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Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disease and its pathogenic mechanisms are poorly
understood. The majority of PD cases are sporadic but a number of genes are associated with familial PD. Sporadic and familial
PD have many molecular and cellular features in common, suggesting some shared pathogenic mechanisms. Induced pluripotent
stem cells (iPSCs) have been derived from patients harboring a range of different mutations of PD-associated genes. PD patient-
derived iPSCs have been differentiated into relevant cell types, in particular dopaminergic neurons and used as a model to study
PD. In this review, we describe how iPSCs have been used to improve our understanding of the pathogenesis of PD. We describe
what cellular and molecular phenotypes have been observed in neurons derived from iPSCs harboring known PD-associated

mutations and what common pathways may be involved.
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Introduction

Although Parkinson’s disease (PD) was first described two cen-
turies ago, our understanding of this disease is continually evolv-
ing. PD is an age-dependent complex neurodegenerative disor-
der. Clinical symptoms include classical motor abnormalities,
such as resting tremor, bradykinesia and rigidity in addition to
a wide range of non-motor symptoms (Trinh and Farrer 2013).
PD is characterized by preferential loss of dopaminergic (DA)
neurons in the substantia nigra pars compacta (SNpc) and the
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gold standard for diagnosis is the presence of Lewy body aggre-
gates of o-synuclein (a-syn). At the cellular level, pathological
mechanisms involve mitochondrial and lysosomal abnormali-
ties, aberrant protein accumulation and dysfunctional clearance
pathways, endoplasmic reticulum (ER) stress, increased oxida-
tive stress, neuroinflammation and glial cell activation and pos-
sible involvement of apoptotic components (Levy et al. 2009).
Most PD cases are sporadic, likely the result of a complex inter-
play between genetic susceptibility and environmental risk fac-
tors (Trinh and Farrer 2013). Approximately 10-20% of patients
have a family history of PD (Schulte and Gasser 2011). Some
PD-associated genes [e.g., &-synuclein (SNCA) and leucine-rich
repeat kinase 2 (LRRK?2)] cause autosomal dominant PD. Others
[e.g., phosphatase and tensin homolog (PTEN)-induced novel
kinase 1 (PINK1), parkin (PARK?2) and parkinsonism-
associated deglycase (DJ-1)] cause autosomal recessive PD.
Mutations in the gene for 3-glucocerebrosidase (GBA1) are an
important risk factor for developing PD. Although the pene-
trance is relatively low, the high frequency of GBA1 mutations
in the general population means that GBA1 mutations are re-
sponsible for more cases of PD than any other known genetic
mutation. The prevalence of PD increases with age, with an
estimated 1% of the population over the age of 65 years and
4-5% of the population over the age of 85 years affected
(Trinh and Farrer 2013).

More accurate and predictive disease models are needed
to understand the molecular pathways of PD and to
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develop effective treatment strategies. A decade ago,
Yamanaka and colleagues made the groundbreaking dis-
covery that adult somatic cells can be reprogrammed to
generate induced pluripotent stem cells (iPSCs) by forced
expression of several transcription factors, known as
“Yamanaka factors” (Takahashi and Yamanaka 2006;
Takahashi et al. 2007). Multiple strategies for
reprogramming have been developed, each with advan-
tages and disadvantages. Choosing one reprogramming
method over another is usually dependent on multiple fac-
tors such as the nature of application (basic or clinical) and
the efficiency and quality of reprogrammed cells
(Gonzalez et al. 2011; Malik and Rao 2013). Like embry-
onic stem cells, iPSCs have the capacity to be differentiat-
ed into almost any cell type. Fibroblasts and other somatic
cells can be taken from a human patient, reprogrammed
into iPSCs and differentiated into disease-relevant cell
types, such as iPSC-derived neurons (ips-neurons), iPSC-
derived DA (ips-DA) neurons, or iPSC-derived cortical
neurons (ips-cortical). iPSCs offer the exciting potential
to develop scalable, screenable models of disease in vitro
using human disease-relevant cell types with patient-
specific genetic backgrounds but without resorting to some
of the non-physiological manipulations associated with the
production of conventional transformed cell lines. This
technology can be used for researching pathogenic disease
mechanisms, high-throughput drug screening and thera-
peutics (Haston and Finkbeiner 2016).

In this review, we describe how iPSC-based models have
been used to advance our understanding of the molecular and
cellular pathogenesis of PD. We detail the results of studies
using iPSC-based models derived from patients with several
common forms of familial PD and explain some of the most
commonly observed cellular abnormalities. We point out
some recurring phenotypes that are shared among multiple
forms of familial and sporadic PD ips-neurons, then discuss
how they may relate to one another in overlapping pathways
that converge, leading to neurodegeneration.

a-Synuclein

«-Syn, a member of the synuclein family, is a 14 kDa
protein encoded by the SNCA gene. Although its function
is not well understood, x-syn is associated with neuropro-
tective, synaptic and neuronal differentiation processes
(Emamzadeh 2016). A pathological hallmark of PD is
the presence of Lewy bodies, whose main component is
a-syn (Spillantini et al. 1997). Mutations in SNCA, in-
cluding rare missense mutations (e.g., A53T, A30P, E46K,
H50Q, G51D, AS3E), as well as multiplication mutations
that result in increased dosage of wild-type (WT) «-syn,
cause autosomal dominant PD (Xu and Pu 2016).
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Synapse formation and function x-Syn is enriched at presyn-
aptic terminals and binds with lipids to modulate several syn-
aptic functions, including promoting SNARE complex assem-
bly and regulating neurotransmitter and synaptic vesicle re-
lease (Burré 2015). Downregulated mRNA expression in
genes related to synapse formation and axon maintenance
was observed in ips-DA neurons with A53T mutation.
Impaired synapse formation in addition to «-syn and Tau-
positive varicosities in axons preceding neurite degeneration
were observed in A53T ips-DA neurons and reversed by small
molecules specifically targeting x-syn (Kouroupi et al. 2017).

a-Syn aggregation mechanisms Under normal physiological
conditions, x-syn is flexible and adopts multiple conforma-
tions, partly influenced by cellular stress pathways (Lashuel
et al. 2013). The prevailing view is that synuclein is an intrin-
sically disordered protein whose conformation is determined
largely by the different protein and lipid partners with which
synuclein can form a complex (Uversky et al. 2008; Toth et al.
2014; Theillet et al. 2016). By contrast, Dettmer and col-
leagues developed a method to detect endogenous conforma-
tions of &-syn in intact brain tissue samples and reported ob-
serving «-syn tetramers (60 kDa) and monomers (14 kDa) in
healthy samples. Ips-neurons with AS3T SNCA had signifi-
cantly lower ratios of a-syn60kDa:x-syn14kDa than isogenic
controls, implicating a role of «-syn mutations in destabilizing
the equilibrium between o-syn tetramers and monomers as a
pathogenic mechanism in neurodegeneration (Dettmer et al.
2015).

