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Abstract
Spinocerebellar ataxias (SCAs) are a rare autosomal dominant neurodegenerative disorder. To date, approximately 50 different
subtypes of SCAs have been characterized. The prevalent types of SCAs are usually of PolyQ origin, wherein the disease pathology
is a consequence of multiple glutamine residues being encoded onto the disease proteins, causing expansions. SCAs 2 and 3 are
the most frequently diagnosed subtypes, wherein affected patients exhibit certain characteristic physiological manifestations, such
as gait ataxia and dysarthria. Nevertheless, other clinical signs were exclusive to these subtypes. Recently, multiple molecular
diagnostic methods have been developed to identify and characterize these subtypes. Despite these advancements, the molecular
pathology of SCAs remains unknown. To further understand the mechanisms involved in neurodegenerative SCAs 2 and 3, patient-
derived induced pluripotent stem cell (iPSC)-based modelling is a compelling avenue to pursue. We cover the present state of iPSC-
based in-vitro illness modelling of SCA subtypes 2 and 3 below, along with a list of cell lines created, and the relevance of research
outcomes to personalized autologous therapy.
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Introduction

Spinocerebellar ataxia (SCA) is a degenerative disease of the
nervous system that follows an autosomal dominant genetic
inheritance pattern. Approximately 50 different subsets of SCAs
have been identified, which can be distinguished based on asso-
ciated mutations[1]. Six of these identified subtypes, namely SCAs
1, 2, 3, 6, 7, and 17, have been noted to arise from the translation
of (CAG)n repeat expansions. The result of repeated expansions
was profound neuronal damage. The disease proteins of these

subtypes have been identified as Ataxin-1, Ataxin-2, Ataxin-3,
α1A-Subunit of voltage-dependent calcium channels, Ataxin-7,
and TATA-box-1-binding proteins, respectively. These SCAs
have been classified as polyglutamine SCAs (PolyQ SCAs)
because multiple glutamine (Q) residues are encoded within the
corresponding disease proteins in each case, contributing to dis-
ease pathology. The clinical symptoms of PolyQ SCA-affected
individuals include tremors, lack of coordination, and cognitive
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impairment[2]. Even within these PolyQ SCAs, each subtype
seems to follow distinct degenerative patterns, presumed to be
due to the diseased protein-specific PolyQ expansion. The mole-
cular pathology of SCAs is not yet completely understood owing
to the heterogeneity and complexity of disease forms[3].
Furthermore, despite best efforts, existing interventions (both
prophylactic and therapeutic) have failed to alleviate SCA disease
conditions or manage the severity of symptoms[4]. Several animal
models, including murine and non-murine models, have been
developed and have achieved positive outcomes. These models
have limitations such as incomplete SCA neuropathology, genetic
instability, and varied expression of mutant disease proteins in
the affected brain tissue, translating these results impractical[5].
The aforementioned factors and animal models have become
challenging for further research in SCA, highlighting the need for
reliable and potent in-vitro disease modelling tools to effectively
investigate the pathophysiology. As a tool and technology,
induced pluripotent stem cells (iPSCs) have revolutionized
regenerative medicine and drug screening. iPSCs are terminally
differentiated somatic cells of patients in a pluripotent state
(dedifferentiated), which can then be differentiated into any cell
type. This technology has paved the way for future research on
several neurodegenerative disorders, such as SCAs, Huntington’s
disease (HD), Parkinson’s disease (PD), and frontotemporal
dementia[6]. Herein, we review the current status of iPSC-based
in vitro disease modelling of SCA subtypes 2 and 3, including a
catalogue of cell lines generated and research outcomes.

Methodology

To gather relevant literature, a comprehensive search was con-
ducted using electronic databases including PubMed, Embase,
Web of Science, and Scopus. The primary keywords used in the
search process included: “induced pluripotent stem cells”,:
“iPSCs”,: “spinocerebellar ataxia 2”,: “SCA2”,: “Spinocerebellar
ataxia 3”,: “Machado-Joseph disease”,: “SCA3”,: and “poly-
glutamine disease modelling”. These keywords were combined
using Boolean operators (e.g. AND and OR) to refine the search
and retrieve relevant articles. Relevance was considered using the
inclusion criteria of the studies that were: (a) published in peer-
reviewed journals, (b) focused on the use of iPSCs in the modelling
of SCA2 and/or SCA3, and (c) reporting research outcomes
related to disease modelling, phenotypic characterization of the
disease, and therapeutic interventions. Non-peer-reviewed arti-
cles, conference abstracts, editorials, and articles not published in
English were excluded from the literature analysis.

An initial search was performed in the selected databases using
the above search techniques. The titles and abstracts of the
retrieved articles were then used to filter them for a full-text
review, and only papers that satisfied the inclusion requirements
were chosen. According to the established selection criteria, full-
text papers underwent further stringent evaluations to determine
their potential for inclusion in the review. A co-author (G.D.M.)
was consulted to settle any disagreements that arose during the
selection process.

A thorough summary of the research findings on iPSC-based
modelling of SCA2 and SCA3 was presented by extracting and
synthesizing pertinent data from the selected papers. The goals,
methods, major discoveries, and conclusions of the study were all
included in the gathered data. An understandable and cogent

narrative of the study findings was provided by thematically
organizing the synthesized information.

The findings were synthesized and presented in a structured
manner, highlighting the key observations and significant con-
tributions. Relevant figures, tables, and illustrations were incor-
porated to enhance clarity and understanding of the current
research outcomes.

Spinocerebellar ataxias 2 and 3: an overview

Genetic causality

SCA2 is caused by aberrant amplification of CAG repeats in
the ATXN2 gene mapped to chromosome 12q23-q24.1. This
amplification results in the expression of an excessively long
polyglutamine (PolyQ) sequence in the corresponding protein.
Although it is still unclear how expanded Ataxin-2 protein results
in the SCA2 disease phenotype, one of the known consequences of
this addition is a mutation in the protein, which leads to abnormal
cerebellar Purkinje cell (CPC) morphology and subsequent loss,
contributing significantly to neurodegeneration[7]. A similar CAG
expansion caused by SCA3/Machado–Joseph disease (MJD) has
been noted in exon 10 of the ATXN3 gene mapped onto human
chromosome 14q32.1[8]. The lengths of CAG repeats under
normal conditions in ATXN2 are 14–31[9] and 12–44 in
ATXN3[10]. In the case of neurodegenerative SCA ailments, these
numbers increase significantly, ranging between 62 and 84 units
in MJD and anywhere between 33 and 200 units in SCA2, with
the bare minimum number of expanded units capable of causing
disease progression being just 33[9]. In SCA2 and SCA3, an
increased length of the enlarged allele repeat exacerbates disease
severity[11]. Similar rates of survival in patients were noted after a
10-year follow-up period in a cohort study of both ataxias (74%
and 73% for SCA2 and SCA3, respectively)[12]. The Scale for
Assessment and Rating of Ataxia (SARA) has been the corner-
stone of disease analysis since its development and validation in
2004. The eight parameters used to determine the extent of ataxia
using SARA are gait, stance, sitting, nose–finger test, rapid alter-
nating arm movements, heel–shin slide test, speech impediment
test, and finger chase test. Unlike older methodologies, SARA
allows efficient and consistent analyses[13]. Besides the longer
repeat length, several other variables have also been linked to a
lower chance of survival in patients, including older age at
inclusion or higher scores on the SARA[12]. SCAs are believed to
affect 1–5 people per 100 000 people; however, this number
varies greatly depending on the chosen area and ethnicity of the
subjects[14]. In a study consisting of 361 ataxia families, SCA3 had
the highest frequency (20.8%), closely followed by SCA2
(15.2%)[15]. In unrelated Korean populations, SCA2 has the
highest expansion frequency[16,17], whereas in Taiwan and
Singapore, SCA3 was observed to be the most prevalent[18].
However, most of these population surveys are conducted in
discrete geographic locations, making an unbiased assessment of
the worldwide prevalence of SCAs complex[14].

