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The cell biology of human neurodegenerative diseases has been difficult to study till recently. The development
of human induced pluripotent stem cell (iPSC) models has greatly enhanced our ability to model disease in
human cells. Methods have recently been improved, including increasing reprogramming efficiency, introdu-
cing non-viral and non-integrating methods of cell reprogramming, and using novel gene editing techniques
for generating genetically corrected lines from patient-derived iPSCs, or for generating mutations in control
cell lines. In this review, we highlight accomplishments made using iPSC models to study neurodegenerative
disorders such as Huntington’s disease, Parkinson’s disease, Amyotrophic Lateral Sclerosis, Fronto-
Temporal Dementia, Alzheimer’s disease, Spinomuscular Atrophy and other polyglutamine diseases. We
review disease-related phenotypes shown in patient-derived iPSCs differentiated to relevant neural subtypes,
often with stressors or cell “aging”, to enhance disease-specific phenotypes. We also discuss prospects for
the future of using of iPSC models of neurodegenerative disorders, including screening and testing of therapeut-
ic compounds, and possibly of cell transplantation in regenerative medicine. The new iPSC models have the po-
tential to greatly enhance our understanding of pathogenesis and to facilitate the development of novel

therapeutics.

INTRODUCTION

The cell biology of brain diseases has been very difficult to study
till recently, owing to the inaccessibility of the human brain in
vivo, the challenges in working with human postmortem brain
tissue and the incomplete success of many cell and animal
models to date. Therefore, the advent of human stem cell tech-
nologies has the potential to revolutionize the field. Brain dis-
eases are especially attractive for stem cell applications, as
pluripotent stem cells appear to have an inherent propensity to
differentiate into neuronal lineages. Furthermore, many brain
diseases have genetic forms and thus are amenable to the use
of modern genome-editing technologies. This article will focus
on neurodegenerative diseases, whereas neurodevelopmental
and psychiatric disorders will be the subject of the accompany-
ing article (1).

There are many approaches for generating stem cells for use in
brain disease research (2—6). In this review, we will discuss
induced pluripotent stem cells (iPSCs). The ability to generate
pluripotent stem cells from adult fully differentiated cells such

as skin fibroblasts was a major advance in medicine in recent
years (7—10). True pluripotency of iPSCs has been demonstrated
by successful production of viable mice from iPSCs using ‘tetra-
ploid complementation’ (11,12). Concern about the persistence
of the reprogramming vectors in chromosomal DNA has been
alleviated by the development of techniques for reprogramming
without viral vector integration (13—16). The efficiency of re-
programming is improving (17). The demonstration that iPSCs
can be generated from patients (Fig. 1) has opened the era of
studying cellular disease phenotypes in patient-derived cell
models (10,18). iPSCs can be generated from patients of
advanced age, indicating their usefulness for such late onset dis-
eases as neurodegenerative diseases (19).

Critical for the ability to model neurodegenerative diseases is
the capacity to generate defined neuronal populations from pluri-
potent cells. While much progress has been made, current proto-
cols are still often lengthy, expensive and complex and yield
incompletely homogeneous populations of neurons. Nevertheless,
ithas become possible to differentiate human pluripotent stem cells
into cells with phenotypes resembling dopaminergic neurons
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Figure 1. Schematic diagram showing uses of human somatic cells such as adult skin fibroblasts reprogrammed into pluripotent stem cells (iPSCs). The iPSCs derived
from a donor carrying a mutation in a disease risk gene can be genetically corrected using homologous recombination, ZFN, TALEN or CRISPR/Cas9. The resulting
isogenic cells can be used as normal controls or potentially for cell transplantation therapy. These techniques can also be used to introduce disease-related mutations
into the genomes of healthy donor derived iPSCs. The genetically modified cells and parental iPSCs can be differentiated into neural stem (precursor) cells (NSCs). The
NSCs can be expanded, sorted for appropriate neural precursors, and further differentiated into mature disease-specific neural subtypes. For research into neural de-
generative disorders, cells stressors or artificial cell aging may be applied to enhance disease-specific phenotypes. The cells can be used for compound screening for

drug discovery and testing of novel therapeutics.

