Modeling Gene-Environment Interactions in Parkinson’s Disease
Using Patient-Derived Induced Pluripotent Stem Cells
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Parkinson’s disease (PD) is a highly prevalent, progressive neurodegenerative disease characterized by loss of
the dopaminergic neurons of the substantia nigra (SN) pars compacta. Although there are several proposed
mechanisms for the pathophysiology of this debilitating illness, efforts to develop disease-modifying therapies
have been hampered by the inability of existing model systems to completely reproduce the characteristic mo-
lecular and pathological features of PD. Given the potential of both environmental toxicants and genetic risk
factors to modulate the onset and severity of PD, a model system that accounts for both would serve as a valu-
able tool in the study of PD-related environmental neurotoxicants. The advent of induced pluripotent stem cell
(iPSC) technology has created the opportunity to evaluate personalized, toxicological susceptibility to specific
environmental agents. Using this system, it is now possible to analyze cellular physiological pathways in human
neurons, both developing and mature, and glial cells that play key roles in handling neurotoxicants. Further-
more, the utilization of living human cells with identical genetic determinants as the resource subjects, with or
without PD, is a powerful resource for the development of therapeutics that modulate patient susceptibility to

environmental toxicants.
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Epidemiology of PD

Parkinson’s disease (PD) is the second most
common neurodegenerative disease. The
prevalence of PD in the industrialized world
is estimated at 0.3% of the general population
and approximately 1% in individuals over the
age of 60'. Thus, PD is considered an age-re-
lated disease, with prevalence rising mainly
after the age of 502, As the population ages,
there is an increasing socioeconomic burden
on society”. The incidence of PD is 8 to 18 per
100,000 person-years?. It has been noted that
there is higher prevalence of PD in men than
women, a finding hypothesized to be mediated
by a neuroprotective role of estrogens>* %,

PD diagnosis is contingent on presentation
with at least two of the four cardinal symp-
toms: resting tremor, bradykinesia, rigidity,
and postural instability®. The clinical suspicion
is further supported by the patients’ respon-

siveness to levodopa, asymmetry of symptoms,
or SPECT imaging with DaTSCAN, although
the latter is seldom used as a primary diag-
nostic procedure’ . Furthermore, secondary
causes of parkinsonism, such as drug-induced
parkinsonism, must be excluded. Interestingly,
the course of PD is highly variable; studies an-
alyzing PD progression suggest that functional
deterioration is accelerated both early in the
disease course and among patients present-
ing with postural instability gait difficulty'>'®.
The majority (90%) of PD cases are sporadic
in etiology, with the remaining 10% of cases
having known genetic causes. Furthermore,
there is profound heterogeneity in age of on-
set, neuropathological findings, and character-
istic symptoms even among the genetic forms
of PD.

Pathophysiology of PD

Although a complete understanding of the

Bradykinsia:

A slowness in the execu-
tion of movement. It is
one of the three key
symptoms of parkinson-
ism, which are bradyki-
nesia, tremor and rigid-

ity.
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pathogenesis of PD remains elusive, current
evidence suggests that PD results from a multi-
tude of factors, including: oxidative stress, pro-
tein aggregation, and mitochondrial dysfunc-
tion". PD is characterized by loss of dopami-
nergic neurons of the substantia nigra and the
presence of intraneuronal a-synuclein protein
aggregates composed of a-synuclein known as
Lewy bodies®. Loss of dopamine levels in the
striatum leads to downstream dysregulation of
basal ganglia motor circuitry, resulting in the
motor symptoms observed in PD. Studies ex-
ploring the genetic forms of PD have offered
insight regarding central mechanisms in PD
pathogenesis. Defective proteins in familial
PD result from mutations in genes that func-
tion in critical cellular processes, such as the
ubiquitin proteasome system (UPS), vesicle
trafficking, mitochondrial function, and oxi-
dative stress responses* . These findings sug-

Figure 1: Gene-environment interactions in PD. Envi-
ronmental and genetic factors result in the mito-
chondrial dysfunction, generation of free radicals,
mitochondtial/protein  damage, increased UPS
stress, protein aggregation, and dopaminergic cell
death in PD.

gest that while there is a common endpoint of
decreased striatal dopamine levels, multiple
pathways can influence an individual’s pattern
of neuronal cell death and the mechanism by
which it occurs. For example, dysfunction in
mitochondrial complex I results in upregu-
lated free radical production causing protein
damage. The damaged protein burden increas-
es the stress on the UPS, leading to protein
aggregation and subsequent neuronal death*.
However, this simple pathway could be influ-
enced at any level by multiple inputs, such as
environmental toxins, genetic risk, and en-
hanced oxidative stress (Figure 1). Thus, an
individual patient’s history of environmental
exposure and genetic risk are critical to their
clinical manifestation of PD.
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Environmental Influences in PD

