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Seeking Therapies for Spinocerebellar
Ataxia: From Gene Silencing
to Systems-Based Approaches

Rachael Powers, Henry Paulson, and Sharan Srinivasan

Abstract Recent progress has led to nucleotide-based gene silencing strategies as
a potential therapy for spinocerebellar ataxia type 3 (SCA3) and other hereditary
ataxias. But recent setbacks for antisense oligonucleotide (ASO) therapy in another
CAG repeat disease, Huntington’s disease (HD), remind us of the importance of
broadening the search for potential routes to disease-modifying therapies. Here we
review alternative approaches. We begin by introducing some of the complexities
and nuances of SCA3 that can help guide therapeutic strategies. We then review the
myriad biological pathways that are potentially druggable in SCA3, and the current
use of genetic and small molecule screens to identify targets and possible therapeu-
tic agents. Given the importance of employing model systems in which the disease
gene and protein are assessed at physiological concentrations in the human genomic
context, we discuss the emerging importance and challenges of using human stem
cells to study disease mechanisms and test therapeutic targets and novel pharmaco-
logic agents. We conclude by considering SCA3 and related SCAs beyond bio-
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chemical pathways and as diseases of impaired connectivity, emphasizing the
largely untapped potential of modulating neuronal activity and brain connectivity
for possible disease-modifying therapies.

Keywords Repeat expansion - Stem cells - Organoids - Dysfunctional circuitry

1 Introduction

Now is an exciting time in SCA3 research. Decades of hard work by many groups
to understand disease mechanisms and develop treatments could soon lead to ratio-
nally based disease-modifying therapies for this progressive and fatal neurodegen-
erative disease. As we write this in 2022, at least one company is performing a
human clinical trial of nucleotide-based gene silencing therapy as a potential
disease-modifying treatment in SCA3. As contributors to the preclinical work
establishing gene silencing as a treatment strategy (McLoughlin et al. 2018), we
fervently hope these gene-directed therapies find their way into the clinic. The role
of nucleotide-based gene silencing therapies in SCA3 is well covered in Dr.
McLoughlin’s chapter in this collection (McLoughlin 2022). Here, we focus instead
on other approaches to therapy. We do not know where the best therapies will come
from in SCA3, and researchers must adopt a broad perspective in order to capture
the most effective agents (Costa 2020; Da Silva et al. 2019). Doing so requires that
scientists recognize the complexities of SCA3 disease pathogenesis and consider
alternative approaches to ameliorating symptoms and altering disease course. It is
also worth considering, even at the basic science stage, how addressing these alter-
native mechanisms may be tracked to develop biomarkers of disease and target
engagement.

What follows represents a selective review of the current state of therapeutic
development for SCA3, emphasizing research published in the past 5 years. We
begin by introducing some of the complexities and nuances of SCA3 that can help
guide therapeutic strategies. We then review the use of genetic and small molecule
screens to identify targets and potential therapies, discuss the importance and chal-
lenges of using human stem cells to study disease mechanisms and test therapeutic
targets, and conclude by considering the SCAs as dysfunctional circuitry and
reviewing the largely untapped potential of modulating neuronal activity and brain
connectivity.
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2  Complex Issues in SCA3 to Consider as Therapies
Are Sought

2.1 SCA3 Is Dominantly Inherited, but Elements Beyond Toxic
Gain of Function Likely Contribute

Like other SCAs, SCA3 is an autosomal dominant disorder in which a single copy
of the disease gene harboring the CAG repeat expansion causes disease (Paulson
and Shakkottai 2020; Costa and Paulson 2012). In rare individuals carrying two
expanded alleles, the disease is more severe with symptoms beginning early in life
(Shang et al. 2018). An overwhelming preponderance of evidence from model sys-
tems and human disease tissue supports the view that the polyglutamine expansion
in the disease protein ATXN3 drives one or more toxic effects in the nervous system
(Paulson et al. 2017; McLoughlin et al. 2020). In other words, toxic properties con-
ferred on the gene and encoded protein (so called “gain of function”) drive the
propagation of the disease. Moreover, the gene itself does not appear to be essential
since mice lacking Atxn3 appear essentially normal. It should be noted that while
the exact interactions and dependencies of wild-type ATXN3 and polyglutamine-
expanded ATXN3 are not fully understood, there is little evidence that loss of gene
function is a major contributor to human disease. Thus, unlike in Huntington’s dis-
ease (HD), where the gene protein is essential for early brain development, current
antisense nucleotide-based approaches to reduce ATXN3 expression likely do not
suffer from concerns that marked reduction in the ATXN3 protein itself will be
deleterious.

And yet a contribution of loss of gene function to disease has not been formally
excluded in SCA3. In a diseased brain, ATXN3 tends to concentrate in the nucleus
of neurons, disappearing from the cytoplasm where it normally is more abundant.
Potentially, this “loss” of ATXN3 from the cytoplasm contributes to disease patho-
genesis. Moreover, recent studies reveal retinal involvement in SCA3 and a role for
ATXN3 in the retina (Toulis et al. 2020, 2022), where the loss of the protein perturbs
retinal structure and highlights a role for ATXN3 in regulating cilia and phagocyto-
sis, both of which are fundamental to photoreceptor function. Further data indicate
that ATXN3 modulates molecular features in certain cancers and participates in
DNA repair (Chakraborty et al. 2020; Gong et al. 2021; Herzog et al. 2020; Zhuang
et al. 2021). Accordingly, we should be mindful of the potential for deleterious
effects of gene-silencing strategies that reduce ATXN3 levels too effectively and
therapeutics targeting ATXN3 itself should be developed and analyzed with careful
consideration of function of the native protein as well.
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2.2 SCA3 Is a Neurodegenerative Disease, but Neurons Are
Not the Only Involved Cell Type

