

PINK1 LOF DaNs have reduced SCAP phosphorylation at S822 and S838

To uncover molecular alterations caused by PINK1 LOF, we performed mass
spectrometry—based phosphoproteomics in human DaNs carrying either a PINK1
knockout (KO) or the PD patient-derived PINK1 Q456X mutation, each compared to
its isogenic control (Fig. 1A-C, Fig. S1A-D). Across all conditions, we consistently
quantified around 2000 proteins, with no significant changes (Fig S1A; Supplementary
Table 1). A total of 13000 p-sites with a localization probability above 75% were
identified, with around 6500 p-sites per condition (Fig S1B; Supplementary Table 1).
Among these, SCAP was identified in both PINK1 LOF DaNs having reduced
phosphorylation at Ser822 and Ser838 (Supplementary Table 1). Manual inspection
of the corresponding annotated MS/MS spectra confirmed the presence and precise
localization of these p-sites (Fig S2). Of note, the modified serine residues were
assigned as Ser429 and Ser445 in Supplementary Table 1. Mapping of the peptide
sequence to UniProt canonical SCAP sequence (Q12770-1) revealed that this residue
corresponds to Ser822 and Ser838 respectively having a localization probability >
0.95. We therefore refer to this site as SCAP Ser822 and Ser838 throughout the
manuscript. Since no phosphorylation was identified at SCAP Ser 822 and S838 in
PINK1 LOF DaNs, it was not possible to include these sites in Fig 1B-C.
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Some of the other differentially phosphorylated proteins identified in PINK1 LOF DaNs
included CLASP1 (S598), CLASP2 (S455), MAP1B (S23), and KLC4 (S163), which
are associated with microtubule regulation; PAK2 (T169) and DAB2IP (S728), which
participate in dendrite development; TBC1D5 (S539) and WDR44 (T94), which
function in the endo-lysosomal system; PPME1 (S25) and PPP1R37 (S560), which
contribute to protein dephosphorylation and SLC4A7 (S1109) which is involved in the
regulation of de novo purine and pyrimidine synthesis downstream of mTORC1

signaling (Supplementary Table 1, Fig 1B-C).

PINK1 LOF DaNs have increased cholesterol biosynthesis due to increased
SCAP stability

Since C-terminal SCAP phosphorylation regulates its stability and interaction with
SREBP23%, we examined SREBP2 localization. In PINK1 KO DaNs, SREBP2 puncta
accumulated in the nucleus compared to the cytosol (Fig. 1D-E), consistent with
activation of cholesterol biosynthesis. Immunoblotting revealed upregulation of SQLE
and downregulation of INSIG2, whereas HMGCR levels remained unchanged (Fig.
1F—I). As a control we treated DaNs with BCD, a chemical that hydrolyses cholesterol
and induces cholesterol biosynthesis.

To show that cholesterol biosynthesis is regulated by PINK1 and not due to clonal
artefacts, we expressed WT PINK1 and 3x-kinase-dead (3xKD) mutant PINK1 in
PINK1 KO neurons using lentivirus and blotted for HMGCR, SQLE and INSIG2 (Fig
S3A-E). Expression of WT PINK1, but not a kinase-dead mutant, normalized SQLE
and partially restored INSIG2. However, similar to our observation with BCD treatment,

protein levels of HMGCR were unaffected by the expression of WT or 3xKD PINK1.

Reduced phosphorylation in the C-terminus of SCAP in the absence of kinase PKCM/
has been previously associated with increased cholesterol biosynthesis due to
reduced SCAP degradation?®. Cycloheximide pulse—chase experiments demonstrated
increased SCAP stability in PINK1 KO neurons (Fig. 1J-K), while total SCAP and
PKCAM levels were unaffected (Fig. S4A—C). PINK1 did not co-immunoprecipitate with
SCAP, suggesting regulation is indirect (Fig. S4D). Together, these results identify
impaired SCAP phosphorylation and enhanced cholesterol biosynthesis as
downstream consequences of PINK1 loss of function.

11



PINK1 LOF increases neuronal cholesterol that is enriched at the plasma
membrane and in flotillin-rich lipid rafts

PINK1 has multiple domains including a mitochondrial targeting sequence (MTS), and
the TM, the N-terminal (NT), the kinases lobes and the C-terminal region (CTR) (Fig
2A). To gain insights into the pathomechanism, we measured cholesterol content
across multiple PINK1 mutations (affecting multiple domains) and LOF models. Free
cholesterol was elevated in PINK1 KO and PINK1 Q456X DaNs but not in PINK1
Q126P DaNs (mutation in the N-terminal domain) or in HelLa cells harboring
endogenous PINK1 W437X (Fig. 2B—F), suggesting a kinase-domain and neuron-
specific phenotype. In PINK1 KO mice, increased striatal cholesterol was observed in
young mice but not in the old/adult mice (Fig 2G), consistent with developmental-stage
neuronal cholesterol synthesis. In accordance with PD pathology, the ventral midbrain
region did not have altered cholesterol both in young and old mice (Fig 2H).

Whole cell lipidomics in PINK1 WT and KO DaNs covering other major lipid classes -
phosphatidylglycerol (PG), bis(monoacylglycerol)phosphate (BMP),
phosphatidylinositol (Pl), phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylcholine (PC), sphingomyelin (SM), lysophosphatidylethanolamine (LPE),
cardiolipin (CL), ceramide (Cer) -, revealed no significant alterations (Fig S5).

We next sought to find where in the neurons the level of cholesterol is increased. As
the maijority of cholesterol is found in the plasma membrane, we used a dye (NR12A)
that specifically stains the plasma membrane in live cells. We found that PINK1 KO
neurons have increased NR12A binding at the plasma membrane compared to WT
neurons (Fig 21). We also determined the lipid order ratio, using NR12A quantification
with a plate reader assay, and found a significant increase in lipid order ratio in PINK1
KO neurons (Fig 2J). Cholesterol was added to the media as a positive control.
Additionally, the cholesterol-lowering agents simvastatin and BCD rescued the lipid

order ratio.