(20—22), glutamatergic neurons (20), GABAergic neurons (23),
motor neurons (22,24) and medium spiny neurons of the striatum
(25,26). Human pluripotent stem cells can also be differentiated
in vitro into astroglial and oligodenrocyte precursors able to
further differentiation into mature astrocytes and oligodendrocytes
in vivo (23,27-29).

The opportunities for studying genetic neurodegenerative dis-
eases have also been greatly enhanced by modern techniques of
genome editing. These include homologous recombination
(30,31) and the more recent and efficient techniques involving
zinc finger nucleases (32,33), transcription activator-like effect-
or nucleases (TALENSs) and the highly efficient and low-cost
technique termed Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRISPR). The CRISPR/Cas9 system consists
of the CRISPR-associated (Cas) nuclease Cas9 and a short
guide RNA (gRNA) to target the bacterial double-stranded
DNA endonuclease Cas9 to specific genomic sequence
(34,35). The CRISPR/Cas9 approach has been criticized for oft-
target effects (36); however, further advances in the technique
strikingly reduced the off-target mutagenesis (37). These
genome-editing techniques have many potential applications
for the studying of neurodegenerative diseases, including

correction or generation of genetic mutations, and addition of ex-
perimental alterations to cell lines with genetic mutations, with
applications for disease modeling, or potentially for cell trans-
plantation approaches.

One issue in modeling of neurodegenerative disorders with
iPSCs is the late onset of many of the diseases, often with
aging as a potential risk factor. Stressors such as oxidative
stress, growth factor deficiency, excitotoxicity and proteasome
or autophagy inhibition have been used to reveal disease-
associated phenotypes in many iPSC models (Fig. 2). Recently,
expression of progerin, a protein causing premature aging, has
been used to model aging in Parkinson disease iPSCs (38).

There are many possible applications of stem cell technology
for neurodegenerative disease research. These include study of
basic disease mechanisms, identification of therapeutic targets
and development of assays for screening for therapeutics.
Cells may also be developed for cell transplantation (sometimes
termed ‘cell replacement’) therapeutics. There have been several
recent reviews of the application of iPSCs to neurodegenerative
disease research (3,5,18,39,40). In this article, we will focus on
recent accomplishments in the iPSC field toward insights into
pathogenesis and leads toward therapeutics.
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Figure 2. iPSCs derived from HD, PD and ALS patients have been successfully
differentiated into mature neurons with relevant properties, and show disease-
specific phenotypes. (A—D). HD iPSC model (26). (A) HD iPSCs with 109
CAG repeats can be differentiated into mature, striatal-like neurons that
express medium-spiny-neuron markers MAP2a/b and Bcll1B. (B) Time-lapse
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HUNTINGTON’S DISEASE

Huntington’s disease (HD) is an excellent model disease for
study, because it is caused by mutations in a single gene and
because the length of the triplet repeat expansion determines
age of onset and severity of progression (41,42). Furthermore,
there are protocols for differentiating human pluripotent stem
cells into a phenotype similar to those of medium spiny
neurons (24,25,43), the cell type most affected in the disease.
A comprehensive review of HD modeling with iPSCs has previ-
ously been published (44).

The NINDS HD iPS Cell Consortium has conducted an exten-
sive series of studies of cells generated from patients with arange
of CAG repeat expansion lengths (26). The HD iPSCs showed
patterns of gene and protein expression distinct from controls,
and consistent with pathways of cell function known to be
altered in HD, such as proteostasis, neurodevelopment, cell trans-
port, RNA metabolism and cellular metabolism. In addition,
the patterns of gene and protein expression varied with CAG-
expansion length—with cells with longer expansions having
greater perturbations in gene and protein expression patterns.
Differentiated HD neural cells showed disease-associated pheno-
types, including changes in electrophysiology, metabolism, cell
adhesion and cell toxicity. The longest repeat lines were most
vulnerable to cell stressors, including withdrawal of nutrients
from the cell media, especially BDNF, again mirroring the
repeat-expansion-length dependence in human HD patients.
Other stressors causing CAG-expansion-dependent toxicity were
glutamate toxicity, oxidative stress and autophagy inhibition.