The accumulation of ATXN3 nuclear inclusions in neurons of SCA3 disease brain,
coupled with the fact that specific brain regions undergo profound atrophy in SCA3,
placed attention on neurons as the principal cell type affected in SCA3. Recent stud-
ies, however, point to oligodendrocytes as an unexpected major contributor as well
(Schuster et al. 2022). In that work, transcriptional changes in a mouse model of
SCA3 revealed oligodendrocytes as the cell population most affected early on.
While it remains to be seen whether ATXN3-mediated effects in oligodendrocytes
drive disease processes, it will be important that therapeutic strategies not be focused
solely on neurons lest nonneuronal populations prove paramount in targeting.
Lessons might be learned from Alzheimer’s disease, where an intense early focus on
neurons delayed recognition of the critical disease contributions of astrocytes and
microglia. In SCA3, we now know that oligodendrocytes are likely important, and
recent data suggest that microglia are involved as well (Campos et al. 2022). As
inflammation is proving to be an important contributor to other neurodegenerative
diseases, it is critical that we define potential direct roles in SCA3 for microglia and
astrocytes in disease pathogenesis. Finally, as we consider the roles of polyglutamine-
expanded ATXN3 in various cell types, it behooves us to evaluate the levels and
function of wild-type ATXN3 in response to the disease state, as this may provide
insight into future treatment effects.

2.3 Proteotoxicity of the ATXN3 Disease Protein Is Important,
but Not the Only Contributor to Disease

The CAG repeat expansion in SCA3 encodes an elongated stretch of the amino acid
glutamine in ATXN3. Studies ranging from recombinant protein in vitro to cell-
based models and various animal models of disease consistently have shown that
expanded polyglutamine-containing ATXN3 is prone to aggregate and form intra-
cellular inclusions in select brain regions and cell populations (reviewed in Costa
and Paulson 2012; Paulson et al. 2017). Similarly, polyglutamine-containing dis-
ease proteins in SCAs 1, 2, 6, 7, and 17 also aggregate when the disease protein
contains a polyglutamine expansion (Paulson et al. 2017). Accordingly, the prevail-
ing view is that the primary toxic species in SCA3 is the ATXN3 protein containing
the expansion. Understandably, then, mutant ATXN3 has been the target of many
strategies to define disease-modifying therapies. That said, some evidence in model
systems suggest toxicity at the RNA level occurs with higher expansion sizes (Li
et al. 2008), and GC-rich repeat expansions are prone to undergo repeat-associated
non-methionine (RAN) translation, in which protein can be translated in all three
reading frames across the repeat leading to polyserine and polyalanine RAN prod-
ucts as well as the “expected” polyglutamine (Cleary et al. 2018). Evidence is
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building for RAN translation in Huntington’s disease (Cleary et al. 2018) and SCAS8
(Perez et al. 2021) and is hinted at in SCA31 (Ishiguro et al. 2021), but remains
limited in the more common CAG repeat expansion SCAs. One advantage of
nucleotide-based gene silencing strategies is that they will reduce levels of both the
RNA transcript and the disease protein. As a result, potential toxicity from RNA
effects or RAN translation would also be mitigated. Therapies focused on the
ATXN3 protein, or affected pathways downstream of the polyglutamine-expanded
protein, would fail to address these potential upstream toxic effects.

2.4 SCA3 Affects the Brain, but Little Is Known About Disease
in Other Organs

SCA3 is unquestionably a neurodegenerative disorder. Hence, effective therapies
must penetrate the brain or be directly delivered to the nervous system. Clinically,
the evidence for significant organ involvement beyond the central and peripheral
nervous system is limited. The disease protein, however, is expressed ubiquitously.
Thus, there may be subtler subclinical effects associated with the expression of the
disease gene that have been missed to date. Retinal involvement in SCA3 is a
recently described example (Toulis et al. 2022). And many SCA3 patients develop
significant peripheral neuropathy that might not be fully addressed by a CNS-
directed therapy. Accordingly, therapies such as orally delivered small molecules
that can act throughout the body have a potential advantage over therapies that are
directly delivered to the CNS, provided that the orally delivered compound displays
favorable pharmacokinetics in the nervous system.

2.5 The ATXN3 Disease Protein Maybe Small, but Its
Function Is Complex and Far-Reaching

ATXN3 is a specialized deubiquitinase that preferentially cleaves longer poly-
ubiquitin chains (reviewed in Costa and Paulson 2012). A relatively small protein,
ATXN3 readily moves in and out of the nucleus and participates in diverse ubiquitin-
dependent processes at many places in the cell. Its various functions include work-
ing with ubiquitin ligases to modulate ubiquitin chain composition, regulating
aggresome production, participating in DNA repair processes, and modulating
autophagy and endocytic processes (Costa and Paulson 2012; Chakraborty et al.
2020; Dantuma and Herzog 2020; Rosselli-Murai et al. 2020; Zeng et al. 2020).
Some properties of the protein suggest that ATXN3 is a unique deubiquitinase that
participates in protein quality control pathways (e.g., ubiquitin-proteasome system
and autophagy) that are themselves perturbed in SCA3. Precisely how the deubig-
uitinase activity and diverse functions of ATXN3 are perturbed in disease remains a
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work in progress. In principle, its deubiquitinase activity represents a therapeutic
target, but currently, we do not know if the enzyme activity of polyglutamine-
expanded (mutant) ATXN3 is deleterious or beneficial compared to its native func-
tion and may have wide-reaching ramifications in cellular proteostasis. A potential
negative consequence of inhibiting the enzyme activity of ATXN3 is that it could
produce an avid ubiquitin-binding protein that lacks the ability to cleave the ubiqui-
tin chains it binds; essentially the protein could act like a dominant-negative isoform
on client proteins with potentially deleterious effects.

