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Review

Introduction

As a part of the central nervous system, the cerebellum has 
been implicated primarily in motor learning and higher 
cognitive coordination, although the circuitry involved in 
these activities is not yet understood (Middleton and Strick 
1998). Hereditary cerebellar ataxias are a group of rare 
genetic disorders, characterized by a slowly progressive 
lack of coordination in voluntary muscle movements when 
walking, and are often associated with poor coordination 
of hands, speech, and eye movements, associated with 
atrophy of the cerebellum. These diseases can be inherited 
in an autosomal dominant, autosomal recessive, or 
X-linked manner. Autosomal dominant cerebellar ataxias 
are an important group of hereditary diseases that include a 
variety of spinocerebellar ataxias (SCAs) and a group of 
episodic ataxias (for reviews, see Grusser-Cornehls and 
Baurle 2001; Klockgether and Dichgans 1997). Other 
hereditary and sporadic cerebellar atrophies include the 
Holmes type of familial cerebello-olivary atrophy, late 
type cerebellar atrophy (Marie-Foix-Alajouanine), and 
recessively inherited Friedreich’s ataxia (FRDA), as well 
as ataxia-telangiectasia (A-T) and the autosomal recessive 
spastic ataxia of Charlevoix-Saguenay. The unavailability 

of disease tissue in the case of cerebellar ataxias and the 
lack of proper in vitro models have impeded progress in 
functional gene validation. Although animal models sig-
nificantly help in dissecting the several mechanisms of cer-
ebellar dysfunction, differences between animal models 
and human disorders make it difficult to accurately mimic 
human conditions, generally due to differences in anatomy, 
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Abstract
Cerebellar ataxias are clinically and genetically heterogeneous diseases affecting primary cerebellar cells. The lack of 
availability of affected tissue from cerebellar ataxias patients is the main obstacle in investigating the pathogenicity of 
these diseases. The landmark discovery of human-induced pluripotent stem cells (hiPSC) has permitted the derivation 
of patient-specific cells with an unlimited self-renewing capacity. Additionally, their potential to differentiate into 
virtually any cell type of the human organism allows for large amounts of affected cells to be generated in culture, 
converting this hiPSC technology into a revolutionary tool in the study of the mechanisms of disease, drug discovery, 
and gene correction. In this review, we will summarize the current studies in which hiPSC were utilized to study 
cerebellar ataxias. Describing the currently available 2D and 3D hiPSC-based cellular models, and due to the fact 
that extracerebellar cells were used to model these diseases, we will discuss whether or not they represent a faithful 
cellular model and whether they have contributed to a better understanding of disease mechanisms.
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metabolism, and behavior between mice and humans 
(reviewed in Cendelin 2014). Human-induced pluripotent 
stem cell (hiPSC) technology enables disease-relevant cell 
types to be generated through reprogramming the patient’s 
somatic cells into pluripotent cells, which can subsequently 
be differentiated toward any cell type in the human body. 
These disease-derived cells become a critical platform for 
mechanistic studies at the cellular and molecular levels, as 
well as for efficient screening for drug treatment. This 
review will be focused on the in vitro disease modeling of 
rare cerebellar ataxias, using hiPSC.

hiPSC Technology and Cerebellar 
Differentiation

The landmark generation of hiPSC, by transiently trans-
ducing a cocktail of transcriptional factors in adult somatic 

cells (Fig. 1), developed by Yamanaka and colleagues in 
2007, enabled the rapid production of disease-specific cel-
lular models related to neurodegenerative disease 
(Takahashi and others 2007). Disease models based on 
hiPSC technology outweigh the disadvantages related to 
murine animal models and heterologous cell expression 
systems, due to the fact that disease-affected cells can be 
generated from patients. Rapid development of new repro-
gramming methods has enabled protocols that do not leave 
permanent modifications of the genome (Fusaki and others 
2009). Once characterized, the hiPSC need to be differenti-
ated toward cells that are frequently affected in the diseases 
described, such as granule cells or Purkinje cells (PC), the 
loss of which is thought to be the major defect in cerebellar 
ataxia (Ross and others 2000; Vinters and others 1985).

