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Abstract

The prevalence and incidence of Parkinson’s disease (PD) is increasing due to a prolonged life expectancy. This highlights the
need for a better mechanistic understanding and new therapeutic approaches. However, traditional in vitro and in vivo experi-
mental models to study PD are suboptimal, thus hampering the progress in the field. The epigenetic reprogramming of somatic
cells to induced pluripotent stem cells (iPSCs) offers a unique way to overcome this problem, as these cells share many properties
of embryonic stem cells (ESCs) including the potential to be transformed into different lineages. PD modeling with iPSCs is
nowadays facilitated by the growing availability of high-efficiency neural-specific differentiation protocols and the possibility to
correct or induce mutations as well as creating marker cell lines using designer nucleases. These technologies, together with
steady advances in human genetics, will likely introduce profound changes in the way we interpret PD and develop new treatments.
Here, we summarize the different PD iPSCs reported so far and discuss the challenges for disease modeling using these cell lines.
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Introduction are only two FDA-approved treatments: administration of
L-DOPA and deep brain stimulation of the bilateral subtha-
lamic nuclei,*” both of which are palliative and not disease
modifying. A difficulty for finding curative treatments is
that PD only manifests after a big proportion (~70%) of
DA neurons have died.® Hence, it is important to identify
cohorts at risk and develop preventive measures that stop or
delay the disease onset.

Most PD cases are sporadic and idiopathic, resulting
from the combination of a permissive genetic background
and environmental factors. However, up to 5% of the cases
are familial and triggered by known gene mutations.”
Among these genes, LRRK2, SNCA, PINK1, and PARK2
have been studied in more detail.® Mutations in LRRK2
(the most frequent cause of familial PD) and mutations or
multiplications of SNCA cause autosomal dominant PD,
and in both cases, the underlying mechanism seems to be
a gain of function. Yet, these mutations have incomplete
(age-dependent) penetrance and are normally associated

Parkinson’s disease (PD) is the second most prevalent neu-
rodegenerative disorder after Alzheimer’s disease. Its inci-
dence increases with age, ultimately affecting ~1% of the
population over the age of 60 and ~4% over the age of 80."*
PD is a chronic progressive disorder characterized by neur-
onal death in the central nervous system, affecting more
significantly the dopaminergic (DA) neurons of the substan-
tia nigra pars compacta (SNpc). Because of the importance
of nigrostriatal DA neurons in controlling motor functions,
the most noticeable symptoms of PD are bradykynesia, rest-
ing tremor, rigidity, and postural instability. Yet, PD is a
systemic disorder, and, as the patients” condition becomes
worse, other areas of the brain are affected.’ Among other
consequences, this can cause changes in mood (anxiety, pas-
sivity, and depression) and dementia.

The impact of PD on the quality of life is considerable,
and the national health costs are alarming, stressing the
need for effective therapeutic approaches. So far, there
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with late disease onset. Notably, LRRK2 and SNCA are also
mutated in a small proportion of sporadic PD patients. On
the other hand, loss-of-function mutations in PINK1 and
PARK?2 cause recessive PD, seem to have full penetrance,
and associate with early disease onset.

Understanding the function of PD-related genes is rele-
vant because similar pathways may also participate in idio-
pathic PD.’ This has implications at a therapeutic level, as
putative drugs effective on a specific group of familial cases
may even work on a proportion of idiopathic patients. In this
regard, o-synuclein (the product of SNCA) and LRRK2 have
been proposed to act on the same molecular pathway, but
PINK1 and Parkin (the product of PARK?2) seem to work on
another.® A major pathological mechanism involving a-synu-
clein is thought to be the deposition of toxic protein aggre-
gates, which in at least some experimental models is LRRK2
dependent. This affects cells by inducing endoplasmic reticu-
lum (ER) stress and/or oxidative stress. Mutant LRRK2 also
acts through alternative mechanisms such as changes of pro-
tein translation and mitochondrial fragmentation. As for
PINK1 and Parkin, the evidence points to a gatekeeper role
in regulating mitochondrial homeostasis (clearance, mobility,
and fission-fusion dynamics), which, if deregulated, can lead
to mitochondrial dysfunction and oxidative stress.

However, despite seminal advances in characterizing the
genetic susceptibility to PD,” therapeutic developments
have been hindered by the lack of optimal in vitro and
in vivo experimental models that are predictive of human
disease.

PD models

In vitro cell models for PD mostly rely on neuroblastoma cell
lines (e.g. SH-SY5Y) that retain the ability to differentiate into
DA neurons'® and PD patient fibroblasts.' Yet, the former are
transformed cell lines that have the tendency to instability,
while fibroblasts have a different gene expression profile and
metabolic status compared to neurons. On the other hand,
animal models for PD have been set up using worms, flies,
rodents, and nonhuman primates.12 Models for the former
three species include either knockouts for genes orthologous
to those implicated in hereditary PD or transgene overexpres-
sion. Although some of these models show signs of neuronal
degeneration, the lack of brain complexity and life span of
humans complicate comparisons. As for nonhuman primate
PD models, they typically focus on neurotoxins (e.g. MPTP
and rotenone)' that reproduce the disease manifestations by
inducing death in DA neurons but fail to recapitulate the
slow chronic progression of PD in humans.

Remarkably, Takahashi and Yamanaka'* demonstrated in
2006 that retroviral transduction of a cocktail of transcription
factors highly enriched in embryonic stem cells (ESCs) could
reprogram mouse fibroblasts into ESC-like cells, which they
named induced pluripotent stem cells or iPSCs. Multiple
groups have subsequently optimized this technology, and
it is now possible to produce human iPSCs from diverse
donor cell types'® and using a variety of methods including
non-integrating vectors.'® The differentiation of human
iPSCs derived from PD patients into neural cells of interest
(DA neurons, other types of neurons, or glia) opens up a new

series of exciting possibilities for state-of-the-art in vitro PD
modeling that should allow identification of altered signal-
ing pathways and innovative drug screening (Figure 1). The
field is in its infancy but a number of reports have already
demonstrated proof of principle of such utilities."”