Diagnosis of SCAs 2 and 3

Diagnostic screening and methods of subtype identification

Molecular genetic tools, such as polymerase chain reaction
(PCR) assays followed by either sequencing or high-resolution
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electrophoresis-based partitioning, have emerged as reliable
methods for identifying SCA subtypes[19]. However, expanded
repeats pose specific challenges, such as reduced amplification
efficiency and skewed results when run on gels. In standard PCR
cases, the products display a ladder artifact characteristic of
reduced amplification efficiency, making labelling necessary for
their detection[20]. Another drawback of standard PCR is the
possibility of failed amplification of the expanded allele. Several
strategies have been proposed over the last decade to overcome
these barriers, leading to better diagnostic potential. Touchdown
PCR is a variant of standard PCR wherein the annealing tem-
perature is set higher and then gradually lowered in subsequent
cycles to just above the primer annealing temperature (Tm)
(Fig. 1A). Condorelli et al.[21] developed a nonradioactive pro-
tocol using this method to facilitate the detection of SCA2
instances in large groups of ataxia patients. To simplify the
detection process, a methodology involving PCR-based amplifi-
cation of mutated repeats (CAG)n followed by Sanger sequencing
was successfully tested and identified as an SCA1 pedigree[22]. In
2018, Cagnoli et al. developed another novel approach called
tethering PCR, in which a reverse primer consisting of 15–16 base
pairs of the disease gene-specific region, as well as the final five
CTG units of the PolyQ encoding repeat, was ‘tethered’ to a
forward fluorescent-labelled primer. This protocol was tested
successfully for the rapid identification of specific SCA subtypes
1, 2, 3, 6, and 7 by trial and error-based optimization of the
amount and mix of PCR reagents. In addition to its rapid nature,
since tethering PCR results consist of an array of peaks whose
pattern is indicative of zygosity, even carriers of the enlarged
allele can be readily distinguished from normal homozygous
individuals using this approach[23]. Despite these improvements,
PCR-based diagnostic screening methods are relatively expen-
sive. Considering these flaws, in 2016, Melo et al. proposed tri-
plet repeat primer PCR (TP-PCR) as a complementary technique.
The proposed TP-PCR reaction of 35 cycles involved the action of
three primers, each with a specific function. The 1st primer was
locus-specific, that is, MJD gene-specific (5′-TGG CCT TTC
ACA TGG ATG TGA A-3′), providing directionality for DNA
synthesis. Primers 2 and 3 were designed to have a common
sequence (5′-TAC GCA TCC CAG TTT GAG ACG-3′), with
primer 2 having an additional (CAG)5 sequence. The principle is
that primer 2 anneals to numerous sites within the ATXN3 locus
CAG repeat alleles during the first few cycles of TP-PCR until it
runs out of the annealing sites, resulting in the amplification of
various fragments. Owing to the stabilizing effect of the 5′ tail
sequence, primer 3 binds to the ends of the products from the
prior amplification cycles with high specificity[24]. A schematic of
the tethering and triplet-primed novel PCR methods is presented
in Figure 1.

To improve the cost-effectiveness parameter, a screening
technique for SCA subtypes 1, 2, and 3 was developed by cou-
pling the TP-PCR and Melting Curve Analysis (MCA) techni-
ques, allowing for 100% assay sensitivity in the detection of the
expanded repeats in the disease proteins Ataxin-1, Ataxin-2, and
Ataxin-3 involved in SCAs 1, 2, and 3, respectively. Moreover,
the specificity of these assays was near absolute, with the SCA2
and SCA3 assays being 99.46% and 99.32% specific,
respectively[25]. The significance of these new techniques is
paramount in the pre-symptomatic diagnosis of genetic diseases
to facilitate better family planning options for at-risk individuals
and to aid them in better preparation for future ailments[26].

In addition to these protocols, a clinical application of the
diagnostic techniques was described by Moutou et al., wherein
the research group successfully developed a duplex PCR metho-
dology to diagnose embryos obtained for in-vitro fertilization,
establishing a pre-implantation genetic diagnosis of SCA2[27].

Novel biomarkers – the emerging importance of
ophthalmological examination

Numerous neuroimaging and electrophysiological indicators of
ataxic disease progression have been discovered using tools such
as brain magnetic resonance imaging (MRI) and electro-
myograms, following significant research into the clinical and
diagnostic biomarkers of ataxia[28,29]. Studies utilizing SCA2
patient fibroblasts have found a considerable increase in mito-
chondrial superoxide generation, further leading to increased
intracellular hydrogen peroxide levels, implying that these cells
exhibit a higher baseline level of chronic oxidative stress. This
information is potentially useful as a marker of SCA2 at the
cellular level[30]. Similarly, the assessment of several enzymes,
such as superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px) in serum samples collected from SCA3 patients has led
to the establishment of a pro-oxidative stress state in SCA3[31].
Other unusual biomarkers, such as alterations in walking pat-
terns and increased sensory latency periods, have also been
identified in SCA2[32,33]. In subjects with pre-ataxic SCA2, subtle
timing-specific speech perturbation and swallowing impairments
were observed, making dysarthria and dysphagia potential pre-
ataxic clinical markers. In addition, it is noteworthy that the
existing SARA speech disturbance tests failed to detect any
impairments in these pre-ataxic subjects[34]. In SCA3, differential
expression of an exosomal microRNA (mir-7014) in the cere-
brospinal fluid has been detected. In the analysis of this varia-
bility, mir-7014’s downstream target gene regulatory capability
was found specifically in the axonal guidance pathway (involving
outgrowth, repulsion, and attraction of axons) and ER protein
processing, both of which have been implicated in MJD patho-
genesis. This discovery led to the examination of exosomal
miRNA 7014 as a biomarker[35]. Cytoskeletal neurofilament
(NfL) proteins present in neurons have been detected in serum
and CSF after nerve damage. The levels of these neurofilament
light proteins are elevated in both SCA2 and SCA3 subtypes.
Moreover, in patients with SCA2, higher NfL levels were asso-
ciated with worsening disease conditions. In addition, serumNfL
quantification is a relatively simple assay that requires only a
peripheral blood sample, making it a promising marker[36,37].
Although the severity of degeneration varies between distinct
SCAs, a type-specific cerebellar cortex degradation pattern has
been identified in SCAs 2, 3, and 7, even in the early stages. In
SCA2, the cortex degeneration was limited to lobules VII–IX,
whereas in SCA3, the medial anterior lobe (IV–V) and lobule VI
were also affected. These results implicate the potential use of
type-specific cerebellar cortex degradation as a unique
biomarker[38]. In recent years, the emerging role of ophthalmo-
logical examinations in diagnosing and detecting SCA 2 and 3 has
been recognized due to the presence of many visual abnormal-
ities. This has been hypothesized to be due to neurodegeneration
of the optic nerve and retina caused by ailments. In the causal
diagnostic decision tree developed by Degardin et al., ophthalmic
examinations have been of great significance[39]. Saccades are
quick, simultaneous movements of both eyes that aim to orient
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the fovea at any specific point, making it clearer[40]. In SCA2
patients, the maximum saccadic velocity (MSV) measured by
electronystagmography was found to be ~149°/s compared
to 415°/s in a normal control population. In addition, unlike
ataxia scores, MSV measurements are altered even during the

