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Summary

Parkinson's disease (PD) is a neurodegenerative disease, the incidence of which increases with age.
The prevalence of PD is rapidly increasing in the global aging population. With the increasing
number of PD patients, the social and economic costs rise exponentially, emphasizing the
immediate need to understand PD's pathogenesis and effective disease-modifying treatments
(Tolosa et al. 2021; Trist, Hare, and Double 2019).

From the time PD was described by James Parkinson in 1817 to the present, several significant
milestones have been reached. In 1912, Frederick Lewy discovered intracytoplasmic inclusion
bodies ("Lewy bodies™), which were identified years later as the pathological hallmark of PD
(Holdorff 2006, 2002). In 1957, Arvid Carlsson and Oleh Hornykiewicz pioneered the link
between dopamine deficiency and PD (Fahn 2018; Hargittai 2023). In 1967, George Cotzias
revolutionized high-dose levodopa therapy, leading to a breakthrough in the treatment of PD (Lees,
Tolosa, and Olanow 2015; Patten 1983). In 1997, Polymeropoulos and colleagues identified the
first mutation causing autosomal dominant PD in a large family that originated in Greece and
immigrated to Italy. This gene mutation is a missense mutation (A53T) in the SNCA gene encoding
a-synuclein (normal state of a-synuclein, same as below) protein located on chromosome 4921-
g23 (Polymeropoulos et al. 1997). Later, Spillantini and her colleagues discovered that o-
synuclein is present in the Lewy bodies, a significant discovery that cemented the importance of
a-synuclein and its central role in the pathogenesis of PD (Spillantini et al. 1997). A year after
discovering the first mutation in the PD-associated gene SNCA, mutations in Parkin (PRKN) were

found to cause autosomal recessive PD (Matsumine et al. 1997).

The discovery of PD triggered by a single gene mutation made PD as a complex disease that both
rare and common genetic variants can influence. The heritability of PD is estimated to be about
35%, which includes risk factors such as GBA and MAPT etc. However, the variants identified by
GWAS have modest effect sizes and collectively fail to account for current estimates of PD
heritability. Larger sample sizes are required to identify other risk factors (Nalls et al. 2019).
However, it also seems likely that additional rare alleles with larger effect sizes contribute to PD

risk in the population (Blauwendraat, Nalls, and Singleton 2020).
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Nalls et al. and Fu et al. have identified 90 significant risk variants across 78 genomic regions
associated with PD in the European population and 2 from Asia population (Nalls et al. 2019; Foo
et al. 2020). However, the underlying genes need to be known to develop disease-modifying
therapeutic strategies. A complete list of candidate genes was generated in our lab after
determining the associated genomic region flanking the associated single nucleotide
polymorphisms (SNPs) based on linkage disequilibrium calculations, followed by determining the
genes located in these regions. Our mission is to determine which of these genes under each locus
are affected by the causal variants and how changes in the function or regulation of the causal
genes lead to altered disease risk. Since most SNPs regulate the expression of one or more
neighboring genes, their effect can be mimicked by gene knockdown using RNA interference
(RNAI) technology or gene activation using clustered regularly interspaced short palindromic
repeats (CRISPR) technology. In this study, gene knockdowns were performed by using RNAI
technology, the effect of candidate genes on the change of mitochondrial dynamics on PD was
investigated by performing mitochondrial morphology assay and Parkin translocation assay, the
effect of candidate genes on a-synuclein proteins level was investigated by performing a-synuclein
enzyme-linked immunosorbent assay (ELISA). In addition, mRNA sequencing was performed to
determine the knockdown efficiency and the effect of gene knockdown on molecular pathways to

learn more about potential novel PD-relevant pathways.

The robust strictly standardized median difference (SSMD) was calculated for hit selection of
mitochondrial morphology assay and Parkin translocation assay. Effects were considered

significant when most of the ShRNAs targeting one gene the SSMD = 3 or <-3. The percentage

of increased or decreased a-synuclein protein was calculated for hit selection of a-synuclein
ELISA assay. Effects were considered significant when the percentage of increase of a-synuclein

protein is = 50% of negative control, or the decrease of a-synuclein protein is < 50% of negative

control for each treatment. Based on the result of functional assay and mMRNA sequencing, a subset

of priority genes per locus was selected from this study.

The data from this study helped us narrow down the list of risk genes for PD and suggested possible
causative genes in each of the 78 known risk loci. Not only that, this study may also provide us
with novel causative genes or novel roles of some genes in PD. Another critical point of this study
is that our approach highlights a powerful experimental strategy that has broad applicability in
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future studies of diseases with complex genetic etiologies. The selection of priority genes from a
large number of candidates has advanced the study of the PD genome, but there is still some way
to go before we can identify the actual causative genes. To achieve this goal, targeted experiments
need to be designed to validate these prioritized genes. The future of PD-targeted therapy is bright

as our understanding and research continue to advance.
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1. Introduction

Parkinson's disease (PD) is a neurodegenerative disorder with the prevalence increasing gradually
with the increase in age. The global prevalence is expected to double from 6.2 million cases in
2015 to 12.9 million cases by 2040 (Blauwendraat, Nalls, and Singleton 2020). PD was first
described as ‘An Essay of the Shaking Palsy’ by James Parkinson in 1871 (Jagadeesan et al. 2017;
Parkinson 1969). Patients with PD have a combination of progressive motor and non-motor
symptoms affecting their quality of life, creating a substantial burden on healthcare systems. The
motor symptoms mainly include slow movements, tremors, unstable posture, and rigidity. The
non-motor symptoms include cognition impairment, emotion problems, sleep disturbances, and so
on (Beitz 2014). The main pathological features of PD are progressive degeneration and loss of
dopaminergic neurons in the substantia nigra, along with activation of glial cells and expression
of inflammatory factors, as well as dysfunctional glucose metabolism, oxidative stress, apoptosis
and aggregates of the a-synuclein (normal state of a-synuclein, same as below) protein into
inclusions called Lewy bodies (LBs) (Lew 2007). According to the clinical diagnostic criteria,
approximately 60-70% of nigrostriatal neurons are degenerated, and 80% of the striatal dopamine
content is reduced before the diagnosis (Marino et al. 2012). Statistics show that approximately 1%
of people over 60 years of age develop the disease (Tysnes and Storstein 2017). To date, the exact
cause and pathogenesis of sporadic PD is largely unknown, but the onset of PD is undoubtedly not
due to a single factor but rather to the involvement of multiple causative factors. The previously
described risk factors of PD include increasing age, stress, male gender, environmental factors,

genetic mutations, etc (Balestrino and Schapira 2020).
1.1 Genetic aspects of PD

The discovery of a familial form of PD caused by a single gene mutation has led to the current
paradigm of PD as a complex disease that can be influenced by both rare and common genetic
variants (Polymeropoulos et al. 1997; Blauwendraat, Nalls, and Singleton 2020). Genetic variants
are estimated to contribute about 25% to the overall risk of developing PD (Day and Mullin 2021).

The association of genetic variants and PD varies in frequency and risk (Figure 1).

On the one hand, the linkage analysis of affected PD families showed that monogenic or familial
PD is characterized by rare high penetrance genetic variants. On the other hand, genome-wide

16
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association studies (GWAS) have identified numbers of more common with low penetrance
genetic variants that contribute to developing sporadic PD (Koros, Simitsi, and Stefanis 2017). In
the middle of the two types of variants mentioned above, there are uncommon, but not rare variants
that contribute moderately to the risk of developing PD, such as GBA and LRRK?2 variants (von
Linstow, Gan-Or, and Brundin 2020).

Effect size

Large

Medium @0

90 variants,
including SNCA,
MAPT, LRRK2,
GCH1, GAK,
BST1, HLA-
DRBS, SYT11

Small

Allele

Rare Uncommon Common
frequency

Figure 1. Summary of genetic variants in PD grouped according to allele frequency and associated risk of PD.
(from (Day and Mullin 2021))

1.1.1 Familial PD

Familial PD (or monogenic PD) initially identified monogenic associations through studies of
affected pedigrees. In 1997, Polymeropoulos and colleagues identified the first missense mutation
in the SNCA gene encoding the a-synuclein protein located on chromosome 4g21-923
(Polymeropoulos et al. 1997). Up to date, at least eight genes have been confirmed to be associated
with familial PD including a-synuclein gene (SNCA), Parkin RBR E3 ubiquitin-protein ligase
(PARKIN), PTEN-induced putative kinase 1 (PINK1), ATPase cation transporting 13A2
(ATP13A2), DJ-1 (PARKY), F-box protein 7 (FBXQO7), phospholipase A2 group VI (PLA2G6)
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and VPS35 retromer complex component (VPS35) genes (Hatano et al. 2009). Linkage analyses
in autosomal dominant and autosomal recessive kindreds have identified genes resulting in
Mendelian (single gene) forms of parkinsonism, which can explain 5-10% of PD cases (Klein and
Westenberger 2012).

Monogenic PD usually has variants with large risk effects, resulting in changes in protein-coding
or large differences in expression which makes it suitable for modeling using genetic methods in
cellular and animal systems (Blauwendraat, Nalls, and Singleton 2020). Studies of the molecular
mechanisms underlying monogenic PD have helped us to evaluate whether these mechanisms also

apply to sporadic PD.
1.1.2 Sporadic PD

In contrast to familial PD, genetic studies of sporadic PD have been advanced primarily through
the discovery of common genetic variants by using case-control cohorts GWAS, which made

considerable progress in our understanding of sporadic PD (Jansen et al. 2017).

The first GWAS locus for PD was identified in 2009 (Figure 2). Until now, Nalls et al. and Foo et
al. have identified 90 risk variants associated with PD in the European population and 2 from the
Asian population (Nalls et al. 2019; Foo et al. 2020). These findings made a breakthrough in our
understanding of the genetics of PD. They also provide us with a lot of important information and
directions for doing more specific research. Since most of the studies used European cohorts, this
limited the applicability of the results to the worldwide populations. In addition, the heritability of
PD is estimated to be about 35%, which includes risk factors such as glucosidase beta acid (GBA)
and microtubule-associated protein tau (MAPT), etc. However, the variants identified by GWAS
have modest effect sizes and collectively fail to account for current estimates of PD heritability.
Larger sample sizes are required to identify other risk factors. Considering the missing heritability
of PD, additional rare alleles with larger effect sizes contribute to PD risk in the population (Jansen
et al. 2017; Mullin and Schapira 2015). The development of high-throughput sequencing
technologies has revolutionized human genetics, and hundreds of thousands of genomes have been

sequenced worldwide, starting a new era of genetics.

GWAS has generated new loci relevant to the risk of developing PD. However, the underlying

genes or gene markers need to be known to develop disease-modifying therapeutic strategies. The
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associated single nucleotide polymorphisms (SNPs) from GWAS studies identify the genomic
location (locus) for a genetic risk variant but do not identify the variant or the gene itself. Under
each of the association peak, several genes can be located and considered candidate gene(s). Thus,
the identification of the causal genes is challenging. If a SNP is located in a protein-coding region,
this gene is likely causal. However, the vast majority of the SNPs identified in recent studies lie
not in protein-coding regions of the chromosome. Several even in “gene deserts” which are regions
of the genome that are devoid of protein-coding genes. Therefore, post-GWAS analyses are critical
in assigning biological functions to GWAS variants (Gallagher and Chen-Plotkin 2018). These
analyses include functional analysis, which is aimed at inferring the possible underlying disease
biological mechanisms associated with the variants and calculating the polygenic risk score (PRS)

to quantify a person's genetic risk of developing a trait.

Number of GWAS variants associated with Parkinson's disease
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Figure 2. Timeline of genetic discoveries from GWASs for PD. (from (Blauwendraat, Nalls, and Singleton 2020),

with permission from Elsevier)
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1.2 Pathophysiology of PD

PD is characterized by several neuropathological hallmarks, including the degeneration of
dopaminergic neurons in the substantia nigra and the aggregation of abnormal a-synuclein (Antony
et al. 2013).

The main pathological change in PD is the degeneration of dopaminergic neurons in the substantia
nigra (Y.-F. Zhu et al. 2020). Nigrostriatal dopaminergic neurons are involved in motor regulation
in the basal ganglia by transporting dopamine to the striatum via the substantial nigra-striatal
pathway. The regulation of motor function by the basal ganglia is achieved primarily through
connections with the cortico-basal ganglia-thalamus-cortical circuit (Rodriguez-Sabate et al.
2019). In this circuit, the striatum receives projected fibers from the brain's sensorimotor cortex,
and its emitted fibers reach the medial pallidum/ substantia nigra pars compacta (SNpc) reticular
formation, the emitting unit of the basal ganglia emitted fibers via direct and indirect pathways.
Dopaminergic fibers emanating from the SNpc project to the striatum for further coordinated
control of the basal ganglia motor circuitry (Quartarone et al. 2020). In the direct pathway,
dopamine binds to D1 receptors on the striatum, activating the direct pathway (Alexander, DeLong,
and Strick 1986). In the indirect pathway, dopamine binds to D2 receptors on the striatum and
inhibits the indirect pathway. In PD patients, there is a decrease in substantial nigra-striatum
dopaminergic signaling, causing inhibition of the direct pathway, excitation of the indirect
pathway, and ultimately causing symptoms of reduced movement such as hypokinesia and tonicity
(Figure 3).

Another neuropathology hallmark of PD is the presence of intracellular inclusions termed LBs,
which are composed of aggregates of abnormal a-synuclein (Dickson 2018). Normally, a-
synuclein is a natively unfolded protein highly enriched in presynaptic and perinuclear cellular
compartments in the central nervous system, which may modify synaptic vesicle release (Burré et
al. 2010). In PD, the abnormal a-synuclein is a misfolded “amyloid-like” protein prone to

aggregation, and has pathologic post-translational modifications (Choong and Mochizuki 2022).
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Figure 3. A conceptual framework for considering striatal-thalamo-cortical and cerebello-thalamo-cortical
circuits. (from (Lewis et al. 2013))

1.3 a-synuclein and PD

a-synuclein is a small soluble protein encoded by the SNCA gene, with a molecular weight of 19
kDa, consisting of 140 highly homologous amino acids (Maroteaux, Campanelli, and Scheller
1988).

It has been previously suggested that a-synuclein is connected to PD pathogenesis via toxic gain-
of-function and cytotoxicity rather than loss of function. Abeliovich et al. conducted with a-
synuclein knockout mice, and the results showed that no such differences were observed between
the structures of neurons and synaptic terminals in the a-synuclein-deficient mice and those in the
normal mice. Although they showed some defects in the nigrostriatal dopamine pathway, they did
not show any abnormalities or PD features (Abeliovich et al. 2000). A study from Stefanis further
demonstrated that both the oligomeric and fibrillar species of a-synuclein are currently considered
to be cytotoxic (Stefanis 2012). It was found that there is a dynamic balance between normal and
misfolded a-synuclein and its oligomerization. When this balance is disturbed, the protofibrils
rapidly aggregate into large, insoluble, fine fibers. Any factor that upsets this balance is disruptive
and plays a key role in the development of PD (Mehra, Sahay, and Maji 2019; Gadhe et al. 2022).
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The aggregation of a-synuclein can cause endoplasmic reticulum (ER) stress, ultimately leading
to cell death. The ubiquitin-proteasome system (UPS) is an intracellular protein quality control
system that selectively transports misfolded or denatured proteins to the proteasome in the
cytoplasm for degradation (Omura et al. 2006). In this ER system, which is termed ER-associated
degradation (ERAD), unfolded proteins are initially retrotranslocated from the endoplasmic
reticulum to the cell membrane via transposition, polyubiquitinated by ubiquitin-binding enzymes
(E2), ubiquitin ligases (E3), and other components. The ubiquitinated proteins are usually
degraded by the 26S proteasome complex, which relies on ATP hydrolysis to function (Hershko
and Ciechanover 1998). Cooper et al. found that the accumulation of a-synuclein impairs the
degradation of ERAD substrates, leading to the accumulation of misfolded proteins in the ER and
the associated ER stress. Apart from this, Cooper et al. also found that the yeast expressing the a-
synuclein gene showed early impairment of ER to Golgi vesicle transport and that overexpression
of Rab1l resisted the dopaminergic neuron loss caused by a-synuclein in animal models of PD
(Cooper et al. 2006).

Mutations and changes in SNCA were suggested to impact mitochondrial function via a decrease
in ATP production, mitochondrial fragmentation, and mitochondrial biogenesis. A study from
Avrias-Fuenzalida et al. showed that SNCA mutant neuroepithelial stem cells (NESCs) reduced
energy performance including, lower ATP production and non-mitochondrial respiration, which
indicates that SNCA mutant present in mitochondrial impairment (Arias-Fuenzalida et al. 2017).
Another study by Nakamura et al. found that overexpression of SNCA in mammalian cells can
cause mitochondrial fragmentation. The effect is specific to mitochondria, with no morphological
changes in other intracellular organelles or mitochondrial membrane potential (Nakamura et al.
2011). The fragmentation does not rely on the major mitochondrial fission protein dynamin-related
protein 1 (Drpl). Other than effects on mitochondrial morphology, a study from Ryan et al. showed
that a-synuclein can reduce mitochondrial biogenesis by down-regulating peroxisome
proliferation-activating receptor gamma coactivator 1-a (PGC1a) (Ryan et al. 2013). Furthermore,
overexpression of a-synuclein binds to the inner mitochondria membrane (IMM), inhibiting the
function of mitochondrial complexes I (MCI) and increasing the production of reactive oxygen
species (ROS) (Devi et al. 2008). Consistent with these findings, the N-terminal structural domain
of a-synuclein is associated with MCI and interferes with its functions (Devi et al. 2008; Borsche

etal. 2021).
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Another study showed that extracellular a-synuclein is involved in glycogen synthase kinase-3f
(GSK-3p) -dependent Tau hyperphosphorylation, leading to microtubule destabilization. Further,
this leads to impairment of cytoskeleton stability (Gassowska et al. 2014). In addition, a-synuclein
can affect cytoskeletal stability by inhibiting phospholipase D2 activity (Jenco et al. 1998) and
binding to synphilin-1 (Engelender et al. 1999).