Numerous techniques for differentiating hiPSC and 
human embryonic stem cells (hESC) into cerebellar 

Figure 1. Molecular characterization of the hiPSC, derived from the rare ataxia patient. Immunofluorescence analysis, showing 
expression of typical pluripotent stem cell markers, such as SOX2 (red with DAPI-blue; A), SSEA4 (green with DAPI-blue; B), 
OCT4 (red with DAPI-blue; C) and NANOG (red with DAPI-blue; D); scale bars: 300 µm.
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subtypes have been published, allowing for disease 
modeling in many relevant cell types, at a scale previ-
ously unachievable from patient tissues (Fig. 2). 
Although the protocol to generate granule cells from 
hiPSC is quite attainable, generating PC still remains a 
challenge. The pioneer protocols included hESC and 
mouse embryonic stem cells, through forming embryoid 
body-like structures (EB), followed by an adherent cul-
ture in which differentiated cells migrate out from 
aggregated cell pellets. These studies showed that mim-
icking in vivo signaling pathways can generate func-
tional cells, with cerebellar characteristics from both 
hESC and hiPSC, which express specific cellular mark-
ers and engraft after cell transplantation (Erceg and oth-
ers 2010; Salero and Hatten 2007). Application of 
inductive signals involved in the early patterning in the 
cerebellar region of the neural tube, followed by BMP 
factors mitogens and neurotrophins, direct pluripotent 
stem cell differentiation into functional cerebellar cells. 
The majority of cerebellar-like cells generated showed a 
granule cell T-shaped polarity phenotype with a low 
percentage of PC.

Since most of the cerebellar ataxias are related to PC 
loss, there was a clear need to focus the investigation 
toward designing new protocols for the efficient differen-
tiation of hESC and hiPSC, to get a higher PC yield, and 
to put these cells into the context of interaction with other 
cells in cerebellar tissue.

Over the past few years, several groundbreaking arti-
cles have been published describing a 3D self-forming dif-
ferentiation procedure, which mimics the normal 
development of the embryonic cerebellar tissue and gener-
ates 3D multilayer tissue (Muguruma and others 2015; 
Wang and others 2015). The hemispherical structures were 
formed from neuroepithelium formed EBs, converting 
them to cerebellar-like structures throughout the protocol 
(Fig. 3). The self-organized neuroepithelium differentiated 
into electrophysiologically functional PC (Fig. 4), exhibit-
ing substantial self-organizing potential for generating a 
polarized structure, reminiscent of the early human cere-
bellum. At the end of the procedures, the cerebellar struc-
tures contain multilayer structures that mimic the human 
cerebellum layers (Figs. 5 and 6). In this review, we sum-
marize the current contribution of disease-specific hiPSC 
to the study of pathologies involved in cerebellar ataxias, 
by focusing on mechanisms related to the function of 
mutated genes, debating whether they currently represent a 
faithful model for investigating disease mechanisms.

Current hiPSC Models for Inherited 
Cerebellar Ataxias

The creation of hiPSC technology and its subsequent dif-
ferentiation toward affected cells, in most cases cerebellar 

Figure 2. Neural differentiation of hiPSC toward regional 
specific neural progenitors. Neural progenitors derived from 
hiPSC, expressing neuroepithelial marker PAX6, and neuronal 
marker TUJ1 (A), PAX6 and anterior marker OTX2 (B), 
and expression of typical neural markers: neuronal TUJ1 and 
astroglial (GFAP) (C and D).

Figure 3. Schematic overview of the protocol of self-
formation of cerebellar tissue, in 3D culture recapitulating 
cerebellar development, using the recombinant differentiation 
factors. Adapted and republished with permission of Copyright 
Clearance Center (Cell Reports), Muguruma and others, 2015. 
Self-organization of polarized cerebellar tissue in 3D culture of 
human pluripotent stem cells, Cell Reports, Volume 10, Issue 4); 
permission conveyed through Copyright Clearance Center, Inc.
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cells, could enable a relatively simple generation of ataxia 
in vitro disease models to elucidate the role and function 
of the implicated gene mutations, as well as develop a 
possible therapeutic strategy to revert the impaired gene 
function. Until now hiPSC modeling was performed in 

FRDA, SCAs, and A-T (Table 1) using mostly neuronal 
cells without regional specification and/or extreneuronal 
lineages, such as cardiomyocytes or β-cells, depending 
on whether other cells besides PCs are affected in specific 
ataxia.