A simultaneous publication using a single line with expanded
repeats was notable for demonstrating correction of the repeat ex-
pansion mutation, using homologous recombination. Cells with
expanded repeats, but not control cells or corrected cells, had
changes in gene expression, including cadherin family and TGF-
beta pathways. In addition, HD cells, but not control or corrected

experiment. The risk of death was significantly higher for the HD180i.7 line
(180 CAG) compared to the HD33i.8 line (33 CAG) over time in culture. After
BDNF removal, the risk of death was significantly greater for the HD180i.7
line compared to the HD33i.8 line. (C) Hierarchical clustering of genes from
striatal-like cells is represented by the vertical bars (yellow for HD and green
for control). HD and control cells are clearly separated. (D) Quantification
of condensed nuclei as a measure of cell toxicity showed that both HD109i.1
and HD1801i.5 lines had significantly more cell death after BDNF withdrawal,
whereas the HD33i.8 control line showed no change. (E—H). PD iPSC model
(57). (E) Differentiation of iPSCs into midbrain dopaminergic (mDA)
neurons, and expression of LRRK2 protein in dopaminergic neurons. (F—G)
Electrophysiological recordings of control HUFS and PD G2019S iPSCs differ-
entiated to DA neurons demonstrates that they can fire action potential. (H) Quan-
tification of cells double positive for TH and CASP3 in clones of normal (wild-
type) H9 and HUF5-iPSC versus disease G2019S-iPSC-derived DA neurons,
with several H,O, concentrations. (I-M). ALS-FTD model (75). (I) COORF72
ALS cells show cytoplasmic RAN translation peptides. COORF72 iPSN cells
contain cytoplasmic GGGGCC RNA foci, while control iPSNs do not. (J) Quan-
tification of cytoplasmic RNA foci reveals that cytoplasmic foci are RNase A sen-
sitive. (K) C9ORF72 ALS iPSC neurons are highly susceptible to glutamate
toxicity. Immunofluorescent staining of control and C9ORF72 iPSC cultures
show expression of glutamate receptors GluR2, NR2B, and postsynaptic
density protein PSD95 at comparable levels. Box indicates region of high mag-
nification seen below each image. (L) Dose response curve of control and
C90RF72 iPSC neurons revealed that COORF72 iPSC neurons are highly sus-
ceptible to glutamate excitotoxicity. (M) Glutamate-induced excitotoxicity of
C90RF72 iPSNs shows statistically significant cell death after 4 hr of 30 mM
glutamate treatment when compared to control iPSNs.
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cells, had abnormalities of oxygen consumption rate and enhanced
cell toxicity with cell stressors and BDNF withdrawal (31).

Other studies have generated HD iPSCs and observed pheno-
types such as alteration in lysosomal activity (45), mitochondrial
fragmentation (46) and alterations in transcription repressor activ-
ity (47). Gene expression changes in HD iPSCs are consistent with
reports of changes in FOXO interaction networks (48). HD likely
does not affect only neurons. Indeed, when HD iPSCs are differ-
entiated into astrocytes, signs of cellular pathology ensue (49).

HD iPSCs have been used for some initial studies of experi-
mental therapeutics. Using a luciferase assay measuring REST
activity, a screen identified two small molecules, which partly
reversed phenotypes in the HD iPSCs. This compound also
altered REST-regulated genes in the prefrontal cortex of mice
with quinolinate-induced striatal lesions, including increasing
expression of BDNF (47). Treatment of HD iPSCs with an in-
hibitor of mitochondrial-fission-related protein Drpl improved
mitochondrial measures and increased cell viability in HD cell
culture models, including iPS-cell-derived neurons from HD
patients. This compound also had beneficial effects in HD trans-
genic mice (46). Thus, these two studies show the potential for
use of HD iPSCs not just for studies of pathogenesis but also
for testing experimental therapeutics.