To visualize if excess cholesterol is also present within the subcellular compartments,
we co-stained the neurons with PFO, a toxin that binds to cholesterol®?, and FLOT1 (a
marker for lipid rafts) (Fig 2K). This revealed increased PFO puncta in PINK1 KO
neurons that colocalized to FLOT1. Additionally, the signal intensity of FLOT1 is also
higher in PINK1 KO neurons suggesting internalization of lipid rafts. By contrast, PFO

12



did not colocalize with mitochondria (Fig. S6), consistent with their normally low
cholesterol content. Thus, PINK1 loss specifically drives plasma membrane and

FLOT1-rich lipid raft cholesterol accumulation.

Cholesterol accumulation is independent of mitophagy and does not affect

mitochondrial respiration

Since PINK1 regulates mitophagy, we tested whether altered cholesterol levels were
linked to this pathway. Antimycin A—induced mitochondrial depolarization failed to
trigger degradation of the canonical mitophagy markers Miro1 and MFN2 in PINK1 KO
DaNs (Fig. 3A—C), confirming impaired mitophagy.

The upregulation of cholesterol has been previously shown to inhibit mitophagy?®? 4.
However, the levels of cholesterol during mitophagy initiation and whether impaired
mitophagy has any effect on cholesterol levels have not been previously studied.
Hence, we assessed free cholesterol levels upon mitophagy induction using Antimycin
A. However, free cholesterol levels remained unchanged during mitophagy induction
(Fig. 3D).

We then assessed whether cholesterol modulates mitochondrial respiration. Seahorse
analysis revealed reduced maximal respiration and spare respiratory capacity in
PINK1 KO DaNs, while basal and non-mitochondrial respiration were unaffected (Fig.
3E-J). This would suggest that mitochondria are unable to reach their full capacity in
the absence of PINK1 as spare respiratory capacity and maximal respiration depends
on multiple parameters including the integrity of electron transport chain complexes,
the ability of mitochondria to oxidize energetic substrates and mitochondrial health in
general®®. Neither cholesterol depletion nor supplementation altered respiratory
parameters. These findings indicate that cholesterol dysregulation in PINK1 neurons
occurs independently of mitophagy and does not directly impair basal mitochondrial

respiration.

Excess cholesterol disrupts DAT distribution and neurotransmitter uptake
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Cholesterol-rich lipid rafts regulate trafficking of DAT, which contains a cholesterol-
binding domain and is internalized through FLOT1-positive microdomains. In PINK1
KO DaNs, DAT redistributed from the plasma membrane to perinuclear regions,
partially overlapping with PFO-positive cholesterol puncta (Fig. 4A). Cholesterol
depletion with simvastatin or BCD restored normal DAT localization.

Due to altered DAT distribution and increased cholesterol at the plasma membranes,
we performed a neurotransmitter uptake assay (Fig 4B) and found it to be significantly
reduced in PINK1 KO DaNs (Fig 4C). This defect was rescued by cholesterol-lowering
treatments and was largely DAT dependent, as shown by pharmacological inhibition
(Fig 4C). These results demonstrate that cholesterol accumulation in PINK1 LOF

neurons disrupts DAT trafficking and impairs dopaminergic function.

Discussion

By integrating phosphoproteomics and functional assays in multiple PINK1 models,
we identify reduced phosphorylation of SCAP at Ser822 and Ser838 as an early event
in PINK1-deficient neurons. This reduction stabilizes SCAP, enhances cholesterol
biosynthesis, and drives cholesterol accumulation in plasma membrane and FLOT1-
rich lipid rafts, with downstream disruption of DAT distribution and neurotransmitter

uptake.

SCARP stability is normally controlled by C-terminal phosphorylation, which promotes
its ubiquitination and degradation via the proteasome®. We observed reduced
phosphorylation of SCAP, increased SREBP2 in the nucleus, and reduced INSIG2
and increased SQLE protein levels in PINK1 LOF neurons, consistent with enhanced
cholesterol biosynthesis. Basal SCAP and PKCAM levels were unaffected, raising the
possibility that additional kinases or altered post-translational regulation underlie the

defect in SCAP phosphorylation.

The physical and biochemical communication between mitochondria and ER at
mitochondria-ER contacts sites have been shown to regulate calcium homeostasis??,
mitochondria dynamics and energetics®®, apoptosis®’, and cholesterol metabolism®8,
among others®. Identifying the molecular composition and phosphorylation-
dependent regulation of these contacts could clarify how PINK1 LOF perturbs

cholesterol metabolism in neurons.
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A-kinase anchor protein 11 (AKAP11) was another candidate that had reduced
phosphorylation at Thr1100 in PINK1 LOF DaNs. It has been reported that astrocytes
lacking AKAP11 have upregulated lipid metabolism and an accumulation of esterified
cholesterol®°. While it is not known how phosphorylation of AKAP11 at Thr1100 affects
its activity, it has been predicted that PKA and AKAP11 phosphorylates large
ribosomal protein 34 (RPL34) at Ser128'. Since we also observe a significant
downregulation of RPL34 phosphorylation at Ser12 in both PINK1 LOF DaNs, we
hypothesize that AKAP11 Thr1100 could impair its activity and may also play a role in
cholesterol regulation in PINK1 LOF DaNs.

