Neurotherapeutics (2019) 16:1050-1073
https://doi.org/10.1007/s13311-019-00777-6

REVIEW m

Check for
updates

Molecular Mechanisms and Therapeutics for Spinocerebellar Ataxia
Type 2

Polina A. Egorova' - llya B. Bezprozvanny '

Published online: 21 August 2019
© The American Society for Experimental NeuroTherapeutics, Inc. 2019

Abstract

The effective therapeutic treatment and the disease-modifying therapy for spinocerebellar ataxia type 2 (SCA2) (a progressive
hereditary disease caused by an expansion of polyglutamine in the ataxin-2 protein) is not available yet. At present, only
symptomatic treatment and methods of palliative care are prescribed to the patients. Many attempts were made to study the
physiological, molecular, and biochemical changes in SCA2 patients and in a variety of the model systems to find new thera-
peutic targets for SCA2 treatment. A better understanding of the uncovered molecular mechanisms of the disease allowed the
scientific community to develop strategies of potential therapy and helped to create some promising therapeutic approaches for
SCA2 treatment. Recent progress in this field will be discussed in this review article.

Key Words Spinocerebellar ataxia type 2 - polyglutamine disorders - cerebellum - calcium signaling - aggregation.

Abbreviations HD Huntington’s disease
ADCA Autosomal dominant cerebellar ataxia HSP Heat shock protein
AP Action potential Htt Huntingtin
ASO Antisense oligonucleotide IICR [P3-induced calcium release
BAC Bacterial artificial chromosome iPSCs Induced pluripotent stem cells
B K Large-conductance calcium-activated potassium  IP3R Inositol 1,4,5-trisphosphate receptor
channel channel KI Knock-in
BN Binucleated cell KO Knockout
CdkS5 Cyclin-dependent kinase 5 LTD Long-term depression
CF Climbing fiber MF Mossy fiber
CHIP C-terminal constitutive Hsc70-interacting protein ~ mGIuR Metabotropic glutamate receptor
CHZ Chlorzoxazone MNi Micronuclei formation
CS Complex spike MRI Magnetic resonance imaging
DAG Diacylglycerol mRNA Messenger RNA
DTI Diffusion-tensor imaging MSCs Mesenchymal stem cells
EMG Electromyography PABP Poly(A)-binding protein
EP Evoked potential PC Purkinje cell
ER Endoplasmic reticulum Pcp2 Purkinje cell protein 2
PD Parkinson’s disease
PF Parallel fiber
54 Tlya B. Bezprozvanny PKC Protein kinase C
Ilya.Bezprozvanny @ UTSouthwestern.edu PLM Periodic leg movement
PolyQ Polyglutamine
' Laboratory of Molecular Neurodegeneration, Peter the Great PTMs Post-translational modifications
St.Petersburg Polytechnic University, St. Petersburg 195251, Russia QBP1 PolyQ-binding protein 1
2 Department of Physiology, University of Texas Southwestern REM Rapid eye movement
Medical Center, 5323 Harry Hines Boulevard, ND12.200, RORx Retinoid-related orphan receptor «

Dallas, Texas 75390, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-019-00777-6&domain=pdf
http://orcid.org/0000-0001-7006-6951
mailto:Ilya.Bezprozvanny@UTSouthwestern.edu

Molecular Mechanisms and Therapeutics for Spinocerebellar Ataxia Type 2

1051

RyR Ryanodine receptor

SARA Scale for the Assessment and Rating of Ataxia
SCA Spinocerebellar ataxia

SCA2 Spinocerebellar ataxia type 2

SGs Stress granules

S K Small-conductance calcium-activated potassium
channel channel

SOD Superoxide dismutase

TRPC3 Transient receptor potential canonical 3

VBM Voxel-based morphometry

VDCCs Voltage-dependent calcium channels

WT Wild type

SPP IP3-phosphatase

Introduction

Spinocerebellar ataxia type 2 (SCA2) represents a genetic dis-
order with an autosomal dominant inheritance caused by a
CAG expansion in the ubiquitously expressed ATXN2 gene
encoding the polyglutamine (polyQ)-expanded ataxin-2 protein
[1-5]. The pathophysiological features of SCA2 include the
progressive atrophy of the cerebellum and the subsequent grad-
ually evolving ataxia [2]. At present, there is no disease-
modifying therapy for SCA2, only symptomatic treatment,
and the methods of palliative care are used to support SCA2
patients. The modern methods of neuroimaging, electrophysi-
ology, and the tracking of the different biomarkers in the pa-
tient’s body fluids together with the motor and cognitive assess-
ments are used for the evaluation of the disease progression.
The disease-causing protein, ataxin-2, exhibits different cellular
functions and is involved in RNA metabolism [6]. The different
modeling systems on cells, yeast, worms, flies, mice, and in-
duced pluripotent stem cell (iPSC)-derived neurons from SCA2
patients were developed to study the basics of SCA2 pathology.
Cerebellar Purkinje cells (PCs) and the cerebellar pathways are
primarily affected in SCA2 mice and patients. Studies with
these model systems revealed the disturbances in the morphol-
ogy, biochemistry, and neurophysiology of the PCs and the
cerebellar circuits [7, 8] and helped to identify the possible
molecular mechanisms of the disease. Aggregation, oxidative
stress, disturbed cell signaling, dysregulation of calcium ho-
meostasis, abnormal autophagy, and impaired DNA processing
all seem to be involved in SCA2 molecular pathogenesis
[9-16]. The promising data obtained in these studies gave rise
to some perspective therapeutic approaches that may give de-
cisive results in the treatment of SCA2 patients. The encourag-
ing data have been obtained in preclinical studies on the anti-
sense oligonucleotide (ASO) therapy [17, 18] and in some early
clinical trials on iPSCs [19] and riluzole [20] treatment. The
disease-modifying therapy with calcium stabilizer approach al-
so exhibited some promising results in the preclinical studies on
SCAZ2 transgenic mice [21-23].

Epidemiology

Spinocerebellar ataxias (SCAs) represent a group of autosomal
dominant cerebellar ataxias (ADCAS) characterized first of all
by a progressive ataxia because of the degeneration of the cer-
ebellum and the cerebellar pathways [1-5]. To date, about 47
SCA subtypes have been described, and 35 causal genes have
been identified [24]. The prevalence of SCAs is estimated to be
1 to 5 per 100,000 [2, 5], but can vary markedly depending on
the geography and ethnicity [2, 3, 5]. The most frequent and
most extensively studied are the polyglutamine (polyQ) expan-
sion disorders including SCA1 to SCA3, SCA6, SCA7,
SCA17, and dentatorubral-pallidoluysian atrophy [1, 3, 24].
These diseases are all caused by a CAG repeat expansion,
which is different for each gene [5, 24]. Based on the meta-
analysis of the global epidemiological data, SCA2 has large
worldwide geographical distribution and represents the most
prevalent type of the polyQ ataxias in Cuba, India, Mexico,
and southern Italy [25]. SCA2 also represents the second most
common subtype of ADCA across the world in many regions
(after SCA3) [25, 26]. A large epidemiological study conducted
recently to analyze the frequencies of various SCAs in a popu-
lation of South Korea revealed SCA3 as the most common
subtype of SCA (34.8%), followed by SCA2 (23.0%) and
SCAG6 (13.7%) [27]. The largest prevalence rates of SCA2 are
found in Cuba because of a prominent founder effect, and the
highest case frequency is found in the Holguin province of
Cuba, with 40.18 cases and 182.75 carriers per 100,000 inhab-
itants [26]. Survival studies in SCAs have shown that survival
rate in SCA2, as well as prevalence, depends on the geograph-
ical location and ethnical groups. Thus, longer survival is found
in southern Italy—67 years, whereas in Spanish and Cuban
groups, the survival rate is considerably less—54 and 52 years
accordingly [25].

In SCA2, as well as in other polyQ diseases, the age of
onset depends on the length of the CAG repeat expansion:
the longer is the polyQ expansion, the earlier is the age of
the disease onset. Average age at onset of symptoms in
SCA2 is about 35 years [28, 29]. A recent study on the
Cuban SCA2 founder population has shown that the age of
onset also depends on its modifiers such as the DNA repair,
mitochondrial fission, and oxidoreductase activity [30]. The
Scale for the Assessment and Rating of Ataxia (SARA) has
revealed that the longer disease duration in SCA2 patients is
correlated with a greater disease severity, worse balance, and
higher functional dependency [28]. The studies on the severity
of ataxia via the SARA scale in SCA patients have shown that
the natural progression of SCA2, as well as SCA3 and SCAG,
seems to be similar between the Chinese and Caucasians [31].
The analysis of the long-term evolution of the patient-reported
outcome measures in SCA patients revealed that functional
capacity, health-related quality of life, and mood deteriorated
over the 8-year observation period in SCA2 [32].
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ATXN2 Mutation

Genetically, SCA2 is caused by an expansion of the CAG
DNA repeat in the coding region of the ATXN2 gene localized
to chromosome 12q24.1 [33]. SCA2 pathology manifests in
patients with >33 CAG repeats [34]. Consistent with a dom-
inant inheritance in human pedigrees, the CAG repeat expan-
sion acts as a gain-of-function mutation [35]. Generally, the
intergenerational instability at AZXN2 locus in SCA2 is influ-
enced by the sex, the CAG expansion length, and the age at
conception of the transmitting parent [36, 37].

Ataxin-2 is a 140-kDa cytoplasmic protein, product of the
ATXN2 gene, localized at the rough endoplasmic reticulum
(ER) [38] and other cellular compartments including Golgi,
stress granules, inclusion bodies, and cytoplasm. Ataxin-2 de-
ficiency leads to obesity, dyslipidemia, insulin resistance [39,
40], and changes in circadian system in mice [41] and flies [42,
43]. The studies on a polyQ-expanded ataxin-2 via the granular
cytoplasmic staining and the analysis of the frequency of neu-
ronal inclusions in the brainstem areas in SCA2 patients re-
vealed the aggregation of mutant ataxin-2 in the SCA2 tissue
[44]. The protein structure of ataxin-2 contains PAM2 motif
(Fig. 1a) which takes part in the association with the poly(A)-
binding protein (PABP) [45], that is likely to lead to ataxin-2
association with the polyribosomes [6]. Ataxin-2 also contains
2 globular Lsm domains and the Lsm-associated domain (Fig.
la) that were shown to interact directly with RNA [6]; thus,
ataxin-2 most likely is involved in the RNA metabolism (Fig.
1b). Indeed, in vitro studies on neurons and the mouse embry-
onic fibroblasts have shown the rise of the ataxin-2 expression
levels in response to the nutrient and trophic stress in a mam-
malian target of rapamycin-signaling dependent manner,
whereas the absence of ataxin-2 leads to adaptive changes in
the phosphoinositide 3-kinase/mammalian target of rapamycin-
mediated phosphorylation of the ribosomal protein S6 and the
eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1) as regulatory components of the 48S pre-initiation
complex of the mRNA translation [46].