2.6 Studies of Overexpressed or Transgenic ATXN3 Have Shed
Important Light on Disease Mechanisms but May Not
Mirror the Human Disease State

Most of the experiments providing insight into SCA3 disease mechanisms have
relied on high-level expression of the disease protein in cellular and animal models,
and often not from the endogenous locus. Overexpression of the disease protein
accelerates the appearance of molecular and neuropathological phenotypes in short-
lived model systems, whereas expression of the protein at endogenous levels has
more subtle effects that can become impractical in a laboratory setting. But as help-
ful as overexpression systems have been, they run the risk of leading to artifacts and
spurious findings that do not mirror the physiological state of cells in humans with
SCA3. Similarly, relying on transgenic expression models poses possible confound-
ing factors of altered regulation. Particularly as scientists search for genes or com-
pounds that regulate levels of SCA disease proteins, it will be important to screen
for such regulatory factors in model systems that mimic the native physiological
levels and actions of the disease gene and protein. Doing so poses its own chal-
lenges, but it avoids the hazard of focusing on regulatory factors that might simply
work to mitigate an overexpression artifact. The emergence of human stem cells
derived from SCA3 patients or embryos (discussed further below) allows for the
examination of the disease protein and its effects under the most germane physio-
logical conditions.

2.7 ATXN3 Maybe the Obvious Target in SCA3, but Targets
Beyond and Downstream of ATXN3 Also Need
to Be Explored

Observed effects beyond the polyglutamine expansion suggest additional, poten-
tially targetable pathways in SCA3. For example, single- and double-strand DNA
breaks accumulate in cellular models of HD (Illuzi et al. 2008), and overexpression
of DNA repair enzymes can ameliorate the disease phenotype in mouse models
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(Enokido et al. 2010). In SCA3, ATXN3 promotes the activity of the 3" phosphatase
and 5" kinase PNKP (Chatterjee et al. 2014) and has been linked to nonhomologous
end-joining (NHEJ) repair of double-strand DNA breaks (Chakraborty et al. 2020).
The DNA repair pathway may also offer a route through which to target repeat
expansion instability as small molecules that contract CAG repeats have been pub-
lished (Nakamori et al. 2018). Epigenetic mechanisms have also been implicated in
SCA3 as DNA methylation within the ATXN3 promoter inversely correlates with
the age of onset and intergenerational repeat instability (Wang et al. 2016).

2.8 Most Research in SCA3 Has Focused on Disease Effects
at the Cellular Level, but Network-Level Effects
Remain Understudied

Addressing the widespread reaches of polyglutamine-expanded ATXN3 demands a
comprehensive approach to improve patient care. While SCA3 is clearly a systemic
disease with extra-CNS complications, even within the nervous system we must
expand our disease framework. We have greatly improved our understanding of the
biochemical mechanisms at play in SCA3 and the other SCAs, but this has not led
to novel drugs beyond gene-silencing therapies, as mentioned above. It is therefore
equally valuable to consider SCAs as diseases of impaired network connectivity. We
are in a unique position to learn from the success of deep brain stimulation (DBS)
in Parkinson’s disease (PD) and essential tremor (ET) as a demonstration of the
viability of electrophysiological perturbation for symptomatic management. A
pharmacological approach with specificity against individual ion channels offers
the opportunity to elicit similar therapeutic effects without surgical intervention.

3 Screens to Identify Targetable Pathways
for Potential Therapy

On the one hand, the dominant-toxic nature of disease pathogenesis in SCA3 con-
ceptually simplifies the route to therapy: agents that can reduce identified toxic spe-
cies have strong therapeutic potential. On the other hand, many factors conspire to
make the search for SCA3 therapies more complicated, including the chronicity of
disease; diverse functions of the disease protein, including participation in stress
pathways that are themselves implicated in disease; involvement of multiple cell
types; and, the dynamic nature of the underlying mutation, a variably sized repeat
expansion that could have deleterious effects at the DNA, RNA, and protein levels.
Many researchers have successfully interrogated specific cellular pathways (e.g.,
molecular chaperones and autophagy) as potential routes to therapy, and nucleotide-
based strategies that directly target the SCA3 disease gene have seen tremendous
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progress recently (see McLoughlin 2022). Here we focus instead on small-molecule
and genetic screens that have taken a more unbiased approach to identify compel-
ling therapeutic agents. The number of such screens to date is limited, partly because
the development of efficient and reproducible screening platforms takes consider-
able time and effort. With the advent of clustered regularly interspaced short palin-
dromic repeat (CRISPR)-based approaches that enable rapid full-genome screens to
find regulators of predefined readouts (say, ATXN3 levels) and the emergence of
human stem cell lines harboring trackable epitope tags engineered into an endoge-
nous gene of interest, we expect that the range, depth, and quality of screens for
potential SCA3 therapies will ramp up.

Figure 1 highlights the many biological factors that could be modulated to alter
levels of ATXN3, specific functions, or downstream effects tied to the protein.
Arguably all are worth pursuing, and in many cases, promising initial data already
support further investigations. These include boosting autophagy, enhancing chap-
erone activity, inhibiting specific protein-protein interactions, and blocking the pro-
teolytic cleavage of ATXN?3 that produces putative toxic fragments (recent examples
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Fig. 1 Biological routes to potential disease-modifying treatment in SCA3. Cellular levels and
activity of the disease protein ATXN3 are likely regulated by numerous biological pathways, illus-
trated here. Unbiased genetic and small molecule screens can identify genes or compounds that
alter ATXN3 concentration, subcellular localization, or deubiquitinase activity, each of which may
influence the toxicity of the disease protein. Alternatively, existing compounds or candidate genes
implicated in specific pathways can be directly tested for disease-modifying effects. Current
nucleotide-based gene silencing approaches act by reducing ATXN3 transcript levels
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include Lee et al. 2021; Robinson et al. 2021; Vasconcelos-Ferreira et al. 2022).
Many such studies were driven by a candidate target assessment and not linked to
larger-scale screens. As outlined below, published screens to date have been per-
formed to find compounds or genes that reduce levels of ATXN3 or reduce the toxic
effects of ATXN3. We again stress the need to evaluate wild-type and polyglutamine-
expanded ATXN3 separately and together to better understand potential treatment
effects. Ideal screens will incorporate assays by which total and mutant ATXN3
levels can be measured in response to any cellular perturbation.

