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Abstract

Spinocerebellar ataxias are a large group of heterogeneous diseases that all involve selective neuronal
degeneration and accompanied cerebellar ataxia. These diseases can be further broken down into discrete groups
according to their underlying molecular genetic cause. The most common are the polyglutamine ataxias, of which there
are six; Spinocerebellar ataxia type 1, 2, 3, 6, 7 and 17. These diseases are characterised by a pathological expanded
cytosine—adenine—guanine (CAG) repeat sequence, in the protein coding region of a given gene. Common clinical
features include lack of coordination and gait ataxia, speech and swallowing difficulties, as well as impaired hand and
motor functions. The polyglutamine spinocerebellar ataxias are typically late onset diseases that are progressive in
nature and often lead to premature death, for which there is currently no known cure or effective treatment strategy.
Although caused by the same molecular mechanism, the causative gene and associated protein differ for each disease.
The exact mechanism by which disease pathogenesis is caused remains elusive. However, the variable (CAG), repeats
are codons that may be translated to an expanded glutamine tract, leading to conformational changes in the protein,
giving it a toxic gain of function. Several pathogenic pathways have been implicated in polyglutamine spinocerebellar
ataxia diseases, such as the hallmark feature of neuronal nuclear inclusions, protein misfolding and aggregation, as
well as transcriptional dysregulation. These pathways are attractive avenues for potential therapeutic interventions, as
the potential to treat more than one disease exists. Research is ongoing, and several promising therapies are currently
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underway in an attempt to provide relief for this devastating class of diseases..
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Introduction

The spinocerebellar ataxias (SCAs) are a large group of typically late
onset, progressive disorders characterised by neurodegeneration and
other pathologically heterogeneous clinical features [1,2]. These diseases
are often grouped into categories based on their causative mutation, of
which there are three:

1. Non-coding repeat ataxias, where the repeat expansion is located
outside the protein coding region for the gene of interest.

2. Ataxias where disease is caused by an ‘orthodox’ mutation, such
as missense or splice site mutation.

3. Polyglutamine (polyQ) ataxias where the disease is characterized
by an expanded cytosine-adenine-guanine (CAG) repeat
located in the coding region of the respective gene [3].

As the triplet CAG encodes for the amino acid glutamine, this leads
to an elongated glutamine tract in the translated protein resulting in
conformational changes that are thought to cause several pathogenic
mechanisms. Although the presence of an expansion does not necessarily
correlate to phenotypic modifications, once a threshold for a specific gene
is met, this tends to lead to disease and pathogenesis. Due to the nature
of these mutations, the pathogenic severity and penetrance is typically
determined by the size of the expansion, where there is a common
trend: the larger the expansion, the more severe the pathogenesis and/
or the earlier the onset [4]. These diseases tend to follow what is known
as ‘genetic anticipation, whereby the expansion size increases with
each successive generation [5,6]. It should be noted that the genetic
anticipation in most SCA diseases is typically more likely to be passed
down from the paternal gene rather than the maternal. Rare cases have
been reported where individuals possess two mutant alleles, leading
to more severe symptoms than individuals with just one mutant allele.

However, mutations can arise de novo, through errors in DNA replication
such that two genetically healthy parents can give rise to an affected child.

There are currently six characterised polyQ SCAs (1, 2, 3, 6, 7
and 17) (Table 1), and together with three other diseases, namely
Huntington’s disease, spinal and bulbar muscular atrophy and
dentatorubropallidoluysian atrophy (DRPLA), form a larger category of
polyQ diseases [7-10]. There is little relief for individuals suffering from
polyQ SCA disorders, with symptomatic treatments the only available
option. Long term pharmacological treatment, although admirable,
tends to fall short in an effective management strategy, as unwanted
complications and low drug efficacy still exist. In addition, none of these
diseases have any treatments that slow the progression of the disease;
leaving affected individuals with the daunting reality that time may be
a severe limiting factor. Several experimental approaches are currently
being assessed to overcome these difficulties. This review will focus on
the clinical and molecular features of polyQ SCA diseases (which will
be referred to as SCA diseases), as well as highlight several promising
and emerging therapeutic strategies. We will begin by describing the
molecular events leading to a CAG expansion, followed by the SCA
diseases in general, before delving into greater depth of all six diseases.
The review will then focus on potential therapeutic strategies that target
common molecular and pathological features of these diseases.
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Disease Name* ADCA classification* Age of onset