The studies mentioned earlier involved disease modeling for
testing therapeutics. Another approach is cell transplantation
with the hope of yielding ‘cell replacement.” HD iPSC-derived
neuronal precursors were transplanted into a rat model of HD
with excitotoxic striatal lesions. There was behavioral recovery;
however, the transplanted cells developed signs of HD pathology
themselves (50). This indicates the importance of mutation cor-
rection prior to cell transplantation.

PARKINSON’S DISEASE

Parkinson’s disease (PD) is an interesting model for application
of iPSC technology, because protocols for generating dopamine
neurons (which are not the only neurons affected, but which are
preferentially vulnerable) are relatively robust and reproducible
(20—22). In addition, because PD has a mix of several different
genetic causes as well as, more commonly, predominantly spor-
adic causes, there is the opportunity to study phenotypes in both
genetic and sporadic cases and to use the different genetic forms
as part of an effort to piece together pathogenic pathways involv-
ing their gene products. There have been several reviews of PD
iPSCs studies (51-53).

The first genetic cause identified for familial Parkinsonism
(generally showing more widespread brain pathology than
most cases of idiopathic PD) was alpha-synuclein. Parkinsonism
can be caused by mutations in alpha-synuclein or by overexpres-
sion of normal alpha-synuclein via gene duplication or triplica-
tion, consistent with a gain-of-function mechanism. One of the
first iPSC models of genetic PD involved a patient with triplica-
tion in the alpha-synuclein gene (54). In the study, dopamine
neurons showed accumulation of alpha-synuclein, overexpres-
sion of markers of oxidative stress and enhanced sensitivity to
cell toxicity induced by hydrogen peroxide compared with con-
trols. These findings were all consistent with the idea of a genetic
gain of function and the concept that cell toxicity can be, at least
in part, a cell autonomous process.

A subsequent study generated cortical neurons from iPSCs
reprogrammed from patients with the most common alpha-
synuclein mutation, AS3T. These cells showed increased nitric
oxide and 3-NT levels compared with controls. They also
showed evidence of ER stress. A small molecule (NAB2) amelio-
rated some of these phenotypes (55). In another study, mutant
alpha-synuclein was genetically corrected using gene editing
techniques. The mutant alpha-synuclein cells also exhibited
markers of increased nitrosative stress. Rather remarkably, the
authors reported critical role of the MEF2C-PGClalpha tran-
scriptional pathway in mitochondrial toxin-induced apoptosis
in A53T mutant alpha-synuclein neurons and via high-
throughput screening identified a small molecule isoxazole as
potent to activate MEF2 transcription and protect the neurons
from apoptosis (56).

A frequent cause of familial PD arises from mutations in
LRRK2—accounting for up to a quarter of cases in some popu-
lations. The most common LRRK2 mutation is G2019S. Dopa-
mine neurons derived from G2019S LRRK2 iPSCs showed
increased expression of alpha-synuclein, suggesting a connec-
tion between these two risk genes in a pathogenic pathway, as
had been previously hypothesized (57). The mutant neurons
had increased expression of oxidative stress response genes
and were more sensitive than control neurons to cell toxicity
caused by cell stress agents such as hydrogen peroxide, the pro-
teasome inhibitor MG132 and 6-hydroxy dopamine. The differ-
ences were quite striking, indicating that the LRRK?2 iPSC PD
model is likely to be a robust cell model of PD. Another study
showed similar phenotypes from patients with idiopathic PD
and patients with mutant LRRK2 (58). Interestingly, both
models had elevated levels of alpha-synuclein and alpha-
synuclein accumulation, consistent with the idea that alpha-
synuclein is downstream from LRRK2.