Using an immortalized nonneuronal cell line that stably expresses luciferase-
tagged ATXN3, Costa and colleagues (Costa et al. 2016) screened a small-molecule
library largely containing FDA-approved drugs. A series of secondary screens in
other cell lines and in cerebellar brain slices from a SCA3 mouse model identified
the atypical antipsychotic aripiprazole as an ATXN3 modulator. Short-term expo-
sure of SCA3 mice to this drug resulted in a marked reduction of aggregated
ATXN3. The mechanism by which aripiprazole acted on ATXN3 was unclear, par-
ticularly since the starting cell line, derived from HEK293 cells, was not known to
express neurotransmitter receptors by which the drug might work. A recent follow-
up study in a nematode model of SCA3 suggests that aripiprazole acts through
dopamine and serotonin receptors to reduce the motor effects of ATXN3 (Jalles
et al. 2022). To date, aripiprazole has not been tested in a clinical trial of patients
with SCA3. Because some SCA3 patients develop parkinsonism and long-term
exposure to aripiprazole can elicit a movement disorder among other side effects,
aripiprazole usage in SCA3 will have to be monitored closely.

This same cell-based screening platform was used in a druggable genome screen
to identify genes that regulate levels of ATXN3 (Ashraf et al. 2020). In this screen,
317 candidate genes were identified and 100 were selected for validation, 33 of
which were confirmed in multiple secondary assays. Of these, 15 were indepen-
dently validated in separate cell lines as modulators of ATXN3 levels. Further anal-
ysis in a Drosophila model of disease confirmed the effects of several genes in vivo,
and one gene, FBXL3, was shown to reduce ATXN3 levels through ubiquitin-
dependent processes. Additional analyses revealed a molecular network linked to
tumor necrosis factor/nuclear factor-Kappa B and to the extracellular signal-
regulated kinases 1 and 2 (ERK1/2), which are pharmacologically targetable.
Further analysis of these identified genes in mouse models and human disease tissue
will be required to confirm their relevance to human disease. Limitations to this
screen include the fact that an immortalized nonneural cell line was used that over-
expresses ATXN3. Despite these limitations, the screen demonstrated the feasibility
of further genetic screens in more physiologically relevant cellular and ani-
mal models.

Maciel and colleagues performed a small molecule screen in a nematode
(Caenorhabditis elegans) model of SCA3 that displays ATXN3-mediated immotil-
ity (Teixeira-Castro et al. 2015). From this screen, the antidepressant citalopram
surfaced as a drug that could rescue motility. Moreover, a follow-up study in a
mouse model of SCA3 showed that citalopram reduced ATXN3 aggregation (Ashraf
et al. 2019). Thus, citalopram, a widely prescribed antidepressant, holds promise as
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a potential disease-modifying therapy in SCA3. The small size, short life cycle, and
genetic tractability of the nematode make it a strong organismal platform for genetic
and compound screening. Leveraging these advantages, Maciel and colleagues con-
ducted further studies in the nematode that highlight the importance of serotonin
signaling as a modulator of ATXN3 proteotoxicity, and support future human clini-
cal trials of serotonin-acting agents such as specific 5-HT1A agonists (Pereira-
Sousa et al. 2021).

The nematode model of SCA3 has proved useful in other genetic and compound
screens. For example, a screen of nearly 4000 compounds, many FDA-approved,
revealed five lead compounds that restored motility in the model (Fardghassemi and
Parker 2021). Three of these compounds were found to modulate a key transcrip-
tional regulator of autophagy, TF EB/HLH-30. This screen not only highlights the
relevance of autophagy to SCA3 (Fig. 1), in part as a potential clearance mechanism
for mutant ATXNS3, but also supports the use of specific autophagy-regulating small
molecules as possible therapeutic agents. In another recent study employing this
nematode model, an RNA interference (RNAI) screen of nearly 400 transcription
factor genes identified one with apparent neuroprotective activities, FKH-2/FOXGl1
(Fardghassemi et al. 2021). The mechanism of neuroprotection by this transcription
factor has not yet been defined.

The above studies underscore the need for additional large-scale screens to iden-
tify therapeutic targets and possible therapeutic agents. What is currently lacking
are human stem cell-based screening platforms that can capture changes in ATXN3
when expressed at endogenous levels. CRISPR-based genetic screens, coupled with
automated cell sorting that employs a robust, sensitive anti-ATXN3 antibody or
ligand to quantify ATXN3 levels, could capture genes that up- or down-regulate
ATXN3. A suitably tagged form of ATXN3, genetically engineered into the endog-
enous ATXN3 locus of human stem cells, might enable a physiologically relevant
screening platform for small molecules, provided that the signal to detect ATXN3 is
sensitive and specific.

4 Human Stem Cells as a New Tool for Mechanistic
and Translational Studies

Animal models have proven to be an excellent platform for assessing pathogenic
mechanisms and testing candidate therapeutics for SCA3 and other CAG repeat
expansion diseases including HD. Nevertheless, these models have limitations.
Human stem cells provide a compelling opportunity to expand basic and transla-
tional investigations of SCA3 and other repeat expansion diseases. Favorable char-
acteristics include the fact that the human disease gene is expressed at endogenous
levels from its native locus within the full human genomic context. Here we review
the use of stem cells in SCA3. Because HD has been more extensively examined
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using stem cells than any of the SCAs, we also refer to the more robust HD literature
to highlight the potential of stem cells.

Both human induced pluripotent stem cells (iPSCs) and human embryonic stem
cells (hESCs) are beginning to play significant roles in the study of various repeat
expansion diseases. iPSCs are generated by reprogramming adult somatic cells
(e.g., skin fibroblasts and peripheral blood mononuclear cells) to an embryonic-like
state. Yamanaka originally demonstrated that iPSCs could be derived from fibro-
blasts by transducing various transcription factors (Oct4, Sox2, Klf4, and c-Myc)
into murine embryonic and adult fibroblasts (Takahashi and Yamanaka 2006). More
recently, nonintegrative gene delivery approaches have also been established (Al
Abbar et al. 2020). The resultant iPSCs, in turn, can be differentiated into various
cell types, permitting cell type-specific analyses. The intermediate pluripotent state
can also be skipped through direct reprogramming, which allows adult somatic cells
to transition directly from one lineage to another. For example, Ambasudhan et al.
(2011) used this approach to generate functional neurons directly from adult human
fibroblasts. In contrast, hESCs are not generated through reprogramming. As the
name implies, hESCs are derived from the inner cell mass of blastocyst-stage
embryos and can give rise to all somatic cell types in the embryo (Lee and Lee 2011).