Apart from that, a-synuclein also can regulate vesicle release from synaptic membranes (Murphy
et al. 2000; Cabin et al. 2002), and inhibit dopamine synthesis and the release of dopamine
neurotransmitters (Masliah et al. 2000; Baptista et al. 2003). a-synuclein inhibits dopamine
synthesis by suppressing tyrosine hydroxylase (TH) expression and activity, which may be
achieved by reducing the phosphorylation state of TH and stabilizing dephosphorylated inactive
TH (Lou et al. 2010; Wu et al. 2011).

In short, various pieces of evidence suggest that the misfolding and aggregation of a-synuclein
interact with the abnormal function of various organelles, including mitochondrial dysfunction,
lysosomal function, and ER stress, et al. Therefore, multiple cellular processes are suspected to be

involved in PD via a-synuclein, as summarized in Figure 4.
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Figure 4. The triangle between a-syn structure, function, and toxicity. (from (Villar-Piqué, Lopes da Fonseca,
and Outeiro 2016), with permission from Wiley)

1.4 Mitochondrial dysfunction in PD

Mitochondria are considered to be the ‘powerhouse’ of the cell (Franco-Iborra, Vila, and Perier
2016). Its primary function is to provide energy to the cell through adenosine triphosphate (ATP).
It has been found that most inherited PD loci are directly linked to mitochondria, which implies
that mitochondrial dysfunction is a central factor in the pathogenesis of both sporadic and familial
PD (Borsche et al. 2021).

1.4.1 Oxidant stress and MCI dysfunction in PD

Mitochondria produce about 90% of cellular ROS, making oxidative stress closely related to
mitochondrial function (Perfeito, Cunha-Oliveira, and Rego 2012). Loss of MCI in dopaminergic
neurons is a hallmark of PD, which is mainly caused by the abnormal a-synuclein and toxins at
the level of the electron transport chain (Wright 2022), and this, in turn, drives ROS production
(Mullin and Schapira 2013). The auto-oxidation of dopamine can also produce free radicals and
active quinones (LaVoie and Hastings 1999) that elevate mitochondrial oxidant stress. Studies
have shown that inhibition of MCI by rotenone, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), or paraquat poisoning leads to iron accumulation associated with PD (Mufioz et al. 2016).
Similarly, inhibition of the UPS can lead to an imbalance in cellular iron homeostasis, which

further induces positive feedback on ROS generation and a-synuclein aggregation (Le 2014).

Mitochondrial-derived ROS have been noted as significant contributors to inflammation by
offloading danger signals into the intra- or extracellular compartments in response to stressors
(Grazioli and Pugin 2018; Pérez-Trevifo, Veldsquez, and Garcia 2020). These molecules that can
cause inflammation are collectively referred to as damage-associated molecular patterns (DAMPS)
and are sensed through pattern recognition receptors (PRRs) (Riley and Tait 2020). mtDNA can
act as a DAMP molecule to trigger inflammation (West et al. 2015). Neuroinflammation and
mitochondrial dysfunction are closely linked. Dysfunctional organelles may induce inflammation,
leading to further mitochondrial damage and releasing of large amounts of mitochondrial DAMPs.
Mitochondrial dysfunction may establish a vicious cycle through ROS signaling (Picca et al. 2020;
Al Amir Dache et al. 2020).
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1.4.2 Mitochondrial dynamics and mitophagy in PD

Many causal/risk mutations for PD occur in genes linked to mitochondrial dynamics and clearance
(mitophagy), such as DJ-1, PARKIN, PINK1, etc.

Mitochondria are complex and highly dynamic cellular organelles that undergo frequent fission
and fusion in a dynamically balanced manner within a cell. The repetitive cycles of fission and
fusion regulate mitochondrial morphology, distribution, and function (X.Zhang et al.
2019). Mitochondrial fission occurs before mitophagy. Inhibiting mitochondrial fission can reduce
mitophagy. Drpl is a fission protein that can lead to mitochondrial fission when it is overexpressed.
Studies show that inhibiting Drp1- mediated mitochondrial fission plays a neuroprotective role in
the PD model (Loson et al. 2013; Osellame et al. 2016). Researches show that the VPS35
mutation can trigger mitochondrial fission, and the increase in mitochondrial fragmentation caused
by the VPS35 mutation exhibited an impaired configuration of MCI (Zhou et al. 2017; Wang et al.
2016). Similarly, DJ-1, LRRK2, PARKIN, and PINK1 are all involved in regulating mitochondrial

dynamics.

It is established that PARKIN is intimately involved in many aspects of mitochondria, such as it
can affect mitochondrial homeostasis by regulating their biogenesis and degradation via mitophagy
(Scarffe et al. 2014; Palacino et al. 2004). Similar to PARKIN, PINK1 also affects various aspects
of mitochondrial function, including mitophagy, mitochondria morphology, trafficking, and
diminished MCI activity (Morais et al. 2014; Geisler et al. 2010). Of all the functions of PINK1,
the most studied is the function of mitophagy, promoting clearance of damaged mitochondria
through the recruitment and activation of Parkin (Gladkova et al. 2018). Normally, Parkin is
scattered in the cytosol. In the early stages of mitophagy, PINK1 bound to translocase of outer
membrane (TOM) complex proteins and autophosphorylated to promote rapid recruitment of E3
ubiquitin ligase PARKIN from the cytosol to the damaged OMM, leading to the ubiquitination of
OMM proteins and subsequent proteasomal degradation (Figure 5) (Shiba-Fukushima et al. 2012;
Wauer et al. 2015).

Mitofusins (MFN1 and MFN2) are located in the outer mitochondrial membrane (OMM) and
mediate OMM fusion (Frezza et al. 2006). PINK1-mediated phosphorylation of MFN2 may be
involved in PINK1-PRKN-mediated mitophagy by directly recruiting PARKIN to mitochondria.

Optic atrophy 1 (OPA1) is located in the IMM and mediates IMM fusion. OPA1 can protect from
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apoptosis by decreasing the release of cytochrome c. (Stafaetal. 2014). The decreasing
cytochrome c release further prevents mitochondrial dysfunction and reduces the loss of

mitochondrial membrane potential.
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Figure 5. PINK1 imports mechanisms into healthy and damaged mitochondria. (from (Nguyen, Padman, and
Lazarou 2016), with permission from Elsevier)

1.5 Lysosomal dysfunction in PD

Mutations in GBA, which encodes lysosomal hydrolase enzyme glucocerebrosidase (GCase) are

the most important genetic risk factor for PD (Sidransky et al. 2009).

GBA mutations result in misfolded GCase proteins retained in the ER and fail to translocate to the
lysosome. A persistent lack of GCase activity in the lysosome further leads to lysosomal
dysfunction and subsequent impairment of the autophagy-lysosome pathway (ALP) (Blumenreich
et al. 2020). The deficiency of GCase results in catalytic lipid substrate accumulation, thus
hindering the transport of newly synthesized GCase from ER/Golgi to lysosomes, aggravating
lysosomal dysfunction. As a result of the impairment of ALP, aggregation of a-synuclein may be
induced. In addition, deficiency of GCase is also associated with oxidative stress, reduced ATP

production, abnormal mitochondrial morphology, and neuroinflammation.
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1.6 ER stress in PD

ER-to-mitochondrial calcium transport is vital for the pathology of PD. ER is considered the major
calcium storage organelle in the metazoan cell. Alteration of Ca?* homeostasis in ER can disrupt
protein folding, accumulating misfolded proteins and initiating UPR. Evidence supports that
misfolded protein in ER can cause Ca®* release and transport to mitochondria (Kaufman and
Malhotra 2014). Calcium transport from ER to mitochondrial results in the Ca* accumulation in
mitochondrial, further stimulating mitochondrial respiration and ATP production and promoting
ROS generation. The increased level of intracellular ATP inhibits the activation of AMP-activated
kinase (AMPK). Inhibition of AMPK, in turn, increases the activity of the mammalian target of
rapamycin (mTOR), which is a well-known autophagy inhibitor. In short, the Ca?* accumulation
in mitochondria suppressed autophagy in the end.

The degree of ER stress may correlate with the severity of PD. A growing body of evidence from
cellular and animal models suggests that the accumulation of misfolded proteins in ER can induce
ER stress, leading to unfolded protein response (UPR) (Fernandes et al. 2016). Studies from yeast
show that ER stress can also induce autophagy. The possible mechanisms underlying the link
between ER, lysosomal and mitochondrial dysfunction, a-synuclein, and PD are shown in Figure
6.
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Figure 6. Possible mechanisms underlying the link between GCase, a-synuclein, and PD. ((Smith and Schapira
2022)(Smith and Schapira 2022)

1.7 Therapeutic strategies

As mentioned before, the symptoms of PD are mainly divided into motor symptoms and non-
motor symptoms, so different therapy approaches are produced according to the different

symptoms.
1.7.1 Treatment for motor symptoms

The mechanism of motor symptoms in PD is striatal dopamine depletion caused by the loss of
dopaminergic neurons in the SNpc. The administration of levodopa to substitute striatal dopamine
was a breakthrough in the treatment of PD, and since then, multiple additional targets for
dopaminergic therapies have been identified (Radhakrishnan and Goyal 2018). Levodopa is
considered a gold standard therapy, and most patients with PD require levodopa therapy within

two years of symptom onset.

Although levodopa is the most efficient medicine for PD treatment, it also has some complications,
such as levodopa-related motor complications. Concern about the complications, many patients
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and doctors choose to start using levodopa therapy very carefully. There are also other
disadvantages of levodopa, including erratic drug delivery due to the short half-life of levodopa,
as well as variability in its absorption and blood-brain barrier transportation (Poewe and Antonini
2015). More effective oral formulations and innovative administration routes were developed to
improve the absorption and bioavailability of levodopa. The research demonstrates that carbidopa
being co-administered with levodopa can increase its bioavailability, prolong its efficacy, and
promote levodopa's tolerability (Tambasco, Romoli, and Calabresi 2018). Oral levodopa
inhibitors include IPX066, DM-1992, XP21279, ODM-101, et al. Levodopa-carbidopa intestinal
gel (LCIG) is an intestinal-delivered drug approved for patients with advanced PD. It reduces L-

dopa-plasma level fluctuations and decreases motor complications (Poewe and Antonini 2015).

To treat PD-related motor symptoms, many other types of medications are also available apart
from levodopa. For instance, anticholinergics, amantadine, monoamine oxidase inhibitors

(MAOIs), catechol-O-methyl transferase inhibitors (COMT]Is), and dopamine agonists can be used.

Anticholinergics can antagonize acetylcholine to reduce the effect of muscarinic receptors
postsynaptic to striatal interneurons. They are predominantly used to reduce tremors. However,
anticholinergics have various adverse effects, such as cognitive impairment, confusion, blurred

vision, and urinary retention, which limit their use in treating PD.

Amantadine, with both anti-glutamatergic and anti-cholinergic properties, has been shown to
alleviate movement disorders. The most common side effects were visual hallucinations,
peripheral edema, and dizziness. COMTIs include entacapone, tolcapone, and opicapone, which
can block the peripheral degradation of dopamine. Thus, these drugs enhance the bioavailability

of levodopa preparations.

Dopamine receptor agonists mainly target D2-like and D1-like dopamine receptor families. The
most commonly used dopamine agonists in clinical practice are non-ergot dopamine agonists. The
side effects of dopamine agonists are sleepiness, nausea, and hallucinations, making it essential to

use the medication cautiously, especially in elderly patients.

1.7.2 Treatment for non-motor symptoms
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The non-motor symptoms mainly include cognitive impairment, emotional problems such as
depression, dementia, sleep disturbances, levodopa-induced dyskinesias, and so on. All these

require treatment with non-dopaminergic agents.

Almost all types of antidepressant medications work on depression symptoms in patients with PD,
for example, tricyclic antidepressants, mirtazapine, trazodone, and quetiapine. Antidepressant
medications supplemented with hypnotics can be a strategy to improve sleep problems if needed.
Dementia due to PD is caused by the degeneration of cholinergic neurons. Rivastigmine and
Donepezil are cholinesterase inhibitors that can be used to treat PD-associated dementia. In
addition to improving cognitive function, cholinesterase inhibitors may reduce hallucinations,
improve postural stability, and even reduce the frequency of falls in some patients (Henderson et
al. 2016).

1.7.3 Other treatment methods

Deep brain stimulation (DBS) is a well-known PD surgical treatment. The central role positions
of DBS are the thalamus, globus pallidus, and subthalamic nucleus (STN) (Church 2021). The
critical advantage of DBS is that the stimulation parameters can be adjusted as the disease
progresses to optimize the benefits (Jankovic and Tan 2020). This treatment is mainly used for

advanced PD patients.

Cell replacement therapy for PD initially used fetal tissue-derived cell transplants in 1987. The
ethical concerns and limitations to cell survival after preservation restricted the clinical
applicability of fetal transplantation. In 2010, human embryonic stem cells (hESCs) were first used
to treat spinal cord injury (Lebkowski 2011)(Lebkowski 2011). Since then started stem cell-derived
products therapy era. In 2018, the first human trial used induced pluripotent stem cells (iPSCs) as
a cell source to treat PD (Doi et al. 2020). Compared to the previous cell therapy, iPSCs do not
need to use human embryos, removing the ethical issues in stem cell therapy. Primate studies have
already demonstrated significant improvements after transplanting human iPSCs-derived
dopaminergic progenitors into the non-human primate model of PD (Kikuchi et al. 2017).
However, we still have to look at iPSC therapy in a dialectical way. Although it has many
advantages, problems such as possible tumor formation and the success rate of implantation still
need to be studied in more depth. The steps required for patient-specific transplantation of iPSCs

are outlined in Figure 7.
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Figure 7. iPSC transplantation. First,
fibroblasts are obtained from a patient
afflicted with familial PD. Researchers
express major reprogramming transcription
factors to establish a mutant iPSC line. The
significant mutation is corrected Using
ZNF/TALEN or CRISPR/Cas9 technology,
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2. Objectives and background of this study

2.1 Objective of this study

With the development of genomics and its application in PD, more and more PD-related genetic
studies are emerging. The familial PD pathogenic genes are now well established, but there is still
no comprehensive study of the genes responsible for sporadic PD. Identifying risk loci associated
with PD in the European and Asian populations is a breakthrough for studying sporadic PD.
However, the associated SNPs from GWAS identify the genomic loci associated\linked with a
genetic risk variant but do not identify the PD causal variants themselves. Under each association
peak several genes can be located and considered candidate genes including coding and non-
coding variants. Thus, the identification of the causal genes is challenging. For this reason, research

into the causative genes of sporadic PD is essential.

A complete list of candidate genes was generated in our lab after determining the associated
genomic region flanking the associated SNP based on linkage disequilibrium calculations,
followed by determining the genes located in these 78 risk loci (Nalls et al. 2019; Foo et al. 2020).
Our mission is to identify causal risk genes for sporadic PD and to demonstrate which changes in
the function or regulation of these genes lead to altered disease risk by performing functional

assays. The workflow of this study is shown in Figure 8.
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Figure 8. The experiment design and workflow. BE(2)-M17 cell model was used in this project. From 405 candidate
genes associated with the 92 risk variants, 245 genes are expressed in BE(2)-M17. We designed 3 - 5 shRNA for each
gene to perform knockdown (KD). After KD the 245 candidate genes one by one, the mRNA sequencing and the
functional assays such as mitochondrial morphology assay, Parkin translocation assay, and a-synuclein ELISA were
performed. The design flow of the experiment is shown schematically in Graph A. The experimental flow for
mitochondrial morphology assay and Parkin translocation assay is shown in Graph B. The experimental flow for a-

synuclein ELISA and mRNA sequencing are shown in Graphs C and D, respectively.

2.2 Background of this study

405 protein-coding and non-protein-coding elements had been identified as targets by using
bioinformatics. We use BE(2)-M17 cells as the cellular model and a genome-wide lentiviral library
for shRNA-based knockdowns. A total of 245 targets are expressed in BE(2)-M17 cells and have
shRNAs available in our Mission shRNA library (from Sigma). After performing gene knockdown,
several microscopic, biochemical, and transcriptomic assays were performed. According to the
available literature, mitochondrial dysfunction, lysosomal dysfunction, and a-Synuclein
misfolding have an essential role in the pathogenesis of PD (Chen, Li, and Liu 2020). In this study,
we investigated the effect of candidate genes on the change of mitochondrial dynamics on PD by
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performing mitochondrial morphology assay and Parkin translocation assay, and the effect of
candidate genes on a-synuclein proteins level by performing a-synuclein enzyme-linked
immunosorbent assay (ELISA). In addition, we performed mRNA sequencing to determine the
knockdown efficiency and the effect of gene knockdown on molecular pathways to learn more
about potential novel PD-relevant pathways. Furthermore, we may be able to establish additional

assays based on the findings we get from the mRNA sequencing.

Based on the 90 risk variants associated with PD in the European population and 2 risk variants
from the Asian population identified by Nalls et al. and Foo et al. (Nalls et al. 2019; Foo et al.
2020). Linkage disequilibrium (LD) blocks were calculated based on the variant allele frequency
of the 1000G project European population. The maximum R2 to be considered in LD with the
sentinel SNP was 0.2. Coordinates of most left and most right SNPs were used to intersect with

gene code annotation to obtain the final gene list.

Considering establishing a cell model to study the role of these 405 candidate genes for PD, we
tried to find a cell line that was as suitable as possible for our experimental requirements. To
accomplish this, we first selected three cell lines as candidate cell lines, which were BE(2)-M17
cell line, SH-SY5Y cell line, and HEK293T cell line. Among these candidate cell lines, we
comprehensively considered the number of candidate genes expressed by each candidate cell line,
whether there are available ShRNAs for each candidate gene, whether they expressed SNCA, and
whether their mitochondrial morphology was easy for image analysis. In the end, the BE(2)-M17
cell line was chosen as the cell model for this study due to expressing more candidate genes (245
genes) and having a mitochondrial morphology that was easier to image and analyze. A recent
study showed that BE(2)-M17 was shown to have a better dopaminergic phenotype and was more
suitable as a cellular model for in vitro studies of PD compared to the SH-SY5Y cell line
(Carvajal-Oliveros et al. 2022).