Figure 4. Molecular and functional characterization of Purkinje progenitors, co-cultured with human cerebellar slices. (A–C) 
Immunofluorescence staining of the sorted cells in co-culture with human cerebellar slices, at different time points. Bar = 50 
µm. (D) Single action potential was evoked by injecting short (4–9 ms) depolarizing current pulses. (E) Spontaneous synaptic 
potentials at a holding current of 0 pA. (F, G) Voltage-clamp recordings of the differentiated cells. Currents were elicited by 
stepping the potential from −60 to +60 mV at 20 mV intervals. (H) Spontaneous synaptic currents without (top), with CNQX 
(middle), and with CNQX + bicuculline (bottom) treatment. (Reprinted by permission from Macmillan Publishers Ltd [Scientific 
Reports]; Wang and others 2015; copyright 2015).
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Figure 5. Generation of granule cells and DCN neurons in self-organizing 3D culture (A) gene expression (qPCR) for typical 
marker for granule cells, ATOH1 in pluripotent stem cell aggregates on day 35. (B) Immunostaining of the aggregates on day 
35 for typical granule markers (ATOH1), within Purkinje precursor marker (KIRREL2). (C–G) Immunostaining on day 35 for 
GC-specific markers. Atoh1+ cells expressed SOX2 (C, D), SOX2+/ATOH1+/BARHL1− and SOX2+/ATOH1+/BARHL1+ cells, 
respectively. (E) A part of ATOH1+ cells expressed PAX6. (F and G) BARHL1+/ATOH1− cells lay basally to BARHL1+/ATOH1+ 
cells. LHX2+ cells (postmitotic cell marker in NTZ) were also located basally away from the lumen. (H) Immunostaining on day 
53 for Rombic lips-derived markers (TBR1 and SMI32). Adapted and republished with permission of Copyright Clearance Center 
(Cell Reports), Muguruma and others, 2015. Self-organization of polarized cerebellar tissue in 3D culture of human pluripotent 
stem cells, Cell Reports, Volume 10, Issue 4); permission conveyed through Copyright Clearance Center, Inc.

Figure 6. Self-formation of cerebellar structure treated with recombinant factors FGF2+FGF19+SDF1 from human pluripotent 
stem cell aggregates. (A–D) Immunostaining for PKCζ (aPKC) and N-cadherin. (E) Procedure of FGF2, FGF19, and SDF1. (F, H) 
Immunostaining of SDF1-treated aggregates on day 35. Adapted and republished with permission of Copyright Clearance Center 
(Cell Reports), Muguruma and others, 2015. Self-organization of polarized cerebellar tissue in 3D culture of human pluripotent 
stem cells, Cell Reports, Volume 10, Issue 4); permission conveyed through Copyright Clearance Center, Inc.
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Friedreich Ataxia

Pathogenic mutations involving repeat DNA expansions 
cause over 20 different neuronal and neuromuscular dis-
eases. One of these is FRDA, a rare disease prevalent in 1 
per 50,000 Caucasians (Pandolfo 2009). The main symp-
toms of this disease are gait and limb ataxia, dysarthria 
and loss of tendon reflexes, decreased vibration sense, 
and muscular weakness (Pandolfo 2009). Disease sever-
ity and genetic markers of the disease were directly cor-
related with cerebellar dysfunction (Harding and others 
2016). FRDA is also considered to be a multisystem dis-
ease, as it affects not only cerebellar tissue but also 
peripheral sensory neurons (PSN), with extraneurologi-
cal signs such as diabetes mellitus or glucose intolerance 
and heart disease (Palau 2001). The latter is the most 
common cause of death in patients (Anheim and others 
2012). FRDA is also a repeat instability disease, charac-
terized by dynamic mutation, and resulting in most cases 
in homozygous GAA-TTC trinucleotide repeat expan-
sion in the first intron of the frataxin (FXN) gene. This 
intron dynamic mutation leads to partial gene silencing, 
through epigenetic mechanisms and substantial reduction 
of the expression level of frataxin, an 18 kDa soluble 
mitochondrial protein with 210 amino acids. The func-
tion of the FXN gene in the pathology of FRDA disease is 
largely unknown, but studies involving patients’ fibro-
blasts and tissue point out that this protein can have a role 
in the formation of iron-sulfur (Fe-S) cluster biosynthetic 
complex in mitochondria (Schmucker and others 2011). 
Some studies point out that altered iron homeostasis, 
impaired mitochondrial function, and increased sensitiv-
ity to oxidative stress are the main consequences of 
altered frataxin, found in dorsal root ganglia propriocep-
tive neurons and neurons of the deep cerebellar nuclei 
(Schmucker and Puccio 2010). It has been shown that 
animal models partially reproduce human pathological 
features of this disease, which has led researchers to 
search for more sophisticated cellular models of FRDA. 
This fact makes hiPSC modeling more attractive in order 
to go deeper into mechanistic studies, by generating the 
more specific cell types mostly affected by the diseases’ 
progression.