Age range (years)

Additional characteristic features, other than cerebellar ataxia

SCA1 Type | 3r-4t decade Childhood to 60+ Purkinje cell loss, faster progression of disease
SCA2 Type | 3r-4t decade Childhood to 60+ Slow saccadic ocular movements, peripheral neuropathy
SCA3 Type | 4 decade 10 to 70+ Pyramidal and extra g{)l:or?ri:]jgliﬁs;ins, ocular movement
SCA6 Type llI 5t-6" decade 18 to 70+ Slower progression of the disease, ocular abnormalities
SCA7 Type Il 31-4" decade Infancy to 60 Visual loss with accompanying retinal pathology
SCA17 Type | 4" decade Infancy to 55 Psychiatric abnormalities, dementia, chorea

*SCA: Spinocerebellar Ataxia
**ADCA: Autosomal Dominant Cerebellar Ataxia

Table 1: Clinical and age related features of the six polyQ spinocerebellar ataxias.

Molecular Genetics behind CAG Expansion

Microsatellites are commonly found repetitive arrangements of
DNA, typically consisting of 1-6 nucleotide repeated sequences. These
repetitive sequences along with short interspaced nuclear elements and
long interspaced nuclear elements constitute approximately 30% of the
2.91 billion base-pair human genome [11,12]. Although the repeated
sequence may vary in nucleotide length, trinucleotide repeats (TNRs)
are the most common microsatellite found in coding regions [13].
Variations in the copy number of these TNRs will not affect the reading
frame, but simply allow for variation in the translated protein. In most
species, both plant and mammalian, the variation in these repeating
sequences is what creates and drives evolutionary diversity between and
in species subsets [14-16]. However, in some instances, these normal
variations lead to disease through a larger than normal expansion
of the copy number. All SCA diseases are caused by mutations from
conception, whether it is from a pre-mutation or mutant parent allele
or arises de novo from an error in gamete production. Additionally,
somatic mosaicisms have been reported for several SCA diseases, where
several studies have found cases of considerable genetic homogeneity
within regions of the brain [17,18]. SCA1 and SCA3 patients were found
to have a varying pathogenic CAG length in all but 1 of the 20 regions of
the brain examined [17]. Due to their repetitive nature, the CAG repeats
are unstable and often prone to mutations that are typically attributed
to either slip-strand mispairing during DNA replication and/or errors
in mismatch repair [19-21]. These two processes are often thought to be
inter-linked, with slip-strand mispairing occurring concurrently, where
mismatch repair does not effectively correct the hairpin instability. SCA
expansions are typically relatively small and less than 400 TNRs, while
the expansion noted in myotonic dystrophy type 1 can be measured in
the thousands [22].

Slip-strand mispairing

TNR and other repetitive sequences are prone to the formation
of DNA secondary structures. Slip-strand mispairing is an error
that occurs when DNA is incorrectly replicated, in particular where
the template strand and the synthesised strand become temporarily
mis-aligned and result in the mispairing of the complementary pairs
[23,24]. As the DNA polymerase  encounters the CAG repeating
sequence (or any repeating sequencing for that matter), it momentarily
pauses, however the helicase is left unaffected. In an attempt to avoid
uncoupling of the helicase and polymerase, a misalignment is caused
on the newly synthesised strand. During this separation, single strand
loops of CAG repeats are created and the repetitive characteristics of the
sequences allow the strands to displace (or slip) by a variable number of
TNR (Figure 1) [25,26]. Insertions/expansion are caused when the loop
is formed on the synthesised strand, also termed backward slippage,
while deletions/concretion of the repeat sequence is caused when the
loop forms on the template strand, also termed forward slippage.

In non-dividing cells such as spermatogonia, slip-strand mispairing
is typically responsible for small expansions of a few TNRs that are
often too small to fall within disease range. It is theoretically possible
for numerous slippage events to occur, leading to a larger expansion.
It is therefore more likely that large expansions are the result of repair
dependant mechanisms in non-dividing cells, such that loop formation
may arise during the base and/or nucleotide excision repair of single
strand breaks [11].