After cell line selection, we designed 1126 shRNAs to perturb the expression of candidate genes,
with arange of 3-5 shRNAs targeting each gene. In this experiment, the mitochondrial morphology
assay and Parkin translocation assay were performed using all 1126 shRNAs targeting the 245
candidate genes. To know the knockdown (KD) efficiency, we design a real-time quantitative
polymerase chain reaction (RT-qPCR) experiment. According to the result of RT-qPCR, we finally
identified 195 candidate genes with a good KD efficiency (>50%) and further focused on those.
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In the end, we only include genes with good KD efficiency to do data analysis for mitochondrial
morphology assay and Parkin translocation assay and use the most efficient KD shRNA to perform
a-synuclein ELISA and mRNA sequencing. The research status of the identified 78 PD risk loci

in this study is shown in Figure 9.
Research status of 78 PD loci in this study
E= Loci that notinvestigated in this study

. = Loci that fully investigated inthis study
17,22% 3 Loci that partlyinvestigated in this study

31, 40%

30, 38%

Total=78

Figure 9. The overview of the research status of 78 PD loci in this study. Nalls et al. and Foo et al. identified 92
independent genome-wide significant risk variants across 78 loci. This study thoroughly investigated the candidate
genes located in 30 loci. We partly investigated the candidate genes located in 31 loci, and 17 loci were not investigated

because the candidate genes on these loci are not expressed in BE(2)-M17 cell model or no available sShRNA library.
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3. Materials and methods

3.1 Short hairpin ribonucleic acid (ShRNA) virus production
3.1.1 Plasmid production

Bacterial glycerol stocks containing the sShRNA vectors (Sigma, St. Louis, MO, USA; TRC1 and
1.5) were grown overnight in lysogeny broth (LB) (L3022, Sigma) media containing 100 ug/mL
of ampicillin (AMP) (A9518, Sigma-Aldrich). At least three ShRNA clones per gene were selected.
Endotoxin-free ShRNA plasmids were extracted according to the manufacturer’s instructions (ZR
Plasmid Miniprep Classic kit, Cat. No. D4054). For lentiviral production, the packaging plasmid
(psPAX2, Addgene 12260) and envelope plasmid (PMD2.G, Addgene 12259) were prepared using
the Giga prep instructions (Qiagen). EpMotion 5075 (Eppendorf) automated system was used to
normalize the shRNAs plasmid preparations before they were used for virus production. All

isolated plasmids were stored at —20 °C before use.
3.1.2 Lentivirus production

HEK293T (ATCC® CRL-11268™) packaging cells were seeded at a density of 2 - 2.5x10"5/mL
(200 pL per well) in cell culture media Opti-MEM (Cat. No. 31985054, Thermo Fisher) containing
10% fetal bovine serum (FBS) in 96-well cell culture plates (Cat. No. 655180, Greiner bio one).
Cells were incubated in the incubator (Thermo Fisher) for 24 h (37 °C, 5%CO.) to ensure wells
were 50% -70% confluent. For each transfection, the mixture was prepared with 100 ng of ShRNA
plasmid, 90 ng of packaging plasmid, and 10 ng of envelope plasmid combined with 0.6 pL of
Fugene HD (E2312, Promega) in a total volume of 10 pL. Incubate the mixture for 5 min, add to
well, and mix by tapping. Transfection efficiency was monitored using the green fluorescent
protein (GFP) plasmid and had to be greater than 80% after 24 h transfection. Forty-eight hours
after transfection, collect supernatant, store at 4°C, add fresh media (200 pL Opti-MEM +
10%FBS), and supernatant harvested after a further 24 h. Aliquot virus and freeze at —80 °C.

To ensure successful lentivirus production, HEK293T has been passaged at least twice before virus
production and no more than 15 times, and cells were rapidly dividing and have not been passaged

too densely or sparsely.
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3.2 Neuroblastoma cell culture

BE(2)-M17 (ATCC® CRL-2267™) neuroblastoma cell line was cultured in cell culture media
Dulbecco’s Modified Eagle Medium F-12 Nutrient Mixture (DMEM/F-12), HEPES (Cat. No.
31330095, Thermo Fisher) supplemented with 10% FBS, and 1% penicillin/streptomycin (P/S)
(Cat. No. 15140122, Thermo Fisher).

The genetically modified BE(2)-M17 line stably overexpressing N-terminally tagged eGFP-Parkin
was used, which was created using the plasmid pLVX-TIGHT-PUR-EGFPnFusPARK2. The
BE(2)-M17 eGFP-Parkin cell line was cultured in DMEM/F-12, HEPES -10% FBS media +1%
P/S and 4 pg/mL puromycin (P8833, Sigma-Aldrich).

All cell lines were routinely tested for mycoplasma contamination. For lentivirus infection, 20 uL.
of the lentivirus and 8 pg/mL protamine sulfate (P-3369, Sigma-Aldrich) were added to each well
of a 96-well plate.

3.3 Cell-based screening assays

3.3.1 Mitochondrial morphology assay

Mitochondrial morphology assay (Koopman et al. 2006) was performed with BE(2)-M17 cell line.
Thaw cells in cell culture media DMEM/F-12, HEPES- 10% FBS media +1% P/S. Passage and
bulk twice before using cells for screenings to allow the cells to recover. In this assay, eight
replicates of the negative control and positive control groups were used. In the negative control
group, the cells were treated with scramble shRNA. In the positive control group, the cells were

treated with OPAL shRNA. Each sample was repeated four times.

Onday 1, seed 5 000 BE(2)-M17 cells in CellCarrier- 96 ultra microplates (6055302, PerkinElmer),
150 pL per well with DMEM/F-12, HEPES-10%FBS media + 8ug/mL of protamine sulfate, 1%
of P/S. Incubate for 2-3 h and add 20 uL of lentivirus. On day 4, refresh cell culture media with
DMEM/F-12, HEPES-10%FBS media +4 pug/mL of puromycin and 1% of P/S. On day 6, cells
were labeled with 100 nM MitoTracker™ Red CMXros (M7512, Thermo Fisher), 100 nM
MitoTracker™ DeepRed (M22426, Thermo Fisher), and 1 pg/mL Hoechst (H3570, Thermo Fisher)
in DMEM/F12, HEPES-10%FBS media +4 pg/mL of puromycin and 1% of P/S and incubated 20
min (37 °C, 5%CO0,). Refresh media (DMEM/F-12, HEPES-10%FBS media +4 pg/mL of
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puromycin and 1% of P/S) without dyes and incubate cells for a further 2 h, afterward wash with
Dulbecco’s Phosphate Buffered Saline (DPBS) (Cat. No.14190-094, Thermo fisher) and fix with
4% paraformaldehyde (PFA) (Cat. No. 28908, Thermo Fisher) for 20 min. After fixation, wash
cells 3 times with DPBS, seal them, and store at 4°C until they are imaged.

3.3.2 Parkin translocation assay

The Parkin translocation assay was performed with the BE(2)-M17 eGFP-Parkin cell line (BE(2)-
M17 neuroblastoma cells stably expressing Parkin-GFP). The stable cell line is a slow-growing

cell line but can be passaged at least 6 times without loss of morphology and increased growth rate.

Thaw cells in DMEM/F-12, HEPES - 10% FBS media + 4 pg/mL of puromycin and 1% of P/S.
Passage and bulk twice before using cells for screenings to allow the cells to recover. In this assay,
eight replicates of the negative control and positive control groups were used. In the positive
control group, cells were treated with scramble shRNA. In the negative control group, cells treated
with carbonyl cyanide m-chlorophenyl hydrazine (CCCP) were transduced with scramble shRNA.

Each sample was repeated four times.

On day 1, BE(2)-M17 eGFP-Parkin cells were plated out at a density of 1 x 1075 cells/mL (100
uL per well) in DMEM/F-12, HEPES - 10% FBS media+ 4 pg/mL of puromycin + 8ug/mL of
protamine sulfate and 1% of P/S in CellCarrier- 96 ultra microplates. Incubate the cells for 2 - 3 h
to allow the cells to settle before transducing the cells with 20 pL of lentivirus. On day 3, replace
with 200 uL media (DMEM/F-12, HEPES - 10% FBS media + 4 pg/mL of puromycin and 1% of
P/S). On day 5, cells were incubated with 100 nM MitoTracker™ Red CMXros, 100 nM
MitoTracker™ DeepRed, and 1 pg/mL Hoechst in DMEM/F12, HEPES-10%FBS media +4
pg/mL of puromycin and 1% of P/S and incubated 20 min. After 20 min, refreshed media
(DMEM/F-12, HEPES - 10% FBS media + 4 ug/mL of puromycin and 1% of P/S) containing 15
uM CCCP. Cells were incubated for 5 h with CCCP. Five hours later, fix cells with 4% PFA and
incubate for 20 min. Wash Cells afterward 3 times with DPBS, seal, and store at 4°C until they are

imaged.
3.3.3 Data processing and analysis

Cell-based screening mitochondrial morphology assay and Parkin translocation assay were carried

out on the automated confocal imaging system Cell Voyager CVV7000 (Yokogawa, Tokyo, Japan).
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In the mitochondrial morphology assay, 82 fields per well were captured using the 60X water
immersion objective lens for higher resolution. The 405 nm laser was used for image nuclei, the
561 nm laser was used for image MitoTracker™ Red CMXros. In the Parkin translocation assay,
25 fields per well were captured using the 20X objective lens. The 405 nm laser was used for
image nuclei, the 488 nm laser was used for image Parkin-GFP, and the 561 nm laser was used for
image MitoTracker™ Red CMXros.

Columbus Image Data storage (PerkinElmer, Waltham, MA, USA) (“Updated Version of Image
Data Storage and Analysis System. - Free Online Library” n.d.) was used for storing and
analyzing the images. The criteria for image quality control are as follows: only include well-
segmented cells, exclude poorly segmented, apoptotic, out-of-focus cells, incompletely captured
cells, for example, cells touching the border of the image as well as exclude the strong perturbation
decreased cell number wells. Cell nuclei were segmented based on the Hoechst staining using
“Find nuclei” method C. Segmented nuclei were classified into four sub-populations based on
nuclear size and roundness, allowing to differentiate between single nuclei and multiple nuclei
being too close to each other impairing successful segmentation of single nuclei. This resulted in
a more precise nuclei count. For analyzing the mitochondrial morphology assay, the mean of axial
length ratio was calculated to quantify mitochondrial morphology. For analyzing the Parkin
translocation assay, the nuclei were segmented as described above, the spots in these cells were
detected using method C, and the number of spots formed on mitochondrial was calculated to
distinguish between CCCP-treated cells, and untreated cells, cells containing 2 or more than 2
sports were considered positive for Parkin translocation. The ratio of cells positive for
translocation versus the number of cells negative for translocation was calculated per well to give
a cell number independent measure of Parkin translocation. All results are exported to Excel for
analysis. Data was normalized against the negative controls on a per-plate basis to minimize

variation between plates.
3.3.4 Hit selection and statistical analysis

Plate-to-plate quality control (QC) for each assay was assessed by calculating the Z-factor using
the normalized values for the controls from all plates. The Z-factor is defined in terms of four

parameters: the mean (p) and standard deviations (SD, o) of both the positive (p) and negative (n)
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_ 3(op+on) The

interpretations
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controls (Up, op, Un, on). The formula of Z-factor is Z-factor=1
for the Z-factor are shown in Table 1 (J. H. Zhang, Chung, and Oldenburg 1999). The cut-off for
Z-factor is 0.5. Plates with a Z-factor =0.5 were included for further analysis. For each of the

shRNA screenings, data were analyzed using T-tests with false discovery rate (FDR) correction
(P<<0.05, FDR<0.05).

For each of the shRNA screenings, each assay plate was completed with 4 replicates to enable the
detection of subtle effects and minimize false negatives. For each shRNA, the robust strictly
standardized median difference (SSMD) (X. D. Zhang 2011) was calculated for hit selection.
SSMD is the mean of differences divided by the standard deviation of the differences between a

KD sample and a negative reference. The interpretations for the SSMD are shown in Table 2.
We used the following criteria for hit selection:

- The effects of the sShRNAs can be positive or negative, but the effects of the sShRNAs

targeting the same gene fulfilling the criteria below have to be in the same direction.

- Three out of five sShRNAs, or two out of three sShRNAs, or both shRNAs, if only two

shRNA were used for screening, must have very high effects (SSMD = 3 or <-3).

Effects were considered significant when the SSMD normalized effect of shRNA treatment

satisfied the criteria above.

Table 1. The interpretation of Z-factor.

Z-factor Interpretation

1.0 Ideal. Z-factors can never exceed 1.

0.5-1.0 An excellent assay.

0-0.5 A marginal assay.

less than 0 There is too much overlap between the positive and

negative controls for the assay to be useful.
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Table 2. The interpretation of SSMD.

SSMD Interpretation
|SSMD | =5 extremely strong
5>|SSMD| >3 very strong
3>|SSMD| >2 strong
2>|SSMD | >1.645 fairly strong
1.645>|SSMD | >1.28 moderate
1.28>|SSMD| > 1 fairly moderate
1>|SSMD| >0.75 fairly weak
0.75>|SSMD| >0.5 weak
0.5>|SSMD | >0.25 very weak

| SSMD | <0.25 extremely weak effects

3.4 RNA isolation

3.4.1 Sample preparation for RNA isolation

BE(2)-M17 cell line was used for the sample preparation of RNA isolation. Thaw and passage
cells with the same method as mitochondrial morphology assay. Each sample was prepared in

triplicates.

On day 1, seed 1 x 10”5 cells/mL (100 uL per well) in DMEM/F-12, HEPES - 10% FBS media +
8ug/mL of protamine sulfate and 1% of P/S in 96 well cell culture plates. Incubate the cells for 2
- 3 h to allow the cells to settle before transducing the cells with 20 uL of lentivirus. On day 4,
Change media with DMEM/F-12, HEPES-10%FBS media +4 pg/mL of puromycin, and 1% of
P/S. On day 6, wash the cells once with 200 pL of DPBS and then add 100 pL of RNA lysis buffer
(from ZYMO Quick-RNA 96 Kit, R1053) to each well. Store the plate directly at -80°C until use.
To reduce the batch effect, all samples were completed in one go using the cell culture framework

and Hamilton system (Microlab Star).
3.4.2 RNA isolation and quantification

RNA was extracted following the ZYMO Quick-RNA 96 Kit (R1053) instruction. Once RNA

isolation was performed for all the samples, RNA content in each sample was measured following
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the instruction of QuantiFluor® RNA System (E3310). Agilent RNA ScreenTape (5067-5576,
Agilent) on an Agilent 4200 TapeStation System (G2991A) was used to determine the RNA
quality. Only RNA samples with an RNA integrity number (RIN) =7.0 were used for experiments.

The extracted RNA plates were stored at -80°C until used for RT-gPCR and mRNA sequencing.
3.5 RT- gPCR for shRNA knockdown validation

3.5.1 Design primers

The most important thing to design a primer is to make sure the primer can specifically detect
MRNA and not DNA. Therefore, the primers have to be designed in 2 different exons. If primers
are designed in different exons and the intron separated by both exons is quite large (>1000 bp),
there is no risk of amplifying DNA. When designing the primers, we also need to try to design a
primer specific for all transcripts of a given gene with the amplified product being of the same size.

If that is not possible, remove transcripts with lower confidence.

The genome browser ensemble (www.ensembl.org) was used for identifying common exons in a

gene. Moreover, the website of NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was

used for primer design. The following parameters were used to design the primers. Firstly, make
sure that the melting temperature is in a similar range, the optimal is about 55°-60°C. Secondly,
the length of the primer should be between 18 to 24 bp. Thirdly, the length of the product should
be between 75 to 200 bp. Fourthly, the GC content should be between 50% to 65%. Fifthly, avoid
having too many G/C at the 3’ end. Sixthly, avoid regions containing variants for primer design
and self-complementary regions. And avoid palindromic regions and more than 4 repeats of the
same nucleotide. The information on the primer used in this project please find in the

supplementary material Table 1 (https://github.com/Weiping123/PD-GWAS-project).

3.5.2 cDNA synthesis

The cDNA synthesis was done according to a 96-well plate. Took out the RNA plate from -80°C
and thaw on ice. Use the Integra 8-channel electronic pipette to take 12 uL of sample into a 96-
well PCR plate, farblos, and ABI sequencer 3100/30 (710879, Biozym) for cDNA synthesis.

Prepare the reaction system according to the manufacturer’s specifications in Table 3. The mixture
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of the reaction system was dispensed using the MANTIS® Liquid Handler (FORMULATRIX).
After cDNA synthesis, the cDNA plates were stored at -80°C until used for RT-gPCR.

Table 3. Reaction system for cDNA synthesis.

Reagent Amount
oligo dT 0.4ug/pL (79237, Qiagen ) 0.5 uL
Random decamers 50uM (AM5722G, Thermo Fisher) 0.5 uL
dNTPs 10mM (11814362001, Roche) 1.0pL
RNA 12 pL

65 °C 5 min, 2 min on ice

Buffer 5X (18080085, Invitrogen) 4.0 uL
DTT 100 mM (18080085, Invitrogen) 1.0 L
RnaseOut 40u/ul (10777019, Invitrogen) 0.5uL
SuperScript® Il Reverse Transcriptase 200u/ pL (18080085, Invitrogen) 0.5uL
Final volume 20 pL

25°C5min,50°C1h, 70 °C 15 min

3.5.3 RT-gPCR

Before performing RT-gPCR, the cDNA was diluted using RNase-free water at a ratio of 1:4. Then,
the reaction system was prepared according to the manufacturer’s specifications in Table 4. RT-
gPCR was carried out in a MicroAmp® Optical 384 well reaction plate (4309849, Applied
Biosystems) in triplicates on Applied Biosystems® ViiA7 Real-Time PCR system using SYBR
Green PCR master mix (Life Technologies). Each sample had triplicates of scrambled control and
2 housekeeping (HK) genes (HMBS and B2M) with triplicates of each HK gene.
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Table 4. Reaction system for RT-qPCR.

