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APPROACHES TO THE TREATMENT
OF AUTOSOMAL DOMINANT
SPINOCEREBELLAR ATAXIAS

This article is devoted to prospects for treating neurodegenerative diseases caused by dynamic mutations, based on published studies search-
ing for therapeutic approaches to spinocerebellar ataxias. Although these diseases are incurable, research results show that some medications
and physiotherapy can alleviate symptoms of cerebellar ataxia. Thanks to progress in the study of spinocerebellar ataxias in recent years, there is
considerable hope that gene-therapy methods can be developed that will slow disease progression or even halt it.
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Introduction. Autosomal dominant
spinocerebellar ataxias (ADSCA) rep-
resent a large heterogeneous group of
hereditary ataxias, currently including
about 40 types that differ by geno-phe-
notypic manifestations [18, 55]. ADSCAs
are numbered chronologically as the
genes responsible for the disease are
discovered; for example, SCA47 was re-
cently described by Gennarino V. et al.,
2018 [5,30]. The most studied are SCA1,
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SCA2, SCA3, SCAB, SCA7, SCA17. Cer-
tain ADSCA forms are known to be con-
centrated in particular world populations:
SCA1 in the Yakut population [3,31,63];
SCAZ2 in the Indian population [56]; SCA3
in Portuguese, Brazilian and Chinese
populations [27].

Characteristic clinical signs of ADSCA
are slowly or rapidly progressive dys-
arthria, oculomotor disorders and gait
ataxia, and impaired coordination. The
cerebellum, brainstem and spinal cord
undergo neurodegeneration [1].

A common feature of all ADSCA sub-
types is the presence of an unstable (dy-
namic) mutation caused by expansion of
CAG repeats in the coding region of a

gene, leading to formation of a polygluta-
mine (polyQ) tract in the encoded protein
[43,55]. There is a relationship between
age at onset and severity of neurological
symptoms and the size of the polyQ-re-
peats expansion [45]. The expanded
polyglutamine tract causes synthesis of
a misfolded, aggregation-prone protein
which, at advanced stages of aggrega-
tion, disrupts regulation of gene expres-
sion at the transcriptional level and leads
to disturbance of neuronal homeostasis
[26].

Table 1. Various ADSCA diseases with
polyglutamine mutations.

The Republic of Sakha (Yakutia) is
a region with the highest accumulation
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of autosomal-dominant ataxia type 1
(SCA1). Epidemiological, population,
molecular-genetic and bioethical studies
of this socially significant neurodegener-
ative disease have been conducted ear-
lier [3,31,63].

Currently there is no treatment for he-
reditary neurodegenerative diseases with
polyglutamine mutations, but it is neces-
sary to discuss directions for improving
patient condition.

At present there are three main thera-
peutic approaches to ADSCA:

° symptomatic treatment using
known pharmaceutical agents [18,38];
. gene methods or gene-edited

products to reduce toxic consequences
of polyglutamine mutations [22,27,43];

° neurorehabilitation [14].

Most studies related to SCA patho-
genesis are carried out using populations
of transgenic mice that overexpress mu-
tant and normal transgenes (the latter
as controls) [6]. In addition, studies are
performed directly in Purkinje cells of
mice with gene knock-outs using genet-
ic vectors carrying large segments of the
human gene with expanded polygluta-
mine sequences and regulatory elements
[6,32,43].

Studies on the Use of Certain Phar-
macological Agents in ADSCA Ther-
apy. The main cellular disturbances in
the cerebellum (Bergmann glia, Purkinje
cells) targeted by therapeutic strategies
are:

° disrupted expression and func-
tion of ion channels and receptors [32];
° excitotoxicity, where excessive

accumulation of glutamate in the extra-
cellular space (synaptic cleft) causes tox-
icity to neurons [2,33];

. decreased levels of potassi-
um-calcium channels in Purkinje cells
[19].

Studies of  3,5-dimethyladaman-
tane-1-amine (memantine) for possible
neuroprotective effects and synaptic
plasticity with long-term use in SCA1
model mice (Belozor et al., 2024) showed
that memantine increases expression of
amino-acid transporter proteins, thereby
reducing reverse glutamate uptake and
enhancing signaling within Purkinje cells.
It is claimed that memantine reduces an-
atomical signs of neurodegeneration in
SCA1 model mice and partially amelio-
rates the ataxic phenotype; at the same
time it also affects cerebellar plasticity
and impairs motor learning. The authors
suggest that clinical use of memantine
in SCA1 may be complicated by its sup-
pression of cortical plasticity [2,38,46].