Endosomal protein trafficking WT and mutant forms of -syn
affect several components of the vesicular pathway, particu-
larly the early secretory pathway involving ER-Golgi trans-
port (Wang and Hay 2015). ER accumulation of lysosomal
enzyme [3-glucocerebrosidase (GCase) and glycoprotein
nicastrin was observed in A53T SNCA ips-neurons. This phe-
notype was reversed by overexpressing Synoviolin (SYVN1),
an E3 ubiqutin—protein ligase involved in ER-associated pro-
tein degradation, or by activating or overexpressing neuronal
precursor cell-expressed developmentally down-regulated
gene 4 (Nedd4), also an E3 ubiquitin ligase (Chung et al.
2013). Interestingly, overexpression of SYVNI in rat primary
neurons reduced «-syn-induced toxicity (Chung et al. 2013)
and overexpression of Nedd4 has been shown to facilitate
degradation of «-syn through the endosomal-lysosomal path-
way in mammalian cell lines (Tofaris et al. 2011). A similar
maturation defect in lysosomal GCase as a result of disrupted
ER-Golgi trafficking was observed in ips-DA neurons with
overexpressed WT o-syn as well as ips-DA neurons with
SNCA triplication. This was associated with increased stabi-
lization of «-syn oligomers and lysosomal impairment,
resulting in further disruption of ER-Golgi GCase trafficking
(Mazzulli et al. 2011, 2016a). Overexpression of Rabla, a
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regulator of ER-Golgi traffic, reversed «-syn-induced lyso-
somal phenotypes and neuronal death in ips-DA neurons with
SNCA triplication, confirming the pathogenic effects of x-syn
on early steps in the secretory pathway (Mazzulli et al. 2016a).

Oxidative stress Several pathways in PD, including DA me-
tabolism, protein degradation pathways and neuroinflamma-
tion, are associated with increased oxidative stress as a poten-
tial mechanism for neurodegeneration (Blesa et al. 2015).
Under pathological conditions, WT and mutant «-syn modu-
late oxidative stress through mitochondrial dysfunction, lead-
ing to cellular damage (Subramaniam and Chesselet 2013).
iPSC-based models of both «-syn missense and multiplication
mutations show an increased sensitivity to oxidative stressors.
Ips-DA neurons harboring the A53T SNCA mutation have
reduced relative mitochondrial respiration and increased sen-
sitivity to apoptosis in the presence of mitochondrial toxins
(Ryan et al. 2013). Ips-DA neurons from PD patients with
SNCA triplication have increased expression of oxidative
stress-related genes and are more vulnerable to neurodegener-
ation with exposure to oxidative stress (Byers et al. 2011).
Higher basal reactive oxygen species (ROS) levels were ob-
served in older ips-cortical neurons with SNCA triplication.
The addition of x-syn oligomers increases ROS levels in ips-
cortical neurons, with the levels being much higher with
SNCA triplication (Deas et al. 2016). Associated with oxida-
tive stress, nitrosative stress is also implicated in PD
(Ischiropoulos and Beckman 2003). «-Syn is nitrated in pa-
tient brains with the A53T mutation (Good et al., 1998), as
well as synucleinopathy brain lesions (Giasson et al. 2000)
and induces neurodegeneration (Yu et al. 2010; Liu et al.
2011). AS3T SNCA increases cytoplasmic nitrotyrosine stain-
ing and nitric oxide (NO) levels in ips-cortical neurons,
resulting in ER stress (Chung et al. 2013). A similar increase
in NO levels occurs in A5S3T SNCA ips-DA neurons, which
are further increased by exposure to mitochondrial toxins.
This increase in nitrosative stress results in higher levels of
S-nitrosylated (SNO) forms of myocyte enhancer factor 2C
(MEF2C), leading to decreased expression of peroxisome
proliferator-activated receptor-y coactivator-1x (PGClx), a
regulator of mitochondrial bioenergetics, in A53T SNCA
ips-DA neurons. Interestingly, mitochondrial toxins also in-
crease SNO-MEF2C levels and decrease PGC1 o expression
in healthy ips-DA neurons, indicating that both A53T SNCA
and pesticides cause similar nitrosative stress-induced pheno-
types. Under basal conditions, apoptosis was unaltered in
AS53T SNCA ips-DA neurons; however, exposure to mito-
chondrial toxins caused a significant increase in neuron death
in AS3T SNCA ips-DA neurons. Nitrosative-stress-induced
neuron death was rescued by overexpression of non-
nitrosylatable MEF2C or a combination of NO synthesis in-
hibition with MEF2C overexpression, demonstrating that
AS53T SNCA provides a genetic susceptibility to nitrosative

stress-induced neurodegeneration in the presence of environ-
mental toxins (Ryan et al. 2013).

Leucine-rich repeat kinase 2

LRRK?2 is a 285 kDa multidomain protein involved in a vari-
ety of cellular pathways. Dominant pathogenic mutations oc-
cur in several core domains of LRRK2, including G2019S and
12020T in the kinase domain, R1441G, R1441C, R1441H and
N1437H in the GTPase domain and Y1699C in the carboxy-
terminal of Roc (COR) domain that links the kinase and
GTPase domains (Cookson 2010; Gomez-Suaga et al.
2014). Additionally, LRRK2 mutations are linked to sporadic
PD (Schulte and Gasser 2011). The G2019S LRRK?2 mutation
is the most common known cause of familial PD, contributing
to 2—7% of genetic cases and is also observed in 1% of spo-
radic PD cases (Schulte and Gasser 2011). The G2019S mu-
tation results in an increase in kinase activity, and multiple
other mutations reduce GTPase activity two molecular func-
tions that may be related (Rudenko and Cookson 2014).

Survival PD is characterized by the degeneration of DA neu-
rons in the substantia nigra (Trinh and Farrer 2013).
Longitudinal imaging of individual neurons shows that
G2019S ips-DA neurons have reduced survival, a phenotype
also observed in rat midbrain and cortical neurons overex-
pressing G2019S and Y1699C LRRK2 (Skibinski et al.
2014). An increase in basal levels of apoptosis in G2019S
and 12020T ips-DA neurons has also been observed
(Sanchez-Danés et al. 2012; Reinhardt et al. 2013; Ohta
et al. 2015; Lin et al. 2016). This increase in apoptosis in
G2019S ips-DA neurons is especially apparent in the presence
of mitochondrial and proteasomal toxins, described in more
detail below.

