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Summary

Parkinson’s disease was first described more than 200 years ago and yet the aetiology of the
disease is not fully understood. Cellular phenotypes include mitochondrial impairment,
lysosomal clearance dysfunction with a-synuclein accumulation and intracellular trafficking
alterations. In most cases PD develops sporadically and the causes are yet unknown.
However, in 10% of the cases, PD is inherited and the cause is genetic. Currently, 23 PARK
loci have been identified within genes causing PD (Del Rey et al., 2018). Here, we focus on
PARK17, where a point mutation leading to an amino acid exchange p.D620N in VPS35 has

been found to cause an autosomal-dominant form of PD.

Fibroblasts from a patient carrying the p.D620N mutation and from two age and gender-
matched control were derived from a skin biopsy. Functional analyses of these fibroblasts
revealed that mitochondrial membrane potential (MMP) was decreased in the patient cells
compared to controls without any alteration of mitochondrial morphology (Appendix 1).

Next, the fibroblasts were reprogrammed into induced pluripotent stem cells (iPSCs),that were
characterised in detail (Manuscript 1). The iPSCs were first differentiated in small molecule
neuronal precursor cells (smNPCs) (Reinhardt et al., 2013), where we analysed mitochondrial
function and lysosomal clearance capacity (Appendix 2). We found no significant difference in
MMP between patient and control smNPCs. However, we observed a decreased autophagic
flux and lower levels of mature Cathepsin D protein, a lysosomal hydrolase responsible for the

degradation of a-synuclein. Nonetheless, we found no difference in a-synuclein protein level.

In order to study the impact of p.D620N on PD-related neuronal phenotypes we differentiated
the smNPCs in this more disease-relevant cell population. We generated a neuronal culture
enriched in dopaminergic neurons (Manuscript Il). We found that the mitochondrial network
was fragmented with smaller mitochondria and less branching. Mitochondria had lower MMP
and increased intra-mitochondrial reactive oxygen species (ROS) levels. In addition,
mitochondrial respiration was impaired which resulted in lower production of ATP. After CCCP
treatment, mitophagy was induced in the patient neurons to the same level as in the control
neurons. However, while in the control neurons the autophagosomes containing mitochondrial
fragments were successfully cleared, in the patient neurons they accumulated and were not
cleared properly. In line with this observation, the autophagic flux was decreased and late
endosome/lysosomal mass was decreased. This decreased autophagic flux was accompanied

by an increase of a-synuclein protein levels.



We further wanted to pinpoint how p.D620N VPS35 caused mitochondrial impairment in patient
neurons. Accumulation of a-synuclein has been shown to induce similar mitochondrial
alterations. Therefore, we measured a-synuclein protein levels in the mitochondrial and the
cytosolic fraction and found that it was increased in both fractions to the same ratio. However,
when we knocked down a-synuclein to the levels of the controls, it was not sufficient to rescue
the decreased MMP and increased ROS level in the patient neurons. We conclude that a-
synuclein accumulation in the mitochondrial fraction was not sufficient to cause the observed

phenotype.

Recently, an increased LRRK2 kinase activity was identified in p.D620N VPS35 mutant
monocytes and erythrocytes from patients, as well as brains from homozygous mice.
Therefore, we hypothesized that pathological LRRK2 kinase activity may induce mitochondrial
impairment. We measured the phosphorylation levels of Rab10, one of LRRK2 kinase
substrates, however, no significant difference between patient and control neurons was

observed.

In this study, we show for the first time that p.D620N VPS35 causes PD-related cellular
phenotypes in patient-derived neurons. The patient-derived neurons displayed impaired

mitochondria and lysosomal clearance, with accumulation of a-synuclein.
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1. Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disease and is
characterised as a progressive movement disorder with a broad spectrum of motor and non-
motor symptoms (Jankovic, 2008). The diagnosis of PD can only be confirmed post mortem
based on the presence of Lewy bodies and neurites in the brain. Clinically, PD is diaghosed by
four criteria: bradykinesia, resting tremor, rigidity and postural instability (Jankovic, 2008).
Moreover, patients typically have a good and sustained response to levodopa (or L-Dopa)

treatment.

According to the American Parkinson Foundation, it affects approximately ten million patients
worldwide with a prevalence of 1% in people older than 60 years in Europe (von
Campenhausen et al., 2005). Since 1990, the number of PD patients has more than doubled
worldwide and is foreseen to continue to dramatically increase in the next generations, which

will ultimately increase the cost of healthcare (Dorsey et al., 2018).

This disease was first described over 200 years ago by James Parkinson in the Essay of the
Shaking Palsy in 1817. Even though our understanding of the disease improved, there is still
no curative treatment for PD available, nor a way to prevent it. In order to do so, we need to
understand better the underlying molecular mechanisms involved in the pathophysiology of the

disease to identify potential biomarkers for prevention or pathways impaired for treatment.

1.1.Parkinson’s disease

1.1.1. Clinical phenotype and risk factors

The three cardinal motor symptoms are bradykinesia, unilateral resting tremor and rigidity
(Jankovic, 2008).

Bradykinesia is defined as a slowness of movement and is directly correlated with the degree
of dopamine loss (Lozza et al., 2002). It is essential for the diagnosis of the patient.
Bradykinesia is clinically assessed by loss of amplitude and speed in repetitive finger taping
and hand pronation-supination movement (Jankovic, 2008). Another common clinical feature
in PD in resting tremor. It is a shaking with a frequency between 4 and 6 Hz and commonly
appears in the hands in a pronation-supination manner, more pronounced on one side. Most
patients experience resting tremor at the early onset of the disease (Hughes et al., 1993) and
it is one of the most disabling feature for the patients. Patients can experience rigidity of the

limbs, which can be accompanied by pain, especially in the shoulders (Stamey et al., 2008).
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Some patients suffer from postural instability, it occurs relatively late after the disease onset
(Jankovic, 2008) and it is the major cause of falls in PD, together with freezing. Freezing is as
well very disabling for the patients, it occurs mainly in patients without tremor (Macht et al.,
2007). The main form of freezing is the freezing of gait, characterised by a transient inability to
walk (Bloem et al., 2004).

The motor symptoms can be accompanied by a variety of non-motor symptoms that can occur
prior to the disease diagnosis or concomitantly. For example, hyposmia, rapid eye movement
(REM) sleep behaviour disorder (RBD), depression and constipation can precede the onset of
motor symptoms and can be caused by other neuronal degeneration (Schapira et al., 2017).
On the other hand, cognitive decline occurs concomitantly or later in the disease progression
in the majority of patients (Schapira et al., 2017).

PD usually occurs sporadically or in approximately 5-10% of all cases, is inherited genetically.
The main risk factor of PD is age but some environmental factors combined with genetic
predisposition can increase the risk of developing PD. Up to date, 23 loci have been identified
and for most of them genes were identified that co-segregate with PD in families (Table 1).
The first gene associated with PD was SNCA, coding for a-synuclein, the main protein
aggregated in Lewy bodies (Polymeropoulos et al.,, 1997). Point mutations in SNCA or
multiplication of the gene cause an autosomal-dominant form of PD (Table 1). Other genes
have been associated with autosomal-dominant form of PD such as LRRK2, EIF4AG1 and
VPS35 (Table 1). The LRRK2 p.G2019S variant is the most common cause of autosomal-
dominant PD in the Western hemisphere. Several genes have been associated with
autosomal-recessive form of PD such as PRKN, PINK1, DJ-1 and DNAJC6 (Table 1).
Furthermore, some genes have been associated with greater risk of developing PD, such as
GBA, which is the most common risk factor (Sidransky et al., 2009).

Table 1: List of PARK genes

First described

Locus MIM No. Inheritance Chr. Mutation

by
PARK1 601508 AD 4q21-23 SNCA PM Polymeropoulos et
al., 1997
Del/Ins/Dupl ..
PARK2 600116 6q25.2-27 PRKN [Tripl/PM Kitada et al., 1998
PARK3 602404 AD 2p13 - - Gasser et al., 1998
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MIM No.

Inheritance

Mutation

First described

by
PARK4 605543 AD 492123  SNCA  Dupl, Tripl S'”g'eztggset al,
PARK5 191342 AD 4pl4 UCH-L1 PM Leroy et al., 1998
Valente et al.,
PARK6 605909 AR 1p35-36  PINK-1 PM 5004
PARK7 606324 AR 1p36 DJ-1 Del, PM  Bonifati et al., 2002
PARKS 607060 AD 12cen LRRK2 PM Z'mpggg ft al,
PARKO 606693 AR 1p36  ATP13A2 PM Ramies ot al,
PARK1O 606852 AD 1p32 - - Hicks et al., 2001
PARK11 607688 AD 2936-37 GIGYF2 PM Lautier et al., 2008
PARK12 300557 nd Xq21-25 ; ; Pankratz et al.,
q 2003
PARK13 610297 AD 2p12  Omi/HtrA2 PM Stra‘;%%gt al,
PARK14 610297 AR 22q13 PLA2G6 PM Greg;gzset al.
PARK15 610297 AR 22q12-13  FBXO7 PM Di Fo%(?;t al.,
PARK16 613164 AR 1q32 - - Satake et al, 2009
PARK17 614203 AD 16413 VPS35 PM Z'mpggglet al.,
PARK18 614251 AD 3¢27.1 EIF4G1 PM Chartier-Harlin et
al., 2011
PARK19 615528 AR 1p31.3  DNAJC6  Del, PM Ed"argfﬁrz‘ etal.
PARK20 615530 AR 21g22.11  SYNJ1 PM Quadri et al., 2013
PARK21 614334 AD 3g22.1  DNAJC13 PM Vilarifio-Guell et
al., 2014
PARK22 616710 AD 7p11.2  CHCHD2 PM F“”aygglz etal,
PARK23 616840 AR 15922.2 VPS13C PM Lesage et al., 2016
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Overall, PD is a very heterogeneous disease and patients do not all suffer from the same
clinical phenotypes, making it difficult to treat. Lately, clinicians have been trying to stratify the
disease by endophenotypes in order to find the best personalised treatment for each patient
(Kruger et al., 2017). Studying the monogenic forms of PD as prototypes could help decipher
the underlying mechanisms of each endophenotype of the disease.

1.1.2. Pathophysiology
PD is characterised by two main hallmarks: degeneration of dopaminergic (DA) neurons in the
substantia nigra pars compacta and presence of a-synuclein-positive inclusions in the soma
(Lewy bodies) and in neurites (Lewy neurites) of the remaining neurons. A-synuclein inclusions
start in the brain stem and spread to the forebrain and the midbrain, when the motor symptoms
begin, and spread further to the whole brain according to the Braak staging (Braak et al., 2006).
Other type of neurons degenerate as well in PD, such as cholinergic neurons in the
pedunculopontine nucleus and noradrenergic neurons in the locus coeruleus (Bolam and
Pissadaki, 2012). There seems to be a higher susceptibility in neurons with long axons and

unmyelinated arborisation.

However, DA neurons of the substantia nigra pars compacta are selectively dying, which is the
main cause of the motor symptoms experienced by patients. DA neurons are particularly
susceptible to death because of their autonomous pacemaker activity (Surmeier and Sulzer,
2013). Indeed, DA neurons are highly active cells that need a lot of energy to sustain their
activity and to transport molecules, proteins or organelles along their long axon, projecting in
the striatum. This high energy need will consequently increase the production of mitochondrial
reactive oxygen species (ROS), which is detrimental to the neurons (Brichta and Greengard,
2014).

So far, clinicians have been focusing on a dopamine replacement strategy as a treatment for
motor symptoms. However, this strategy is only a symptomatic treatment, and treatment is not
yet in place to either slow down or revert the disease, nor to prevent it. We need to better
understand the molecular and cellular pathomechanisms to identify new pathways involved

and subsequently to find new treatments.
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1.2. Cellular pathways dysregulated in PD
In order to better understand the pathomechanisms underlying DA neurodegeneration,
scientists have been using monogenic forms of the disease. Indeed, they hypothesise that they
can serve as relevant prototypes of the disease for studying different pathways involved. Some
PARK genes are involved in mitochondrial homeostasis, some in lysosomal clearance and
protein aggregation and finally some in endosomal trafficking and synaptic function (Antony et
al., 2013) (Fig. 1).

SYNJ1
DNAJC6 DNAIC13

VPS35 | Recycling .
SNCA|  defect/synaptic Morcphl::b'.lojlcal
LRRK2 dysfunction &
e PRKN PINK1 DJ-1
Retrograde Intracellular Impaired
VPs35 transport trafficking mitochondrial
| Endosome = TGN i respiration
dysregulation VPS35 SNCA LRRK2 P
ER to Golgi . )
SNCA transport Parkinson’s Increased ROS
- ER stress disease

VPS35 SNCA LRRK2

Clearance impairment
ATP13A2 GBA

Au.tophagy/ a-synuclein
Mitophagy Lysosomal defect .,
accumulation
impairment
PRKN PINK1 DJ-1 DJ-1

Figure 1: Schematic overview of cellular pathways involved in PD pathomechanisms
and PD-linked genes associated. All the pathways mentioned in the thesis are summarized

in this scheme and references can be found in the text.

1.2.1. Mitochondrial impairment
The first evidence of the link between mitochondrial dysfunction and Parkinson’s disease came
from an observation of two cases of drug abuse where patients developed a severe
parkinsonism (Langston et al., 1983). MPTP was injected intravenously and was converted in
MPP+ in the brain which can enter selectively dopaminergic neurons by the dopamine
transporter (DAT) (Storch et al., 2004). MPP+ inhibits complexes I, lll and IV of the electron
transport chain which leads to impaired mitochondrial respiration and decreased ATP

production (Nicklas et al., 1985). Other environmental factors such as exposition to pesticides
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have been associated with mitochondrial respiration deficiency. Indeed, rotenone is a pesticide
which inhibits complex | activity and further leads to mitochondrial respiration deficiency
(Jackson-Lewis et al., 2012). Mitochondrial respiration dysfunction is tightly linked to impaired
mitochondrial membrane potential (MMP) and increased mitochondrial ROS. ROS forms close
to complex | and Ill, where electrons escape the electron transport chain (Quinlan et al., 2013).
Mitochondrial respiration impairment further leads to decreased ATP production and

dopaminergic neuronal death (reviewed in Grinewald et al., 2019).

An impairment of mitochondrial respiration was also found post-mortem in the substantia nigra
of PD patients with reduced complex I, Il and IV activities (Bindoff et al., 1989). Later, several
mitochondrial associated genes were found to be mutated in PD patients and segregated within
families. Among those, mutations in the PRKN, PINK1 and DJ-1 genes were found to cause
early-onset autosomal-recessive PD (reviewed in Larsen et al., 2018). Interestingly, the
proteins encoded by these genes are involved to a different extent in mitochondrial quality
control (Fig. 1).

Indeed, DJ-1 is a redox sensor and plays a crucial role of scavenging mitochondrial ROS which
confirms the implication of elevated ROS levels in dopaminergic neurodegeneration
(Grunewald et al.,, 2019). Omi/HtrA2 is a mitochondrial chaperone implicated in the
mitochondrial unfolded protein response and leads to the degradation of oxidised and unfolded
proteins in the inner membrane space of the mitochondria (Moisoi et al., 2009). Mutations in
Omi/HtrA2 have been linked to PD as rare variants with substantial effect (Strauss et al., 2005;
Unal Gulsuner et al., 2014). On the other hand, Parkin and PINK1 are essential proteins for
the induction of mitophagy. Mitophagy has been described for the first time while characterising
the functional impairment of Parkin and Pink1 deficiency in the context of PD (Narendra et al.,
2008; Youle and van der Bliek, 2012). Recently, both proteins have also been linked to another
type of mitochondrial quality control involving the budding of vesicles from the mitochondrion.
These mitochondria derived vesicles (MDV) engulf localised oxidised proteins (Soubannier et
al., 2012) or selective cargoes such as MAPL (mitochondria-associated protein ligase) (Braschi
et al., 2009) or Drpl (Wang et al., 2015). These MDVs are then redirected towards the
lysosome or the peroxisome. The two cargoes identified so far have been shown to be
transported in VPS35 positive vesicles, suggesting that the retromer plays a role in

mitochondrial quality control, which will be discussed later on.

The first level of mitochondrial quality control is morphology change. Indeed, mitochondria are
highly dynamic organelles capable of travelling anywhere in the cell according to energy
16



demands. Mitochondria undergo several cycles of fission and fusion to maintain their
homeostasis. Two mitochondria can fuse in order to dilute their content which requires fusion
proteins MFN1, MFN2 and OPAL. For example, mitochondria accumulate mitochondrial DNA
(mtDNA) mutations and ROS over time. In order to decrease the impact of mutated mtDNA or
ROS, one mitochondrion can fuse with another one (reviewed in Larsen et al., 2018). If this is
not enough to rescue the defective mitochondrion, it can undergo fission to isolate the
dysfunctional part, which implicates the fission protein Drpl. During fission, MMP decreases
and Drpl forms a spiral around the mitochondrion. The defective depolarised mitochondrion
then undergoes mitophagy in order to be cleared (reviewed in Larsen et al., 2018). The balance
between fission and fusion is essential to maintain mitochondria integrity. Interestingly, several
studies report excessive fragmentation of mitochondrial network in models of PD (reviewed in

Burbulla et al., 2010), suggesting an unbalance of fission/fusion.

Other PD-associated genes have been linked to mitochondrial dysfunction, even though they
were not initially described as being mitochondria-related; e.g. SNCA and LRRK2 (Fig. 1). a-
Synuclein and LRRK2 are associated with vesicular trafficking and can be found in the
endosomal pathway. However, a-synuclein has been shown to colocalise with mitochondria in
several studies. How exactly they interact is still debated. Di Maio et al., showed that toxic
forms of a-synuclein can interact with TOMZ20, impairing mitochondrial protein import (Di Maio
et al., 2016). Overexpression of a-synuclein thus led to reduced respiration, increase ROS and
loss of MMP. This interaction was confirmed in post-mortem brain tissue from PD patients
where an increase a-synuclein-TOM20 interaction was found. On the other hand, a-synuclein
is found to be located in region of ER-mitochondria contacts (mitochondria associated
membranes, MAM) (Guardia-Laguarta et al., 2014). In this study, PD-associated mutations in
a-synuclein caused an increased association with MAM and led to an increase mitochondrial

fragmentation.