Kalla R. & Strupp M., 2019, in recent
studies showed the promise of obtaining a

neuroprotective effect in SCA1 treatment
with 4-aminopyridine. In SCA1 mouse
models motor activity was disrupted due
to decreased electrical activity (firing
rate) in Purkinje cells, their dysfunction
and atrophy. Nonselective blockade of
voltage-dependent potassium channels
with 4-aminopyridine increased Purkinje
cell excitability, partially protected against
cell atrophy and improved motor behav-
ior of the animals [8,36].

Over the last ten years there has been
intensive research and clinical trials of
the amino acid derivative acetyl-DL-leu-
cine in symptomatic therapy of different
SCA types. Acetyl-DL-leucine regulates
the membrane potential of Purkinje cells
by interacting with membrane phospho-
lipids. In a series of clinical trials across
different research groups, modified ace-
tyl-DL-leucine improved ataxia and dys-
arthria in patients with SCA1, SCAZ2,
SCA3, SCAG6 [54,64,65].

Another therapeutic strategy is study-
ing mechanisms of autophagy in the cell,
by which excess or damaged proteins
and organelle structures are degraded
by enzymes and removed from the cell;
this may become a new approach to
ADSCA therapy. It has been shown that
enhancing autophagy in cells of mouse
models reduced neurodegeneration and
eased the course of SCA3 [10,41]. For
example, in SCA3 excessive polygluta-
mine repeat length causes misfolding of
ataxin-3 and formation of aggregates that
disrupt cellular processes, cause cellular
toxicity and degeneration [42,60]. This
protein is toxic; one of the main pathways
for degradation of misfolded proteins is
autophagy [42]. Burnett et al. suggest
that the ubiquitin—proteasome pathway,
where ataxin-3 is involved, plays a key
role in the development of neurodegen-
erative diseases characterized by mis-
folding and aggregation of proteins [13].
The deubiquitinating active ataxin-3 is
widely expressed in the brain. The polyQ
domain of ataxin-3 binds the Beclin-1
(BECN1) protein, which initiates autoph-
agy [42,44].

Cellular repair systems and mitochon-
drial energy production become active
under caloric restriction. Food shortage
engages protective systems of the or-
ganism and activates autophagy. The
beneficial effects of fasting observed in
mice remain to be confirmed in patients
with neurodegenerative diseases [59,60].
The well-known protein sirtuin 1 (SIRT1)
induces autophagy and suppresses neu-
roinflammation. In a study by Zhu L. et
al., 2025, the dietary supplement resver-
atrol was shown, via activation of SIRT1,
to influence core mechanisms of neuro-

degeneration. As a result of SIRT1 acti-
vation by resveratrol, oxidative stress,
mitochondrial dysfunction and protein ag-
gregation decrease, while neuronal sur-
vival and function and neuroinflammation
improve [35].

The widely consumed and well-known
compound 1,3,7-trimethylpurine-2,6-di-
one (caffeine) has recently been studied
as an effective protective agent in some
neurodegenerative disorders. Caffeine is
a nonselective antagonist of adenosine
receptors (A2A). These receptors partici-
pate in synaptic viability, neuroinflamma-
tion and neuronal apoptosis. Inactivation
of A2A receptors reduces neurodegener-
ation, making caffeine a potential thera-
peutic candidate for neurodegenerative
diseases [11,47].

Potential Gene-Therapy Methods
for Neurodegenerative Diseases.
Gene-therapy strategies are developing
along several directions:

° regulation of gene expression
using RNA interference with small in-
terfering RNAs (siRNAs), short hair-
pin RNAs (shRNAs) and microRNAs
(miRNAs) to target and degrade mRNA
molecules. Gene silencing occurs via a
multiprotein ribonucleoprotein  complex
[29,53];

° application of targeted thera-
pies based on antisense oligonucleotides
(ASOs) [58];

. gene editing using CRISPR/
Cas9 (clustered regularly interspaced
short palindromic repeats / associated
nuclease 9) [22].

Table 2 presents results of gene-ther-
apy methods for some types of SCAs; as
a rule these are at the stage of studies
in genetically modified model organisms
and have not reached clinical trials. Wide
use of various regulatory microRNAs
is due to their universality and ability to
induce or inhibit gene expression (tran-
scription, translation, processing, etc.)
[4,7,25,37,50]. The goal of gene therapy
in SCAis to inhibit or remove the expand-
ed gene region that encodes the toxic pro-
tein. Animal-model studies have shown
encouraging results: reduced levels of
toxic proteins, decreased degeneration
of cerebellar cells, alleviation of motor
deficit and overall improvement in neuro-
pathological measures [4,7,25,37,50].