A subsequent study also reported phenotypic differences
between LRRK2 mutant cells and control cells, including
changes in respiration, though the differences seemed less
robust (59). This paper also reported on patients with PINK1
mutations. The authors found some differences in the metabolic
parameters of the PINK1 neurons compared with the LRRK?2
neurons, but they found similar cellular vulnerabilities. The
cell vulnerabilities could be rescued by co-enzyme Q10 or rapa-
mycin. Interestingly, both the LRRK2 mutant cells and the
PINK1 mutant cells could be rescued by the LRRK2 kinase
inhibitor GW5074. Thus, the PD iPSC models suggest a patho-
genic pathway in which PINK1 is upstream of LRRK2 and
LRRK2 is upstream of alpha-synuclein. Another suggestion of
a pathogenic pathway as determined in human PD iPSCs is
that Parkin recruitment is impaired in neurons derived from
mutant PINK1 patients. This would place Parkin in the patho-
genic pathway also, downstream of PINK1. PD iPSCs from
Parkin patients also showed evidence of increased oxidative
stress and enhanced activity of the related NRF2 pathway (60).

Several papers have now shown that the LRRK2 mutations
can be corrected by genome-editing techniques (32,33,61).
There have been several studies showing transplantation of
iPSCs into PD models. An early study showed that neuronal
cells derived from human iPSCs could be transplanted into the
fetal mouse brain. The cells migrated into several different
brain regions, with differentiation into both glia and neurons.
When iPSCs were induced to differentiate into dopamine

220z 1snbny 9| uo Jesn sopsnr jo Juswpedsq 'S'N Aq ££20062/L1 /1L H/€Z/2101e/Bwy/woo dno olwepese//:sdiy woly papeojumoq



Human Molecular Genetics, 2014, Vol. 23, Review Issue 1

neurons and transplanted into a rat model of PD, there was some
improvement into the behavioral phenotype. The cells were pre-
screened by fluorescence-activated cell sorting to separate out
pluripotent cells, which might have the propensity for tumor for-
mation (62). Another study showed that PD iPSCs differentiated
into dopamine neurons could be transplanted into the adult
rodent striatum, and a few of these cells developed axons project-
ing into the striatum. 6-OHDA-lesioned rats transplanted with
the neurons showed reduced amphetamine- and apomorphine-
induced rotational asymmetry (63). Another study also showed
that transplantation of human protein-based (derived without any
viral or other DNA-based vectors) iPSCs into rats with striatal
lesions could rescue motor deficits (64).

AMYOTROPHIC LATERAL SCLEROSIS AND
FRONTOTEMPORAL DEMENTIA

Amyotrophic lateral sclerosis (ALS) is also an attractive topic
for modeling using iPSCs, because there are several genetic
mutations that cause ALS and also frontotemporal dementia,
as well as sporadic cases with no known mutations. Furthermore,
protocols for generating motor neurons are well established (65),
making possible relatively consistent studies from different
laboratories. Two studies showed disease-related phenotypes
in cells programmed from patients with mutations in TDP-43
(66,67). Both studies found elevated levels of detergent insol-
uble TDP-43 protein, consistent with previous reports of aggre-
gates in cells from ALS patients. Both studies also showed
decreased survival and increased vulnerability to cell stressors.
These studies are consistent with the hypothesis that TDP-43
mutations act via a genetic gain-of-function and suggest that
effects may be cell autonomous. In addition, the Egawa et al.
study demonstrated amelioration of the cellular phenotypes with
a small molecule showing the potential for use of these cells for
screening therapeutic drugs (66). Another study found increased
sensitivity to staurosporine in iPSCs from patients with TDP-43
mutations as well as alterations in levels of TDP-43 itself and a
micro RNA (miR-9), a target of TDP-43 (68).

iPSC models have also been made from ALSS patients with
mutations in the vamp-associated protein B/C (VAPB) (69).
VAPB protein levels were reduced in the ALS8-derived
motor neurons compared with control cells from normal sib-
lings, which is in agreement with reduction of VAPB in sporadic
ALS.

About 20% of ALS cases caused by genetic mutations are
associated with the Cu/Zn superoxide dismutase (SOD1) gene.
As it has been recently shown, iPSCs derived from ALS
donors carrying A4V or D90A mutations and differentiated to
motor neurons demonstrate presence of small SOD1 aggregates
in cytoplasm and nuclei but not in mitochondria. SOD1 ALS
motor neurons exhibited neurofilament aggregation in cyto-
plasm and neurites followed by neurite degeneration that were
rare in non-motor neuron ALS cells or wild-type and isogenic
control motor neurons (70). The ALS motor neurons also
showed decreased stability of neurofilament-L. mRNA and
binding of its 3’ UTR by mutant SOD1 destabilizing the
mRNA. Notably, the described changes were prevented in gen-
etically corrected ALS iPSCs and mimicked by expression of
mutant SOD1 in normal human embryonic stem cells.