Mutagenic mismatch repair

DNA mismatch repair is a conserved system that recognises and
repairs erroneous DNA replication such as insertions, deletions and
the mis-incorporation of nucleotides (nt) [27]. Ironically this system is
solely in place as an anti-mutagenic pathway; however, the mutagenic
action of mismatch repair has been implicated in TNR expansions.
Mismatch repair and error leading to mutagenesis is a complex
mechanism involving several factors. As this mechanism is not the main
focus of this review, we will only discuss a summarised version, since a
current review describes the following paragraph in greater detail [28].

To be effective, the MMR system needs to not only identify the
mismatch, but distinguish the difference between the newly synthesised
and template strands. This process has been well studied and is highly
conserved, even between prokaryotes and eukaryotes [29]. Studies in
Escherichia coli discovered a gene, that when silenced lead to highly
mutable strains, leading researchers to term the proteins encoded for
by these genes ‘Mut’ proteins. In particular, three proteins are vital
in directing and facilitating post-replicative MMR; MutS, MutL and
MutH, all with eukaryotic homologs (MSHs) [30]. These proteins
generate a single strand break that serves as a gateway for exonuclease
and DNA helicase II activity that leads to degradation of the newly
synthesised strand, until the mismatch is removed [28]. Error occurs
through two proposed models; 1) the MutSp (MSH2 and MSH3
complex) entrapment/hairpin escape model 2) the dysregulated strand
directionality model. Both provide attractive arguments for a role of
mismatch repair in TNR expansion, as both models propose impaired
or dysregulated function of MutS, with the second also accounting
for the MutL function [31-33]. Taken together, it can be seen why the
presence of both slip-strand mispairing and mismatch repair creates
a ‘perfect genetic storm, where an error in transcription is introduced
and the exact mechanism supposedly responsible for correcting the
mutation unwittingly aids in its formation.

Spinocerebellar Ataxia

Autosomal dominant cerebellar ataxias (ADCAs) account for 34
unique disease types [34]. Although not all the causative genes/proteins
for this large category of diseases have been identified, all have been
unequivocally localised to different subchromosomal loci. With the
genes/proteins of the six SCAs being identified no less than 20 years
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Figure 1: Slip strand mispairing mutation.

ago, with the exception of SCA17, characterised in 1999 (Table 1) [35-
41]. Interestingly, the current numbering system of the various SCA
diseases has been done in such a manner that follows the chronological
order of gene locus discovery [34].

Autosomal dominant cerebellar ataxia (ADCA) type
classification

ADCA may refer to any type of spinocerebellar ataxia that is
inherited in an autosomal dominant manner. This classification system
was introduced by AE Harding in 1982 to account for the varying
degree of heterogeneity between the dominantly inherited ataxias
[42]. Although, the classification is somewhat out-dated due to the
genetically classified SCA system used in the present day, it is of some
benefit to mention, as the system broadly classifies all ADCA into three
discrete categories [43,44]. These categories were created on the basis
of separating dominant ataxias by their complex phenotypes of ataxic
and non-ataxic clinical manifestations; termed ADCA type I, II and III
(Table 1) [42,45].

ADCA-I: This subtype is the most common form of ADCA and
manifests as typical cerebellar ataxia with the addition of extrapyramidal
signs, dementia, ophthalmoplegia, optic atrophy and amyotrophy. This
classification includes SCA 1,2, 3 and 17.

ADCA-II: The most highly specific of the subtypes as it is classified
as cerebellar ataxia with associated retinal degeneration. SCA7 is the
only SCA disease to be classified into this type.

ACDA-III: The classification that is defined as “pure” cerebellar
ataxia, with secondary pathology not as prominent in this classification.
SCAG is the only disease to fall into this category.