LRRK2 interacts with key regulators of mitochondrial dynamics such as Mirol, Drpl, MFN2
and OPAL. Indeed, when MMP drops, LRRK2 removes Mirol from mitochondria to stop its
transport (Hsieh et al., 2016). Mirol is responsible for the transport of mitochondria along
microtubules and variants of Miro1 have recently been linked with PD (Grossmann et al., 2019).
The removal of Mirol is necessary for the induction of mitophagy. LRRK2 interacts with Drp1,
MFN2 and OPA1l and modulates their activity (reviewed in Ryan et al., 2015). The PD-

associated LRRK2 G2019S mutation, resulting in an increase of kinase activity, exacerbates
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Drpl phosphorylation and activation leading to an enhanced mitochondrial fragmentation (Niu
et al., 2012).

Interestingly, the retromer has also been linked to the regulation of mitochondrial morphology

via MDV sorting (reviewed in Larsen et al., 2018), which will be explained further later.

1.2.2. Clearance impairment and protein aggregation
Cells use different strategies to effectively degrade long-lived proteins and organelles which
involve the lysosomal compartment. Autophagy is one of the main strategies and three different
types exist, depending on how the content is delivered to lysosomes. Macroautophagy is the
most common form and also the most studied and depends on the elongation of a double
membrane structure called phagophore. It is not specific and is defined as a bulk degradation
of cytoplasmic content including proteins and organelles. When the phagophore closes, the
structure containing cytoplasmic components is called the autophagosome which will
subsequently fuse with the lysosome for degradation. Macroautophagy will hereafter be
referred to as autophagy. Microautophagy is not well characterised and is defined by the
invagination of the lysosomal membrane itself. It will therefore sequester small amount of
cytoplasmic content. Chaperone-mediated-autophagy (CMA) is a selective form of autophagy.
It involves receptors on the endosomal/lysosomal membrane (LAMP2A) and in the cytosol
(Hsc70) which targets specific proteins carrying the KFERQ amino acid sequence. Proteins
are then translocated directly into the lysosome across the membrane. In the lysosomal lumen,
the acidic environment and several hydrolases are responsible for the degradation of its
content. Endocytosed membranous proteins present in the endosomal system can be

degraded upon fusion of the late endosome with lysosome.

The normal degradation route of a-synuclein is the lysosomal system and in case of increased
a-synuclein burden, the autophagy system is recruited. Indeed, soluble a-synuclein as well as
aggregated forms can be engulfed by bulk autophagy and further be degraded in the lysosomal
lumen. Furthermore, a-synuclein can be directly targeted by LAMP2A for CMA mediated
degradation as it contains the KFERQ amino acid sequence (Cuervo et al., 2004). In the
lysosomal lumen, a-synuclein is degraded by several enzymes including Cathepsin-D (Qiao et
al., 2008).

Impairment of the autophagy pathways have been linked to several genetic cases of PD,
leading to a-synuclein accumulation (Fig. 1). Indeed, a-synuclein overexpression in
18



mammalian cell lines and transgenic mice results in decrease of autophagy induction by
interfering with Atg9 localisation (Winslow et al., 2010). Atg9 is essential for the initiation of
autophagy, procuring membranes for the phagophore formation. Furthermore, a-synuclein
aggregates reduces the autophagosome clearance in neurons treated with pre-formed fibrils
(Tanik et al., 2013). A53T mutant and dopamine modified a-synuclein has an increased affinity
for LAMP2A and inhibits its translocation in the lysosome, therefore decreasing CMA-mediated

degradation of various misfolded proteins (Cuervo et al., 2004; Martinez-Vicente et al., 2008).

PD-linked p.G2019S mutation of LRRK2 inhibits CMA in the same way (Orenstein et al., 2013).
Furthermore, LRRK2 p.G2019S and p.R1441C mutant dopaminergic neurons display
accumulation of autophagic vacuoles and increased mitophagy in mice (Ramonet et al., 2011),
which was confirmed in induced pluripotent stem cells (iPSCs) -derived neurons from PD
patients carrying the mutant LRRK2 (Sanchez-Danés et al., 2012). In addition, LRRK2 variants
resultin enlarged lysosomes and reduced lysosomal capacity in astrocytes (Henry et al., 2015).
LRRK2 seem to have a regulatory role in autophagy clearance and lysosomal function and
size, which leads to a-synuclein accumulation. Mutations in GBA, the most common risk factor
of PD, leads as well to impaired lysosomal activity. Indeed, GBA encodes for the lysosomal
enzyme glucocerebrosidase (GCase) and the mutations compromise its activity. In IPSC-
derived neurons from patient carrying the p.N370S mutant, lysosomal protein degradation is
impaired which leads to a-synuclein accumulation (Mazzulli et al., 2011). In turn, accumulation
of a-synuclein result in dysfunctional lysosome by disrupting the trafficking of GCase from the
ER to the lysosome (Mazzulli et al., 2016). Interestingly, decrease of GCase activity has been
shown also in post-mortem brain from sporadic PD patients, resulting in impaired lysosomal
function and accumulation of a-synuclein (Murphy et al., 2014). PD-linked mutations in the
lysosomal protein ATP13A2 leads to impaired lysosomal acidification, reduced lysosomal
degradation and decreased clearance of autophagosome in PD patient fibroblasts (Dehay et
al., 2012; Usenovic et al., 2012). Furthermore, it also leads to accumulation of a-synuclein in

mice (Usenovic et al., 2012).

In addition, the retromer has been implicated in the sorting of key proteins for autophagy and

lysosomal function (reviewed in Mohan and Mellick, 2017), which will be explained later on.

Mitochondria-associated proteins, linked to PD have also been shown to play a role in
autophagy regulation (Fig. 1). As already mentioned, Parkin and Pink1 are responsible for the
induction of mitophagy, thereby regulating the engulfment of mitochondria by
autophagosomes. Also, loss of DJ-1 leads to reduced basal autophagy in knock out (KO) mice
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(Krebiehl et al., 2010). Furthermore, iPSC-derived neurons from patients with a loss of DJ-1
show decreased GCase activity in the lysosome with accumulation of a-synuclein protein level
(Burbulla et al., 2017).

All this highlights the relevance of lysosomal and autophagic dysfunction in the pathogenesis
of PD (Fig. 1).

1.2.3. Defective intracellular trafficking
Intracellular trafficking includes two distinct pathways: the exocytic and endocytic pathway
(Tokarev et al., 2009). The exocytic pathway consists of proteins synthesised in the cytoplasm
that are translocated in the endoplasmic reticulum (ER) and further transported to the trans-
Golgi network (TGN) for sorting. The final destination varies from endosome, lysosome, back
to the ER or to the plasma membrane for exocytosis. The endocytic pathway comprises
proteins internalised at the plasma membrane through clathrin-dependent or independent
endocytosis. Here, the sorting takes place in the early endosome with similar final destinations.

The first evidence that defective intracellular trafficking was a hallmark of PD pathogenesis
came from the finding that mutations or multiplication in SNCA gene led to synaptic dysfunction
(Vidyadhara et al., 2019) (Fig. 1). Indeed, a-synuclein was demonstrated to be a synaptic
protein, regulating clathrin-mediated endocytosis and therefore the endocytosis of synaptic
vesicles (Vargas et al., 2014). Some studies also suggest that a-synuclein could regulate
exocytosis (Lautenschlager et al., 2017). Overexpression of a-synuclein affects dopamine
transporter trafficking, leading to a dopamine dyshomeostasis (Kisos et al., 2014).
Furthermore, it has been demonstrated that a-synuclein accumulation has detrimental effect
on ER to Golgi trafficking of lysosomal enzyme GCase (Mazzulli et al., 2016) and that
aggregated forms could disrupt the retromer complex (Chung et al., 2017). PD-associated
variants of VPS35, component of the retromer complex, lead to intracellular mistrafficking of
both exocytic and endocytic pathways (reviewed in Mohan and Mellick, 2017), which will be
detailed later on. Interestingly, LRRK2 overexpression can rescue the VPS35 p.D620N
synaptic deficit in drosophila larvae (Inoshita et al., 2017). Indeed, LRRK2 and VPS35 can both
be found in the endocytic compartment and seem to have similar roles in terms of synaptic
vesicle recycling and dopaminergic synaptic release. LRRK2 p.G2019S mice display
accumulation of clathrin-coated vesicles and lowered synaptic vesicle density in dopaminergic

terminals (Xiong et al., 2018). LRRK2 regulates synaptic vesicles endocytosis by
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phosphorylating dynamin and endophilin A-1, which mediate the fission of clathrin-coated
vesicles with the plasma membrane and recruits other proteins essential for the uncoating of
clathrin. Moreover, LRRK2 phosphorylates synaptojanin 1 (Soukup et al., 2016) and auxilin
(Nguyen and Krainc, 2018), both responsible for the uncoating of clathrin. Interestingly, variants
of synaptojanin 1 (SYNJ1) and auxilin (DNAJCG6) have been linked to autosomal-recessive
early-onset PD (Edvardson et al., 2012; Quadri et al., 2013). Mutations in DNAJCG6 lead to a
lowered auxilin expression which causes synaptic vesicle endocytosis dysfunction (Yim et al.,
2010). Indeed, KO mice displayed increased number of clathrin-coated vesicles and empty
cages at the synapse. Mutations in SYNJ1 cause impaired phosphatase activity and
subsequently impaired synaptic vesicle endocytosis (Krebs et al., 2013; Quadri et al., 2013).
Furthermore, fibroblasts from patients with SYNJ1 mutations displayed defective endocytic
trafficking, suggesting a role of synaptojanin outside of the synapse as well (Quadri et al.,
2013).

DNAJC13 mutations have also been linked to PD, causing autosomal-dominant PD (Vilarifio-
Guell et al., 2014; Gustavsson et al., 2015). Unlike the other DNAJC proteins variants,
mutations in DNAJC13 causes toxic gain-of-function of RME-8, leading to endolysosomal
cargo trafficking deficits (Norris et al., 2017). Moreover, RME-8 has been shown to regulate
retromer complex activity by regulating the localization of the WASH complex (Wiskott-Aldrich
syndrome protein and scar homolog) and the recruitment of SNX dimer, essential for cargo
trafficking (Freeman et al., 2014). However, this genetic link between DNAJC13 and PD have
been challenged by (Deng et al., 2016), finding mutations in TMEM230 in the same families.

LRRK2 also plays an important role in the late endosomal maturation and fusion with
lysosomes. Indeed, in drosophila, mutations in LRRK2 impairs interaction with Rab7 (Dodson
et al., 2012) and reduce Rab7 activity in mammalian cells, consequently impairing late

endosomal trafficking events (Gomez-Suaga et al., 2014).

Curiously, DA neurons from PRKN patients displayed increased intracellular dopamine
suggesting that dopamine packaging or metabolism might be impaired (Jiang et al., 2012).
Parkin have been associated with the endosomal system but its role in synaptic vesicle
endocytosis remains to be explored. However, parkin has been showed to ubiquitinate VPS35
and other endosomal proteins, most likely to regulate their activity (Martinez et al., 2017
Williams et al., 2018). In PRKN deficient cells, the membrane association of VPS35 and SNX1

was impaired, suggesting an impaired retromer-mediated trafficking (Song et al., 2016).
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Indeed, Parkin regulates Rab7 activity by ubiquitination, a protein essential for retromer
association with endosomes (Priya et al., 2015).

Interestingly, deficit in exocytic pathways leads to all the above-mentioned impairment, e.g.
mitochondrial dysfunction, decreased clearance and dysregulated synaptic function, putting
trafficking deficit in the centre of PD pathogenesis (Vidyadhara et al., 2019) (Fig.1). Growing
number of endocytic membrane trafficking genes have been associated with risk of developing
PD (Bandres-Ciga et al., 2019). Further studies are needed to understand the role played by
endocytic PD-linked proteins in the pathogenesis. Here, we will focus on the role of VPS35

p.D620N variant in PD phenotypes.

1.3.VPS35 and the retromer complex
The endosomal trafficking is a highly orchestrated system, essential for intracellular protein
homeostasis. The retromer is one of the main sorting platform of the endosomal system.
Deficiency in retromer sorting has been linked to several neurodegenerative diseases,
including PD (Vagnozzi and Pratico, 2019).
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Figure 2: Schematic overview of retromer trafficking functions and cargoes known to be
targeted. All the pathways mentioned in the thesis are summarized in this scheme and

references can be found in the text. Figure adapted from (Williams et al., 2017).
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1.3.1. Retromer function
The retromer complex was first discovered in 1998 and is a heteropentamere ubiquitously
expressed and highly conserved across species (Seaman et al., 1998). It is composed by the
cargo recognition complex of vacuolar protein sorting VPS35, VPS29 and VPS26A or VPS26B
and a membrane associated heterodimer of SNX-Bar proteins (Fig. 2) (Griffin et al., 2005).
The retromer is recruited to endosomal membranes through Rab5 and Rab7 (Rojas et al.,
2008).

It was originally thought to convey only retrograde transport of hydrolase receptors from
endosome to the TGN (Seaman et al., 1998). Indeed, the first cargo described was cation-
independent mannose 6-phosphate receptor (CIMPR) which is a receptor for the lysosomal
hydrolase Cathepsin D. CIMPR binds pro-Cathepsin D in the TGN and delivers it to the
endosomal system where it is cleaved into mature Cathepsin D. The retromer is responsible
for the retrograde transport of unoccupied CIMPR back to the TGN (Arighi et al., 2004). To
date, three distinct pathways of endosomal trafficking have been found: 1) retrograde trafficking
from endosomes to TGN, 2) recycling of endocytosed transmembrane receptors from early
endosomes back to the plasma membrane and 3) degradation pathways towards lysosomes
(Fig. 2) (Cui et al., 2018).

The endosomes form a sorting hub in the cell where cargo proteins are sorted towards the
different locations. In order to do so, tubulations enriched in cargo molecules are generated
from the endosome. The machinery implicated in the tubulation are mostly SNX-BAR proteins
that undergo oligomerisation on the endosome membrane surface. How exactly the tubulations
are formed is still under investigation but seem to implicate SNX-BAR proteins, microtubules
and associated motor proteins (Cui et al., 2018). In addition, recent work showed that RME-8,
encoded by DNAJC13, is required for SNX-1 mediated membrane tubulation (Freeman et al.,
2014). The budding process is realised by fission and implicates the dynamin GTPase. Studies
in yeast have identified Vpsl and Mvpl as key players in that process. However, the
mechanism in mammalian cells remains elusive (Cui et al., 2018) but might implicate EHD1
(Cai et al., 2014) and the WASH complex (Derivery et al., 2009). Indeed, the WASH complex
interacts directly with VPS35 and dynamin/Arp2/3 complex, a regulator of B-actin network. The
WASH complex has been showed to be essential for the sorting of several retromer cargoes.

The vesicles then fuse with the final destination organelle.

The retrograde pathway has been described firstly for CIMPR sorting (Fig. 2, pathway 1).

Since then, several cargoes have been identified such as LAMP2A. Indeed, LAMP2A is
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implicated in CMA and is localised in the late-endosome/lysosome. After translocation of the
cargo in the late-endosome/lysosome, LAMP2A needs to be retrieved in order to avoid
degradation. The retromer is responsible for the retrieval of LAMP2A and recycling back to the
TGN. In VPS35 knock down (KD) mice, LAMP2A protein level and LAMP2A positive vesicles
were decreased specifically in the ventral midbrain and not in other brain regions (Tang et al.,
2015a). In addition, the retromer, in cooperation with the WASH complex has been shown to
mediate the trafficking of Atg9A from the TGN to the autophagosome. Atg9A is responsible for
bringing membrane to the autophagosome. If the WASH complex is KD, Atg9A accumulates
in the TGN and autophagy induction is impaired (Zavodszky et al., 2014). This shows that the
retromer has a regulatory role in cellular homeostasis and clearance with its implication in the
sorting of the lysosomal hydrolase receptor CIMPR, the CMA protein LAMP2A and the
autophagy protein Atg9A.

Furthermore, the retromer has been shown to recycle several neurotransmitter receptors such
as glutamate receptors AMPAR and NMDAR (Choy et al., 2014), and adrenergic receptor
B2AR (Temkin etal., 2011) (Fig. 2, pathway 2). Loss of VPS35 leads to excitatory transmission
deficit. This suggests that the retromer plays an important role in synaptic integrity and function.
Recently, the retromer has been suggested to be implicated in dopaminergic transmission.
Indeed, loss of VPS35 led to decrease in synaptic vesicle pool and to an abnormal morphology
of synaptic boutons in dopaminergic neurons of drosophila (Inoshita et al., 2017). In addition,
retromer has been shown to recycle both dopamine receptor DRD1 (Wang et al., 2016a) and
dopamine transporter DAT (Wu et al., 2017). This strongly suggests that the retromer plays an
essential role in neurotransmission and synapses integrity, including dopaminergic

transmission.

If retromer fails to retrieve the cargo from the endosomal system, the late endosome will fuse
with the lysosome and cargoes will get degraded (Fig.2, pathway 3). The retromer is essential

to maintain protein homeostasis and transport cargoes away from the degradative pathways.

Interestingly, the retromer has been linked to MDV, a form of mitochondrial quality control
(Braschi et al., 2009; Wang et al., 2015) (Fig. 2, pathway 3). Indeed, so far two cargoes have
been found to be transported from the mitochondrion towards the lysosome or the peroxisome
for degradation and both involves the retromer. The first identified was mitochondrial
associated protein ligase (MAPL or Mull) that was showed to be transported in VPS35 positive
vesicles towards the peroxisome (Braschi et al., 2009) or the lysosome (Tang et al., 2015b).
MAPL is a SUMO E3 ligase that regulates mitochondrial dynamics by stabilizing the fission
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protein Drpl and inducing the degradation of the fusion protein Mfn2. In cell lines or mice where
VPS35 is downregulated, MAPL protein levels increases leading either to mitochondrial fission
increase and fragmented morphology (Braschi et al., 2009, Tang et al., 2015b). Even more
recently, the retromer has been shown to directly bind to Drp1 complexes at the mitochondrial
membrane and sort the MDVs towards the lysosome for degradation. Here, the retromer
mediates the retrieval and degradation of Drpl complexes so that new Drpl complexes can
form on the mitochondrial membrane, therefore leading to increased fission (Wang et al.,
2015). This demonstrates that the retromer has a regulatory role in mitochondrial quality control

and dynamics.

As shown here, the retromer plays an important role in trafficking proteins implicated in various
cellular processes e.g. lysosomal degradation, mitochondrial morphology, synaptic function
(Fig. 1). This confers a central role of the retromer in cellular homeostasis. The retromer
efficiency might be even more of importance in neurons where the activity needs to be tightly
regulated. If this sorting platform is dysregulated somehow, it could have tremendous impact
on cellular viability. Indeed, loss of VPS35 in mice is lethal at embryonic stages, suggesting
that the retromer is essential for cellular viability and might even play a role in development
(Wen et al., 2011).