No differences in cholesterol levels were detected in PINK1 Q126P DaNs. Unlike the
Q456X mutation, which resides in the kinase domain, Q126P affects the NT domain
of PINK1. This mutation has been reported to disrupt NT-CTR interactions, thereby
preventing PINK1 autophosphorylation and stabilization at the outer mitochondrial
membrane®?. Another mutation in the TM region, R98W, alters protein positioning or
processing and, in contrast, increases mitophagy through PINK1 accumulation at the
outer mitochondrial membrane®. Since Q126P does not directly affect the kinase
domain, it remains unclear whether its substrate phosphorylation activity is impaired.
This underscores the need for further studies to dissect the specific consequences of
Q126P and other NT/TM PINK1 mutations.

Cholesterol accumulation has been shown to impair PINK1-Parkin-dependent
mitophagy by reducing optineurin recruitment and lysosomal clearance, a phenotype
observed in Alzheimer’'s disease across several model systems and in post mortem
brain tissue despite elevated PINK1/Parkin signaling®3>4. A genome-wide RNAi screen
further identified SREBP1 and SREBP2 as key regulators of mitophagy induction,
acting by stabilizing PINK1 and promoting Parkin translocation to the mitochondria®.
These findings suggest that, by disrupting lysosomal clearance, excess cholesterol
may impose an additional burden on mitophagy in PINK1 LOF neurons. Moreover,
PINK1/Parkin-independent mechanisms for mitochondrial clearance could also be

compromised under conditions of cholesterol accumulation.

DAT has six Cholesterol Recognition Amino acid Consensus (CRAC) motifs®® through
which it can interact with plasma membrane cholesterol/cholesterol-rich lipid rafts. Our

study has identified functional consequences of cholesterol accumulation in the
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plasma membrane. DAT mislocalization to perinuclear regions and its possible partial
sequestration into cholesterol-rich rafts impaired neurotransmitter uptake. Restoring
the cholesterol balance with simvastatin or BCD corrected these defects, supporting a
causal role for cholesterol accumulation. Using super-resolution microscopy, a similar
DAT distribution has also been observed in neurons following cholesterol depletion®®.
Interestingly, BCD has also previously been shown to improve differentiation
efficiency, bioenergetic profiles and neuronal firing in PINK1 neuronal and midbrain
organoid PD models*3. Our findings align with clinical and preclinical observations that
DAT dysregulation precedes neurodegeneration and highlight the contribution of
cholesterol homeostasis to dopaminergic vulnerability®’.

Cholesterol-rich lipid rafts organize signaling and trafficking in neurons®. Our
observation that FLOT1-positive rafts are increased in PINK1 LOF neurons parallels
prior links between lipid rafts and PD-related proteins including a-synuclein, LRRK2,
DJ-1, Parkin, and PINK1 itself®®-73. Notably, loss of Parkin also promotes cholesterol-
dependent raft internalization’4, suggesting convergent lipid regulatory mechanisms

across genetic forms of PD.

In summary, we identify reduced SCAP phosphorylation at Ser822 and Ser838 and
consequent cholesterol accumulation as early pathogenic features of PINK1 LOF
neurons. By linking cholesterol homeostasis to dopaminergic dysfunction, this work
expands the biological repertoire of PINK1 beyond mitochondrial quality control and
suggests that targeting cholesterol metabolism could modify disease onset or

progression in PINK1-related PD.

Implications and limitations

iPSC-derived DaN model system mimics early stages of neurogenesis, differentiation
and maturation, and do not recapitulate aging. We show that these young PINK1 LOF
DaNs have increased cholesterol biosynthesis and levels. However, adult neurons do
not synthesize their own cholesterol, instead they take in cholesterol predominantly
from astrocytes. It is possible that PINK1 astrocytes also exhibit impaired cholesterol
homeostasis and future work in astrocytes could be helpful to understand the

relevance of cholesterol in PINK1 LOF.
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Nonetheless, we observed increased cholesterol levels in the striatum only in the
young PINK1 KO mice but not in older mice. This would suggest that this impaired
cholesterol homeostasis phenotype could only be present early in the brain when the
onset of PD might not be evident. Direct transdifferentiation to human DaNs and/or
astrocytes will be useful to understand the relevance of age and cholesterol
homeostasis in PINK1 PD.

Acknowledgements

We thank the study participants, spouses and PD patients who have donated samples
to the Hertie Institute for Clinical Brain Research NeuroBiobank. Without their
participation, basic research into neuronal mechanisms of disease would not be
possible. We thank Nicolas Snaidero, University of Tlbingen for providing support with
Olympus FV3000 confocal microscopy. We thank the HIH-CIN Imaging Cluster of
Microscopy, Core Facility of the Medical Faculty at the University of Tubingen for
providing support (especially Olga Oleksiuk) and instrumentation with Leica Dmi8
epifluorescence microscopy. We thank Andrey Klymchenko, University of Strasbourg,
France for sharing NR12A dye. We thank Ulrich Rothbauer, University of Tubingen for
sharing pLenti6/V5-DEST plasmid with us. pLenti6-DEST PINK1-V5 WT and pLenti6-
DEST PINK1-V5 KD were a gift from Mark Cookson, National Institute of Aging, NIH,
Bethesda. We thank Jens Schwamborn, Luxembourg Centre for Systems
Biomedicine, Luxembourg and Christine Klein, Institute of Neurogenetics, University
of Lubeck, Germany for kindly sharing PINK1 Q456X patient and isogenic gene control

cell lines with us.

Author Contributions

Karan Sharma: conceptualization, methodology, validation, formal analysis,
investigation, writing—original draft, writing—review and editing, and visualization.
Claudia Cavarischia Rega: Methodology, formal analysis, investigation, writing—
review and editing, and visualization. Dina Ivanuik — Methodology. Christine Frdhlich
(née Bus): Methodology, formal analysis and investigation. Jos F. Brouwers:
Methodology and formal analysis. Gerard Martens: Methodology and formal analysis.