Stem cells hold promise as model systems in which to discover potential thera-
peutic targets. For both SCA3 and HD, various nucleotide-based approaches (e.g.,
siRNAs, shRNAs, microRNAs, and ASOs) and small molecules have successfully
reduced the mutant transcript and/or disease protein levels (Alves et al. 2008, 2010;
Ashraf et al. 2019; Carroll et al. 2011; Costa et al. 2016; Estevez-Fraga et al. 2020;
Komatsu 2021; McLoughlin et al. 2018; Moore et al. 2019; Sun et al. 2014; Tabrizi
et al. 2019). While nucleotide-based gene silencing may lead to disease-modifying
therapies for SCA3 and other dominantly inherited ataxias, ataxia researchers need
to continue seeking and developing alternative therapeutic strategies. A promising
avenue for uncovering such strategies is to identify the molecular mechanisms regu-
lating mutant protein production, stability, and/or clearance as highlighted in Fig. 1.

Stem cells as a therapeutic strategy may also hold promise. In their review,
Sivandzade and Cucullo (2021) explain that stem cells could either replace dam-
aged cells with differentiated ones or promote an environment conducive to regen-
eration through neurotrophic support. Alterations to the CNS environment elicited
by stem cells also might prevent damage to the remaining healthy neurons and glia.
We caution that the field of regenerative medicine is relatively young and further
advances are needed for stem cell therapy to enter the clinical setting as a treatment
option for SCA3 and other polyglutamine expansion diseases.

For a variety of reasons, both iPSCs and hESCs are excellent tools for seeking
and developing alternative therapeutic strategies. First, stem cells obtained from
patients can recapitulate many disease-associated phenotypes, including transcrip-
tional dysregulation, mutant protein aggregation, lysosomal dysfunction, and neu-
ronal vulnerability (Cheng et al. 2013; Hansen et al. 2016; He et al. 2021; Jaworska
et al. 2016; Jeon et al. 2012; Koch et al. 2011; Lu and Palacino 2013; Moore et al.
2019; Niclis et al. 2013; Tousley and Kegel-Gleason 2016). Second, stem cells can
be differentiated into various somatic cell types, which enables the examination of
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disease-specific cell type vulnerability. Third, stem cells express the disease gene of
interest (e.g., ATXN3 or HTT) at endogenous levels from the native locus, eliminat-
ing nonphysiological effects and spurious results that may be observed when dis-
ease genes are overexpressed. Fourth, in stem cells, signal transduction pathways
that contribute to disease development and progression may be uncovered more
readily. Finally, isogenic cell lines can be established as critical controls for stem
cell lines and their generation is currently underway in SCA3. Previous research has
revealed that single nucleotide polymorphisms in the genome of different patient
samples can affect research results. The generation of multiple isogenic cell lines
for a disease enables one to distinguish critical disease gene-associated findings
from effects due simply to variations in genetic background. Two approaches can be
used to generate isogenic pairs of cell lines. The first approach removes the muta-
tion from patient-specific cells, while the second introduces the mutation into wild-
type cells. Transcription activator-like effector nucleases (TALENs) and CRISPR/
Cas9 are frequently used as gene-editing tools and have successfully been employed
to generate isogenic lines for SCA3 and HD (Dabrowska et al. 2020; He et al. 2021;
Lu and Palacino 2013; Malankhanova et al. 2017, 2020; Ooi et al. 2019). These
control lines are essential when performing compound screens or identifying dif-
ferentially expressed genes and proteins that are associated with a disease. Not only
can isogenic lines enable understanding of the contribution of the ATXN3 CAG
expansion to disease-linked cellular phenotypes compared to otherwise identical
cells harboring a normal CAG repeat, scientists can also genetically increase the
CAG repeat expansion to enhance the disease phenotype and better understand clin-
ical heterogeneity and even the phenomenon of anticipation.

To date, numerous scientific questions pertaining to HD have been addressed in
iPSCs and hESCs. Malankhanova et al. (2020) generated isogenic lines using
HD-iPSCs reprogrammed from fibroblast clones. The resulting cells were differen-
tiated into striatal medium spiny neurons, which are known to be selectively vulner-
able in HD. While iPSC-derived neurons harboring the CAG-expanded HTT allele
did not develop huntingtin protein aggregates, they did accumulate ultrastructural
defects detectable by electron microscopy. The authors suggested these defects may
occur early in the pathogenesis of HD, before aggregate formation. Niclis et al.
(2013) compared two HD-hESC lines to a wild-type control line both in the undif-
ferentiated state and during differentiation into forebrain neurons. The two
HD-hESC lines had CAG-expanded HTT alleles of 37 repeats and 51 repeats,
respectively. Whether as undifferentiated or differentiating cells, HD-hESC and
wild-type lines were indistinguishable with respect to growth, viability, pluripotent
gene expression, mitochondrial activity, and capacity to differentiate into neurons.
Furthermore, the expression levels of genes known to be perturbed in HD were
similar across the hESC lines. The authors did note, however, that neurons derived
from HD-hESCs with the larger repeat expansion (51 CAG repeats) displayed ele-
vated glutamate-evoked responses. These studies confirm that stem cells with a
CAG-expanded HTT allele maintain pluripotent parameters and can differentiate
into various somatic cells. In addition, the neuronal progeny may display pheno-
types associated with HD.
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In studies of SCA3, similar questions have been tackled using iPSCs and hESCs
derived from patients. Koch et al. (2011) reported the first SCA3-iPSC line, which
paved the way for the development of additional lines. For example, He et al. (2021)
used CRISPR/Cas9-mediated homologous recombination to correct SCA3-iPSC
lines; for each line, the abnormal CAG repeat expansion was replaced with a normal
repeat length. Neurons derived from the SCA3-iPSC lines exhibited several pheno-
typic abnormalities: polyglutamine protein aggregates; decreased mitochondrial
membrane potential and glutathione expression; and, increased reactive oxygen
species, intracellular Ca2+ concentrations, and lipid peroxidase malondialdehyde
levels. Importantly, neurons generated from genetically corrected SCA3-iPSC lines
did not display these abnormal phenotypes. This study highlights the ability of iso-
genic lines to unveil phenotypes associated with the CAG-expanded ATXN3 allele.