preliminary stages of the disease[41]. In another study, saccadic
latency was demonstrated to be prolonged in SCA2 conditions. It
has also been proven that saccadic velocity and latency are
inversely related in SCA2 patients, suggesting that the delay
in saccadic onset negatively impacts MSV readings[42].

Figure 1. (A) A graphical depiction of the Touchdown PCR technique, wherein the primer’s annealing temperature is used as a reference for setting up the
temperature of annealing step and titrating down as the number of cycles increases. (B) Tethering PCR reaction schematic where a forward primer fluorescently
labelled is tethered to a reverse primer, and both alleles are assayed. (C) Triplet primer PCR technique for ATXN3 alleles with the described primers 1, 2, and 3.
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Furthermore, in a cohort study of SCA2 patients, the heritability
of increased saccade velocity was predominant within families
with affected ancestry, indicating that this trait may be used as an
endophenotype marker specific to SCA2[43]. Similarly, in SCA3,
unique oculomotor deficits such as impaired smooth pursuit eye
movement (SPEM), square-wave jerk (SWJ), and gaze-evoked
nystagmus (GEN) have emerged as preclinical biomarkers. Pre-
SCA3 patients also exhibited frequent gaze-evoked eye move-
ments (GEEM), lower saccade velocity, and greater rates of anti-
saccade mistakes, further highlighting the need to test visual
acuity[44]. Ataxic dysarthria, the deficit in speech and swallowing
caused by damage to cerebellar neural inputs[45], has been the
cornerstone of pre-symptomatic manifestation in patients with
SCA2. Similarly, the recognition of nystagmus as a pre-sympto-
matic manifestation of the SCA3/MJD condition[46] further
reinforces the importance of ophthalmologic examination.

Clinical presentations

Characteristic manifestations of SCA2

Clinical symptoms, age of onset, and duration of illness differed
significantly within and between SCA2-afflicted families.
However, it is still unclear how ethnicity influences these para-
meters in SCA type 2 single-gene ailments[47]. Initially, patients
often present with gait ataxia, tremor, and disrupted or slow
speech patterns, as reported by Yang et al.[48]. Early SCA2 disease
has also been recently characterized by white matter impair-
ments, such as reduced axial diffusivity (AD) and fractional
anisotropy (FA), and increased mean and radial diffusivities (MD
and RD). These in-vivo modifications suggest the involvement of
nerve damage, as white matter fibres enable the efficient trans-
mission of information signals to neurons[49]. As the disease
progressed, a broad range of symptoms began to appear. Several
neuropathological indicators of SCA2, including nuclear degen-
eration, spinal cord demyelination, and loss of neurons, have
been studied in depth and extensively reviewed by Magaña in
2012[50]. Other non-motor and non-ataxic presentations of
SCA2, such as sleep disorders, chorea, redox imbalance, par-
kinsonism, dystonia, and depression, have been identified[51–53].

Characteristic manifestations of Machado–Joseph disease
(MJD)

Similar to SCA2, the influence of ethnicity on disease presentation
is apparent in MJD. However, in contrast to SCA2, the impact of
patient ethnicity has been studied and characterized in MJD.
After accounting for the aberrant trinucleotide repeat counts in
ATXN3, Asians were 4.75 and 6.64 years older at illness onset
compared to Caucasians and African Americans, respectively. In
addition, African Americans suffered from much worse ataxia
than Asians and Caucasians. Caucasian patients with SCA3 were
more likely to suffer from depression than African Americans.
These results pave the way for a better clinical study design[54].
Similar to SCA2-afflicted individuals, homozygous SCA3
patients also exhibit gait ataxia, tremor, dysarthria, peripheral
neuropathy, and dysphagia[55]. Specific to the MJD condition,
some significant presentations have been noted, including a dis-
ruption in the blood–brain barrier (BBB) as observed by a five-
fold increase in the Evans blue dye concentration in the cere-
bellum of MJD transgenic mice when compared to wild-type

mice. In addition, the tight junction proteins occludin and
claudin-5 were abnormally cleaved and aberrantly oligomerized,
respectively. Furthermore, a similar BBB disruption was noted in
SCA3 human postmortem fixed tissue using fibrinogen extra-
vasation, followed by immunofluorescence[56]. Sleepiness and
obstructive sleep apnea (OSA) were also identified as specific
manifestations of MJD[57].

iPSC lines generated to model SCAs 2 and 3: a compendium

iPSC lines have recently garnered the attention of researchers
because of their ability to recapitulate the disease characteristics
of SCAs in vitro[58]. Various sampling sites have been identified
and somatic cells of different types have been successfully dif-
ferentiated into pluripotent stem cells using numerous methods.
The initial method of iPSC generation by reprogramming factor
introduction involved the possibility of incorporating viral genes
into the patient genome, leading to the development of either
malignant or benign tumours[59]. Since then, great strides have
been made in designing protocols for integration-free methods of
iPSC generation and have been successfully utilized[60–62].
Herein, we compiled a catalogue of the existing pluripotent SCA2
and SCA3/MJD-specific stem cell lines, as shown in Table 1 and
Table 2, respectively.