Neurites Neurite defects due to the LRRK2 G2019S mu-
tation or other pathogenic LRRK2 mutations occur in
multiple models, including rodent neurons and neuroblas-
toma cell lines (MacLeod et al. 2006; Plowey et al. 2008;
Ramonet et al. 2011; Winner et al. 2011) and dystrophic
Lewy neurites and axonal degeneration are found in PD
(Bellucci et al. 2016). As such, ips-DA neurons harboring
the LRRK2 G2019S mutation have reduced neurite length
and outgrowth (Sanchez-Danés et al. 2012; Reinhardt
et al. 2013; Su and Qi 2013; Borgs et al. 2016; Lin
et al. 2016). The G2019S mutation also leads to a reduc-
tion in neurite branching in mature ips-DA neurons
(Sanchez-Danés et al. 2012), although neurite complexity
is increased in early-stage ips-DA neuron cultures (Borgs
et al. 2016), perhaps suggesting a developmental stage-
dependent phenotype.
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Cytoskeleton An interaction between LRRK2 and cytoskele-
tal components may be important for maintaining normal
neurite morphology (Parisiadou et al. 2009; Kawakami et al.
2012). Tau pathology is found in some LRRK2 PD patients
(Martin et al. 2014). LRRK?2 interacts with and phosphory-
lates the cytoskeletal components Tau and tubulin and patho-
genic LRRK2 mutations can lead to hyperphosphorylation of
these proteins (Gillardon 2009; Kawakami et al. 2012).
LRRK2 alters the filopodia cytoskeletal structure and pro-
motes phosphorylation of the cytoskeleton-associated Ezrin/
Radixin/Moesin (ERM) proteins, a process disrupted by the
G2019S mutation, possibly representing a mechanism by
which G2019S LRRK2 reduces neurite outgrowth
(Parisiadou et al. 2009). G2019S and 12020T ips-neurons dis-
play increased expression and phosphorylation levels of Tau
and G2019S ips-DA neurons show misregulation of the
microtubule-associated protein 7 (MAP7) (Reinhardt et al.
2013; Ohta et al. 2015). In PD patient iPSC-derived sensory
neurons harboring the LRRK2 G2019S mutation, cytoskeletal
aggregates composed of BIII tubulin, microtubule-associated
protein 2 (MAP2), the intermediate filament protein
peripherin and sometimes Tau occur in neurites, a phenotype
that is partially rescued by LRRK2 kinase inhibition.
However, neurite cytoskeletal aggregates were not observed
in G2019S ips-DA neurons (Schwab and Ebert 2015). The
importance of the interaction between LRRK2 and cytoskel-
etal components and the impact of this interaction on neuronal
morphology in ips-DA neurons have yet to be fully
understood.

a-Syn accumulation An increase in «-syn levels is commonly
seen in G2019S LRRK2 ips-DA neurons (Nguyen et al. 2011;
Sanchez-Danés et al. 2012; Reinhardt et al. 2013; Skibinski
etal. 2014; Lopez de Maturana et al. 2016) but not in R1441G
or 12020T ips-DA neurons (Ohta et al. 2015; Lopez de
Maturana et al. 2016), consistent with the observation that
Lewy body pathology is usually present in G2019S but less
frequently in R1441C, Y1699C, or 12020T patients (Martin
et al. 2014). Interestingly, reducing «-syn levels rescues
G2019S-mediated toxicity in ips-DA neurons and Y1699C-
and G2019S-mediated toxicity in primary rat cortical neurons
(Skibinski et al. 2014), suggesting that x-syn may be required
for LRRK2-mediated toxicity.

Autophagy and endocytic sorting Altered autophagy plays a
role in the pathogenesis of PD and pathogenic LRRK?2 con-
tributes to the autophagy defect (Wang et al. 2016). At post-
mortem, human brains from PD patients show an accumula-
tion of autophagosomes and a reduction in lysosomes
(Anglade et al. 1997; Chu et al. 2009; Dehay et al. 2010).
An accumulation of autophagosomes is observed in LRRK2
12020T ips-DA neurons (Ohta et al. 2015). In LRRK2
G2019S or sporadic ips-DA neurons, an accumulation of
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autophagosomes due to impaired autophagosome maturation
and clearance occurs (Sanchez-Danés et al. 2012; Reinhardt
et al. 2013) and autophagy genes are upregulated in early-
stage G2019S ips-DA neurons (Borgs et al. 2016).
Interestingly, studies in ips-DA neurons and differentiated
neuroblastoma cells indicate that these defects in autophagy
might contribute to the abnormal neurite morphology ob-
served with the LRRK2 G2019S mutation (Plowey et al.
2008; Sanchez-Danés et al. 2012). Besides impacting
macroautophagy, LRRK2 pathogenic mutations may also dis-
rupt chaperone-mediated autophagy (CMA). One study sug-
gested that LRRK?2 itself may also be degraded by CMA, a
process disrupted by pathogenic LRRK2 mutations. This
LRRK2-induced disruption of CMA may in turn lead to the
accumulation of CMA substrates, including o-syn, perhaps
contributing to the pathogenicity in PD (Orenstein et al. 2013).

Rab GTPases, which play important roles in endocytic
sorting, may be linked to PD pathogenesis. LRRK2 interacts
with several Rab GTPases, which might help localize LRRK?2
to various intracellular membranes and vesicular compart-
ments (Madero-Pérez et al. 2017). LRRK?2 directly phosphor-
ylates several Rab GTPases and pathogenic LRRK2 muta-
tions increase the phosphorylation of these substrates (Steger
etal. 2016). Reducing levels of Rab7L1 causes lysosomal and
Golgi apparatus abnormalities and DA neuron degeneration,
similar to that observed with the LRRK2 G2019S mutation,
while overexpression of Rab71L rescues these LRRK2
G2019S-induced defects (MacLeod et al. 2013), suggesting
that pathogenic LRRK2 mediates endolysosomal abnormali-
ties through a shared pathway with Rab71L. LRRK2 forms a
complex with Rab7L1 in the trans-Golgi network (TGN),
where it promotes Golgi-derived vesicle clearance through
the autophagy-lysosome pathway (Beilina et al. 2014).
LRRK2 regulates a number of other endolysosomal and ve-
sicular pathways by modulating Rab GTPases, including ly-
sosomal positioning, trafficking from early to late endosomes
and autophagosome degradation (Esteves and Cardoso 2017,
Shi et al. 2017). Further studies are needed to fully understand
the mechanistic link between LRRK?2, Rabs and endocytic
sorting defects and whether these relationships are regulated
similarly in PD ips-neurons.

Mitochondrial abnormalities Mitochondrial dysfunction and
oxidative stress likely contribute to the pathogenesis of PD
(Zuo and Motherwell 2013). Oxidative damage is found
post-mortem in PD brains (Dexter et al. 1994; Yoritaka et al.
1996; Alam et al. 1997). Substantia nigra neurons of patients
with early-stage PD have increased numbers of mitochondrial
DNA (mtDNA) mutations (Lin et al. 2012). Similarly, ips-
neurons with G2019S or R1441C LRRK2 mutations have
increased levels of mtDNA damage (Sanders et al. 2014).
Morphological and functional mitochondrial abnormalities
have been observed in LRRK2 G2019S or R1441C ips-
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neurons, including increased mitochondrial fragmentation, re-
duced basal oxygen consumption rate, reduced ATP levels,
reduced mitochondrial membrane potential and increased mi-
tochondrial reactive oxygen species (ROS) (Cooper et al.
2012; Su and Qi 2013; Hsieh et al. 2016). Oxidative damage
occurs in 12020T LRRK2 ips-neurons (Ohta et al. 2015).
Intriguingly, G2019S ips-DA neurons exhibit impaired
mitophagy due to delayed removal of mitochondrial rho
GTPase (Miro), an outer mitochondrial membrane protein that
tethers mitochondria to microtubule motor proteins (Hsich
et al. 2016). WT but not G2019S LRRK2 interacts with
Miro and is recruited to damaged mitochondria, suggesting a
mechanism by which the G2019S mutation could impair
mitophagy (Hsieh et al. 2016).

Sensitivity to mitochondrial and proteasomal toxins G2019S
and 12020T LRRK2 ips-DA neurons show an increased sus-
ceptibility to death by oxidative stressors and mitochondrial
toxins, such as H,O,, 6-hydroxydopamine (6-OHDA) and
rotenone, as well as the proteasome inhibitor MG-132
(Nguyen et al. 2011; Reinhardt et al. 2013; Ohta et al. 2015)
and upregulation of several oxidative response pathway genes
(Nguyen et al. 2011). Interestingly, the toxin 6-OHDA reduces
neurite length more in G2019S LRRK2 ips-DA neurons than
in controls (Lin et al. 2016), perhaps suggesting a relationship
between the sensitivity to oxidative stress and altered neurite
morphology phenotypes observed in G2019S ips-DA
neurons.