Philipp Seibler: Resources, writing-review and editing. Javier Jarazo: Resources,

17



writing-review and editing. Thomas Gasser: Resources, writing-review and editing.
Daniela M. Vogt Weisenhorn: Resources, writing-review and editing. Boris Macek:
Resources, project administration, supervision, writing-review and editing. Julia C.
Fitzgerald: conceptualization, methodology, resources, validation, formal analysis,
investigation, writing-original draft, writing-review and editing, project administration,

supervision, and funding acquisition.

Funding

The work was supported by the DFG, German Research Council, Research Training
Group (MOMbrane 654651/GRK2364).

Competing interests

The authors declare no conflict of interest.
Supplementary material

This article contains supplemental data.

References

1. Valente EM, Abou-Sleiman PM, Caputo V, et al. Hereditary early-onset Parkinson's
disease caused by mutations in PINK1. Science 2004;304(5674):1158-60. doi:
10.1126/science.1096284 [published Online First: 20040415]

2. Schneider SA, Klein C. PINK1 Type of Young-Onset Parkinson Disease. In: Adam
MP, Mirzaa GM, Pagon RA, et al., eds. GeneReviews((R)). Seattle (WA)1993.

3. Samaranch L, Lorenzo-Betancor O, Arbelo JM, et al. PINK1-linked parkinsonism is
associated with Lewy body pathology. Brain 2010;133(Pt 4):1128-42. doi:
10.1093/brain/awq051 [published Online First: 20100330]

4. Takanashi M, Li Y, Hattori N. Absence of Lewy pathology associated with PINK1
homozygous mutation. Neurology 2016;86(23):2212-3. doi:
10.1212/WNL.0000000000002744 [published Online First: 20160504]

5. Geisler S, Holmstrom KM, Skujat D, et al. PINK1/Parkin-mediated mitophagy is
dependent on VDAC1 and p62/SQSTM1. Nat Cell Biol 2010;12(2):119-U70.
doi: 10.1038/ncb2012

6. Kane LA, Lazarou M, Fogel Al, et al. PINK1 phosphorylates ubiquitin to activate
Parkin E3 ubiquitin ligase activity. J Cell Biol 2014;205(2):143-53. doi:
10.1083/jcb.201402104

7. Kazlauskaite A, Kondapalli C, Gourlay R, et al. Parkin is activated by PINK1-
dependent phosphorylation of ubiquitin at Ser65. Biochem J 2014;460(1):127-
39. doi: 10.1042/BJ20140334

18



8. Kondapalli C, Kazlauskaite A, Zhang N, et al. PINK1 is activated by mitochondrial
membrane potential depolarization and stimulates Parkin E3 ligase activity by
phosphorylating Serine 65. Open Biol 2012;2 doi: ARTN 120080

10.1098/rsob.120080

9. Koyano F, Okatsu K, Kosako H, et al. Ubiquitin is phosphorylated by PINK1 to
activate parkin. Nature 2014;510(7503):162-+. doi: 10.1038/nature 13392

10. Lazarou M, Jin SM, Kane LA, et al. Role of PINK1 binding to the TOM complex
and alternate intracellular membranes in recruitment and activation of the E3
ligase Parkin. Dev Cell 2012;22(2):320-33. doi: 10.1016/j.devcel.2011.12.014
[published Online First: 20120125]

11. Okatsu K, Oka T, Iguchi M, et al. PINK1 autophosphorylation upon membrane
potential dissipation is essential for Parkin recruitment to damaged
mitochondria. Nat Commun 2012;3 doi: ARTN 1016

10.1038/ncomms2016

12. Ordureau A, Sarraf SA, Duda DM, et al. Quantitative Proteomics Reveal a
Feedforward Mechanism for Mitochondrial PARKIN Translocation and Ubiquitin
Chain Synthesis. Mol Cell 2014;56(3):360-75. doi:
10.1016/j.molcel.2014.09.007

13. Rasool S, Veyron S, Soya N, et al. Mechanism of PINK1 activation by
autophosphorylation and insights into assembly on the TOM complex. Mol Cell
2022;82(1):44-+. doi: 10.1016/j.molcel.2021.11.012

14. Shiba-Fukushima K, Imai Y, Yoshida S, et al. PINK1-mediated phosphorylation of
the Parkin ubiquitin-like domain primes mitochondrial translocation of Parkin
and regulates mitophagy. Sci Rep-Uk 2012;2 doi: ARTN 1002

10.1038/srep01002

15. Trempe JF, Gehring K. Structural Mechanisms of Mitochondrial Quality Control
Mediated by PINK1 and Parkin. J Mol Biol 2023:168090. doi:
10.1016/j.jmb.2023.168090 [published Online First: 20230412]

16. Wang X, Winter D, Ashrafi G, et al. PINK1 and Parkin target Miro for
phosphorylation and degradation to arrest mitochondrial motility. Cell
2011;147(4):893-906. doi: 10.1016/j.cell.2011.10.018

17. Wauer T, Simicek M, Schubert A, et al. Mechanism of phospho-ubiquitin-induced
PARKIN activation. Nature 2015;524(7565):370-+. doi: 10.1038/nature14879

18. Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol
2011;12(1):9-14. doi: 10.1038/nrm3028

19. Lechado-Terradas A, Schepers S, Zittlau Kl, et al. Parkin-dependent mitophagy
occurs via proteasome-dependent steps sequentially targeting separate
mitochondrial sub-compartments for autophagy. Autophagy Reports
2022;1(1):576-602. doi: 10.1080/27694127.2022.2143214

20. Zittlau Kl, Lechado-Terradas A, Nalpas N, et al. Temporal Analysis of Protein
Ubiquitylation and Phosphorylation During Parkin-Dependent Mitophagy. Mo/
Cell Proteomics 2022;21(2):100191. doi: 10.1016/j.mcpro.2021.100191
[published Online First: 20211230]