Reagent Amount
SYBR® Select Master Mix 2X (4472919, Applied Biosystems) 5.0 uL
Forward + Reverse primers (pro primer 100 uM, Metabion) 2 uL
cDNA 3L
Final volume 10 yL

3.5.4 Data processing and analysis

Normalized relative quantities were calculated with HMBS and B2M as housekeeping genes by
using the online tool (https://apps.thermofisher.com/apps/spa/#/dashboard). The KD efficiencies

per clone were calculated using scrambled control as a reference.
3.6 a-synuclein ELISA

3.6.1 Protocol for sample preparation and ELISA

BE(2)-M17 cell line was used for extracting proteins. Thaw cells with the same method as
mitochondrial morphology assay. Passage and bulk twice before using cells for screenings to allow
the cells to recover. In this assay, four replicates of the negative control were used. In the negative
control group, cells were transduced with scramble ShRNA. Each sample was treated only with the

most efficient ShRNA selected by the result of RT-gPCR and repeated three times.

On day 1, seed 13000 BE(2)-M17 cells, 150uL per well in 96-well cell culture plates with
DMEM/F-12, HEPES -10%FBS media + 8ug/mL of protamine sulfate, 1% of P/S. Incubate for 2-
3 h and add 20 uL of lentivirus. On day 4, refresh media with DMEM/F-12, HEPES-10%FBS
media +4 pg/mL of puromycin, and 1% of P/S. On day 6, wash the cells twice with cold DPBS,
then add 50uL of lysis buffer (Table 5) to each well, incubate 5 min on ice, then centrifuge at 4
000 rpm, 4°C for 35 min. Take the supernatant and store it at -80°C until use.

According to the manufacturer's instructions, the SensoLyte™ Anti-alpha-Synuclein Quantitative

ELISA Kit (AS-55550, AnaSpec) was used to measure the a-synuclein protein concentration. The
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total protein concentration was determined by the Pierce BCA protein assay kit (Cat. No. 23225,

Thermo Fisher).

Table 5. 5x RIPA (radio immunoprecipitation assay) buffer recipe for 100mL.

Reagent Amount

250 mM Tris-HCL (pH 8.0) (Sigma) 3.03¢

750 mM NaCl (Sigma) 4.39¢

5% NP-40 (11596671, Thermo Fisher) 5mL

25 mM EDTA (25300054, Thermo Fisher) 5 mL (500 mM)
2.5% Sodium deoxycholate (30970, Sigma) 25¢

0.5% SDS (Sigma) 5 mL (10% solution)

*Tris-HCL:  TRIS  hydrochloride;  NP-40:  nonidet P-40  Substitute; EDTA:
Ethylenediaminetetraacetic acid; SDS: Sodium dodecyl sulfate.

To prepare the lysis buffer, add 250 pL of 10x protease inhibitor cocktail (58820, Sigma-Aldrich)
and 50 pL of 0.1M phenylmethanesulfonyl fluoride (PMSF) freshly (Cat. No. 93482, Sigma-
Aldrich) for each 5mL of 1x RIPA.

3.6.2 Data processing and analysis

Normalized relative quantities were calculated by dividing the total protein (BCA result) of each
KD sample. The percentage of increase or decrease of a-synuclein protein per sample was
calculated using negative control as a reference. For each of the shRNA screens, data were
analyzed using T-tests with the FDR correction (P <<0.05, FDR<<0.05).

Effects were considered significant when the percentage of increase of a-synuclein protein is equal
to or more than 50% of negative control, or the decrease of a-synuclein protein is equal to or more
than 50% of negative control for each treatment.

3.7 mRNA-sequencing

3.7.1 Library preparation and sequencing

45



For mRNA sequencing, we only use the RNA produced by transducing with the most efficient
shRNA based on the result of RT-qPCR. Samples were normalized and plated out in two 96-well
plates in two batches before preparing the library. The library was generated following the
reference guide of Illumina Stranded mRNA Prep, Ligation (96 Samples) Kit (20040534, Illumina).
For batch one, the library was pooled in two tubes based on the sample plates. The ready-to-load
libraries were sequenced in a high-quality sequencing format on NovaSeq 6000 (Illumina) at a
depth of 10 — 102 million reads by CeGat in Tibingen (https://www.cegat.de/). For batch two, the

samples have been sequenced on a SR Flowcell with 1X50 bp and Dual-Index on the Illumina
HiSeq4000 at a depth of 2 — 27 million reads by CeGat in Tibingen.

3.7.2 Data processing and analysis

For mRNA sequencing data analysis, we only use the data of hits from functional assays
(mitochondrial morphology assay, Parkin translocation assay, and a-synuclein ELISA) to improve

the efficiency and accuracy of the analysis.

The quality of the FASTQ files was analyzed with FastQC (version 0.11.5-cegat) ((de Sena
Brandine and Smith 2019)). After FASTQ quality checking, the FASTQ files were loaded into the
QIAGEN CLC genomic workbench 22.0.2 (QIAGEN, Aarhus, Denmark) (Liu and Di 2020)for
further analysis. Data was trimmed based on the following criteria: trim using the quality limit
0.05, a maximum number of trim ambiguous nucleotides is 2, removing one nucleotide from both
5’ terminal and 3’ terminal. The trimmed data was used for RNA-seq analysis. The reference
genome version used in this analysis was hg38 without alternative contigs
(“Homo_sapiens_sequence hg38 no alt analysis_set" option), using Ensembl gene annotation
(Cunningham et al. 2022) (“Homo_sapiens _ensembl v99 hg38 no alt analysis set Genes”
and “Homo_sapiens_ensembl v99 hg38 no alt analysis set mRNA” specifically for mRNA
subset). A principal component analysis (PCA) plot was done for controls (samples transduced
with scramble) from two batches to extrapolate the batch effect. The differential gene expression
analysis was done separately for each batch due to the large batch effect size, the samples of each
batch were compared with their corresponding controls separately. The fold change for each KD
sample was calculated after this step to evaluate the gene KD efficiency. Samples with fold change

<-1 were considered to have good KD.
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Then, the gene set test was performed separately based on each batch to get the Gene Ontology
(GO) terms (“goa_human 20190201 no alt analysis_set” used for annotation). The GO terms
of hits from functional assays were exported from CLC genomic workbench and loaded into R (R
Core Team (2022), RStudio Team (2022)) for further analysis. GO terms from both batches were
analyzed together from this step on. For each sample, only the top 10 enriched GO terms were
included. Base functions in R were further used to get the frequency of each GO term. The GO

terms with frequency = 3 were prioritized as the most interesting GO terms most likely related to

multiple risk variants for PD (samples sharing the enriched GO term). The priority genes were
further screened by searching references to obtain information on the pathways they may be
involved in, as well as SNP information of samples (KD genes) and functional assays information.
For cases where there are multiple candidate genes on a SNP, searching for the function of each
gene and comparing the results of the functional assay of this study helps to filter out the more
significant genes on each SNP for the following priority study, thus further reducing the number

of candidate genes.
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4. Results

4.1 Result of RT-gPCR

Relative quantification (Rq) is the fold change compared to the negative control. The Rq of the
negative control is 1. All samples (treated with sShRNAs) were compared to the negative control.
When Rq is less than 1, it indicates that this gene is less expressed in this sample compared to the
negative control. When Rq is more than 1, it indicates that this gene is more expressed in this

sample compared to the negative control.

The result of RT-gPCR showed that 195 candidate genes (targets) have a good KD (Rq<<0.5), and

for each target, we selected the most efficient KD shRNA for performing ELISA and mRNA
sequencing experiments. The Rq of each shRNA is shown in Figure 10. The KD efficiency ranking
of shRNAs corresponding to each target is shown in Table 6.
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Figure 10. The result of RT-gPCR. In this figure, each color represents a candidate gene. For each gene, there are

several spots, and each spot represents the mean of Rq for one shRNA that targets this gene. The red line represents
the negative control. Samples below the blue line (Rg=0.5) were considered significant Rq, which indicates a good
KD.
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Table 6. The KD efficiency ranking of shRNAs corresponding to each target based on the RT-qPCR results.

targets most efficient sShRNA 2nd efficient 3rd efficient 4th efficient Sth efficient
DGKQ DGKQ-3 DGKQ-5 DGKQ-4 DGKQ-1 DGKQ-2
DALRD3 | DALRD3-3 DALRD3-2 DALRD3-4 DALRD3-1 DALRD3-5
CAB39L | CAB39L-3 CAB39L-4 CAB39L-2 CAB39L-5 CAB39L-1
SvacC Sv2C-4 SV2C-3 Sva2c-2 SV2C-1 SV2C-5
DLG2 DLG2-1 DLG2-5 DLG2-4

RIMS1 RIMS1-3 RIMS1-4 RIMS1-1 RIMS1-2 RIMS1-5
ITPKB ITPKB-2 ITPKB-4 ITPKB-7 ITPKB-1 ITPKB-3
LGALS3 LGALS3-2 LGALS3-1 LGALS3-3 LGALS3-4 LGALS3-5
BAG3 BAG3-5

BIN3 BIN3-3 BIN3-7 BIN3-6

BRIP1 BRIP1-2 BRIP1-4 BRIP1-3

CLCN3 CLCN3-3 CLCN3-2 CLCN3-4 CLCN3-1 CLCN3-5
CPLX1 CPLX1-4 CPLX1-3 CPLX1-6 CPLX1-2 CPLX1-1
CNOT!1 CNOT1-4 CNOT1-2 CNOT1-1

CTSB CTSB-4 CTSB-3 CTSB-2

FYN FYN-4 FYN-1 FYN-3 FYN-5 FYN-2
GIN1 GIN1-3 GIN1-2 GIN1-4 GIN1-5

KRTCAP | KRTCAP2-1 KRTCAP2-5 KRTCAP2-4 | KRTCAP2-3 | KRTCAP2-2
2

INPPSF INPP5F-4 INPP5SF-3 INPPSF-5 INPP5F-2 INPP5F-1
DYRKIA | DYRK1A-4 DYRKI1A-1 DYRKI1A-7 DYRKI1A-5 DYRKIA-3
IP6K2 IP6K2-6 IP6K2-4 IP6K2-5

NEK1 NEK1-2 NEKI1-5 NEKI1-1 NEK1-3 NEK1-4
PAM PAM-5 PAM-1 PAM-4

CRLSI1 CRLS1-4 CRLS1-5 CRLS1-3

CAMK2 | CAMK2D-10 CAMK2D-7 CAMK2D-1

D

FAM49B | FAM49B-4 FAM49B-8 FAM49B-3

GAK GAK-6 GAK-7 GAK-8

GBF1 GBF1-8 GBF1-6 GBF1-5

HCN3 HCN3-3 HCN3-1

HIST1H3 | HIST1H3J-5 HIST1H3J-1 HIST1H3J-4 | HIST1H3J-2 | HIST1H3J-3
J

MEDI12L | MEDI12L-2 MEDI12L-3 MEDI12L-5

NUPL2 NUPL2-2 NUPL2-3 NUPL2-4 NUPL2-1 NUPL2-5
RNF141 RNF141-4 RNF141-5 RNF141-2 RNF141-3 RNF141-1
RPS6KL1 | RPS6KL1-1 RPS6KL1-2 RPS6KL1-3 RPS6KL1-4 | RPS6KL1-5
SEC23IP | SEC23IP-3 SEC23IP-5 SEC23IP-2 SEC231P-4

SETD1A | SETD1A-1 SETD1A-4 SETD1A-2 SETD1A-3 SETD1A-5
LCORL LCORL-2 LCORL-3 LCORL-5

50



MBNL2 MBNL2-5 MBNL2-3 MBNL2-4

MEX3C MEX3C-4 MEX3C-3 MEX3C-5

HIPIR HIP1R-1 HIP1R-3 HIP1R-5 HIP1R-4 HIP1R-2
HISTIH2 | HISTIH2AL-1

AL

SNCA SNCA-3 SNCA-4 SNCA-5 SNCA-1 SNCA-2
TIALL1 TIAL1-1 TIAL1-2 TIALI1-5 TIAL1-4 TIAL1-3
SPPL2B SPPL2B-1 SPPL2B-3 SPPL2B-2 SPPL2B-4 SPPL2B-5
C50RF24 | C50RF24-12 C50RF24-9 C50RF24-6

CNTNI1 CNTNI1-1 CNTNI1-2 CNTNI1-5

SCARB2 | SCARB2-2 SCARB2-3 SCARB2-1

STK39 STK39-11 STK39-2 STK39-3

TMEM17 | TMEM175-1 TMEM175-3

5

ARIH2 ARIH2-4 ARIH2-1 ARIH2-2 ARIH2-5 ARIH2-3
COASY COASY-2 COASY-5 COASY-3 COASY-1 COASY-4
IMPDH2 | IMPDH2-5 IMPDH2-3 IMPDH2-2 IMPDH2-1 IMPDH2-4
PRKAR2 | PRKAR2A-5 PRKAR2A-4 PRKAR2A-3 | PRKAR2A-1 | PRKAR2A-2
A

PYGO2 PYGO2-2 PYGO2-4 PYGO2-3 PYGO2-5 PYGO2-1
USP19 USP19-5 USP19-1 USP19-4 USP19-3 USP19-2
ZNF668 ZNF668-2 ZNF668-3 ZNF668-1 ZNF668-5 ZNF668-4
UBTF UBTEF-2 UBTEF-5 UBTF-4 UBTF-3

STX1B STX1B-3 STX1B-2 STX1B-4 STX1B-1

QARS QARS-3 QARS-4 QARS-1 QARS-2

VAMP4 VAMP4-4 VAMP4-1 VAMP4-2

AMPD?3 AMPD3-2 AMPD3-5 AMPD3-1 AMPD3-3 AMPD3-4
ARID2 ARID2-3 ARID2-4 ARID2-1 ARID2-5 ARID2-2
ASL ASL-3 ASL-1 ASL-2 ASL-5

ATP6VO ATP6VOAL-5 ATP6VOAI-1 ATP6VOA1-4 | ATP6VOAL-2 | ATP6VOAL-3
Al

CAMLG | CAMLG-2 CAMLG-5 CAMLG-3 CAMLG-4 CAMLG-1
CCDC58 | CCDC58-6 CCDC58-1 CCDC58-5 CCDC58-7 CCDC58-3
CCDC71 | CCDC71-5 CCDC71-3 CCDC71-2 CCDC71-4

CLN3 CLN3-2 CLN3-4 CLN3-5 CLN3-1 CLN3-3
C50rf30 C50rf30-2 C50rf30-3 C5o0rf30-4 C50rf30-1

CYLD CYLD-5 CYLD-3 CYLD-2

DCAF16 | DCAF16-5 DCAF16-4 DCAF16-2 DCAF16-7

DEPDC1 | DEPDCI1B-3 DEPDCI1B-5 DEPDCI1B-1 | DEPDCI1B-2 | DEPDC1B-4
B

DLST DLST-5 DLST-1 DLST-2 DLST-3 DLST-4
ERCCS ERCCS-3 ERCCS-1 ERCCS-5 ERCCS8-4 ERCCS-2
FAM162 | FAMI162A-3 FAM162A-2 FAM162A-6

A
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FLADI1 FLADI-1 FLADI1-5 FLADI1-2 FLADI1-4 FLADI1-3
GOT2 GOT2-1 GOT2-4 GOT2-5 GOT2-3 GOT2-2
HLA-A HLA-A-4 HLA-A-3 HLA-A-5 HLA-A-2 HLA-A-1
DDX46 DDX46-3 DDX46-2 DDX46-1 DDX46-4

IGF2BP3 | IGF2BP3-5 IGF2BP3-1 IGF2BP3-4

ITGA2B ITGA2B-4 ITGA2B-5 ITGA2B-3 ITGA2B-1 ITGA2B-2
KCTD7 KCTD7-4 KCTD7-2 KCTD7-3 KCTD7-5

KLHL7 KLHL7-5 KLHL7-6 KLHL7-2 KLHL7-3 KLHL7-4
LAMB?2 LAMB2-4 LAMB2-1 LAMB?2-5 LAMB2-3

LRRN4 LRRN4-2 LRRN4-1 LRRN4-3 LRRN4-5 LRRN4-4
MEDI13 MED13-1 MED13-3 MED13-2 MED13-5 MED13-4
MLX MLX-1 MLX-2 MLX-3 MLX-5 MLX-4
MRPS5 MRPS5-4 MRPS5-1 MRPSS5-3 MRPS5-2 MRPSS5-5
MRVI1 MRVI1-3 MRVI1-1 MRVI1-4 MRVI1-2 MRVI1-5
NAGLU NAGLU-2 NAGLU-1 NAGLU-4 NAGLU-3 NAGLU-5
INTS2 INTS2-4 INTS2-1 INTS2-2 INTS2-3

KPNA1 KPNA1-4 KPNA1-5 KPNA1-1

NCAPG NCAPG-5 NCAPG-1 NCAPG-2 NCAPG-3 NCAPG-4
NFKB2 NFKB2-4 NFKB2-2 NFKB2-1 NFKB2-5 NFKB2-3
NMD3 NMD3-2 NMD3-6 NMD3-1 NMD3-3 NMD3-5
NOD2 NOD2-1 NOD2-4 NOD2-5 NOD2-3 NOD2-2
NUP54 NUP54-5 NUP54-1 NUP54-4 NUP54-3 NUP54-2
PARP9 PARP9-2 PARP9-3 PARP9-1 PARP9-5 PARP9-4
PBXIP1 PBXIP1-3 PBXIPI1-5 PBXIP1-1 PBXIP1-2 PBXIP1-4
PCBD2 PCBD2-6 PCBD2-9 PCBD2-10 PCBD2-8 PCBD2-7
PGF PGF-1 PGF-2 PGF-3 PGF-4 PGF-5
PGSI PGS1-4 PGS1-2 PGS1-3 PGSI-1 PGS1-5
NFATC2I | NFATC2IP-3 NFATC21P-1 NFATC21P-2