1.3.2. VPS35 and association with neurodegenerative diseases
VPS35 deficiency has been associated with several neurodegenerative diseases such as
Alzheimer’s disease (AD) (Vardarajan et al., 2012), frontotemporal lobar dementia (Hu et al.,
2010) and PD (Vilarifio-Guell et al., 2011, Zimprich et al., 2011a).

Endosomal trafficking dysfunction has first been linked to AD by the observation that post-
mortem brain tissue from AD patients displayed enlarged early endosomes (Cataldo et al.,
2000). Furthermore, VPS35 and VPS26 protein levels are reduced in the entorhinal cortex of
AD patients, suggesting a perturbation in retromer function (Small et al., 2005). Strikingly, the
retromer is required for the sorting of the amyloid protein precursor (APP) receptor Sortilin A
(Fjorback et al., 2012). Sortilin A binds APP in the endosome and transport it to the TGN.
Amyloidogenic processing of APP takes place in the endosome by B-secretase and y-
secretase, producing 3-amyloid, one of the proteins aggregating in AD patient brains. In VPS35
deficient cells, an increased localisation of Sortilin A and APP in endosome is shown and

therefore, more B-amyloid is produced. By recycling sortilin A, retromer decreases the
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localisation of APP in endosome, therefore decreases [-amyloid levels. Furthermore, the
retromer also regulates the subcellular localisation of 3-secretase and transports it from the
endosome towards the TGN (Wen et al., 2011). Indeed, VPS35 and VPS26 KD in Tg2576 mice
model resulted in an increased [-secretase activity in the hippocampus and higher 3-amyloid
levels. Overexpression of VPS35 could rescue AD-associated phenotypes in AD transgenic
mice model (Li et al., 2019). In addition, variants of retromer components have been linked
with increased risk of developing AD (Vardarajan et al., 2012).Together these results implicate
the retromer as a key complex for regulating f-amyloid protein levels in neurons. Decreased

retromer levels in AD brains most likely contribute to the B-amyloid burden.

The link between the retromer and PD was established by the independent findings of two
groups, who discovered that the heterozygous point mutation p.D620N in VPS35 led to
autosomal-dominant form of PD (Vilarifio-Guell et al., 2011, Zimprich et al., 2011b). Later, an
additional VPS35 variant was found in familial PD cases: p.P316S (Vilarifio-Guell et al., 2011).
However, this variant was also discovered in a control subject, challenging its pathogenicity.
Several nonsynonymous variants have also been reported in VPS35 (p. R524W, p. H599R,
p.M607V, p. I560T, p. L774M, p. G51S, p. R32S). In addition, nonsynonymous variant of
VPS26 (p. K93E, p. M112V, p. K297X, p.R127H and p. N308D) and VPS29 (p. N72H) have
also been discovered (reviewed in Cui et al., 2018).

Here, we will further focus on the p.D620N mutation in VPS35 and its relevance for PD

pathogenesis.

1.3.3. p.D620N mutation in VPS35 and PD

The heterozygous VPS35 p.D620N mutation (PARK17) was found simultaneously by two
groups in 2011 in an Austrian and a Swiss family by exome sequencing (Vilarifio-Guell et al.,
2011, Zimprich et al., 2011b). The mutation causes autosomal dominant inherited PD. The
clinical phenotype of patients carrying the p.D620N mutation has been reported to be
indistinguishable from sporadic PD with postural instability, resting tremor, bradykinesia and a
good response to levodopa treatment (Vilarifio-Guell et al., 2011). The mean age of onset is
53 years old, ranging from 37 to 66 years old. The prevalence of this mutation is 0.1% in all
familial cases, making it a very rare cause of PD (Rahman and Morrison, 2019). This mutation
has been later found in Japanese and French populations (Ando et al., 2012; Lesage et al.,
2012).
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The p.D620N mutation in VPS35 is a heterozygous point mutation G>A at the position 1858 of
the gene. This point mutation resulted in an asp620-to-asn (D620N) amino-acid exchange in a
highly conserved residue (Zimprich et al., 2011b). It has been reported that the binding capacity
of the mutant VPS35 with other members of the retromer complex was unaltered (Follett et al.,
2014). Also, the protein level of the retromer is unchanged compared to control and the
endosomal localisation is maintained. However, enlarged endosomes sequestering around the
nucleus have been shown in patient fibroblasts, suggesting an impairment in trafficking (Follett
etal., 2014). Indeed, the trafficking of the known cargo CIMPR have been shown to be impaired
in cell lines overexpressing VPS35 p.D620N and in fibroblasts from patients, resulting in a
decreased colocalisation of CIMPR with the TGN (Follett et al., 2014; McGough et al., 2014).
The mistrafficking of CIMPR further led to decreased Cathepsin-D protein level. The
association with WASH complex was also shown to be reduced in cell lines overexpressing
the mutant VPS35, resulting in an increase localisation of ATG9A around the nucleus instead
of a diffuse expression (Zavodszky et al., 2014). This further led to a decrease of the number
of autophagosomes in mutant VPS35 overexpressing cells. In mice overexpressing VPS35
p.D620N, the colocalisation between LAMP2A and VPS35 was decreased and reduced levels
of LAMP2A were found (Tang et al., 2015a), suggesting an impairment of CMA. This was
accompanied by an increase of a-synuclein puncta in the mouse brain. All this suggest that
VPS35 p.D620N leads to an impairment of autophagy and lysosomal clearance in a loss-of-

function manner.

The pathogenicity of the mutation was shown by overexpressing VPS35 p.D620N in mice and
in drosophila, which led to a loss of dopaminergic TH positive neurons (Tsika et al., 2014; Wang
et al., 2014).

Moreover, the mitochondrial fragmentation observed in VPS35 KD mice could be rescued by
overexpression of WT VPS35 but not the mutant p.D620N (Tang et al., 2015b). An increase
interaction between VPS35 p.D620N mutant and Drpl complex was shown, leading to an
increase degradation of inactivated Drpl complexes via MDVs (Wang et al., 2015). This
ultimately led to increased turnover of Drpl on mitochondria and to a fragmented mitochondrial
network. Furthermore, fragmented mitochondrial network accompanied by increased ROS,
decreased MMP and decreased complex | and Il activities were observed in fibroblasts from
patient carrying the p.D620N mutation in VPS35 (Wang et al., 2016b; Zhou et al., 2017).

Recent work has shown that the VPS35 p.D620N mutation impairs AMPAR recycling in
synapses and perturbs the synaptic transmission in mice cortical neurons overexpressing the
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mutant protein (Munsie et al., 2015). They further confirmed this finding in iPSC-derived DA
neurons from patient carrying the p.D620N variant. Furthermore, the VPS35 p.D620N mutant
does not affect the affinity of the retromer with DRD1 but fails to recycle it back to the plasma
membrane (Wang et al., 2016a). Moreover, impaired dopaminergic neurotransmission was
shown in VPS35 p.D620N knock in (KI) mice with lower DAT levels and increased VMAT?2
levels (Ishizu et al., 2016; Cataldi et al., 2018). This suggests that the VPS35 p.D620N mutation
leads to an increased dopamine turnover. VPS35 p.D620N seems to alter synaptic

homeostasis and function.

Previous studies have shown the impact of VPS35 p.D620N mutation on different cellular
functions, e.g. autophagy and lysosomal clearance, mitochondrial morphology and function
and synaptic homeostasis (Fig. 1). However, most of these studies were done on human
tumour cell lines or rodent model overexpressing VPS35 p.D620N or in patient fibroblasts.
Therefore, we need to understand how VPS35 p.D620N functions in patient-derived and
disease-relevant cell type.

1.4. Patient-derived cellular models for p.D620N VPS35
So far, VPS35 has been shown to be implicated in various cellular pathways e.g. autophagy,
mitochondrial homeostasis and synaptic turnover. However, the pathomechanisms of the
p.D620N mutation has only been studied in artificial cell lines overexpressing the mutant
protein, rodent and drosophila models, and patient-derived fibroblasts. The overexpression of
the mutant protein in cell lines was very useful to study the binding capacity of p.D620N to
known cargoes. However, it is essential to confirm these findings in a more physiological
setting. Rodent models have the advantage that you can study the pathomechanism in DA
neurons in vivo and thus can investigate the DA neuron-specific phenotype linked to p.D620N
mutant. However, this model remains non-physiological with the overexpression of the
p.D620N mutant and the fact that rodents do not display PD symptoms. Fibroblasts are a well-
established model that are patient-derived and carry the genetic background of the patient,
which is an advantage. This cellular model allowed further understanding of the impact of
p.D620N on various cellular pathways, however not of neuron-specific phenotypes.
Furthermore, fibroblasts express a very low level of a-synuclein. Consequently, there is a need

for a better model that can combine advantages of each model cited above.
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For this reason, we reprogrammed VPS35 p.D620N patient-derived fibroblasts and two age-
and gender-matched controls into iPSCs. These iPSCs have the advantage of carrying the
genetic background of the patient or healthy controls and have the ability to differentiate into
any cell type of the organism.

PD is a neurodegenerative disease that causes a massive DA neuronal degeneration in the
substantia nigra. For this reason, we differentiated the iPSCs first into small molecule neuronal
precursor cells (smNPCs) (Reinhardt et al., 2013). These smNPCs have the advantage to be
easily expanded and banked in large quantities. The smNPCs were further differentiated into
a neuronal culture enriched in midbrain DA neurons (Reinhardt et al., 2013). This model will
allow to study the impact of the p.D620N mutation on cellular pathways in a disease-relevant
and patient-derived cell type.

1.5. Aim of the study
PD represents a growing social and economic burden to our society, as all of the treatments
are symptomatic and not curative. PD was first described more than 200 years ago and, even
though our understanding of the disease has improved, we still do not fully grasp its
pathogenesis yet. For years, researchers have been focusing on mitochondrial impairment and
a-synuclein toxicity as the primary causes of the pathophysiology. Recently, the focus has
shifted towards endosomal trafficking with a growing number of genes associated with this
pathway being linked to PD. Here, the aim is to decipher how an endosomal trafficking gene
variant causing late-onset PD e.g. VPS35 p.D620N can induce a PD-like phenotype in a

patient-derived disease-relevant cell type.

In order to do so, fibroblasts were derived from skin biopsies of a patient carrying the VPS35
p.D620N mutation and two age- and gender-matched healthy individuals. These fibroblasts
were reprogrammed into human iPSCs. We fully characterised the iPSCs and further
differentiated them into smNPCs and neuronal culture enriched in midbrain DA neurons. We
investigated for the first time mitochondrial function, morphology and clearance in VPS35
p.D620N patient-derived neurons. Moreover, we studied lysosomal mass and autophagy

clearance capacity, as well as a-synuclein accumulation.
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2. Results
2.1.Manuscript |
2.1.1. Preface

The first manuscript describes in detail the generation of the iPSCs used throughout my thesis.
Fibroblasts from the index patient carrying the VPS35 p.D620N mutation and from one age-
and gender-matched control (Control 1) were reprogrammed into iPSCs using the Cytotune
TMiPS 2.0 Sendai Reprogramming kit (Thermo Fisher Scientific) according to manufacturer’s
protocol. Fibroblasts from the second age- and gender-matched control (Control 2) were
reprogrammed using plasmid transfection-based reprogramming protocol developed by
Christine Bus from Tilbingen University. At least two clones of each line were sent for
chromosomal analysis at Life&Brain GmBH (Bonn) using HumanOmni2.5 Exome 8 DNA
Analysis Beadchip. No larger chromosomal aberrations were detected. One clone of each

control and two clones of the patient were further characterised.

The gene expression of three pluripotency markers were tested by gPCR and the iPSCs were
indeed expressing the pluripotent intracellular markers Nanog, Oct 3/4 and DNMT3B.
Furthermore, we confirmed by immunocytochemistry (ICC) the expression of the intracellular
markers Nanog and Oct3/4 and Sox2.

The ability of the iPSC clones to differentiate into cell types of the three germ layers was tested
using the manufacturer’s differentiation protocol (Human Pluripotent Stem Cell Functional
Identification Kit, R&D Systems). We confirmed it by ICC using the ectodermal marker Otx2,

the mesodermal marker Brachyury and the endodermal marker Sox17.

For this manuscript, | performed the reprogramming of all the lines as well as
immunocytochemistry (ICC) and the three germ layer differentiation. Francois Massart
extracted the RNA from the iPSC pellet that | procured him and converted it to cDNA. Gérald
Cruciani performed the gPCR workflow on the automated platform HORST and analysed the
results. | designed the figures and wrote the manuscript. Dr. Peter Barbuti and Prof. Rejko

Kriger reviewed the manuscript.
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2.1.2. Manuscript

Induced pluripotent stem cells (iPSCs) derived from a patient with Parkinson’s disease carrying the
p.D620N mutation in VPS35

Simone B. Larsen?, Gérald Cruciani?, Francois Massart?, Peter A. Barbuti® %>, George Mellick?, Rejko
Krugert 4>

! Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, Esch-sur-Alzette,
Luxembourg

2 Department of Pathology and Cell Biology, Columbia University Medical Center, New York, NY, USA
3 Griffith Institute for Drug Discovery, Griffith University, Nathan, Australia
4 parkinson Research Clinic, Centre Hospitalier de Luxembourg (CHL), Luxembourg

> Luxembourg Institute of Health (LIH), Strassen, Luxembourg

Submitted in Stem Cell Research — Lab Resource on 12/08/19 - SCR-S-19-00550
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Abstract:

Fibroblasts were obtained from a 76-year-old man diagnosed with Parkinson’s disease (PD). The
disease is caused by a p.D620N mutation in VPS35. Induced pluripotent stem cells (iPSCs) were
generated using the CytoTune™-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific). The
presence of the ¢.1858G>A base exchange in exon 15 of VPS35 was confirmed by Sanger sequencing.
The iPSCs are free of genomically integrated reprogramming genes, express pluripotency markers,
display in vitro differentiation potential to the three germ layers and have karyotypic integrity. Our iPSC
line will be useful for studying the impact of the p.D620N mutation in VPS35 in vitro.

Resource table:

Unique stem cell line identifier LCSBi001-A

Alternative name of stem cell line VPS351 2

Institution LCSB, University of Luxembourg, Belvaux, Luxembourg

Contact information of distributor Rejko Kruger, rejko.krueger@uni.lu

Type of cell lines Induced pluripotent stem cell line (iPSC)

Origin Human

Additional origin info Age: 76 years old
Sex: male
Ethnicity: caucasian

Cell Source Dermal fibroblasts

Clonality Clonal

Method of reprogramming Transgene free (Cytotune™-IPS 2.0 Sendai Reprogramming kit)

Gene modification YES

Type of modification Familial, Spontaneous mutation

Associated disease Parkinson’s disease

Gene/locus Vacuolar protein sorting 35 (VPS35)/ chromosome 16q11

Method of modification N/A

Name of transgene or resistance N/A

Inducible/constitutive system N/A

Date archived/stock date 31/07/2019

Cell line repository/bank N/A

Ethical approval Ethical approval for the development of and research
pertaining to patient-derived cell lines have been given by
informed consent for the academic research project (CNER
#201411/05): “Disease modelling of Parkinson’s disease using
patient-derived fibroblasts and induced pluripotent stem cells”
(DiMo-PD).

Resource utility:

Parkinson’s disease (PD) usually occurs sporadically, but in approximately 10% of the cases, a
monogenic cause was identified. The VPS35 p.D620N (PARK17) mutation causes a late-onset
autosomal-dominant form of PD (Vilarifio-Guell et al., 2011; Zimprich et al., 2011). We aim to explore
the molecular mechanisms underlying neurodegeneration in iPSC-derived neurons from one patient
carrying p.D620N mutation in VPS35.
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Resource details:

Dermal fibroblasts were obtained from a 76-year old man heterozygous for the p.D620N mutation in
the VPS35 gene. The patient was clinically diagnosed with PD at age 60, displaying typical signs of
parkinsonism with rigidity and tremor as predominant symptoms. Reprogramming of the patient
fibroblasts was performed by co-expressing the Yamanaka factors OCT3/4, SOX2, KLF4 and cMYC using
the integration free CytoTune™-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific). Four
weeks after transduction, we successfully generated an iPS cell line (Fig. 1A). Clones were picked and
integration analysis with primers against Sendai virus backbone was performed at passage 8. The
selected clones were free of integrated the viral DNA into their genome (Fig. 1B). Sanger sequencing
confirmed the presence of a heterozygous c.1858G>A substitution in exon 15 of the VPS35 gene
corresponding to the p.D620N mutation (Fig. 1C). Using SNP-based karyotyping, no chromosomal
aberrations were identified in the selected iPSC clone. (Fig. 1D).

Immunocytochemical (ICC) analyses showed the presence of the pluripotency markers OCT3/4 and
NANOG, at the protein level (Fig. 1E). Pluripotency analysis confirmed that transcription of the
endogenous pluripotency genes NANOG, OCT3/4 and DNMT3B was upregulated compared to
fibroblasts (Fig. 1F). In vitro differentiation using the Human Pluripotent Stem Cell Functional
Identification Kit (R&D Systems) followed by ICC analyses with the mesodermal marker Brachyury, the
endodermal marker Sox17 and the ectodermal marker Otx2 demonstrated the differentiation potential
into all three germ layers (Fig. 1G).

Materials and methods:

Reprogramming of dermal fibroblasts:

Dermal fibroblasts carrying the heterozygous p.D620N mutation in VPS35 were collected at the Griffith
Institute (Queensland, Australia) after informed consent of the patient. Fibroblasts derived from the
skin biopsy were cultured in fibroblasts medium composed of Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% penicillin and
streptomycin (Pen/Strep). The fibroblasts were transduced using the CytoTune-iPS 2.0 Sendai
Reprogramming Kit (Thermo Fisher Scientific) with a multiplicity of infection (MOI) (KOS MOI=5, hc-
Myc MOI=5, and hKIf4 MOI=3). Seven days post-transduction, cells were passaged under feeder-free
conditions in a Matrigel™ (Corning)-coated plate. Freshly prepared E8 medium (DMEM F-12 + HEPES,
1% Pen/Strep, 1% Insulin-Transferrin-Selenium, 2 ug/L TGFP1, 10 pg/L FGF2, 64 mg/L acid ascorbic, 100
ng/mL Heparin, 10% TeSR-E8) was changed every other day, supplemented with 100 uM sodium
butyrate. After four weeks, iPSC colonies formed and were manually passaged into a new Matrigel-
coated dish and cultured in E8 medium. The iPSC lines were then enzymatically passaged using dispase
once a week. At passage 8, iPSCs were harvested for analysis and cryopreserved in liquid nitrogen.