21. Wang R, Fortier TM, Chai F, et al. PINK1, Keap1, and Rtnl1 regulate selective
clearance of endoplasmic reticulum during development. Cell
2023;186(19):4172-88 e18. doi: 10.1016/j.cell.2023.08.008 [published Online
First: 20230825]

19



22. Ham SJ, Yoo H, Woo D, et al. PINK1 and Parkin regulate IP(3)R-mediated ER
calcium release. Nat Commun 2023;14(1):5202. doi: 10.1038/s41467-023-
40929-z [published Online First: 20230825]

23. Celardo |, Costa AC, Lehmann S, et al. Mitofusin-mediated ER stress triggers
neurodegeneration in pink1/parkin models of Parkinson's disease. Cell Death
Dis 2016;7(6):e2271. doi: 10.1038/cddis.2016.173 [published Online First:
20160623]

24. Cui Y, Wen X, Nan Y, et al. Overexpressed PERK suppresses the
neurodegenerative phenotypes in PINK1(B9) flies by enhancing mitochondrial
function. Neurochem Int 2020;140:104825. doi: 10.1016/j.neuint.2020.104825
[published Online First: 20200906]

25. Grossmann D, Malburg N, Glass H, et al. Mitochondria-Endoplasmic Reticulum
Contact Sites Dynamics and Calcium Homeostasis Are Differentially Disrupted
in PINK1-PD or PRKN-PD Neurons. Mov Disord 2023;38(10):1822-36. doi:
10.1002/mds.29525 [published Online First: 202307 14]

26. Shin KC, Ali Moussa HY, Park Y. Cholesterol imbalance and neurotransmission
defects in neurodegeneration. Exp Mol Med 2024;56(8):1685-90. doi:
10.1038/s12276-024-01273-4 [published Online First: 20240801]

27. Zhang J, Liu Q. Cholesterol metabolism and homeostasis in the brain. Protein Cell
2015;6(4):254-64. doi: 10.1007/s13238-014-0131-3 [published Online First:
20150215]

28. Genaro-Mattos TC, Anderson A, Allen LB, et al. Cholesterol Biosynthesis and
Uptake in Developing Neurons. ACS Chem Neurosci 2019;10(8):3671-81. doi:
10.1021/acschemneuro.9b00248 [published Online First: 20190619]

29. Funfschilling U, Jockusch WJ, Sivakumar N, et al. Critical time window of neuronal
cholesterol synthesis during neurite outgrowth. J Neurosci 2012;32(22):7632-
45. doi: 10.1523/JNEUROSCI.1352-11.2012

30. Brown MS, Radhakrishnan A, Goldstein JL. Retrospective on Cholesterol
Homeostasis: The Central Role of Scap. Annu Rev Biochem 2018;87:783-807.
doi: 10.1146/annurev-biochem-062917-011852 [published Online First:
20170825]

31. Song BL, Javitt NB, DeBose-Boyd RA. Insig-mediated degradation of HMG CoA
reductase stimulated by lanosterol, an intermediate in the synthesis of
cholesterol. Cell Metab 2005;1(3):179-89. doi: 10.1016/j.cmet.2005.01.001

32. Sever N, Yang T, Brown MS, et al. Accelerated degradation of HMG CoA
reductase mediated by binding of insig-1 to its sterol-sensing domain. Mol Cell
2003;11(1):25-33. doi: 10.1016/s1097-2765(02)00822-5

33. Yan RH, Cao PP, Song WQ, et al. A structure of human Scap bound to Insig-2
suggests how their interaction is regulated by sterols. Science
2021;371(6533):1012-+. doi: ARTN eabb2224

10.1126/science.abb2224

34. Luo J, Yang H, Song BL. Mechanisms and regulation of cholesterol homeostasis.
Nat Rev Mol Cell Biol 2020;21(4):225-45. doi: 10.1038/s41580-019-0190-7
[published Online First: 20191217]

35. Muta Y, Linares JF, Martinez-Ordonez A, et al. Enhanced SREBP2-driven
cholesterol biosynthesis by PKClambdaliota deficiency in intestinal epithelial
cells promotes aggressive serrated tumorigenesis. Nat Commun
2023;14(1):8075. doi: 10.1038/s41467-023-43690-5 [published Online First:
20231213]

20



36.

37.

38.

39.

40.

41.

42.

43.

44,

45

46.

47.

48.

49.

50.

Al-Kuraishy HM, Al-Gareeb Al, Alexiou A, et al. Pros and cons for statins use and
risk of Parkinson's disease: An updated perspective. Pharmacol Res Perspect
2023;11(2):e01063. doi: 10.1002/prp2.1063

Alrouji M, Al-Kuraishy HM, Al-Mahammadawy AAA, et al. The potential role of
cholesterol in Parkinson's disease neuropathology: perpetrator or victim. Neurol
Sci 2023;44(11):3781-94. doi: 10.1007/s10072-023-06926-2 [published Online
First: 20230710]

Gao X, Simon KC, Schwarzschild MA, et al. Prospective study of statin use and
risk of Parkinson disease. Arch Neurol 2012;69(3):380-4. doi:
10.1001/archneurol.2011.1060

Hu G. Total cholesterol and the risk of Parkinson's disease: a review for some new
findings. Parkinsons Dis 2010;2010:836962. doi: 10.4061/2010/836962
[published Online First: 20091110]

Jeong SH, Chung SJ, Yoo HS, et al. Differential effects of cholesterol levels on
cognition according to body mass index in Parkinson's disease. Alzheimers Res
Ther 2024;16(1):24. doi: 10.1186/s13195-023-01326-2 [published Online First:
20240131]