P

P4HTM P4HTM-3 P4HTM-4 P4HTM-5

POLR2A | POLR2A-5 POLR2A-4 POLR2A-3 POLR2A-1 POLR2A-2
PPIP5K2 | PPIP5K2-5 PPIP5K2-4 PPIP5K2-3 PPIP5K2-2 PPIP5K2-1
RABGEF | RABGEF1-1 RABGEF1-2 RABGEFI1-5 | RABGEF1-4 | RABGEF1-3
1

SAR1B SAR1B-2 SAR1B-4 SAR1B-1 SARI1B-5 SAR1B-3
SH2B1 SH2B1-1 SH2B1-4 SH2B1-2 SH2B1-3

SLC25A2 | SLC25A20-1 SLC25A20-5 SLC25A20-4 | SLC25A20-3 | SLC25A20-2
0

SPNS1 SPNS1-4 SPNS1-5 SPNS1-3 SPNS1-1

SOCS4 SOCS4-2 SOCS4-4 SOCS4-1 SOCS4-3

SLC38A7 | SLC38A7-1 SLC38A7-3 SLC38A7-2

SBDS SBDS-1 SBDS-3 SBDS-4

SULTIAl | SULT1A1-4 SULT1AI-1 SULT1A1-2
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TPST1 TPST1-5 TPST1-1 TPST1-3 TPST1-2 TPST1-4
TUFM TUFM-5

C4orf27 C4orf27-1 C4orf27-4 C4orf27-7 Cdorf27-2 C4orf27-6
FAM134 | FAM134C-4 FAM134C-3 FAM134C-2 | FAM134C-1 | FAM134C-5
C

SFRS2IP | SFRS2IP-2 SFRS2IP-5 SFRS2IP-3 SFRS2IP-1 SFRS2IP-4
CCDC10 | CCDCI101-1 CCDC101-6 CCDC101-4 | CCDCI101-5 | CCDC101-2
1

C6orf192 | C6orf192-4 Co6orf192-1

ZNF192 ZNF192-5 ZNF192-3 ZNF192-4 ZNF192-1 ZNF192-2
CRCP CRCP-2 CRCP-3 CRCP-1 CRCP-4 CRCP-5
RPP21 RPP21-5 RPP21-4 RPP21-2 RPP21-3 RPP21-1
PPPIR11 | PPPIR11-5 PPPIR11-3

B3GALN | B3GALNTI1-5 B3GALNT1-4 B3GALNTI1- | B3GALNTI- | B3GALNTI-
T1 1 2 3

BCL7C BCL7C-1 BCL7C-3 BCL7C-4 BCL7C-5

DCUNID | DCUNI1DI1-1 DCUNIDI-5

1

DLGAP5 | DLGAP5-1 DLGAP5-5 DLGAP5-4 DLGAP5-3 DLGAP5-2
EFNAI1 EFNA1-1 EFNA1-3 EFNA1-4 EFNA1-5

KCNN3 KCNN3-4 KCNN3-1 KCNN3-5 KCNN3-2

NDUFAF | NDUFAF3-1 NDUFAF3-5 NDUFAF3-3 | NDUFAF3-4 | NDUFAF3-2
3

PPMI1L PPMI1L-2

PRSS3 PRSS3-2 PRSS3-3 PRSS3-5 PRSS3-1 PRSS3-4
QRICHI QRICH1-2 QRICHI1-1 QRICHI1-4 QRICHI-5 QRICHI1-3
HIST1H2 | HIST1H2BN-1 HIST1H2BN-5 HIST1H2BN | HIST1H2BN

BN -4 -3

DPM3 DPM3-2 DPM3-1 DPM3-3

SLC41A1 | SLC41A1-2 SLC41A1-4 SLC41A1-3 SLC41A1-5 SLC41A1-1
TXNDC1 | TXNDCI15-3 TXNDC15-2 TXNDC15-5 | TXNDC15-1 TXNDC15-4
5

TYWI1 TYWI1-1 TYWI1-3 TYW1-5

UBE2R2 | UBE2R2-3 UBE2R2-5 UBE2R2-2 UBE2R2-4 UBE2R2-1
WDRS5B WDRS5B-2

ZBTB4 ZBTB4-4 ZBTB4-2 ZBTB4-5 ZBTB4-3

ZBTB7B ZBTB7B- 3 ZBTB7B-5 ZBTB7B-2 ZBTB7B-1 ZBTB7B-4
ZNF646 ZNF646-5 ZNF646-1 ZNF646-2 ZNF646-3 ZNF646-4
ZNRDI ZNRDI-1 ZNRDI1-3 ZNRD1-2 ZNRDI1-4 ZNRDI-5
ZSCAN1 | ZSCANI16-4 ZSCAN16-5 ZSCAN16-2 | ZSCAN16-1 | ZSCANI16-3
6

UBAP2 UBAP2-1 UBAP2-4 UBAP2-3

ZNF514 ZNF514-1 ZNF514-4 ZNF514-2

KIAA196 | KIAA1967-5 KIAA1967-2 KIAA1967-1 | KIAA1967-3 | KIAA1967-4
7

RAGIAP | RAGIAPI1-2 RAGIAP1-5 RAGIAP1-3 | RAGIAP1-4
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1

CLK2 CLK2-6 CLK2-2 CLK2-5 CLK2-1 CLK2-9
KIAA126 | KIAA1267-6 KIAA1267-3 KIAA1267-5 | KIAA1267-2 | KIAA1267-1
7

EFNA3 EFNA3-4 EFNA3-5 EFNA3-3 EFNA3-2 EFNA3-1
WNT3 WNT3-3 WNT3-4 WNT3-1 WNT3-5 WNT3-2
SCAMP3 | SCAMP3-4 SCAMP3-2 SCAMP3-1 SCAMP3-3

GBA GBA-1 GBA-4 GBA-5 GBA-2

KIAAO031 | KIAA0317-4 KIAA0317-2 KIAA0317-1 | KIAA0317-3

7

C7orf30 C70rf30-2 C70orf30-3 C70orf30-1 C7orf30-4

VKORC1 | VKORCI1-2 VKORCI-1 VKORCI-5

ATXN2L | ATXN2L-4 ATXN2L-3 ATXN2L-6 ATXN2L-5 ATXN2L-2
DTX3L DTX3L-3 DTX3L-4 DTX3L-1 DTX3L-5 DTX3L-2
FBXL19 | FBXL19-5 FBXL19-4 FBXL19-1 FBXL19-2 FBXL19-3
FBX034 | FBX034-3 FBX034-4 FBX034-2 FBX034-5 FBX034-1
GRN GRN-5 GRN-2 GRN-3 GRN-4 GRN-1
MAPKI1I | MAPKIIPIL-2 MAPKI1IPIL-3 | MAPKIIPIL | MAPKIIPIL | MAPKIIPIL
PI1L -5 -4 -1
NDUFAF | NDUFAF2-4 NDUFAF2-3 NDUFAF2-5 | NDUFAF2-2 | NDUFAF2-1
2

NOL4 NOL4-1 NOL4-3 NOL4-5 NOL4-2 NOL4-4
PDLIM2 PDLIM2-4 PDLIM2-2 PDLIM2-1 PDLIM2-5 PDLIM2-3
SLC45A3 | SLC45A3-3 SLC45A3-5 SLC45A3-1 SLC45A3-2 SLC45A3-4
C8orf58 C8orf58-2 C8orf58-4

TUBGI TUBGI-1 TUBGI1-4 TUBGI-3 TUBGI1-2 TUBGI-5
ZNF165 ZNF165-1 ZNF165-5 ZNF165-4 ZNF165-3

C7orf42 C7orf42-3

SYT17 SYT17-5 SYT17-3

ADAMI15 | ADAMI15-1 ADAMI15-2

BSTI BST1-2 BST1-3

CKSIB CKSI1B-7 CKS1B-2

FDFT1 FDFTI1-5 FDFT1-4 FDFT1-2

FDPS FDPS-5 FDPS-3

GALC GALC+4 GALC-1

GCH1 GCH1-5 GCH1-4

ITGAS ITGAS-3 ITGAS-2

MAP4K4 | MAP4K4-1 MAP4K4-3 MAP4K4-2

MCCCI1 MCCC1-2 MCCCI1-1

MTXI1 MTX1-3 MTXI1-1

NUCKS1 | NUCKS1-4 NUCKSI1-1

PMVK PMVK-1 PMVK-6

RUSCI1 RUSCI1-3 RUSCI1-2
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SHC1 SHCI1-8 SHC1-7
STX4 STX4-1 STX4-2
THBS3 THBS3-4 THBS3-3
WDHDI1 WDHD1-1 WDHDI1-3
WDR6 WDR6-1 WDR6-5

4.2 Result of mitochondrial morphology assay

4.2.1 The plate-to-plate QC for mitochondrial morphology assay

The Z-factor was calculated to evaluate the quality of this assay. In mitochondrial morphology
assay, the Z-factors for all the plates are greater than 0.5 (Figure 11), and the average Z-factor for

all the plates is 0.69, meaning that the quality of this assay is excellent.
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Figure 11. The Z-factor for all the plates of the mitochondrial morphology assay. In this figure, each spot

represents the Z-factor for each plate.

4.2.2 Hits from mitochondrial morphology assay

In this assay, the axial length ratio of mitochondrial from each sample (treated with ShRNA) was
calculated and normalized by the negative control group. The SSMD was calculated for hit

selection.
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Based on the hit selection criteria according to SSMD, 49 hits were selected in this assay. For all
the hits, the SSMDs of 48 hits are less than -3, and only the SSMD of CCDC101 is greater than 3
(Figure 12). This means that KD CCDC101 has the opposite effect on the axial length ratio of
mitochondrial compared to the other 48 hits. The detailed hits information is shown in Table 7.

The normalized axial length ratio of mitochondrial morphology assay hits is shown in Figure 13A.
Figure 13B is a schematic diagram showing the effect of the axial length ratio on mitochondrial
morphology and possible functions. Compared to the negative control group, a decrease in the
axial length ratio represents a more rounded mitochondrial morphology, which may indicate
mitochondrial fission. In contrast, an increase in the axial length ratio represents elongated
mitochondria, which may indicate mitochondrial fusion. Compared to the negative control group
(Figure 14A), CCDC101-KD shows a significant increase in axial length ratio (Figure 14B, 14C),
Compared to the negative control group (Figure 13A), KD each of the other 48 hits shows a
significant decrease in axial length ratio, and SFRS2IP-KD shows the most significant decrease in

axial length ratio (Figure 15).

Table 7. The information of mitochondrial morphology hits.

The Column “Suggested _gene” means if this gene was suggested as a priority test gene under this locus. The Column
“Average Axial Length Ratio 1st” means the average Axial Length Ratio of the 4 replicates of the most efficient
SshRNA, and the Column “Average Axial Length Ratio_2nd” means the average Axial Length Ratio of the 4 replicates
of the second efficient ShRNA, same reasoning below. NA means no efficient sShRNA data for its corresponding target.

The average Axial Length Ratio of the negative control is 1.

Targets Loc | rsID Bra | Populati | Suges | Average | Average | Average | Average | Average
us inE | on ted_g | Axial Axial Axial Axial Axial
Nu Xp ene Length Length Length Length Length
mbe Ratio_1s | Ratio 2 | Ratio_3r | Ratio_4t | Ratio 5t
r t nd d h h
MTX1 1 rs357 | Yes | European | Y 0.939 0.918 NA NA NA
49011
THBS3 1 rs357 | Yes | European | Y 0.978 0.937 NA NA NA
49011
RUSC1 1 rs357 | Yes | European | Y 0.987 0.967 NA NA NA
49011
SLC50A1 |1 rs357 | Yes | European | No 1.008 0.946 0.961 0.955 NA
49011
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KRTCAP |1 rs357 | Yes | European | No 0.959 0.983 0.972 0.939 0.953

2 49011

THBS3 1 rs767 | Yes | European | Y 0.978 0.937 NA NA NA
63715

MTX1 1 rs767 | Yes | European | No 0.939 0.918 NA NA NA
63715

RUSC1 1 rs767 | Yes | European | Y 0.987 0.967 NA NA NA
63715

KRTCAP |1 rs767 | Yes | European | Y 0.959 0.983 0.972 0.939 0.953

2 63715

SLC50A1 |1 rs767 | Yes | European | No NA NA NA NA NA
63715

SLC41A1 | 4 rs823 | Yes | European | No 0.983 0.929 1.022 0.943 0.961
118

MRPS5 8 rs204 | Yes | European | No 0.955 0.965 0.966 0.958 0.977
2477

ZNF514 8 rs204 | Yes | European | Y 0.948 0.970 0.959 NA NA
2477

NDUFAF | 14 rs124 | Yes | European | Y 0.966 1.003 0.933 0.983 0.941

3 97850

PRKAR2 | 14 rs124 | Yes | European | Y 0.965 0.937 0.979 0.909 1.040

A 97850

ARIH2 14 rs124 | Yes | European | Y 0.981 0.947 0.895 0.961 1.021
97850

LAMB?2 14 rs124 | Yes | European | Y 0.971 0.995 0.965 0.949 NA
97850

PARP9 15 rs559 | Yes | European | No 0.955 0.998 0.961 0.922 0.972
61674

KPNA1 15 rs559 | Yes | European | No 0.982 0.999 0.947 NA NA
61674

MCCC1 18 rs105 | Yes | European | Y 0.980 0.933 NA NA NA
13789

DGKQ 19 rs343 | Yes | European | Y 0.929 0.981 0.968 0.994 0.927
11866

LCORL 21 rs340 | Yes | European | Y 0.971 0.976 0.995 NA NA
25766

NCAPG 21 rs340 | Yes | European | No 0.946 0.958 0.978 0.968 0.994
25766
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NUP54 22 rs682 | Yes | European | Y 0.960 0.968 0.998 0.935 0.972
5004

SNCA 23 rs356 | Yes | European | Y 0.952 1.032 0.955 0.891 1.060
182

SNCA 23 rs501 | Yes | European | Y 0.952 1.032 0.955 0.891 1.060
9538

CLCN3 25 rs623 | Yes | European | Y 1.001 1.023 0.950 0.946 0.931
33164

HPF1 25 rs623 | Yes | European | No 0.967 1.001 1.011 0.953 0.966
33164

ERCC8 26 rs186 | Yes | European | No 0.954 0.971 0.993 0.939 0.941
7598

NDUFAF | 26 rs186 | Yes | European | Y 1.029 0.966 0.971 0.964 1.067

2 7598

SAR1B 28 rs119 | Yes | European | No 0.976 0.959 0.972 1.001 1.005
50533

RPP21 30 rs926 | Yes | European | Y 0.983 0.951 0.935 1.027 0.963
1484

ZNRD1 30 rs926 | Yes | European | Y 0.959 0.943 0.989 0.932 0.969
1484

FYN 33 rs997 | Yes | European | Y 0.932 0.956 0.986 0.929 0.969
368

IGF2BP3 | 35 rs199 | Yes | European | No 0.920 0.987 0.950 NA NA
351

KLHL7 35 rs199 | Yes | European | Y 0.965 0.967 0.950 0.975 0.981
351

NUP42 35 rs199 | Yes | European | No NA NA NA NA NA
351

FAM49B | 40 rs208 | Yes | European | Y 0.963 0.980 0.965 NA NA
6641

MRVI1 46 rs793 | Yes | European | Y 1.021 0.979 0.944 0.992 0.974
8782

ARID2 50 rs713 | Yes | European | Y 0.974 0.947 0.965 1.021 1.020
4559

SFRS2IP | 50 rs713 | Yes | European | Y 0.955 0.922 0.950 1.052 0.901
4559

MBNL2 54 rs477 | Yes | European | Y 0.945 1.014 0.969 NA NA
1268
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MAPKZ1IP | 56 rs111 | Yes | European | No 0.958 0.972 1.020 0.954 0.932

1L 58026

DLGAP5 | 56 rs111 | Yes | European | Y 0.965 0.996 0.971 0.969 0.930
58026

SOCS4 56 rs111 | Yes | European | Y 0.974 0.948 0.938 0.966 NA
58026

RPS6KL1 | 57 rs374 | Yes | European | No 0.995 0.999 0.963 0.978 0.956
2785

SGF29 61 rs290 | Yes | European | Y 1.020 1.007 1.037 1.028 1.025
4880

POLR2A | 66 rs126 | Yes | European | Y 0.951 0.945 0.956 1.035 0.993
00861

TUBG1 67 rs129 | Yes | European | No 0.989 0.977 0.945 1.020 0.980
51632

NAGLU 67 rs129 | Yes | European | Y 0.943 0.994 0.945 1.013 0.973
51632

MLX 67 rs129 | Yes | European | No 0.935 0.958 0.952 0.962 0.969
51632

GRN 68 rs850 | Yes | European | Y 1.004 0.970 1.060 0.972 0.972
738

MEX3C 75 rs808 | Yes | European | Y 0.981 0.961 0.970 NA NA
7969

CRLS1 77 rs773 | Yes | European | Y 0.961 0.985 0.969 NA NA
51827

DYRK1A | 78 rs224 | Yes | European | Y 0.941 0.983 0.976 0.956 0.926
8244
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Figure 12. The SSMD of mitochondrial morphology assay hits. In this figure, each color represents the SSMD of
each hit of mitochondrial morphology based on the criteria of hit selection. For each hit, there are 3 to 5 shRNA
targeting it. For each hit, most of the sShRNA targeting is either less than -3 or greater than 3. Most of the SSMD for
the shRNAs targeting CCDC101 are greater than 3 (shown in blue).
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Figure 13. The normalized axial length ratio of mitochondrial morphology assay hits. In Graph A, there are 4
replicates for each sample. The data was normalized by negative control. After normalization, the axial length ratio of
the negative control is 1. Compared to the negative control, KD CCDC101 increases the axial length ratio, and KD
others decrease the axial length ratio. Graph B is a schematic diagram of the mitochondrial morphology. When b
divided by a equals 1, it represents the normal state of mitochondria, corresponding to the normalized axial length
ratio of 1 in Graph A. When b divided by a is greater than 1, it represents more rounded mitochondria, corresponding
to the part above the dashed line in Graph A. When b divided by a is less than 1, it represents elongated mitochondria,

corresponding to the part below the dashed line in Graph A.
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A SCR transduced B CCDC101 shRNA
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Figure 14. The most increased axial length ratio of mitochondrial from mitochondrial morphology assay. Cells
are labeled for nuclei (blue, Hoechst) and mitochondria (red, MitoTracker CMXros). The negative control that cells
transduced with scrambled is shown in Graph A. Compared to the negative control, cells infected with CCDC101
SshRNA increase the axial length ratio of mitochondrial (B). Graph C displays the normalized axial length ratio of
mitochondria. All the data were normalized to the negative control. Error bars are the standard deviation (SD) of the
mean. For each group, n = 4. *P < 0.05, **P < 0.01, ***P < 0.001 for T-test with FDR correction. The scale bar for
Aand B is 20 pm.
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A SCR transduced B SFRS2IP shRNA
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Figure 15. The most decreased axial length ratio of mitochondrial from mitochondrial morphology assay. Cells
are labeled for nuclei (blue, Hoechst) and mitochondria (red, MitoTracker CMXros). The negative control that cells
transduced with scrambled is shown in Graph A. Compared to the negative control, cells infected with SFRS2IP
SshRNA decrease the axial length ratio of mitochondria (B). Graph C displays the normalized axial length ratio of
mitochondria. All the data were normalized to the negative control. Error bars are the standard deviation (SD) of the
mean. For each group, n = 4. *P < 0.05, **P < 0.01, ***P < 0.001 for T-test with FDR correction. The scale bar for
Aand B is 20 um.