PD in a dish using iPSCs

Park et al.'® were the first to report the generation of PD
iPSCs (from a sporadic patient), but this early work focused
on technical aspects of the reprogramming method, and the
disease phenotype was not explored. Subsequently, a
number of groups have described iPSCs with mutations in
SNCA,"”? LRRK2,*% PINK1,”*'** and PARK2*™ as
well as iPSCs from idiopathic PD patients.**>” For a descrip-
tion of these iPSCs, the reprogramming strategy, differenti-
ation protocols,zg"zr"e’l’38'54 and the disease phenotypes, see
Tables 1 to 4. Notably, Nguyen et al.> showed the first in vitro
phenotype (increased susceptibility to oxidative and protea-
somal stress) using PD iPSC-derived neurons bearing the
G2019S substitution in LRRK2. Afterward, work by
others®*** has also revealed morphological abnormal-
ities, alterations in macroautophagy, and increased suscepti-
bility to mitochondrial stressors in iPSC-derived neurons.
These findings are consistent with the previous observations
from non-iPSC models and brain autopsies of PD patients,"*?
reinforcing the idea that iPSCs can indeed be used to model
PD in vitro. In addition, some reports have described novel
phenotypes that warrant further investigation. For example,
Jiang et al>* observed that dopamine-induced oxidative
stress in DA neurons is regulated by Parkin through the
enzyme monoamine oxidase. Orenstein et al.”® suggested
that an inhibitory effect of both wild-type and mutant
LRRK2 on chaperone-mediated autophagy underlies protein
aggregation in DA neurons. Liu et al.*® showed that mutant
LRRK2 predisposes to abnormalities in the nuclear envelope
of neural progenitor cells (NPCs) and causes clonal expan-
sion deficiencies.?® Reinhardt et al.”” reported that the activity
of extracellular-signal-regulated kinase 1/2 or ERK in DA
neurons with G2019S substitution in LRRK2 is enhanced
due to increased phosphorylation. Ryan et al.?*> employed
gene expression analysis to demonstrate that mutant a-synu-
clein alters the myocyte enhancer factor-2 (MEF2) (an import-
ant regulator of mitochondria) transcriptional pathway in
DA neurons, and Chung et al.?" identified that mutant o-
synuclein induces nitrosative stress and ER malfunction in
cortical neurons. Altogether, these findings are encouraging,
as they could potentially lead to new translational
approaches. For instance, a phenotype that can be robustly
reproduced and observed/measured in 96- or 384-well
plates could be used in high-throughput screening assays
to identify drugs that reverse it. Still, despite all the excite-
ment surrounding PD iPSCs, there are a number of concerns
that should be contemplated to allow researchers to maxi-
mize the benefits from this technology.

Pitfalls of PD modeling with iPSCs

Current pitfalls associated with PD modeling using iPSCs
can be divided into four categories (Table 5): (a) related to

Downloaded from ebm.sagepub.com at Guangzhou Institutes o PARENT on December 6, 2016


http://ebm.sagepub.com/

Zhao et al. iPSC-based models of Parkinson’s disease

’
)
?x

Drug screening

‘ Somatic cells

From PD patients

From healthy people
Gene correction

Gene modification

Cell therapy

Disease modelin,
9 Healthy iPSCs Diseased iPSCs

/NN
w5

Astrocytes

Neurons

Oligodendrocytes  Co-culture

Figure 1 Schematic showing the potential utility of PD iPSCs for drug discovery and cell transplantation. Human iPSCs from PD patients and healthy people are
generated by somatic cell reprogramming. Designer nucleases are used to correct the mutations of PD patient iPSCs or introduce mutations into iPSCs from healthy
individuals, thus producing isogenic cell lines. Specific neurons and/or glial cells can be differentiated from those iPSCs and used to study the disease-related
phenotypes. Co-culture systems can contribute to studies of non-cell autonomous effects. Once the distinct disease-related phenotypes are characterized, drug-
screening platforms can be developed to test compounds that reverse the pathological phenotypes. In the future, putative cell therapy approaches with iPSC-derived
neural-like cells will require clinical-grade, good manufacturing protocols or GMP of reprogramming and stringent criteria for iPSC clone selection. (A color version of
this figure is available in the online journal.)

Table 1 iPSC models of idiopathic PD

Neural cell
type;
Origin of iPSCs Donor cells and differentiation
used in the reprogramming protocol;
Gene Mutation  comparison strategy efficiency Phenotype Rescue  Reference
Idiopathic ~ Unknown  One patient Fibroblasts, N/A N/A N/A 18
retrovirus: OKSM
Unknown Five unrelated Fibroblasts, DA neurons; N/A N/A 37
patients lentivirus: OKSM/ (38-42); not
OKS calculated
Unknown  Seven unrelated Keratinocytes and DA neurons; (43); Long-term culture N/A 24
patients vs four fibroblasts, 9-29% TH™ cells dependent
unrelated controls retrovirus: OKS among total cells shorter neurites,
increased
apoptosis,
impaired
autophagy

N/A: not available; OKS: Oct4, Kif4, and Sox2; OKSM: Oct4, Kif4, Sox2, and c-Myc; DA: dopaminergic; iPSC: induced pluripotent stem cell; PD: Parkinson’s disease;

TH: tyrosine hydroxylase.

differences between ESCs and iPSCs; (b) related to dif-
ferences between iPSC clones; (c) related to the differenti-
ation protocols; (d) related to the characteristics of the
disease.