Moore et al. (2019) reported the first NIH-approved SCA3-hESC line, which
recapitulated certain molecular features of human disease, most notably the produc-
tion of aggregates. Their study highlighted the potential for SCA3-hESCs to func-
tion as a cell-based disease model. When SCA3-hESC cells were exposed to a
validated anti-ATXN3 antisense oligonucleotide (ASO), the ASO reduced the
expression of mutant ATXN?3, reversing ATXN3 aggregation and aggresome forma-
tion in SCA3-hESCs. As discussed further below, whereas the phenotype of ATXN3
aggregation was spontaneously observed in the SCA3-hESC line, similar aggrega-
tion in differentiated SCA3-iPSC lines required that the cells be stressed through
depolarization (Koch et al. 2011). Whether this discrepancy reflects a difference in
the ability of iPSC versus hESC lines to mirror molecular features of disease will
require further head-to-head comparisons of multiple iPSC and hESC lines harbor-
ing the same mutation.

There are numerous discrepancies with respect to protein aggregation in stem cell
models of CAG repeat diseases. Most of the HD literature, for example, suggests
that HD-iPSCs do not exhibit protein aggregation spontaneously or even after expo-
sure to cellular stressors (e.g., hydrogen peroxide, 3-methyladenine, and repetitive
exposure to glutamate) (Jaworska et al. 2016). Both Jeon et al. (2012) and Cheng
et al. (2013), however, were able to trigger aggregate formation in stem cells by
exposing them to a proteasome inhibitor. It is also unclear whether neurons derived
from HD-iPSCs contain aggregates (Jaworska et al. 2016; Jeon et al. 2012;
Malankhanova et al. 2020; Zhang et al. 2010). With respect to SCA3, several groups
have reported excitation-induced aggregation in neurons, but not in iPSCs and other
non-neuronal cells (Hansen et al. 2016; He et al. 2021; Jaworska et al. 2016; Koch
et al. 2011). The literature pertaining to HD-hESCs is inconsistent (Lu and Palacino
2013; Niclis et al. 2009; Ooi et al. 2019). Lu and Palacino (2013) were able to trigger
the formation of aggregates after transfecting cells with cDNA encoding HTT exon|
fragments with various polyglutamine lengths (Q23 for wild-type; Q73 and Q145
for HD). Otherwise, the literature suggests that HD-hESCs and neuronal progeny
often do not develop HTT aggregates. In contrast, Moore et al. (2019) found that
SCA3-hESCs developed protein aggregates in the absence of cellular stressors. The
undifferentiated state and early passage number (or young age) associated with stem
cells and neuronal progeny, respectively, may account for the absence of protein



196 R. Powers et al.

aggregation in many of these studies (Ooi et al. 2019). Nekrasov et al. (2016)
observed HTT inclusions in older (6-month-old) neurons derived from HD-iPSCs.
Following intracerebral transplantation in mice, Jeon et al. (2012) found that neu-
rons derived from HD-iPSCs contained aggregates when assessed 33 or 40 weeks later.

Stem cell-based research on HD and SCA3 over the past decade has not shed
much light on somatic CAG repeat instability, which recently has surfaced as a
potential contributor to disease pathogenesis (Paulson 2018). With respect to HD,
most literature suggests that iPSCs do not exhibit repeat instability during long-term
passaging (Camnasio etal. 2012; Jaworska et al. 2016; Jeon et al. 2012). Interestingly,
Mattis et al. (2012) found that iPSC-derived neural stem cells (NSCs) displayed
mild repeat instability following long-term passaging: by passage 26, the CAG-
expanded HTT allele in one of the lines contained 118 repeats rather than 110. The
CAG repeat length in SCA3-iPSCs appears to remain stable following long-term
passaging and differentiation into neurons (Jaworska et al. 2016; Ou et al. 2016).
Limited information is available for repeat stability in hESCs. Most studies suggest
that, like HD-iPSCs, HD-hESCs do not exhibit repeat instability. Neuronal progeny,
on the other hand, often have minor repeat instability (Niclis et al. 2009; Ooi et al.
2019). To date, repeat length instability in SCA3-hESCs following long-term pas-
saging and differentiation has not been assessed rigorously. Potentially, high fidelity
of DNA replication in stem cells may prevent repeat instability from occurring.
Alternatively, the process of somatic repeat instability might require greater time
and more accumulated cell divisions than is typically assessed in stem cell studies
employing undifferentiated or differentiated cell populations (Ooi et al. 2019).

Evidence to date raises the intriguing possibility that iPSC and hESC lines differ
in ways that would favor one versus the other for mechanistic and translational stud-
ies. Epigenetic differences are the most likely reason why the two cell types may
differ (Narsinh et al. 2011). Direct comparisons of disease-relevant phenotypes
(e.g., repeat instability, protein aggregation, and transcriptional changes) are needed
to determine the relative value of each stem cell type as a disease model for SCA3
or other repeat expansion ataxias.

As two-dimensional cell culture is somewhat limited, three-dimensional (3D)
organoids may offer new insights into the pathogenesis of SCA3 and other CAG
repeat diseases. Organoids are generated through the aggregation of stem cells.
When exposed to various signaling molecules, aggregated stem cells differentiate
into multiple cell types. Through self-organization and self-renewal, these 3D struc-
tures mimic organ-specific cellular patterns and functions. In their review, Hou and
Kuo (2022) highlight the strengths associated with CNS organoids, including their
organ-like spatial cell arrangements and microenvironment. Unlike 2D cultures, the
presence of multiple cell types with proper orientation and adjacency in CNS organ-
oids promotes the occurrence of paracrine- and direct contact-mediated interactions
similar to those that occur in vivo. Research involving 2D culture facilitated the
discovery of cell-intrinsic mechanisms that promote disease development and pro-
gression. CNS organoids provide an opportunity to build on this understanding by
examining pathological events in the context of neuronal networks. This system
could reveal how repeat instability, aggregation propensity, and cellular
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vulnerability vary between cell types. The use of organoids could also uncover early
neurodevelopmental aspects of HD, SCA3, and other CAG repeat diseases, which
remain understudied. Lastly, as the HD ASOs are thought to have been toxic due to
high concentrations required to reach deep brain tissue, organoids offer an early
screening step to evaluate such possible adverse effects.