Research outcomes of iPSC-based modelling – uncovering
impaired processes and proposing interventions

Since the pathogenic mechanisms of SCA types 2 and 3 are not
well understood, patient-derived iPSCs provide an excellent base
platform for testing novel drugs. In particular, SCA2-iPSCs can
produce enhanced neurons, 70% of which express markers TUJ1
or MAP2, making them suitable for studying the mechanisms of
pathophysiology in vitro[70]. To that end, Xia et al. generated
neural stem cells (NSCs) from SCA2 patient-derived iPSCs and
compared the differentiation process to that in control iPSCs.
They found an interesting development of neurosphere clumping
into cyst-like structures instead of forming neural rosettes as the
control iPSCs did. Surprisingly, when the expression levels of
Ataxin-2 were examined in SCA2 iPSC-derived NSCs, they were
found to be significantly lower than those in normal NSCs[79].
This finding is significant because the reduced level of Ataxin-2
expression has been hypothesized to be one of the mechanisms
involved in SCA2, even during embryonic developmental
stages[80]. Several pathways, such as pain signalling and poten-
tiation, are disorganized in SCA2 iPSC-derived neuronal popu-
lations. One of the significantly affected pathways was found to
be the glutamate signalling pathway. Koch et al. first demon-
strated the role of glutamate as an excitatory neurotransmitter
that causes an increase in intracellular calcium ion flux, which
further leads to calcium-dependent proteolysis of the disease
protein Ataxin-3. The consequence of proteolysis is SDS-inso-
luble aggregate formation, which is a hallmark of SCA3[81]. This
discovery led to a deeper investigation into the glutamate sig-
nalling pathway in MJD iPSC-derived neurons by Chuang et al.,
using the transcriptome profiling method. The analysis revealed a
severe downregulation of glutamate receptor genes (GRIA4 and
GRM3 in SCA2 neurons). Additionally, long-term (60 days)
treatment of the cells with glutamate led to detrimental effects, as
evidenced by higher cell death in the iPSC-derived neural cell
population, for which the cause was reported to bemitochondrial
damage owing to their bioenergetic capability. These discoveries
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Table 1
Spinocerebellar ataxia 2 patient-specific pluripotent stem cell lines.

iPSC lines generated from spinocerebellar ataxia 2 patients:

Cell line name + unique ID Sex of the cell Age at sampling (years) Sampling site Hierarchy of cell line
Repeat length of
mutant allele Reference and remarks

H196 C7, CVCL_AB81 Male 52 Skin (fibroblasts) Children:
CVCL_DQ63
(H196 C7 GC)

36 [63]An intact genome with no
abnormalities was confirmed by
karyotyping.

H196 C7 GC, CVCL_DQ63 Male 52 N/A: Gene corrected line Parent: CVCL_AB81 (H196 C7) 22 [64]The 36 CAG repeats are replaced by
a normal 22 repeats by using the
CRISPR/Cas9 system of gene
correction.

Control cell line established.
H266 C10, CVCL_AB82 Female 25 Skin biopsy Children: CVCL_DQ64 (H266 C10 GC) 44 [65]Upon embryoid differentiation, the

generated iPSCs were capable of
forming derivatives of ecto, endo,
and mesoderms.

H266 C10 GC, CVCL_DQ64 Female 25 N/A: Gene corrected line Parent: CVCL_AB82 (H266 C10) 22 [66]The 44 CAG repeats are replaced by
a wild-type 22 repeat by using the
CRISPR/Cas9 system of gene
correction.

Control cell line established.
H271 C1, CVCL_9U78 Male 33 Skin biopsy Children: CVCL_DQ65 (H271 C1 GC) 44 [67]

H271 C1 GC, CVCL_DQ65 Male 33 N/A: Gene corrected line Parent: CVCL_9U78 (H271 C1) 22 [68]The 44 CAG repeats are replaced by
a wild-type 22 repeat by using the
CRISPR/Cas9 system of gene
correction.

Control cell line established.
(1) CHOPi002-A, CVCL_UL69 and (2)
CHOPi003-A, CVCL_UL70

Males 58, 28 respectively Peripheral blood N/A 33, 43 respectively [69]Method of generation: transduction
with a Sendai virus.

(1) iSCA2-17, CVCL_XI51 and (2)
iSCA2-28, CVCL_XI52

Male 57 Skin (Dermis) Originate from the same individual 35 [70]Retrovirus-based method of
generation.

(1) iSCA2E209-6, CVCL_XI53 and (2)
iSCA2 E209-9, CVCL_XI54

Female 36 Peripheral blood Originate from the same individual 44 [70]Sendai virus-based reprogramming
of PMBC parent cells.
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Table 2
MJD/SCA3 patient-specific pluripotent stem cell lines.

iPSC lines generated from Machado–Joseph disease (SCA3) patients:

Cell line name + unique ID Sex of the cell Age at sampling (years) Sampling site Hierarchy of cell line
Repeat length of
mutant allele Reference and remarks

ZZUNEUi002-A, CVCL_YB85 Male 22 Urine (urinary epithelial cell) N/A 84 [71]The generated cell line seems to be
integration-free after 20 passages.

(1) SCA3.A8, CVCL_VE47 and
(2) SCA3.A11, CVCL_DQ98

Male 17 Dermal fibroblasts Derived from the same individual 83 in both [72]The expression of pluripotency genes
namely OCT4, NANOG, SOX2, and LIN28
was upregulated in these iPSCs
compared to patient fibroblasts.

(1) SCA3.B11, CVCL_DQ99
and (2) SCA3.B1,
CVCL_VF01

Male 58 Dermal fibroblasts Derived from the same individual 74, 78 respectively [73]Method of reprogramming:
Electroporation with 3 episomal
plasmids.

CSUXHi005-A, CVCL_A4GP Female 32 Urine (exfoliated epithelial cells) – 76 [74]At the sampling time, the patient
presented with progressive SCA3
symptoms.

CSUXHi001-A, CVCL_XI42 Female 12 Urine cells (UCs) N/A 74 [75]At sampling, the donor was not affected
with SCA3 yet.

UCs reprogrammed by transfection with
oriP/EBNA episomal plasmids carrying a
combination of reprogramming factors.

(1) iSCA3 E149-10,
CVCL_XI57 and (2) iSCA3
E149-12, CVCL_XI58

Female 39 Skin Derived from the same individual 73 [70]The other allele has only 14 repeats.

IBCHi002-A, CVCL_XC41 Male 44 Skin Parent: CVCL_7452 (GM06153) 70 [76]Sendai virus-based reprogramming of
human SCA3 fibroblasts to provide a
platform for initial drug efficacy testing
and analysis.

(1) iSCA3-1, CVCL_XI55 and
(2) iSCA3-36, CVCL_XI56

Female 38 Dermis Derived from the same individual 70 [70]The other allele has 37 repeats
Method: Sendai virus-based
reprogramming of dermal SCA3
fibroblasts.

ZZUi014-A, CVCL_WN18 Female 65 Epidermis of forearm N/A 64 [77]Episomal plasmids used in the
generation of this cell line seem to have
vanished after passage 15.

MUSIi004-A, CVCL_VN11 Female 48 Dermis (HDF) – Not mentioned [78]The HDFs were reprogrammed by
nucleofection with episomal plasmids,
which express OCT4, SOX2, KLF4 and
LIN28, hL-MYC, EBNA-1 and also shRNA
against p53.
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are significant as they suggest a possible therapeutic opportunity
– targeting the glutamate pathway using anti-glutamate drugs[70].
A schematic representation of these findings is shown in Figure 2.