4.3 Result of Parkin translocation assay

4.3.1 The plate-to-plate QC for Parkin translocation assay

The Z-factors for all the plates of the Parkin translocation assay are greater than 0.5 (Figure 16),

and the average Z-factor for all the plates is 0.67, meaning that the quality of this assay is excellent.

63



1.0
0.9=4 .
. - . .
0.8 . . .
L ]
. ° .
074 . e o . . . . L4 . o ™
. L] L . . .
60'6- .® [ ] . . - . ® . L]
8 ™ . * .
N o5 L] o0 .
£
=
© 0.4+
o
0.3
0.2
0.1
00T TTTT T T T T T I T T T I T T I I I T I T T I T I T I I I T T I T T I T T T I T T T I T T T I T I 1T T
oL IdoLINOL TINOLTOAOLTOOLTNOALTOOLTOALTONALTNALTOALTOALTOOLT M
—OUOIOWUOCOUOCOWUOICOUNCOWUOCOUOCOUOCOUDOWUOIOUOCOWOIOWOcOWO L
£FF‘-NNNNmm“"ntrtrﬂ‘wlommmwwWmhhhhmwwwmmmmoa?_oq—r:-—wmﬂmmmﬂn'cr:r:-alo
olovoolooolooalovolo0lo0oloeolooloeT T T TTT TTT et e
A ESRER SRR RN RR SRR EN SRR SR Rs I EREoR 22 e222022020008000800
ofbgoobfpoolftponlpgonbtpooltopooltgonltpooltp St at o la s in0ciac0lo®
olbpontbpononbpnnobibpnonnonbbpoaobbpnononbdpnonnonfpon n'n_n_ﬂ-n_n_an-n_a_n_ﬂ-n_n_n_ﬂ-n_n_n_ﬂ-n_n_
Plate name

Figure 16. The Z-factor for all the plates of the Parkin translocation assay. In this figure, each spot represents the

Z-factor for each plate.

4.3.2 Hits from Parkin translocation assay

In this assay, the ratio of positive Parkin translocation cells from each sample (treated with ShRNA)
was calculated and normalized by the negative control group. The SSMD was calculated for hit

selection.

Based on the hit selection criteria according to SSMD, 29 hits were selected in this assay. For all
the hits, the SSMDs of 27 hits are less than -3, and only the SSMD of SFRS2IP and MED12L are
greater than 3 (Figure 17). This means that KD SFRS2IP and MED12L has the opposite effect on
the ratio of positive Parkin translocation cells compared to the other 27 hits. The detailed hits

information is shown in Table 8.

The normalized ratio of positive Parkin translocation cells of Parkin translocation assay hits is
shown in Figure 18. Normally, Parkin scattered in the cell, when BE(2)-M17 eGFP-Parkin cells
are exposed to mitochondrial toxicity and the electron transport chain uncoupler, CCCP, Parkin-
GFP is translocated from the cytoplasm to the mitochondrial membrane. Compared to the negative

control group, SFRS2IP-KD, and MED12L-KD show a significant increase in this ratio, and KD
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the other 27 hits shows a significant decrease in this ratio (Figure 18). Compared to the negative
control group (Figure 19A), SFRS2IP-KD shows the largest increase in positive Parkin
translocation cells (Figure 19B, 19C), and CRLS1-KD shows the largest decrease in positive
Parkin translocation cells (Figure 20).

Table 8. The information of Parkin translocation hits.

The Column “Suggested _gene” means if this gene was suggested as a priority test gene under this locus. The Column
“Average Translocation_1st” means the average ratio of positive Parkin translocation cells of the 4 replicates of the
most efficient sShRNA, and the Column “Average Translocation_2nd” means the average ratio of positive Parkin
translocation cells of the second efficient ShRNA, same reasoning below. NA means no efficient ShRNA data for its
corresponding target. The average ratio of positive Parkin translocation cells of the negative control is 1.

Targets | Locus | rsID | Brain | Popul | Suge | Average | Average | Average | Average | Average
Numb Exp ation sted | Transloc | Translo | Transloc | Translo | Translo
er _gen | ation_1s | cation_ | ation_3r | cation_4 | cation_5

e t 2nd d th th

NUCKS | 4 rs115 | Yes Europe | Y 0.495 NA NA NA NA

1 57080 an

NUCKS | 4 rs823 | Yes Europe | Y 0.495 NA NA NA NA

1 118 an

STK39 | 11 rs147 | Yes Europe | Y 0.756 0.439 0.426 NA NA

4055 an

NDUFA | 14 rs124 | Yes Europe | Y 0.795 0.642 0.582 0.808 0.551

F3 97850 an

SLC25 14 rs124 | Yes Europe | Y 0.522 0.132 0.333 0.438 1.097

A20 97850 an

CCDC7 | 14 rs124 | Yes Europe | No 0.482 0.968 0.344 0.371 NA

1 97850 an

MEDI2 | 16 rs117 | Yes Europe | Y 0.757 1.496 1.627 NA NA

L 07416 an

B3GAL | 17 rs145 | Yes Europe | Y 0.196 0.587 0.924 1.376 0.691

NT1 0522 an
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MCCC1 | 18 rs105 | Yes Europe | Y 0.627 1.285 NA NA NA
13789 an

TMEM | 19 rs343 | Yes Europe | Y 0.353 0.573 NA NA NA

175 11866 an

TMEM | 19 rs873 | Yes Europe | Y 0.353 0.573 NA NA NA

175 786 an

CAML | 28 rs119 | Yes Europe | Y 0.556 0.368 0.743 0.515 0.857

G 50533 an

DDX46 | 28 rs119 | Yes Europe | No 0.438 0.325 0.312 1.033 NA
50533 an

ZSCAN | 29 rs414 | Yes Europe | No 1.068 1.234 0.233 0.612 0.602

16 0646 an

ZKSCA | 29 rs414 | Yes Europe | No 0.313 0.503 0.316 0.777 0.772

N8 0646 an

ZNRD1 | 30 rs926 | Yes Europe | Y 0.307 0.634 1.381 1.516 0.514
1484 an

CRCP 36 rs769 | Yes Europe | Y 0.373 0.552 0.865 0.439 0.872
49143 an

BIN3 39 rs228 | Yes Europe | Y 0.275 0.315 0.473 NA NA
0104 an

UBAP2 | 42 rs647 | Yes Europe | No 0.814 0.470 0.535 NA NA
6434 an

SFRS2I | 50 rs713 | Yes Europe | Y 1.515 2.405 0.801 0.511 1.774

P 4559 an

MBNL2 | 54 rs477 | Yes Europe | Y 1.254 0.426 0.662 NA NA
1268 an

RPS6K | 57 rs374 | Yes Europe | No 0.316 0.492 0.476 0.266 0.571

L1 2785 an

PGF 57 rs374 | Yes Europe | Y 1.043 0.358 0.381 0.289 1.328
2785 an
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SULT1 | 61 rs290 | Yes Europe | Y 0.535 1.007 0.650 NA NA
Al 4880 an
ZNF646 | 62 rs111 | Yes Europe | No 0.290 0.331 0.637 0.546 0.553
50601 an
POLR2 | 66 rs126 | Yes Europe | Y 1.044 0.451 0.558 1.148 0.295
A 00861 an
WNT3 70 rs116 | Yes Europe | Y 0.973 0.437 0.386 1.683 0.372
58976 an
INTS2 71 rs611 | Yes Europe | No 0.463 0.463 1.307 0.378 NA
69879 an
CRLS1 | 77 rs773 | Yes Europe | Y 0.321 0.383 0.250 NA NA
51827 an
LRRN4 | 77 rs773 | Yes Europe | No 0.894 0.712 0.735 0.491 0.687
51827 an
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Figure 17. The SSMD of Parkin translocation assay hits. In this figure, each color represents the SSMD of each
hit of the Parkin translocation assay based on the hit selection criteria. For each hit, there are 3 to 5 ShRNA targeting
it. For each hit, most of the sShRNA targeting is either less than -3 or greater than 3.

3 -

Normalized Translocation pos cells [%]

Hits of Parkin translocation assay

Figure 18. The normalized ratio of positive Parkin translocation cells from Parkin translocation assay hits.
There are 4 replicates for each sample. The data was normalized by negative control. After normalization, the ratio of
positive Parkin translocation cells of negative control is 1. Compared to the negative control, KD MED12L and
SFRS2IP increase this ratio, while KD others decrease this ratio.
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A CCCP-SCR transduced B CCCP-SFRS2IP shRNA

Normalized Translocation pos cells [%]

SFRS2IP-1 . *
:

SFRS2IP-2+
SFRS2IP-3
SFRS2IP-4+
SFRS2IP-5

Figure 19. The most increased positive Parkin translocation cells from Parkin translocation assay. Cells are
labeled for nuclei (blue, Hoechst), and Parkin-GFP (green). Cells transduced with scrambled and treated with CCCP
(negative control) show a significant increase in spot formation (A). Cells infected with SFRS2IP shRNA increase the
accumulation of spots (B). Graph C displays the normalized ratio of cells positive for parkin translocation and cells
negative for translocation. All the data were normalized to the negative control. Error bars are the standard deviation
(SD) of the mean. For each group, n = 4. *P < 0.05, **P < 0.01, ***P < 0.001 for T-test with FDR correction. The
scale bar for A and B is 50 pm.
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A CCCP-SCRtransduced B CCCP-CRSL1 shRNA
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Figure 20. The most decreased positive Parkin translocation cells from Parkin translocation assay. Cells are
labeled for nuclei (blue, Hoechst), Parkin-GFP (green). Cells transduced with scrambled and treated with CCCP
(negative control) show a significant increase in spot formation (A). Cells infected with CRLS1 shRNA prevent the
accumulation of spots (B). Graph C displays the normalized ratio of cells positive for parkin translocation and cells
negative for translocation. All the data were normalized to the negative control. Error bars are the standard deviation
(SD) of the mean. For each group, n = 4. *P < 0.05, **P < 0.01, ***P < 0.001 for T-test with FDR correction. The
scale bar for A and B is 50 pm.

4.4 Result of a-synuclein ELISA
There are 8 experiment plates in this assay, with a negative control group treated with Scramble
shRNA in each plate. For each plate, the a-synuclein (pg/ung) content normalized by total protein

is shown in Figure 21. The percentage of a-synuclein increase or decrease per sample after

normalization using the negative control group are shown in Figure 22A and Table 9.
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Compare to the negative control group, the amount of a-synuclein increased by at least 50% in 39
targets (Table 9, Figure 22B). Among them, compare to the negative control group, CAMK2D-

KD shows the largest increase of a-synuclein.

Compare to the negative control group, the amount of a-synuclein decreased at least 50% in 53
targets (Table 9, Figure 22B). Among them, compare to the negative control group, AMPD3-KD
shows the largest decrease of a-synuclein. These samples, which increase or decrease 50% of a-

synuclein were selected as hits.

Table 9. The information of a-synuclein ELISA hits.

The Column “Suggested _gene” means if this gene was suggested as a priority test gene under this locus. The Column
“Opincrease of a-syn _1st” means the percentage of increase or decrease of a-synuclein protein level of the most

efficient ShRNA compared to the negative control.

Targets Locus rsID Brain | Populati | MM | PT ELISA sugeste | %increase of | T-
Number Exp on hits | hits hits d_gene | g-syn _lst test_1st
PBXIP1 1 rs1141 | Yes European | N N decrease | No -65.092 0.00627
38760 3
PYGO2 1 rs1141 | Yes European | N N decrease | Y -61.152 0.00756
38760 6
CKS1B 1 rs1141 | Yes European | N N decrease | Y -56.950 0.00084
38760 2
PBXIPI 1 rs3574 | Yes European | N N decrease | No -65.092 0.00627
9011 3
PYGO2 1 1s3574 | Yes European | N N decrease | Y -61.152 0.00756
9011 6
ADAMI1 |1 1s3574 | Yes European | N N decrease | No -87.646 0.00002
9011 9
HCN3 1 rs3574 | Yes European | N N decrease | Y -82.603 0.00004
9011 1
CKS1B 1 rs3574 | Yes European | N N decrease | No -56.950 0.00084
9011 2
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ADAMI1 |1 157676 | Yes European decrease | Y -87.646 0.00002
5 3715 9
PYGO2 1 157676 | Yes European decrease | Y -61.152 0.00756
3715 6
PBXIP1 1 1s7676 | Yes European decrease | No -65.092 0.00627
3715 3
HCN3 1 1s7676 | Yes European decrease | Y -82.603 0.00004
3715 1
CKSIB 1 1s7676 | Yes European decrease | Y -56.950 0.00084
3715 2
NDUFA | 14 rs1249 | Yes European decrease | Y -53.882 0.01329
F3 7850 8
SLC25A | 14 rs1249 | Yes European decrease | Y -85.692 0.00035
20 7850 8
ARIH2 14 rs1249 | Yes European decrease | Y -73.865 0.00009
7850 1
P4HTM 14 rs1249 | Yes European decrease | No -82.587 0.00211
7850 1
CCDC71 | 14 rs1249 | Yes European decrease | No -67.752 0.00031
7850 3
CCDCS8 | 15 1s5596 | Yes European decrease | Y -71.166 0.00024
1674 2
PPMIL 17 rs1450 | Yes European decrease | Y -54.582 0.01200
522 2
B3GAL 17 rs1450 | Yes European decrease | Y -81.710 0.00004
NT1 522 2
TMEM1 | 19 rs3431 | Yes European decrease | Y -61.874 0.00002
75 1866 4
TMEMI1 | 19 rs8737 | Yes European decrease | Y -61.874 0.00002
75 86 4
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CPLX1 19 1s8737 | Yes European decrease | Y -67.616 0.00029
86 1
BSTI1 20 154698 | Yes European decrease | Y -82.392 0.00003
412 9
NUP54 22 rs6825 | Yes European decrease | Y -51.677 0.01619
004 1
SCARB2 | 22 rs6825 | Yes European decrease | No -53.094 0.01414
004 4
GIN1 27 1s2643 | Yes European decrease | No -73.350 0.00006
| 8
PAM 27 rs2643 | Yes European decrease | Y -65.869 0.00541
| 1
PPIP5K2 | 27 1s2643 | Yes European decrease | Y -51.808 0.01573
1 9
CS5orf30 | 27 rs2643 | Yes European decrease | Y -87.043 0.00003
1 2
PCBD2 28 rs1195 | Yes European decrease | No -66.997 0.00519
0533 9
DDX46 28 rs1195 | Yes European decrease | No -60.284 0.00011
0533 8
SAR1B 28 rs1195 | Yes European decrease | No -50.262 0.00891
0533 2
H3C12 29 rs4140 | Yes European decrease | Y -54.278 0.00038
646 4
H2AC16 | 29 rs4140 | Yes European decrease | No -89.372 0.00002
646 6
IGF2BP3 | 35 rs1993 | Yes European decrease | No -64.894 0.00051
51 7
TMEM2 | 36 1s7694 | Yes European decrease | No -52.922 0.00338
48 9143 5
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SBDS 36 157694 | Yes European decrease | No -52.987 0.01442
9143 7