R21

iPSCs have also been used to generate functional astrocytes
from patients with ALS TDP-43 mutations. These astrocytes
showed similar mislocalization of TDP-43 as neurons and also
showed decreased survival and responsiveness to stress (71).
More recently, iPSCs from patients with TDP-43 mutations
were found to have abnormal axonal transport (72).

The discovery that expansion of hexanucleotide repeat in the
C90RF72 causes ALS and frontotemporal dementia has led to
an expansion of the research as well. Cells from patients with
this mutation showed RNA foci, and evidence of RNA toxicity,
indicating a gain-of-function mechanism (73,74). RNA toxicity
from the repeat expansion could be ameliorated using antisense
oligonucleotides (73,75), indicating that antisense oligos may be
an attractive therapeutic strategy. More recently, iPSCs have
been used as just one component in a study showing that the
repeat expansion causes abnormal structures of both DNA and
RNA and causes nucleolar stress (76).

Importantly, models of sporadic ALS have also been gener-
ated (77). Motor neurons derived from three sporadic ALS
patients showed de novo TDP-43 aggregation. Notably, the
aggregates recapitulated pathology in postmortem tissue from
one of the donors from which the iPSCs were derived. A high-
content chemical screen using the TDP-43 aggregate endpoint
both in lower motor neurons and upper motor neuron-like cells
identified FDA-approved small molecule modulators including
Digoxin, demonstrating the feasibility of patient-derived iPSC-
based disease modeling for drug screening.

Transplantation of normal iPSC-derived neural stem cells has
been successfully used to improve ALS phenotype in a mouse
model (78).

ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is a complex disorder with Mendelian
causes, genetic risk factors such as ApoE and sporadic
age-associated incidence in the majority of cases. Progress in
iPS cell models of AD has been previously reviewed (79).

AD iPSC models have been generated from patients with
APP mutations, including an E693 deletion mutation and APP
gene duplication (80,81). Neurons from the E693 deletion case
showed endoplasmic reticulum and oxidative stress. Intracellular
A-beta oligomers were identified. Cells from the patients with the
APP duplication showed increased A-beta 1-40 peptide but also
increased phospho-tau and increased active GSK3 beta. There
were also changes in the endosomal compartment. Some of
these changes could be reversed by treatment with beta-secretase
inhibitors but not gamma-secretase inhibitors.

Models have also been generated using fibroblasts from
patients with presenilin mutations, both in PS1 and PS2
(82—84). Cells with presenilin mutations had increased amyloid
beta 42 secretion consistent with pathogenic hypotheses about
AD. One of these studies used TALEN technology to generate
and study an allelic series of PS1 mutations as well as PS null
mutant (83). The data were consistent with the idea that mutations
do not cause a simple loss of function. They used exome sequen-
cing to show that genome editing with TALEN did not cause a
significant excess of additional mutations.

AD iPSCs have also been generated from patients with the
V717l mutation. This mutation also resulted in dramatic increase
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of APP expression and A-beta levels as well as elevated beta-
secretase cleavage of APP resulting in increased levels of
both APPs-beta and A-beta. The mutation altered the initial
cleavage site of gamma-secretase resulting in an increased gen-
eration of A-beta 42 and in this case also A beta 38 as well as
total and hyper phosphorylated Tau. Treatment with A-beta-
specific antibodies reversed the phenotype of increased total
Tau (85).