Epidemiological and laboratory research has
revealed a number of environmental expo-
sures and toxicants that contribute to PD. One
of the most notable of PD-causing environ-
mental toxicants is 1-methyl-4-phenyl-1,2,5,6-
tetrahydropyridine (MPTP), a contaminant of
a synthetic heroin analogue, which was iden-
tified as the culprit in the dramatic onset of
parkinsonian symptoms in four individuals
after self-administration of the drug”. MPTP
administration to both mice and non-human
primates revealed a buildup of a-synuclein
within nigral dopaminergic cell bodies* *.
These MPTP studies produced both a valuable
model system of parkinsonism and launched
a wave of investigation focusing on environ-
mental exposures that contribute to PD.

Environmental Exposures: Pesticides, Heavy Met-
als, and Beyond

One of the most well-studied environmental
associations with PD is that of pesticides and
herbicides. Case control studies have revealed
an association between exposure to herbicides,
insecticides, and farming as an occupation and
PD?* #_Individuals exposed to pesticides have
a 70% higher incidence of PD compared to
those not exposed®. The timing of exposure
has a profound impact on susceptibility; expo-
sure at a younger age increases PD risk relative
to those exposed over the age of 60°'. However,
these studies are limited to self-reporting by
subjects; , a variable that is highly dependent
on the awareness of the individual and subject
to recall bias. In addition, subjects recruited
for these studies would most likely be unable
to report prenatal or early-childhood expo-
sures, further limiting the interpretation of ep-
idemiological data. Despite these limitations,
several major pesticides have been associated
with PD, including: dieldrin, maneb, paraquat
and rotenone’ *. Although it is outside the
scope of this article to discuss the mechanism
of these toxicants individually, paraquat is rep-
resentative of how such exposures produce
neurodegeneration resulting in parkinsonism,
and will be given a brief discussion here.
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The toxic properties of paraquat are caused by
its redox cycle in which it is reduced by NAP-
DH-CYP450 reductase, NAPDH-cytochrome
¢ reductase, and mitochondrial complex I***7.
This process generates a paraquat monocation
free radical that is rapidly re-oxidized, produc-
ing the superoxide radical (O,*"). This process
sets off a cascade of reactions in which more
reactive oxygen species are generated, leading
to cellular stress and, when the cellular anti-
oxidant capacity is overwhelmed, eventual de-
generation. Furthermore, paraquat is known
to generate selective neurodegeneration of SN
dopaminergic neurons when administered to
rodents in a manner similar to that of MPTP.*®
In addition to its acute effects, paraquat ex-
posure during critical developmental periods
generates progressive and permanent lesions
of the SN dopaminergic system, rendering it
hypersusceptible to adult neurotoxicant expo-
sures™.

In addition to pesticides, exposure to heavy
metals is associated with PD. In particular,
exposure to iron, manganese, lead, copper,
zinc, amalgam, and aluminum have each been
demonstrated to increase risk of PD*. This
is of direct clinical relevance, as studies have
shown that high manganese exposure produc-
es a secondary form of parkinsonism, known
as manganism, that is clinically indistinguish-
able from idiopathic PD aside from age of on-
set.*!. The mechanism of neurodegeneration in
heavy metal toxicity is hypothesized to be due
to deposition of the metals in the SN and in-
creased oxidative stress.”.

Important to note, not all environmental ex-
posures are neurotoxic, several agents have a
demonstrated neuroprotective role such as
coffee drinking, smoking, and statin use.*>*.
This suggests that environmental impact on
PD is bidirectional, and recommendations re-
garding neuroprotective strategies may be of
utility in those at high risk for developing the
disease.

Dystonia:

A neurological move-
ment disorder, in which
sustained muscle contrac-
tions cause twisting and
repetitive movements or
abnormal postures.
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Rasagiline:

An irrever-sible inhibitor
of monoamine oxidase
used as a monotherapy in
carly Parkinson’s disease
or as an adjunct therapy
in more advanced cases.