To overcome the limitations of the current cellular 
models of FRDA, several hiPSC lines were generated 
from patients with this disease (Bird and others 2014; Du 
and others 2012; Eigentler and others 2013; Hick and oth-
ers 2013; Igoillo-Esteve and others 2015; Ku and others 
2010; Lee and others 2014; Liu and others 2011; Shan 
and others 2014; Soragni and others 2014). Although 
generation of in vitro cerebellar (particularly PC) models 
based on hiPSC provide a more desirable approach, the 
authors mainly based their models on other cells, such as 
general neuron types and cardiomyocytes, most likely 

due to the fact that differentiation protocols toward cere-
bellar cells are significantly more challenging. In patient-
generated hiPSC lines, the repeat instability was 
maintained during the cell passaging as well as FXN gene 
repression, but with no biochemical phenotype (Du and 
others 2012; Ku and others 2010; Liu and others 2011), 
while repeat instability substantially decreased when 
hiPSC commit to the neural lineage (Hick and others 
2013). Despite low levels of frataxin protein in FRDA-
derived fibroblasts and hiPSC, there was no evidence of 
Fe-S cluster biogenesis defects. Interestingly, although 
early studies using hiPSC models of FRDA did not report 
a phenotype resulting from frataxin deficiency in cells 
obtained from FRDA-hiPSC, they have allowed for 
important advances in further discovering the involve-
ment of mismatch repair (MMR) enzymes in repeat 
expansions (Du and others 2012; Ku and others 2010). 
The mismatch repair gene Msh2 is central to the recogni-
tion of mismatches in DNA (Kunkel and Erie 2005) and 
binds hairpins formed by CTG repeats (Pearson and oth-
ers 2005). No phenotype of functional neurons derived 
from hiPSC generated in their previous work (Liu and 
others 2011) was observed by Dottori’s group, which 
additionally showed their successful integration in the 
cerebellar regions of host adult rodent brains (Bird and 
others 2014). Mimicking normal developmental events, 
Eigentler and others (2013) differentiated FRDA hiPSC 
toward PSN, which are particularly susceptible to neuro-
degeneration in FRDA. Simultaneous monitoring of dif-
ferentiation markers and FRDA pathology phenotypes 
during the differentiation led the authors to conclude that 
FRDA begins in early development. These results indi-
cate that hiPSC and their derivatives offer a faithful plat-
form in which to pursue a functional dissection of the 
disease mechanisms during differentiation, placing in 
context developmental events, and providing vital clues 
to understanding the cellular and molecular pathogenesis 
of FRDA.

The study carried out by Hick and others (2013), in 
which further differentiation of hiPSC toward neurons 
was performed, has shown pathophysiological phenotype 
in differentiated cells. The patient-derived neurons, in 
spite of having apparently normal neuronal phenotype, 
showed signs of mitochondrial defects, reflected in a 
reduction of the mitochondrial membrane potential, and 
delayed electrophysiological maturation, compared with 
the control (Hick and others 2013). A recent study 
(Igoillo-Esteve and others 2015) confirmed these results, 
even going further in finding that FRDA neurons showed 
significantly enhanced cleavage of the initiator caspase-9, 
and the effector caspase-3, revealing the involvement of 
the activation of an intrinsic pathway of apoptosis as a 
possible cause of cell death in these neurons. The authors 
also demonstrated that adding forskolin protects the 

 by guest on October 7, 2016nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


Lukovic and others 7

Table 1. Cerebellar Ataxias Modeled With hiPSC.

Study Disease hiPSC Differentiated Cells Reversion of Function

Liu and others 
(2011)

FRDA GAA repeat expansion, 
reduced FXN mRNA. No 
biochemical phenotype.

Peripheral neurons, cardiomyocytes. 
No investigated phenotype.

No

Bird and others 
(2014)

FRDA GAA repeat expansion, 
reduced FXN mRNA. No 
biochemical phenotype.

Functional neurons. Integration into 
cerebellar regions of host adult 
rodent brain.

No

Eigentler and 
others (2013)

FRDA Frataxin deficit. No 
biochemical phenotype.

Neural crest cells and PSD. Frataxin 
deficit, PSD upregulation of frataxin 
during differentiation.

No

Hick and others 
(2013)

FRDA Expanded GAA alleles, 
decreased levels of 
frataxin. No biochemical 
phenotype.

Neurons and cardiomyocites. Impaired 
mitochondrial function (decreased 
mitochondrial membrane potential 
and progressive mitochondrial 
degeneration).