RT-gPCR:

Total RNA was purified from cells using Trizol/chloroform. Transcriptor High Fidelity cDNA Synthesis Kit
(Roche) was used to synthesize cDNA. The transgene-free status was carried out using the SeV primer
(Table 2). The negative control used was sterile H20. Quantification of pluripotency markers by
multiplex gPCR was performed using the LightCycler® 480 Probes Master kit (Roche) and hydrolysis
probes detecting NANOG-FAM (Hs02387400 g1, Thermo Fisher Scientific)) OCT4-FAM
(Hs00999632_g1, Thermo Fisher Scientific) and DNMT3B (Hs00171876_m1, Thermo Fisher Scientific).

34



GAPDH-VIC (Hs02758991 g1, Thermo Fisher Scientific) was used as a housekeeping gene. Total RNA
purified from fibroblasts was used as a negative control.

Immunofluorescence staining:

iPSCs were fixed with 4% paraformaldehyde in PBS for 15 min and stained using a standard
immunofluorescence protocol. The expression of pluripotency markers OCT3/4 and NANOG were
visualised using antibodies listed in table 2 together with DAPI nuclear stain. Images were acquired
using the Zeiss spinning disk confocal microscope (Carl Zeiss Microimaging GmH).

In vitro differentiation:

The iPSC were plated on matrigel-coated coverslips four days prior to the in-vitro differentiation. The
ability of the iPSC to differentiate into cell types of the three germ layers was tested using the
manufacturer’s differentiation protocol (Human Pluripotent Stem Cell Functional Identification Kit,
R&D Systems). We confirmed it by ICC using the ectodermal marker Otx2, the mesodermal marker
Brachyury and the endodermal marker Sox17. Images were acquired using the Zeiss spinning disk
confocal microscope (Carl Zeiss Microimaging GmBH).

Chromosomal analysis:
Molecular karyotyping and identity analysis was performed at Life&Brain GmBH (Bonn) using
HumanOmni2.5 Exome-8 DNA Analysis BeadChip.

Mutation analysis:

Genomic DNA was purified from LCSBi001-A iPSC using the QIA Blood and Tissue kit (Qiagen). The exon
15 of VPS35 was amplified by PCR (Table 2) and Sanger sequencing was carried out at Eurofins
Genomics Germany GmbH.
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Table 1: Characterization and validation

Classification Test Result Data
Morphology Photography iPSC like morphology Fig. 1A
Phenotype Qualitative analysis Assess Fig. 1E
Immunocytochemistry sta|r.1|ng/expre55|on of
pluripotency markers:
Oct3/4 and Nanog
Quantitative analysis Assess expression of Fig. 1F
RT-gPCR pluripotency markers:
Oct3/4, Nanog and
DNMT3B
Genotype Genotyping HumanOmni2.5 Exome-8 | Fig. 1D
DNA Analysis BeadChip
Identity SNP analysis DNA Profiling: Performed | supplementary file 2
Matched submitted in archive
with journal
Mutation analysis Sequencing Heterozygous VPS35 Fig. 1C
(IF APPLICABLE) p.D620N mutation
Microbiology and Mycoplasma Negative Supplementary Fig.
virology (PlasmoTest™ s1
Invivogen)
Differentiation Directed differentiation | Directed differentiation: Fig. 1G
potential expression of specific
markers for ectodermal
(Otx2), mesodermal
(Brachyury) and
endodermal (SOX17)
lineage
Donor screening HIV 1 + 2 Hepatitis B, Not performed N/A
(OPTIONAL) Hepatitis C
Genotype Blood group genotyping | Not performed N/A
additional info HLA tissue typing Not performed N/A
(OPTIONAL)
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Table 2: Reagents details

Antibodies used for immunocytochemistry

Antibody Dilution Company Cat # and RRID
Pluripotency Marker Mouse anti-OCT3/4 | 1:1000 Santa Cruz, Cat #: sc-5279; RRID:
AB_628051
Pluripotency Marker | Rabbit anti-Nanog 1:500 Abcam, Cat #: ab21624; RRID:
AB_446437
Secondary antibody Alexa Fluor 488 1:1000 Invitrogen, Cat #: A11029; RRID:
Goat anti-Mouse AB_138404
1gG (H+L)
Secondary antibody Alexa Fluor 568 1:1000 Invitrogen, Cat #: A11036; RRID:
Goat anti-Rabbit AB 143011
1gG (H+L)
Secondary antibody Alexa Fluor 647 1:1000 Invitrogen, Cat #: A21447; RRID:
Donkey a-Goat IgG AB_141844
(H+L)
Primers
Target Forward/Reverse primer (5'-3')
Sendai virus SeV plasmid (181 GGATCACTAGGTGATATCGAGC/ACC
detection bp) AGACAAGAGTTTAAGAGATATGTATC

House-Keeping Gene

GAPDH (447 bp)

CAGGGCTGCTTTTAACTC/AAGTTGTCATGGATGACCT

TG

VPS35 exon 15

VPS35

AAATGGATATCCTGGAACAAG/

CAAATCTCCTAAGAGTAGGAAGGG

37



Heterozygous VPS35 ¢.1858 G>A (p.D620N)
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Figure 1: Characterisation of LCSBi001-A line
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PlasmoTest™ - Mycoplasma Detection Kit (Invivogen):

» }
Positive control ' \%, Dermal fibroblasts VPS35 p.D620N

Y
Negative control $ £~ iPSCVPS35 p.D620N
&%

4 .

Figure S1: mycoplasma test of dermal fibroblasts and LCSBi001-A iPSC line (iPSC VPS35 p.D620N)
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2.2.Manuscript Il
2.2.1. Preface

The second manuscript includes the main findings of my thesis. The patient- and control-
derived neurons were characterised and underwent deep phenotyping. We found that the
p.D620N mutant neurons displayed smaller mitochondria with less complex network compared
to controls. Moreover, mitochondria from p.D620N neurons were functionally impaired with
lower respiration and MMP, and increased mitochondrial ROS. Mitochondria in
autophagosomes were accumulating after prolonged CCCP treatment showing an impairment
of mitochondrial clearance in the patient-derived neurons. A more general clearance
impairment was found in the patient-derived neurons with lower autophagic flux and decreased
late endosome/lysosomal mass. Furthermore, a-synuclein steady state level was increased
under normal culture condition in p.D620N mutant neurons. We tried to pinpoint the mechanism
by which VPS35 p.D620N causes mitochondrial impairment and found that a-synuclein was
accumulating in the mitochondrial fraction and hypothesised that a-synuclein could be causing
this phenotype. We KD a-synuclein in patient neurons to the level of controls, which was not
sufficient to rescue the decreased MMP, nor the increased ROS levels. Then, we hypothesised
that the over-activation of LRRK2 kinase activity might be causing the mitochondrial
impairment. We analysed the steady state level of phosphorylation of one of LRRK2 substrates

Rab10 and found that it was not different between the patient and controls derived neurons.

For this manuscript, | designed the experimental plan and did most of the experiments and
analysis, except for the following. Dr Paul Antony wrote the script to analyse mitochondrial
morphology. Dr Javier Jarazo gene-edited the smNPCs to generate the mitorosella lines and
conducted the imaging and analysis of mitophagic events. Zoé Hanss measured a-synuclein
protein levels by TR-FRET. George Mellick provided the patient fibroblasts and wrote the
clinical phenotype of the patient. | wrote the manuscript and designed the figures. Dr Peter

Barbuti and Prof Rejko Kriiger reviewed the manuscript.
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2.2.2. Manuscript

Patient-derived VPS35 p.D620N neurons display mitochondrial and clearance

Impairment
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! Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, Esch-sur-

Alzette, Luxembourg

2 Department of Pathology and Cell Biology, Columbia University Medical Center, New
York, NY, USA
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4 Parkinson Research Clinic, Centre Hospitalier de Luxembourg (CHL), Luxembourg

® Luxembourg Institute of Health (LIH), Strassen, Luxembourg
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Abstract:

VPS35 is part of the retromer complex and is responsible for the trafficking of various proteins
in the cell. Interestingly, VPS35 has been shown to recycle proteins implicated in autophagy
and lysosomal degradation but also takes part in the degradation of mitochondrial proteins via
mitochondria derived vesicles. Overall, VPS35, by its central role in endosomal trafficking,
regulates cellular and mitochondrial quality control. The p.D620N mutation causes an
autosomal-dominant form of PD, highly resembling sporadic PD. The patient and age- and
gender-matched controls fibroblasts were reprogrammed into induced pluripotent stem cells
(iPSCs). A neuronal culture enriched in dopaminergic neurons (15 to 20%) has been generated
from the differentiation of iPSCs and is used to decipher the impact of the p.D620N mutation.
A decreased autophagic flux and lysosomal mass was observed in the patient neurons compared
to the controls associated with an accumulation of alpha-synuclein. Also, we found that
mitochondria were dysfunctional with lower membrane potential (MMP), impaired respiration
and increased production of reactive oxygen species compared to controls. We furthered tried
to decipher the mechanism underlying mitochondrial dysfunction in iPSC-derived neurons from
patient carrying the p.D620N mutation in VPS35. Hence, we knocked-down a-synuclein in the
differentiated neurons and found that it did not rescue the decreased MMP, nor the increase
mitochondrial ROS level. We measured the level of phosphorylated Rabl0, a substrate of
LRRK?2 kinase and found it to be unchanged in patient neurons compared to controls. Here, we
show for the first time the impact of p.D620N VPS35 mutant iPSC-derived neurons from
patient.

Keywords: VPS35; induced pluripotent stem cells; mitochondrial impairment; lysosomal

dysfunction; a-synuclein

Abbreviations:

CCCP = carbonyl cyanide 3-chlorophenylhydrazone

CIMPR = cation-independent mannose 6-phosphate receptor
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CRISPR = clustered regularly interspaced short palindromic repeats
DAT = dopamine transporter

DIV = days in vitro

DRD1 = dopamine receptor D1

Drpl = dynamin related protein 1

ER = endoplasmic reticulum

HEK293T = human embryonic kidney 293T
IPSC = induced pluripotent stem cell

Lamp = lysosome associated membrane protein
LRRK?2 = leucine-rich repeat kinase 2

MAM = mitochondria associated membrane
MAPL = mitochondria associated protein ligase
Mfn2 = mitofusin 2

MMP = mitochondrial membrane potential
MDV = mitochondria derived vesicle

PD = Parkinson’s disease

PINK1 = PTEN-induced putative kinase 1

ROS = reactive oxygen species

smNPC = small molecule neuronal precursor cell
TOM = translocase of the outer membrane
TGN = trans-Golgi network

TMRE = Tetramethylrhodamine, ethyl ester

VDACL1 = Voltage-dependent anion-selective channel 1



VPS = vacuolar protein sorting

WB = western blot

Introduction:

Patients with Parkinson’s disease (PD) suffer from a progressive motor disorder. They
experience a broad range of motor symptoms and non-motor symptoms, highlighting the
heterogeneous aspect of the disease. Advances in genetics have broadened the understanding of
the underlying mechanisms causing the death of dopaminergic neurons in the substantia nigra
(Kriiger et al., 2017). Different subtypes of PD have been described with the disease
heterogeneity depending on the mechanisms driving neurodegeneration. Indeed, mutations in
mitochondria associated proteins such as PINK1 (PTEN-induced putative kinase 1), Parkin or
DJ-1 have been associated with a severe mitochondrial dysfunction causing neurodegeneration.
On the other hand, variants of LRRK2 (leucine-rich repeat kinase 2), SNCA, DNAJC13 and
VPS35 (vacuolar protein sorting associated protein 35) show an impairment in the endosomal

trafficking pathways (Larsen et al., 2018).

The p.D620N mutation in VPS35 was identified by two independent research groups in 2011
(Vilarifio-Guell et al., 2011; Zimprich et al., 2011). It causes a rare autosomal-dominant form
of PD, occurring in only 1.3% of familial cases and 0.1% of all PD cases (Deng et al., 2013).
The clinical phenotype of patients resembles the one of sporadic PD patients, although the age
of onset is earlier (Mohan and Mellick, 2017).

VPS35 is part of the retromer complex, responsible for the recycling of targeted transmembrane
proteins from the early endosome back to the plasma membrane and the retrograde transport
from the endosomal system towards the trans-Golgi Network (TGN) (Seaman et al., 1998). The
retromer is composed of VPS35, VPS29, VPS26A or VPS26B, and various sorting nexins. The
pathogenic VPS35 p.D620N does not prevent the formation of the retromer (Zavodszky et al.,
2014).

The retromer transports proteins essential to lysosomal clearance, carrying them to the TGN to
avoid their degradation. One of the most studied cargo proteins of the retromer is the cation-
independent mannose 6-phosphate receptor (CIMPR) (Arighi et al., 2004). CIMPR is an
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endosomal protein that transports Pro-Cathepsin D from the endoplasmic reticulum (ER) to the
lysosome and is essential for the maturation into the hydrolase Cathepsin D. CIMPR is then
recycled via the retromer. In cells with a deficiency in VPS35, either through knock down or by
expressing the p.D620N mutant, CIMPR is not properly recycled back to the TGN; this leads
to the degradation of the receptor and the subsequent mis-trafficking of Cathepsin D (Follett et
al., 2014; McGough et al., 2014; Miura et al., 2014). The retromer also recycles key autophagy
proteins: Lamp?2a, implicated in chaperone-mediated autophagy; and ATG9, a protein involved
in the induction of autophagy. Retromer complexes containing the mutant VPS35 can no longer
bind their cargo proteins and, thus, these proteins cannot escape degradation by the lysosome
(Zavodszky et al., 2014, Tang et al., 2015a). Overall, the retromer is crucial for proper
trafficking of lysosomal clearance proteins, and the p.D620N mutation in VPS35 is associated

with dysfunctional lysosomal clearance.

Interestingly, studies have identified mitochondrial impairment in rodent dopaminergic neurons
containing a VPS35 p.D620N mutation. It has been reported that VPS35 p.D620N directly
interacts with mitochondrial Drpl (dynamin related protein 1), a key component in
mitochondria fission, leading to fragmented mitochondria and cell death (Wang et al., 2016b).
Moreover in VPS35 deficient mice, mitochondrial fragmentation was observed with reduced
level of mitochondrial fusion protein Mfn2 (mitofusin 2) (Tang et al., 2015b). Indeed, increased
mitochondrial fragmentation, with decreased mitochondrial membrane potential (MMP) and
impaired respiration was found in both studies (Tang et al., 2015b, Wang et al., 2016b) with
Zhou and collaborators finding similar results in patient-derived fibroblasts (Zhou et al., 2017).

Most studies with VPS35 deficiency have been conducted in rodent dopaminergic neurons or
cell lines overexpressing VPS35 p.D620N, VPS35 knock down models or VPS35 p.D620N
patient-derived fibroblasts. To date there have been no studies investigating the effect of VPS35
p.D620N on mitochondrial phenotype, clearance and protein aggregation in patient-derived
neurons. Here, we reprogrammed fibroblasts from one patient carrying the VPS35 p.D620N
mutation and two age- and gender-matched controls into induced pluripotent stem cells (iPSCs).
Then, we differentiated iPSCs into small molecule neuronal precursor cells (sSmNPC) and

further into neuronal populations enriched in dopaminergic neurons (Reinhardt et al., 2013).
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The patient’s clinical examination was followed by a study of cellular processes impaired in PD
such as mitochondrial and lysosomal dysfunction. We found that iPSC-derived neurons
carrying the p.D620N mutation in VPS35 displayed a severe mitochondrial dysfunction with
decreased MMP, increased mitochondrial reactive oxygen species (ROS) level and impaired
respiration. In addition, lysosomal clearance of mitochondria was impaired and the autophagic
flux was decreased. Furthermore, these patient-derived neurons harbouring the VPS35 p.D620N
mutation displayed an accumulation of a-synuclein protein in whole cell, and in both cytosolic
and mitochondrial fraction. This suggests that VPS35 p.D620N leads to a profound dysfunction
of several cellular processes through its central role in trafficking of proteins.

Material and methods:

Subjects:
We included a male patient carrying the p.D620N mutation in VPS35, described previously in

(Follett et al., 2014) and two healthy male controls from Tubingen Biobank Control 1 and
Control 2. Skin biopsies were taken from each individual at the ages of 73, 72 and 77

respectively.

Ethical approval for the development of and research pertaining to patient-derived cell lines
have been given by informed consent for the academic research project (CNER #201411/05):
“Disease modelling of Parkinson’s disease using patient-derived fibroblasts and induced
pluripotent stem cells” (DiMo-PD).

Cell culture reprogramming, differentiation and characterization:

Human dermal fibroblasts from skin biopsies were maintained in Dulbecco’s modified Eagle
medium (Gibco) supplemented with 10% foetal bovine serum (Gibco) and 1%
penicillin/streptomycin (Pen/Strep. Gibco). All fibroblasts were reprogrammed into human
1PSCs in our laboratory. Two iPSC clones were derived from the patient’s fibroblasts (VPS35
1 1and 1 2), one iPSC clone was derived from each control (Control 1 and Control 2). iPSCs
were maintained on Geltrex (Gibco) in Dulbecco's Modified Eagle Medium/Nutrient Mixture
F-12 with HEPES (Gibco) supplemented with 1% Insulin-Transferrin-Selenium (Gibco), 64
mg/L of L-ascorbic acid-2-phosphate magnesium (Sigma), 10 ug/L of FGF-2 (Fibroblasts

Growth Factor 2, Peprotech), 2 pg/L of TGF B1 (Transforming growth factor beta 1, Peprotech),
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100 ng/mL of Heparin (Sigma) and 10% TeSR-E8 (Stem Cell Technologies). iPSCs were fully
characterised and used to generate SMNPCs according to Reinhardt et al., 2013. smNPCs were
maintained on Geltrex (Gibco) in 1:1 Dulbecco’s modified Eagle medium/Nutrient Mixture F-
12 (Gibco) and Neurobasal (Gibco) medium supplemented with 1% Pen/Strep (Gibco), 1%
GlutaMAX (Gibco), B27 Supplement (Gibco), N2 Supplement (Gibco), 200 mM ascorbic acid
(Sigma), 3 mM CHIR 99021 (Axon Medchem) and 0.5 mM purmorphamine (Sigma). All
smNPC lines were characterized for the expression of neuronal precursor markers (SOX1,
SOX2, NESTIN and MUSASHI) (Fig. S1). smNPCs were further differentiated into a
dopaminergic-enriched neuronal culture according to (Reinhardt et al., 2013). Neurons were
split at day in vitro 21 (DIV21) in experiment plates coated with Geltrex (Gibco) and cultivated
in 1:1 Dulbecco’s modified Eagle medium/Nutrient Mixture F-12 (Gibco) and Neurobasal
(Gibco) medium supplemented with 1% Pen/Strep (Gibco), 1% GlutaMAX (Gibco), B27
Supplement (Gibco), N2 Supplement (Gibco), 10 ng/mL BDNF (Peprotech), 10 ng/mL GDNF
(Peprotech), 1 ng/mL TGF B3 (Peprotech), 500 uM dbcAMP (Applichem), 200 uM ascorbic
acid (Sigma). All experiments were performed after DIV30-35.