Recent developments have enhanced the utility of CNS organoids as a model for
neurodegenerative diseases. For example, distinct types of CNS organoids have suc-
cessfully been established: cortical, striatal, midbrain, cerebellar, and motor neuron.
The process of generating 3D structures can be divided into two sequential, induc-
tion steps. The first and second steps result in the formation of neuroepithelium and
region-specific lineages, respectively. By modifying the signaling molecules pres-
ent during the second step, the developmental patterning characteristic to a specific
CNS region can be initiated (Bang et al. 2021; Hou and Kuo 2022). Fused region-
specific brain organoids are also becoming more prevalent. For example, Chang
et al. (2020) highlighted multiple studies that examine fused dorsal-ventral-
patterned organoids as models for brain development. They point out that a caveat
associated with CNS organoids is the lack of a circulatory system. Scientists have
attempted to resolve this issue by transplanting CNS organoids into an in vivo envi-
ronment. Another approach entails engineering hESCs that ectopically express
erythroblast transformation specific (ETS) variant transcription factor 2 (ETV2) and
therefore can form vascular-like structures. As summarized by Tidball et al. (2022),
most methods for establishing CNS organoids result in 3D structures with multiple
neural rosettes. These rosettes correlate with neural tube formation during embry-
onic development and, unfortunately, promote structural heterogeneity between
organoids. To reduce this heterogeneity and enhance their biological relevance,
Tidball et al. (2022) developed a protocol to establish CNS organoids with a single
neural rosette organizing center.

The use of CNS organoids to study both SCA3 and HD is in its infancy. Depla
et al. (2020) generated iPSC-derived cerebral organoids from a healthy control
patient and used them to examine the viral transduction efficiency and distribution
of rAAVS5, a commonly used AAV serotype. The rAAVS5 was engineered to deliver
microRNA targeting ATXN3 mRNA and was able to lower the expression of wild-
type ATXN3 protein by 30%. The organoid literature pertaining to HD is more
extensive. For example, Conforti et al. (2018) generated cerebral organoids using
iPSCs derived from healthy and HD patients. When compared to the control organ-
oids, the HD organoids exhibited defects in striatal and cortical fate differentiation,
cytoarchitecture, and neuronal maturation.

Overall, as is true for mouse models, no one stem cell model system is likely
sufficient when studying the underlying molecular mechanisms of HD, SCA3, or
other SCAs. Each model system has strengths and weaknesses. For example, the
process of generating iPSCs from somatic cells may result in the loss of epigenetic
modifications that are critical for disease development and progression (Narsinh
et al. 2011). Due to ethical reasons, it is more difficult to acquire hESCs compared
to iPSCs. With respect to CNS organoids, the process of generating them is expen-
sive and time intensive. Furthermore, this model system is still relatively new and in
the process of being fine-tuned.
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5 Impaired Connectivity as a Druggable SCA Target: Insight
into Systems-Based Approach

While many therapeutic and mechanistic efforts remain focused on the root cause of
SCAs, it has become apparent that analyzing downstream consequences of the
genetic perturbation represents an important and unique opportunity for therapeutic
intervention. Simply put, it makes physiological sense that correcting the genetic
mutation in monogenic diseases like the SCAs should prevent future pathogenesis.
This approach, however, is tempered by several caveats. The recent failure of two
trials in HD using ASO therapy to reduce the expression of the disease gene gives
insight into potential pitfalls (Kingwell 2021; Kwon 2021). Both trials against HD
were stopped prematurely due to failure to meet primary endpoints, with one trial
(Generation HD1) actually resulting in worsened patient outcomes. Which patients
are most likely to benefit from genetic corrective therapy? And is targeting both
wild-type and mutant isoforms ideal or prohibitive? In HD, it is clear that targeting
both isoforms may be deleterious, though, as above, ATXN3 knockout models do
not suffer similar phenotypes as HD models do. Preclinical models using anti-
ATXN3 ASOs improve the motor phenotype, but it remains unclear if this will trans-
late to human benefits. When is the best time to administer a gene-targeting
intervention? What about patients that are already symptomatic? What about clini-
cal heterogeneity in patients with similar ATXN3 repeat lengths? While these out-
standing questions are being explored in ongoing clinical research, it is worth
considering how common downstream pathways might be exploited for therapeutic
intervention. Such a strategy would ideally complement ongoing efforts at gene-
based therapies. In this section, we examine SCA3 and other SCAs as diseases of
impaired network connectivity that offer novel targets for intervention.

One major hallmark of SCAs is cerebellar Purkinje cell (PC) degeneration (Durr
2010; Paulson et al. 2017). It is also clear that impaired cerebellar Purkinje neuron
firing is a shared feature in several SCA models. Moreover, alterations in PC spiking
due to ion channel dysfunction occur concurrently with motor impairment and well
before cell loss (Shakkottai et al. 2011; Hansen et al. 2013; Chopra et al. 2018).
Recent work tied these changes in PC membrane excitability to reduced expression
and activity of large-conductance calcium-activated potassium (BK) channels in
SCAs 1, 2, and 7 (Dell’Orco et al. 2015, 2017; Chopra et al. 2018; Stoyas et al.
2020). In SCAL1 transgenic mice, BK expression is transcriptionally repressed.
Restoring BK channel expression or function rescues membrane hyperexcitability,
improves motor dysfunction, and reduces PC degeneration (Dell’Orco et al. 2015;
Chopra et al. 2018). These data suggest that ion channel dysfunction may drive
neurotoxicity. Therefore, augmenting BK activity represents an attractive therapeu-
tic strategy in SCA1 and possibly other SCAs, and is supported by recently pub-
lished work (Srinivasan et al. 2022). An alternative strategy to restore appropriate
PC spiking is combining chlorzoxazone and baclofen, which has proven successful
in both a SCA1 mouse model and a limited open-label trial of SCA1 patients
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(Bushart et al. 2021a). Despite not modulating BK function directly, this dual com-
pound treatment strategy is expected to move into a Phase 2 Clinical Trial soon.