Likewise, iPSC modelling of SCA3 has been successful owing
to the presence of mutant ATXN3 (same as the parental somatic
cells) and perfect expression in vitro, encouraging pathophysio-
logical studies[79]. In SCA3, the mutant of Ataxin-3 has been
investigated for its ability to aggregate into neuronal nuclear
inclusions. The molecular chaperone and ubiquitin-proteasome
systems might remove misfolded proteins in cells, and upon
failure of these processes, Ataxin-3 aggregation is triggered[82]. In
addition, chaperone-mediated autophagy is a key process in the
degradation of almost 30% of cytosolic proteins[83]. In a cohort
of primary fibroblast cells isolated fromMJDpatients, the protein
and mRNA levels of Beclin-1, which plays an essential role in the
initial vesicle nucleation step of autophagy, were suppressed[84].
Dysregulation of autophagic pathways has been discovered in
differentiated and undifferentiated SCA3 patient-derived human
IPSCs, and upon addition of rapamycin to the neural differ-
entiation medium to promote autophagy, the amount of mutant
protein was found to be significantly reduced, demonstrating an
analeptic role for the upregulation of autophagy in SCA3[82].
Further scrutiny of autophagic dysregulation has revealed the
overexpression of miR-340 and miR-543 in iPSC-derived self-
renewing neuroepithelial-like stem cells (termed It-NES cells),
both of which work in tandem to reduce the expression of
DNAJB1, a co-chaperone that aids in minimizing PolyQ protein
toxicity[85]. In a similar setting, glutamate treatment has been
shown to induce PolyQ aggregates in neurons, but not in neural
progenitor cells, suggesting a central role for chaperone network
reorganization upon differentiation in the pathogenesis of SCA3.
In addition, the expression of DnaJ homologue subfamily B
member 6 (DNAJB6) in iPSC-derived neurons was profiled and

found to be almost nonexistent. siRNA-mediated knockdown of
DNAJB6 in neural progenitor cells made them susceptible to
aggregate formation, whereas re-expression of DNAJB6 in neu-
rons had an antagonistic effect on PolyQ aggregate formation[86].
These studies imply a pivotal role of chaperone dysregulation in
the pathophysiology of SCA3. In an attempt to explain the neu-
ron-specific nature of SCA3, Koch et al. stimulated MJD-derived
neurons with L-glutamine and monitored the influx of Ca2+ into
neurons. As a result, they observed cleavage of the Ataxin-3
protein upon influx of ions, leading to the formation of SDS-
insoluble aggregates. A treatment strategy was developed to
detect the involvement of specific proteases. The calpain inhibi-
tors ALLN and Calpeptin were administered at molar con-
centrations of 100mMand 200mM, respectively, to the neurons.
Consequently, these agglomerations disappeared. Moreover, this
SDS-insoluble aggregate formation seems to be limited to neu-
rons, as attempts to induce SDS-insoluble aggregate formation in
other iPS-derived cells such as fibroblasts or glia were
unsuccessful[81]. Regarding the treatment of SCA3, progress has
been made in identifying some therapeutic opportunities using
patient-derived iPSCs, one of which is CRISPR/Cas9-based gene
editing as shown in Figure 3. He et al. designed and produced two
small guided RNA nucleases, one for each protospacer adjacent
motif (PAM) region on either stream of the abnormal CAG
repeats located on exon 10 of ATXN3 and succeeded in mutant
allele correction, consequently producing corrected SCA3-iPSCs.
In these corrected cell lines, several disease characteristics such as
increased Ca2+ levels, higher amounts of reactive oxygen species
generation, and increased MDA levels were rescued, pioneering
an approach for autologous stem cell-based treatment for
SCA3[87]. However, an issue regarding this finding is that there
are no studies exploring whether the truncated Ataxin-3
generated via the nonhomologous end joining (NHEJ) method is

Figure 2. A graphical representation of the outcomes of SCA2 patient-specific iPSC-based modelling.
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capable of and is performing the normal functions of Ataxin-3.
To improve upon this technique, Ouyang et al. deleted the
pathogenic expanded CAG repeats using two guide gRNAs
inserted into the pSpCas9 (BB)-2A-GFP cloning vector and joined
the remaining sequences, producing two cell lines. Glutamate
treatment of SCA3-NCs derived from these lines did not cause

agglomerate formation, suggesting that these cells may have an
increased cleavage/clearance rate of Ataxin-3[88]. Furthermore,
neuroprotective applications of some repurposed drugs have been
tested in iPSCs, resulting in positive outcomes. Treatment of
MG132 proteasome inhibited MJD iPSC-derived neurons with
the Chinese herbal medicine extract NH037 obtained from the

Figure 3. Illustration of some impaired processes discovered in various cell types and potential ways to rescue them in case of Machado–Joseph disease (MJD).
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plant species Pueraria lobata and daidzein, an element of the
extract, led to normalized proteasome activities as well as reduced
cytotoxicity and ROS levels[89]. Neural cell cultures incubated
with ibuprofen had 2.08–0.36 times more excitatory synapses
than control[90].

Hurdles in iPSC-based modelling and future scope of
research

Although numerous studies have successfully used iPSC lines as
SCA disease models and investigated the pathophysiology of SCA
types 2 and 3, the methods used are far from perfect. For instance,
SCA2 is linked to an increased APP exon 7 inclusion, as visualized
in a human postmortem SCA2 cerebellum. However, the inclu-
sion patterns were identical in both control and SCA2iPSC APP
exon 7[91]. This observation is indicative of undiscovered phe-
notypic differences between iPSCs and diseased cells. Aging
induces elevatedmacroaggregates in SCA, but the present in-vitro
models may not have been long enough to create detectable
amounts of agglomerations. In addition, no studies have explored
the effects of mutantATXN3 on glutamate receptor genes such as
GRIA4 and GRM3[70]. CRISPR/Cas9-based treatment also has
some disadvantages, such as diminished cell viability and lower
gene-targeting efficiency, making it more difficult to visualize
phenotypic amelioration in treated cells[87]. Experiments using
human iPSCs for disease modelling could have some reproduci-
bility issues owing to gene function heterogeneity arising from
donor genetic differences[88]. The unavailability of live neurons
from patients to study the molecular aspects of neurodegenera-
tion might also be a hindrance to therapeutic development[89].
Moreover, the establishment of standardized biomarkers for the
purpose of being use in clinical trials in biofluids such as cere-
brospinal fluid or plasma remains elusive[92]. Gene editing to
produce shortened coding sequences of diseased genes could
potentially contribute to mitochondrial dysfunction, as seen in a
truncated variant of ATXN3. However, if gene-editing products
using CRISPR/Cas9 systems are lethal, they are unknown[93]. As
with many other multifaceted disorders, the effects of SCAs on
organ systems have not yet been studied using iPSC lines. Despite
some of these barriers, iPSC modelling could become a revelation
in the near future. If successfully generated, brain organoids
derived from iPSCs with relevant disease mutations will likely
provide greater information on developmental pathways and
selective neuronal sensitivity. Furthermore, because they deliver
patient-specific effectiveness, screening compounds with iPSCs
has significant benefits over immortalized cells or small animal-
based screening approaches[94]. Overall, current research sug-
gests a pivotal role for iPSCs in autologous personalized therapy
for SCA types 2 and 3 in the imminent future.

Ethical approval

Ethics approval was not required for this review.

Consent

Informed consent was not required for this review.

Sources of funding

No funding was received for this review.

Author contribution

All authors contributed equally to this paper and equally
approved the submission. N.R.: conceptualization and writing of
initial draft; G.D.M.: writing, editing, and revision of drafts; S.S.:
visualization and writing.

Conflicts of interest disclosure

The authors declare no conflicts of interest.