Differences between ESCs and iPSCs

Reprogramming involves very extensive rearrangement of
cellular functions, and consequently, it is prone to errors.”
Among these errors, there are karyotypic abnormalities,
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3 ﬁ somatic point mutations (SPMs), copy number variations
g % (CNVs), epigenetic aberrations, and variations of gene
(7 . . .
5 ® 2 expression.”® Importantly, all these alterations can arise
@0 . . . .
8 during reprogramming but also in the clonal expansion.
g Karyotyping (e.g. using Giemsa banding) can assess gross
2 abnormalities including aneuploidy and megabase-scale
> CNVs. Conversely, for detecting SPMs and more subtle
2 Q Y &
S o 5 CNVs, it is needed to perform genome wide sequencing,
8| X E g which involves higher costs. Nevertheless, compared to
g | T < : karyotypic abnormalities, SPMs and CNVs may not be det-
& = § rimental for disease modeling unless they affect genes
x
@ involved in PD. As for the epigenetic aberrations, the
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- sED & can cause variations of gene expression among iPSCs and
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® E59 085, b also influence the propensity to differentiate into given lin-
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£¢53 82555835 ¢ e} eages.57'58 However, it must be considered that ESCs show
Ffoc,2858:c828¢|8 Il a high d f het ity that is probabl
2| 2828,282:55625(% as well a high degree of heterogeneity that is probably
z 25808588882 determined by the circumstances in which they were
cles5cde 5882 8BEs 82 % derived.”® Accordingly, the epigenome and gene expression
& e g patterns of some iPSCs are closer to the average ESC than
5 other ESCs may be, and with adequate screening, it is
. " 5 possible to select iPSCs that perform equally well in differ-
2 é .5 ] entiation assays compared to optimal ESCs.*"®!
i 5 & o = ©
2 c > 0 S o 3
> 2 < . .
=25|82 5328 3 Differences between iPSC clones
8|t ex s ; . . .
t—‘: 8 £33 g 3322 % Differences between ESCs and iPSCs are likely not an over-
50 ..|F 2 S ! 0o 17} . . .
2E B < - whelming drawback for PD modeling, but differences
=e° ° < between individual iPSC clones might be if not handled
b roperly. This is supported by the observation that iPSC
I3 properly pp y
e clones produced from the same individual (even in the
3 =3 same reprogramming experiment) can have dissimilar
° 9N a p g g p
2 § = S 2 characteristics including those that influence neural differ-
- @O . g 3
2 E 88 bl entiation performance.”® Notably, this problem becomes
o £ 3 % @ g = even more relevant when iPSCs from a given PD patient
g - £ E g3 28 are compared with those from other patients or healthy
0sid = i?a)g controls; as in this scenario, the genetic background
39 introduces a new source of variability. Contrasting large
59 numbers of iPSCs from PD patients with those from health
o L p y
s age-matched individuals can potentially minimize this
S g3 & p y
é g2 = < caveat. Yet, such endeavor may not only be impractical
3 5 238 53 due to high costs and manpower limitations, but also poten-
58 £ 2573 2 : tially misleading if we consider that healthy controls may
E,é 28 <8 R also develop PD (or another neurodegenerative disease) at a
6aes8 S S8 later time point. This consideration is particularly import-
g2 ant for those families affected by PD in which some indi-
g3 viduals have developed the symptoms while others have
% R not. A possible solution for allowing authentic comparisons
o . . .
(‘érj’ 5 among diseased and healthy iPSCs is to correct the corres-
2 § < ponding PD gene mutations with designer nucleases: zinc
c S z 38 fingers nucleases (ZFNs), transcription activator-like effec-
S R G e & p
= g k- tor nucleases (TALENs), and clustered regularly inter-
- = 0 . . .
2 S T £ spaced short palindromic repeats associated nuclease
- %% Cas9 or CRISPR-Cas9.®® In this regard, Soldner et al.®*
g 5 reported the first isogenic iPSC model generated with this
'% z % methodology, which involved correcting the A53T substitu-
83 8 tion in a-synuclein in PD iPSCs using ZFNs. Ever since, the
e L . .
N qé £ number of reports using isogenic iPSCs has increased stead-
2 g3 ily, and this will likely become a standard approach in the
e 2 Sa 1. 21,22,26,27,30 o . .
© & T field.”“==>*°" Nevertheless, gene editing with designer
. @ 38 nucleases has the risk of off-target effects®>®® and requires
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Table 3 iPSC models of PD with SNCA mutation

Neural cell
Donor cells type;
Origin of iPSCs and repro- differentiation
used in the gramming protocol;
Gene Mutation comparison strategy efficiency Phenotype Rescue Reference
SNCA SNCA triplication One patient vs one Fibroblasts, DA neurons; Increased a-synuclein N/A 19
unaffected retrovirus: (48); ~30% accumulation
family member OKSM TH" cells
control among total
cells
SNCA triplication One patient vs one Fibroblasts, DA neurons; Increased a-synuclein N/A 20
unaffected retrovirus: (40); not accumulation,
family member OKSM calculated increased oxidative
control and H9 stress, increased
ESCs susceptibility to
H20»
A53T, SNCA Two unrelated Fibroblasts, Cortical neu- Increased cytoplasmic Rescued by ZFN 21
triplication patients and lentivirus: rons; (53); nitrotyrosine accu- correction and
BGO1 ESCs OKSM/OKS not mulation, dysfunc- Rsp5/Nedd4
calculated tion in pathway activa-
ER-associated tor NAB2
degradation,
increased ER stress
A53T One patient and Fibroblasts, DA neurons; Increased a-synuclein Rescued by ZFN 22
BGO1 ESCs lentivirus: (47); ~80% accumulation, correction,
OKSM/OKS TH* among mitochondrial dys- S-nitrosylation
TUJ1T cells function, increased inhibitor
susceptibility to L-NAME, or
mitochondrial overexpression
toxins, altered of MEF2C or
MEF2 pathway mutant MEF2C
under oxidative or (C39A)

nitrosative stress

DA: dopaminergic; iPSC: induced pluripotent stem cell; OKS: Oct4, KIf4, and Sox2; OKSM: Oct4, KIf4, Sox2, and c-Myc; ER: endoplasmic reticulum; HDAdV: helper-
dependent adenoviral vector; L-NAME: L-NG-nitroarginine methylester; N/A: not available; NAB2: an N-arylbenzimidazole; 6-OHDA: 6-hydroxydopamine; PD:

Parkinson’s disease; ZFNs, zinc finger nucleases.

lengthy cell expansion that may increase the number of
passages to a point in which the iPSCs become unstable.>
Hence, exhaustive screening of iPSCs modified with
designer nucleases is also necessary before comparative
analysis. Moreover, it can only be applied to those cases
(familial or sporadic) where the mutations are known.

Two other potential caveats intrinsic to PD modeling
with iPSCs are the gender and the use of integrating vec-
tors. Regarding the former caveat, it is known that female
iPSCs can undergo erosion of X chromosome inactivation
leading to altered expression of genes linked to cognition
and brain development.”” However, selection of optimal
iPSCs with a relatively simple screening procedure such
as immunofluorescence for the repressive histone mark
H3K27me3 can help overcome this concern.®® As for the
latter caveat, suboptimal ESC-like properties and reduced
differentiation potential of iPSCs may also be caused by
incomplete transgene silencing if the iPSCs were obtained
by means of viral transduction.’” This can be solved with
proper PCR screening and using excisable vectors or non-
integrating delivery methods (e.g. episomal).®’

Differentiation protocols

A major problem of existing protocols for differentiation
into any neuronal cell types (including DA neurons) is
that they yield heterogeneous populations consisting of
both neurons maturating at different time points and non-
neuronal cell types (progenitor cells, glia, and other inter-
mediates).®® This can introduce significant variability when
detecting in vitro disease phenotypes for three different rea-
sons. First, in PD patients, DA neurons (in particular those
from the SNpc) are more vulnerable to cell death than other
cell types.! Therefore, a phenotype that appears in DA neu-
rons may not occur in a predominantly non-DA neuronal
population and vice versa. Second, DA neurons (and other
neuronal cell types as well) maturating at different speeds
could be confounded with morphological abnormalities
(e.g. in dendrites) belonging to a disease phenotype. The
latter could be caused for example by variations (even if
small) in the propensity to differentiation of independent
iPSC clones. Selecting iPSC clones with comparable differ-
entiation capacity may eliminate this problem but could
also select against potential developmental defects induced
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Table 4 iPSC models of PD with LRRK2 mutation