Compound treatment and viral transduction:

For mitochondrial morphology, membrane potential and ROS assessment, neurons were
cultivated in neuronal medium without B27 and ascorbic acid (without antioxidants
supplementation) 4 hrs prior to the experiment. All treatments were performed in the neuronal
medium without antioxidants. To assess the mitophagic clearance capacity, the edited neurons
with the Rosella construct were treated with 10 uM CCCP (Carbonyl cyanide 3
chlorophenylhydrazone) (Abcam) for 24 hrs. For the autophagy experiment, neurons were
treated with 100 nM Bafilomycin Al (Enzo Life Sciences) for 24 hrs. All experiments were

repeated three to five times.

The MISSION pLKO.1-puro non-target sShRNA and MISSION pLKO.1-puro shRNA against
SNCA (TRCNO0000003736) were purchased from Sigma. Lentiviral particles were produced in
HEK293T in our laboratory. Neurons were transduced at DIV23 with supernatant containing
viral particles at a ratio 1:1 in normal neuronal culture medium overnight. A-synuclein protein
levels were quantified 7 days post-transduction by western blot analysis. All experiments were

repeated three times.
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Western blotting:
Cells pellets were extracted using RIPA buffer (50 mM Tris HCI pH 7.4, 150 mM NacCl, 1%
Triton X-100, 0.5% sodium deoxylcholate, 0.1% SDS, 1ImM EDTA, 50 mM Tris-HCI, 150 mM

NaCl, 1 mM proteinase inhibitor cocktail). Gels were blotted by dry transfer onto 0.2 uM
nitrocellulose membranes using the iBlot2 device. Isolation of the crude mitochondrial fraction
was performed using a differential centrifugation protocol according to (Griinewald et al.,
2009). Antibodies used for western blotting (WB) were anti-f-actin (1:20000, Cell Signalling),
anti-VPS35 (1:1000, Santa Cruz), anti-VPS29 (1:1000, Santa Cruz), anti-TOM20 (1:1000,
Santa Cruz), anti-VDACL1 (1:1000, Millipore), anti-PGC1la (1:1000, Novus Biologicals), anti-
p62 (1:1000, BD Biosciences), anti-Lampl (1:1000, Santa Cruz), anti-a-synuclein (1:000. BD
Biosciences). Secondary antibodies coupled with HRP were purchased from Invitrogen (1:5000
- 1:10 000). Densitometry from western blot were carried out using LI-COR Image Studio
Software. All densitometric signals were normalised to f-actin or VDACL signals.

Densitometry signals were further normalised to the controls where stated in the figure legends.

TR-FRET:

Evaluation of a-synuclein content via TR-FRET was performed using the total a-synuclein kit
from Cisbio (6FNSYPEG). Briefly, cells were lysed into the provided lysis buffer by incubation
at room temperature under shaking for 30 min. Total protein quantification was performed on
each lysate using the Pierce BCA assay (Thermo Fisher Scientific). Lysates at 0.2ng/ul of total
protein were incubated in triplicate with both donor cryptate-conjugated antibody and acceptor
d2-conjugated antibody overnight at room temperature as recommended by the provider. The
TR-FRET signal was measured on a Tecan Genios Pro and the ratio of the signal of the acceptor
(665nm) to the donor (620nm) was calculated to evaluate the total a-synuclein content. Results

are expressed in ng/ml calculated from a standard curve.

Immunofluorescence staining:

Neurons were fixed at DIV30 in with 4% paraformaldehyde for 15 min, before being
permeabilised and blocked in 0.4% Triton-X, 10% goat serum and 2% bovine serum albumin
for 1 hr. Immunofluorescence staining was performed with primary antibodies against tyrosine
hydroxylase (1:500, Millipore) and Tuj1 (1:500, Covance) and respective secondary antibodies
coupled with fluorophore (1:1000, Invitrogen). DAPI (1:50, Thermo Fisher Scientific) was used
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to stain nuclei. At least five images per coverslip were acquired using Zeiss spinning disk

confocal microscope.

Live cell imaging and analysis:

Mitochondria were visualised using 100 nM MitoTracker Green FM (Invitrogen) in neuronal
medium without antioxidants. At least five Z-stack images per well were acquired using Zeiss

spinning disk confocal microscope.

To segment mitochondria, the mitochondrial channel was pre-processed with a difference of
Gaussians where the foreground image was convolved with a Gaussian of size 11 and standard
deviation 1 and the subtracted background image with a Gaussian of size 11 and standard
deviation 3 (Mito_DoG). Only pixels above threshold 3000 in Mito_DoG and an intensity above
5000 in the raw mitochondrial channel were considered as foreground pixels. The mitochondrial
mask was defined by removing connected components with less than 10 pixels. Mitochondrial

morphometrics were quantified as previously described (Baumuratov et al., 2016).

Mitorosella sensor, generation of the lines, image acquisition and analysis:

The generation of the lines carrying the rosella reporter was performed as previously described
(Arias-Fuenzalida et al., 2019). Briefly, the tandem fluorescent proteins consisting of pH sensor
fluorescent protein pHIuorin (F64L, S65T, V193G and H231Q) and DsRed were fused to the
entire open reading frame of ATP5C1 serving as a mitochondrial targeting sequence, and placed
in between the homology arms targeting the AAV1 safe harbour (Hockemeyer et al., 2009)
(Addgene plasmid #22075). A double strand break for triggering homologous recombination
was performed with the px330 (Cong et al., 2013) (Addgene plasmid #42230) carrying the
sgRNA targeting sequence for the safe harbour as described by (Mali et al., 2013). SmMNPCs
from patients (VPS35 1 _2) and control individuals (Control 1) were nucleofected (P3 Primary
Cell 4D-Nucleofector, V4XP-3024, Lonza) with both constructs and expanded before
purification by FACS (Aria Ill, BD).

Images were obtained on an Opera QEHS confocal spinning disk microscope (Perkin Elmer)
with a 60x water immersion objective (NA = 1.2). pHIluorin was excited with a 488 nm laser
and detected on camera 1 behind a 520/35 bandpass filter. While DsRed was excited with a 561
nm laser and detected on camera 2 behind a 600/40 bandpass filter. A 568 dichroic mirror split

the light towards the corresponding cameras. Both fluorescent channels were acquired
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simultaneously with a binning setting of 2. One plane and 15 fields per well were acquired. One
pixel corresponds to 0.2152 um. Differentiated neurons were maintained under normal
incubation conditions (37°C, 5% CO2, and 80% humidity) within the microscope in between

and during the different acquisition time points.

The automated image analysis was performed through a series of pre-processing and thresholds
in MATLAB (The MathWorks, Inc.) as previously described (Arias-Fuenzalida et al., 2019).
Briefly, a difference of Gaussian of convoluted foreground and background images was used
for detecting all the events in the field. For classifying the events either as mitochondria or
mitophagic event, a combination of green to red fluorescence ratio analysis and morphological
filtering based on difference of Gaussians thresholding was used. Those presenting a mean ratio

value below 0.6 were classified as mitophagic events.

Flow cytometry:

Neurons were detached with accutase (Sigma) and centrifuged at 300g for 3 min. 200 000 cells
were then incubated in the dye or in the buffer (unstained). MMP was assessed with 200 nM
tetramethylrhodamine, ethyl ester (TMRE, Invitrogen). To correct for mitochondrial mass,
Mitotracker Green FM (Invitrogen) was used as a counterstaining. For mitochondrial ROS, 2
uM of MitoSox Red (Invitrogen) was used. Cells were analysed with the Fortessa flow
cytometry analyser. Mean fluorescence of the unstained cells was subtracted to account for

autofluorescence.

Oxygen consumption rate measurement:

Oxygen consumption rates were measured in whole cells using the Seahorse XFe96 Cell
Metabolism Analyser (Agilent). Neurons were plated in the Seahorse XFe96 well plates 24hrs
prior to measuring at a density of 80 000 cells per well. The concentrations of mitochondrial
toxins used were optimized for neurons according to the manufacturer’s recommendations. The
final concentration of toxin used are the following: oligomycin (oligo) - 2 uM; FCCP - 250 nM;
antimycin A (AA) and rotenone (rot) - 5 uM. The cells of each well were lysed with RIPA
buffer after the experiment and the OCR of each well was corrected for protein amount.

Statistics:
Statistical analyses were performed with GraphPad Prism. The statistical analyses performed

and the P-value of each experiment can be found in the legend of the figures.
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Data availability:

The authors confirm that the data supporting the findings of this study are available within the

article and its Supplementary material.

Results
Clinical phenotype of VPS35 p.D620N patient:
The male patient donor case #2610 comes from a multi-incident family #445 reported

previously from the Queensland Parkinson's Project (Bentley et al., 2018), that immigrated from
Western Europe. Besides the index patient, the diagnosis of PD was made in his mother and
maternal grandfather but no additional family members are known to be affected. He was born
in 1940 and worked as a sugar cane farmer. The diagnosis of PD was made by a Movement
Disorders Neurologist after around one year complaining of muscular skeletal symptoms
(rigidity) and tremor, which were his predominant presenting symptoms. The PD related motor
symptoms responded well to levodopa therapy. The index patient underwent deep brain
stimulation for his Parkinson’s symptoms six years after diagnosis with good symptomatic

response.

VPS35 and VPS29 levels are unchanged in VPS35 p.D620N patient-derived neurons:
Previous studies have reported that VPS35 protein levels did not change in cells carrying mutant
VPS35 (Zavodszky et al., 2014). The p.D620N mutation in VPS35 has been shown not to impair

its binding to the other components of the retromer (Follett et al., 2014). To confirm this in our

patient-derived cells, we generated iPSC from one patient (VPS35 1 1 and 1 _2) and two age-
and gender-matched controls (Control 1 and 2) that were further differentiated into smNPC.
smNPCs were fully characterised (Fig. S1). We successfully generated from the smNPC a
neuronal culture expressing the neuronal marker Tujl (Tubulin B3), enriched in dopaminergic
neurons expressing Tyrosine Hydroxylase (TH) (Fig. 1A) after 30 days of differentiation in
vitro. WB against VPS35 and VPS29 revealed that the protein level of both retromer
components is unchanged between both controls and mutant clones (Fig. 1B and C).

52



A TH Tuj1 merge B

N
o0
1

[l Control 1
@ Control 2
B VPS351_1
| VPS351_2

N
=}
L

Control 1
o
1

-
o
1

Relative VPS35 protein levels
g

Control 2
o
o
L

VPS351_2

-
o
1

| Control 1
| Control 2
VPS351_1

VPS35 1_1

25~ e e wa = VPS29
40 — s we B-actin

Relative VPS29 protein levels

VPS35 1_2

Figure 1: No difference in retromer components protein expression in iPSC-derived
neurons. (A) Immunofluorescence staining shows expression of tyrosine hydroxylase (TH),
class III B-tubulin (Tujl), and nuclear DAPI in iPSC-derived neurons. (B-C) Western blot
analysis of VPS35 (B), VPS29 (C) and B-actin (loading control) from three independent
differentiations of control (Control 1 and 2) and VPS35 p.D620N mutant (VPS35 clones 1_1
and 1_2) neurons under basal culture condition.

Fragmented mitochondria with decreased MMP, increased mitochondrial ROS and impaired

respiration in VPS35 p.D620N patient-derived neurons:

Here we characterized, for the first time, human neurons derived from iPSCs of a p.D620N
VPS35 carrier. We analysed z-stack images from two controls and two clones of patient-derived
neurons (Fig. 2A). Computational analyses revealed a decrease in mitochondrial size,
representative of fragmentation (Fig. 2B). Moreover, mitochondrial branching as a readout for
connectivity within the mitochondrial network was also impaired with a decreased average
number of links (Fig. 2C) and nodes (Fig. 2D).

The identification of these morphological alterations observed in patient-derived cells led us to
assess the mitochondrial function. We measured MMP and found a decrease in patient-derived
neurons compared to controls (Fig. 2E). The reduced MMP was accompanied by a significant
increase of intra-mitochondrial ROS compared to controls (Fig. 2F). Mitochondrial respiration
was assessed by recording the oxygen consumption rate while we applied mitochondrial stress

such as oligomycin, FCCP, antimycin A and rotenone to measure different respiratory
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parameters (Fig. 2G). We found that neurons carrying the p.D620N mutation displayed a
reduced basal and maximal respiration, reduced spare respiratory capacity, and non-
mitochondrial oxygen consumption (Fig. 2H). This was associated with a significantly reduced

ATP production in patient cells compared to controls.

1.59
Control 1: VPS351_1: *
: ' g E = —
w e
L 5 1.0
25
T 5
0.54
¢g
=
0.0+
e Control 1 and 2
B e VPS351_1and1 2 C D F

]
200 = 2 1.0 wer S 0.4+ 39 e
o c pnd
- * c <] See
@« 5 S o84 oL ® = . >
2 3 150 H i «® 8 034 .® 5%
Lg . L] = e = 8 & 27
© = pL [ = 0.6 = L] £c
5 2 1004 o . & 0.2 ° =2
S £ 100 P L 0. 2 £
25 ®/% £ 0.4 B (] s 9
8 £ 2 % 0.1 g’
S2 % . > 0.2 & 2
= & o (] © () =
$%c00e O o
0 T T < 0.0 T T Z 0.0 T T 0-
G Oligo FCCP AA+Rot H
2.0 Jw ¢ i’ 1.5+ . - % ns o %
— -~ Control 1 =
-
£ -~ Control 2 £
S 1.57 =
2 - VPS351_1 2 1.04
E 10 - VPS351_2 £
- N o
o
£ g
= < 0.5+
E’ 0.5+ 14
& O
2 o)
0.0 r T T T .
0 20 40 80 80 100 0.0-
Time (min) & & N Y O
& S & & & S
& & S & <
> > S Q & &
& < & &
N & o
(5\6 &\'8\0
< &
& &
$)
&
&

Figure 2: Mitochondrial fragmentation and dysfunction in VPS35 mutant iPSC-derived
neurons. (A) Representative image of mitochondria stained with Mitotracker green FM and
calculated mitochondrial size (B), average links per mitochondrion (C) and average nodes per
mitochondrion (D) from four independent differentiations of control (Control 1 and 2) and
VPS35 D620N mutant (VPS35 clones 1_1 and 1 2) neurons in culture medium without
antioxidants (without B27 and ascorbic acid) for 24 hrs. (E) Mitochondrial membrane potential
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measured by TMRE mean fluorescence intensity and (F) mitochondrial reactive oxygen species
measured by Mitosox mean fluorescence intensity by flow cytometry from four independent
differentiations of control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and
1 2) neurons in culture medium without antioxidants (without B27 and ascorbic acid) for 4 hrs.
(G) Mean average OCR of four independent differentiations of control (Control 1 and 2) and
VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons over a time course. Measurement
of' basal OCR is followed by the addition of oligomycin (oligo) 2 uM final concentration, FCCP
250 nM final concentration and antimycin A (AA) 5 uM final concentration and rotenone (rot)
5 uM final concentration (left side). Calculated basal respiration, maximal respiration, spare
respiratory capacity, proton leak, ATP production and non-mitochondrial oxygen consumption
(right side). All statistical tests were Mann-Whitney tests to compare groups. Error bars show
standard deviation and ns p>0.05; *p<0.05; **p<0.01; ***p<0.001

VPS35 p.D620N patient-derived neurons show an impaired mitochondrial clearance:

As patient neurons present morphologically and functionally altered mitochondria, we
hypothesised that mitochondrial mass, biogenesis and clearance, i.e. mitophagy, might be
dysregulated. We found no differences in mitochondrial mass between patient and control
neurons as defined by WB against TOM20 (Fig. 3A) and VDACL (Fig. 3B). Moreover, protein
expression levels of PGCla (Fig. 3C), the master regulator of mitochondrial biogenesis, were

unchanged in patient derived neurons under basal conditions.