PINK1 and parkin

PINK is a mitochondrial kinase that plays a role in maintain-
ing mitochondrial health. Parkin, an E3-ubiquitin protein li-
gase, promotes ubiquitination of a variety of substrates and
targets them for degradation by the proteasome or lysosome
(Dawson and Dawson 2010). Loss of mitochondrial mem-
brane potential leads to the accumulation of PINK1 on the
outer mitochondrial membrane. Active PINK1 phosphory-
lates both parkin and ubiquitin (Ub) conjugates, which acti-
vate parkin and promote its translocation to damaged mito-
chondria, where it ubiquitinates various mitochondrial sub-
strates. This initiates a feed-forward loop of sequential rounds
of parkin-mediated ubiquitination, PINK 1 phosphorylation of
parkin and Ub conjugates and further parkin recruitment to
mitochondria. Thus, PINK1 and parkin function together to
detect damaged mitochondria and target them for degradation
(Durcan and Fon 2015). Mutations in PINK 1 and parkin lead
to an autosomal recessive early-onset form of PD (Kitada et al.
1998; Hatano et al. 2004; Valente et al. 2004). A large number
of PD-associated mutations in PINK1 and parkin have been
found, including missense, nonsense, insertions and deletions
(indels) and single or multiple exon copy number variants.

The majority of these mutations result in a loss of function
of PINK1 and parkin (Nuytemans et al. 2010).

Survival and neurite degeneration As in sporadic PD and
other familial forms of PD, patients with mutations in
PINK or parkin exhibit neuronal death in the substantia nigra
(Farrer 2006; Samaranch et al. 2010; Steele et al. 2015;
Takanashi et al. 2016). Attempts to model this phenotype in
mice have largely been unsuccessful, as PINK1 knockout
(KO) and parkin KO mice do not show death of DA neurons
in the substantia nigra (Dawson et al. 2010). Similarly, ips-DA
neurons from patients harboring loss-of-function mutations in
PINK1 or parkin do not show increased cell death under nor-
mal culture conditions (Miller et al. 2013; Chang et al. 2016).
Miller and colleagues suggested that a cell death phenotype
could be age-dependent, as neuronal death and the onset of PD
symptoms are not observed early in life. In support of this
idea, they demonstrated that increased cell death in ips-DA
neurons with PINK1 or parkin mutations was not present un-
der normal culture conditions but become observable by over-
expression of progerin, which is intended to accelerate cellular
aging (Miller et al. 2013). Cell death in PINKI1 or parkin
mutant ips-DA neurons is increased in response to proteasome
inhibition, mitochondrial toxins, or oxidative stressors
(Cooper et al. 2012; Chang et al. 2016; Chung et al. 2016;
Suzuki et al. 2017). A reduction of neurite length and com-
plexity occurs in parkin ips-DA and tyrosine hydroxylase
(TH)-negative ips-neurons under normal culture conditions,
which is rescued by overexpression of WT parkin (Ren et al.
2015). However, others have only observed this phenotype in
parkin or PINK1 ips-DA neurons in the presence of toxins
(Miller et al. 2013; Lin et al. 2016). This suggests that
PINK1 and parkin mutations confer a genetic susceptibility
but additional genetic and/or environmental insults, such as
proteasome inhibition, oxidative stress, or aging, may be re-
quired for a survival or neurite deficit in ips-DA neurons or in
patients.

a-Syn accumulation Most parkin PD patients do not display
Lewy body pathology but some do (Pramstaller et al. 2005).
One of three post-mortem studies performed on PD patients
with PINK1 mutations revealed Lewy body pathology
(Samaranch et al. 2010; Steele et al. 2015; Takanashi et al.
2016). Consistent with this, some studies did not observe al-
tered levels of «-syn in ips-DA neurons from PD patients with
PINK or parkin mutations (Imaizumi et al. 2012; Jiang et al.
2012) but others did see an increase in «-syn levels (Imaizumi
et al. 2012; Chang et al. 2016; Chung et al. 2016). x-Syn
accumulation is rescued by overexpressing WT PINK1 or
parkin, showing that this phenotype is due to loss of function
of these proteins (Chang et al. 2016; Chung et al. 2016).
Imaizumi and colleagues found an accumulation of x-syn in
ips-DA neurons from one patient with a deletion mutation in

@ Springer



66

Cell Tissue Res (2018) 373:61-77

PARK?2 but not in ips-DA neurons from a different patient
with a different PARK2 deletion mutation. Interestingly, «-
syn accumulation was also observed in the post-mortem brain
of a patient whose ips-DA neurons showed «-syn accumula-
tion, suggesting that ips-DA neuron phenotypes correlate with
the patient phenotypes in this measure (Imaizumi et al. 2012).
Parkin mutant ips-DA neurons show reduced proteasome ac-
tivity, which is rescued by overexpression of WT parkin
(Chang et al. 2016). Mutation of parkin also results in in-
creased sensitivity to the proteasome inhibitor MG-132 in
ips-DA neurons (Chang et al. 2016). Although the mechanism
is unclear, both the ubiquitin-proteasome system and autoph-
agy are implicated in the degradation of «-syn (Xilouri et al.
2013). Interestingly, parkin colocalizes with x-syn in Lewy
bodies (Schlossmacher et al. 2002) and promotes its
ubiquitination (Shimura et al. 2001). This functional relation-
ship between the two proteins suggests the possibility that WT
parkin promotes the formation of Lewy bodies, a process dis-
turbed in parkin PD, explaining why Lewy body pathology is
not present in most cases. Alternatively, loss of parkin func-
tion may lead to accumulation of non-ubiquitinated «-syn in
parkin PD patients. The role of parkin localization to Lewy
bodies and ubiquitination of «-syn in the pathology of PD is
still not fully understood.

Mitochondria abnormalities With the role of PINK1 and
parkin in mitophagy, it is not surprising that abnormal mito-
chondrial morphology and function are observed in ips-DA
neurons from PD patients with mutations in these genes.
Morphologically abnormal enlarged mitochondria and in-
creased mitochondrial superoxide levels are seen in ips-DA
neurons from patients harboring mutations in either gene
(Chung et al. 2016). Interestingly, in contrast to this study,
reduced mitochondria volume in ips-DA neurons with
PARK?2 mutations has also been observed (Shaltouki et al.
2015). ips-DA neurons with parkin mutations display in-
creased oxidative stress and ROS and impaired mitophagy
(Imaizumi et al. 2012; Suzuki et al. 2017). In non-neuronal
cells, PINK1 recruits parkin to damaged mitochondria and
targets them for degradation by mitophagy and mutations of
either protein disrupt this process (Narendra et al. 2008, 2010;
Rakovic et al. 2010; Vives-Bauza et al. 2010). Consistent with
this, PINK1 mutations in ips-DA neurons lead to impaired
recruitment of parkin to damaged mitochondria, as well as a
lack of reduction in mtDNA after mitochondria damage, sug-
gesting impaired mitophagy. Both phenotypes are rescued by
overexpressing WT PINK1 (Seibler et al. 2011). However,
two studies did not report mitophagy even in control ips-neu-
rons, perhaps due to variations in the experimental protocol
(Jiang et al. 2012; Rakovic et al. 2013).