Origin of iPSCs

Donor cells and

Neural cell type;
differentiation

used in the reprogramming protocol;
Gene Mutation comparison strategy efficiency Phenotype Rescue Reference
LRRK2  Homozygous One patient vs one Fibroblasts, DA neurons; (48); Increased N/A 23
G2019S unrelated unaf- retrovirus: 3.6-5% TH* a-synuclein
fected control OKSM cells among accumulation,
and H9 ESCs TUJ1Y cells increased
susceptibility to
H205,
6-OHDA and
MG132
G2019S Four unrelated Keratinocytes and DA neurons; (43); Increased N/A 24
patients vs four fibroblasts, 9-29% TH* a-synuclein
unaffected retrovirus: cells among accumulation,
unrelated OKSM total cells long-term cul-
controls ture dependent
shorter neur-
ites, increased
apoptosis, and
impaired
autophagy
Homozygous Three patients (two  Fibroblasts, Neural cells; Increased Rescued by 25
G2019S, het- of them are retrovirus: (49-51); not susceptibility to LRRK2 kinase
erozygous twins) vs two OKSM calculated valinomycin inhibitor
R1441C unaffected and concana- GW5074,
unrelated mycin A, altered coenzyme Qqg
controls mitochondrial and rapamycin
respiration and
motility
G2019S Two unrelated Fibroblasts, NPCs; (52); not Increased suscep- Rescued by 26
patients vs one retrovirus: calculated tibility to pro- HDAdV-
unaffected OKSM teasomal mediated gene
unrelated stress, targeting cor-
control and H9 passage- rection and
ESCs (wild type dependent LRRK2 kinase
and with deficiencies inhibitor
induced in nuclear- LRRK2-In-1
G2019S envelope
mutation) organization,
clonal expan-
sion, and
neuronal
differentiation
G2019S Two unrelated Fibroblasts, DA neurons; (48, Reduced neurite Rescued by ZFN 27
patients vs six retrovirus: 23); ~20% TH* outgrowth correction and
unaffected OKSM cells among velocity, LRRK2 kinase
controls total cells impaired autop- inhibitor
hagy, increased LRRK2-In-1
susceptibility to
rotenone and
6-OHDA,
increased TAU
accumulation,
hyperactive
ERK
G2019S Two patients vs Fibroblasts, DA neurons; (24); Compromised N/A 28
two unaffected retrovirus: not calculated chaperone-
controls OKSM mediated
autophagy,
increased
a-synuclein

accumulation
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Table 4 Continued

Origin of iPSCs Donor cells and

Neural cell type;
differentiation

used in the reprogramming protocol;
Gene Mutation comparison strategy efficiency Phenotype Rescue Reference
G2019S One patient vs one Fibroblasts, retro- DA neurons; (23); Altered mitochon- N/A 29
unaffected virus: OKSM not calculated drial morph-
unrelated ology, loss of
control mitochondrial
membrane
potential,
increased
oxidative
stress,
decreased ATP
level
Heterozygous Two unrelated Fibroblasts, retro- NPCs and neural Increased mito- Rescued by ZFN 30
G2019S, patients vs one virus: OKSM cells; (25, 54); chondrial DNA correction
heterozygous unaffected not calculated damage
R1441C unrelated
control

DA: dopaminergic; iPSC: induced pluripotent stem cell; N/A: not available; NPCs: neural progenitor cells; OKSM: Oct4, Kif4, Sox2, and c-Myc; PD: Parkinson’s disease;

TAU: microtubule-associated protein tau; ZFNs: zinc finger nucleases.

Table 5 Caveats of PD modeling using iPSCs

Pitfalls

Potential solutions

Differences between ESCs and iPSCs

Differences between iPSC clones

Differentiation protocols

Characteristics of the disease

Karyotypic abnormalities; SPMs and CNVs;
epigenetic aberrations and changes in gene
expression; incomplete transgene silencing

Clonal variation of iPSCs; different genetic
background; erosion of X chromosome
inactivation in female iPSCs

Heterogeneous neural populations; differences
in the maturation state; lack of properties
identical to DA neurons in SNpc

Aging and environmental factors; non-cell

Select iPSCs after more detailed analysis
involving at least karyotyping analysis and
gPCR screening; use excisable vectors or
non-integrating methods

Employ several iPSC clones from the same
individual; employ iPSCs from multiple
patients and healthy individuals; generate
isogenic cell lines using designer nucleases;
screen for female iPSCs with an inactive X
chromosome by specific staining

Select iPSCs with optimal differentiation cap-
acity; optimize and standardize differenti-
ation protocols; use marker cell lines

Culture for prolonged periods of time; deprive

autonomous effects

of some nutrients; expose to cell toxins or
stressors; overexpress progerin; use
co-culture systems

CNVs: copy number variations; DA: dopaminergic; iPSCs: induced pluripotent stem cells; SPMs: somatic point mutations; SNpc: substantia nigra pars compacta.

by certain gene mutations.”’ In this regard, Liu et al.*
described eliminate defects in iPSC-derived NPCs from
PD patients with mutant LRRK2.%° Third, other neural cell
types besides neurons (e.g. astrocytes or microglia) are
affected in PD and may contribute as well to the in vitro
phenotype.””? Of note, high-efficiency protocols for DA
neuronal differentiation’” may eliminate the interference
produced by other cell types (neuronal or non-neuronal),
but at the same time block a non-cell autonomous effect (e.g.
toxic substances from glia affecting neurons) necessary for
the in vitro phenotype.”” Creating marker cell lines by
inserting a reporter cassette (e.g. GFP and antibiotic

resistance genes) into a given locus (e.g. dopamine trans-
porter or DAT locus) with designer nucleases is a potential
solution,”* as this can allow the detection of disease pheno-
types specifically on those cells of interest while non-cell
autonomous effects are maintained. In the future, co-culture
of different iPSC-derived neural cell types will be important
as well to help discern cell autonomous and non-cell
autonomous effects. Another relevant issue is that existing
protocols for DA neuronal differentiation are time consum-
ing. To solve this issue, directed differentiation of iPSCs
with specific transcription factors is emerging as a promis-
ing alternative.””°
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Figure 2 PDiPSCs are proving useful to fill in some of the missing pieces of the
PD puzzle. So far, PD iPSC models have been utilized to gain insights into the role
of autophagy, mitochondrial homeostasis, MEF2 pathway, ERK pathway, and ER
stress in PD. (A color version of this figure is available in the online journal.)

Characteristics of the disease

PD is a chronic disease in which environmental factors and
age play key roles.”” The latter is especially relevant in idio-
pathic cases but also applies to PD patients bearing muta-
tions in LRRK2 or SNCA. Hence, it is relevant to reproduce
these circumstances in vitro in order to model PD with
iPSCs-derived neural cells more faithfully. Two simple
methods to mimic stress and aging are culturing iPSCs-
derived neural cells for prolonged periods of time** and
depriving them of essential nutrients.”” In addition, other
groups have employed chemicals such as pro-oxi-
dants,?>?>?>?7 BER stressors,?! mitochondrial depolarizing
drugs,®?"* and proteasomal inhibitors*** not present in
standard conditions to induce disease phenotypes.
Likewise, Miller et al.** overexpressed a mutant form of
lamin A (progerin) responsible for accelerated aging in
Hutchinson Gilford Progeria patients to induce an age-
related phenotype in PD iPSC-derived neurons.