In order to study mitophagy, control 1 and VPS35 1 2 smNPCs were edited using CRISPR-
Cas9 technology to express a fusion mitochondrial protein: ATP5C1-DsRed-pHluorin. Briefly,
when mitochondria are in the cytoplasm, both fluorophores are functional. Once mitochondria
are exposed to an acidic environment inside the autophagosome (mitophagic event), the green
fluorescence will be quenched (Fig. 3D). We treated the gene edited neurons with CCCP and
acquired images from the same field of view at different time points: t=0 hr, 3 hrs, 8 hrs and 24
hrs. In control neurons (Fig. 3E), the number of mitochondria inside autophagosomes increased
significantly after 3 hrs CCCP treatment. After 8 hrs and further after 24 hrs of CCCP treatment,
the number of mitochondria inside autophagosomes were decreasing showing an efficient
clearance. In the patient-derived neurons harbouring the VPS35 p.D620N (Fig. 3F), the number
of mitochondria inside autophagosome also increased significantly after 3 hrs of CCCP
treatment. After 8 hrs and 24 hrs, the number of mitochondria inside autophagosome failed to
decrease and stayed elevated, indicating a deficient clearance (Fig. 3G). Under basal conditions

(t=0), we see no significant differences in the number of mitochondria inside autophagosome
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between patient and control neurons. In addition, after 3 hrs of CCCP treatment there was no
difference in the number of mitochondria inside autophagosome between patients and controls
(Fig. 3G), indicating that the induction of mitophagy was not impaired in patient neurons.
However, the difference between patient and control cells becomes significant at 8 hrs and 24
hrs, as the number of mitochondria inside autophagosome decreased in control-derived and

stayed elevated in patient-derived neurons.
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Figure 3: Mitophagy clearance impairment in VPS35 mutant iPSC-derived neurons after
CCCP treatment. (A, B, C) Western blot analysis of TOM20 (A), VDAC (B), PGCla (C) and
-actin (loading control) from four independent differentiations of control (Control 1 and 2) and
VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons under basal culture condition. (D)
Representative image of mitochondria and mitophagy events under CCCP treatment over a time
course. The scale bar represents 20 um. Calculated mitophagic events by mitochondria count in
Control 1 (E) and mutant VPS35 1 2 (F) from three independent differentiations of control
(Control 1) and VPS35 D620N mutant (VPS35 clone 1_2) neurons expressing ATP5C1-RFP-
pHIuorin protein in culture medium without antioxidants (without B27 and ascorbic acid) and
treated with CCCP 10 uM for 0, 3, 8 and 24 hrs. Each time point is compared with the previous
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one. (G) Comparison of both lines. All statistical tests were Mann-Whitney tests or One-way
Anova followed by Sidak’s multiple comparisons tests to compare groups and conditions. Error
bars show standard deviation and ns p>0.05; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Lysosomal clearance dysfunction and a-synuclein accumulation in VPS35 p.D620N patient-

derived neurons:

The link between the retromer and macroautophagy has been identified by the sorting of ATG9,
a protein important for the induction of autophagy with the retromer (Popovic and Dikic, 2014).
Additionally, in cells overexpressing the mutant p.D620N VPS35, ATG9 was missorted which
is thought to lead to impaired autophagy (Zavodszky et al., 2014). Here, we measured the steady
state level of the autophagy protein p62 (Fig. 4A) which was not different between patient and
controls. Upon Bafilomycin Al treatment, p62 was accumulating in the controls, as shown by
a significant increase compared to the untreated state. However, p62 did not significantly
increase in the patient neurons after Bafilomycin Al treatment, showing an impaired autophagic
flux. Moreover, compared to control-derived neurons, we found a significantly reduced Lamp1l
steady state protein level in the patient neurons (Fig. 4B), suggesting a lower late-

endosome/lysosome mass compared to controls.

The impaired lysosomal clearance was accompanied by an increase of a-synuclein in patient-

derived neurons as shown by WB (Fig. 4C) and TR-FRET against a-synuclein (Fig. 4D).
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Figure 4: Impaired lysosomal clearance and a-synuclein accumulation in VPS35 mutant
IPSC-derived neurons. (A) Western blot analysis of p62 and B-actin (loading control) from
five independent differentiations of control (Control 1 and 2) and VPS35 D620N mutant
(VPS35 clones 1 _1 and 1 2) neurons under basal culture condition and Bafilomycin Al
(BafAl) 100 nM treatment for 24 hrs. (B, C) Western blot analysis of Lampl (B), a-synuclein
(a-syn) (C) and B-actin (loading control) from four independent differentiations of control
(Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) neurons under basal
culture condition. (D) TR-FRET measurement of total a-synuclein (a-syn) amount from four
independent differentiations of control (Control 1 and 2) and VPS35 D620N mutant (VPS35
clones 1 _1 and 1_2) neurons under basal culture condition. All statistical tests were Mann-
Whitney tests or One-way Anova followed by Sidak’s multiple comparisons tests to compare
groups and conditions. Error bars show standard deviation and *p<0.05; **p<0.01.

Accumulation of a-synuclein at the mitochondria in patient-derived neurons:

The subcellular localization of a-synuclein has been debated, with initial description at the
synapses and within the nucleus (Burré et al., 2018). A mitochondrial association has been
further debated, from entering the mitochondria via Tom40 (Devi et al., 2008) to being located
within the mitochondria-associated ER membranes (MAMs) (Guardia-Laguarta et al., 2014).
In SH-SYS5Y cell lines overexpressing a-synuclein, the co-localisation between a-synuclein and
the mitochondrial membrane is increased (Parihar et al., 2008). In patient-derived neurons
carrying a triplication of the SNCA gene locus extensive mitochondrial defects are found (Little
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etal., 2018; Zambon et al., 2019). The cellular phenotypes that we have identified in our patient-

derived neurons, i.e. (i) increased mitochondrial fragmentation, (ii) decreased MMP, (iii)

increased ROS and (iv) impaired respiration, coincides with the accumulation of a-synuclein in

the patient-derived neurons harbouring the VPS35 p.D620N mutation. Consequently, we

hypothesised that the mitochondrial impairment seen in our patient-derived neurons could be

due to a-synuclein accumulation at or in the mitochondria. To explore this, we performed a

mitochondrial fractionation (Fig. 5). Here, a-synuclein protein levels were significantly

increased in both cytosolic and mitochondrial fractions with a two to three-fold increase in

patient-derived neurons compared to controls. Our data shows that there is indeed an

accumulation of a-synuclein at or in the mitochondria.
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Figure 5: a-synuclein accumulation at the
mitochondria in patient-derived neurons. Western blot
analysis of a-synuclein (o-syn) and p-actin (loading
control) in the cytosolic (A) and in the crude
mitochondrial (B) fraction from three independent
differentiations of control (Control 1 and 2) and VPS35
D620N mutant (VPS35 clones 1_1 and 1_2) neurons
under basal culture condition. All statistical tests were
Mann-Whitney tests to compare groups. Error bars show
standard deviation and *p<0.05.

Reduction of a-synuclein protein level does not rescue mitochondrial impairment in p.D620N

VPS35 patient-derived neurons:

To test whether a-synuclein accumulation at or in the mitochondria can be the cause of the

observed mitochondrial dysfunction, we decided to rescue the levels of a-synuclein and study

MMP and mitochondrial ROS levels.
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We knocked-down a-synuclein in both controls and patient-derived neurons with shRNA
against SNCA (Mazzulli et al., 2016). We transduced neurons at DIV23 and analysed o-
synuclein protein levels 7 days post-transduction. Using WB we detected a reduction of the
levels of a-synuclein in the patient-derived neurons to the physiological levels of a-synuclein
in controls-derived neurons transduced with scrambled shRNA (Fig. 6A). We measured MMP
and mitochondrial ROS using the same technique as previously and found that the reduction of
a-synuclein protein levels did not rescue the loss of MMP (Fig. 6B) nor the increased ROS level
(Fig. 6C).
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Figure 6: Rescue of a-synuclein level does not rescue mitochondrial impairment. (A)
Western blot analysis of a-synuclein (a-syn) and B-actin (loading control) from three
independent differentiations of control (Control 1 and 2) and VPS35 D620N mutant (VPS35
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clones 1 _1and 1 2)neurons transduced with scramble shRNA and shRNA against a-synuclein.
(B) Mitochondrial membrane potential measured by TMRE mean fluorescence intensity and
(C) mitochondrial reactive oxygen species measured by Mitosox mean fluorescence intensity
by flow cytometry from three independent differentiations of control (Control 1 and 2) and
VPS35 D620N mutant (VPS35 clones 1 _1 and 1 _2) neurons transduced with scramble ShRNA
and shRNA against a-synuclein and in culture medium without antioxidants (without B27 and
ascorbic acid) for 4 hrs. All statistical tests One-way Anova followed by Sidak’s multiple
comparisons tests to compare groups and conditions. Error bars show standard deviation.

LRRK2 kinase activity is not increased in patient-derived neurons:

Overactivation of LRRK2 kinase activity has been shown in p.D620N VPS35 knock-in mouse
embryonic fibroblasts and in patient neutrophils carrying the mutant VPS35 (Mir et al., 2018).
Furthermore, a similar mitochondrial phenotype with reduced MMP, increased ROS and
impaired respiration were found in LRRK2 p.G2019S mutant cells, reviewed in (Larsen et al.,
2018). The p.G2019S mutation leads to an overactivation of the kinase activity of LRRK2, and
consequently to increased phosphorylation of LRRK2 targets, such as Rab10 (Seol et al., 2019).
Therefore, we hypothesised that the mitochondrial phenotype seen in our model could originate
from an overactivation of LRRK2 kinase activity. We measured by WB the steady state ratio
between phosphorylated pT73 Rab10 and Rab10 and found no difference between patients and
controls (Fig. 7).
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Figure 7: No difference in LRRK2 kinase activity on Rab10 phosphorylation between
patient and controls derived neurons. Western blot analysis of Rab10, pT73 Rab10 and -
actin (loading control) from three independent differentiations of control (Control 1 and 2) and
VPS35 p.D620N mutant (VPS35 clones 1_1 and 1_2) neurons under baseline conditions. Graph
shows the ratio between pT73 and total Rab10. Statistical test was Mann-Whitney test to
compare groups. Error bars show standard deviation and ns p>0.05.

61



Discussion:

The increasing importance of endosomal trafficking pathways in PD pathogenesis has been
widely recognized with their implication in many other established pathways such as
mitochondrial impairment, lysosomal dysfunction, protein aggregation and synaptic
dysfunction (Perrett et al., 2015). Indeed, numerous PARK genes (DNAJC13, LRRK2 and
SNCA) are implicated in this pathway and there is a growing interest in finding other disease-

relevant endosomal trafficking genes (Bandres-Ciga et al., 2019).

In this study, we found that the PD-causing mutation in VPS35 leads to fragmented and impaired
mitochondria with decreased size and branching, decreased membrane potential, increased
mitochondrial ROS and dysfunctional respiration. VPS35 deficiency has already been linked to
mitochondrial impairment in multiple cellular models such as dopaminergic neurons from mice
carrying a heterozygous loss of VPS35, rat cortical neurons overexpressing p.D620N VPS35
and patient fibroblasts carrying the p.D620N VPS35 mutation. These studies consistently report
fragmented mitochondria with decreased MMP and impaired respiration (Tang et al., 2015c;
Wang et al., 2015; Zhou et al., 2017). Here we confirm these findings for the first time in iPSC-

derived neurons from patients.

Furthermore, clearance is impacted with accumulation of mitophagic events under
mitochondrial stress, decreased autophagic flux and decreased late-endosome/lysosome mass.
The decreased autophagic flux together with impaired Cathepsin-D and Lamp2a trafficking
previously described (Mohan and Mellick, 2017), leads to an accumulation of a-synuclein in

the whole cell, and at the same ratio in the cytosol and at or in mitochondria.

The observation that similar mitochondrial defects were found in patient-derived neurons
carrying a triplication in SNCA gene (Little et al., 2018; Zambon et al., 2019) led us to
hypothesize that a-synuclein accumulation at or in mitochondria might be involved. However,
reducing the protein level of a-synuclein did not rescue the loss of MMP nor the increased ROS
levels. a-synuclein accumulation does not seem to be the primary cause of mitochondrial

impairment observed in our model.

Impaired mitochondrial morphology and function have also been reported in patient-derived
neurons carrying the p.G2019S mutation in LRRK2 (Walter et al., 2019; Weykopf et al., 2019).

Furthermore, increased phosphorylation of LRRK2 and its substrate Rab10 has been shown in
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homozygous p.D620N VPS35 knock-in mice embryonic fibroblasts and mouse brain, and
heterozygous VPS35 p.D620N patients neutrophils and monocytes, which was decreased after
LRRK?2 kinase inhibitor treatment (Mir et al., 2018). That study revealed a strong link between
VPS35 and LRRK2, both genes responsible for autosomal-dominantly inherited PD and both
involved in endosomal trafficking. Here we found no evidence of overactivation of LRRK2
kinase activity in patient-derived neurons. However, the study of (Mir et al., 2018) only reported
an overactivation of LRRK2 kinase activity in the homozygous knock-in mouse brain; therefore
it remains to be determined, whether the heterozygous state is sufficient to cause overactivation
of LRRK2. On the other hand, a recently published study showed that the recruitment of Rab10
to depolarised mitochondria triggered mitophagy in human-derived fibroblasts. Upon
phosphorylation, Rab10 was not recruited to depolarised mitochondria anymore and mitophagy
was impaired in PD patient-derived fibroblasts carrying the LRRK2 p.G2019S mutation
(Wauters et al., 2019). Thus, we cannot exclude changes of phospho-Rab10 levels specifically
in the mitochondrial fraction of patient-derived neurons carrying the heterozygous p.D620N
VPS35 mutation.

Some studies have reported that VPS35 and the retromer might be involved in mitochondria-
derived vesicles (MDVs), a form of mitochondrial quality control (Braschi et al., 2009). Two
cargos have been identified trafficking towards the lysosome or the peroxisome for degradation,
Drpl (Wang et al., 2016b) and MAPL (mitochondrial associated protein ligase) or Mull
(Braschi et al., 2009, Tang et al., 2015b). MAPL or Mull is known to stabilize Drpl, a
mitochondrial fission protein and degrade Mfn2, a mitochondrial fusion protein. By trafficking
both proteins, VPS35 seems to stabilise mitochondrial network in a fused state. In cells
overexpressing VPS35 p.D620N, the retromer does not correctly transport Drpl and MAPL,
which leads to an increase of MAPL and Drpl protein level and a decreased Mfn2 protein level.
This subsequently leads to a fragmented mitochondrial network (Tang et al., 2015b, Wang et
al., 2016b), also observed in patient-derived neurons in our study. Interestingly, treatment of
cells overexpressing VPS35 p.D620N and patient fibroblasts carrying the VPS35 p.D620N
variant with Mdivil, a Drpl inhibitor, rescues the mitochondrial functional impairment (Wang
etal., 2016b; Zhou et al., 2017). This shows that mitochondrial functional impairment is at least
in part caused by the mistrafficking of Drpl and MAPL by the retromer containing mutant
VPS35 p.D620N.
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Although Mdivil treatment is promising to rescue mitochondrial deficits, this only resolves one
aspect of the disease. Indeed, VPS35 and the retromer also interact with essential proteins of
the lysosomal clearance pathway and some studies show that the retromer is implicated in the
recycling of neurotransmitter receptors. Wang and collaborators (Wang et al., 2016a) show that
VPS35 interacts with the post-synaptic dopamine receptor D1 (DRD1) and is responsible for its
recycling back to the plasma membrane after clathrin-mediated endocytosis. The
downregulation of VPS35 or the overexpression of mutant D620N led to a decrease of DRD1
recycling. Others have shown that VPS35 interacts with the pre-synaptic dopamine transporter
(DAT) (Wu et al., 2017). Whether the p.D620N mutant still binds to DAT remains to be
explored. Furthermore, overexpression of VPS35 p.D620N in rat substantia nigra leads to

dopaminergic neurodegeneration (Tsika et al., 2014).

Overall, the retromer and VPS35 seem to play a central role in the cell with regulation of
mitochondrial dynamics, lysosomal clearance and dopaminergic transmission. The autosomal-
dominant mutation in VPS35 shows that the retromer and endosomal trafficking deficiency
might be the cause of underlying impaired cellular mechanisms in PD. Therefore, one might
consider targeting the retromer complex for future therapy. In Alzheimer’s disease, the use of
chaperones to stabilize the retromer has already shown promises (Mecozzi et al., 2014; Berman
et al., 2015; Chu and Pratico, 2017).
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Supplemental Methods:

Immunofluorescence staining:

IPSCs and smNPCs were fixed on coverslips with 4% paraformaldehyde for 15 min, before
being permeabilised and blocked in 0.4% Triton-X, 10% goat serum and 2% bovine serum
albumin for 1 hr. Immunofluorescence staining was performed with primary antibodies against
Nanog (1:500, Abcam), Oct3/4 (1:1000, Santa Cruz), Nestin (1:250. R&D Systems), Musashi-
1 (1:250, Abcam), Sox1 (1:250, R&D Systems) and Sox2 (1:250, Santa Cruz) and respective
secondary antibodies coupled with fluorophore (1:1000, Invitrogen). DAPI (1:50, Thermo
Fisher Scientific) was used to stain nuclei. At least five images per coverslip were acquired

using Zeiss spinning disk confocal microscope.

Flow cytometry staining:

200 000 smNPCs were harvested and fixed with 4% paraformaldehyde 15 min and
permeabilised in water with 0.05% Saponin and 1% BSA for 20 min. Immunofluorescence
staining was performed with primary antibodies against (1:250. R&D Systems), Musashi-1
(1:250, Abcam), Sox1 (1:250, R&D Systems) and Sox2 (1:250, Santa Cruz) and respective
secondary antibodies coupled with fluorophore (1:1000, Invitrogen). sSmNPCs were
resuspended in 300 puL. of PBS and 10 000 events were measured using the BD LSRFortessa

(Becton). Data were analysed using the Flowjo LLC software.

RT-gPCR:

Total RNA was purified from iPSCs using Trizol/chloroform. Transcriptor High Fidelity cDNA
Synthesis Kit (Roche) was used to synthesize cDNA. Quantification of pluripotency markers
by multiplex gPCR was performed using the LightCycler® 480 Probes Master kit (Roche) and
hydrolysis probes detecting NANOG-FAM (Hs02387400 g1, Thermo Fisher Scientific),
OCT4-FAM (Hs00999632 g1, Thermo Fisher Scientific) and DNMT3B (Hs00171876_m1,
Thermo Fisher Scientific). GAPDH-VIC (Hs02758991 g1, Thermo Fisher Scientific) was used
as a housekeeping gene. Total RNA purified from fibroblasts was used as a negative control.
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Supplemental figures:
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Figure S1: All iPSC clones express the pluripotency markers. (A) Immunofluorescence
staining shows expression of Oct3/4, Nanog and DAPI. (B) Relative expression of Oct3/4,
Nanog and DMNT3B transcript of three technical replicates of iPSC clones and patient
fibroblasts with GAPDH as housekeeping gene. Error bar shows standard deviation.
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Figure _S2: All smNPC clones express the neuronal precursor markers. (A)
Immunofluorescence staining shows expression of Musashi, Nestin, Sox1, Sox2 and DAPI. (B)
Percentage (%) of Nestin, Musashi, Sox1 and Sox2 positive cells measured by flow cytometry.
Error bar shows standard deviation.
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3. Discussion and perspectives

So far, no group has studied the impact of the VPS35 p.D620N mutation on mitochondria and
autophagy in iPSC-derived models from patient. Here, we found that iPSC-derived neurons
from patient carrying VPS35 p.D620N mutation displayed fragmented mitochondria with
decreased MMP, increased ROS and impaired respiration. In addition, mitophagy clearance is
impaired which is accompanied by a decreased autophagic flux and late endosome-lysosomal
mass. Furthermore, a-synuclein protein is accumulating in the whole cell, the cytosolic

compartment and the mitochondria.