Another study has shown that the intracellular levels of
ataxin-2 affect the stress granules (SGs) and P-bodies formation
(Fig. 1b), thus regulating the mRNA metabolism including
translation, stability, and degradation [47]. It was shown that
the Lsm/Lsm-associated domain of ataxin-2 interacts with the
DEAD/H-Box RNA helicase DDX6 which is involved in the
formation of SGs and P-bodies. Reduction of the ataxin-2 level
led to the abnormal SG assembly and to the elevation of the
level of PABP, another SG component [47]. Recently, it was
shown that the disordered domains of ataxin-2 led to the for-
mation of the granules containing mRNA and RNA-binding
proteins as well as the long-term memory and cytotoxicity [48].

It was recently reported that the Pbp1, the yeast ortholog of
the human ataxin-2, regulated the retrotransposon activity be-
cause the changes in its expression repressed transposons of yeast
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Fig. 1 Domain structure and function of Atxn2. (a) Known functional
motifs are diagrammed for ataxin-2 (Atxn2) protein with their amino acid
(aa) residue numbering. Identified domains include polyglutamine tract
(Q; aa 166-187), SRC homology 3 domain binding motifs 1 (SBM1; aa
117-126) and 2 (SBM2; aa 587-596), Like sm domain (Lsm; aa 254—
345), Lsm-associated domain (LsmAD; aa 353-475), and poly(A)-bind-
ing protein (PABP) interacting motif 2 (PAM2; aa 908-925). (b) Atxn2
interacts directly or indirectly with various RNA-binding proteins (RBP),
such as STAUI protein, and also with PABP. These proteins are involved
in translation and stress granule formation processes. Polyglutamine ex-
pansion in Atxn2 protein may interrupt these interactions and lead to the
disturbed RNA metabolism. Modified from Paulson et al. [3] and Scoles
and Pulst [4]

Translation

retrotransposons via distinct mechanisms [49]. The analysis of
the SCA2 patient blood global transcriptome has indicated an
ataxin-2 as a cytosolic RNA processing factor and displayed its
role in the transcript regulation of the mitochondrial stress re-
sponse and quality control factor PINK1 [50]. The mentioned
physiological functions of ataxin-2 most likely are compromised
in SCA2 and the increase in the concentration of not-expanded
ataxin-2 could probably have the therapeutic potential for SCA2.

Studies on the human postmortem SCA?2 brain tissues,
SCAZ2 fibroblasts, SCA2 iPSCs, and SCA2 mice model have
shown that the ATXN2 locus is bidirectionally transcribed and
the antisense transcript ATXN2-AS with a CUG repeat expan-
sion exhibits neurotoxic activity in an SCA2 cell model and
forms RNA foci in SCA2 PCs [51]. Thus, the antisense tran-
script ATXN2-AS may be involved into the additional mecha-
nism of SCA2 pathogenesis and can be considered as a new
therapeutic target in SCA2.

The discussion as to whether the ataxin-2 mutation in
SCA2 represents a loss-of-function or gain-of-function muta-
tion seems to be a controversial issue. Many studies have
shown that the lack of ataxin-2 led to the disturbances in the
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mRNA metabolism including translation, stability, and degra-
dation [47]; indirectly provoked the impairment in the path-
ways of the ribosomal biogenesis, translation initiation, ER
secretion, and lipid trafficking [52]; and altered the nutrition
and metabolism [53], as well as negatively affected the gene
expression in a calcium homeostasis pathway [54]. Thus, the
physiological reduction in the ataxin-2 levels caused by the
mutation in the ATXN2 gene and the further production of the
dysfunctional mutant protein indeed can be considered as a
loss-of-function mutation (Fig. 1b). However, the display of
the mutant ataxin-2 features as a gain-of-function mutation is
also remarkable. The observation of the mutant ataxin-2 ag-
gregation in the cerebellar tissue from SCA2 patients [44]
together with the experimental results on the planar lipid bi-
layers model system, which demonstrated that a polyQ-
expanded ataxin-2 protein binds to the inositol 1,4,5-trisphos-
phate receptor (IP3R) and significantly enhances its activation
by the IP3 molecules [21], suggests that the SCA2 causing
mutation leads to the gain of a new abnormal function. We can
only presume that the truth about the mutation type lies some-
where in between: whereas the loss of the normal physiolog-
ical function of the ataxin-2 is observed in SCA2, the mutant
polyQ-expanded protein reveals new cytotoxic signs.

Molecular Changes Underlying the PC Loss

On the cellular level, the PCs are primarily affected in SCA2
patients. Thus, the postmortem studies on SCA2 patients de-
tected the heterotopic PCs whose cell bodies were dislocated in
the molecular layer of the cerebellum [55]. The same pathology
was observed in the subjects with an essential tremor [55].

Recent research via a complex approach combining the
methods of the whole exome sequencing, targeted
resequencing, and gene network analysis in 20 SCA fam-
ilies has identified the 5 novel disease genes for SCAs,
involved in the central nervous system development, axon
guidance, transcription regulation, mitochondrial function
control, autophagy, and synaptic transmission [56]. The
disturbances in these important physiological features
may explain the cerebellar PC elimination in SCA2 pa-
thology and will be discussed further in the section related
to the molecular mechanism of SCA2.

It was reported in the literature that the developing cerebel-
lum is highly vulnerable to the damaging effects of the
reacting oxygen species, and the structural changes in the
PCs, their dendrites, granule cells, astrocytes, microglia, neu-
ronal axons, and oligodendroglia are observed in the induced
oxidative stress [57]. The cerebellar oxidative stress-related
alterations typical for SCA2 patients can be related to the
altered homeostasis of the different elements in the serum or
blood samples [58, 59]. Thus, it was reported that the levels of
copper, manganese, zinc, and vanadium are disturbed in the

blood of SCA2 patients [58]. The reduced levels of the super-
oxide dismutase (SOD3) enzymatic activity were detected in
SCA2 patients with no significant impact on the clinical phe-
notype [60]. Recent studies have shown the association of the
omega 2 glutathione-S-transferase polymorphism and SCA2
[61]. Another polymorphism, A10398G at the mitochondrial
DNA, was noted to be involved in the cognitive decline during
the earlier ages at onset in SCA2 [62]. The significant increase
in the global 5-hydroxymethylcytosine levels in the blood
samples of SCA2 patients was observed indicating global
DNA methylation as a biomarker of the disease [63]. It was
reported that the serum neurofilament light might be another
promising peripheral biomarker in SCAs [64].

Not only cerebellar PCs reflect the SCA2 pathology
signs. Recently, the examination of the frequencies of
the micronuclei formations (MNi) and binucleated cells
(BN) in the buccal cells, collected by an oral mucosa
scraping from SCA2 patients, revealed the significant
increase in the MNi and BN number in buccal cells
from SCA2 patients compared with healthy control,
progressing with time [65]. The authors suggested that
the MNi and BN cell frequencies could be useful as the
peripheral biomarkers for SCA2 [65]. In SCA2 patients,
the significant increase in the markers of gliosis including
myoinositol and glutamine is observed [66] together with
the significant rise in the level of the tau protein compared
with control [67]. Generally, disease biomarkers seem to
be useful for disease progression evaluation, whereas di-
agnosing SCA2 may be done simply by a genetic test
using PCR and capillary electrophoresis [68].

Cerebellar Atrophy in SCA2

The neuropathological analysis reveals an extensive atrophy of
the cerebellum, basal ganglia, and frontal lobes in SCA2 pa-
tients [69, 70]. Recent fractal analysis on the index of the struc-
tural complexity of the cortical gray matter and white matter
demonstrated the reduction of the structural complexity of the
cerebellum and cerebral cortex in SCA2 patients in vivo [71].
The recent whole-brain voxel-based morphometry (VBM)
in vivo studies on SCA2 showed that the gray matter volume
reductions in SCA2 patients were mainly observed in the cere-
bellum and the part of the cerebral cortex in the supratentorial
regions responsible for the regulation of cognitive functions and
emotions, whereas significant white matter volume reductions
widely existed in the cerebellum along with its afferent path-
ways and pyramidal system [72]. Another recent VBM study
has shown the significant gray matter loss in the bilateral re-
gions of the anterior cerebellar hemisphere (I-V), the posterior
lobe (VI-IX), and the posterior vermis (VI-IX). In this research,
it was proposed that there is a selective topography between the
cerebellar lobules and the specific attentional impairments,
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namely, the attention deficits observed in SCA2 patients are
caused by the dysfunction of cerebrocerebellar circuitry and
the specific site of the cerebellar degeneration is also involved
[73]. The VBM-based quantitative analysis of the degeneration
patterns revealed that the degeneration was clearly localized to
the lobules VII to IX in SCA2 patients representing a unique
degeneration signature in the cerebellar cortex that determines
the unique symptomology in SCA2 [74].

Magnetic resonance imaging (MRI) represents 1 of the main
tools for neuroimaging study of SCA patients and can be used for
diagnosis, pathophysiological studies, disease progression evalua-
tion, and even as an instrument for the assessment of the efficacy
of new treatments [75]. In SCA2 patients, MRI reveals
olivopontocerebellar atrophy, pontine brainstem volume loss be-
fore clinical onset, diffuse spin—spin relaxation time (T2) high
signal in pons, middle cerebellar peduncles and cerebellar white
matter with “hot cross bun’ sign, and thalamus and parietal cortical
atrophy in advanced phases, whereas in terms of the volume of the
pontine brainstem and cerebellum, diffusion tensor imaging index-
es of the brainstem and cerebellum are the most promising imag-
ing measures to monitor disease progression in SCA2 [76, 77].
Recent MRI studies have shown the hypertrophy of the inferior
olivary nuclei in SCA2 patients that represents a unique feature of
SCA2 compared with other hereditary SCAs [78]. A special kind
of diffusion-weighted MRI, diffusion-tensor imaging (DTT), has
revealed the microstructural changes associated with the
pontocerebellar degeneration in SCA2 and has shown that the
median value of the mean diffusivity might be a marker for
SCA2 progression [79] and may account for the specificity of
the cognitive symptomatology observed in SCA2 patients [80].
DTI studies together with a novel tractography method, called a
fixel-based analysis, have indicated the increased cerebellar and
pontine atrophy at the early stages of SCA2, which slowed with
disease progression [81]. Recently, diffusion kurtosis imaging, an
extension of DTI, has been shown to exhibit better sensitivity to
subtle microstructural changes in various neurological disorders,
and can be used for the differential diagnosis of SCA2 [82]. The
dysfunction of the corticospinal tract is also observed in SCA2
patients before clinical onset [83]. Recent studies via the transcra-
nial magnetic stimulation have shown that the transcranial mag-
netic stimulation markers of corticospinal tract dysfunction prog-
ress significantly during the pre-ataxic stage of SCA2 and may
serve as a biomarker of SCA2 progression before the clinical onset
[84, 85], that can also be detected via the corticomuscular (elec-
troencephalography—electromyography (EMG)) [86] and
intermuscular (EMG-EMG) coherence approach [87].