No

Igoillo-Esteve 
and others 
(2015)

FRDA No biochemical phenotype Beta-cells (oxidative stress-mediated 
activation of the intrinsic pathway of 
apoptosis) and neurons.

cAMP induction normalizes 
mitochondrial oxidative 
status and activation of 
apoptosis.

Ku and others 
(2010)

FRDA FXN gene repression 
(implication of MSH2 in 
disease)

No No

Lee and others 
(2014)

FRDA FXN gene repression Cardiomyocytes (disorganization 
of mitochondrial network and 
mitochondrial DNA (mtDNA) 
depletion)

No

Du and others 
(2012)

FRDA No biochemical phenotype Neurospheres and neuronal 
precursors (implication of MSH2 in 
disease)

No

Shan and others 
(2014)

FRDA No phenotype Neural stem cells (no phenotype) No

Soragni and 
others (2014)

FRDA No Neurons 2-Aminobenzamide 
HDACi reversion of 
heterochromatin state and 
upregulated FXN mRNA 
and frataxin protein

Koch and 
others (2011)

MJD  
(SCA3)

No phenotype Neurons. L-glutamate induces calcium-
dependent cleavage of ATXN3 and 
aggregates.

Phenotype abolished by 
calpain inhibition

Xia and others 
(2013)

SCA2 No phenotype Abnormal neural rosette formation. 
Shorter lifespan of neural stem cells 
and neurons.

No

Luo and others 
(2012)

SCA7 No Not investigated No

Morino and 
others (2015)

Autosomal 
dominant 
SCA

No phenotype Purkinje cell. No phenotype 
investigated.

No

Nayler and 
others (2012)

A-T Dysfunction of ionizing 
radiation-induced 
ATM-dependent 
signaling, defective cell 
cycle checkpoint gene 
expression, and changes in 
the pentose phosphate and 
mitochondrial oxidative 
phosphorylation pathways.

Neurons; defective DNA damage 
response

No

(continued)
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FRDA neurons from the apoptosis. By identifying oxida-
tive stress as a potential major contributor in FRDA, the 
protective effect of forskolin may be the consequence of 
reduced oxidative stress in these cells. Finding the same 
pathophysiological mechanisms in other affected cells, 
derived from the same patients such as β-cells, and/or 
others such as cardiomyocytes (Lee and others 2014), the 
authors highlighted the important role of hiPSC deriva-
tives as faithful cellular disease models.

The rapidly developing field of hiPSC technology has 
allowed for testing the different approaches in hiPSC-
derived affected cells, in order to reduce disease-related 
pathology. One approach for FRDA could be epigenetic 
modulation of gene expression at the FXN locus, through 
chromatin acetylation and by histone deacetylase 
(HDAC) inhibition (Herman and others 2006), using dif-
ferent modulators such as 2-aminobenzamide HDACi, as 
applied in a recent study by Soragni and others (2014). 
HDAC inhibition in vitro via HDAC inhibitor 
(HDACi109-RG2833; Soragni and others 2014) in FRDA 
neurons derived from patient hiPSC reversed the hetero-
chromatin state and upregulated FXN mRNA and frataxin 
protein. In the same study, a clinical trial was performed 
in which RG2833 was orally administered in 20 adults 
with FRDA that resulted in an increase in FXN mRNA. 
These results indicate that the neuronal cell model based 
on hiPSC from FRDA patients is a useful model for pre-
clinical drug testing, showing comparable data among 
patients with the same genetic background. This work, 
for the first time, bridges the preclinical drug evaluation 
in FRDA-specific patient neurons derived from hiPSC 
and clearly shows the advantages of using hiPSC differ-
entiated cells compared with other widely used cellular 
models, such as immortalized cell lines and those tested 
on rodent cells.

Although these studies have provided insights into the 
pathogenesis of FRDA in cardiomyocytes and neurons, 
additional work is required to elucidate the role of frataxin 
deficits in other affected cell types, such as the cerebellar 
neurons.

Spinocerebellar Ataxias

The autosomal dominant ataxias such as Machado-Joseph 
disease (MJD) or olivopontocerebellar atrophy have been 
renamed the spinocerebellar ataxias (SCA). To date, 36 
loci have been shown to be involved in autosomal domi-
nant SCA, and the causative genes and mutations have 
been identified for 31 types of SCAs (Klockgether 2011). 
The majority of SCAs account for repeat expansion, 
belonging to the polyglutamine (polyQ) family of trinu-
cleotide repeat disorders coding CAG repeats (SCA1–3, 
6, 7, 17, and dentatorubral-pallidoluysian atrophy).