The CRISPR-Cas9 system was dis-
covered and obtained from Streptococ-
cus pyogenes as an adaptive bacterial
immune system for protection against vi-
ruses; in this system CRISPR and guide
RNAs work together with Cas proteins
[9]. It turned out that this system is very
convenient not only for various genomic
modifications in research, but also for
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Table 1

Various ADSCA diseases with polyglutamine mutations [30]

number number of repeats
. . : number
name gene locus protein repeats of repeats of | of intermediate of repeats
normal alleles alleles P
SCAl | amxvi | ep223 | Ataxin-1 (CAG), (CAT), (CAG), of patho ogical 36-38 39-91
SCA2 ATXN2 | 12q24.12 | Ataxin-2 [CAG, CAA (CAG) ], 14-31 32 33-500
SCA3 ATXN3 | 14932.12 | Ataxin-3 | CAG2 CAAAAG CAA (CAG), 11-44 45-59 60-87
SCA6 CACNAIA | 19p13.13 | CACNAIA (CAG)n 4-18 19 20-33
SCA7 ATXN7 3pl4.1 Ataxin-7 (CAG)n 4-19 28-33 34-460
SCA17 TBP 6927 TBP [(CAG)n (CAA)n (CAG)n] 25-40 - 41-66

Note. (CAG)n — cytosine-adenine-guanine repeats; CAT — cytosine-adenine-thymine stop codon; CAA — cytosine-adenine-adenine-stop
codons; AAG — adenine-adenine-guanine-stop codon.

gene therapy via selective targeting of
the eukaryotic cell genome [39]. Delivery
of CRISPR-Cas9 components into target
cells occurs as a ribonucleoprotein con-
sisting of the Cas9 protein and an sgRNA
— single-guide RNA[9,21,39].

A case of deleting the coding poly-Q
region using CRISPR/Cas9 gene-edit-
ing was described by Ouyang S. et al.,
2018. For the first time the authors pro-
vided preliminary data for CRISPR/Cas9
editing in SCA3 in the ATXN3 gene and
showed the possibility of using a pair of
single-guide RNAs to delete the expand-
ed polyglutamine region of the gene [22].

In the study by He et al., 2021, in in-
duced pluripotent stem cells (iPSCs)
derived from a patient with SCA3, using
paired single-guide RNAs and a homol-
ogy-directed repair strategy, they suc-
cessfully repaired 74 CAG expansions

Examples of gene therapy for some SCAs [30]

in exon 10 of ATXN3, leading to specific
and effective suppression of mutant atax-
in-3 protein expression [23]. Using CRIS-
PR/Cas9 with homology-directed repair,
Song et al., 2022 developed effective ap-
proaches for one-step genetic correction
of patient-derived SCA3 iPSCs. They lat-
er advanced their research by develop-
ing disease models in disease-relevant
neurons differentiated to cerebellar phe-
notypes [24]. The study by Pappada et
al., 2022 allowed development and val-
idation of a therapeutic approach using
CRISPR/Cas9 for fibroblasts obtained
from patients with SCA1. This sgRNA/
Cas9 method effectively reduced produc-
tion of both normal and mutant ATXN1
protein [52].

Neurorehabilitation as an Adjunc-
tive Therapy for SCA. Researchers con-
ducting clinical studies in neurodegener-

ative diseases suggest that cerebellar
changes are associated with significant
cognitive and affective deficits in ADSCA
patients due to degeneration of the cere-
bellum and its connections [17,61,62].
Antal, 2022 described in detail non-
invasive brain stimulation methods for
studying brain function in healthy people
and the possibility of improving cognitive
processes using these methods [40].
Methods such as transcranial magnet-
ic stimulation (TMS) and transcranial
direct-current stimulation (tDCS) are
used to accelerate neuropsychological
or psychiatric rehabilitation by modulat-
ing neuroplasticity. In TMS protocols,
a coil placed over the scalp delivers a
brief high-amplitude current generating a
magnetic pulse that induces a brief elec-
tric current on the brain surface beneath
the coil. At sufficient intensity a single

Table 2

disease method model system effect
. .. Improvement of neuropathology
SCALl Created mlcsri()}{%\I AA‘ containing mice SCA1 K1 parameters and reduction
of ATXN 1 protein levels by 58-72% [50].
A 75% reduction in ATXN2
SCA2 AON: decreased levels mice ATXN2 , protein levels in mouse brain Purkinje cells
of ataxin-2 protein BAC-Q72 SCA2 and significant improvement in motor
phenotype [7].
shRNA: allele-specific Reduction of neuropathological
SCA3 downregulation rats SCA3 abnormalities [4]
. . Alleviation of motor deficits
SCA6 miRNA-3191-5p mice SCA6 K1 and Purkinje cell degeneration [37]
SCA7 miRNA-124 Cells N2A and mice SCA7 80% reduction in ATXN7 protein levels [25]
SCA3 CRISPR/Cas9 Neurons derived from patient-specific Successful removal of the polyQ
immunopluropatent stem cells coding region [22]