A Cerebellar-Thalamic-Cortical Circuit
Dysregulation

The differences in the cerebellothalamic circuit functions were
detected in SCA2 patients via the method of the
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polysomnographic recordings, an electrophysiological tool
used in sleep research. Thus, the sleep spindle densities were
significantly decreased in SCA2 patients, most likely because
of the effect of the thalamic disruption observed in SCA2 [88].
The rapid eye movement (REM) sleep density was absent in the
majority of the studied SCA2 patients and showed a marked
reduction in the remaining patients [89]. Most likely, the pro-
gression of the REM sleep pathology is affected by the thalamic
degeneration in the later course of SCA2, as the REM sleep is
known to correlate with the increased metabolic activities in
both the pons and the thalamus [89]. Another recent study on
the sleep research in SCA2 has demonstrated that the reduction
in the sleep spindles and K-complex activity caused by the
thalamocortical circuit impairment seems to be corresponded
with the abnormal neuronal plasticity and affected verbal mem-
ory in SCA2 patients [90]. SCA2 patients can also suffer from
such sleep disorders as restless leg syndrome and periodic leg
movement (PLM). The study on SCA patients has shown that
restless leg syndrome developed more frequently in aged pa-
tients, but did not depend on the CAG tract length or the age at
onset [91]. SCA2 patients also exhibited PLM during the REM
sleep that might be caused by the pathological alterations in the
dopaminergic, brainstem, and cerebellar circuits [92]. The PLM
frequency depended on the ataxia severity and the disease du-
ration but did not depend on the CAG repeat length [93]. An
antiparkinson agent lisuride exerted a beneficial effect in the
sleep-related disorders in SCA2 patients [94].

In SCA2 patients, cognitive decline is also observed as a
common nonmotor clinical feature during the pre-ataxic stage.
Recent studies on the P300 wave component revealed the im-
paired processes related to attention, decision-making, and mem-
ory updating in SCA2 patients and the preclinical carriers that
tend to appear some years before the ataxia onset and may serve
as a biomarker for the cognitive deterioration and disease onset in
SCA2 [95]. A new VBM study on the correlation between the
cerebellar structures and the cognitive dysfunction in SCA2 pa-
tients has demonstrated that gray matter loss in the cognitive
posterior lobules (VI, crus I, crus I, VIIB, IX) correlated with
the visuospatial, verbal memory, and executive tasks, whereas
additional correlations with the motor anterior (V) and posterior
(VIIIA, VIIIB) lobules were observed for the tasks involving the
motor and planning components [96]. Recent functional MRI
studies on the functional connectivity via the network-based sta-
tistics approach have shown that the cerebellar disturbances may
affect the long-distance regions in the cerebral cortex through the
cerebellar projections resulting in various motor, cognitive, and
emotional dysfunction in SCA?2 patients [97].

Ataxia

The initial clinical symptom observed in the majority of SCA2
patients is a gait abnormality. SCA2 patients can also have
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slow saccades, postural and action tremor, polyneuropathy,
upper motor neuron signs, and parkinsonism, which could
be a predominant feature in some cases. The recent study on
SCA patients from the Clinical Research Consortium for
SCAs has shown that the initial symptom in SCA2 had a
different influence on the age of onset and motor progression
[98]. Another clinical feature of SCA2 is postural tremor,
which could be associated with the different rates of an ataxia
progression and might be affected by the brain circuitry influ-
enced by the genetic interactions between the ataxia genes
[99]. 1t was recently found that both postural and rest tremors
occur more frequently in the later stage of the cerebellar de-
generation in SCAs patients and can independently contribute
to worse functional status in SCA2 patients [100]. Some of
SCA2 patients have lower cranial dystonia as a clinical fea-
ture, especially jaw and tongue dystonia [101]. The preva-
lence of dystonia has been reported to be 14% in SCA2
[102]. It also has been reported that dystonia was associated
with more severe ataxia in SCA2 [103]. The chronic symp-
toms of sensory neuropathy are also observed in SCA2 pa-
tients and upper limb ultrasound can be used for detecting this
medical condition [104].

Eye movements are frequently impaired in SCA2; thus,
reduced saccade velocity or “slow saccades” are observed in
many SCA2 patients [105]. It was reported that the vestibulo-
ocular reflex gain was reduced in 30% of SCA2 patients and
the caloric responses were reduced in 75% of patients [106].
However, a more recent study on a small cohort of SCA2
patients reported that the vestibulo-ocular reflex gain was
not significantly affected in these patients [107]. The oculo-
motor dysfunction in SCA2 can be quantified by using the
optokinetic nystagmus testing [108] and the susceptibility-
weighted imaging of the dentate nuclei hypointensity [109]
because the dentate nuclei are involved in a human oculomo-
tor control [110].

Together with neuroimaging studies, electrophysiologi-
cal examination might be a potential marker of disease pro-
gression and subtype identification. Thus, a motor nerve
conduction study shows a prolonged distal latency, reduced
nerve conduction velocity, and reduced compound muscle
action potential (AP) amplitudes in SCA2 patients; a senso-
ry nerve conduction study reveals absent or reduced sensory
nerve AP amplitudes and reduced nerve conduction veloc-
ity; the needle EMG discovers fasciculations, giant motor
unit APs, and reduced requirement; the brainstem auditory
evoked potentials (EPs) demonstrate prolonged I to III and
III to V interpeak intervals; the motor EPs are characterized
by a delay or absence; the somatosensory EPs observe
prolonged P40 latencies or absence of P40 wave; the visual
EPs have prolonged latencies and reduced amplitudes of
P100; and finally, electrooculography reveals the lack of
the gaze-evoked nystagmus and dysmetric saccades [111].
The other important oculomotor feature revealed by

electrooculography is the severe slowing of horizontal sac-
cades in a horizontal plane which is significantly correlated
with the expanded CAG repeats [112], precedes the ataxia
onset [ 113], progresses notably along time [114], and shows
a high familiar aggregation leading to its conceptualization
as a disease endophenotype marker [115].

Although SCA2 is mostly manifested with a cerebellar
ataxia, slow saccades, and polyneuropathy, in some cases,
parkinsonism is also reported as a clinical feature of SCA2.
Thus, a Korean SCA2 family with a long-duration (up to
34 years) levodopa-responsive parkinsonism without cerebel-
lar ataxia was reported [116]. Later, a member of this family
who developed a unique intrafamilial jaw-opening and
lingual-protrusion dystonia as a main symptom got reported
demonstrating the heterogeneity within the single SCA2 kin-
dred [117]. The link between SCA2 and Parkinson’s disease
(PD) might be explained by the findings of a recently conduct-
ed transcriptome study, that has revealed a distinctive ataxin-
2-mediated dysfunction of pathways related to cell contact,
proliferation, and differentiation in PD patients, together with
the disturbances of the RNA metabolism with the involve-
ments of the poly(A) RNA-binding and mRNA-binding in
SCA2 and PD patients revealing a putative continuum from
PD to SCA2 [118]. Interestingly, ataxin-2 with an
intermediate-length polyQ expansion has been reported as a
risk factor for amyotrophic lateral sclerosis [119].

At present, there is no disease-modifying therapy for
SCAs, only the symptomatic treatment and the methods of a
palliative care are used to support SCA patients [120]. A re-
cent 24-week, rater-blinded, randomized, controlled trial on
SCA2 patients revealed that the tested rehabilitation program
significantly improved the SARA scores of SCA2 patients
likely as a result of the partial preservation of the motor learn-
ing and neural plasticity mechanisms suggesting that palliative
treatment does have an actual effect in the treatment of SCA2
patients [121]. Current clinical studies show that some ataxia
signs can be partly improved pharmacologically by treatment
with 4-aminopyridine, riluzole, valproic acid, and thyrotropin-
releasing hormone, whereas lithium and deferiprone have a
negative effect or its absence [122]. Low-frequency deep cer-
ebellar stimulation has been suggested as a potential strategy
for treating cerebellum-related motor symptoms, but no clin-
ical studies on SCA patients have been carried out yet [123].

Review of SCA2 Model Systems

Different modeling systems were developed to study the ba-
sics of SCA2 pathology. Several models of yeast, worms,
flies, and mice were created to investigate the molecular
mechanisms and to test the potential therapeutic strategies.
The first developed SCA2 models were simple models like
yeast, Caenorhabditis elegans, and Drosophila melanogaster,
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whereas they allowed to identify the basic functions of ataxin-
2, and the further created murine models of SCA2 enabled
researchers to test the therapeutic strategies that might be
translated into the clinic [7]. The reviewed murine models of
SCA2 are summarized in Table 1.

The first created mouse model of SCA2 was a transgenic
line SCA2-58Q. In these mice, a full-length human ATXN2
gene with 58 CAG repeats was expressed under Purkinje cell
protein 2 (Pcp2) promoter specifically in the cerebellar PCs of
the mice [124]. These mice are characterized by a progressive
general motor coordination impairment and the age at onset is
32 weeks of age, as scored by the beam walk and rotarod tests,
that showed longer latencies to cross the beam and an increased
number of foot slips compared with wild-type (WT) mice [21].
At 24 weeks of age, significant loss of the cerebellar PCs was
observed in these mice together with a progressive loss of
calbindin-28k that represents a marker for neuronal dysfunction
[21]. Disturbances of the electrophysiological functions have
been reported in these mice in the studies on the cerebellar slices
[22, 125] and also in in vivo studies [126, 127].

Another SCA2 mouse model was a transgenic line SCA2-
75Q that expresses a human full-length version of ATXN2
under the control of the endogenous SCA2 promoter.
Although the transgene expression was ubiquitous, the neuro-
pathological analysis revealed that only cerebellar PCs were
degenerated. Motor coordination assessments, namely, the
rotarod assay, demonstrated a significant decline in the motor
functions of the heterozygous SCA2-75Q mice at 12 weeks
and the homozygous at 6 weeks of age when compared with
the WT littermates [128].

At present, there is only 1 reported knock-in (KI) mouse
model of SCA2 [129]. In these SCA2-42K1 mice, the 42 CAG
repeat expansion was introduced into the murine ATXN2 gene.
The SCA2-42KI mice showed phenotypes with a reduced
weight and subtle motor incoordination. A significant

difference in the motor performance on the accelerated rotarod
was detected for the homozygous mice only at 72 weeks of
age, whereas the heterozygous mice have not shown any dif-
ferences at any age compared with the WT littermates. The
neuropathological examination also discovered very mild and
late-onset alterations, consistent with the results on the motor
coordination assessments [129].