Research registration unique identifying number
(UIN)

Not applicable.

Guarantor

Goshen David Miteu.

Data availability statement

Not applicable.

Provenance and peer review

Not commissioned, externally peer-reviewed.

Acknowledgement

Images were created using BioRender. Servier Medical Art (dis-
tributed under Creative Commons Attribution 3.0 Unported
license) was also used to create illustrations.

References
[1] Müller U. Spinocerebellar ataxias (SCAs) caused by common mutations.

Neurogenetics 2021;22:235–50.
[2] Klockgether T, Mariotti C, Paulson HL. Spinocerebellar ataxia. Nat Rev

Dis Primers 2019;5:1–21.
[3] Niewiadomska-Cimicka A, Hache A, Trottier Y. Gene deregulation and

underlying mechanisms in spinocerebellar ataxias with polyglutamine
expansion. Front Neurosci 2020;14:1–22.

[4] Gandini J, Manto M, Bremova-Ertl T, et al. The neurological update:
therapies for cerebellar ataxias in 2020. J Neurol 2020;267:1211–20.

[5] Cendelin J, Cvetanovic M, Gandelman M, et al. Consensus paper:
strengths andweaknesses of animal models of spinocerebellar ataxias and
their clinical implications. Cerebellum 2022;21:452–81.

[6] Ross CA, Akimov SS. Human-induced pluripotent stem cells: potential
for neurodegenerative diseases. Hum Mol Genet 2014;23:17–26.

[7] Pulst SM, Nechiporuk A, Nechiporuk T, et al. Moderate expansion of a
normally biallelic trinucleotide repeat in spinocerebellar ataxia type. Nat
Genet 1996;14:269–76.

[8] Kiesewetter S, Macek M Jr, Davis C, et al. © 1993 Nature Publishing
Group. Nat Genet 1993;3:73–96.

[9] Fernandez M, McClain ME, Martinez RA, et al. Late-onset SCA2: 33
CAG repeats are sufficient to cause disease. Neurology 2000;55:569–72.

[10] Maciel P, Gaspar C, DeStefano AL, et al. Correlation between CAG
repeat length and clinical features inMachado–Joseph disease. Am JHum
Genet 1995;57:54–61.

[11] Schmitz-Hübsch T, Coudert M, Bauer P, et al. Spinocerebellar ataxia
types 1, 2, 3, and 6: disease severity and nonataxia symptoms. Neurology
2008;71:982–9.

Raghunathan et al. Annals of Medicine & Surgery (2024) Annals of Medicine & Surgery

3496



[12] Diallo A, Jacobi H, Cook A, et al. Survival in patients with spinocer-
ebellar ataxia types 1, 2, 3, and 6 (EUROSCA): a longitudinal cohort
study. Lancet Neurol 2018;17:327–34.

[13] Schmitz-Hübsch T. Scale for the Assessment and Rating of Ataxia (SARA).
Encycl Mov Disord 2010;10:95–9.

[14] Egorova PA, Bezprozvanny IB. Molecular mechanisms and ther-
apeutics for spinocerebellar ataxia type 2. Neurotherapeutics 2019;
16:1050–73.

[15] Moseley ML, Benzow KA, Schut LJ, et al. Incidence of dominant spino-
cerebellar and Friedreich triplet repeats among 361 ataxia families.
Neurology 1998;51:1666–71.

[16] Lee WY, Jin DK, Oh MR, et al. Frequency analysis and clinical char-
acterization of spinocerebellar ataxia types 1, 2, 3, 6, and 7 in Korean
patients. Arch Neurol 2003;60:858.

[17] Jin DK, Oh MR, Song SM, et al. Frequency of spinocerebellar ataxia
types 1, 2, 3, 6, 7 and dentatorubral pallidoluysian atrophy mutations
in Korean patients with spinocerebellar ataxia. J Neurol 1999;246:
207–10.

[18] van Prooije T, Ibrahim NM, Azmin S, et al. Spinocerebellar ataxias in
Asia: prevalence, phenotypes and management. Parkinsonism Relat
Disord 2021;92:112–8.

[19] Xie Q, Liang X, Li X. [Molecular genetics and its clinical application in
the diagnosis of spinocerebellar ataxias]. Zhongua Yi Xue Yi Chuan Xue
Za Zhi (Chin J Med Genet) 2005;22:71–3.

[20] Pulst SM, Nechiporuk A, Nechiporuk T, et al. Moderate expansion of a
normally biallelic trinucleotide repeat in spinocerebellar ataxia type 2.
Nat Genet 1996;14:269–76.

[21] Condorelli DF, Trovato-Salinaro A, Spinella F, et al. Rapid touchdown
PCR assay for the molecular diagnosis of spinocerebellar ataxia type 2.
Int J Clin Lab Res 1998;28:174–8.

[22] Chen C, Fang X, Sun S. Diagnosis of polyglutamine spinocerebellar
ataxias by polymerase chain reaction amplification and Sanger sequen-
cing. Mol Med Rep 2018;18:1037–42.

[23] Cagnoli C, Brussino A, Mancini C, et al. Spinocerebellar ataxia tethering
PCR A rapid genetic test for the diagnosis of spinocerebellar ataxia types
1, 2, 3, 6, and 7 by PCR and capillary electrophoresis. J Mol Diagn 2018;
20:289–97.

[24] Melo ARV, Ramos A, Kazachkova N, et al. Triplet repeat primed PCR
(TP-PCR ) in molecular diagnostic testing for spinocerebellar ataxia type
3 (SCA3). Mol Diagn Ther 2016;20:617–22.

[25] Lian M, Zhao M, Phang G, et al. Rapid molecular screen of spinocer-
ebellar ataxia types 1, 2, and 3 by triplet-primed PCR and melting curve
analysis. J Mol Diagn 2021;23:565–76.

[26] Paneque HM, Prieto AL, Reynaldo RR, et al. Psychological aspects of
presymptomatic diagnosis of spinocerebellar ataxia type 2 in Cuba.
Community Genet 2007;10:132–9.

[27] Moutou C, Nicod J-C, Gardes N, et al. Birth after pre-implantation
genetic diagnosis (PGD) of spinocerebellar ataxia 2 (SCA2). Prenat Diagn
2008;28:126–30.

[28] LimaM, Raposo M. Towards the identification of molecular biomarkers
of spinocerebellar ataxia disease (MJD). Adv Exp Med Biol 2018;1049:
309–19.

[29] Adanyeguh IM, Henry P-G, Nguyen TM, et al. In vivo neurometabolic
profiling in patients with spinocerebellar ataxia type 1, 2, 3 and 7. Mov
Disord 2015;30:662–70.

[30] Cornelius N, Wardman JH, Hargreaves IP, et al. Evidence of oxidative
stress and mitochondrial dysfunction in spinocerebellar ataxia type 2
(SCA2) patient fibroblasts: Effect of coenzyme Q10 supplementation on
these parameters. Mitochondrion 2017;34:103–14.

[31] de Assis AM, Saute JAM, Longoni A, et al. Peripheral oxidative stress
biomarkers in spinocerebellar ataxia type 3/Machado–Joseph disease.
Front Neurol 2017;8:1–8.