Dopamine regulation Parkin also plays a role in DA transmis-
sion. Jiang and colleagues found that spontaneous DA release
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is increased in ips-DA neurons with mutant parkin.
Furthermore, DA uptake decreased due to reduced dopamine
transporter (DAT) binding sites (Jiang et al. 2012). It was
demonstrated that parkin promotes ubiquitination and degra-
dation of misfolded DAT (Jiang et al. 2004), so perhaps the
reduced number of DAT binding sites in parkin ips-DA neu-
rons is due to misfolding of DAT. In contrast, activity-
dependent DA release is unchanged. Monoamine oxidases
MAO-A and MAO-B, which catalyze the oxidative deamina-
tion of DA and increase ROS (Segura-Aguilar et al. 2014),
have elevated expression levels and activity in parkin ips-DA
neurons (Jiang et al. 2012), although a subsequent study ob-
served no difference in expression of these transcripts
(Imaizumi et al. 2012). This altered DA homoeostasis is also
associated with increased DA-induced oxidative stress in
parkin ips-neurons (Jiang et al. 2012). Interestingly, each of
these phenotypes was rescued by overexpressing WT parkin
but not mutant parkin, suggesting that loss of parkin function
is responsible for these altered DA utilization phenotypes
(Jiang et al. 2012). DA also regulates glutamatergic transmis-
sion differently in parkin ips-neurons than in controls. A re-
cent study demonstrated that DA caused delayed enhanced
spontaneous excitatory postsynaptic currents (SEPSC) ampli-
tude and increased quantal content in ips-neurons from pa-
tients with parkin mutations but not in control ips-neurons.
Miniature EPSCs were not affected. Additionally, the specific
activation of D1-class dopamine receptor induced an oscilla-
tory bursting of sSEPSCs only in parkin ips-neurons, an effect
that was reversed by the overexpression of WT parkin (Zhong
et al. 2017). This demonstrates that mutations in parkin per-
turb dopaminergic transmission, as well as dopaminergic reg-
ulation of glutamatergic transmission, perhaps providing a
mechanistic clue to the pathogenesis of PD.

GBA1

An unexpected link between Gaucher’s disease (GD), a rare
inherited lysosomal storage disorder and PD was first discov-
ered by clinicians who observed parkinsonism in GD patients
(Neudorfer et al. 1996; Tayebi et al. 2001; Varkonyi et al.
2003). GD is caused by mutations in the f3-
glucocerebrosidase gene or GBA1, resulting in deficient pro-
duction of lysosomal enzyme GCase and leading to the accu-
mulation of GCase substrates in macrophages (also known as
“Gaucher’s cells) and neurons and impairment in lysosomes
and autophagosomes (Sun and Grabowski 2010; Sidransky
and Lopez 2012). About 300 GBA1 mutations have been
identified, several of which confer a high risk for PD
(Migdalska-Richards and Schapira 2016), with N370S and
L444P being the two most common GBA1 PD mutation sites
(Schapira 2015). The extent to which mutations in GBAI
confer risk of PD through loss-of-function versus gain-of-
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function mechanisms is an area of active investigation
(Futerman and Hardy 2016).

a-Syn accumulation Patients with GBA1 mutations exhibit
Lewy body pathology (Sidransky and Lopez 2012), indicating
possible involvement of «-syn. Loss-of-function GBA1 mu-
tations at N370S or L444P, resulting in reduced GCase levels
and activity, increases levels of «-syn in ips-DA neurons from
both GD and GBA1 PD patients (Mazzulli et al. 2011, 2016b;
Schondorf et al. 2014; Woodard et al. 2014; Aflaki et al.
2016). Additionally, a GBA1 N370S gain-of-function muta-
tion resulting in misfolded GCase elevates extracellular o-syn
levels in ips-DA neurons from GBA1 PD patients (Fernandes
et al. 2016). In primary cortical neurons, GCase knockdown
can enhance o-syn aggregation by augmenting
polymerization-dependent mechanisms, leading to neurotox-
icity. These o-syn aggregates, in turn, affect trafficking of
GCase from ER-Golgi to lysosomes, which affects lysosomal
function and leads to more «-syn aggregation, suggesting a
positive feed-forward relationship between GCase and o«-syn
(Mazzulli et al. 2011).

DA metabolism Some studies have reported alterations in DA
reuptake in brains of GBA1 PD patients, with striking simi-
larities to sporadic PD patient brains (Sidransky and Lopez
2012). It is not known how GBAI mutations directly affect
DA levels; however, DA dysfunction might be a downstream
effect of a-syn accumulation. Loss-of-function GBA1 muta-
tions decrease intracellular levels of DA and DA uptake in ips-
DA neurons from patients with GD and GBA1 PD (Aflaki
et al. 2016). Woodard and colleagues reported irregularity in
DA metabolism in ips-DA neurons from monozygotic twins
with heterozygous GBA1 N370S mutation discordant for PD.
Interestingly, DA levels with upregulated expression of
MAO-B were lower in the GBA1 PD than in a GBAI non-
PD twin. They restored normal DA metabolism in both twins
by treating with an MAO-B inhibitor (rasagiline), while simul-
taneously overexpressing WT GBA1. Only combinatorial
treatment restored normal DA metabolism in both twins,
highlighting the complex interplay between multiple mecha-
nisms, including genetic and non-genetic factors underlying
the relationship between GBA1 mutations, «-syn, DA metab-
olism and onset of PD (Woodard et al. 2014).

Autophagy-lysosomal pathway (ALP) GBA1 mutations have
been associated with dysfunctional lysosomes and autophagy;
it is not surprising that ips-DA neurons derived from GBA1
PD patients with mutations at N370S or L444P have several
ALP defects, such as lysosomal enlargement and
autophagosome accumulation (Mazzulli et al. 2011;
Schondorf et al. 2014; Fernandes et al. 2016), in addition to
impaired lysosomal proteolysis of long-lived proteins such as
o-syn (Mazzulli et al. 2011). A gain-of-function GBA1

N370S mutation also enhanced ER stress as a result of im-
proper processing of GCase by the Golgi due to possible re-
tention in the ER in ips-DA neurons from GBA1 PD patients
(Fernandes et al. 2016).

Ips-neurons derived from iPSC patients
with sporadic PD

The etiology of PD is multifactorial, involving a complex
combination of genetic and environmental factors. Most PD
cases are sporadic. Interestingly, many of the disease-
associated phenotypes observed in ips-DA neurons from PD
patients with familial mutations are also observed in ips-DA
neurons from patients with sporadic PD, indicating that spo-
radic and familial PD patients may share common pathogenic
mechanisms. For example, ips-neurons and ips-DA neurons
from patients with sporadic PD show increased apoptosis,
reduced neurites, impaired autophagy, impaired mitophagy
and irregular DA metabolism (Sanchez-Danés et al. 2012;
Woodard et al. 2014; Hsieh et al. 2016; Lin et al. 2016).
However, accumulation of «-syn and mitochondrial abnor-
malities have not been observed (Sanchez-Danés et al. 2012;
Woodard et al. 2014). Because the causes of sporadic PD are
not fully understood, it is difficult to model.