Another mouse model of SCA2 is a transgenic line SCA2-
127Q with 127 CAG repeats under the Pcp2 promoter [130].
Because of the longer polyQ expansion, this mouse model
exhibits a much more severe pathology. Thus, the presence
of ataxin-2 aggregates in the PC cell bodies was observed at
4 weeks; further, the statistically significant changes in the
electrophysiological behavior of PCs were detected at 6 weeks,
and finally, the progressive motor dysfunction in the acceler-
ating rotarod performance became significant at 8 weeks. The
biochemical, electrophysiological, and behavioral distur-
bances worsened over the period between 8 and 40 weeks,
but the PC cell neuronal loss was not detected until 40 weeks
of age in this model [130]. The weighted gene co-expression
network analysis has revealed early and progressive abnor-
malities in the cellular gene expression primarily in genes
associated with the GTPase signaling, calcium signaling,
and cell death, but temporal mRNA changes in expression
as early as day 1 have shown that the upregulated genes were
associated with the histone acetylation and chromatin remod-
eling, whereas the downregulated genes were associated with
cell adhesion and extracellular matrix terms [131].

The most recent transgenic mouse model of SCA2, the
BAC-72Q line, was created with a bacterial artificial chromo-
some (BAC), including the entire ATXN2 gene in which an
exon 1 was edited to include an expanded CAG repeat under
the endogenous human promoter [132]. The BAC-SCA2-72Q
mice were characterized by weight loss, progressive impair-
ment in the accelerating rotarod performance starting at

Table 1 Overview of all reviewed murine models of SCA2
Transgenic line  Transgene The age at Reported pathological display Reference
onset of the motor
dysfunction (weeks)
SCA2-58Q Human ATXN2 gene 32 Significant loss of cerebellar PCs; progressive [21, 22, 124-127]
with 58 CAG repeats loss of calbindin-28k; disturbances of the
electrophysiological functions
SCA2-75Q Human ATXN2 gene 12 Specific cerebellar PC degeneration [128]
with 75 CAG repeats
SCA2-42K1 Murine ATXN2 gene 72 Reduced body weight; neuropathological [129]
with 42 CAG repeats mild and late-onset alterations
SCA2-127Q Human ATXN2 gene 8 Ataxin-2 aggregates in the PCs; electrophysiological [130, 131]
with 127 CAG repeats changes of the PCs; PC neuronal loss;
abnormalities in the cellular gene expression
BAC-SCA2-72Q Human ATXN2 gene 16 Body weight loss; PC dendritic trees thinning; [132]

with 72 CAG repeats

reduction of the calbindin and Pcp2 levels in the cerebellum
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16 week of age, and also by thinning of the PC dendritic trees
and the reduction of the calbindin and the Pcp2 expression
levels in the cerebellum [132].

Regarding the studies on the murine models of SCA2,
ataxin-2 knockout (KO) mice should be mentioned. The first
generated ataxin-2 KO mutant mice were obtained via the
method of electroporation of the targeting construct into the
embryonic stem cells [39]. The morphological analysis of
these KO mice did not reveal any significant impairment in
the histological features; only adult-onset obesity was deter-
mined. The authors concluded that the ataxin-2 protein is not
required for the development or survival in mice [39].
Although the morphology and overall well-being of ataxin-2
KO mice were not significantly affected, the disturbances in
their biochemical and cellular machinery were observed.
Thus, the phosphorylation of the ribosomal protein S6 was
enhanced and global protein synthesis was pathologically al-
tered in ataxin-2 KO mice [52]. Recently, it was also reported
that ataxin-2 KO mice demonstrate the fatty acid, leucine,
valine, isoleucine amino acid [53], and calcium homeostasis
[54] pathway alterations.

Mouse transgenic SCA2 lines are very useful in basic
research on the biochemical, electrophysiological, and es-
pecially motor behavior onset of the disease, but even
though most of the mouse lines contain human ataxin-2,
the murine organism is very different from human organ-
ism, and the therapeutic approaches that show promising
results in mice often fail in human trials. Recently, the
success in the pluripotency reprogramming technology
allowed the researchers to extract the disease-specific
iPSCs from SCA2 patients. These cells can be differenti-
ated into neurons giving the opportunity to study the
SCA2 disease mechanisms and pathological progression
in vitro on the actual patient-derived neurons [7, 133].
The iPSC lines were successfully generated from the hu-
man skin fibroblasts of SCA2 patients [134], from the
peripheral blood mononuclear cells [135], or both [133].
The SCA2-iPSC-derived neurons exhibited SCA2-
associated pathological phenotype in vitro, namely, the
polyQ aggregation and distorted mitochondrial micro-
structures [133].

Molecular Mechanism of SCA2

The molecular mechanism of SCA2 has been discussed for
years now, many research groups have made an important
contribution to the understanding of the SCA2 pathology,
and many different approaches have been used as attempts
to build a clear picture of SCA2 molecular pathogenesis.
Only a clear comprehension of the molecular bases of the
disease can give us a chance to modify the pathological path-
ways and, finally, find the treatment for the disease.

Aggregation

A polyQ-expanded ataxin-2 is characterized by a conforma-
tional shift to the (3-sheet-rich structure, which forms the in-
soluble aggregates with the (3-sheet-rich amyloid fibrillar
structures and accumulates as inclusion bodies in neurons
[9]. The role of these aggregates and inclusions into the de-
generative processes in the SCA2 cerebellum is still not clear
[136]. The examination of the aggregation pathology in the
brainstem of SCA2 patients revealed a significant positive
correlation between the presence of granular cytoplasmic
staining and more severe pathological processes, whereas
the neuronal nuclear inclusions displayed a protective role
[44]. In SCA2 patients, via the method of 1C2-
immunoreactive typing, it was shown that the granular cyto-
plasmic pattern was observed at the early stage of the disease,
the cytoplasmic and nuclear pattern at the active stage, and the
nuclear with inclusion pattern at the final stage [137]. Studies
on the polyQ oligomer behavior in the mouse brain have dem-
onstrated that the presence of polyQ-expanded oligomers
leads to the disruption of the ER membrane through the inser-
tion of the apoptosis regulator Bax protein into the ER mem-
brane and the following caspase-7 activation [138].

Oxidative Stress

The examination of the mitochondrial oxidative stress in fi-
broblasts from SCA2 patients has revealed the increased SOD
expression and the decreased catalase expression at both the
transcript and protein levels [139]. The increased levels of the
intracellular hydrogen peroxide, produced by the increased
SOD from a superoxide, could not be decomposed by the
reduced levels of catalase, thus leading to increased oxidative
stress, disturbances in the antioxidant system, changes in the
oxidative phosphorylation system, and abnormalities in the
mitochondrial activity that were detected in the fibroblasts
from SCA2 patients. Treatment with the antioxidant coen-
zyme Q10 alleviated the increased oxidative stress in the fi-
broblasts from SCA2 patients [139]. In SCA patients them-
selves, the coenzyme Q10 treatment led to improvements
indexed by the SARA and the Unified Huntington’s Disease
Rating scales within a cross-sectional 2-year study in SCA1
and SCA3, whereas improvement was not statistically signif-
icant in SCA2 patients most likely because of too small size of
the experimental group [140]. Thus, the cellular antioxidant
system may be involved in the SCA2 pathogenesis and its
regulation might be a potential therapeutic target.

Disturbed Cell Signaling
The communication processes between cells are very impor-

tant for normal development, neurogenesis, reparation, ho-
meostasis, immune response, and other intrinsic cell actions.
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Abnormalities in the cell signaling can lead to the diverse
pathological processes and neurodegeneration. The Src family
of the nonreceptor tyrosine kinases (SFK) is essential for the
nervous system homeostasis and may be involved in the neu-
rodegenerative disease. Recent studies have discovered the
involvement of the SFK inhibitor Missing-in-metastasis
(MTSS1) in SCA molecular pathology [141]. The lack of
MTSSI in mice led to the increased SFK enzyme activity,
accompanied by the PC firing dysfunction and, eventually,
to PC cell death. Treatment of MSST1 mutant mice with the
FDA-approved SFK inhibitor dasatinib prevented the SFK-
dependent firing defects and delayed the ataxia progression
in these mice. Interestingly, the reduced MTSS1 protein level
and elevated SFK activity was observed in SCA2-127Q) trans-
genic mice [141].

Another kinase, protein kinase C (PKC), is especially im-
portant for the cerebellar PCs to maintain their homeostasis as
mutations in the gene encoding this kinase cause the abnormal
PC dendritic development and cerebellar ataxia, namely,
SCA14 [142]. Carbonic anhydrase-related protein 8 (Car8)
encoding CARS and /#prl encoding IP3R1 were identified
as the upregulated genes in SCA 14 mice [143]. Recent exper-
imental findings have revealed the increased PKC substrate
phosphorylation in SCA2-127Q mice that serve as a protec-
tive modifier of PC degeneration because normalizing of the
PKC activity accelerated neurodegeneration in these mice
[144]. PKC activation in PCs is required for the long-term
depression (LTD) at the parallel fiber (PF)-PC synapse, and
these studies also demonstrated that the increased PKC activ-
ity may mediate its protective effect on the PC degeneration
by limiting the membrane hyperexcitability of the PCs [144].

Not only kinases are implicated in the neuronal cell
signaling and are responsible for the proper function of
the cellular machinery, different transcription factors are
also important in regulating cellular responses. Thus, NF-
kB (nuclear factor kappa-light-chain-enhancer of activated
B cells) is involved in the control of the DNA transcrip-
tion, cytokine production, and cell survival and has also
been implicated in the processes of synaptic plasticity and
memory [145]. Recently, it was demonstrated that the NF-
kB signaling is required for the increase in microglial
numbers and tumor necrosis factor alpha (TNF-«x) produc-
tion in SCA1 mice cerebellum, but also is involved in the
synaptical processing during cerebellar development
[146]. In the SCA3 fly model, NF-kB was identified as
an enhancer of degeneration that mediated the activation
of astrocytes leading to neurodegeneration, whereas the
astrocyte-specific inhibition of the NF-kB enhanced vital-
ity and extended lifespan [147]. Although so far there are
no publications on NF-kB involvement in SCA2 patho-
genesis, downregulation of the NF-kB pathway was ob-
served in the gene co-expression network analysis in
SCA2-127Q mice [131].
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Calcium Dysregulation

Calcium ions represent an essential part of cell signaling and
govern an allosteric regulatory effect on many enzymes and
regulatory proteins. Calcium can activate the ion channels and
influence the AP shape and frequency, and changes in the
calcium concentration levels can control the important physi-
ological processes including learning, memory, and behavior.
High levels of calcium in the cytoplasm provoke apoptosis.
Deranged neuronal calcium signaling may result in distur-
bances of the cell homeostasis, synaptic loss and dysfunction,
and eventually in cell death. Calcium dysfunction was ob-
served in the models for Huntington’s disease (HD), SCAs,
and Alzheimer’s disease [11-14].

Calcium signaling plays a special role in the cerebellar PC
functioning as PCs express a very big amount of various
calcium-dependent proteins and enzymes to maintain the in-
tracellular calcium homeostasis. Thus, the cerebellar PCs have
high concentrations of the dendritic calbindin D-28k and so-
matic parvalbumin. These proteins belong to the large family
of EF-hand calcium-binding proteins [148], and their loss
leads to the alterations in the function of Ca,2.1 channels
(P/Q-type voltage-dependent calcium channels (VDCCs)),
encoded by the CACNAIA gene [149].