[32] Velázquez-Perez L, Rodríguez-Labrada R, Canales-Ochoa N, et al.
Progression markers of spinocerebellar ataxia 2. Twenty years neuro-
physiological follow up study. J Neurol Sci 2010;290:22–6.

[33] Velázquez-Pérez L, Rodriguez-Labrada R, González-Garcés Y, et al.
Prodromal spinocerebellar ataxia type 2 subjects have quantifiable gait
and postural sway deficits. Mov Disord 2021;36:471–80.

[34] Vogel AP, Magee M, Torres-Vega R, et al. Features of speech and
swallowing dysfunction in pre-ataxic spinocerebellar ataxia type 2.
Neurology 2020;95:e194–205.

[35] Hou X, Gong X, Zhang L, et al. Identification of a potential exosomal
biomarker in spinocerebellar ataxia type 3/Machado–Joseph disease.
Epigenomics 2019;11:1037–55.

[36] Li Q-F, Dong Y, Yang L, et al. Neurofilament light chain is a promising
serum biomarker in spinocerebellar ataxia type 3. Mol Neurodegener
2019;14:4–11.

[37] Yang L, Shao Y, Li X, et al. Association of the level of neuro filament light
with disease severity in patients with spinocerebellar ataxia type 2.
Neurology 2021;97:e2404–13.

[38] Hernandez-castillo CR, King M, Diedrichsen J, et al. NeuroImage: clin-
ical unique degeneration signatures in the cerebellar cortex for spino-
cerebellar. NeuroImage Clin 2018;20:931–8.

[39] Degardin A, Dobbelaere D, Vuillaume I, et al. Spinocerebellar ataxia: a
rational approach to aetiological diagnosis. Cerebellum 2012;11:
289–99.

[40] Jensen K, Beylergil SB, Shaikh AG. Slow saccades in cerebellar disease.
Cerebellum Ataxias 2019;6:1–9.

[41] Seifried C, Velázquez-Pérez L, Santos-Falcón N, et al. Saccade velocity as
a surrogate disease marker in spinocerebellar ataxia type 2. Ann N Y
Acad Sci 2005;1039:524–7.

[42] Rodríguez-Labrada R, Velázquez-Pérez L, Seigfried C, et al. Saccadic
latency is prolonged in spinocerebellar ataxia type 2 and correlates with
the frontal-executive dysfunctions. J Neurol Sci 2011;306:103–7.

[43] >Rodríguez-Labrada R, Vázquez-Mojena Y, Canales-Ochoa N, et al.
Heritability of saccadic eye movements in spinocerebellar ataxia type 2:
insights into an endophenotype marker. Cerebellum Ataxias 2017;4:
1–7.

[44] Wu C, Chen D, Feng L, et al. Oculomotor deficits in spinocerebellar
ataxia type 3 : Potential biomarkers of preclinical detection and disease
progression. CNS Neurosci Ther 2017;23:321–8.

[45] Spencer KA, Slocomb DL. The neural basis of ataxic dysarthria.
Cerebellum 2007;6:58–65.

[46] Gama MTD, Rezende Filho FM, Rezende TJR, et al. Nystagmus may be
the first neurological sign in early stages of spinocerebellar ataxia type 3.
Arq Neuropsiquiatr 2021;79:891–4.

[47] Mutesa L, Pierquin P, Segers K, et al. Spinocerebellar ataxia type 2
(SCA2): clinical features and genetic analysis. J Trop Pediatr 2008;54:
350–2.

[48] Yang L, Dong Y,MaY, et al. Genetic profile and clinical characteristics of
Chinese patients with spinocerebellar ataxia type 2: a multicenter
experience over 10 years. Eur J Neurol 2021;28:955–64.

[49] Stezin A, Bhardwaj S, Khokhar S, et al. In vivo microstructural white
matter changes in early spinocerebellar ataxia 2. Acta Neurol Scand
2021;143:326–32.

[50] Magaña JJ, Velázquez-Pérez L. ,Cisneros B. Spinocerebellar ataxia type 2:
clinical presentation, molecular mechanisms, and therapeutic perspec-
tives. In: Cisneros B, editors. Mol Neurobiol 2012;47:90–104.

[51] Dennis A-G, Almaguer-Mederos LE, Raúl R-A, et al. Redox imbalance
associates with clinical worsening in spinocerebellar ataxia type 2. Oxid
Med Cell Longev 2021;2021:9875639.

[52] Pedroso JL, Braga-neto P, Escorcio-Bezerra ML, et al. Non-motor and
extracerebellar features in spinocerebellar ataxia type 2. Cerebellum
2017;16:34–9.

[53] Stezin A, Venkatesh SD, Thennarasu K, et al. Non-ataxic manifestations
of spinocerebellar ataxia-2, their determinants and predictors. J Neurol
Sci 2018;394:14–8.

[54] Gan S-R, Figueroa KP, Xu H-L, et al. The impact of ethnicity on the
clinical presentations of spinocerebellar ataxia type 3. Parkinsonism
Relat Disord 2020;72:37–43.

[55] Li Q-F, Cheng H-L, Yang L, et al. Clinical features and genetic char-
acteristics of homozygous spinocerebellar ataxia type 3. Mol Genet
Genomic Med 2020;8:e1314.

[56] Lobo DD, Nobre RJ, Miranda CO, et al. The blood–brain barrier is
disrupted in Machado–Joseph disease/spinocerebellar ataxia type 3:
evidence from transgenic mice and human post-mortem samples. Acta
Neuropathol Commun 2020;8:152.

[57] Santos F A F, De Carvalho LBC, LDo Prado LF, et al. Sleep apnea in
Machado–Joseph disease: a clinical and polysomnographic evaluation.
Sleep Med 2018;48:23–6.

[58] Chang CY, Ting HC, Liu CA, et al. Induced pluripotent stem cell (iPSC)-
based neurodegenerative disease models for phenotype recapitulation
and drug screening. Molecules 2020;25:1–21.

[59] Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell
2006;126:663–76.

[60] Fusaki N, BanH, Nishiyama A, et al. Efficient induction of transgene-free
human pluripotent stem cells using a vector based on Sendai virus, an

Raghunathan et al. Annals of Medicine & Surgery (2024)

3497



RNA virus that does not integrate into the host genome. Proc Japan Acad
Ser B Phys Biol Sci 2009;85:348–62.

[61] Yu J, Hu K, Smuga-Otto K, et al. Human-induced pluripotent stem cells
free of vector and transgene sequences. Science 2009;324:797–801.

[62] Okita K,Matsumura Y, Sato Y, et al. A more efficient method to generate
integration-free human iPS cells. Nat Methods 2011;8:409–12.

[63] Marthaler AG, Schmid B, Tubsuwan A, et al. Generation of spinocer-
ebellar ataxia type 2 patient-derived iPSC line H196. Stem Cell Res 2016;
16:199–201.

[64] Marthaler AG, Schmid B, Tubsuwan A, et al. Generation of an isogenic,
gene-corrected control cell line of the spinocerebellar ataxia type 2
patient-derived iPSC line H196. Stem Cell Res 2016;16:162–5.