Common clinical features

As previously stated, the six diseases are pathogenically
heterogeneous; however, there are some features that are common to
all types of SCA diseases. These diseases are typically late onset, with
the mean age being in the third and fourth decade [46]. The age of
onset may vary and is greatly, but not solely, dependent on the size of
the expansion in the corresponding gene, with generally no significant
difference in the age of onset between the sexes [47]. The average life
span is approximately 10-20 years following diagnosis/symptomatic
onset [48,49]. These diseases have selective neurodegeneration of areas
such as the cerebellum, globus pallidus, pons and substantia nigra [2],
along with progressive ataxia (incoordination and imbalance) leading
to impairment of gait, speech and movement. In two thirds of SCA 1, 2,
3 and 6 cases, disorders of the individuals gait are the first pathogenic
symptoms. Typically, individuals will need walking assistance within the
first decade of onset and not long after become wheelchair bound [50].
Other common features include dysarthria, oculomotor disturbances
and tremors, leading to impaired motor function of the hand. In
addition to the physical aspects, several psychological disorders have
been reported, most commonly depression, irritability and impaired
sleep [51,52].

Protein aggregation: A hallmark feature

A hallmark molecular feature of SCA diseases, and all polyQ
diseases for that matter, is the presence of protein aggregation and
neuronal nuclear inclusions. An early example of this was reported
by Paulson et al. [53] who provided patient-derived observations that
mutant ataxin-3 results in significant nuclear inclusions in the neurons.
These inclusions were mainly focused in the ventral pons of the brain,
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however, these were also observed less frequently in the dorsal medulla,
globus pallidus and the substantia nigra. The same group also showed
that intracellular aggregates only occurred when ataxin-3 contained
an expanded polyQ repeat, thus providing compelling evidence to the
notion that mutant polyQ expansion directly leads to aggregation in the
brain [53]. This research taken on its own does not provide definitive
backing for the role of the polyQ tract in ataxin-3 aggregation, however,
several subsequent studies both in animal and cell models have
supported this concept over several different polyQ diseases [54-59].
Along with the presence of an expanded polyQ region, the length of the
expansion itself is said to play a major role in aggregation. As studies
have shown that the repeat length and the flanking sequences of most
proteins implicated in polyQ diseases have an impact on severity of
aggregation [60].

The ubiquitin-proteasome system and macroautophagy (autophagy)
are two vital biological processes involving self-degradation of proteins
and organelles [61]. These pathways are responsible for the clearance
and degradation of misfolded and/or superfluous proteins. It stands to
reason that these systems are somewhat compromised in SCA patients,
and numerous studies have now shown that these systems do in fact
exhibit impairment in SCA diseases [61-65]. The dysregulation is
believed to play a role in protein aggregation, as the misfolded polyQ
proteins are unable to be effectively degraded, which leads to an
increased proportion of aggregates. These pathways are currently an
obvious and attractive therapeutic avenue for SCA diseases [65,66].

Genetic testing

Each SCA disease has its own defined healthy and disease size
ranges (Table 2). The healthy range represents a CAG repeat variation
where anticipation and potential transmission does not occur unless a
de novo mutation arises during embryonic development [67]. Several
of the SCAs have a well-documented pre-mutation range, known as
incomplete penetrance. These individuals are typically asymptomatic,
however due to their dynamic nature, the expansions have the ability to
pass on the disease or pass on an increased CAG repeat range [68,69].
Paternally transmitted alleles are typically more unstable and prone
to expansion than a maternal allele, so that diseased individuals are
those who have met the pathogenic threshold for the given gene, are
symptomatic and are likely to pass on a larger expansion [69,70].

The advancement in genetic technology and testing has given rise
to readily available commercial tests for all six SCA diseases [1,71,72].
Genetic testing may be conducted for five distinct clinical reasons:
predictive testing, diagnostic testing, carrier testing, parental testing
and risk factor assessment [67]. Thus, the primary benefit of genetic
testing is to provide an accurate and specific diagnosis. These tests are
often better done as early as possible, as this gives families precious
time to come to terms with the potential disease, while giving affected
individuals insight and the ability to make fundamental and necessary
lifestyle changes and reproductive decisions. For those individuals
where a de novo mutation has occurred, genetic testing would most

Disease Name Gene Encoded protein Locus
SCA1 ATXN1 Ataxin-1 6p22.3
SCA2 ATXN2 Atxain-2 129241
SCA3 ATXN3 Ataxin-3 14924.3
SCA7 AXTN7 Ataxin-7 3p14.1
SCA17 BP TATA box binding protein 6927

Exons in gene

9
25
1

47
13

likely provide relief and a psychological benefit in identifying a
previously unknown disease and an end to the diagnostic saga.