Firstly, by using fibroblasts from patient and healthy controls we found that the VPS35 p.D620N
mutant protein caused a decrease of MMP without significant changes of the mitochondrial
morphology (Figure S1, Appendix). The observed decrease of MMP confirmed previous
findings in patient-derived fibroblasts carrying the p.D620N mutation, concomitantly with a
fragmented mitochondrial network (Wang et al., 2016c). However, we did not find fragmented
mitochondria in the patient-derived fibroblasts. This may be due to differences of the cell culture
conditions prior to the experiment. We cultured the fibroblasts in DMEM + 1% P/S only for 4
hrs, whereas in the previous publication the cells starved longer before the experiments. PD
being a disease of the brain, we decided to study the impact of p.D620N mutation in a more

disease-relevant setting.

Therefore, we reprogrammed the fibroblasts into iPSCs. These iPSCs were fully characterised
(Manuscript 1) and we showed they were expressing the pluripotency markers and could
differentiate in the three germ layer cell types. The advantage of iPSCs is that they can be
differentiated into any cell type of the organism. Several studies have already used these cells
to study neurodegenerative diseases (Amin et al., 2019). Monogenic forms of PD as well as
sporadic have been investigated in iPSC-derived models (Cobb et al., 2018). iPSCs represent
a scalable and screenable model to study disease phenotype in a relevant cell type (Cobb et
al., 2018). So far, Munsie and collaborators were the only ones to show the impact of VPS35
p.D620N in iPSC-derived neurons from patient and found an impaired recycling of the GluR1
subunits of AMPA receptors (Munsie et al., 2015).

We differentiated the iPSCs into sSmNPCs (Reinhardt et al., 2013) and fully characterised them
to confirm the expression of the neuronal precursor markers Sox2, Nestin and Musashi (Figure
S1, manuscript II). smNPCs are already specified towards neuronal lineage and are highly
scalable and screenable. We found that the VPS35 p.D620N mutant smNPCs did not

recapitulate the decreased MMP shown in patient-derived fibroblasts (Figure S2, Appendix).
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This could be explained by the fact that smNPCs are transient and highly proliferative cells with
very small cytoplasmic compartment. We further decipher the cellular phenotype of patient
smNPCs by measuring the autophagy-linked protein p62 before and after Bafilomycin Al
treatment. p62 steady state protein level did not differ between patient and control cells.
However, p62 protein failed to accumulate after Bafilomycin Al treatment in the patient-derived
smNPCs compared to the control, indicating that the autophagic flux was decreased. We
further measured the lysosomal hydrolase Cathepsin D protein expression and found it
reduced in smNPCs carrying VPS35 p.D620N mutation. This finding is in line with previous
studies showing a mistrafficking of Pro-Cathepsin D in the lysosomal compartment, resulting
in the decrease of its protein level in patient-derived fibroblasts and in cells overexpressing
p.D620N mutant (Follett et al., 2014; McGough et al., 2014). Lysosomal degradation of a-
synuclein depends on hydrolases such as Cathepsin D and autophagy (Qiao et al., 2008;
Ebrahimi-Fakhari et al., 2011). However, the lysosomal clearance deficiency observed in
VPS35 p.D620N mutant smNPCs did not lead to the expected accumulation of a-synuclein.
The levels of a-synuclein have been previously shown in the lab to be very low in smNPCs

compared to neurons, which could explain this finding.

The smNPCs failed to reproduce the mitochondrial impairment but revealed a deficit in
lysosomal clearance with reduced autophagic flux and Cathepsin-D protein levels in cells
expressing p.D620N mutant VPS35.

To further decipher the impact of VPS35 p.D620N in patient-derived cells, we differentiated the
smNPCs in neuronal culture enriched in midbrain DA neurons (Reinhardt et al., 2013). This
protocol enables to obtain between 10 and 20% midbrain DA neurons. We confirmed the
presence of midbrain-specific DA neurons in our cultures and measured the levels of retromer
component VPS35 and VPS29. Both proteins were expressed in a similar level between
patient-derived neurons carrying the D620N mutation and controls, as expected from previous
studies (Follett et al., 2014).

Here, we showed that iPSC-derived neurons carrying the p.D620N mutation display
fragmented mitochondrial network compared to control neurons. This finding contrasts with the
intact mitochondrial network previously found in patient-derived fibroblasts. One could explain
this discrepancy by the fact that neuronal function highly depends on oxidative energy
produced by mitochondria for signal transport along neurites whereas fibroblasts are less
energy demanding. In addition, the fragmentation found in patient neurons is in line with
previous studies in rat primary neurons in vitro and rat substantia nigra DA neurons in vivo
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overexpressing p.D620N VPS35 where aspect ratio was decreased (Wang et al., 2015).
VPS35 deficiency in mice substantia nigra also leads to fragmentation of mitochondrial network
(Tang et al., 2015c). The fragmentation was rescued by overexpressing WT VPS35 but not
VPS35 p.D620N. This finding suggests that the p.D620N mutant lacks an important function of
the physiological protein and contributes to the mitochondrial morphology phenotype via
haploinsufficiency.

It has been shown that the retromer is a regulator of mitochondrial dynamics with a direct
interaction with Drpl and MAPL (mitochondria-associated protein ligase) (Braschi et al., 2010,
Tang et al., 2015c; Wang et al., 2015). Indeed, the retromer has been linked to a form of
mitochondrial quality control through MDVs (Braschi et al., 2010). The only two cargos found
so far are Drpl and MAPL. MAPL is responsible for the stabilization of Drp1, the fission protein,
in mitochondrial membranes and for the degradation of Mfn2, the fusion protein. In VPS35
deficient cells, MAPL colocalisation with mitochondria is increased which leads to a fragmented
phenotype (Braschi et al., 2010). VPS35 is responsible for the identification of cargo but is not
essential for the formation of MDVs. Indeed, when VPS35 was KD in HEK293T cells, MDVs
were still formed. VPS35+/MAPL+ vesicles are directed towards the peroxisomes or lysosomes
for degradation of MAPL (Braschi et al., 2010, Tang et al., 2015c). VPS35 also directly interacts
with Drpl complexes on mitochondrial membranes. Indeed, VPS35 was described to be
responsible for the targeting of Drpl inactivated complexes and the MDVs are transported to
lysosomes for degradation (Wang et al., 2015). This removal of inactivated Drpl complexes
enables newly synthesized Drpl to be redirected towards mitochondria to exert their fission
function. The interaction between Drpl and VPS35 p.D620N seemed to be increased in rat
cortical neurons overexpressing the mutant protein suggesting an increased turnover of Drpl
on mitochondrial membranes (Wang et al., 2015). Interestingly, Wang and collaborators also
found increased Drp1-VPS35 interaction in post-mortem brain samples from individuals with
sporadic PD. Furthermore, by analyzing the peptide sequence of Drpl they found a FLV sorting
motif in the C-terminus end of the protein, similar to the one found on Sortilinl, a known
retromer cargo (Wang et al., 2016b). This FLV maotif is essential for retromer recognition of
Drpl and treatment of M17 cells overexpressing p.D620N mutant with a peptide mimicking the

FLV sorting motif could rescue mitochondrial morphology and function.

In our study, mitochondrial fragmentation was concomitant with a decrease of MMP, an
increase of mitochondrial ROS and an impairment of mitochondrial respiration in iPSC-derived

neurons expressing VPS35 p.D620N compared to controls. This mitochondrial dysfunction was
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previously described in patient-derived fibroblasts (Wang et al., 2015, 2016b) and in cells
overexpressing VPS35 p.D620N or deficient for VPS35 (Tang et al., 2015c; Wang et al., 2015,
2016b). Furthermore, Zhou and collaborators showed that patient-derived fibroblasts
expressing VPS35 p.D620N have a decreased activity of complex | and complex Il of the ETC
(Zhou et al.,, 2017) using an enzymatic assay. Interestingly, in several studies, the
mitochondrial impairment caused by VPS35 p.D620N was rescued in part by treatment with
Drpl inhibitor Mdivi-1. The treatment rescued the mitochondrial morphology and function in
VPS35 p.D620N overexpressing cells and patient-derived fibroblasts, suggesting that
mitochondrial functional impairment is caused by Drpl dysregulation. This stresses the
importance of VPS35 and the retromer in regulating mitochondrial dynamics and thereby,
function (Wang et al., 2015; Zhou et al., 2017).

Fragmented and depolarized mitochondria usually activate mitochondrial clearance via
mitophagy. To decipher whether VPS35 p.D620N had an impact on mitophagy, we generated
CRISPR-Cas9 edited smNPCs expressing the fusion mitochondrial protein ATP5C1-pHluorin-
DsRed from one clone of the patient and one of the controls. This allowed us to study
mitophagy in living cells without interfering with the cells by transfection or transduction. At
baseline, there was no difference in the number of mitochondria in autophagosome (mitophagic
events) between iPSC-derived neurons expressing VPS35 p.D620N and control neurons. We
treated the neurons with CCCP and visualized the same number of mitochondria inside
autophagosome in patient and control neurons 3 hrs post treatment, suggesting that the
induction of mitophagy is not impaired by VPS35 p.D620N. After 3 hrs, the number of
mitophadria inside autophagosome decreased until baseline after 24 hrs of treatment in control
neurons showing efficient clearance whereas in patient neurons the number of mitochondria in
autophagosome stayed elevated. This suggests that the patient neurons carrying the p.D620N
VPS35 mutation were unable to clear the dysfunctional mitochondria. Giving that the induction
of mitophagy does not seem to be impaired in mutant neurons, we can hypothesize that VPS35
is not implicated in the induction of mitophagy but rather that the p.D620N mutation causes a

deficit of lysosomal clearance.

Further investigations showed that patient-derived neurons failed to accumulate autophagic
marker p62 after Bafilomycin Al treatment compared to controls, suggesting an impaired
general autophagy with decreased autophagic flux. The retromer mediates the trafficking of
ATGYA from the TGN to the early autophagosome. ATG9A is thought to be implicated in the

transport of membranes to the autophagosome and is thus important for the induction of
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autophagy. In cells overexpressing VPS35 p.D620N, upon induction of autophagy, ATG9A was
significantly less recruited to autophagosome than in cells overexpressing WT VPS35
(Zavodszky et al., 2014), leading to a decrease of autophagic events. This would rather suggest
that the induction of autophagy is impaired, thus leading to a decrease of the autophagic flux.
Furthermore, we found a significant decrease of late-endosome/early lysosome protein Lampl
level in patient-derived neurons. Others have reported an increase of the size of Lamp1 positive
vesicles in mice midbrain DA neurons VPS35 +/-, suggesting that the late endosome/lysosome
pathway might be altered due to VPS35 deficiency (Tang et al., 2015a). One could hypothesise
that the lysosomal dysfunction comes from a deficit in maturation of late endosomal vesicles.
Indeed, G2019S mutation in LRRK2 also leads to an impairment of lysosomal maturation, as
shown by the presence of enlarged and perinuclear lysosomes in mutant drosophila (Dodson
et al., 2012).

Furthermore, we found a significant three-fold increase in a-synuclein protein level in iPSC-
derived neurons carrying the VPS35 p.D620N mutation compared to controls. Aggregation of
high molecular weight a-synuclein and phosphorylated a-synuclein has previously been
observed in ventral midbrain of VPS35 +/- mice, in mice overexpressing VPS35 p.D620N (Tang
et al., 2015a) and in Drosophila VPS35 +/- expressing human a-synuclein (Miura et al., 2014).
However, some studies failed to see this accumulation of a-synuclein in VPS35 p.D620N KI
mice models (Ishizu et al., 2016; Chen et al., 2019). These results suggest that the autophagy
impairment and decreased late endosome/lysosome mass are in part responsible for a-

synuclein accumulation.

In addition, the retromer mediates the trafficking of CIMPR, a receptor essential for the
lysosomal hydrolase Cathepsin D processing in the endosomal/lysosomal pathway. In cancer
cell lines, VPS35 deficiency and overexpressing the p.D620N mutant lead to a mistrafficking
of CIMPR, resulting in a more diffuse expression in the cell instead of localising mainly at the
TGN (Follett et al., 2014; McGough et al., 2014). CIMPR binds to Pro-Cathepsin D at the TGN
and transports it in the endosomal pathway where it is cleaved into mature Cathepsin D in the
lysosome. As CIMPR is not recycled back to the TGN properly anymore, it leads to an increase
of Pro-Cathepsin D levels in the TGN and a decrease of Cathepsin D levels in the lysosome
(Follett et al., 2014; McGough et al., 2014). In addition, one study showed that the retromer
regulates chaperone-mediated autophagy (CMA) by recycling LAMP2a. In VPS35 deficient

mice, the number of LAMP2a positive vesicles are decreased (Tang et al., 2015a).
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Overall, retromer function is essential for regulating lysosomal degradation. Indeed, lysosomal
dysfunction will most likely lead to a-synuclein accumulation, one of the hallmarks of PD.

In turn, the increase of a-synuclein could lead to lysosomal dysfunction and maturation
impairment. Indeed, accumulation of a-synuclein inhibits the trafficking of GCase from the ER
to the Golgi (Mazzulli et al., 2011). GCase accumulates in the ER and is not directed towards
the lysosome where it is mature and exert its proper function. GCase deficiency in mice primary
neurons leads to a-synuclein accumulation, creating a deleterious feedback loop. We
measured GCase activity in the iPSC-derived neurons from the VPS35 p.D620N patient and
controls and found no differences. However, we measured the activity in whole cell, whereas
Mazzulli and collaborators show the GCase decrease in activity specifically in the lysosomal
compartment (Mazzulli et al., 2016). Further investigations are needed to decipher whether a-
synuclein could lead to lysosomal maturation impairment in patient-derived neurons carrying
the VPS35 p.D620N mutation.

Interestingly, the increase of a-synuclein in whole cell lysate was accompanied by an increase
of a-synuclein in the mitochondrial fraction of patient-derived neurons compared to controls. A
mitochondrial association of a-synuclein has been described in several studies overexpressing
WT SNCA with a debate in sublocalisation within the mitochondria (Parihar et al., 2008). It has
been hypothesised that a-synuclein enters in the mitochondrion via TOM40 (Devi et al., 2008)
or that it is localised within MAMs (Guardia-Laguarta et al., 2014). iPSC-derived neurons from
a patient carrying a triplication of the SNCA locus displayed similar mitochondrial deficits as
the ones described here with fragmented mitochondrial network, decreased MMP and impaired
respiration (Little et al., 2018; Zambon et al., 2019). This observation led us to hypothesise that
the mitochondrial impairment in VPS35 p.D620N iPSC-derived neurons could be the
consequence of a-synuclein accumulation. Thus, we rescued the increased levels of a-
synuclein in patient-derived neurons to the level of the controls by using lentivirus delivered
shRNA against SNCA. Seven days after transduction, we assessed MMP and mitochondrial
ROS level and found it unchanged compared to the scramble condition. This result led us to
consider that the mitochondrial impairment observed in VPS35 p.D620N mutant iPSC-derived
neurons is independent of the observed a-synuclein accumulation. We cannot exclude that a-
synuclein plays a role in the pathogenic phenotype but it does not seem to be the primary

cause of mitochondrial dysfunction.

Recently, VPS35 has been linked to LRRK2, another protein found to be mutated in PD. The
first evidence came from a genetic study in drosophila where the overexpression of VPS35
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rescued the locomotor impairment of overexpressing LRRK2 G2019S drosophila (Linhart et
al., 2014). VPS35 and LRRK2 are both found in the endosomal compartment and mutations in
these genes both lead to autosomal-dominant forms of familial PD. In addition, both are
associated with synaptic vesicle recycling (Inoshita et al., 2017) and VPS35 protein level is
reduced in the frontal cortex of LRRK2 mutation carriers in post-mortem brains. Interestingly,
LRRK2 kinase activity has been found to be increased in VPS35 p.D620N KI mice and
neutrophils and monocytes of human carriers of the p.D620N mutation (Mir et al., 2018). These
authors investigated the phosphorylation status of Rab10 on the residue Ser73, one of the
known substrate of LRRK2 kinase activity. They found elevated pT73 Rab10 as well as
autophosphorylation of LRRK2 at the residue Serl292 in heterozygous and homozygous
VPS35 p.D620N KI mouse embryonic fibroblasts (MEFs) and brain. The same result was found
in neutrophils and monocytes from three VPS35 p.D620N patients where the phosphorylation
of Rab10 was three fold higher than in idiopathic PD patients cells. In addition, in VPS35 KO
cell lines, Rab10 phosphorylation was reduced 4-5 fold suggesting that VPS35 regulates
LRRK2 kinase activity. VPS35 p.D620N would exacerbate the LRRK2 kinase activity in a gain
of function manner (Mir et al., 2018). Interestingly, LRRK2 also mediates phosphorylation of
Drpl and thus, regulates mitochondrial fission. The LRRK2 p.G2019S mutation leads to
increased kinase activity and — via increased levels of phosphorylated Drpl - to mitochondrial
fragmentation in cell lines and patient fibroblasts (Su and Qi, 2013). Furthermore, similar
mitochondrial impairment with decreased MMP and mitochondrial respiration have been
described in iPSC-derived neurons of individuals carrying LRRK2 p.G2019S mutation
(Weykopf et al., 2019). These observations led us to hypothesise that mitochondrial impairment
seen in VPS35 p.D620N iPSC-derived neurons were due to overactivation of LRRK2 kinase
activity. Thus, we measured the phosphorylation of Rab10 at the residue T73 in whole cell
lysates from neurons of the human carrier. However, we did not find any difference in the
phosphorylation status of Rab10 in patient-derived neurons, although the results were highly
variable. We further analysed the presence of Rabl10 in the mitochondrial fraction versus
cytosolic fraction. Indeed, a study recently showed that Rab10 was recruited to depolarised
mitochondria, which triggered mitophagy in human-derived fibroblasts (Wauters et al., 2019).
In LRRK2 p.G2019S mutant fibroblasts, Rab10 was phosphorylated and thus not recruited to
depolarised mitochondria which decrease mitophagy. LRRK2 could directly regulate

mitochondrial clearance through phosphorylation of Rab10.