Immune cells in PD

Neuroinflammation plays a role in multiple neurological dis-
eases, including Parkinson’s disease (Tansey et al. 2007,
Vivekanantham et al. 2015). PD patients show signs of in-
creased immune dysregulation, such as activated microglia
and increased expression of inflammatory signaling molecules
(McGeer et al. 1988; Banati et al. 1998; Hunot et al. 1999;
Gerhard et al. 2006; Duke et al. 2007; Tansey et al. 2007).
Evidence suggests that o-syn promotes the activation of mi-
croglia, which in turn aid in clearing extracellular o-syn and
that perhaps LRRK2 can regulate microglial function
(Sanchez-Guajardo et al. 2015; Schapansky et al. 2015).
Studies have suggested that LRRK2 modulates inflammatory
signaling through the nuclear factor kappa-B (NF-kb) path-
way in microglia, as well as ips-neurons (Kim et al. 2012;
Russo et al. 2015; Lopez de Maturana et al. 2016). While
iPSC technology enables patient-derived cells to be differen-
tiated into disease-relevant cells, such as neurons, the etiology
of PD is complex, involving a variety of cell types, including
immune cells. Protocols to differentiate iPSCs into immune
cells, such as microglia, have been established and incorpora-
tion of these iPSC-derived microglia (ips-microglia) into co-
cultures with neurons or brain organoids shows promise in the
development of a culture system in which the interaction be-
tween these immune cells and neurons can be further studied
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(Muffat et al. 2016; Abud et al. 2017; Douvaras et al. 2017,
Pandya et al. 2017).

Environmental factors in the pathogenesis
of PD

Environmental factors are also important in PD pathology.
Epidemiological data suggest that exposure to pesticides,
such as rotenone, paraquat and maneb, correlates with an
increased risk of developing PD. Treating animals with
these compounds or with other neurotoxins, such as 6-
OHDA, or the illicit drug contaminant 1-methyl-1,2,3,6-
tetrahydropiridine (MPTP), induces PD behavioral symp-
toms, as well as degeneration of dopaminergic neurons
(Moretto and Colosio 2013; Le et al. 2014). Many of
these compounds are inhibitors of complex I of the elec-
tron transport chain in mitochondria and/or oxidative
stressors. Post-mortem brains from PD patients show
signs of oxidative stress and defects in complex I
(Schapira et al. 1990; Hattori et al. 1991; Dexter et al.
1994; Yoritaka et al. 1996; Alam et al. 1997), possibly
indicating that PD and the neurotoxin models of PD share
common pathogenic mechanisms. Sensitivity to neuro-
toxins such as these has been observed in ips-DA neurons
with a variety of different familial mutations (Byers et al.
2011; Nguyen et al. 2011; Cooper et al. 2012; Reinhardt
et al. 2013; Ryan et al. 2013; Ohta et al. 2015; Chang
et al. 2016; Chung et al. 2016; Suzuki et al. 2017), indi-
cating that, while certain toxins may induce PD symp-
toms, genetic susceptibility increases this effect.

Common pathways

Several phenotypes recur in ips-neurons derived from PD
patients with a variety of different familial mutations and
patients with sporadic PD. Mitochondrial abnormalities,
defects in mitophagy and autophagy, sensitivity to oxida-
tive stressors and accumulation of x-syn are some of the
most common phenotypes. Though the exact pathways dif-
fer, all pathogenic mutations likely converge at some point,
ultimately culminating in neurodegeneration (Fig. 1).
Abnormal mitochondrial morphology and function are ob-
served in ips-DA neurons with pathogenic LRRK2, PINK1,
parkin and «-syn mutations (see above). Adding to the insult,
mitophagy is impaired in sporadic as well as LRRK2, PINK 1
and parkin mutant ips-DA neurons (see above), leading to a
buildup of damaged mitochondria. Studies in ips-DA neurons
and other cell types suggest that, upon damage to mitochon-
dria WT LRRK?2, PINK1 and parkin interact with and pro-
mote the degradation of the outer mitochondrial membrane
protein, Miro. This arrests the motility of damaged
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mitochondria, which occurs prior to their clearance by
mitophagy. Pathogenic mutations in these proteins disrupt this
process (Wang et al. 2011; Hsieh et al. 2016). Remarkably,
Miro degradation, mitophagy and recruitment of LRRK?2 and
parkin to damaged mitochondria are disrupted in sporadic PD
fibroblasts. This indicates a shared pathogenic convergence
point at Miro among sporadic and multiple forms of familial
PD. However, overexpression of parkin in LRRK2 mutant
cells does not rescue the impaired mitochondria damage-
induced degradation of Miro. A pathogenic LRRK?2 mutation
does not disrupt parkin recruitment to damaged mitochondria,
nor do pathogenic PINK1 and parkin mutations prevent
LRRK2 recruitment to damaged mitochondria nor its interac-
tion with Miro in fibroblasts. These observations suggest that
LRRK?2 and PINK1/parkin act in separate pathways that con-
verge at Miro (Hsieh et al. 2016).

LRRK?2, PINK, parkin, or ot-syn mutations in ips-neurons
cause a vulnerability to toxins. Many of these neurotoxins
target mitochondria, increase ROS and inflammation and/or
inhibit the proteasome (Bové and Perier 2012), suggesting that
mitochondrial dysfunction, oxidative stress, inflammation and
disrupted proteostasis might be common pathways by which
these toxins induce neurodegeneration in multiple genetic
backgrounds. In fact, PD-derived ips-neurons show defects
in many of these pathways in the absence of toxin exposure.
How certain pathogenic PD mutations confer vulnerability to
toxins is unclear but perhaps the addition of toxins disrupts
key cellular pathways past a certain tolerance, leading from
neuron dysfunction to cell death.

Accumulation of a-syn is common among familial PD
ips-DA neurons. As defects in autophagy are also seen in
LRRK?2, GBA1 and sporadic PD ips-DA neurons (see
above), it is interesting to speculate that autophagy de-
fects might contribute to «-syn accumulation. Indeed,
the ubiquitin—proteasome system (UPS) and ALP are both
implicated in «-syn degradation (Xilouri et al. 2013).
Interestingly, the interaction between o-syn and the ALP
may be bidirectional, as modulating «-syn levels regulates
lysosomal function (Mazzulli et al. 2016a).

Along with other familial mutations, GBA1 mutations
lead to «-syn accumulation, possibly due to these lyso-
somal defects. Glucosylceramide, a GCase substrate that
accumulates in the absence of GCase activity, promotes
the pathogenic oligomerization «-syn (Mazzulli et al.
2011). Pharmacologically increasing GCase activity res-
cues pathological «-syn accumulation in ips-DA neurons
from sporadic, SNCA, GBA1 and PARK9 PD patients
(Aflaki et al. 2016; Mazzulli et al. 2016b), suggesting that
«-syn accumulation may occur through disruption of
GCase activity in PD patients with a range of genetic
backgrounds. Evidence also suggests that the relationship
between GCase and «-syn also works in the opposite
direction. x-syn accumulation disrupts GCase maturation,
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Fig. 1 Cellular pathways disrupted by familial PD mutations in ips-
neurons. iPSC-based models from PD patients from multiple genetic
backgrounds demonstrate several alterations, including a mitochondrial
abnormalities, b reduced mitophagy, ¢ ALP defects and reduced GCase
function, d «-syn accumulation, and e vulnerability to environmental
factors. Pathogenic mutations and pathways contributing to each cellular

reducing its activity in lysosomes, leading to lysosomal
impairment in ips-DA neurons (Mazzulli et al. 2016a).
Together, these studies indicate a bidirectional relation-
ship in which loss of GCase activity leads to pathological
«-syn accumulation that, in turn, disrupts GCase matura-
tion and its activity in lysosomes and promotes further -
syn accumulation.