The regulation of the calcium influx to PCs through
VDCCs is very important for the proper formation of a
climbing fiber (CF)-PC synapse during postnatal develop-
ment [150]. The abnormalities in the CF—PC circuitry contrib-
ute to the neuronal impairment in SCA [151]. The PCs also
highly express the calmodulin-binding transcription activator
1 (CAMTAL) and deletion of the CAMTAI gene in mice
causes a severe ataxia with the PC degeneration and cerebellar
atrophy [152]. The LTD at PF on a PC is considered to be the
main basis for motor learning. PCs express the calcium/
calmodulin-dependent protein kinase II whose activation
leads to a prolonged increase of cGMP, supporting the signal-
ing mechanism of the LTD induction by calcium/calmodulin-
dependent protein kinase II [153].

Inside the cell, calcium is stored in the ER and mitochon-
dria. It has been shown that mitochondrial fission and mito-
chondrial transport are involved in the development of the
dendritic arborization in the cerebellar PCs [154]. Mutations
in the mitochondrial protease AFG3L2 implicated in the mi-
tochondrial proteome support cause SCA28 [155].

There are 2 general ways of calcium entry into the cyto-
plasm of a PC. In both cases, glutamate, an excitatory neuro-
transmitter, is required. The first way is the calcium influx
through the VGCCs from the extracellular space. These chan-
nels are activated by the membrane depolarization, caused by
the activation of the x-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors by glutamate, released from
the presynaptic terminals of the PF and CF to the synaptic
clefs. The second way is the activation of metabotropic
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glutamate receptor (mGluR) which leads to a calcium release
from the ER through activation of the IP3R, and this calcium
influx is called the IP3-induced calcium release (IICR). The
activation of mGluR or other G protein-coupled receptors
leads to the activation of a phospholipase C on the cell mem-
brane that catalyzes the hydrolysis of the phospholipid phos-
phatidylinositol 4,5-bisphosphate into a diacylglycerol (DAG)
and IP3 that are secondary messengers implicated in the signal
transduction and lipid signaling in different cell types. DAG
stays bound to the membrane, whereas soluble IP3 is released
into the cytosol. Next, IP3 binds to the IP3R provoking the
IICR leading to the increase of the intracellular calcium level
that starts a cascade of signaling changes and affects the ac-
tivity of various proteins and enzymes [156]. It was recently
shown that the IICR initiates at numerous immobile sites and
the more intense stimulation increases the probability of a site
initiating a calcium puff without increasing the underlying
number of the competent calcium release sites [157].

The activation of mGIuR1 results in the DAG-mediated
positive nodulation of a transient receptor potential canonical
3 (TRPC3), a nonselective cation channel, that forms the slow
excitatory postsynaptic currents. Loss of the TRPC3-mediated
slow excitatory postsynaptic currents leads to cerebellar ataxia
caused by mGIuR dysregulation [158]. It has been shown that
the transcriptional factor retinoid-related orphan receptor o
(ROR) is involved in mGluR1 expression [159] and also
that it upregulates the expression of the multiple genes in-
volved in the calcium-dependent pathways including the
SLCIA6 encoding the excitatory amino-acid transporter 4
(EAAT4), ITPRI encoding IP3R1, and PCP2/L7 encoding
PcP2/L7 protein [160]. To achieve this upregulation, ROR«x
interacts with the ataxin-1, but the polyQ-expanded ataxin-1
fails to make a transcription complex with ROR«, so the ex-
pression of the important genes of calcium homeostasis is
disturbed in SCA1 mice leading to neurodegeneration [161].

Microarray transcriptome studies on ataxin-2 KO mice and
SCA2-42KI mice cerebellum have revealed in these mice
similar dysregulation of several factors involved in calcium
homeostasis pathways together with the multiply factors of
RNA processing, bioenergetics, cell adhesion and growth,
and lipid signaling [54]. In particular, a decrease was observed
in the mRNA levels of the genes, encoding important calcium
homeostasis proteins, such as sarco/endoplasmic reticulum
calcium ATPase, IP3-phosphatase (SPP), IP3R, and transcrip-
tion factor ROR«x [54].

In the experiments on the planar lipid bilayer model system
via the single channel recordings of a IP3R1 co-expressed
with a polyQ-expanded ataxin-2, it was demonstrated that
the mutant ataxin-2 protein binds to the C-terminal domain
of the IP3R1 (Fig. 2) and that finding was not observed for
the WT ataxin-2. The expression of the mutant ataxin-2 sig-
nificantly enhanced the IP3R activation by IP3 (Fig. 2) [21].
Further studies on calcium imaging carried out in the primary
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Fig. 2 Calcium hypothesis of SCA2 pathogenesis. Molecules of
glutamate released into the synaptic cleft activate metabotropic
glutamate receptor (mGluR) promoting the release of inositol 1,4,5-tri-
phosphate (IP3) and diacylglycerol (DAG) molecules into the cytoplasm
and further activation of the IP3 receptor (IP3R) on the endoplasmic
reticulum (ER) membrane leading to the calcium entry from the ER to
the cytoplasm. This process is called IP3-induced calcium release (IICR).
DAG directly activates transient receptor potential channel 3 (TRPC3)
and more calcium ions pass to the cytoplasm from extracellular space. It
was shown that mutant ataxin-2 protein (Atxn2™") with pathological
polyglutamine expansion, but not wild-type Atxn2, associates with
IP3R and increases its sensitivity to IP3. Hyperactivation of IP3R results
in the abnormal calcium signaling in cerebellar Purkinje cells.
Overloaded calcium (Ca®*) ions are pumped into the mitochondria
(Mito) through the mitochondrial calcium uniporter (MCU) leading to
the mitochondrial swelling, followed later by the rupture of outer mito-
chondrial membrane and further release of pro-apoptotic factors like cy-
tochrome C (Cyt C) into the cytoplasm thus initiating apoptosis.
Dramatically increased IICR can be suppressed by adeno-associated vi-
rus-mediated expression of the IP3-5-phosphatase enzyme (5PP) which
converts IP3 into nonactive form IP2. Another way to reduce calcium
release from ER may be the inhibition of ryanodine receptors (RyRs) with
dantrolene (Dan). Small-conductance calcium-activated potassium chan-
nels (SK channels) are required for proper PC pacemaker activity. SK
channel activation with riluzole, NS13001, and chlorzoxazone (CHZ)
increases hyperpolarization (HP) of the PC membrane thus inhibiting
the voltage-dependent calcium channels (VDCC) leading to the decrease
of calcium influx from extracellular space

SCA2

PC cultures from the SCA2-58Q transgenic and WT mice
have determined the significantly increased IICR via the
IP3R1 in SCA2-58Q PCs, but not in WT PCs. To reduce the
IICR through the inhibition of the ryanodine receptors (RyRs),
other intracellular calcium channels, ryanodine, or dantrolene
was applied in the PC cultures (Fig. 2). The pathological effect
of the presence of the mutant ataxin-2 was abolished by these
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treatments as the IICR converted to WT levels. It was sug-
gested that dantrolene and ryanodine improved the altered
calcium signaling by a reduction of the calcium release from
the ER [21]. Long-term feeding of SCA2-58Q mice with
dantrolene rescued the motor coordination defects and allevi-
ated the PC loss [21].

In further experiments, the chronic suppression of IICR via
the adeno-associated virus—mediated expression of the SPP
enzyme was achieved in SCA2-58Q PCs to reduce the IP3
level in SCA2 PCs (Fig. 2) [22]. The patch-clamp experiments
on the cerebellar slices showed improvement in the age-
dependent abnormal firing of SCA2 PCs. Examination of
the motor coordination and the subsequent neuropathological
analysis have shown that the chronic SPP overexpression also
alleviated the age-dependent motor decline and PC death in
SCA2-58Q mice [22]. The obtained results support the idea
that the disturbed calcium signaling may play an important
role in SCA2 pathogenesis. Thus, the partial suppression of
the IICR could provide a therapeutic benefit for SCA2 patients
and possibly for patients with other types of SCAs [11, 22].

Recent experiments on the cerebellar slices from SCA2-
127Q transgenic mice via the combined method of the
whole-cell current clump recordings and 2 photon calcium
imaging have shown that the somatic calcium levels were
elevated over a physiological range of firing frequencies in
the SCA2-127Q PCs and the synaptic activation of mGluR 1
by the PFs’ electric stimulation has revealed the significant
increase in the slow EPSPs and the larger intracellular calcium
release in SCA2-127Q PCs [162]. The enhanced mGIuR sig-
naling was also observed in these mice. The authors suggested
that the SCA2 pathology is relying on the positive feedback
mechanisms based on the enhanced calcium level on mGluR 1
coupling to TRPC3 channels and to IICR (Fig. 2) [162].

The recent mechanistic studies on the SCA2-iPSC-derived
neurons have demonstrated that overexposure to glutamate
alters the expression of the mGluR genes and negatively af-
fects the calcium signaling. Treatment of the SCA2-iPSC-
derived neurons with the anti-glutamate drugs such as
riluzole, NMDA receptor antagonist dizocilpine, x-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor antago-
nist NBQX, and the calcium stabilizer dantrolene reduced cell
death and improved mitochondrial dysfunction, thus
supporting the idea of mGluR involvement in SCA2 molecu-
lar pathology [133].

Changes in the PC spontaneous firing, observed in various
models of SCA2 mice [22, 126, 163], might also be explained
by the altered calcium and mGluR-mediated signaling.
Calcium-activated potassium SK channels are responsible
for the PC pacemaker activity; thus, the slowed pacemaking
of SCA2-PCs occurs because the constantly enhanced level of
the intracellular calcium [164]. It was also suggested that the
expression and/or post-translational modulation of the various
ion channels required for the normal electrophysiological
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function of PCs might be disturbed because of the chronically
increased calcium levels [164].

Autophagy

The polyQ-expanded mutant proteins tend to aggregate and
form toxic inclusions and autophagy is required for their clear-
ance. Autophagy is a selective lysosomal-mediated degrada-
tion process when the accumulated and aggregated ubiquitin-
labeled proteins are destroyed. Proteins essential for autopha-
gy include the microtubule-associated protein 1 light-chain 3
(MAPILC3, gene MAPILC3), p62 (gene SOQSTM1I), and
autophagy-linked FYVE domain protein (Alfy, gene
WDFY3). The examination of the peripheral markers of au-
tophagy in polyQ patients has revealed the increased expres-
sion levels of the MAPILC3B, SOSTM1, and WDFY3 in HD
patients, whereas in SCA2 patients, only the WDFY3 level
was elevated [165]. The authors suggested that such a differ-
ence may be explained by the assumption on much less ag-
gregation formation in SCA2 compared to HD which is also
supported by the rare occurrence or absence of the nuclear
inclusions in SCA2 mice [124].