ASL 36 157694 | Yes European decrease | No -89.604 0.00002
9143 8

CCAR2 39 rs2280 | Yes European decrease | Y -54.240 0.00263
104 2

C8orf58 | 39 rs2280 | Yes European decrease | No -82.216 0.00004
104 0

BIN3 39 rs2280 | Yes European decrease | Y -84.837 0.00003
104 6

PRSS3 42 rs6476 | Yes European decrease | Y -74.551 0.00321
434 0

BAG3 45 rs1178 | Yes European decrease | Y -85.548 0.00003
96735 3

BAG3 45 1s7284 | Yes European decrease | Y -85.548 0.00003
0788 3

AMPD3 | 46 rs7938 | Yes European decrease | No -91.003 0.00002
782 4

ARID2 50 1s7134 | Yes European decrease | Y -90.123 0.00002
559 5

HIPIR 51 rs1084 | Yes European decrease | Y -71.795 0.00008
7864 2

GCH1 56 rs1115 | Yes European decrease | Y -89.780 0.00002
8026 6

DLST 57 rs3742 | Yes European decrease | No -86.258 0.00009
785 1

PGF 57 rs3742 | Yes European decrease | Y -52.501 0.01517
785 1

ATXN2L | 61 rs2904 | Yes European decrease | Y -78.638 0.00005
880 1
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SULT1A | 61 152904 | Yes European decrease | Y -63.306 0.00173
1 880 0
NFATC2 | 61 152904 | Yes European decrease | Y -84.038 0.00191
1P 880 3
SETDIA | 62 rsl115 | Yes European decrease | Y -56.259 0.00273
0601 0
ZNF646 | 62 rsl115 | Yes European decrease | No -74.659 0.00000
0601 9
BCL7C 62 rsl115 | Yes European decrease | Y -86.559 0.00003
0601 1
CYLD 63 rs6500 | Yes European decrease | Y -56.601 0.00068
328 1
ATP6VO | 67 rs1295 | Yes European decrease | No -89.581 0.00002
Al 1632 9
KANSLI | 69 rs1176 | Yes European decrease | Y -67.681 0.00157
15688 5
KANSLI1 | 69 1s6205 | Yes European decrease | Y -67.681 0.00157
3943 5
BRIP1 71 1s6116 | Yes European decrease | No -77.944 0.00005
9879 6
FLADI1 1 rs1141 | Yes European increase | No 294.584 0.01355
38760 7
EFNA1 1 rs3574 | Yes European increase | Y 98.969 0.10011
9011 6
FLADI1 1 rs3574 | Yes European increase | No 294.584 0.01355
9011 7
FDPS 1 rs3574 | Yes European increase | Y 80.163 0.00160
9011 1
SCAMP | 1 rs3574 | Yes European increase | No 62.422 0.00372
3 9011 0
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KRTCA |1 1s3574 | Yes European increase | No 100.611 0.01095
P2 9011 8
SCAMP |1 157676 | Yes European increase | Y 62.422 0.00372
3 3715 0
EFNAL1 1 1s7676 | Yes European increase | No 98.969 0.10011
3715 6
FLADI1 1 1s7676 | Yes European increase | No 294.584 0.01355
3715 7
KRTCA |1 1s7676 | Yes European increase | Y 100.611 0.01095
P2 3715 8
FDPS 1 1s7676 | Yes European increase | Y 80.163 0.00160
3715 1
VAMP4 |3 rs1157 | Yes European increase | Y 69.260 0.00005
8699 7
ITPKB 5 rs4653 | Yes European increase | Y 122.476 0.00131
767 3
MRPS5 8 1s2042 | Yes European increase | No 285.577 0.00137
477 7
IP6K2 14 rs1249 | Yes European increase | No 84.241 0.00738
7850 0
LAMB2 | 14 rs1249 | Yes European increase | Y 151.893 0.00008
7850 0
WDR6 14 rs1249 | Yes European increase | Y 184.594 0.00000
7850 13
PARP9 15 1s5596 | Yes European increase | No 94.243 0.00001
1674 4
GAK 19 rs3431 | Yes European increase | Y 70.231 0.00002
1866 5
GAK 19 rs8737 | Yes European increase | Y 70.231 0.00002
86 5
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CAMK2 | 24 rs1311 | Yes European increase | Y 399.624 0.00000
D 7519 4
CLCN3 25 156233 | Yes European increase | Y 52.515 0.00375
3164 1
ERCC8 26 rs1867 | Yes European increase | No 52.481 0.01138
598 5
NDUFA | 26 rs1867 | Yes European increase | Y 70.106 0.00002
F2 598 6
CAMLG | 28 rs1195 | Yes European increase | Y 256.326 0.00000
0533 0
RPP21 30 1s9261 | Yes European increase | Y 90.160 0.00361
484 3
ZNRD1 30 1s9261 | Yes European increase | Y 97.027 0.00013
484 8
FYN 33 rs9973 | Yes European increase | Y 151.958 0.00599
68 8
SLCI18B | 34 rs7585 | Yes European increase | Y 129.360 0.00450
1 9381 8
KCTD7 36 1s7694 | Yes European increase | No 139.583 0.00020
9143 0
RABGE | 36 1s7694 | Yes European increase | Y 89.330 0.01454
F1 9143 8
ITGAS 43 rs8964 | Yes European increase | Y 192.538 0.00005
35 0
INPPSF 45 rs1178 | Yes European increase | Y 75.609 0.00464
96735 4
RNF141 | 46 rs7938 | Yes European increase | No 60.337 0.00683
782 6
SFRS2IP | 50 rs7134 | Yes European increase | Y 69.630 0.00221
559 6
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TUFM 61 152904 | Yes European increase | Y 90.638 0.00029
880 6
STX1B 62 rs1115 | Yes European increase | No 62.883 0.00264
0601 1
ZBTB4 66 rs1260 | Yes European increase | Y 161.916 0.00001
0861 1
POLR2A | 66 rs1260 | Yes European increase | Y 82.612 0.00221
0861 6
RETRE 67 rs1295 | Yes European increase | Y 104.532 0.00319
G3 1632 5
WNT3 70 rs1165 | Yes European increase | Y 134.460 0.00061
8976 8
MEDI13 71 1s6116 | Yes European increase | Y 76.903 0.00279
9879 8
NOL4 73 rs1941 | Yes European increase | Y 131.534 0.00007
685 3
MEX3C | 75 rs8087 | Yes European increase | Y 100.994 0.00106
969 4
SPPL2B | 76 rs5581 | Yes European increase | Y 103.608 0.00304
8311 0
DYRK1 78 1s2248 | Yes European increase | Y 110.106 0.00030
A 244 4
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ELISA plate 1 Normalized Alpha synuclein pglug

ELISA plate 2 Normalized Alpha synuclein pg/ug
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Figure 21. The normalized a-synuclein content in each experiment plate. A - H represents different plates. Each

plate has 4 replicates for negative control (cells were transduced with scramble shRNA) and triplicates for each
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experimental group. For each sample, a-synuclein content (pg) was normalized by using its total protein content (ug).

*P <0.05, **P < 0.01, ***P < 0.001 for T-test with FDR correction.
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Figure 22. The percentage of increase or decrease of a-synuclein compared to negative control. After a-synuclein

content (pg) was normalized by its total protein (ug), we calculated the increase or decrease percentage of a-synuclein
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compared to negative control. In Graph A shows the increase or decrease percentage of a-synuclein for all the samples.

In Graph B, the selected hits have at least 50% increase or decrease of a-synuclein.

4.5 Result of mMRNA sequencing

4.5.1 The fold change result

The fold change was calculated to evaluate the KD efficiency for each sample. Only samples with
a good KD efficiency (fold change less than -1) were included for further analysis. For samples
with extremely low fold change (<< -100), other parameters (e.g. gene expression levels, FDR)
were examined to exclude abnormal values (Figure 23). For more details about mMRNA sequencing
QC results, please see supplementary material file 1 (https://github.com/Weiping123/PD-GWAS-
project).
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Figure 23. The fold change for mRNA sequencing samples. This figure shows the fold change for most of the
samples is less than -1. This indicates that the majority of samples have a good KD effect. Samples with NA fold
change, have 0 reads mapping to the target in both KD samples and the scramble controls. Samples with fold change

over than one and NA were excluded from further data analysis.
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45.2 The GO result

Since KD experiments were performed in a neuroblastoma cell line, the top 10 most frequent GO
terms were all related to the cell cycle (Figure 24). These GO terms were GO:1903047 (mitotic
cell cycle process), GO:0022402 (cell cycle process), GO:0051726 (regulation of cell cycle),
G0:0006260 (DNA replication), GO:0010564 (regulation of cell cycle process), GO:0007346
(regulation of mitotic cell cycle), GO:0044770 (cell cycle phase transition), GO:0006259 (DNA
metabolic process), GO:0007049 (cell cycle), GO:0044772 (mitotic cell cycle phase transition),

respectively.

19 PD-related GO terms were prioritized based on their frequency of enrichment in the candidate
KD samples. In these 19 GO terms, there are 4 GO terms related to protein targeting to ER
(GO:0006614, GO:0072599, GO:0045047, GO:0070972), 5 GO terms related to mitogen-
activated protein kinase (MAPK) activity (G0:1902949, GO:0000188, GO:0043407,
GO0:0043405, GO:1902947). The rest GO terms are related to organelle organization
(G0:0033043), unfolded protein response (GO:0036499), apoptotic process (GO:0042981),
programmed cell death (GO:0043067), neuron death (GO:1901214), neurogenesis (GO:0050767),
cellular response to hypoxia (GO:0071456, GO:1900038), glucose metabolic process
(GO:0006006) and catecholamine transport (GO:0051937), respectively. For more details about
the GO terms of each sample, please see the supplementary material Table 2
(https://github.com/Weiping123/PD-GWAS-project).
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Figure 24. The frequency of the enriched GO terms across all KD samples. The top 10 most frequent GO terms
are all cell circle-related (marked with black lines in the figure), probably due to the cell model used in this study. GO

terms that might be associated with the onset of PD were selected among those with a frequency = 3. Two groups of
related terms are marked with a square bracket, which are ER-related and MAPK-related. The remaining ungrouped
GO terms are PERK-mediated unfolded protein response, regulation of the apoptotic process, cellular response to
hypoxia, etc. The numbers on top of each GO term represent the number of samples in which the GO term is enriched.
After obtaining the priority GO terms, samples enriched for each prioritized GO term and the
differentially expressed gene sets driving the terms were analyzed. There were 9 samples enriched
for the term GO:0072599 (establishment of protein localization to endoplasmic reticulum, sample
HIST1H3J was excluded due to fold change over 1, which signified the failure of KD). Knocking
down samples ZBTB4 and ITPKB were enriched for this GO term via overexpression of the term-
contributor genes; the rest of the KD samples were enriched for the GO term due to downregulation
of the gene expression within a pathway (Figure 25). Interestingly, INPP5F and BAG3, both

enriched for this GO term, are associated with the same SNP.

The research showed that KD of sample ZBTB4 resulted in upregulation of the apoptosis-
inhibiting P21CiP, which in turn inhibited cyclin-dependent kinases (CDK) 2 and pro-apoptotic
kinases apoptosis signal-regulating kinase 1 (ASK1) and c-Jun-N-terminale Kinase (JNK),
ultimately leading to apoptosis inhibition (Blue et al. 2018; Weber et al. 2008). KD of sample

ITPKB leads to the accumulation of Ca%' in mitochondria. The accumulation of Ca%* in
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mitochondria triggers several responses, such as activation of respiration, accumulation of ROS,
and activation of inhibitor of autophagy initiation mTOR, all of which ultimately lead to inhibition
of autophagy (Apicco et al. 2021). The publication shows that upregulation of BAG3 mediates the
disposal of damaged mitochondria and enhances autophagy. The overexpression of BAG3
mediates the initiation of the autophagy-lysosomal degradation pathway (Y.-L. Cao et al. 2017,
Ying et al. 2022; Tahrir et al. 2017). INPP5F shares the same SNP (rs117896735) with BAGS,
loss of function of INPP5F can lead to PD-related symptoms (M. Cao et al. 2020). However,
INPP5F-KD did not affect the expression of BAG3, so both of them play a role in the pathogenesis
of PD, but they might work independently. The other genes that drove this GO term were also
checked to know the PD pathways they might be involved in. In this GO term (GO:0072599),
KLHL7, FDPS, and CRCP could be good priority genes based on their molecular functions.

In addition to looking at the function of these genes that drove the GO terms, | also looked at the
SNPs of these genes, as well as information on other candidate gene(s) located at the same SNP,
to obtain more meaningful information to help us identify the causative gene for PD. POLR2A
shares the same SNP (rs12600861) with ZBTB4, and inhibition of phosphorylation of POLR2A
reduces PINK1-PRKM-mediated mitophagy (Yao et al. 2022). On the same SNP (rs76763715)
with FDPS, there are also other candidate genes like EFNAL, KRTCAP2, ADAM15, HCN3,
MTX1, RAG1AP1, RUSC1, SCAMP3, THBS3, CKS1B, PYGO2, PBXIP1. Among these genes,
EFNAL is involved in the MAPK signaling pathway, Ras signaling pathway, and PI3K-Akt
signaling pathway, which all can contribute to PD. HCN3 regulates ion channel HCN3 as a likely
contributor to altered neuronal excitability. MTX1 encodes a protein located in the OMM.
Homozygosity for the MTX1 alteration induces an earlier onset of PD in affected patients. RUSC1
is involved in SNARE-associated proteins, and its encoding protein plays a role in neuronal
differentiation. THBS3 shares a joint promoter with MTX1, and it can mediate ER stress and ER
vesicular expansion through the transcription factor ATF6a. PYGO2 is involved in signal
transduction through the Wnt pathway. There is no evidence of an association with PD for other
genes on this SNP (rs76763715).
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Figure 25. The bubble plot of GO:0072599. The genes on the X-axis represent the differentially expressed genes
driving the GO term in specific KD samples annotated on the Y-axis. The color of the bubbles represents the value of
logzFC, red represents an increase in the gene expression (log2FC>0), and blue represents the down-regulation of
gene expression (log.FC<<0). Color brightness represents the effect size of log.FC. The size of the bubbles represents

the effect size. The bigger the bubble, the bigger the effect size.
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5. Discussion

This study was based on 92 risk variants across 78 genomic regions (loci) identified by the GWAS.
Of these 78 loci, 61 loci were included in the study, with all of the candidate genes located on 30
loci were included in the study, and some of the candidate genes located on 31 loci were included
in the study. This study has screened some of the more critical loci (e.g. locus 17, locus 19, locus
33, locus 57, etc.) for us based on known PD risk loci by investigating mitochondrial morphology
and function, a-synuclein protein content, etc., as well as suggesting priority genes to test for each
locus (Supplementary Table 3, https://github.com/Weiping123/PD-GWAS-project).

The priority test genes suggested under each locus need to be given extra attention. The
experimental data of this study suggests a link between certain genes with the known pathways
affected in PD, including the effects on mitochondrial function and a-synuclein-mediated neuronal
injury, as well as the PD-related pathways involved in the GO term by the KD of each gene. This
information provides a substantial research base and reference material for subsequent studies. For
the genes not selected for priority tests in this study, we cannot rule out the possibility that they

may play a role in the pathogenesis of PD.

All these data generated in the functional assays, as well as mMRNA sequencing data, will be made
public for future PD risk variant investigations.

5.1 Hits from functional assays

5.1.1 Discussion of mitochondrial-related assays result

A large body of evidence suggests that mitochondrial morphology and mitophagy are implicated
in the risk and pathological process of PD (Cookson 2012; Eldeeb et al. 2022; Park, Davis, and
Sue 2018). Following shRNA-mediated KD, 49 genes (hits) showed the effect on mitochondrial
morphology, 29 genes showed the effect on Parkin translocation to mitochondria in our cell model
and 8 genes showed the effect on both assays, which are more likely to contribute to PD. | take 3
genes (CCDC101, SFRS2IP, CRLS1) for further discussion. CCDC101 is a prioritized candidate
gene based on mitochondrial morphology assay. Its KD increased mitochondrial axial length ratio,
potentially connected to mitochondrial fragmentation. The protein encoded by CCDC101 is a
component of the chromatin-modifying SAGA complex (Guelman et al. 2009). Recent studies
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have shown that the CCDC101-associated SAGA complex is a potent inhibitor of mTORCI,
which is comprised of mTOR (Long et al. 2021; Z. Zhu et al. 2019). It is well known that mTOR
plays an important role in many diseases, such as diabetes, obesity, depression, certain cancers,
and aging (Beevers et al. 2006; Kennedy and Lamming 2016). The biological processes in which
mTOR is involved include autophagy, clearance of damaged mitochondria and lysosomes, and
response to ROS, which are all closely related to PD. Another study showed that CCDC101 plays
a dual role in responding to ER stress. Before ER stress, CCDC101-encoded protein that
coordinates tri-methylated lysine-4 of histone H3 (H3K4me3) levels, maintaining a "ready"
chromatin state on the promoters of ER stress target genes. Following the induction of ER stress,
CCDC101 is required to increase H3K14 acetylation on these genes, which leads to full
transcriptional activation, thereby promoting cell survival (Schram etal. 2013). The mRNA
sequencing results of this study showed that the downregulation of CCDC101 is associated with
the upregulation of genes associated with glial cell differentiation (GO:0045687) as well as
expression changes of the genes involved in the regulation of membrane fusion (GO:0061025).
Under this SNP (rs2904880) of CCDC101, there are also other candidate genes, IL27, NUPR1,
SULT1AlL, MIR6862-2, TUFM, MIR4721, ATP2A1-AS1, MIR4517, SPNS1, CLN3, APOBR,
SULT1A2, NPIPB8, EIF3C, NPIPB9, SH2B1, ATP2A1, RABEP2, CD19, LAT, ATXN2L,
NFATC2IP, we tested 12 out of these candidate genes (SULT1Al, TUFM, SPNS1, CLNS3,
SULT1A2, EIF3C, SH2B1, ATP2A1, RABEP2, LAT, ATXN2L, NFATC2IP). Based on the
literature and our experimental results, we suggest that CCDC101 may influence PD pathogenesis
by affecting morphological changes in mitochondria and thus triggering a series of responses.
Under this SNP, we also suggest further investigating SULT1Al1, TUFM, ATXN2L, and
NFATC2IP candidate genes as the PD risk factor.