These findings raise several unanswered questions. For example, what specific
channel should be targeted? As described above, BK (KCNMAT) channel activation
is a compelling strategy for SCAs 1, 2, and 7. In contrast, SCA3 PCs are hyperexcit-
able and exhibit depolarization block (Shakkottai et al. 2011), and thus the irregular
firing in SCA3 could theoretically be rectified by either a sodium channel blocker or
a potassium channel activator. Recordings from Purkinje neurons in SCA3 trans-
genic mice, though, have demonstrated a clear reduction in voltage-gated potassium
channel activation, specifically Kv1.6 (Kcna6) and Kv3.3 (Kcnc3) (Shakkottai et al.
2011; Bushart et al. 2021b) (Fig. 2a). BK (KCNMA1) is transcriptionally repressed
in SCALI, but the mechanisms driving Kcna6 and Kcnc3 dysfunction in SCA3 are
less clear. Intraventricular delivery of an ASO against the ATXN3 gene in SCA3
transgenic mice restored proper Purkinje excitability and recovered expression lev-
els of Kcna6 and Kene3 (Bushart et al. 2021b), suggesting that regulation of channel
expression lies downstream of ATXN3 function and is perturbed by the polygluta-
mine expansion.

Although the majority of ion channel dysfunction in SCAs has focused on
Purkinje neurons since they may be the most affected cell type (Kasumu and
Bezprozvanny 2012), there is variability among SCAs in which cell populations are
affected within the cerebellum. While mouse models of SCAs 1, 2, and 7 show
irregular and slow PC spiking, underscoring the selective vulnerability of PCs in
these CAG/polyglutamine repeat SCAs, SCA3 mouse models show irregular spik-
ing not only in PCs (Shakkottai et al. 2011) but also in neurons of the deep cerebel-
lar nuclei (DCN) (Mayoral-Palarz et al. 2022) (Fig. 2b). Interestingly, while irregular
spiking in PCs and DCN neurons correlates with motor symptom onset, there is no
worsening of this electrophysiological perturbation as clinical ataxia symptoms
progress in a mouse model of the disease (Bushart et al. 2021a, b; Mayoral-Palarz
et al. 2022). This lack of correlation suggests that the progressive ataxia seen in
SCA3 is due, at least in part, to dysfunction outside the cerebellum. While neuro-
pathological and imaging studies have confirmed atrophy of the brainstem, cerebral
cortex, thalamus, and basal ganglia in SCA3 patients (Riib et al. 2008; Rezende
et al. 2018), the degree of electrophysiological perturbations in these regions
remains unknown.

Many questions remain unanswered about the range and relevance of electro-
physiological perturbations in SCA3 and other SCAs. That said, targeting neuronal
dysfunction in the SCAs through specific ion channel modulation is a viable thera-
peutic strategy that should be pursued both as independent symptomatic and
disease-modifying therapy, and as a complement to approaches aimed at the root
genetic cause and other biochemical pathways.

More globally, addressing neuronal circuitry is important to consider for other
SCAs as we move beyond a biochemical view of disease to a more systems-wide
view. Examining synaptic transmission and neurotransmitter levels may uncover
additional targets for SCA3 and other SCAs. For example, glutamate receptor
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A. Electrophysiological properties in spinocerebellar ataxia
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Fig. 2 Electrophysiological phenotyping in spinocerebellar ataxia. (a) The aberrant cerebellar
spiking activity in SCAs can be traced to dysfunction or repressed expression of voltage-gated
potassium channels. In SCAs 1, 2, and 7, decreased expression and function of Kcnmal (BK)
seems to be the root driver of slow and irregular spiking and therefore represents an ideal target. In
SCA3, however, Kcnmal expression remains unchanged while Kcna6 and Kcne3 levels and activ-
ity are diminished. (b) Although the cerebellar cortex, and particularly the Purkinje cell layer, is
predominantly affected in SCAs, SCA3 and several other SCAs can show marked involvement of
the deep cerebellar nuclei. Gradient shading from lighter to darker indicates an increasing degree
of involvement. (Image created with Biorender and Kenhub)

activity is perturbed in multiple SCAs (Meera et al. 2016, 2017) and is thought to
lead to aberrant calcium signaling, potential depolarization block, and cytotoxicity.
This mechanism has led to a Phase 3 Trial of troriluzole, a glutamate reuptake acti-
vator, the results of which are imminently pending.
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6 Conclusion and the Future of SCA3 Therapeutics

The last few decades have seen an explosion in our understanding of the biological
forces driving SCA3 pathogenesis. With this new knowledge and the recent advent
of patient-derived biomarkers, the field is primed to move more therapeutics into the
clinical phase than ever. For effective SCA3 therapeutics to advance to the next
stage, we expect numerous leaps and shifts to occur. As mentioned above, patient-
derived stem cell and organoid models will need to move to the main stage as plat-
forms to understand disease biology and test novel therapeutics. The amenability of
stem cells to genetic modification also opens the door to genetic therapies beyond
ASOs including CRISPR-mediated correction of the CAG/polyglutamine expan-
sion. Such efforts, already underway in cellular models, will prove challenging in
patients. As CRISPR-based delivery and genetic manipulation techniques improve,
however, we hope that such strategies will emerge as a viable option for patient
intervention. While targeting the root cause of SCA3—the CAG/polyglutamine
expansion—will likely serve as the base of many SCA3 therapeutic regimens, it is
also clear that monotherapy may not be sufficient. Pharmacological agents focused
on protein quality control machinery, bioenergetics, protein-protein interactions,
and network connectivity will serve as valuable complements to further probe dis-
ease biology and improve patient outcomes.
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