Genetic Influences in PD

Several loci and genes have been identified as
causative of the genetic forms of PD. These
include the autosomal dominant PARKI and
PARK4(SNCA/a-synuclein), PARK5 (UCHLI),
PARKS (LRRK2), PARKI11 (GIGYF2), PARK13
(Omi/Htra2) and the autosomal recessive
PARK? (Parkin), PARKG (PINKI), PARK7 (DJ]-
1), and PARK9 (ATP13A2)*. These genetic
forms vary significantly between each other
and are different from the sporadic forms of
PD in their age of onset, clinical course, and
response to treatment. One example of how
a genetic mutation can produce PD is illus-
trated by PARK2 loss-of-function mutations,
the most common cause of autosomal reces-
sive juvenile parkinsonism (ARJP). In addi-
tion to the cardinal symptoms of PD, ARJP is
distinguished by prominent lower limb dys-
tonia, severe levodopa-induced dyskinesias,
and early age of onset, usually before the age of
40*. Notably, patients with ARJP caused by a
mutation in PARK2, have loss of dopaminergic
neurons without the presence of Lewy bod-
ies®. Parkin (the protein product of PARK2)
functions as an E2-dependent E3 ubiquitin li-
gase that functions as a substrate-recognition
molecule within the UPS*. It is hypothesized
that loss of Parkin function of Parkin results
in reduced ubiquitination of its substrates and
subsequent protein accumulation and toxicity
to dopaminergic neurons (Figure 1)**. There
is evidence that Parkin plays a critical role in
engulfment of mitochondria with low mem-
brane potential, leading to the hypothesis that
failure to eliminate dysfunctional mitochon-
dria contributes to PD pathogenesis.”

In addition to these monogenic forms, spo-
radic forms of PD are likely influenced by
an individual’s global genetic variation. A
number of genome-wide association studies
(GWAS) have identified particular PD-asso-
ciated loci. Susceptibility loci include regions
within the monogenic causative genes such as
SNCA (4q22) and LRRK2 (12q12), as well as
newly identified loci such as PARK16 (1q32),
BST1 (4p15), and HLA-DRA*>. Given that

the previously discussed environmental toxi-
cants act on related processes, genetic findings
have generated interest in the study of gene-
environment interactions that may underlie
the heterogeneity in presentation among PD
patients.

Gene-environment interactions in PD -

Modeling neurotoxicological risk

Examination of neurotoxicological risk in PD
model systems has emerged as an area of ac-
tive research given the strong evidence for the
influence of both environmental and genetic
factors on PD onset. The concept of muta-
tions in individual genes or single nucleotide
polymorphisms across multiple loci that alter
the susceptibility of an individual to a given
toxicant has been validated in many studies.
For example, mutations in the gene MDRI
predispose individuals to the injurious effects
of pesticides and other P-glycoprotein trans-
ported xenobiotics, resulting in PD*. Simi-
larly, polymorphisms in metabolic enzymes
such as MAOB, CYP2D6, and GSTT1 have
been associated with PD*. On the other hand,
experiments in yeast and animal model sys-
tems have revealed a protective role of certain
genes, such as PARKY (ATP13A2) that protects
against manganese toxicity and dopaminergic
cell death due to a-synuclein overexpression®.
Despite these advances, there is a knowledge
gap between clinical data from PD patients
and laboratory data generated using model
systems. It is assumed, however, that by modu-
lating individual response to neurotoxicants,
the clinical course of PD can be manipulated.
This concept has been demonstrated in clini-
cal trials demonstrating the beneficial effects
of levodopa, tai chi, and rasagiline on PD
symptoms and progression.”’*. Thus, the need
to test different interactions between subject-
specific genetic background and environmen-
tal exposures makes patient-specific iPSCs a
powerful tool to predict clinical outcomes and
guide clinical investigations and intervention.

The utility of iPSC technology for neurotoxi-
cology
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Background of iPSCs

In 2007, Takahashi ez /. reported for the first time the pos-
sibility of reprogramming adult human-derived fibroblasts
to pluripotent stem cells using four defined transcription
factors, OCT4, SOX2, -MYC, and KLF4*. iPSCs exhibit
the typical characteristic of inner cell mass-derived human
embryonic stem cells, including self-renewal and the ability
to differentiate into cell types of all three germ layers. This
landmark study launched a new field of research focused
on improving the efficiency of reprogramming and deriv-
ing cells from various patient types. Initial experiments uti-
lized retroviruses for transduction, which introduced a set
of drawbacks including mutagenesis at insertion sites and
persistent expression of reprogramming factors. In efforts
to overcome these obstacles, several alternative reprogram-
ming strategies have been developed, including doxycy-
cline-inducible expression, the use of loxP sites, PiggyBac
transposons, adenovirus transduction, plasmid transfec-
tions, and episomal vectors® . In addition, other groups
are investigating the use of compounds that permit iPSC
induction without the use of genetic material®. These im-
provements in reprogramming enhance the utility of this
system for the study of gene-environment interactions, as
they minimize the contribution of the reprogramming pro-
cess to genetic heterogeneity among iPSCs derived from
different individuals. After reprogramming patient fibro-
blasts to iPSCs, the cells can be differentiated into a variety
of neuronal and glial subtypes including functional mid-
brain dopaminergic neurons® 7.