In the experiments on SCA2 patient-derived fibroblasts and
SCAZ2 mice, it has been demonstrated that the polyQ expan-
sion in ataxin-2 also leads to abnormal autophagy, accompa-
nied by the enhanced expression of staufenl (STAUI), a
double-stranded RNA-binding protein required for the forma-
tion of the cytoplasmic inclusions in neuroglia and cultured
cells and involved in the modulation of SG functions, co-
localized with ataxin-2 in SG-like structures [166]. It has been
shown that the increased STAU1 levels induced the aberrant
processing of the RNA targets. Although more studies on the
role of ataxin-2 in the abnormal autophagy are still required, it
has been shown that the reduction of the STAUI levels im-
proved the impaired motor coordination in SCA2 mice and
may be used as a potent therapeutic approach for SCA2 treat-
ment [166].

Role of Microglia

The role of the cerebellar microglia in SCA pathogenesis was
recently described in a comprehensive review by Ferro et al.
[167]. The microglia is a type of neuroglia representing the
macrophage cells of the central nervous system. These cells
take part in the processes of development and aging; their
main functions include immune response formation and main-
taining homeostasis, including scavenging, phagocytosis, and
extracellular signaling. The development of a microglia is
strictly regulated by the distinct transcriptional factors [168].
Microglia in its turn plays an important role in cerebellar de-
velopment. Thus, it takes part in the pruning of the excessive
and dysfunctional CF—PC synapses during postnatal develop-
ment that is required for the proper operation of the cerebellar
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circuits in the adult life [169]. Studies on SCA1 mice, indeed,
have demonstrated that CF development is affected in these
mice [170]. It was shown that at carly stages, each PC is
innervated by multiple CFs, but as development proceeds,
only 1 strengthened CF becomes the dominant maintaining
its synapses with the PC dendritic tree. In SCA1-82Q-S776
mice, the translocation of the dominant CF terminals up the
PC dendritic tree was delayed in time, and some of its termi-
nals remained on the PC soma, whereas in SCA1-30Q-D776,
the impaired pruning led to the much more severe conse-
quences [170].

Microglial activation in the cerebellum has been detected in
SCA patients and several SCA mice models. In different
SCA1 mice models, the early increase in the microglial num-
ber and TNF-o was observed before neuronal cell death and
this glial activation tightly correlated with pathological pro-
gression, suggesting a possible mechanism of neurodegener-
ation based on the microglia-driven neuroinflammation [171].
Pharmacological inhibition of the colony-stimulating factor
receptor 1, a protein that is responsible on the microglia pro-
duction, differentiation, and function, resulted in the depletion
by 69% in the cerebellar microglia leading to the amelioration
of the motor deficits in SCA1 mice [172].

Neurophysiology of the PCs and Changes
in the Cerebellar Circuit Function in SCA2

The cerebellum represents a part of the brain that plays a fun-
damental role in the regulation of muscular activity and motor
control. Cerebellar pathways are the key players in the coordi-
nation of movements. The PCs are considered to be the main
dynamic element in the cerebellum because their axons repre-
sent the unique output coming from the cerebellar cortex to the
cerebellar nuclei and other deep structures of the brain (Fig. 3).
The PCs spontaneously fire the action potentials at a constant
frequency [173—180]. This tonic pacemaking activity of the
PCs is assumed to be crucial for the correct encoding of the
cortical cerebellar information [125, 180, 181]. In studies with
the cerebellar slices from ataxia mouse models, it has been
reported that the neuronal activity of the aged PCs in the various
models of ataxia is abnormal when compared with the PCs
from the age-matched WT mice [22, 125, 163, 182-186].
These results suggested an idea that the early ataxic symptoms
can be caused by a neuronal dysfunction, i.e., disturbances in
firing patterns of PCs, and not by PC death. It was assumed that
in different SCAs a common pattern of the PC electrophysio-
logical dysfunction exists, and addressing these abnormalities
might have a therapeutic potential [187].

The disturbance of the PCs’ electrophysiological functions
was firstly detected in SCA2-127Q transgenic mice: the PCs
demonstrated a progressive, age-dependent decrease in the
firing frequency together with a progressive decline in the
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Fig. 3 A schematic overview of the cerebellar circuit. The cerebellar
Purkinje cells (PCs) organize the Purkinje cell layer in the cerebellar
cortex and their axons form the unique output coming from the cerebellar
cortex to the cerebellar nuclei. The PCs receive inhibitory and excitatory
impulses through multiple synapses formed on their dendritic tree, which
is located in the molecular layer. Climbing fibers (CF, in blue) originate
from neurons in the inferior olive, climb to the cerebellum, and form
between 250 and 1500 synapses upon a single PC dendritic tree, in a
unique 1:1 ratio. Parallel fibers (PF, in pine) originate from granule cells
in the granule cell layer of the cerebellar cortex and form a few synapses
upon the distal dendritic tree of a single PC. Each PC dendritic tree forms
as many PF-PC synapses as 200,000 parallel fibers contacting them.
Mossy fibers (MF, in orange) originate from neurons in the spinal cord
and brain stem and transport information from the periphery and cerebral
cortex to PCs through granular cell axons forming PF. The pine and
orange starbursts depict supposed sites of CF-mediated, associative forms
of synaptic plasticity required for associative motor learning (LTD of PF
inputs and LTP of MF inputs, respectively). These forms of plasticity may
be impaired in SCA2. Modified from Smeets and Verbeek [8] and Meera
etal. [164]

motor performance, the beginning of which was observed
before the PCs’ degeneration [130]. Further, it was demon-
strated that in the SCA2-58Q transgenic mouse model, the
PCs’ firing frequency was also significantly decreased with
time, but additionally, significant reduction in firing precision
and abnormal burst pattern of firing were observed [22, 125].

Recent studies on SCA2-127Q transgenic mice have re-
vealed that reduced expression of the Kv3.3 voltage-gated
potassium channels and large-conductance calcium-activated
potassium channels (BK channels) followed the reduction in
the firing frequency in SCA2-127Q PCs and the development
of a newly discovered afterhyperpolarization with slow kinet-
ics [188]. It was shown that the diverse ion-channel mutations
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lead to SCA. In polyQ ataxias, the altered ion-channel func-
tion is observed because of the changes in the ion-channel
transcript levels [189]. A recent panel study on patients with
a dominantly inherited cerebellar ataxia discovered the prom-
inent implication of the point mutations in the genes of the
calcium voltage-gated channel subunit alpha 1 A (CACNAIA)
and in a gene known to cause the hereditary spastic paraplegia
(SPG7) in the progressive ataxias [190]. Mutations in the other
ion channels also can lead to ataxia and movement disorder
phenotype. Thus, a new mutation in the voltage-gated sodium
channel type VIII alpha subunit was recently found in mice
with a chronic movement disorder with the early-onset tremor
and adult-onset dystonia characterized by a shortened lifespan
and the impaired motor functions. The PCs from these mice
also displayed the lack of the spontaneous and induced firing
activity [191].

Although the PCs are primarily affected in SCAs, the im-
pairment of the cerebellar pathways is also observed. Normal
functionality of the excitatory PC inputs, such as CFs, parallel
fibers, and their synaptic plasticity, is required for the normal
cerebellar function and motor behavior (Fig. 3) [8]. It was
demonstrated that the dysfunction of the PCs and cerebellar
fibers provokes the ataxic phenotype before the PC loss, and
the CFs control the proper functioning of the PCs [8]. Proper
PC inhibition in the cerebellar circuit is necessary for cerebel-
lar memory formation [192]. There are lines of evidence that
CFs participate in both motor learning and motor control func-
tions of the cerebellum, and might also play a role in cerebellar
development [193]. The study on the CF—PC synaptic pathol-
ogy in the cerebellum of patients with different degenerative
movement disorders revealed the distinct CF pathological fea-
tures across these disorders, reflecting most likely the different
mechanisms of the movement pathologies [194].

The PC generates 2 types of spikes: the simple spikes and
complex spikes (CS). These different types of spikes are pro-
duced via the 2 main types of the afferent fibers in the cere-
bellum: the mossy fibers (MF) and CF (Fig. 3). MF originate
from neurons in the spinal cord and brain stem and transport
the information from the periphery and cerebral cortex to PCs
through the granular cells axons forming the PF. CF originate
in the inferior olive nucleus and send the information from the
cortex to PCs by making the numerous synaptic contacts with
the proximal dendrites of a PC. CF carry an excitation that
makes PC generate a CS: an initial large-amplitude action
potential followed by a high-frequency burst of potentials with
smaller amplitude (also called spikelets). At the same time, the
PC generates the simple spikes responding to the excitatory
potentials produced by the PF [176, 195, 196]. The pharma-
cological stimulation of the olivocerebellar circuit by
harmaline, an alkaloid that acts directly on the inferior olive
neurons, uncovered the disturbances in the SCA2-58Q PC
activity pattern in vivo and in the CS shape when compared
with the age-matched WT cells [127]. The abnormalities in the
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CF-PC circuitry were aggravated with age. Thus, it was pro-
posed that the alterations in the CF—PC circuitry represent 1 of
the potential causes of ataxic symptoms in SCA2 and in other
SCAs [127].

Therapeutic Approaches to SCA2

The effective therapeutic treatment and disease-modifying
therapy for SCA2 is not available yet, only the symptomatic
treatment is prescribed to patients, but it is incapable of
preventing pathology development and brings only a tempo-
rary relief of symptoms at the early stage of the disease. Many
attempts were made in studying the physiological, biochemi-
cal, and functional brain characteristics in the pathology of
SCA2 to find new therapeutic targets for SCA2 treatment in
the early stages and preventing the development of further
symptoms. The modern understanding of the uncovered mo-
lecular mechanisms of the disease allowed the scientific com-
munity to underlie the strategies of a potential therapy and
helped to create some promising therapeutic approaches.

Antisense Oligonucleotide Therapy

One of the most promising therapeutic approaches for SCA2
to date is the ASO therapy (Fig. 4a) as this technique showed
promise in clinical trials with patients suffering from HD,
another polyQ disease [197]. In the ASO therapy, the oligo-
nucleotide sequence complementary to a target mRNA is used
to suppress its expression and, thus, reduce the target protein
level (Fig. 4a). A recently performed in vitro screening of the
152 ASOs designed in silico as targets for human ataxin-2
identified ASO7 as a most promising oligonucleotide for
SCA2 ASO therapy [17]. In the subsequent studies, ASO7
was delivered to mice by intracerebroventricular injection.
The SCA2-127Q and BAC-72Q transgenic SCA2 mice
models were used in this study [17]. ASO7 injections led to
the reduction of the human ATXN2 expression in mice cere-
bellum by 75%. Both mouse models exhibited significant im-
provement in motor functions after treatment with ASO7 ac-
cording to a rotarod assay [17]. ASO7 also restored the slow
firing frequency of the PCs from both transgenic SCA2 lines.
Interestingly, in both mouse models, the treatment with ASO7
normalized the protein levels of several SCA2-related proteins
expressed in PCs, including a regulator of G protein signaling
(Rgs8) that suppresses the mGIuR 1 activity, a regulator of G-
coupled receptors including the P-type calcium channel in-
volved in the sensorimotor control (Pcp2), Pcp4 required for
the normal development of the PF-PC synapses, another
mGluR1 regulator Homer3, and Cep76 protein that is neces-
sary for normal centriole function [17]. Therefore, these find-
ings support the idea that ASO therapy is promising as a
potential treatment for SCA2 and other polyQ diseases [17,
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18]. Interestingly, the lowering ataxin-2 via ASOs also
showed promising results in a mouse model of amyotrophic
lateral sclerosis in which ataxin-2 with an intermediate-length
polyQ expansion has been reported as a risk factor [198].