To date, hiPSC research has focused on the polygluta-
mine SCAs. The pioneer and the most interesting study in 
this field was performed by Brüstle’s group (Koch and 
others 2011), in which different hiPSC lines were derived 
from MJD (also called SCA3) as a dominantly inherited 
late-onset neurodegenerative syndrome. The main cause 
of this disease is the expansion of polyQ-encoding CAG 
repeats in the ataxin 3 gene (ATXN3), in which protein is 
supposed to form aggregates, causing cell death (Ikeda 
and others 1996). In order to determine early molecular 
and cellular events related to proteolysis in polyQ disor-
ders, the authors applied the previously developed dif-
ferentiation approach of generating neuroepithelial stem 
cells from patient-derived hiPSC (Koch and others 2009). 
This approach leads to the derivation of a pure neuronal 
cell population. Quantitative, morphological, and func-
tional differences were not observed between MJD and 

Study Disease hiPSC Differentiated Cells Reversion of Function

Fukawatase and 
others (2014)

A-T Hypersensitivity to X-ray 
irradiation

No No

Carlessi and 
others (2014)

A-T No phenotype investigated Neurons. Defective expression of the 
maturation and synaptic markers 
SCG10, SYP, and PSD95. Abnormal 
accumulation of topoisomerase 
1-DNA covalent complexes and 
suppression of response and repair 
of DNA DSBs.

No

Lee and others 
(2013)

A-T No phenotype investigated Neural cells. Decrease response to 
DNA damage.

Phenotype reversed 
using small molecule 
readthrough (SMRT) 
compounds

hiPSC = human-induced pluripotent stem cells; FRDA = Friedreich’s ataxia; MJD = Machado-Joseph disease; SCA = spinocerebellar ataxias; A-T = 
ataxia-telangiectasia.

Table 1. (continued)
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control neurons. Interestingly, further stimulation by 
L-glutamate induces calcium-dependent cleavage of 
ATXN3 and further formation of ATXN3 aggregates, but 
only in MJD neurons. As it was reported previously, that 
in the process of proteolysis both caspase- and calpain-
protease are involved, the authors discovered that ATXN3 
aggregation can be completely abolished by applying cal-
pain inhibitors. Although the complete molecular mecha-
nisms involved in the demise of this disease remain to be 
elucidated, this work demonstrates that hiPSC-derived 
patient-specific neurons, but not other patient-derived 
cells such as fibroblasts, hiPSC, or glial cells, enable the 
study of disease mechanisms related to aberrant protein 
processing and to the discovery of early “druggable” tar-
gets, the modification of which could lead to abolishing 
features of the disease.

In the case of SCA2, CAG repeats are the cause of the 
dysfunction of ATAXIN 2 (ATXN2), reflected in a length-
ening polyglutamine stretch, leading to PC loss. In order 
to reveal the disease mechanisms, Xia and others (2013) 
generated hiPSC from SCA2 patients. Appling neural dif-
ferentiation protocol, the authors showed abnormality in 
neural rosette formation in patient cells, but successful 
differentiation toward neural stem cells (NSC) and subse-
quent neural cells. The results showed comparable 
ATXN2 protein levels in both patients and healthy indi-
viduals’ derived fibroblasts and hiPSC, while in patients 
NSC, the expression of this protein was significantly 
decreased compared to controls. SCA2 neural cells had a 
shorter life span compared to the control NSC.

It is worth mentioning the generation of hiPSC from 
SCA7 patients, but the authors did not go further in inves-
tigating the disease phenotype in these cells (Luo and oth-
ers 2012).

Patients with a recently discovered mutation of 
CACNA1G, the gene that encodes the calcium channel 
CaV3.1, as a new causative gene of SCA, were used to 
generate hiPSC (Morino and others 2015). Taking advan-
tage of the cerebellar neuroepithelium self-organizing 3D 
culture protocol, previously developed in hESC 
(Muguruma and others 2015), the authors for the first 
time successfully generated PC (Morino and others 
2015). There was no significant difference in the differen-
tiation status between control- and patient-derived hiPSC-
derived PC, but further functional and comparative 
evaluation of these cells is needed to evaluate the even-
tual functional defects related to gene mutation.

These studies showed that hiPSC derivatives contrib-
uted in elucidating some of the pathogenic mechanisms 
caused by genetic mutations. However, additional work 
remains to be done. Development of hiPSC from other 
types of SCA, not only polyglutamine, could lead to the 
discovery of common signaling pathways linked to cell 
degeneration, common to all rare forms of SCA, and 

provide vital clues to understanding the cellular and 
molecular pathogenesis of all SCAs.