Conclusions and future perspectives

With the arrival of the iPSC technology, we can do patient-
specific PD modeling using neural cells that are more simi-
lar to those affected in PD patients in vivo. However, this
method is not exempt of concerns and requires careful con-
siderations.”” Besides the caveats explained above, PD
modeling in a dish lacks many aspects of brain complexity
and thus could be misleading. Interestingly, Lancaster
et al.”® generated human brain-like structures termed cere-
bral organoids by embedding human iPSCs in a three-
dimensional organoid culture system, which raises hope
for capturing some of the complexity of human brain
in vitro. Likewise, a proper understanding of PD with
iPSCs will require the generation of large numbers of
iPSC clones from patients with known gene mutations
and idiopathic cases, which is a problematic task for any
single laboratory. This endeavor may thus be achieved
more easily as part of research consortia, in which case, it
will be important to standardize all procedures

Zhao et al. iPSC-based models of Parkinson’s disease 1429

(for reprogramming and also the subsequent expansion).
An attractive alternative is to complement research on PD
using neural cells produced by means of somatic cells trans-
differentiation.”>”®”® The latter has the advantage that the
procedure is quicker, and the costs are smaller, thus allow-
ing simultaneous manipulation of many samples. However,
so far, neural transdifferentiation protocols are in general
inefficient. Besides, large numbers of primary cells are
needed and genome engineering is less amenable. In sum-
mary, iPSC-based PD models have a promising future if the
exiting caveats are overcome, and this will hopefully open
new avenues for mechanistic studies, drug discovery, and
clinical therapy of PD (Figure 2).

Author contributions: PZ and ZL contributed equally to
this work. PZ, ZL, WF and MAE wrote the manuscript;
JY, DPI, ZH and MDT helped edit the manuscript; PZ, ZL,
WEF and WT prepared the main figures and tables; MAE
coordinated the entire process and approved the final
version.

ACKNOWLEDEGMENTS

Work on this topic in the Esteban laboratory is supported by
grants from the Strategic Priority Research Program of the
Chinese Academy of Sciences (number XDA(1020106), the
Ministry of Science and Technology of China 973 program
(2011CB965200) and the Queensland-Chinese Academy of
Sciences (Q-CAS) Biotechnology Fund (GJHZ1242).

REFERENCES

1. Fahn S. Description of Parkinson’s disease as a clinical syndrome. Ann
NY Acad Sci 2003;991:1-14
2. de Lau LM, Breteler MM. Epidemiology of Parkinson’s disease. Lancet
Neurol 2006;5:525-35
3. Braak H, Del Tredici K, Rub U, de Vos RA, Steur ENJ, Braak E. Staging of
brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging
2003;24:197-211
4. Foltynie T, Hariz MI. Surgical management of Parkinson’s disease.
Expert Rev Neurotherapeut 2010;10:903-14
5. Poewe W, Antonini A, Zijlmans JC, Burkhard PR, Vingerhoets F.
Levodopa in the treatment of Parkinson’s disease: an old drug still
going strong. Clin Interv Aging 2010;5:229-38
6. Barbeau A. Parkinson’s disease: clinical features and etiopathology. Vol. 49,
Amsterdam: Elsevier Science Publishers, 1986, pp. 87-152
7. Bonifati V. Genetics of Parkinson’s disease —state of the art, 2013.
Parkinsonism Relat Disord 2014;20(Suppl 1): 523-8
8. Martin I, Dawson VL, Dawson TM. Recent advances in the genetics of
Parkinson’s disease. Annu Rev Genom Hum Genet 2011;12:301-25
9. Cookson MR, Bandmann O. Parkinson’s disease: insights from path-
ways. Hum Mol Genet 2010;,19:R21-7
10. Smith WW, Pei Z, Jiang H, Moore D], Liang Y, West AB, Dawson VL,
Dawson TM, Ross CA. Leucine-rich repeat kinase 2 (LRRK?2) interacts
with parkin, and mutant LRRK2 induces neuronal degeneration. Proc
Natl Acad Sci USA 2005;102:18676-81
11. Rakovic A, Grunewald A, Seibler P, Ramirez A, Kock N, Orolicki S,
Lohmann K, Klein C. Effect of endogenous mutant and wild-type
PINKT1 on Parkin in fibroblasts from Parkinson disease patients. Hum
Mol Genet 2010;19:3124-37
12. Lee Y, Dawson VL and Dawson T M. Animal models of Parkinson’s disease:
vertebrate genetics. vol. 2. Cold Spring Harbor Perspectives in Medicine,
2012.
13. Bove ], Perier C. Neurotoxin-based models of Parkinson’s disease.
The Journal of Neuroscience 2012;211:51-76

Downloaded from ebm.sagepub.com at Guangzhou Institutes o PARENT on December 6, 2016


http://ebm.sagepub.com/

1430 Experimental Biology and Medicine Volume 239 November 2014

14. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from ERK-dependent changes in gene expression. Cell Stem Cell

15.

16.

17.

18.

mouse embryonic and adult fibroblast cultures by defined factors. Cell
2006;126:663-76

Zhou T, Benda C, Dunzinger S, Huang Y, Ho JC, Yang J, Wang Y,
Zhang Y, Zhuang Q, Li Y, Bao X, Tse HF, Grillari J, Grillari-Voglauer R,
Pei D, Esteban MA. Generation of human induced pluripotent stem
cells from urine samples. Nat Protoc 2012;7:2080-9

Hussein SM, Nagy AA. Progress made in the reprogramming field: new
factors, new strategies and a new outlook. Curr Opin Genet Dev
2012;22:435-43

Hartfield EM, Fernandes HJ, Vowles ], Cowley SA, Wade-Martins R.
Cellular reprogramming: a new approach to modelling Parkinson’s
disease. Biochem Soc Trans 2012;40:1152-7

Park IH, Arora N, Huo H, Maherali N, Ahfeldt T, Shimamura A,
Lensch MW, Cowan C, Hochedlinger K, Daley GQ. Disease-specific

28.

29.

30.