[65] Marthaler AG, Schmid B, Tubsuwan A, et al. Generation of spinocer-
ebellar ataxia type 2 patient-derived iPSC line H266. Stem Cell Res 2016;
16:166–9.

[66] Marthaler AG, Tubsuwan A, Schmid B, et al. Generation of an isogenic,
gene-corrected control cell line of the spinocerebellar ataxia type 2
patient-derived iPSC line H266. Stem Cell Res 2016;16:202–5.

[67] Marthaler AG, Tubsuwan A, Schmid B, et al. Generation of spinocer-
ebellar ataxia type 2 patient-derived iPSC line H271. Stem Cell Res 2016;
16:159–61.

[68] Marthaler AG, Schmid B, Tubsuwan A, et al. Generation of an isogenic,
gene-corrected control cell line of the spinocerebellar ataxia type 2
patient-derived iPSC line H271. Stem Cell Res 2016;16:180–3.

[69] Maguire JA, Gagne AL, Gonzalez-Alegre P, et al. Generation of spino-
cerebellar ataxia type 2 induced pluripotent stem cell lines, CHOPi002-A
and CHOPi003-A, from patients with abnormal CAG repeats in the
coding region of the ATXN2 gene. Stem Cell Res 2019;34:101361.

[70] Chuang CY, Yang CC, Soong BW, et al. Modeling spinocerebellar
ataxias 2 and 3 with iPSCs reveals a role for glutamate in disease
pathology. Sci Rep 2019;9:1–13.

[71] Wei L, Zhang J, Chen D, et al. Generation of an integration-free induced
pluripotent stem cell (iPSC) line (ZZUNEUi002-A) from a patient with
spinocerebellar ataxia type 3. Stem Cell Res 2020;47:101898.

[72] Hansen SK, Borland H, Hasholt LF, et al. Generation of spinocerebellar
ataxia type 3 patient-derived induced pluripotent stem cell line SCA3.
A11. Stem Cell Res 2016;16:553–6.

[73] Hansen SK, Borland H, Hasholt LF, et al. Generation of spinocerebellar
ataxia type 3 patient-derived induced pluripotent stem cell line SCA3.
B11. Stem Cell Res 2016;16:589–92.

[74] He L, Han X, Zhao H, et al. Generation of spinocerebellar ataxia type 3
patient-derived induced pluripotent stem cell line (CSUXHi005-A) from
human urine epithelial cells. Stem Cell Res 2021;53:102289.

[75] He L, YeW, Chen Z, et al. Generation of an induced pluripotent stem cell
line (XHCSUi001-A) from urine cells of a patient with spinocerebellar
ataxia type 3. Stem Cell Res 2019;40:101555.

[76] Ciolak A, Krzyzosiak WJ, Kozlowska E, et al. Generation of human iPS
cell line IBCHi002-A from spinocerebellar ataxia type 3/Machado–
Joseph disease patient’s fibroblasts. Stem Cell Res 2020;45:101796.

[77] Wang Y, Sun H, Wang Z, et al. Generation of induced pluripotent stem
cell line (ZZUi0014-A) from a patient with spinocerebellar ataxia type 3.
Stem Cell Res 2019;41:101564.

[78] Ritthaphai A, Wattanapanitch M, Pithukpakorn M, et al. Derivation of
an induced pluripotent stem cell line (MUSIi004-A) from dermal fibro-
blasts of a 48-year-old spinocerebellar ataxia type 3 patient. Stem Cell
Res 2018;30:113–6.

[79] Xia G, Santostefano K, Hamazaki T, et al. Generation of human-induced
pluripotent stem cells to model spinocerebellar ataxia type 2 in vitro. J
Mol Neurosci 2013;51:237–48.

[80] Kiehl TR, Nechiporuk A, Figueroa KP, et al. Generation and character-
ization of SCA2 (ataxin-2) knockout mice. Biochem Biophys Res
Commun 2006;339:17–24.

[81] Koch P, Breuer P, Peitz M, et al. Excitation-induced ataxin-3 aggregation
in neurons from patients with Machado–Joseph disease. Nature 2011;
480:543–6.

[82] Ou Z, Luo M, Niu X, et al. Autophagy promoted the degradation of
mutant ATXN3 in neurally differentiated spinocerebellar ataxia-3
human induced pluripotent stem cells. Biomed Res Int 2016;2016:
6701793.

[83] Dice JF. Chaperone-mediated autophagy. Autophagy 2007;3:295–9.
[84] Onofre I, Mendonça N, Lopes S, et al. Fibroblasts of Machado–Joseph

Disease patients reveal autophagy impairment. Sci Rep 2016;6:28220.
[85] Evert BO, Nalavade R, Jungverdorben J, et al. Upregulation of miR-370

and miR-543 is associated with reduced expression of heat shock protein
40 in spinocerebellar ataxia type 3. PLoS One 2018;13:e0201794.

[86] Thiruvalluvan A, deMattos EP, Brunsting JF, et al. DNAJB6, a key factor
in neuronal sensitivity to amyloidogenesis. Mol Cell 2020;78:
346–358.e9.

[87] He L, Wang S, Peng L, et al. CRISPR/Cas9 mediated gene correction
ameliorates abnormal phenotypes in spinocerebellar ataxia type 3
patient-derived induced pluripotent stem cells. Transl Psychiatry 2021;
11:479.

[88] Ouyang S, Xie Y, Xiong Z, et al. CRISPR/Cas9-targeted deletion of
polyglutamine in spinocerebellar ataxia type 3-derived induced plur-
ipotent stem cells. Stem Cells Dev 2018;27:756–70.

[89] Chen IC, Chang KH, Chen YJ, et al. Pueraria lobata and daidzein Reduce
cytotoxicity by enhancing ubiquitin-proteasome system function in
SCA3-iPSC-derived neurons. Oxid Med Cell Longev 2019;2019:
8130481.

[90] Mendonça LS, Nóbrega C, Tavino S, et al. Ibuprofen enhances synaptic
function and neural progenitors proliferation markers and improves
neuropathology and motor coordination in Machado–Joseph disease
models. Hum Mol Genet 2019;28:3691–703.

[91] Li PP, Sun X, Xia G, et al. ATXN2-AS, a gene antisense to ATXN2, is
associated with spinocerebellar ataxia type 2 and amyotrophic lateral
sclerosis. Ann Neurol 2016;80:600–15.

[92] Gonsior K, Kaucher GA, Pelz P, et al. PolyQ-expanded ataxin-3 protein
levels in peripheral blood mononuclear cells correlate with clinical
parameters in SCA3: a pilot study. J Neurol 2021;268:1304–15.

[93] Hsu JY, JhangYL, Cheng PH, et al. The truncated C-terminal fragment of
mutant ATXN3 disrupts mitochondria dynamics in spinocerebellar
ataxia type 3 models. Front Mol Neurosci 2017;10:196.

[94] Kim C. iPSC technology-powerful hand for disease modeling and ther-
apeutic screen. BMB Rep 2015;48:256–65.

Raghunathan et al. Annals of Medicine & Surgery (2024) Annals of Medicine & Surgery

3498