Ataxia-Telangiectasia

One of the most studied hereditary ataxia is ataxia-telan-
giectasia, the autosomal recessive genetic disorder char-
acterized by chromosomal instability, progressive 
neurodegeneration, loss of cerebellar PC and granule 
neurons, a high risk of cancer, and immunodeficiency. 
This disorder involves the Ataxia-Telangiectasia Mutated 
(ATM) gene, responsible for progressive neurological 
impairment (Savitsky and others 1995). To date, a hand-
ful of works have described the efficient derivation of 
hiPSC from A-T patients, and successive differentiation 
toward neurons.

Nayler and others (2012) first reported the generation 
and characterization of bona fide hiPSC from A-T. The 
low reprogramming efficiency of A-T heterozygote indi-
cated the potential role of ATM in reprogramming. 
Moreover, the hiPSC recapitulated important aspects of 
the A-T phenotype, such as the dysfunction of ionizing 
radiation–induced ATM-dependent signaling, defective 
cell cycle checkpoint gene expression, and changes in the 
pentose phosphate and mitochondrial oxidative phos-
phorylation pathways in A-T. Chromosomal instability 
and hypersensitivity to ionizing radiation in A-T hiPSC 
was confirmed in the successive work of Fukawatase and 
others (2014).

Nayler and others (2012) also showed that A-T hiPSC 
are capable of generating functional neurons, recapitulat-
ing defective DNA damage response as one of the disease 
features offering a potential model system for further 
investigation of this disorder.

The recent work of Carlessi and others (2014) con-
firmed the pathological events in the neurons derived 
from hiPSC from A-T patients, and they went further in 
their electrophysiological analysis. Although A-T neu-
rons displayed similar voltage-gated potassium and 
sodium currents, and discharges of action potentials as 
control neurons, they showed defective expression of the 
maturation and synaptic markers SCG10, SYP, and 
PSD95 (postsynaptic density protein 95) (Carlessi and 
others 2014). Most notably, A-T neurons exhibited abnor-
mal accumulation of topoisomerase 1-DNA covalent 
complexes (Top1-ccs) and suppression of response and 
repair of DNA double strand breaks (DSBs). The authors 
indicate that accumulation of Top1-cc could be an early 
risk factor for neurodegeneration, due to its defective role 
in transcription elongation and transcriptional decline.

Chemical-induced read-through of premature stop 
codons is a potential treatment strategy for genetic disor-
ders caused by nonsense mutations. It was previously 
described by Jung and others (2011) that these compounds 
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promote production of functional ATM protein in disease 
cells. The same group (Lee and others 2013) confirmed 
that the physiological defects found in hiPSC-derived 
neural cells from A-T patients can be abrogated through 
the use of small molecule read-through (SMRT) com-
pounds such as Geneticin (G418) among others, and 
reflected in partial rescue of DNA repair activity (Lee and 
others 2013). Despite the high toxicity profile of the 
SMRT compounds, development of less toxic compounds 
could make them attractive therapies for genetic disorders 
arising from nonsense mutations.

Conclusions and Challenges

Due to the mostly progressive nature of cerebellar atax-
ias, there is great interest in the development of therapeu-
tic interventions that may halt the evolution of the disease, 

or restore the lost motor function. Prior to developing 
treatments, it is essential to elucidate the disease mecha-
nisms and how the gene mutation leads to cerebellar dys-
function. Undoubtedly, hiPSC could be an ideal model to 
show the role of novel mutations of genes associated with 
ataxias. The generation of ideal hiPSC-based models of 
rare ataxias relies on efficient, reproductive differentia-
tion protocols, in which a pure population of desired 
affected cells needs to be derived (Fig. 7). Affected cells 
including cerebellar cells from patients with rare cerebel-
lar ataxia will contribute to clarifying disease mecha-
nisms, bypass problems related to differences among 
different clinical phenotypes, and could reduce the cost of 
clinical trials for drug screening or developing novel ther-
apeutic agents (Fig. 7).