Note. AON — antisense oligonucleotide; iPSCs — immunopluropatent stem cells; mi RNA — short RNA; si RNA — short interfering RNA;

sh RNA — short hairpin RNA
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TMS pulse elicits highly synchronized
action potentials in the target area (Fig.
1). Ten or more minutes can lead to mod-
ulatory effects that extend the period of
stimulation for many minutes or hours,
with more pronounced behavioral effects
often observed immediately after the end
of stimulation [51].

Some data indicate TMS effectiveness
in treating core symptoms and cognitive
functions in various neurological and
neuropsychiatric disorders, as well as in
improving behavioral and socio-affective
deficits [16,30].

Farzan F. et al., 2013 provide evidence
for cerebellar stimulation as a treatment
strategy for degenerative cerebellar atax-
ia. Observed improvements in physical
function, gait kinematics and coordinated
muscle contraction, as well as cerebel-
lar—cortical interactions, were fairly con-
vincing. However, the authors noted that
the study lacked control participants and
control conditions, and they emphasized
the need for further controlled studies to
examine the effects of TMS in SCA pa-
tients [15].

The aim of the study by Maas et
al,, 2022 was to determine whether a
two-week regimen of daily cerebellar
tDCS sessions reduces ataxia and se-
verity of nonmotor symptoms and wheth-
er it changes cerebello-M1 connectivity
in individuals with spinocerebellar ataxia
type 3 (SCA3). Change in the Scale for
the Assessment and Rating of Ataxia
(SARA) after two weeks was the prima-
ry endpoint. After the final stimulation
session both groups showed significant
short-term improvements in several mo-
tor, cognitive functions and patient-re-
ported outcomes, but no treatment effect
in favor of active tDCS was found. Some
patients in the intervention group showed
sustained reduction in SARA scores for
six or even twelve months, indicating in-
dividual variability in treatment response
[16].

The main adjunctive neurorehabilita-
tion method for patients with cerebellar
ataxia is therapeutic physical exercise
(physiotherapy), so mechanisms by
which aerobic training and balance ex-
ercises improve cerebellar ataxia symp-
toms have been studied more closely.

In Burciu, 2013, postural and clinical
assessments as well as structural mag-
netic resonance imaging were performed
before and after training. The main re-
sults were: first, training improved bal-
ance measures in patients with cerebel-
lar damage. Second, unlike the control
group, patients showed a significant in-
crease in gray-matter volume in the dor-
sal premotor cortex after training. Third,

[TPUHLAT PAEE)TbI TPAHCKPAHUAJIbHOW
MAFHUTHOW CTUMYNALWUK (TMC)

Transcranial magnetic stimulation

associated with training there was an in-
crease in cerebellar gray-matter volume
that was more pronounced in the control
group than in patients [12].

Recent studies provide evidence that
intensive motor training can be effec-
tive in degenerative ataxia: coordination
training — via physiotherapy or game-
based exercises — benefits ataxia pa-
tients; improvements result from reme-
diation of ataxia-specific deficits rather
than nonspecific changes; maintenance
of training effects depends on continued
training; even patients with progressive
neurodegeneration benefit from these
treatments. This research asserted that
intensive aerobic training is safe for
people with cerebellar ataxia, with high
participant engagement and adherence.
Home aerobic training for people with
cerebellar ataxia may be more effective
against ataxia than balance training, be-
cause aerobic exercise may induce neu-
roplastic changes in the degenerating
cerebellum [28,34,49,57].

Conclusion. There is currently in-
tensive growth of ADSCA gene-therapy
related research. Animal studies have
shown promising results: reduced lev-
els of toxic proteins, decreased degen-
eration of cerebellar cells, alleviation of
motor deficits and overall improvement in
neuropathology.

On the one hand, these diseases are
incurable, but on the other hand studies
show that known pharmaceuticals, di-
etary supplements, noninvasive transcra-
nial neuromodulation and physiotherapy
are alternative treatment options and can
alleviate ataxia symptoms.

Thanks to progress in SCA research

-

in recent years, there is strong hope that
therapies can be developed that will slow
disease progression or even halt it.

Asmopebl 3asenstom o6 omcymemeuu
KOHGbrIuKma uHmepecos.
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