Defects in autophagy, abnormal mitochondria and reduced
mitochondrial clearance, oxidative stress and altered
proteostasis have emerged as common themes in the patho-
genesis of PD. Diminished GCase activity and ALP function
may promote the accumulation of «-syn. Further studies are
needed to fully understand the mechanistic link between the
multiple pathological abnormalities observed in PD ips-neu-
rons and the pathways that lead to neurodegeneration.

alteration are listed below as bullet points. Reduced ALP GCase function
in (c) contributes to «-syn accumulation (d), which in turn may inhibit
ALP and GCase function, suggesting a bidirectional relationship (f).
Together, these and other cellular abnormalities (g) contribute to
neurodegeneration

Benefits and challenges of using iPSCs
as a model for PD

As PD appears to result from a complex interplay of genetic
and environmental risk factors that are not yet fully under-
stood, modeling PD has been challenging. The major hall-
marks of PD include the preferential degeneration of dopami-
nergic neurons in the substantia nigra and Lewy bodies com-
posed of a-syn. An ideal model is expected to mimic these
principal features of PD. Genetic animal models, in which PD-
associated genes have been altered and neurotoxin-induced
animal models have contributed widely to advances in our
understanding of the molecular and cellular pathogenesis of
PD. However, genetic animal models often do not display
progressive loss of DA neurons or obvious o-syn inclusions
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and although many neurotoxin-induced animal models have
successfully demonstrated DA neuron loss and in some cases
«-syn inclusions, they generally represent an acute model
rather than progressive degeneration (Bezard et al. 2013; Le
et al. 2014). Importantly, clinical studies based on therapies
tested in neurotoxin-based models have not yet yielded a suc-
cessful treatment for PD, calling into question their predictive
value (Dawson et al. 2010; Bezard et al. 2013). Perhaps this is
due to the fact that neurotoxin-induced animal models act
acutely rather than progressively, or because human neurons
are uniquely sensitive or have different cellular mechanisms.
The use of mouse models in preclinical testing has also not
translated into successful clinical trials for a number of other
neurodegenerative disorders, including Alzheimer’s disease,
amyotrophic lateral sclerosis and Huntington’s disease
(Mullane and Williams 2013; Perrin 2014; Haston and
Finkbeiner 2016). Whether there are inherent mouse—human
species-specific differences that are important and contribute
to the failures to translate promising preclinical discoveries
into clinical trial success is unknown. Nevertheless, the need
to develop new models that can faithfully predict results in
humans with neurodegenerative disorders, such as PD, seems
clear.

iPSCs offer several unique benefits as models for PD and
other complex diseases. A major advantage is that they are
human cells, avoiding the potential confounding factor of spe-
cies—specific cellular mechanisms. Furthermore, as human
cells derived from patients, they retain all of the genetic risk
factors. However, to date, only a limited number of PD
patient-derived iPSC lines are in use. To fully model the het-
erogeneity of PD, iPSC lines from a large number of PD
patients harboring mutations in different PD-associated genes,
as well as lines from a range of sporadic PD patients, are
needed. Furthermore, with the exciting advancements in
gene-editing techniques (Hendriks et al. 2016), iPSC lines
can be made in which a pathogenic mutation has been
corrected, thereby making control lines with a genetic compo-
sition that is otherwise similar (Soldner et al. 2011; Liu et al.
2012; Reinhardt et al. 2013). These gene-corrected controls
minimize phenotypic variability due to differences in genetic
background between patient and control cells. However, be-
cause gene-corrected controls cannot be made for iPSC lines
from sporadic PD patients in which disease-associated vari-
ants have not been identified, the use of large numbers of both
sporadic and healthy control iPSC lines will be needed to fully
characterize PD-associated phenotypes from a wide diversity
of patients with varying etiology. PD heritability estimates
range widely, from approximately 4 to 27% (Do et al. 2011;
Houlden and Singleton 2012) and so it may prove to be im-
portant to make human neurons in ways that retain more of the
epigenetic signature, including the influences of aging, of the
patient from whom the cells came (Mertens et al. 2015). It also
remains to be seen whether there are common cellular
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phenotypes that are shared across all forms of sporadic and
familial PD or whether the mechanisms of PD differ in impor-
tant ways among subpopulations of PD patients. It will be
important to carefully measure variation in phenotypic expres-
sion to determine whether it has a biological basis that is
relevant to PD. If it does, it could be used for patient stratifi-
cation and to guide the development of effective therapeutic
strategies.

iPSCs offer another advantage in that they can be differen-
tiated into disease-relevant cell types, such as DA neurons,
cortical neurons, microglia, astrocytes, or enteric neurons.
The transcriptomic profiles of purified ips-DA neurons are
similar to human post-mortem DA neurons (Sandor et al.
2017), suggesting that ips-DA neurons are representative of
mature human DA neurons in an intact brain. While some
phenotypes are observed in multiple cell types, some pheno-
types appear to be neuron-specific. For example, mtDNA dam-
age, abnormal mitochondrial morphology and impaired
mitophagy have been observed in patient ips-DA neurons but
not in fibroblasts or iPSCs from the same patients (Imaizumi
et al. 2012; Sanders et al. 2014). Compared to other neuronal
cell types, DA neurons are particularly sensitive to stress
(Subramaniam and Chesselet 2013; Zuo and Motherwell
2013). Evidence suggests that ips-DA neurons might be more
sensitive to death induced by oxidative stress than peripheral
sensory neurons derived from the same iPSCs or TH negative
neurons in the same culture (Nguyen et al. 2011; Reinhardt
et al. 2013). This observation suggests that DA neurons are
particularly vulnerable to oxidative stress. Furthermore, famil-
ial PD ips-DA neurons show a greater sensitivity to oxidative
stressors and MG-132 than controls but this is not seen in other
neuron types from the same patients (Nguyen et al. 2011;
Reinhardt et al. 2013), further reiterating the importance of
using disease-relevant cell types to model PD.

While iPSCs offer the opportunity to use human, patient—
specific and disease-relevant cell types to study the molecular
and cellular pathogenesis of PD, the use of iPSCs for disease
modeling is not without its challenges. Multiple different pro-
tocols are used to differentiate iPSCs into DA neurons (Perrier
et al. 2004; Chambers et al. 2009; Zhang and Zhang 2010;
Kriks et al. 2011; Studer 2012; Woodard et al. 2014), making
direct comparisons between studies challenging. Importantly,
one study found that several phenotypes were observed in PD
patient-derived ips-DA neurons with one differentiation pro-
tocol but not another, highlighting the impact of differentia-
tion technique (Chung et al. 2016). Inefficient DA neuron
production is also common among many differentiation pro-
tocols, resulting in cultures of mixed neuronal subtypes.
Enriching for the dopaminergic neuronal subtype resulted in
more robust differences between PD and control ips-DA neu-
ron phenotypes, underlining the importance of both the differ-
entiation protocol and the yield of ips-DA neurons (Suzuki
et al. 2017). Furthermore, although purified ips-DA neurons
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transcriptionally resemble mature human DA neurons (Sandor
et al. 2017), ips-DA neurons do not display characteristic
pace-making activity except in older cultures (Kriks et al.
2011; Studer 2012). Further optimization of differentiation
protocols is needed to produce pure cultures of functionally
mature ips-DA neurons without prolonged in vitro maturation.