iPSCs as a model for gene-environment interactions in PD

One of the major advantages of utilizing patient-specific
iPSCs to study neurotoxicological interaction is that an in-
dividual may be evaluated for environmental risk without
a priori knowledge of their genetic risk factors”. The use of
iPSCs for toxicological risk assessment is dependent on the
assumption that cells derived from patients serve as a mod-
el system for understanding the influence of human genetic
factors and their ability to modulate the vulnerability of
differentiated cells to a given toxicant”. Although efforts to
validate these assumptions are underway, iPSC technology
remains an exciting opportunity to examine changes in the
development and maintenance of neuronal function after
genetic and toxicant perturbation.

There are a variety of exposure paradigms where iPSC-de-
rived neurons and neural progenitors are of value. Through
this experimental system, environmental insults or pro-
tectants can be screened across different temporal deliv-
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ery patterns to understand response to acute and chronic
exposures. The pattern of exposure is of interest, since
toxicants such as methylmercury exhibit acute and latent
effects with variable sensitivity based on developmental
time point”>”*. In vitro neuronal differentiation of hiPSCs
permits assessment of interactions between early exposure
and subsequent risk of neurodegenerative phenotypes in
acute, multi-hit, and chronic exposure paradigms. Prior to
iPSCs, such studies could only be performed utilizing pri-
mary cell culture or embryonic stem cells, which are high-
cost alternatives that lack patient specificity.

Furthermore, developing neural progenitors can be ex-
posed to chronic low concentrations of the agent to mimic
the effect of cumulative toxicity across the lifetime of a neu-
ron. The pluripotent nature of iPSCs allows the assessment
of a diverse set of neuronal subtypes to a given exposure.
For example, one could investigate if midbrain dopaminer-
gic neurons have a heightened susceptibility to manganese
during development compared to forebrain dopaminer-
gic neurons derived from the same patient. Alternatively,
polymorphisms at different loci between patients could
heighten developmental sensitivity to a toxicant between
PD patients and controls. Such findings from iPSCs can in-
form downstream iz vivo vertebrate studies that account
for endogenous processes such as detoxification, neuronal
regeneration, and immune response.

Current challenges in modeling PD with iPSCs

Perhaps the greatest challenge utilizing iPSCs is assuring
the coherence of genotype and phenotype. Many groups
have identified methylation pattern and gene expression
differences between iPSC lines from the same patient””.
This could be due to a multitude of factors, including ex-
pression of reprogramming vectors, point mutations, and
copy number variants generated in the reprogramming
process”. Any induced genetic or epigenetic abnormalities
are of concern in the study of gene-environment interac-
tions in PD since they may mask the effect of a patient’s
individual genetic variation. In order to account for these
effects, karyotyping should be performed at minimum,
and whole genome and bisulphite sequencing should
also be considered. Furthermore, it should be noted that
in vitro studies utilizing iPSC-derived cells are limited in
interpretation because they lack complex extracellular en-
vironments, neuronal architecture, and glial interactions.
However, there have been efforts to address these concerns
through development of mixed neuronal-glial cultures, but
results have been inconsistent thus far®. Finally, since PD
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is an age-related disease, newly differentiated neurons from
iPSCs fail to simulate long-term simulate age-related phe-
notypes.

The promise of PD patient-derived iPSCs for personal-
ized medicine and risk assessment

PD has the potential to benefit tremendously from the
wide utilization of iPSC technology. This system permits
the study of gene-environment interactions utilizing cellu-
lar subtypes derived from patients afflicted with PD. iPSC
technology provides a critical link between epidemiologi-
cal studies and animal, cellular, and computational models.
This feature has potential for direct clinical application, as
iPSC-derived neurons can be used to design customized
neuroprotective strategies and recommendations for pa-
tients at the preclinical or early clinical stages of PD. In a
parallel fashion, drug development can be accelerated by
the development of high-throughput assays utilizing iPSC-
derived neurons. Although PD-derived iPSCs share the
limitations of other in vitro model systems, the fact that
they are derived from patients with a clinical diagnosis of-
fers the ability to explore processes such as oxidative stress,
protein aggregation, and mitochondrial dysfunction in
response to toxicants without a full understanding of the
genetic factors underlying PD pathogenesis.
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