Correction to "Pros and cons for statins use and risk of Parkinson's disease: An
updated perspective". Pharmacol Res Perspect 2024;12(3):e1221. doi:
10.1002/prp2.1221

Bus C, Zizmare L, Feldkaemper M, et al. Human Dopaminergic Neurons Lacking
PINK1 Exhibit Disrupted Dopamine Metabolism Related to Vitamin B6 Co-
Factors. iScience 2020;23(12):101797. doi: 10.1016/j.isci.2020.101797
[published Online First: 20201113]

Jarazo J, Barmpa K, Modamio J, et al. Parkinson's Disease Phenotypes in Patient
Neuronal Cultures and Brain Organoids Improved by 2-Hydroxypropyl-beta-
Cyclodextrin Treatment. Mov Disord 2022;37(1):80-94. doi:
10.1002/mds.28810 [published Online First: 20211012]

Prestel J, Gempel K, Hauser TK, et al. Clinical and molecular characterisation of
a Parkinson family with a novel PINK1 mutation. J Neurol 2008;255(5):643-48.
doi: 10.1007/s00415-008-0763-4

. Reinhardt P, Glatza M, Hemmer K, et al. Derivation and expansion using only small

molecules of human neural progenitors for neurodegenerative disease
modeling. PLoS One 2013;8(3):€59252. doi: 10.1371/journal.pone.0059252
[published Online First: 20130322]

Wettengel J, Reautschnig P, Geisler S, et al. Harnessing human ADAR2 for RNA
repair - Recoding a PINK1 mutation rescues mitophagy. Nucleic Acids Res
2017;45(5):2797-808. doi: 10.1093/nar/gkw911

Mair B, Tomic J, Masud SN, et al. Essential Gene Profiles for Human Pluripotent
Stem Cells Identify Uncharacterized Genes and Substrate Dependencies. Cell
Rep 2019;27(2):599-615 e12. doi: 10.1016/j.celrep.2019.02.041

Glasl L, Kloos K, Giesert F, et al. Pink1-deficiency in mice impairs gait, olfaction
and serotonergic innervation of the olfactory bulb. Exp Neurol 2012;235(1):214-
27. doi: 10.1016/j.expneurol.2012.01.002

Perez-Riverol Y, Bandla C, Kundu DJ, et al. The PRIDE database at 20 years:
2025 update. Nucleic Acids Res 2025;53(D1):D543-D53. doi:
10.1093/nar/gkae1011

Xicoy H, Brouwers JF, Kalnytska O, et al. Lipid Analysis of the 6-
Hydroxydopamine-Treated SH-SYSY Cell Model for Parkinson's Disease. Mol

21



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Neurobiol 2020;57(2):848-59. doi: 10.1007/s12035-019-01733-3 [published
Online First: 20190906]

Danylchuk DI, Moon S, Xu K, et al. Switchable Solvatochromic Probes for Live-
Cell Super-resolution Imaging of Plasma Membrane Organization. Angew
Chem Int Edit 2019;58(42):14920-24. doi: 10.1002/anie.201907690

Waheed AA, Shimada Y, Heijnen HF, et al. Selective binding of perfringolysin O
derivative to cholesterol-rich membrane microdomains (rafts). Proc Natl Acad
SciU S A2001;98(9):4926-31. doi: 10.1073/pnas.091090798 [published Online
First: 20010417]

Roca-Agujetas V, Barbero-Camps E, de Dios C, et al. Cholesterol alters mitophagy
by impairing optineurin recruitment and lysosomal clearance in Alzheimer's
disease. Mol Neurodegener 2021;16(1):15. doi: 10.1186/s13024-021-00435-6
[published Online First: 20210308]

Roca-Agujetas V, de Dios C, Abadin X, et al. Upregulation of brain cholesterol
levels inhibits mitophagy in Alzheimer disease. Autophagy 2021;17(6):1555-57.
doi: 10.1080/15548627.2021.1920814 [published Online First: 20210504]

Desler C, Hansen TL, Frederiksen JB, et al. Is There a Link between Mitochondrial
Reserve Respiratory Capacity and Aging? J Aging Res 2012;2012:192503. doi:
10.1155/2012/192503 [published Online First: 20120605]

Vélgyi K, Juhasz G, Kovacs Z, et al. Dysfunction of Endoplasmic Reticulum (ER)
and Mitochondria (MT) in Alzheimer's Disease: The Role of the ER-MT Cross-
Talk. Curr Alzheimer Res 2015;12(7):655-72. doi: Doi
10.2174/1567205012666150710095035

Gelmetti V, De Rosa P, Torosantucci L, et al. PINK1 and BECN1 relocalize at
mitochondria-associated membranes during mitophagy and promote ER-
mitochondria tethering and autophagosome formation. Autophagy
2017;13(4):654-69. doi: 10.1080/15548627.2016.1277309

Szabo L, Cummins N, Paganetti P, et al. ER-mitochondria contacts and cholesterol
metabolism are disrupted by disease-associated tau protein. Embo Rep
2023;24(8) doi: 10.15252/embr.202357499

Sammeta SS, Banarase TA, Rahangdale SR, et al. Molecular understanding of
ER-MT communication dysfunction during neurodegeneration. Mitochondrion
2023;72:59-71. doi: 10.1016/j.mit0.2023.07.005

Liu X-M, Pribiag H, Misri D, et al. Abnormal Lipid Metabolism and Altered Neuronal
Support by Astrocytes Lacking &lt;em&gt;Akap11&lt;/em&gt;, a Risk Gene for
Schizophrenia and Bipolar Disorder. bioRxiv 2025:2025.04.25.650548. doi:
10.1101/2025.04.25.650548