Of note, studies have also been successful in generating
models of AD using sporadic AD patients as well as familial
mutations. In two studies in which AD iPSCs from sporadic
cases were compared with familial cases with APP mutations,
the phenotypes appeared similar including significantly higher
levels of the pathological markers, accumulation enlarged
RABS5-positive early endosomes (one of two sporadic cases) or
endoplasmic reticulum and oxidative stress associated with
accumulation of A-beta oligomers (80,81). Another study used
patients with sporadic AD, but with focus on patients with
ApoE3/E4 genotypes (86). Cells were differentiated into a
phenotype comparable with that of basal forebrain cholinergic
neurons. These cells showed increased vulnerability to gluta-
mate toxicity and increased intracellular free calcium as well
as increased A-beta 42 to A-beta 40 ratios. Thus, studies of AD
have successfully modeled several mutations in Mendelian
forms as well as the risk factor ApoE and sporadic cases
without any known genetic predisposition.

OTHER POLYGLUTAMINE DISEASES

There have been several models of ployglutamine disorders
besides HD. It may be interesting in the future to compare the
phenotypes among the different polyglutamine diseases. Unfor-
tunately, most of them affect brainstem and cerebellar neurons,
for which there are not good differentiation protocols at present.

An iPSC model for SCA3 (Machado—Joseph Disease) has
been generated using fibroblasts from four patients and two con-
trols. The SCA3 cells showed calpain-dependent cleavage of
ataxin-3, and SDS insoluble aggregates somewhat similar to
the aggregate and inclusions seen in SCA3 postmortem brain
that could be abolished by calpain inhibition (87). There has
also been a model generated from SCA2 (88). The SCA2
iPSCs showed abnormal rosette formation but successfully dif-
ferentiated into neural stem cells and subsequent neural cells.
Terminally differentiated SCA2 neural cells showed decreased
lifespan compared with control cells.

iPSCs have been also generated from a patient with SCA7
(89). No phenotype has yet been reported. This could potentially
be an interesting model as this disease also affects the retina
and it is possible to differentiate iPSCs to a retinal neuron-like
phenotype.

An iPS cell line has been generated from patient with spinal
and bulbar muscular atrophy caused by an expanding repeat in
the androgen receptor (90). This model also showed aggregation
ofandrogen receptors, which is seen in the human disease. In this
study, a cell line has also been derived from a patient with
Dentato-Rubral and Pallido-Luysian Atrophy (DRPLA) but
did not show any abnormal phenotype. This could potentially
be of interest to study in relation to HD as DRPLA also affects
the basal ganglia, though less selectively than in HD.

SPINOMUSCULAR ATROPHY

Perhaps the first neurologic disease with a characterized iPSC
model is spinomuscular atrophy (SMA) (91). SMA is an interest-
ing model for study as it is an early onset motor neuron disease
and can be compared with the late onset disease ALS. Neuronal
cultures derived from SMA patients reproduce disease-specific
phenotypes (91-95). Cells from these patients exhibited a
reduced capacity to form motor neurons and abnormalities of
neurite outgrowth and calcium regulations. These features
could be corrected by ectopic expression of the survival of moto-
neuron protein (92) and genome editing (93).

PROSPECTS FOR THE FUTURE

Research using iPSCs for neurodegenerative diseases has gotten
off to a very good start. It was initially uncertain whether any
phenotypes could be seen for these late onset diseases in
human neuron differentiated for weeks or months rather than
many years. However, robust phenotypes are being identified,
usually under various stresses, which appear to correspond
well to known aspects of the relevant diseases. Moreover, in
most cases, rescue of the phenotypes has been demonstrated
using gene correction or known therapeutics. This initial state
of validating the models can now begin to be succeeded by a
stage in which the cell models are used to identify novel path-
ways or therapeutic targets and to screen or test for novel candi-
date therapeutics. Thus, the immediate benefit of iPSC
technology is likely to be for disease modeling and small mol-
ecule therapeutic development.