Prevalence and incidence

Current data shows that SCA3 is the most common of the diseases
[46,73-75], with an overall SCA prevalence of approximately 1-2 per
100 000. The epidemiological data available about the prevalence of
SCA diseases is limited, and most likely does not represent an accurate
occurrence, due to the high degree of variation between difference
populations and ethnic backgrounds. Founder effects are seen in Cuba
(particularly those of Spanish decent), Portugal and South Africa in
SCA2, SCA3 and SCA?7, respectively [47,76-78]. Several geographically
localised studies have been conducted on the prevalence of ADCAs,
with the focus on the six SCA diseases. With regards to SCA3, the
prevalence is at its highest in Brazil (69% of SCA cases), Portugal (58%)
and China (49%) and relatively low in USA (21%), India (3%) and Italy
(1%) [77,79-83]. An interesting case is the founder effect of SCA7 in
South Africa, where this disease represents 26.6% of SCA diseases [84],
a figure that is significantly higher than the 2% occurrence worldwide
[78]. This figure increases again when considering the native African
population, in whom SCA?7 represents 59% of all SCA diseases, while
SCA3 only represents 1% [84]. In fact, distribution of SCAs in South
Africa as a whole, drastically differs from that elsewhere [78,84].

SCA1l

Clinical features

SCAL is classified by a “cerebellar plus” syndrome with varying
degrees of the commonly described SCA clinical characteristics [34,85].
Disease onset is usually in the third decade and progresses at a faster
rate than seen in SCAs 2, 3, 6 and 17. SCAL1 is known to have a main
pathogenic feature of loss and atrophy of the cerebellar Purkinje cells,
the major integrative neuron of the region [86] (Table 1). These cells are
some of the largest cells in the brain and are responsible for the output
of all motor coordination in the cerebellar cortex [87]. Death of these
cells and cerebellar atrophy has a devastating effect on coordination
and motor skills, contributing to the rapid decline and increased
progression of ataxia [86,88].

Molecular genetics

SCAL1 is caused by a CAG expansion in ATXNI that is localised to
6p22.3. ATXNI was first cloned by Zoghbi and colleagues in 1993, and
then identified in 1994 by the same group [36,37]. The gene contains
9 exons with the potentially mutagenic CAG repeat region in exon 8.
Although this gene contains 9 exons, only the last two (exons 8 and
9) are protein-coding, with exon 8 containing most of the coding
sequence (1,950 nt). Healthy individuals are found to contain 6-39 CAG
repeats, while the pathogenic range is from 40-82 [9,37]. Interestingly,
repeats greater than 21 may be interrupted by 1-3 repeats of a CAT
trinucleotide, which effectively rescues some individuals from disease
[37] (Table 2).

PolyQ location

Healthy repeat range | Pathogenic repeat range

Exon 8 6-39 40-82
Exon 1 17-29 37+
Exon 10 7-44 55-86
Exon 47 4-18 21-30
Exon 3 7-19 36 to >400
Exon 3 25-42 47-66

Table 2: Molecular genetics of the six polyQ spinocerebellar ataxias.
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Wild-type and mutant protein

ATXNTI is expressed as the ~90 kDa, ataxin-1 protein, although it
should be noted that this is an approximation, as the protein length
will vary depending on the size of the expansion, a feature holding
true across all variable repeat-containing genes and proteins further
described. This review will discuss the 815 amino acid (aa) protein with
a healthy polyQ region of 29 repeats (ENST00000244769.8). Normal
ataxin-1 has the polyglutamine tract located towards the N-terminus,
with three known functional regions; a conserved AXH domain, a
nuclear localisation signal (NLS) and a Ser”” located at the C-terminus
of the NLS (Figure 2). The protein is ubiquitously expressed, rather than
being localised to the brain [89].