2013;12:354-67

Orenstein SJ, Kuo SH, Tasset I, Arias E, Koga H, Fernandez-Carasa I,
Cortes E, Honig LS, Dauer W, Consiglio A, Raya A, Sulzer D,

Cuervo AM. Interplay of LRRK2 with chaperone-mediated autophagy.
Nat Neurosci 2013;16:394-406

Su YC, Qi X. Inhibition of excessive mitochondrial fission reduced
aberrant autophagy and neuronal damage caused by LRRK2 G2019S
mutation. Hum Mol Genet 2013;22:4545-61

Sanders LH, Laganiere ], Cooper O, Mak SK, Vu BJ, Huang YA,
Paschon DE, Vangipuram M, Sundararajan R, Urnov FD, Langston JW,
Gregory PD, Zhang HS, Greenamyre JT, Isacson O, Schule B. LRRK2
mutations cause mitochondrial DNA damage in iPSC-derived neural
cells from Parkinson’s disease patients: reversal by gene correction.
Neurobiol Dis 2014;62:381-6

induced pluripotent stem cells. Cell 2008;134:877-86 31. Seibler P, Graziotto J, Jeong H, Simunovic F, Klein C, Krainc D.

19. Devine MJ, Ryten M, Vodicka P, Thomson AJ, Burdon T, Houlden H, Mitochondrial Parkin recruitment is impaired in neurons derived from
Cavaleri F, Nagano M, Drummond NJ, Taanman JW, Schapira AH, mutant PINK1 induced pluripotent stem cells. ] Neurosci 2011;31:5970-6
Gwinn K, Hardy J, Lewis PA, Kunath T. Parkinson’s disease induced 32. Rakovic A, Shurkewitsch K, Seibler P, Grunewald A, Zanon A,
pluripotent stem cells with triplication of the alpha-synuclein locus. Nat Hagenah ], Krainc D, Klein C. PTEN-induced putative kinase 1
Commun 2011;2:440 (PINK1)-dependent ubiquitination of endogenous Parkin attenuates

20. Byers B, Cord B, Nguyen HN, Schule B, Fenno L, Lee PC, Deisseroth K, mitophagy: study in human primary fibroblasts and induced pluripo-
Langston JW, Pera RR, Palmer TD. SNCA triplication Parkinson’s tent stem (iPS) cell-derived neurons. | Biol Chem 2012;4:380-95
patient’s iPSC-derived DA neurons accumulate alpha-synuclein and 33. Miller JD, Ganat YM, Kishinevsky S, Bowman RL, Liu B, Tu EY,
are susceptible to oxidative stress. PloS One 2011;6:€26159 Mandal PK, Vera E, Shim JW, Kriks S, Taldone T, Fusaki N,

21. Chung CY, Khurana V, Auluck PK, Tardiff DF, Mazzulli JR, Soldner F, Tomishima M]J, Krainc D, Milner TA, Rossi DJ, Studer L. Human iPSC-
Baru V, Lou Y, Freyzon Y, Cho S, Mungenast AE, Muffat J, based modeling of late-onset disease via progerin-induced aging. Cell
Mitalipova M, Pluth MD, Jui NT, Schule B, Lippard SJ, Tsai LH, Stem Cell 2013;13:691-705
Krainc D, Buchwald SL, Jaenisch R, Lindquist S. Identification and 34. Jiang H, Ren Y, Yuen EY, Zhong P, Ghaedi M, Hu Z, Azabdaftari G,
rescue of alpha-synuclein toxicity in Parkinson patient-derived neu- Nakaso K, Yan Z, Feng J. Parkin controls dopamine utilization in human
rons. Science 2013;342:983-7 midbrain dopaminergic neurons derived from induced pluripotent

22. Ryan SD, Dolatabadi N, Chan SF, Zhang X, Akhtar MW, Parker J, stem cells. Nat Commun 2012;3:668
Soldner F, Sunico CR, Nagar S, Talantova M, Lee B, Lopez K, Nutter A, 35. Imaizumi Y, Okada Y, Akamatsu W, Koike M, Kuzumaki N,

Shan B, Molokanova E, Zhang Y, Han X, Nakamura T, Masliah E, Hayakawa H, Nihira T, Kobayashi T, Ohyama M, Sato S, Takanashi M,
Yates JR III, Nakanishi N, Andreyev AY, Okamoto S, Jaenisch R, Funayama M, Hirayama A, Soga T, Hishiki T, Suematsu M, Yagi T, Ito D,
Ambasudhan R, Lipton SA. Isogenic human iPSC Parkinson’s model Kosakai A, Hayashi K, Shouji M, Nakanishi A, Suzuki N, Mizuno Y,
shows nitrosative stress-induced dysfunction in MEF2-PGClalpha Mizushima N, Amagai M, Uchiyama Y, Mochizuki H, Hattori N,
transcription. Cell 2013;155:1351-64 Okano H. Mitochondrial dysfunction associated with increased oxida-

23. Nguyen HN, Byers B, Cord B, Shcheglovitov A, Byrne J, Gujar P, Kee K, tive stress and alpha-synuclein accumulation in PARK?2 iPSC-derived
Schule B, Dolmetsch RE, Langston W, Palmer TD, Pera RR. LRRK2 neurons and postmortem brain tissue. Mol Brain 2012;5:35
mutant iPSC-derived DA neurons demonstrate increased susceptibility 36. Aboud AA, Tidball AM, Kumar KK, Neely MD, Ess KC, Erikson KM,
to oxidative stress. Cell Stem Cell 2011;8:267-80 Bowman AB. Genetic risk for Parkinson’s disease correlates with

24. Sanchez-Danes A, Richaud-Patin Y, Carballo-Carbajal I, alterations in neuronal manganese sensitivity between two human
Jimenez-Delgado S, Caig C, Mora S, Di Guglielmo C, Ezquerra M, subjects. Neurotoxicology 2012;33:1443-9
Patel B, Giralt A, Canals JM, Memo M, Alberch ], Lopez-Barneo J, 37. Soldner F, Hockemeyer D, Beard C, Gao Q, Bell GW, Cook EG,

Vila M, Cuervo AM, Tolosa E, Consiglio A, Raya A. Disease-specific Hargus G, Blak A, Cooper O, Mitalipova M, Isacson O, Jaenisch R.
phenotypes in dopamine neurons from human iPS-based models of Parkinson’s disease patient-derived induced pluripotent stem cells free
genetic and sporadic Parkinson’s disease. EMBO Mol Med 2012;4:380-95 of viral reprogramming factors. Cell 2009;,136:964-77

25. Cooper O, Seo H, Andrabi S, Guardia-Laguarta C, Graziotto J, 38. Elkabetz Y, Panagiotakos G, Al Shamy G, Socci ND, Tabar V, Studer L.
Sundberg M, McLean JR, Carrillo-Reid L, Xie Z, Osborn T, Hargus G, Human ES cell-derived neural rosettes reveal a functionally distinct
Deleidi M, Lawson T, Bogetofte H, Perez-Torres E, Clark L, early neural stem cell stage. Genes Dev 2008;22:152-65
Moskowitz C, Mazzulli ], Chen L, Volpicelli-Daley L, Romero N, 39. Kim BK, Kim SE, Shim JH, Woo DH, Gil JE, Kim SK, Kim JH.