SFRS2IP is another promising gene. It was selected based on the results of the mitochondrial
morphology assay, Parkin translocation assay, and a-synuclein ELISA assay. SFRS2IP-KD
significantly increased the axial length ratio and positive Parkin translocation cells, as well as
increased a-synuclein protein level. It is well known that there is a close relationship between
mitochondrial morphological changes and mitochondrial function (McCarron et al. 2013;
MacVicar and Lane 2014; Galloway, Lee, and Yoon 2012; Picard et al. 2013). The increased
axial length ratio can be interpreted as an observation of mitochondrial fission (Viana et al. 2020).

Mitochondrial fission and fusion are thought to be associated with apoptosis and mitochondrial
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quality control via autophagy (mitophagy), but there is a wealth of conflicting data. MacVicar and
Lane suggested that the shift towards increased fission and decreased fusion promotes autophagy
and degradation of the damaged mitochondria (MacVicar and Lane 2014). Other studies show that
enhanced mitochondrial fission did not induce but protect against apoptosis (James and Martinou
2008; Perfettini, Roumier, and Kroemer 2005). Our  experimental  results show that
downregulation leads to mitochondrial elongation and fusion increase, which in turn results in
increased mitophagy. The results of this study, as well as published literature, both suggest the
involvement of this gene in mitophagy. However, the previous research on this gene was limited,
so there is a great need for additional functional testing and characterization in the future. Under
this SNP (rs7134559), another candidate gene, ARID2, shows the effect on mitochondrial and a-
synuclein protein level after downregulation. Taking together, under this SNP (rs7134559), we
suggest that both SFRS2IP and ARID?2 are priority genes for further investigation.

CRLS1-KD leads to mitochondrial effects, which decrease the mitochondrial axial length ratio and
impaire Parkin translocation. CRLS1 encodes a protein that catalyzes the synthesis of cardiolipin,
an essential phospholipid in the mitochondrial membrane that plays a vital role in maintaining the
functional integrity and dynamics of mitochondria under stress. A recent study shows that CRLS1
defects impair mitochondrial morphology and biogenesis, which ultimately cause mitochondrial
disease (Lee et al. 2022). Knockout of CRLS1 leads to mitochondrial fragmentation, which further
causes mitochondrial and ER stress. This finding is consistent with our experimental result that
knocking down CRLSL1 reduces the axial length ratio. In addition, the degree of CRLS1 defect
correlates with the degree of mitochondrial damage, with mild mitochondrial dysfunction
manifested by activation of stress responses to rescue or compensate for defects. In contrast, severe
mitochondrial dysfunction leads to organismal decline (Ren et al. 2023). There are also MCM8-
AS1 and LRRN4 as candidate genes under this SNP (rs77351827). LRRN4 was included in this
study, but downregulated it caused a decrease in Parkin-positive cells. We suggest CRLS1 and
LRRN4 as priority test genes under this SNP (rs77351827).

5.1.2 Discussion of a-synuclein expression result

In addition to mitochondrial dysfunction, the aggregation of a-synuclein plays an essential role in
the pathogenesis of PD. Based on the findings of this study and supported by information from the
available literature, 1 will focus on two genes (CAMK2D, ZNRD1) in this section. CAMK2D is a
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member of the Ca?*/calmodulin-dependent protein kinase (CAMK) class of enzymes. CAMKII is
a Ser/Thr kinase highly expressed in the striatum (Klug etal. 2012). It is involved in many
biological processes, such as neuroplasticity regulation and brain damage repair(Lobo et al. 2015).
CAMK2D was also linked to several pathways, such as the cAMP signaling pathway, Wnt
signaling pathway, and more importantly, dopaminergic synapse, pathways of neurodegeneration
(H. Zhang et al. 2020; Cong et al. 2014). All the information indicates that CAMK2D plays an
important role in the development of PD. However, there are few studies on its specific pathways
of action and pathogenic mechanisms. CAMK2D is the only candidate gene under this SNP
(rs13117519), so there is no doubt that it is the priority gene for this SNP.

According to the experimental data of this study, ZNRD1 plays an important role in maintaining
mitochondrial morphology, influencing Parkin translocation and the level of a-synuclein protein.
KD of ZNRD1 reduces mitochondrial axial length ratio and Parkin translocation, increasing the
aggregation of a-synuclein proteins. The mMRNA sequencing results showed that the KD of ZNRD1
could drive negative regulation of mitochondrial fission. This result is consistent with the results
of the mitochondrial morphology assay. However, most of the few available papers are about the
role of ZNRDL1 in cancer. ZNRD1 promotes the activation of the Wnt/B-catenin signaling pathway
in hepatocellular carcinoma (Hu et al. 2019). No search was done for functional studies related to
its involvement in PD. There is still much room for research on this gene. There are also HCP5B,
HLA-H, HCG4B, HLA-A, HCG9, HLA-J, ZNRD1ASP, PPP1R11, RNF39, TRIM31, TRIM10,
TRIM15, RPP21, TRIM31-AS1, TRIM40, TRIM26, HLA-L, TRIM39, TRIM39-RPP21, HCG17,
HCG18 as candidate genes share the same SNP (rs9261484) with ZNRD1, HLA-A, PPP1R11 and
RPP21 were included in this study. Considering the results of this study, we suggested ZNRD1 as
the priority test gene under this SNP (rs9261484).

5.2 Data from mRNA sequencing

Despite RT-qPCR showing an efficient KD effect, we could not confirm it for 6 genes using
MRNA sequencing analysis (HIST1H3J, RPP21, ITGA8, WNT3, BST1, KIAA1267) because of
the abnormal fold change. Therefore, the mMRNA sequencing data from these samples were
unnecessary for subsequent analysis and excluded. In addition to these fold change abnormal genes,
some genes such as LRRN4, PGF, CRCP, and SULT1ALl are expressed at very low levels in

neuroblastoma cell lines, so extra attention should be paid to analyzing these genes.
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We focused on the top 10 GO terms of each sample for subsequent analysis. In the analysis of GO

terms, we prioritize the analysis of those GO terms with frequency = 3 samples and could be

related to PD. Although we prioritized some GO terms with higher frequency of occurrence, low
frequency GO terms with functional relevance allowed for the prioritization of the additional KD
gene candidates. For example, both GO:0061025 (membrane fusion) and GO:0090258 (negative
regulation of mitochondrial fission) are directly shown to be associated with membrane fusion and
mitochondrial fragmentation. The enriched genes of those two GO terms are CCDC101 and
ZNRD1, respectively, and as | mentioned in the above discussion, their GO terms are mutually
supported by the experimental data of this study. In addition, other PD-related GO terms are
enriched in only one sample (frequency=1), such as GO:1903298 (negative regulation of hypoxia-
induced intrinsic apoptotic signaling pathway), GO:0006986 (response to unfolded protein),
GO0:0051084 (‘de novo' posttranslational protein folding), GO:0051085 (chaperone mediated
protein folding requiring cofactor). The enriched genes corresponding to these GO terms are
FAMA49B, TUFM, GAK, and GAK.

FAMA49B is a mitochondria-localized protein. It inhibits the activity of the small GTPase RAC1
and negatively regulates RAC1-driven cytoskeletal remodeling (Yuki et al. 2019; Fort et al. 2018;
Shang et al. 2018). It has also been shown that FAM49B is associated with mitochondrial
dynamics and oxidative stress (Chattaragada et al. 2018). Results from studies in pancreatic ductal
adenocarcinoma cells show that silencing FAMA49B leads to increased fission and mitochondrial
ROS production (Chattaragada et al. 2018). Another study on diabetes showed that high glucose
caused increased calcium levels. Elevated calcium levels act as an upstream signal for
mitochondrial fragmentation causing mitochondrial fission and ROS accumulation (Yu, Jhun, and
Yoon 2011; Yu, Robotham, and Yoon 2006). FAMA49B, as a hit selected from the mitochondrial
morphology assay, when down-regulated its expression can lead to a reduction in the axial length
ratio of mitochondria, resulting in fragmentation of mitochondria, which is consistent with the
findings of the above literature. Based on published literature and the experimental data, the
downregulation of FAM49B led to mitochondria fragmentation and ROS accumulation, which

caused oxidative stress and associated apoptosis.

TUFM is nuclear-encoded and plays a role in protein translation in mitochondria (Ling et al. 1997).
It mediates the GTP-dependent binding of aminoacyl-tRNA to ribosomal A sites during protein
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biosynthesis. According to available studies, TUFM functions also include recognition and
translocation of co-translationally impaired proteins to the proteasome (Chuang et al. 2005),
rearrangement of cytoskeletal components (Shiina et al. 1994; Gross and Kinzy 2005), and
regulation of cell survival (Tong et al. 2005). It has also been shown that mutations in the TUFM
gene are associated with defects in oxidative phosphorylation and can lead to fatal encephalopathy
(Valente et al. 2007). A study on Alzheimer's disease (AD) demonstrated that KD of TUFM
resulted in increased levels of cellular ROS and increased protein levels of f-amyloid protein (AB)
and B-amyloid converting enzyme 1 (BACE1). TUFM is involved in AD by regulating BACE1
translation, apoptosis, and Tau phosphorylation (Zhong et al. 2021). However, there are no studies
on the role of TUFM in the pathological process of PD. The results of a-synuclein ELISA showed
that downregulation of TUFM resulted in elevated a-synuclein protein. In addition, mMRNA
sequencing results showed that this gene is involved in response to unfolded protein. These suggest
that TUFM may be involved in the misfolding of a-synuclein proteins and the accumulation of

misfolded a-synuclein proteins, further triggering PD.

GAK is a 160 kDa serine/threonine kinase, as well as a member of the J-domain-containing protein
family, which can bind to heat shock 70kD proteins (HSP70s) and act as co-chaperones in a
universal process that includes protein folding and degradation (Lin et al. 2018; Kampinga and
Craig 2010). The above study is consistent with the experimental results of mMRNA sequencing of
this study. Another study showed that the clathrin-binding C-terminal domain of GAK can bind to
pre-cathepsin D (CTSD), which is a major lysosomal enzyme involved in a-synuclein degradation
(Tseng et al. 2013; Sevlever, Jiang, and Yen 2008). Mutation in CTSD can induce the aggregation
of a-synuclein. Based on these findings, a study showed that downregulation of GAK enhances a-
synuclein mediated toxicity (Dumitriu et al. 2011). This result is also consistent with the results of
a-synuclein ELISA experiment of this study. Therefore, both the results of existing studies and the
experimental results of this study demonstrate the close relationship between GAK and the

development of PD.

Mentioning GAK, we also consider another gene, TMEML175, which shares the same SNP
(rs873786, rs34311866) and promoter with GAK. However, it has the opposite biological role to
GAK in the pathogenesis of PD. TMEML175 is the central potassium selective channel on

endosomes and lysosomes, which regulates lysosomal pH, autophagosome turnover, and organelle
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fusion (Cang et al. 2015; Wie et al. 2021). Dysregulation of TMEM175 caused the deficiency in
autophagosome clearance is presumably causative for the aggregation of a-synuclein (Brunner et
al. 2020). In addition to that, TMEM175 dysfunction also impairs lysosome-mediated mitophagy,
leading to energy homeostasis deficiency (Jinn et al. 2017; Oh, Paknejad, and Hite 2020). Another
study in cellular models found that KD of TMEM175 decreased GCase activity (Krohn et al. 2020).
All these effects of TMEM175 demonstrate a tight link to the primary neuropathology of PD. In
this study, KD of TMEM175 showed a decrease in Parkin translocated cells and a decrease of a-
syn protein level in a-synuclein ELISA experiments. Data from mRNA sequencing showed that
downregulated TMEM175 can cause inactivation of MAPK activity, positive regulation of tau-
protein kinase activity, and regulation of neuron death. These experimental results all point to the
potential importance of TMEML175 in the pathogenesis of PD. However, the experimental data of
a-synuclein ELISA in this study differs from the available literature, this might be because of the
different PD models we adopted or might be caused by the activation of other pathways. On the

other hand, GAK and TMEM175 do have opposite effects at the level of a-synuclein protein.

Considering the molecular function and locus information of GAK and TMEM175 together with
the shared SNP, how they act in PD is a point of ongoing interest for scientists. It has been
suggested that TMEML175 is a plausible and more important cause of PD by the variation of the
locus (rs34311866) it is located in (Jinn et al. 2019). TMEM175 has two PD-associated variants,
rs34311866 and rs873786. The literature mentions that at variant rs34311866, TMEML175 is the
more significant PD-causing gene. And TMEM175 shares with GAK is variant rs873786. Taking
this information together, we lean toward the view that both GAK and TMEML175 play an
important role in the pathogenesis of PD and that both likely act independently. However, the
specific mode of action and pathways of the two genes still need to be explored by more in-depth

studies.
5.3 Limitations and outlooks of this study

Ideally, it would be best to find a cell line that expresses all the candidate genes and has the
corresponding shRNAs available for KD of individual genes. However, after comprehensively
comparing the number of candidate genes expressed in different cell lines, the availability of
shRNAs, the resolution of mitochondrial morphology for image analysis, and whether SNCA is

expressed. We finally chose BE(2)-M17 cell line, which expresses 245 candidate genes as the cell
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model for this study. If one wants to study the effect of expression of all candidate genes on PD in
the same cell line it is unlikely to be possible. Screening all candidate genes individually can only
be achieved using different cell lines. If so, the rigor of the experiments and the comparability of
the results are necessarily reduced. Another option, which might allow all genes to be studied in
the same way, is to use iPSCs-induced neurons or microglia (Miller et al. 2013). However, this
method is technically demanding, complex and expensive to perform experimentally. In practice,

the feasibility of this option remains to be explored.

In this study, the sShRNAs were used to interfere with gene expression when establishing the cell
model to study the effect of downregulated genes on PD pathogenesis. RNAI temporarily reduces
gene expression at the mRNA level and has highly consistent results between experiments.
However, RNAI has an off-target effect, and incomplete silencing may not produce a strong signal
to be detected in assays. To reduce the impact of off-target effects, we designed at least 3 ShRNAs
for each gene. Beyond that, another thing we should consider is that some genes act on PD not by
loss-of-function but by gain-of-function, such as LRRK2, SNCA, etc. (Somayaji et al. 2021;
Blanca Ramirez et al. 2017). Thus, genes that affect the pathological process of PD through
upregulation of gene expression might be missed. In this regard, the CRISPR technology can be
used to fill this gap. CRISPR can cause permanent mutations at the DNA level. Compared to RNA.,
CRISPR is more efficient, robust, specific and has fewer off-target effects. What is more, we can
achieve gene activation (CRISPRa) and gene ablation (CRISPR ko), gene interference (CRISPRI),
and epigenetic silencing (CRISPR off) by CRISPR. Overall, the application of CRISPR will be
more comprehensive and efficient in studying the effect of activation or ablation of each gene on
PD. The latest research from Yin has constructed available arrayed CRISPR libraries, which makes

it even easier to carry out further experiments (Yin et al. 2022).

To more comprehensively study the effects on different organelles after the down-regulation of
candidate genes, the inclusion of more targeted assays can be considered when designing assays.
For example, the lysosomal enzyme activity assay could be used to assess lysosomal function, and
the MPP+ neuronal cell death assay could be used to assess neuronal death. Seahorse assay could
be used to assess cellular energy metabolism. Cell painting can also be used to characterize the

morphology features of multiple organelles simultaneously.
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In conclusion, this study provides a good research strategy for experiments on the type of
pathogenic gene screening. It also provides us with a subset of priority genes for further
investigation. Based on the results of this study, we can use different cell types such as iPS-induced
neurons or glial cells, applying methods, such as CRISPRa or CRISPR off to achieve individual
candidate gene perturbation and use more comprehensive assays for multifaceted validation
analyses. All in all, the results of this study are exciting, and we are one step closer to figuring out

the PD genetic landscape.
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Statement of personal contributions

The idea for this project came from Prof. Dr. Peter Heutink. The 92 PD-associated SNPs across
78 risk loci were derived from literature reports, and the list of candidate genes derived from the
92 SNPs was completed by Anastasia Illarionova. Based on the expression levels of candidate
genes in cellular models and shRNAs available in our Mission shRNA library (from Sigma),
Joachim Taeger selected 245 genes for the list of genes studied in this study. Below, I will list each
part of the experiment in detail, with the participation of each person.

Idea and study design: Prof. Dr. Peter Heutink.

Plasmid production and lentivirus production: The vast majority of plasmid production and
lentivirus production was done by Joachim Taeger. | produced a small percentage of specific

plasmid and lentiviral shortages.

Functional assays (mitochondrial morphology assay, Parkin translocation assay, a-synuclein
ELISA): All pre-experiments and practical experiments were done by myself. Joachim Taeger
gave pre-experimental guidance at the beginning of the mitochondria morphology assay and
Parkin translocation assay. Salvador Rodriguez-Nieto gave advice and guidance in terms of trouble
shooting of a-synuclein ELISA pre-experiments.

Sample preparation for RNA isolation: | was in charge of cell culture and treated the cells with
shRNA to perform gene knockdown. On the last day of sample collection, Joachim Taeger helped

me with collecting the samples using the Hamilton system.

RT-gqPCR: All experimental operations are done by myself. These include RNA isolation, cDNA
synthesis, primer design, etc. Melissa Castillo Lizardo helped me with RNA quantification.

Library preparation for mRNA sequencing: Melissa Castillo Lizardo.

Data analysis: The data analysis for functional assays was done by myself. The mRNA
sequencing data analysis was done with the help of Mohammed Dehestani and Natalia Savytska.
Mohammed Dehestani helped me to integrate the GO terms for each gene and generate a table of
GO term frequency. Natalia Savytska helped me to compose tables and set up a working pipeline
of bubble plots for each GO term.
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Thesis writing: | wrote the thesis independently and was supervised by Prof. Peter Heutink in the

revision of the thesis.

In conclusion, the general framework of the project was designed by Prof. Peter Heutink, and |
took the lead in the advancement of the project, including the pre-experiment, the operation of the

experiment, the data processing and analysis, as well as the interpretation of the data.
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