Segura-Roman A, Citron YR, Shin M, et al. Autophagosomes anchor an AKAP11-
dependent regulatory checkpoint that shapes neuronal PKA signaling. Embo
Journal 2025;44(11):3150-79. doi: 10.1038/s44318-025-00436-x

Kakade P, Ojha H, Raimi OG, et al. Mapping of a N-terminal alpha-helix domain
required for human PINK1 stabilization, Serine228 autophosphorylation and
activation in cells. Open Biol 2022;12(1):210264. doi: 10.1098/rsob.210264
[published Online First: 20220119]

Brassard R, Arutyunova E, Takyi E, et al. Transmembrane Parkinson's disease
mutation of PINK1 leads to altered mitochondrial anchoring. Journal of
Biological Chemistry 2025;301(3) doi: ARTN 108253

10.1016/j.jbc.2025.108253

22



64. Ilvatt RM, Sanchez-Martinez A, Godena VK, et al. Genome-wide RNAi screen
identifies the Parkinson disease GWAS risk locus

as a regulator of mitophagy. P Natl Acad Sci USA 2014;111(23):8494-99. doi:
10.1073/pnas.1321207111

65. Epand RM. Proteins and cholesterol-rich domains. Bba-Biomembranes
2008;1778(7-8):1576-82. doi: 10.1016/j.bbamem.2008.03.016

66. Rahbek-Clemmensen T, Lycas MD, Erlendsson S, et al. Super-resolution
microscopy reveals functional organization of dopamine transporters into
cholesterol and neuronal activity-dependent nanodomains. Nat Commun
2017;8 doi: ARTN 740

10.1038/s41467-017-00790-3
67. Harraz MM. Selective dopaminergic vulnerability in Parkinson's disease: new
insights into the role of DAT. Front Neurosci-Switz 2023;17 doi: ARTN 1219441

10.3389/fnins.2023.1219441

68. Grassi S, Giussani P, Mauri L, et al. Lipid rafts and neurodegeneration: structural
and functional roles in physiologic aging and neurodegenerative diseases. J
Lipid Res 2020;61(5):636-54. doi: 10.1194/jir. TR119000427

69. Fortin DL, Troyer MD, Nakamura K, et al. Lipid rafts mediate the synaptic
localization of a-synuclein. Journal of Neuroscience 2004;24(30):6715-23. doi:
10.1523/Jneurosci.1594-04.2004

70. Hatano T, Kubo S, Imai S, et al. Leucine-rich repeat kinase 2 associates with lipid
rafts. Hum Mol Genet 2007;16(6):678-90. doi: 10.1093/hmg/ddm013

71. Kim KS, Kim JS, Park JY, et al. DJ-1 Associates with lipid rafts by palmitoylation
and regulates lipid rafts-dependent endocytosis in astrocytes. Hum Mol Genet
2013;22(23):4805-17. doi: 10.1093/hmg/ddt332

72. Fallon L, Moreau F, Croft BG, et al. Parkin and CASK/LIN-2 associate via a PDZ-
mediated interaction and are co-localized in lipid rafts and postsynaptic
densities in brain. Journal of Biological Chemistry 2002;277(1):486-91. doi:
10.1074/jbc.M109806200

73. Silvestri L, Caputo V, Bellacchio E, et al. Mitochondrial import and enzymatic
activity of PINK1 mutants associated to recessive parkinsonism. Hum Mol
Genet 2005;14(22):3477-92. doi: 10.1093/hmg/ddi377

74. Cha SH, Choi YR, Heo CH, et al. Loss of parkin promotes lipid rafts-dependent
endocytosis through accumulating caveolin-1: implications for Parkinson's
disease. Mol Neurodegener 2015;10 doi: ARTN 63

10.1186/s13024-015-0060-5

23



Graphical Abstract

SCAP  SREBP2
Cytosol |\si62
ER .
Cytosol J

Proteasomal degradation [‘\’lm

Golgi
/ ‘
'

p”
Cme )™
ANZNY/N"7,\Y/,\"7\

Cholesterol biosynthesis

Cytosol

Nucleus

Q

T

\

Altered DAT \

W
Al

\

i

g

-
S )

.
iy

L

24

dn-pjing
|o1331s3]04)

Neurotransmitter

DAT
Internalization

f

®



Main Figures

A B

Extracton

Phosphopeptide
measurement i

I

Intensity. Phospho_WT_x+y_Intensity.Phospho_KO

Progsresme | | rosposcmeme
messurement messuement

=

PINK1 KO vs WT

(@)

Intensity. Phospho_GC_x+y_lntensity.Phospho_PINK1 Q456X

PINK1 Q456C vs GC

19 4

id

D

Hoechst SREBP2

5 A

05 0 05 1
Difference Intensity. Phospho_KO_Intensity.Phosphp_WT

xy
Diference LFQ Proteome_KO_LFQ Proteome_WT

Merged

2

45 4 05 o 05 1 15 2
Difference Intensity. Phospho_PINK1 Q456X_Intensity. Phospho_GC

-y
Difference LFQ Proteome_PINK1 Q456X_LFQ Proteome_GC

E

SREBP2 in nucleus

N 38
S *ok K
E § &= 2.5
[
5 220 .
3 E
o 9
S G 1.0
32 e
o cc
== &
2%
§ § 0.0-
:: ‘é‘ WT KO
WT KO
HMGCR SQLE
Veh BCD Veh BCD
™ 3 ns % %k k%
100kDa == 3 % v
v
SALE w— FEsTUdESUSNYE . 2, |—-
c
35kDa —] 7 ¥ H E E L] N
INSIG2 25kDa—| - . s o W _,-,-T-,.. *; g g
S <1
w w
0
Total Protein Veh CD Veh pCD Veh BCD Veh pCD
wT KO wT Ko
R
| J wT KO K
CHX(inh) 0 15 3 6 24 48 0 1.5 3 6 24 48
INSIG2 ety ; . SCAP
SCAP I p—p——— T
%%k 100kDa == »
1.5 0
g 2.0 wr
g £ -= KO
£1.0 - 4 215 ¥\
: g ~
° M 1o b p—t
o 08 Total protein . NN g r
S 05
= 1'1 5 :Is (Ii 824 4'8 CHX (in h)
0.0 Time (in h)

Veh BCD Veh 3CD

WT KO

Y

25

Kt



Figure 1: PINK1 LOF dopamine neurons have impaired SCAP phosphorylation
at S822 and S838 that increases cholesterol biosynthesis due to increased
SCAP stability.