Jiang H, Uitti R], Huang Z, Opala G, Scarffe LA, Dawson VL, Klein C, Neurogenic effect of vascular endothelial growth factor during germ
Feng ], Ross OA, Trojanowski JQ, Lee VM, Marder K, Surmeier D], layer formation of human embryonic stem cells. FEBS Lett

Wszolek ZK, Przedborski S, Krainc D, Dawson TM, Isacson O. 2006;580:5869-74

Pharmacological rescue of mitochondrial deficits in iPSC-derived 40. Perrier AL, Tabar V, Barberi T, Rubio ME, Bruses ], Topf N, Harrison NL,
neural cells from patients with familial Parkinson’s disease. Sci Transl Studer L. Derivation of midbrain dopamine neurons from human
Med 2012;4:141ra90 embryonic stem cells. Proc Natl Acad Sci USA 2004;101:12543-8

26. Liu GH, QuJ, Suzuki K, Nivet E, Li M, Montserrat N, Yi F, Xu X, Ruiz S, 41. Roy NS, Cleren C, Singh SK, Yang L, Beal MF, Goldman SA. Functional
Zhang W, Wagner U, Kim A, Ren B, Li Y, Goebl A, Kim J, Soligalla RD, engraftment of human ES cell-derived dopaminergic neurons enriched
Dubova I, Thompson J, Yates J III, Esteban CR, Sancho-Martinez I, by coculture with telomerase-immortalized midbrain astrocytes. Nat
Izpisua Belmonte JC. Progressive degeneration of human neural stem Med 2006,12:1259-68
cells caused by pathogenic LRRK2. Nature 2012;491:603-7 42. Sonntag KC, Pruszak J, Yoshizaki T, van Arensbergen J,

27. Reinhardt P, Schmid B, Burbulla LF, Schondorf DC, Wagner L, Glatza M, Sanchez-Pernaute R, Isacson O. Enhanced yield of neuroepithelial
Hoing S, Hargus G, Heck SA, Dhingra A, Wu G, Muller S, precursors and midbrain-like dopaminergic neurons from human
Brockmann K, Kluba T, Maisel M, Kruger R, Berg D, Tsytsyura Y, embryonic stem cells using the bone morphogenic protein antagonist
Thiel CS, Psathaki OE, Klingauf J, Kuhlmann T, Klewin M, Muller H, noggin. Stem Cell 2007,25:411-8
Gasser T, Scholer HR, Sterneckert J. Genetic correction of a LRRK2 43. Sanchez-Danes A, Consiglio A, Richaud Y, Rodriguez-Piza I, Dehay B,

mutation in human iPSCs links Parkinsonian neurodegeneration to

Edel M, Bove J, Memo M, Vila M, Raya A, Belmonte JCI. Efficient

Downloaded from ebm.sagepub.com at Guangzhou Institutes o PARENT on December 6, 2016


http://ebm.sagepub.com/

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

generation of A9 midbrain dopaminergic neurons by lentiviral delivery
of LMX1A in human embryonic stem cells and induced pluripotent
stem cells. Hum Gene Ther 2012;23:56-69

Yan Y, Yang D, Zarnowska ED, Du Z, Werbel B, Valliere C, Pearce RA,
Thomson JA, Zhang SC. Directed differentiation of dopaminergic
neuronal subtypes from human embryonic stem cells. Stem Cell
2005;23:781-90

Okada Y, Matsumoto A, Shimazaki T, Enoki R, Koizumi A,

Ishii S, Itoyama Y, Sobue G, Okano H. Spatiotemporal recapitu-
lation of central nervous system development by murine embry-
onic stem cell-derived neural stem/progenitor cells. Stem Cell
2008;26:3086-98

Neely MD, Litt MJ, Tidball AM, Li GG, Aboud AA, Hopkins CR,
Chamberlin R, Hong CC, Ess KC, Bowman AB. DMHI, a highly
selective small molecule BMP inhibitor promotes neurogenesis of
hiPSCs: comparison of PAX6 and SOX1 expression during neural
induction. ACS Chem Neurosci 2012;3:482-91

Kriks S, Shim JW, Piao J, Ganat YM, Wakeman DR, Xie Z,
Carrillo-Reid L, Auyeung G, Antonacci C, Buch A, Yang L, Beal MF,
Surmeier DJ, Kordower JH, Tabar V, Studer L. Dopamine neurons
derived from human ES cells efficiently engraft in animal models of
Parkinson’s disease. Nature 2011;480:547-51

Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M,
Studer L. Highly efficient neural conversion of human ES and

iPS cells by dual inhibition of SMAD signaling. Nat Biotechnol
2009;27:275-80

Cooper O, Hargus G, Deleidi M, Blak A, Osborn T, Marlow E, Lee K,
Levy A, Perez-Torres E, Yow A, Isacson O. Differentiation of

human ES and Parkinson’s disease iPS cells into ventral midbrain
dopaminergic neurons requires a high activity form of SHH, FGF8a and
specific regionalization by retinoic acid. Mol Cell Neurosci
2010;45:258-66

Frank-Kamenetsky M, Zhang XM, Bottega S, Guicherit O, Wichterle H,
Dudek H, Bumcrot D, Wang FY, Jones S, Shulok J, Rubin LL, Porter JA.
Small-molecule modulators of Hedgehog signaling: identification and
characterization of Smoothened agonists and antagonists. | Biol
2002;1:10

Chen JK, Taipale J, Young KE, Maiti T, Beachy PA. Small molecule
modulation of smoothened activity. Proc Natl Acad Sci USA
2002;99:14071-6

Li W, Sun W, Zhang Y, Wei W, Ambasudhan R, Xia P, Talantova M, Lin T,
Kim J, Wang X, Kim WR, Lipton SA, Zhang K, Ding S. Rapid induction
and long-term self-renewal of primitive neural precursors from human
embryonic stem cells by small molecule inhibitors. Proc Natl Acad Sci
USA 2011;108:8299-304

Kim JE, O’Sullivan ML, Sanchez CA, Hwang M, Israel MA, Brennand K,
Deerinck TJ, Goldstein LS, Gage FH, Ellisman MH, Ghosh A.
Investigating synapse formation and function using human pluripotent
stem cell-derived neurons. Proc Natl Acad Sci USA 2011;108:3005-10
Mak SK, Huang YA, Iranmanesh S, Vangipuram M, Sundararajan R,
Nguyen L, Langston JW and Schule B. Small molecules greatly improve
conversion of human-induced pluripotent stem cells to the neuronal
lineage. Stem Cell Int 2012; 31(16):5970-6