Anionic oligonucleotides penetrate the blood—brain barrier
very poorly or do not cross it at all; this gives rise to a consis-
tent concern about the simple methods of ASO delivery to the
cerebellar cells of SCA2 patients. To address this issue, a
novel liposome formulation, DCL64, was developed [199].
Confocal microscopy studies have revealed that this vehicle
was selectively absorbed by the brain microvascular endothe-
lial cells through the selective interaction with the low-density
lipoprotein receptor family members on the cell membrane
which are abundantly localized on the cerebellar PCs.
Intravenous administration of the DCL64 in mice confirmed
the prevalent distribution of oligonucleotides in the cerebellar
PCs compared with other brain regions. No pathological side
effects were revealed in the use of DCL64. This property
potentially makes the DCL64 particularly attractive as a prom-
ising delivery vehicle in the treatments of SCAs [199].

Stem Cells

Another promising therapeutic approach for SCA2 treatment
involves the implication of the mesenchymal stem cells
(MSCs) (Fig. 4b). The MSCs represent the multipotent stro-
mal fibroblast-like cells that can differentiate into different cell
types and also exhibit some immune-modulatory functions as
release of the neurotrophic factors. The study on the transgen-
ic SCA2 mice has shown that the intravenous delivery of the
human MSCs led to significant improvement in the motor
activity assessed by a rotarod performance in SCA2 mice
and also delayed the onset of motor coordination dysfunction
by preventing PC loss in the SCA2 cerebellum [200].
Previous experiments, conducted on Lurcher mice, which
have a mutation in the delta2 glutamate receptor that lead to
the degeneration of the cerebellar PCs, olivary neurons, and
granule cells [201], have shown that the transplanted MSCs
migrate throughout the cerebellum toward the PC layer and
express the neurotrophic factors such as a brain-derived neu-
rotrophic factor, neurotrophin-3, and glial cell-derived neuro-
trophic factor, thus improving PC survival [202].

Following the promising results of the MSC treatment ob-
served in the SCA2 mouse model, a study on the effect of
MSCs was carried out on SCA3 patients. The pilot, open-
labeled, phase I/lla clinical study was conducted in Taiwan
to check the safety, tolerability, and efficacy of the intravenous
injections with the allogeneic adipose tissue-derived MSCs
from healthy donors [19]. The experimental group consisted
of 6 SCA3 patients. Patients were aged between 21 and
66 years, the disease duration was in between 3 to 13 years,
and SARA scores at baseline were between 12 and 16 points.
SCA3 patients were injected with 10® MSCs cells/kg body

weight. Following the 1-year monitoring revealed no signifi-
cant side effects: all subjects tolerated the procedures well and
successfully completed the study. Efficacy evaluations includ-
ed clinical assessment with SARA, sensory organization test-
ing, oculomotor testing, magnetic resonance spectroscopy,
and 18F-fluorodeoxyglucose positron emission tomography
of the brain. The SARA scores assessment showed insignifi-
cant improvement in SCA patients most likely because of the
limited number of subjects that was the limitation of this phase
I/lIla study. Thus, the difference in SARA units was —0.25 at
0.5 months, 0 at 6 months, and 0 at 12 months. In 1, 3, and
6 months after the MSC injection, 83% of the SCA3 patients
had a significantly better performance in the sensory organi-
zation testing. In 9 months after the injection, the significant
improvement of the cerebral and cerebellar glucose consump-
tion was observed in 5 of 6 SCA3 patients. The obtained
results suggest the tolerability and safety of the treatment with
MSCs, but a larger-sized, randomized, double-blind, placebo-
controlled phase II clinical trial has to be conducted to confirm
the possible therapeutic use of MSC therapy for ataxia treat-
ment [19]. However, it remains unclear if the MSC-derived
neurons are able to properly integrate into the cerebellar
circuit.

Calcium Stabilizers

Many SCAs share the same features of the molecular mecha-
nism pathology. The disturbed calcium signaling and down-
regulation of several calcium homeostasis proteins have been
reported in the different types of ADCA. The positive modu-
lation of the calcium-binding protein expression and the sup-
pression of the calcium entry from the intracellular stores may

Fig. 4 Strategies for SCA2 therapeutic development. (a) Antisense oli-
gonucleotide (ASO) therapy. The oligonucleotide sequence complemen-
tary to a target mRNA is used to prevent the translation of the ataxin-2
mutant (Atxn2™") protein. (b) Stem cell therapy. Mesenchymal stem cells
are extracted from healthy donors and intravenously administrated into
SCA patients. Stem cells act as immunomodulators and neuroprotectors
and regenerate affected neurons in SCA patients. (c) Calcium stabilizers,
such as ryanodine, dantrolene, riluzole, inositol-1,4,5-trisphosphate-5-
phosphatase (SPP), NS13001, and chlorzoxazone (CHZ), normalize cal-
cium signaling disturbed in SCA2 cerebellar Purkinje cells (PCs), im-
proving PC firing and morphology and ameliorating motor performance
of SCA2 mice. (d) Prevention of mutant ataxin-2 aggregation can be
achieved by the polyQ-binding proteins such as polyQ-binding protein
1 (QBP1) or huntingtin polyQ-binding peptoid 09 (HQP09) that inhibit
polyQ aggregation. Another way to suppress mutant ataxin-2 aggregation
is the overexpression of the co-chaperone/E3 ligase C-terminal constitu-
tive Hsp70 (Hsc70)-interacting protein (CHIP) that links the protein fold-
ing machinery with the ubiquitin—proteasome system (UPS) and lead to
the mutant ataxin-2 degradation in the proteasome. Molecular chaperones
such as heat shock protein (HSP) 70 kDa (Hsp70) and heat shock tran-
scription factor (HSF1) that regulates the expression of the HSPs also
provoke significant suppression of aggregation formation
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be a useful strategy for PC functional improvement by block-
age of the enhanced calcium level neurotoxicity [203].

Indeed, the experiments on SCA2-58Q transgenic mice have
shown that the inhibition of the ER calcium channels RyRs
with ryanodine or dantrolene normalized the altered calcium
signaling in the SCA2 PCs, and a long-term feeding of
SCA2-58Q mice with dantrolene rescued the motor coordina-
tion defects and alleviated the PC loss in SCA2 mice (Figs. 2
and 4c) [21]. The chronic suppression of the IICR via the
adeno-associated virus—mediated expression of the SPP re-
duced the IP3 level in the SCA2 PCs and alleviated the age-
dependent motor decline and PC death in SCA2-58Q mice
(Figs. 2 and 4c) [22]. Thus, the partial suppression of the
IICR could provide a therapeutic benefit for SCA2 patients
and possibly for patients with other types of SCAs [11, 22].

Recent experiments on the SCA2 and SCA3 patients’
iPSC-derived neurons have shown that the glutamate toxicity
alters the expression of the mGluR-related genes and develop
the SCA phenotype in these neurons [133]. The studies on the
measuring of the intracellular calcium concentration with
Fluo-4 showed the reduction in the calcium levels after treat-
ment with dantrolene and riluzole in the SCA-iPSC-derived
neurons. Overall, the results of the experiments on the iPSCs
from SCA patients suggested that molecular targeting of the
mGIluR or calcium-mediated signaling and treatment with cal-
cium stabilizers may have beneficial effects on the SCA path-
ological phenotypes [133].

It was previously demonstrated that the PC pacemaker ac-
tivity is regulated by a small-conductance calcium-activated
potassium channel (SK channel) activity [204]. Constantly in-
creased concentration of the intracellular calcium ions slows
down the pacemaker activity of the cerebellar PCs through
the SK channels [164]. Targeting SK and BK channels for the
therapeutic modulation of the SCA2 pathology had some prom-
ising results. The combination of the calcium-activated potassi-
um channels activator chlorzoxazone (CHZ) and GABAg ago-
nist baclofen, that potentiates a subthreshold-activated potassi-
um channel current, restored the spiking in SCA1 PCs and
improved the dendritic hyperexcitability in SCA1-82Q mice
and also sustained the improvement in the motor dysfunction
in these mice [23]. It has also been demonstrated that the sub-
type nonselective SK channel positive modulator 1-ethyl-2-
benzimidazolinone and CHZ normalize the PC firing and exert
beneficial effects in a mouse model of episodic ataxia type 2
[182, 186, 205]. Exposure to SKA-31, a riluzole analogue op-
timized for SK channel activation, provided benefit in a mouse
model of SCA3 by correcting the abnormal PC firing and im-
proving motor function in SCA3 mice [185].

Studies on SCA2-58Q transgenic mice demonstrated that a
novel specific positive modulator of SK2/3 channels
(NS13001) stabilized the PC firing rates and exerted benefi-
cial effects in SCA2 mice [125]. Thus, the application of
NS13001 reverted the abnormal bursting pattern into the

normal tonic rate of a repetitive spiking, and a significant
improvement in motor performance was also observed
[125]. Using an extracellular single-unit in vivo recording
method to compare the spontaneous activity of the PCs in
the age-matched WT mice and SCA2-58Q transgenic mice,
it was discovered that the fraction of the PCs with a bursting
and irregular pattern dramatically increased in the aged SCA2-
58Q mice compared with the WT mice at the same age [126].
Intraperitoneal injections with CHZ normalized the firing ac-
tivity of the cerebellar PCs from the aging SCA2-58Q mice
[126]. These results provided further mechanistic support to
the hypothesis that positive modulators of SK channels may
help to stabilize the abnormal firing of ataxic PCs and hold
promise as potential therapeutic agents for ataxia (Fig. 2).

Another small molecule riluzole binds and allosterically
modulates the SK2 channels [206]. A randomized, double-
blind, placebo-controlled trial on SCA patients revealed that
treatment with 100 mg/day riluzole improved the SARA
scores in subjects and did not have any significant side effects
[20]. The experimental groups included 19 SCA patients and
9 patients with Friedreich’s ataxia in the riluzole group and 19
SCA and 8 Friedreich’s ataxia patients in the placebo group.
The average age of the patients was 46.2 years in the riluzole
group and 43.1 years in the placebo group. The average
SARA score at baseline was 15.3 points in the riluzole group
and 16.5 points in the placebo group. Patients were given
100 mg riluzole per day during a 12-month period. The fol-
lowing procedures were applied over the study period: clinical
assessments, ECG, and laboratory tests every 3 months;
SARA at months 3 and 12; and Short Form Health Survey
Questionnaire and Beck Depression Inventory after
12 months. The significant improvement in SARA score of
5.5 points or lower was observed in 50% patients in the
riluzole group at month 12, whereas in the placebo group, this
was only 11%. It was revealed that there was no significant
difference in the Beck Depression Inventory between the
riluzole and placebo groups. The mean score for the quality
of life was measured by the Health Survey Questionnaire and
was significantly higher in the riluzole group compared with
the placebo group [20].