In our study, VPS35 p.D620N does not seem to induce mitochondrial impairment through

increased a-synuclein at the mitochondria, nor by overactivation of LRRK2 kinase activity.
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Considering that the retromer has been shown to regulate Drp1 and MFNZ2 protein levels (Tang
et al., 2015c; Wang et al., 2015), VPS35 p.D620N most likely causes mitochondrial impairment
through the regulation of mitochondrial dynamics. Indeed, the fact that mitochondrial defect
can be rescued by Mdivil treatment would confirm this hypothesis. However, we cannot
exclude that VPS35 regulates mitochondrial dynamics concomitantly with LRRK2 and a-
synuclein. Indeed, as discussed above, LRRK2 directly regulates mitochondrial fission by
phosphorylation of Drp1. On the other hand, a-synuclein has been shown to be present in MAM
(Guardia-Laguarta et al., 2014), which is also the site where mitochondrial fission occurs
(Friedman et al., 2011). The observation that increased a-synuclein levels lead to increased
fission might suggest that a-synuclein regulates Drpl in some way. Kamp and collaborators
suggested that a-synuclein does not interact directly with Drpl but rather regulates
mitochondrial dynamics via membrane lipids, inhibiting the formation of the fusion stalk (Kamp
et al., 2010). The effect of the three proteins could converge on mitochondrial dynamics, which
further leads to mitochondrial impairment. Interestingly, a recent study has shown that VPS35
could be ubiquitinated by Parkin in drosophila, suggesting that Parkin might regulate the
retromer function (Martinez et al., 2017). This finding was confirmed in mammalian cells in the

same study.

In addition, Mdivil treatment rescues neuronal spine loss observed in primary cortical neurons
overexpressing VPS35 p.D620N and neuronal death in vivo (Wang et al., 2015). Although this
treatment strategy seems to efficiently rescue not only mitochondrial impairment but also
neuronal death, no one showed the impact on lysosomal dysfunction and a-synuclein
accumulation. In order to rescue all the pathological phenotypes caused by VPS35 p.D620N,
one strategy could be to increase the activity of the WT retromer complex. In this regard, there
is a lot to learn from other neurodegenerative diseases. Indeed, VPS35 and VPS26 protein
levels have been found to be decreased in AD patient brains (Small et al., 2005). Studies in
AD have already shown the benefit of a retromer chaperone which stabilises the complex
assembly and increases the expression of VPS35, VPS26 and VPS29 (Mecozzi et al., 2014).
The retromer complex mediates the sorting of Sortilin A, a transmembrane receptor,
responsible for the trafficking of APP (Berman et al., 2015). In VPS35 deficient cells, APP
resides longer in the endosomal compartment together with B-secretase which increases the
amyloidogenic cleavage of APP, leading to B-amyloid accumulation (Andersen et al., 2005).
The chaperone binds to VPS35 and VPS29, increasing the binding stability between these
proteins, thus increasing protein level in mice hippocampal neurons (Mecozzi et al., 2014).

APP and Sortilin A were significantly less localised to endosome, suggesting an increased
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recycling of Sortilin A by the retromer. This led to a decreased cleavage by (3-secretase,
resulting in a reduction of B-amyloid protein level (Mecozzi et al.,, 2014). The chaperone
treatment seems to be a good candidate for further testing. However, we do not know whether
it affects the trafficking of other binding cargos such as the ones involved in lysosomal
clearance. In addition, if considering the fact that the p.D620N mutant has an increased binding
to Drpl, leading to an increased turnover of the protein and thus to mitochondrial fragmentation

(Wang et al., 2016c), increasing the levels of retromer might not be a good solution.

Some studies report that the mutant p.D620N VPS35 results in a gain of toxic function for
certain phenotypes. Indeed, they show that overexpression of WT VPS35 also increases
mitochondrial fragmentation, even though overexpression of VPS35 p.D620N had worse
effects (Wang et al., 2016c). Another study has described that overexpression of VPS35 and
VPS35 p.D620N caused a decrease of neurite length in primary cortical neurons and an
increase of nigral dopaminergic neurons loss in rats in vivo (Tsika et al., 2014). Again, the
authors suggested that VPS35 p.D620N mutant works as a toxic gain-of-function. However,
most studies show a loss of VPS35 function due to the p.D620N mutation and one can argue
that overexpressing WT or mutant VPS35 leads to an imbalance in stoichiometry between the
retromer complex components, explaining the toxic gain of function. This could have a
detrimental effect in itself, leading to the observed phenotype. By using the chaperone
treatment, all components of the retromer are increased in a proportional way, which might be
protective. In this context, it could increase the WT retromer levels, thus restoring the trafficking
of key components of the lysosomal degradation pathway such as CIMPR, LAMP2A and

ATG9A. This would ultimately rescue the levels of a-synuclein.

The retromer has also been studied in the context of neurotransmitter receptor recycling from
the early endosome back to the plasma membrane. The first receptor showed to be recycled
by retromer is 32 adrenergic receptors (B2AR) in HEK 293 cells (Temkin et al., 2011) and in
primary neurons (Choy et al., 2014), both stably expressing tagged B2AR. They showed that
retromer allowed a fast recycling of receptors, without passing through the TGN. Upon KD of
VPS35, B2AR is still endocytosed but is not recycled back to the membrane, instead it is
redirected towards the lysosomal compartment (Temkin et al., 2011). Other neurotransmitter
receptors are recycled by the retromer such as NMDAR and AMPAR. Indeed, in VPS35 KD
hippocampal slices, synaptic AMPA and NMDA excitatory post synaptic currents were
decreased, however GABA inhibitory postsynaptic currents seemed not to be affected (Choy

et al., 2014). Surface GluAl1 (AMPAR) expression was showed to be increased after long term
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potential (LTP) in CA1 pyramidal cells, which was retromer dependent. Indeed, this increase
of surface GIuAl expression was not observed in VPS35 KD mice, nor was the LTP, but was
rescued by overexpression of VPS35 WT but not the p.D620N mutant (Temkin et al., 2017). In
addition, in primary cortical neurons, overexpression of mutant p.D620N led to an increase of
AMPAR surface localisation in synapses, which was reproduced in patient iPSC-derived
dopaminergic neurons (Munsie et al., 2015). Here, it seems that the retromer is needed for the
endocytosis of the receptors, not only for the transport from the endosome to the plasma
membrane. This function of the retromer was inhibited with mutant p.D620N VPS35, working

here as a loss of function mutation.

Recently, the retromer has been linked to dopaminergic neural transmission. The retromer is
responsible for the recycling of dopamine receptor D1 (DRD1) in a concentration dependent
manner in N2A cells and in HEK297 cells expressing tagged DRD1 and VPS35 (Wang et al.,
2016a). Indeed, when VPS35 is overexpressed, surface DRD1 levels increases, whereas
when VPS35 is KD, surface DRD1 decreases (Wang et al., 2016a), suggesting that the
retromer does not affect the endocytosis but rather the cell surface recycling. On the other
hand, VPS35 p.D620N seems to still be able to interact with DRD1 but cannot increase the
surface level when overexpressed. Again, VPS35 p.D620N seems to be working as a loss of
function mutation. Interestingly, dopamine transporter DAT colocalises with retromer in
endosomal vesicles in rat mesencephalic cell lines (Wu et al., 2017). When VPS35 is KD, the
recycling of DAT decreases with reduced levels of surface DAT levels and total DAT,
suggesting that DAT gets degraded. Retromer seems to be responsible for the recycling of
DAT but not the endocytosis itself. Furthermore, VPS35 p.D620N Kl mice display lower levels
of striatum DAT, while levels of VMAT2 are increased, most likely as a compensation
mechanism (Cataldi et al., 2018). They also report increased dopamine turnover in
homozygous p.D620N KI mice. In addition, in VPS35 deficient drosophila, a decreased number
of synaptic vesicles and increased size of synaptic boutons were observed in dopaminergic
neurons. This deficit was rescued by the introduction of WT VPS35 but not mutant p.D620N
(Inoshita et al., 2017). The authors suggest a loss of function of p.D620N mutant in synaptic
vesicles regeneration. Interestingly, the synaptic bouton morphology could be rescued by
overexpressing LRRK2 in heterozygous VPS35 deficient larvae. LRRK2 and VPS35 are both
present at synaptic boutons but at different sites. They seem to both be regulating synaptic
vesicles dynamics as similar phenotypes are found in VPS35 or LRRK2 deficient drosophila
(Inoshita et al., 2017).
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VPS35 and the retromer seem to play an important role in both pre- and postsynaptic
compartment. How VPS35 p.D620N exactly functions in this context remains elusive as the
binding to DRD1 does not seem to be impaired for example. Overall, the mutation leads to
decreased surface expression of important receptors and transporters for synaptic

neurotransmission.

With its central role in protein trafficking, VPS35 p.D620N mutation affects many cellular
pathways e.g. mitochondrial homeostasis, protein and organelle clearance and synaptic
function most likely due to a loss-of-function. Also, VPS35 has been shown to interact with
several PD-associated proteins such as LRRK2, a-synuclein, RME-8, auxilin, synaptojanin 1,
and Parkin (reviewed in Cui et al., 2018). All of these proteins are associated with the
endosomal pathway. Furthermore, the mutation causes late-onset PD and the clinical
phenotype of the patients resembles the sporadic PD and VPS35 levels are decreased in
brains of sporadic PD patients. Together, all this makes the p.D620N VPS35 mutation a good
model to study dysfunctional pathways such as mitochondrial dysfunction, clearance
impairment and a-synuclein accumulation in PD. Also, the iPSC-derived neurons carrying
p.D620N VPS35 could serve as a good screening model to find potential treatment for the
disease, including Mdivil and the retromer chaperone.

4. Outlook

Further studies are needed to pinpoint exactly how p.D620N VPS35 causes mitochondrial
impairment. Investigating whether MDVs play a role in this phenotype in DA neurons derived
from patients would be essential, considering their potential role in regulating mitochondrial
dynamics. Furthermore, correction of the point mutation by CRISPR-Cas9 mediated gene-
editing would help strengthen the claim that the observed phenotypes are indeed caused by
the p.D620N mutation and not solely by the PD genetic background. Indeed, Walter and
collaborators have shown that introducing LRRK2 p.G2019S in a control iPSC line, did not fully
recapitulate LRRK2 p.G2019S related phenotypes (Walter et al., 2019). This shows the

importance of patients genetic background on the cellular phenotypes observed.

Moreover, it would be interesting to treat the iPSC-derived neurons from patient carrying the
p.D620N mutation in VPS35 with the mitochondrial fission inhibitor Mdivil. Indeed, we could
test whether Mdivil also rescues mitochondrial functional and morphological impairment in our
cellular model (Tang et al., 2015c; Wang et al., 2015; Zhou et al., 2017). We could further
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investigate whether it rescues autophagy and lysosomal clearance dysfunction and a-synuclein
accumulation as well. Indeed, Mdivil treatment has been shown to rescue the DA neuronal
degeneration in rat model carrying the p.D620N mutation in VPS35 (Wang et al., 2015) and in
rat model carrying the p.A53T mutation in SNCA (Bido et al., 2017). Furthermore, Mdivil has
been demonstrated to be beneficial in AD transgenic mice models where it rescued
mitochondrial impairment but also decreased (3-amyloid deposition in the brain and improved

learning and memory capacity (Baek et al., 2017).

On the other hand, we could treat the iPSC-derived DA neurons from the patient carrying
p.D620N mutation, with the retromer chaperone used in AD transgenic models to stabilise and
increase the retromer complex (Mecozzi et al., 2014). It would be interesting to see whether it
rescues the mitochondrial impairment, lysosomal clearance dysfunction and a-synuclein

accumulation observed in the patient-derived neurons carrying the p.D620N mutation.

Moreover, the cellular phenotypes observed in iPSC-derived neurons from patient carrying the
p.D620N mutation in VPS35 are similar to those seen in idiopathic PD cases. Also, the clinical
phenotype is indistinguishable from idiopathic PD. Therefore, Mdivil and retromer chaperone

treatments could be tested as well on iPSC-derived neurons from sporadic PD patients.
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6. Appendices

6.1. Preliminary phenotyping in patient-derived fibroblasts
Mitochondrial impairment has previously been showed in primary neuronal cultures and cell
lines either overexpression p.D620N mutant or downregulating VPS35, as well as in patient-
derived fibroblasts, reviewed in (Larsen et al., 2018). Indeed, mitochondrial network was found
to be fragmented and display a decreased MMP. Here, we investigated whether these findings
could be replicated those results in our patient-derived fibroblasts.

Mitochondrial morphology was assessed by live cell imaging using MMP independent
Mitotracker TM deep red (Thermo Fisher Scientific). Fibroblasts were cultured in DMEM
supplemented with 1% Pen/Strep only for 4 hrs prior to the acquisition in a humidified chamber
at 37°C and 5% CO,. Z-stack images were acquired to allow a 3D analysis of mitochondrial
network. Mitochondrial morphology was analysed with the same automated Matlab script used
in the manuscript Il, developed in house by Paul Antony. Briefly, a difference of Gaussian of
convoluted foreground and background images was used for detecting all mitochondria in the
field. Previews of mitochondrial mask of each image was saved as an image and all previews

were checked by eye for quality control.
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Figure S1: Patient fibroblasts have depolarised mitochondria with no morphological
change. (A) Live cell imaging show mitochondrial labelled with Mitotracker Red, MMP
independent. Mitochondrial size (B), average links per mitochondrion (C) and average nodes
per mitochondrion (D) were calculated from four independent passages of Control 1 and patient
VPS35 fibroblasts grown in DMEM + 1% Pen/Strep only for 4 hrs. (E) Mitochondrial membrane
potential measured by TMRE mean fluorescence intensity from four independent passages of
Control 1, Control 2 and VPS35 fibroblasts grown in DMEM + 1% Pen/Strep only for 4 hrs with
or without 250 nM of Valinomycin. All statistical tests were Mann-Whitney tests to compare
groups and One-way Anova followed by Sidak’s multiple comparisons tests to compare groups
and conditions. Error bars show standard deviation and ns p>0.05; * p< 0.05; *** p<0.001.

The parameters (Table S1) of each image were automatically calculated with the script and

data was plotted and analysed using GraphPad Prism.
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Table S1: Calculated parameters of automated mitochondrial network analysis (adapted from
(Baumuratov et al., 2016)).

Parameter Definition Pictogram

Mitochondrial size | Mitochondrial total surface by mitochondrial

count

Average Nodes per | Average number of nodes (branchpoint +
mitochondrion endpoint) per mitochondrium

Average Links per | Average number of links per mitochondrion
mitochondrion

We found no difference in mitochondrial size between patient-derived fibroblasts and control
in baseline conditions (Fig. S1B). Furthermore, mitochondrial network was also shown to be
unchanged with no differences in the average number of nodes and links per mitochondrion
(Fig. S1C, D).

MMP was measured using TMRE (Thermo Fisher Scientific) staining, normalised to
mitochondrial mass with MMP-independent Mitotracker TM Green (Thermo Fisher Scientific)
by flow cytometry. Fibroblasts were grown in DMEM supplemented with 1% Pen/Strep only
during 4 hrs with or without 250 nM Valinomycin treatment, which serves as positive control.
200 000 fibroblasts were stained and the mean TMRE fluorescence intensity was measured in
10 000 living fibroblasts (DAPI negative). The mean TMRE fluorescence intensity was

normalised to the mean Mitotracker Green intensity representing mitochondrial mass.

Here, we found that patient-derived fibroblasts had significantly decreased MMP compared to
age- and gender-matched healthy controls (Fig. S1E).

6.2. Preliminary phenotyping in patient-derived smNPCs
We used smNPCs for further analysis of phenotypic differences between the patient-derived
cells and controls. Indeed, smNPCs have many advantages as they are mitotic cells that can

be grown in high quantities and fast. Although it is a progenitor cell, sSmNPCs are already

103



specified toward a neuronal lineage, which is a more disease-specific model than dermal
fibroblasts. All of this make smNPCs a good model for high throughput PD modelling.

First, we wanted to see whether the mitochondrial phenotype seen in dermal fibroblasts could
be replicated in smNPCs. We did not analyse mitochondrial morphology as smNPCs have very
little cytoplasm. Still, we measured MMP using TMRE (Thermo Fisher Scientific) staining,
normalised to mitochondrial mass with MMP-independent Mitotracker TM Green (Thermo
Fisher Scientific) by flow cytometry. smNPCs were grown in smNPC N2 medium, without
antioxidants for 4 hrs prior to the experiment treated with or without 20 nM of Valinomycin
(positive control). 200 000 smNPCs were stained and the mean TMRE fluorescence intensity
was measured in 10 000 living smNPCs (DAPI negative). The mean TMRE fluorescence
intensity was normalised to the mean Mitotracker Green intensity representing mitochondrial

mass.
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Figure S2: Patient-derived smNPCs display no difference in MMP, mitochondrial mass
and a-synuclein level but impaired autophagic flux. (A) Mitochondrial membrane potential
measured by TMRE mean fluorescence intensity from two independent passages of Control 1
and 2 and VPS351_1and 1 2 smNPCs grown in smNPC N2 medium for 4 hrs with or without
20 nM of Valinomycin. (B, C) Western blot analysis of TOM20 (A), VDAC (B) and B-actin
(loading control) from three independent passages of control (Control 1 and 2) and VPS35
D620N mutant (VPS35 clones 1_1 and 1_2) smNPCs under basal culture condition. (D)
Western blot analysis of p62 and B-actin (loading control) from four independent passages of
control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1 and 1_2) smNPCs
under basal culture condition and Bafilomycin Al (BafAl) 20 nM treatment for 24 hrs. (E)
Western blot analysis of a-synuclein (a-syn) and B-actin (loading control) from four independent
passages of control (Control 1 and 2) and VPS35 D620N mutant (VPS35 clones 1_1and 1_2)
smNPCs under basal culture condition. All statistical tests were Mann-Whitney tests to
compare groups and One-way Anova followed by Sidak’s multiple comparisons tests to
compare groups and conditions. Error bars show standard deviation and ns p>0.05; * p< 0.05.
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We found that upon Valinomycin treatment, MMP decreased, as expected in both controls and
patient-derived smNPCs (Fig. S2A). No difference was measured between controls and
patient-derived smNPCs. Mitochondrial mass, measured by TOM20 and VDACL1 protein level,

was also found to be unchanged between patient and controls smNPCs (Fig. S2B and C).

The link between the retromer and macroautophagy has been found by the sorting of ATG9,
an important protein for the induction of autophagy (Popovic and Dikic, 2014). Additionally, in
cells overexpressing the mutant VPS35 p.D620N, ATGY9 was missorted which leads to
impaired autophagy (Zavodszky et al., 2014). Here, we measured the steady state level of the
autophagy protein p62 (Fig. S2D) which was not different between patient and controls. We
treated the smNPCs for 24 hrs with 20 nM Bafilomycin Al to block the fusion between
autophagosome and lysosome and measured the level of p62. p62 accumulated in controls
smNPCs after Bafilomycin Al treatment, however did not accumulate in the patient SmNPCs.
This shows that patient-derived smNPCs display an impaired autophagic flux.
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