Another goal is to use the cells for cell transplantation, with the
hope for ‘cell replacement’. This is a considerably more daunting
task, with many obstacles. For genetic diseases such as HD or
rare Mendelian variants of PD or AD, the new genomic editing
technologies do offer the possibility to correct the mutations in
cells from individual patients. Cells would then need to be
tested for introduction of other mutations or chromosomal rear-
rangements, or possibly epigenetic changes, likely using whole-
genome sequencing as well as other methods. They would then
need to be grown in cell culture using good manufacturing prac-
tices. They would need to be differentiated to appropriate neural
precursors and sorted away from undifferentiated cells to minim-
ize a risk of teratoma formation and recognition by the immune
system (62,96,97).They would then need to be delivered to the
right area of the brain, and much preclinical work would need
to be done to make sure that cells could be safely introduced
into the brain and that the cells would not form tumors or
trigger an immune response. Then, it would need to be shown
that they could form functional connections. This is a daunting
set of challenges, yet at least in theory might be achievable.

How to treat the vast majority of patients with sporadic disease
is still uncertain. It is possible that reprogramming may make the
cells less vulnerable to the pathogenic process. While significant
improvement in motor function was achieved after cell trans-
plantation into PD patients, for many diseases, cell-to-cell com-
munication contributes to pathogenesis; transplantation of
healthy cells into brains of patients with diseases results in com-
munication of the disease phenotype to the transplanted cells
(98,99).
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At least in the immediate future, the most promising applica-
tion of iPSCs is likely to be for disease modeling. It will be
important to establish protocols to generate additional cell types
relevant to other diseases—for instance, for AD, hippocampus
and entorhinal cortex, and for polyglutamine diseases, brainstem
and cerebellum. These protocols will need to be much faster, and
more reproducible, and they will need to yield a much more
homogeneous population of neurons. Identification of appropriate
markers of such populations and generation of corresponding
high-quality antibodies is also important. It will be necessary to
have reproducible assays, which can be screened or used for
testing at least in low- to moderate-throughput mode. Successful
approach toward such protocols has been recently demonstrated
(100,101).

It is interesting that commonalities are emerging among the
models of the different diseases, for instance involving metabol-
ic abnormalities and oxidative stress. This may even extend to
models of schizophrenia. A study of iPSCs from schizophrenia
patients identified cellular phenotypes in iPSC neural precursor
cells (NPCs) from four schizophrenia patients compared with
controls (102,103). The schizophrenia NPCs showed abnormal
gene expression and protein levels related to cytoskeletal remod-
eling and oxidative stress and correspondingly showed aberrant
migration and increased oxidative stress markers. The reports of
mitochondrial abnormalities and oxidative stress are intriguing.
They are consistent with previous reports in smaller studies
(104,105). It raises the very interesting possibility of pathogenic
overlap with neurodegenerative diseases. A cautionary note
though is that even though the hypothesis has been active for
many years, it has still not been productive of major therapeutic
advances.

One important goal would be to establish models that have
more than one cell type. This could involve populations of
neurons and glia, as might be important for studying ALS.
It might also involve populations of two defined classes of
neurons with appropriate connections between them, such as
cortico-spinal connections or cortico-striatal connections for
ALS and HD, or nigro-striatal connections for PD. Nanotechnol-
ogy is likely to provide novel techniques or engineering cultures
into a more brain-like configuration. Another approach for better
mimicking cell-cell and cell-extracellular environment in
brain could be using 3D cultures in vitro (106), and chimeric
models with the human cells inoculated into animal brain
using immunocompromised mice or human immune system
mice (107). The cell transplantation experiments are important
because of incomplete maturation of neural cells, especially
glial cells in vitro, and because of significantly longer survival
of the grafted cells compared with in vitro cultures. Transplant-
ation of normal iPSC-derived precursors into disease model
mice versus transplantation of affected donor derived cells into
control mice could help in understanding of interaction
between the specific neural subtype and healthy or affected en-
vironment. Another interesting approach is using co-culture of
iPSCs with control of animal disease model-derived live organo-
typic brain slices (108). This could greatly aid in studying neuro-
degenerative diseases.

Whether or not iPSCs prove useful for cell transplantation
therapy, it appears increasingly likely that iPSC models of neu-
rodegenerative disease will help accelerate the search for novel
targets of genuinely human relevance. Finally, the hope is that
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iPSCs will accelerate the testing of small molecule therapeutics,
perhaps in some cases even bypassing the mouse model stage, so
that therapeutics can reach human patients more quickly.
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