Buganim Y, Faddah DA, Jaenisch R. Mechanisms and models of somatic
cell reprogramming. Nat Rev Genet 2013;14:427-39

Liang G, Zhang Y. Genetic and epigenetic variations in iPSCs: potential
causes and implications for application. Cell Stem Cell 2013;13: 149-59
Hu Q, Friedrich AM, Johnson LV, Clegg DO. Memory in induced
pluripotent stem cells: reprogrammed human retinal-pigmented epi-
thelial cells show tendency for spontaneous redifferentiation. Stem Cell
2010;28:1981-91

Polo JM, Liu S, Figueroa ME, Kulalert W, Eminli S, Tan KY, Apostolou E,
Stadtfeld M, Li Y, Shioda T, Natesan S, Wagers AJ, Melnick A, Evans T,
Hochedlinger K. Cell type of origin influences the molecular and
functional properties of mouse induced pluripotent stem cells. Nat
Biotechnol 2010;28:848-55

Laurent LC, Ulitsky I, Slavin I, Tran H, Schork A, Morey R, Lynch C,
Harness JV, Lee S, Barrero MJ, Ku S, Martynova M, Semechkin R,
Galat V, Gottesfeld J, Izpisua Belmonte JC, Murry C, Keirstead HS,

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Park HS, Schmidt U, Laslett AL, Muller FJ, Nievergelt CM, Shamir R,
Loring JF. Dynamic changes in the copy number of pluripotency and
cell proliferation genes in human ESCs and iPSCs during reprogram-
ming and time in culture. Cell Stem Cell 2011;8:106-18

Bock C, Kiskinis E, Verstappen G, Gu H, Boulting G, Smith ZD, Ziller M,
Croft GF, Amoroso MW, Oakley DH, Gnirke A, Eggan K, Meissner A.
Reference maps of human ES and iPS cell variation enable high-
throughput characterization of pluripotent cell lines. Cell
2011;144:439-52

Boulting GL, Kiskinis E, Croft GF, Amoroso MW, Oakley DH,
Wainger BJ, Williams DJ, Kahler DJ, Yamaki M, Davidow L,
Rodolfa CT, Dimos JT, Mikkilineni S, MacDermott AB, Woolf CJ,
Henderson CE, Wichterle H, Eggan K. A functionally characterized
test set of human induced pluripotent stem cells. Nat Biotechnol
2011,29:279-86

Hu BY, Weick JP, Yu J, Ma LX, Zhang XQ, Thomson JA, Zhang SC.
Neural differentiation of human induced pluripotent stem cells follows
developmental principles but with variable potency. Proc Natl Acad Sci
USA 2010;107:4335-40

Gaj T, Gersbach CA, Barbas CF III. ZFN, TALEN, and CRISPR/
Cas-based methods for genome engineering. Trends Biotechnol
2013;31:397-405

Soldner F, Laganiere ], Cheng AW, Hockemeyer D, Gao Q, Alagappan R,
Khurana V, Golbe LI, Myers RH, Lindquist S, Zhang L, Guschin D,
Fong LK, Vu BJ, Meng X, Urnov FD, Rebar EJ, Gregory PD, Zhang HS,
Jaenisch R. Generation of isogenic pluripotent stem cells differing
exclusively at two early onset Parkinson point mutations. Cell
2011,146:318-31

Gupta A, Meng X, Zhu L], Lawson ND, Wolfe SA. Zinc finger pro-
tein-dependent and -independent contributions to the in vivo off-
target activity of zinc finger nucleases. Nucleic Acids Res
2011;39:381-92

FuY, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, Sander JD.
High-frequency off-target mutagenesis induced by CRISPR-Cas nucle-
ases in human cells. Nat Biotechnol 2013;31:822-6

Mekhoubad S, Bock C, de Boer AS, Kiskinis E, Meissner A, Eggan K.
Erosion of dosage compensation impacts human iPSC disease model-
ing. Cell Stem Cell 2012;10:595-609

Brinkman AB, Roelofsen T, Pennings SW, Martens JH, Jenuwein T,
Stunnenberg HG. Histone modification patterns associated with the
human X chromosome. EMBO Rep 2006;7:628-34

Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin II, Thomson JA.
Human induced pluripotent stem cells free of vector and transgene
sequences. Science 2009;324:797-801

Sandoe ], Eggan K. Opportunities and challenges of pluripo-

tent stem cell neurodegenerative disease models. Nat Neurosci
2013;16:780-9

Croisier E, Graeber MB. Glial degeneration and reactive gliosis in alpha-
synucleinopathies: the emerging concept of primary gliodegeneration.
Acta Neuropathol 2006;112:517-30

Lobsiger CS, Cleveland DW. Glial cells as intrinsic components of non-
cell-autonomous neurodegenerative disease. Nat Neurosci
2007;10:1355-60

Ransom BR, Kunis DM, Irwin I, Langston JW. Astrocytes convert the
parkinsonism inducing neurotoxin, MPTF, to its active metabolite,
MPP+. Neurosci Lett 1987;75:323-8

Zhou W, Lee YM, Guy VC, Freed CR. Embryonic stem cells

with GFP knocked into the dopamine transporter yield purified dopa-
mine neurons in vitro and from knock-in mice. Stem Cell
2009;27:2952-61

Pang ZP, Yang N, Vierbuchen T, Ostermeier A, Fuentes DR, Yang TQ,
Citri A, Sebastiano V, Marro S, Sudhof TC, Wernig M. Induction of
human neuronal cells by defined transcription factors. Nature
2011;476:220-3

Zhang Y, Pak C, Han Y, Ahlenius H, Zhang Z, Chanda S, Marro S,
Patzke C, Acuna C, Covy J, Xu W, Yang N, Danko T, Chen L, Wernig M,
Sudhof TC. Rapid single-step induction of functional neurons from
human pluripotent stem cells. Neuron 2013;78:785-98

Downloaded from ebm.sagepub.com at Guangzhou Institutes o PARENT on December 6, 2016


http://ebm.sagepub.com/

1432 Experimental Biology and Medicine Volume 239 November 2014

77. Chinta SJ, Lieu CA, Demaria M, Laberge RM, Campisi ], Andersen JK. Cerebral organoids model human brain development and microceph-
Environmental stress, ageing and glial cell senescence: a novel mech- aly. Nature 2013;501:373-9
anistic link to Parkinson’s disease? | Intern Med 2013;273:429-36 79. Qiang L, Fujita R, Abeliovich A. Remodeling neurodegeneration: som-
78. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, atic cell reprogramming-based models of adult neurological disorders.
Hurles ME, Homfray T, Penninger JM, Jackson AP, Knoblich JA. Neuron 2013;78:957-69

Downloaded from ebm.sagepub.com at Guangzhou Institutes o PARENT on December 6, 2016


http://ebm.sagepub.com/