The relatively recent development of genome editing 
technologies using zinc finger nucleases, transcription 

Figure 7. Schematic overview of current disease modeling of cerebellar ataxias. Somatic cells from patients are reprogrammed 
toward hiPSC. Disease-affected cells such as neurons, cardimiocytes, and β-cells derived from hiPSC, in monolayer or cerebellar 
cells from 3D models, serve as cell sources for further mechanistic studies of ataxias and drug screening for future developments 
of new therapies in patients. FRDA = Friedreich’s ataxia; SCA = spinocerebellar ataxias; A-T = ataxia-telangiectasia.
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activator-like effector nucleases, and the clustered regu-
larly interspaced short palindromic repeats-Cas system 
have brought the possibility to correct gene mutations in 
human hiPSC (Zou and others 2009). This technology 
enables the precise double break event in hiPSC, fol-
lowed by homolog recombination, in which it is possible 
to correct the mutation in the patients’ genomic DNA, 
avoiding uncontrolled expression and safety issues 
related to viral-mediated overexpression of the healthy 
gene. Once corrected, hiPSC can be differentiated, gener-
ating healthy cells or tissue in vitro and offer the ideal 
source of autologous cell therapy for ataxia patients. 
Using autologous cells and genetic engineering could 
avoid rejection of future cell transplants and is the base of 
personalized cell therapy (Fig. 7).

However, numerous challenges remain. First, the pos-
sibility of creating gene-corrected hiPSC-derived cell 
therapy, with a translation into the clinic, is still in its 
early days due to debate in the scientific community 
regarding whether genetically modified human cells can 
be used in the clinic. In spite of the rapid advance of gene-
targeted technology such as the application of “nickases,” 
enzymes that cleave only to a single strand of DNA (Ran 
and others 2013), further development of more precise 
and safer nuclease system has to be performed, in order to 
erase the possibility of primarily off-target DNA cleavage 
related to actual gene editing technology (Fu and others 
2013). Second, thus far the majority of hiPSC models 
have relied on a general population of neurons without 
regional specification, as well as an extra neuronal type 
of cells. Although these cells present disease phenotype, 
more specific cerebellar cells such as granule cells and 
PCs directly affected in ataxia need to be derived. Loss of 
PCs is thought to be the major cerebellar defect in the 
described cerebellar ataxia (Ross and others 2000; Vinters 
and others 1985). The lack of efficient protocols for cer-
ebellar cells has been overcome with the development of 
3D cerebellar organoids (Muguruma and others 2015) 
and the approaches to sort out and culture PC (Wang and 
others 2015). The logical question raised from the devel-
oped 3D differentiation technology is whether these pro-
cedures take into consideration the fact that in vitro 
conditions do not offer the proper niche faithfully mim-
icking the complex human cerebellum. PCs, as the most 
vulnerable cell populations in cerebellar ataxias, closely 
interact between each other, interrelating with other cells 
in the human cerebellum. In order to mimic physiological 
cellular functions in vitro, micro-environmental stimuli 
have to be taken into consideration, which include physi-
cal interactions with neighboring cells, extracellular 
matrix, soluble factors, or other biophysical factors 
(Guilak and others 2009). Although the currently avail-
able 3D culture system of generating cerebellar organoid 
structures represents the most faithful multilayer cellular 

model of human cerebellum, and engineering biomateri-
als is a fast moving field, 3D scaffolds as well as human 
matrix formula could additionally help resemble the 
human environment and create a richer context for the 
study of human disease, which is particularly important 
for modeling non–cell-autonomous pathology. In the near 
future we expect that more studies, in which 3D culture 
conditions will be applied to generate cerebellar cells, 
will further elucidate the pathological mechanisms in this 
human model. Third, in order to fully claim that the 
hiPSC-derived affected cells are a faithful model of cer-
ebellar ataxias, it has to be taken into consideration that 
the majority of these diseases are late-onset diseases. 
There are reasons to doubt whether the cells generated 
really mimic the patients’ state, which is illustrated by the 
fact that ataxia patients do not develop symptoms until 
later in life. Therefore, it is imperative to generate aged 
cells when attempting to model cerebellar ataxia disease 
in vitro. Lapasset and others (2011) showed that the gen-
eration of hiPSC from old-donor fibroblasts were able to 
redifferentiate into fully rejuvenated cells (Lapasset and 
others 2011). In light of these facts, an important question 
has been raised: Are affected cells derived from rejuve-
nated hiPSC suitable for modeling the late-onset disease 
cerebellar ataxias (Miller and Studer 2014)? Does the 
phenotype of these cells have age-associated properties? 
In spite of intentions to overcome this problem by over-
expression of age-related proteins such as progerin 
(Miller and others 2013), these important questions 
remain unanswered and could be critical for future cell 
disease modeling.

In spite of all these concerns, hiPSC technology is 
already transforming regenerative medicine, offering an 
exceptional platform from which to understand and even-
tually treat inherited degenerative diseases, to provide a 
unique human cell source for drug development and cell 
therapy, and therefore to improve patients’ lives.
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