The evolutionary conserved 120 aa AXH domain that spans exon 8
and 9 is highly homologous to the large region of the high mobility group
box transcription factor-binding protein 1 (HBP1) [90,91]. The AXH
domain is known as a dimerization domain and is the only globular
dimer forming region identified in the protein [92]. Additionally, the
AXH folds independently into an oligonucleotide-binding fold, able to
recognise RNA with a similar nucleotide preference, to that of full length
ataxin-1 [91,93]. Second to RNA binding, the AXH domain contains a
cluster of charged surface residues that allows for another secondary
binding surface. This leads to the several protein-protein interactions
through the ataxin-1 AXH domain, namely a paralog of ataxin-1,
brother of ataxin-1 (BOAT), which also contains a AXH domain, the
SMRT/SMRTER and Capicua proteins [94]. These interactions, along
with interactions between several transcriptional factors, give ataxin-1
its transcriptional repression activity [90,91,93].

In terms of mutant ataxin-1, as with all SCA diseases, the addition of
glutamines outside the healthy range leads to conformational changes
in the affected protein, conferring a toxic gain of function [75,89,95-
97]. The increased polyQ stretch not only increases the tendency to
aggregate, but also leads to conformational changes of other regions
and domains of the SCA proteins. In the case of SCA1, conformational
changes to the AXH domain, along with its ability to fold leads to the
potential contribution of misfolded protein aggregation [92,98,99].

his was shown by de Chiara et al. [100], where ataxin-1 aggregations
were significantly mitigated by the removal of the AXH domain or by
replacement of the HBP1 sequence, which is not known to aggregate
[100]. Additionally, the self-association of ataxin-1 through its AXH
domain leads to multimerisations that have the ability to aggregate
polyQ stretches [98,101]. In conclusion, the AXH domain is crucial
for both normal and aberrant functions of ataxin-1. Its ability to
independently fold and in the presence of an elongated polyQ stretch,
allow for rapid aggregation, may be a factor in the increased rate of
progression when compared to other SCA diseases.

SCA 2

SCA2 is thought to be among the most prevalent of the SCAs, and
demonstrates a founder effect in Cuba, in particular the north-eastern
province of Holguin [50]. This region has a 40% prevalence rate of
SCA2, well above the national average of approximately 6% [47]. The
age of onset can range from as young as 3 years to age 80, with the
typical mean age of onset in the third decade [47] (Table 1).

Clinical features

SCA2 demonstrates an atrophy pattern that resembles sporadic
multi-system-atrophy, including some associated clinical features.
These include early and marked saccadic slowing, initial hyperreflexia
that is followed by hyporeflexia, Parkinson rigidity and myoclonus or
fasciculation like movements [102,103]. With the slowing of saccadic
jumps for horizontal gaze being the noticeable oculomotor abnormality
(Table 1) [104-106]. This is attributed to the early, and sometimes
rapid degeneration of the pontine brainstem. A study by Velazquez-
Perez et al. (2004) was conducted to assess the effect on expansion
size and maximal saccade velocity of 82 SCA2 patients and 80 healthy
controls. It was found that 60-degree maximal saccade velocity was
influenced by polyQ size rather than disease duration, suggesting
that the saccade velocity of SCA2 patients is sensitive and specific to
polyQ length, more so than disease stage or duration [107]. The same
group conducted a follow up study in 2016 and found that patients
with larger expansions deteriorated at a faster rate when compared to

Protein Protein Size (amino acids) Implicated Protein Functions
815aa transcriptional repression, RNA
Ataxin-1 (SCA1) :I:| metabolism
1313 aa transcriptional regulation, RNA
Ataxin-2 (SCA2) |[ ] metabolism, cytoskeletal
reorganisation, calcium homeostasis
361 aa de-ubiquitination, proteasomal
Ataxin-3 (SCA3) l:l] protein degradation, regulation of
misfolded proteins
2506 aa pore formation, neurotransmitter
CACNA1* (SCA6) | l I release from presynaptic terminals,
gives rise to P/Q type calcium currents
892 aa transcriptional regulation, mediates
Ataxin-7 (SCA7) |[] interaction of STAGA complex with the
CRX, retinal functions
339 aa general transcription factor, initiation
TATA box binding [I:I of transcription through TFIID binging
protein (SCA17) to TATA box, interacts with all three
RNA polymerases

* a1A subunit of the P/Q calcium-dependent voltage channel

Figure 2: Protein mutation.
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those with smaller expansions. It was concluded that rate of decline in
maximal saccade velocity is directly influenced by expansion size, thus
providing clinicians with a sensitive biomarker and a potential measure
of therapeutic success during clinical trials [108].