Thus, studies on the animal models and clinical trials on
SCA patients demonstrated the potential beneficial effect of
riluzole and other SK and BK channel activators (Fig. 2).

Aggregation as a Therapeutic Target

The inclusion bodies and aggregates have been found post-
mortem in the tissues from SCA?2 patients. Misfolded polyQ-
expanded ataxin-2 organizes into insoluble aggregates with (3-
sheet-rich amyloid fibrillar structures gaining thus the toxici-
ty. Prevention of the aggregate formation and accumulation of
the misfolded polyQ proteins has been studied as a promising

@ Springer



1066

P. A. Egorova and L. B. Bezprozvanny

therapeutic approach for the development of the disease-
modifying therapies for the polyQ diseases (Fig. 4d) [9].

The screening of a combinational peptide library expressed
on the M13 phage plll protein was performed to identify the
peptides that bind the polyQ-expanded proteins preventing their
aggregation and the polyQ-binding protein 1 (QBP1) was cho-
sen as a best candidate [207]. In vitro studies on the transfected
fibroblast-like cell line COS-7 have shown that QBP1 potently
suppresses the polyQ-mediated cell death in these cells (Fig.
4d) [207]. Consequent experiments on the fly polyQ disease
model which expresses an expanded polyQ specifically in the
eyes have demonstrated that treatment with QBP1 inhibited the
polyQ aggregation and rescued the degeneration in the com-
pound eye in these flies, whereas on the fly model with a polyQ
expression in the nervous system, the application of QBP1
significantly increased the average lifespan from 5.5 to 52 days
[208]. Long-term intraperitoneal administration of QBP1 fused
with a protein transduction domain to polyQ mice ameliorated
the weight loss phenotype of these mice, whereas the rotarod
performance remained the same between polyQ and WT mice
probably because of the limited blood—brain barrier permeabil-
ity of the QBP1-protein transduction domain [209]. The single
chain Fv antibodies specific for the 17 N-terminal residues of a
mutant huntingtin prevented the huntingtin aggregation and
suppressed the neuropathology in the cell [210], fly [211],
and mouse [212] models of HD.

Another screening study selected the huntingtin polyQ-binding
peptoid 09 as a specific ligand of the N-terminal fragment of a
mutant huntingtin protein (Htt-N-82Q) and ataxin3-77Q mutant pro-
tein that exhibited the specific polyQ-binding activity (Fig. 4d) [213].
Huntingtin polyQ-binding peptoid 09 inhibited the mutant Htt ag-
gregation and stabilized the glutamate-induced calcium signals in the
striatal neurons from HD mice and also rescued the HD neurons
from the glutamate-induced apoptosis. The intracerebroventricular
delivery of HPQO09 into HD mice brain suppressed the mutant Htt
aggregation and ameliorated the beam walk performance in these
mice [213].

Misfolding and consequent aggregation of the polyQ-
expanded mutant proteins can be controlled by the molecular
chaperones, the proteins that assist the folding and conforma-
tional maintenance of other proteins via their affinity for the
hydrophobic regions of the misfolded proteins. Most of the
molecular chaperones have a historical name of heat shock
proteins (HSPs) and consist of members with different molec-
ular weights—Hsp40, Hsp60, Hsp70, Hsp90, Hsp100, and
the small Hsp [214]. The enhanced functional capacity of
HSPs could help to prevent the initiation of the aggregate
formation or disaggregation of the aggregating core and might
be a promising therapeutic strategy for polyQ diseases [215].
Thus, the co-chaperone/E3 ligase C-terminal constitutive
Hsp70-interacting protein (CHIP) that links the protein fold-
ing machinery with the ubiquitin—proteasome system was co-
localized in the nuclear inclusions in both cell culture and
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SCA1 postmortem neurons, and the CHIP overexpression de-
creased both mutant and normal ataxin-1 levels in fly SCA1
model, suppressing the neurotoxicity of a mutant ataxin-1
(Fig. 4d) [216]. Genetic reduction of CHIP accelerated the
disease in SCA3 mice and increased the mutant ataxin-3 ag-
gregation, whereas studies on the cell model showed that
CHIP selectively reduced the level of mutant ataxin-3 [217].
The overexpression of the inducible Hsp70 suppressed the
neuropathological phenotype and improved the motor perfor-
mance in SCA1 mice (Fig. 4d) [218]. Active forms of the heat
shock transcription factor (HSF1) provoked much more sig-
nificant suppression of the aggregation formation in HD mice
(Fig. 4d) [219]. Although these results seemed promising, the
contradictory data were obtained. Thus, the Hsp70 overex-
pression had no effect on the mutant ataxin-7-induced toxicity
in SCA7 mice [220].

A humanized yeast-based high-throughput screening re-
vealed a small molecule HSF1A as a potent HSF1 activator
in mammalian and fly cells, which provoked the enhanced
protein chaperone expression and decreased the protein
misfolding and neuronal cell death in the cells and reduced
cytotoxicity in a fly model of the polyQ-induced neurodegen-
eration [221]. Another new HSF activator, azadiradione, also
exhibited promising results in the cell and fly models [222].
Although the measurement of the chaperone-mediated effects
on polyQ protein aggregation seems a promising tool for re-
search of potential therapeutic strategies and although new
methods are developing [223], no articles on preclinical trials
in SCA2 models were published so far.

Modifiers of Transcription, Translation, and DNA
Repair

The effective DNA repair is absolutely required for the proper
development of the nervous system. The disturbances in DNA
reparation in the adult brain are associated with the processes of
aging and neurodegeneration. Oxidative metabolism is very
important for neuronal functioning, but oxidative stress can
cause the single-strand breaks in DNA, leading to alterations
in gene expression and even cell death [16]. Cerebellar PCs
have been reported to be highly affected by oxidative stress
[224]. Impaired DNA repair was observed in patients with
ataxia telangiectasia [225] and some other diseases, suggesting
that the functional activity of the proteins involved in DNA
repair suffers in these cerebellar disturbances. Studies on the
SCA3-78Q fly model revealed CAG repeat instability accom-
panied by declined activity of histone acetyltransferase, a reg-
ulator of DNA repair. Treating SCA3 flies with histone
deacetylase inhibitors normalized the acetylation and sup-
pressed the increased rate of repeat instability [226]. Further
search for histone deacetylase inhibitors with better character-
istics via a pharmacophore modeling and structural analysis
defined 2 lead compounds as the potential agents for SCA2
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treatment [227]. In the SCA1 mouse transgenic model, the de-
ficiency in the Xpa null allele, which eliminates the nucleotide
excision repair, had a tissue-specific effect: the CAG repeat
instability was selectively reduced in the neuronal tissues, but
not in the kidney or liver [228]. A more recent study on the
SCA3-135Q transgenic mice, postmortem brain tissue from
SCA3 patients, and SCA3 cell model has revealed the inacti-
vation of the polynucleotide kinase 3'-phosphatase, an enzyme
required for the DNA strand break repair, through the negative
modulation by a mutant ataxin-3, leading to the inefficient
DNA repair and constant increase of DNA damage/strand
breaks in SCA3. Polynucleotide kinase 3'-phosphatase overex-
pression immediately stopped the mutant ataxin-3-induced cell
death [229]. Thus, the mechanisms of DNA repair are also
involved in the polyQ SCA pathology and their modulation
could have a possible therapeutic effect in SCA treatment.
The central dogma of molecular biology states that DNA
and RNA make proteins describing a 2-step process: transcrip-
tion and translation. Although these 2 steps are complicated
enough and require high precision of actions of the intracellu-
lar machinery, the final version of a new protein requires a few
more steps. Intrinsic protein functions highly depend on the
post-translational modifications (PTMs) such as phosphoryla-
tion, acetylation, ubiquitination, SUMOylation, and many
others, thus affecting the protein localization, functions, sta-
bility, aggregation, and interactions with other molecules. The
majority of SCAs have disease-causing mutant proteins, in
which modulation by the proper PTMs might have a potential
disease-modifying effect in SCA pathology [230]. Regarding
SCA2 pathology in particular, the studies on COS-7 cells ex-
pressing different fragments of both mutant and normal
ataxin-2 have shown the importance of the phosphorylation
of ataxin-2 by cyclin-dependent kinase 5 (Cdk5) [231]. The
Cdk5-mediated phosphorylation induced the degradation of
the N-terminal fragment remarkably and middle fragment
moderately, and the mutant ataxin-2 with 41 CAG repeats
was exposed to the proteasomal degradation after the phos-
phorylation by Cdk5 suggesting the increased activation of
CdkS as a therapeutic strategy for SCA2 [231]. Although the
involvement of other PTMs in the modulation of SCA2 pa-
thology has not been described yet, the field is wide open for
extensive research on the role of PTMs in SCA2 pathology.
Studies on cell and fly models of the polyQ-expanded dis-
eases have shown that the expanded CAG RNA interacts with
the nucleolin, a nucleolar protein implicated in the synthesis
and maturation of ribosomes, thus preventing the
preribosomal RNA transcription and leading to a nucleolar
stress-induced apoptosis in polyQ diseases [232]. Further ex-
periments demonstrated that a new synthetized nucleolin-
derived beta-structured inhibitor for neurodegenerative dis-
eases fused together with a TAT peptide, a cell-penetrating
peptide that facilitate cellular uptake of different cargos, di-
rectly interacted with a CAG-expanded RNA, suppressed the

nucleolar stress in cells, inhibited the mutant RNA-induced
neurodegeneration in polyQ flies, improved the climbing abil-
ity and extended a lifespan of these flies, and finally, sup-
pressed the neurotoxicity in SCA2 and SCA3 cell and fly
models [233]. Thus, the exclusion of the mutant polyQ protein
from the transcription process and suppression of its altered
functions might have a potential therapeutic effect in SCA2.

Conclusion

Although SCAZ2 still remains an incurable progressive neuro-
degenerative disorder, there are some promising therapeutic
approaches that may give decisive results in the treatment of
SCA2 patients. Encouraging data have been obtained in pre-
clinical studies with ASO therapy, Ca”* stabilizers, and SK-
positive allosteric modulators and in some pilot clinical trials
with MSCs and riluzole. The abolishment of the mutant
ataxin-2 neurotoxic functions on the protein level might be
also a perspective strategy, although more studies are required.
Thus, clinical trials using ataxin-2—targeted ASO therapy,
stem cell treatment, Ca>* stabilizers, and SK channel modula-
tors should be carried out to give us the chance of breaking the
vital problem of incurable SCA and other polyQ expansion
diseases.
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