PD is characterized by a loss of DA neurons in the
substantia nigra and this principal phenotype has been reca-
pitulated in a number of ips-neurons from PD patients (de-
scribed above). However, not all patient-derived ips-DA neu-
ron lines show a cell death phenotype under all conditions
(Nguyen et al. 2011; Miller et al. 2013; Ohta et al. 2015;
Chang et al. 2016). An increased susceptibility to cell death
becomes apparent in some of these ips-DA neuron lines with
the addition of various neurotoxins or by culturing for longer
time periods (Nguyen et al. 2011; Ohta et al. 2015; Chang
et al. 2016). Reprograming human somatic cells into iPSCs
results in a cellular “rejuvenation”, in that age-related markers
are lost (Cornacchia and Studer 2017). Compared to differen-
tiated adult cells, iPSCs have DNA methylation patterns, nu-
clear morphology, telomere lengths, DNA damage and mito-
chondrial function and phenotype that resemble what is ob-
served in young cells (Marion et al. 2009; Suhr et al. 2009,
2010; Prigione et al. 2010; Horvath 2013; Miller et al. 2013;
Frobel et al. 2014). This points to a weakness in using iPSCs
to model neurodegenerative disorders, in which symptoms
often do not present until later in life. Overexpression of a
progerin, an aberrantly shortened transcript of lamin A
thought to accelerate aging in Hutchinson—Gilford progeria
syndrome (HGPS) patients, was associated with the increased
appearance of several PD-related phenotypes, including in-
creased cell death, in patient-derived ips-DA neurons that
were not observed under normal conditions (Miller et al.
2013). However, HGPS patients do not show premature neu-
ronal aging and lamin A is not expressed in neurons, indicat-
ing that overexpression of progerin might not fully recapitu-
late normal aging in neurons (Jung et al. 2012; Nissan et al.
2012). One promising approach is transdifferentiation, or di-
rect conversion from fibroblasts to other differentiated cell
types, which can retain the age-related markers of the individ-
ual from whom they came (Vierbuchen et al. 2010; Yoo et al.
2011; Victor et al. 2014; Mertens et al. 2015).

Future directions

As the molecular pathogenesis of PD is not yet fully under-
stood, developing sensitive methods to correlate disease-
related phenotypes to causes of neurodegeneration is becom-
ing increasingly important. For example, while a-syn inclu-
sions are a hallmark pathogenic feature in PD, the role of these
aggregates in pathogenicity is unclear (Ross and Poirier 2005;
Cookson 2009). We developed an automated longitudinal

imaging platform called robotic microscopy that provides in-
creased sensitivity and resolution at the single-cell level to
monitor the health of individual neurons over time. By
implementing survival models and powerful statistical
methods, we can quantify the prognostic value of biological
factors for degenerative phenotypes, such as neuron death and
neurite degeneration and thereby distinguish pathogenic
changes from those that are incidental or are coping mecha-
nisms (Arrasate and Finkbeiner 2005; Finkbeiner et al. 2015).
Using this approach, we addressed a long-standing controver-
sy about the role of inclusions in Huntington’s disease by
showing that cells that form inclusions survive longer, indi-
cating that they mitigate toxicity (Arrasate et al. 2004).
Similarly, we discovered that intracellular levels of mutant
LRRK?2 and not its kinase activity or inclusion bodies, pre-
dicted neurodegeneration, which depended on «-syn
(Skibinski et al. 2014) and identified a role for nuclear factor
erythroid 2-related factor (Nrf2), a transcription factor regu-
lating stress-response pathways, in mitigating o-syn-mediated
neurotoxicity by modulating proteostasis (Skibinski et al.
2016). By using robust methods, such as robotic microscopy,
we can accurately detect cellular phenotypes and understand
the sequence of events leading up to neurodegeneration in PD.

PD patient-derived ips-neurons can be used in validating
genetic (with knockdown or overexpression approaches) or
small molecules that modify disease-relevant cellular pheno-
types. Targets identified through high-throughput screens can
be validated with molecular and mechanistic studies in ips-
neurons. For example, clustered regularly interspaced short
palindromic repeat (CRISPR)/Cas9-edited ips-neurons have
been used to validate an SNCA enhancer variant associated
with PD (Soldner et al. 2016). Similarly, iPSC-based models
themselves can be used as platforms for high-throughput
screening of PD modifiers or therapeutics (Haggarty and
Perlis 2014). High-throughput screening of compounds in hu-
man ips-neurons led to the identification of Isoxasole, specif-
ically targeting the MEF2C-PCG1« pathway, which contrib-
uted to neuronal damage (Ryan et al. 2013). Traditionally,
murine models and human cancer cell lines, such as the neu-
roblastoma cell line SH-SY5Y, have been frequently used in
preclinical studies. However, species-specific differences in
murine models and the lack of patient-specific genetic back-
ground and differentiation potential, limit these models
(Schiile et al. 2009; Ko and Gelb 2014). Although iPSCs have
limitations of their own, as described above, the ability of
iPSCs to provide PD patient-specific, disease-relevant cell
types has the potential to more accurately model human PD.
iPSC-derived models can be used to bridge the gap between
preclinical studies and clinical trials, resulting in increased
translation of drug candidates and higher rates of clinical
success.

Capturing the pathogenic diversity observed in patients is
another significant challenge, as PD is a multifaceted disease
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with a high degree of heterogeneity, where patients can be
classified into multiple subgroups based on their clinical fea-
tures (Vidailhet 2003; Lewis et al. 2005). To what extent these
diverse clinical presentations reflect underlying differences in
molecular pathogenesis is unknown and so the response of
different PD patients to a certain therapy is difficult to predict.
Because there are a wide variety of genetic and environmental
factors that influence the pathogenesis of PD, it is possible that
different subpopulations of patients will respond differently to
certain therapies. iPSC-based models derived from a range of
PD patients have the potential to determine if a specific ther-
apy might work in subpopulations of patients but not in all
patients. This could potentially change the way that clinical
trials are designed and improve their chances of success by
allowing them to account for the genetic heterogeneity among
PD patients and predict in what genetic background a partic-
ular therapy will be successful. In addition to improving the
success of clinical trials by providing more accurate pre-
clinical models of PD, transplantation of iPSC-derived neu-
rons is also being considered as a potential therapy for PD
(Lindvall 2016).

While improvements still need to be made in iPSC-based
disease modeling, this technology offers an unprecedented
ability to mimic disease in vitro with patient-specific dis-
ease-relevant cell types. Human iPSC technology has the po-
tential to deepen our understanding of the pathogenesis of
disease, provide a more predictive platform for pre-clinical
studies and improve the success of clinical trials.
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