A) A schematic workflow for phosphoproteomics. B) Phosphoproteomic differences in
PINK1 wildtype (WT) and knockout (KO) dopamine neurons. C) Phosphoproteomic
differences in PINK1 Q456X and gene corrected (GC) dopamine neurons. D)
Immunofluorescence images showing neuronal localization of SREBP2 (green) in
PINK1 WT and KO neurons. E) Quantification of average nuclear fluorescence
intensity of SREBP2 in PINK1 WT and KO neurons (n=5). F) Immunoblot showing
basal levels of proteins HMGCR, SQLE and INSIG2 in PINK1 WT and ko neurons. G)
Quantification of basal HMGCR protein levels (n=3). H) Quantification of basal SQLE
protein levels (n=5-6). I) Quantification of basal INSIG2 protein levels (n=3). J)
Immunoblot showing SCAP levels in PINK1 WT and KO neurons following a
cycloheximide (CHX) treatment to inhibit protein synthesis with timepoint ranging from
0 — 48 hours. K) Quantification of SCAP levels after CHX treatment (n=3). The error
bars show the standard error of mean (SEM). For statistical analysis with more than
two samples, an ordinary one-way ANOVA was used with Tukey’s multiple
comparisons tests. Unpaired t-test (two-tailed) was performed for quantification of the

immunofluorescence intensities in (E).
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Figure 2: PINK1 LOF human dopamine neurons and young mice striatum exhibit
increased free cholesterol which is enriched at the plasma membrane and in
FLOT1-rich lipid rafts.

A) Schematic for PINK1 domains showing the mitochondrial targeting sequence (MTS)
and the kinase domains. Free cholesterol levels of B) PINK1 wildtype (WT) and
knockout (KO), C) PINK1 Q126P and gene corrected (GC), D) PINK1 Q456X and GC
patient #1, E) PINK1 Q456X and GC patient #2 dopamine neurons (n=6). F) Free
cholesterol levels of HeLa cells having endogenous WT PINK1 and PINK1 W437X
(n=4). G) Free cholesterol levels of young and old PINK1 WT and KO mice striatum
(n=3). H) Free cholesterol levels of young and old PINK1 WT and KO mice ventral
midbrain (n=3). |) Live cell epifluorescence images stained with NR12A dye (green)
that stains cholesterol at the plasma membranes of PINK1 WT and KO dopamine
neurons. J) Plate reader-based quantification of lipid order ratio stained using NR12A
dye in live PINK1 WT and KO dopamine neurons (n=17 from 3 independent biological
replicates). K) Immunofluorescence images stained with Perfringolysin-O (PFO) in
green and Flotillin 1 (FLOT1) in red showing the localization of cholesterol and FLOT1
rich lipid rafts in PINK1 WT and KO dopamine neurons. The error bars show the
standard error of mean (SEM). For statistical analysis in (J), an ordinary one-way
ANOVA was used with Tukey’s multiple comparisons tests. Unpaired t-test (two-tailed)

was performed for quantification of free cholesterol levels in (B-H).
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Figure 3: Cholesterol accumulation is independent of mitophagy and does not

alter mitochondrial respiration.

A) Immunoblot of the mitophagy initiation markers Miro1 and MFN2 in PINK1 wildtype
(WT) and knockout (KO) dopamine neurons depolarized using Antimycin A at
timepoints ranging 0-6 hours. B) Quantification of Miro1 levels in (A) (n=4). C)
Quantification of MFN2 in (A) (n=4). D) Free cholesterol levels measured in PINK1 WT
and KO dopamine neurons treated with Antimycin A for 6 hours (n=3). E) Seahorse
based mitochondrial stress test to measure Oxygen Consumption Rate (OCR) and F)
Extracellular Acidification Rate (ECAR) in PINK WT and KO dopamine neurons treated
with cholesterol and cholesterol depleting agents - simvastatin and 3-cyclodextrin. G)
Quantification of Basal respiration, H) Maximal Respiration, 1) Spare capacity and J)
Non-mitochondrial respiration in (E) (n=10-18 from 3 independent biological
replicates). The error bars show the standard error of mean (SEM). For statistical
analysis with more than two samples, an ordinary one-way ANOVA was used with

Tukey’s multiple comparisons tests.
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Figure 4: Excess cholesterol disrupts DAT distribution and neurotransmitter

uptake.

A) Immunofluorescence images showing the distribution of dopamine transporter
(DAT) in red and Perfringolysin O (PFO) in green in PINK1 wildtype (WT) and knockout
(KO) dopamine neurons either untreated or treated with cholesterol depleting agents
- simvastatin and [-cyclodextrin. B) Relative Fluorescence Unit (RFU) of
neurotransmitter uptake within a time course of 30 minutes in PINK1 WT and KO
dopamine neurons either untreated or treated with simvastatin, B-cyclodextrin or
dopamine transporter inhibitor (DATi). C) Quantification of neurotransmitter uptake
rate in (B) (n=8 from 4 different neuronal differentiations). The error bars show the
standard error of mean (SEM). For statistical analysis with more than two samples, an
ordinary one-way ANOVA was used with Tukey’s multiple comparisons tests.
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