Other associated secondary characteristics such as insomnia (20%
of cases) and sexual dysfunction (10%) are not uncommon for SCA2
patients [109]. Interestingly, individuals with relatively large expansions
(>200) are reported to have retinitis pigmentosa/macular degeneration
and myoclonus-epilepsy, which are two features commonly found in
SCA7 and DRPLA, respectively [110,111]. As with SCAL, the early and
significant loss of Purkinje cells is seen in this disease, with analysis
indicating that the cerebellar flocculus is also affected to varying
degrees [86,112].

Molecular genetics

The causative gene of SCA2 is ATXN2 that was first localised to
12q24.1 in 1993 by Gispert et al. [113]. It was not until 1996 when three
groups independently identified the CAG repeat expansion in ATXN2
[40,114,115]. ATXN2 encompasses approximately 130 kb of genomic
DNA and consists of 25 exons, with the triplet repeat region located in
the first exon (Table 2). The CAG repeat region in healthy individuals
was found to have 1-3 interruptions of interspaced CAAs, the most
common being two CAA interruptions, with a structure (CAG)8 CAA
(CAG), CAA (CAG), [40,115]. Healthy individuals have 17-29 repeats,
while those individuals with incomplete penetrance (pre-mutation)
have between 30-36 repeats. Severe pathogenesis is seen in individuals
who have an uninterrupted CAG repeating range of 37 and above
[40,114,115]. Interestingly, a moderate expansion size has also been
implicated in another common motor neuron disease, amyotrophic
lateral sclerosis (ALS) [116].

Wild-type and mutant protein

ATXN2Z encodes for ahighlybasic protein (1,313 aa) witha molecular
weight of approximately 140 kDa and in this specific isoform of ataxin-2,
23 glutamines are at the polyQ domain (ENST00000377617.7) (Figure
2). Ataxin-2, is the largest of the ‘ataxin proteins’ and the second largest
protein after the CACA1A protein of the SCAs. The polyQ repeat
region is located at the N-terminus of the protein. There are four other
known functional domains in ataxin-2; two globular domains, spaning
exons 2-7 named the Like Sm domain (Lsm; aa 255-346) and the Lsm
associated domain (LsmAD; aa 354-476); towards to the C-terminus
there is a PAM2 motif, aa 909-926, encoded by exon 16 that facilitates
the association of polyA-binding protein (PABP); lastly the C-terminus
contains a A2D region, that associates with Mp1 [117,118]. Ataxin-2 is
ubiquitously expressed in adult tissues, with common, highly expressed
regions such as the brain, gut, liver, heart muscle thyroid and lung. The
most prominent expression of the protein is in the brain, with its major
localisation being in Purkinje cells [119].

Normal ataxin-2 has been shown to be involved in numerous
cellular processes, including transcriptional regulation, RNA
metabolism, cytoskeletal reorganisation and calcium homeostasis [120-
123]. Ataxin-2 is considered a cytoplasmic protein that is localised at
the rough endoplasmic reticulum (rER) [124]. The globular domains
(Lsm and LsmAD) are two regions that are highly conserved in proteins
thought to be involved the process of RNA metabolism, such as splicing
and modification [125,126]. The Lastres-Becker et al. study, found
that when starved, mouse and human ataxin-2, was able to modulate
translational control at the pre-initiation complex via PI3K/mTOR
pathways [125]. This study highlights another possible major function

of ataxin-2, its ability to regulate some metabolic activity with a study
in C. elegans showing that down regulation of the ataxin-2 homolog
leads to fat storage and an increase in growth. However, even when a
dietary intervention was implemented, the C. elegans phenotype was
unable to be reverted [127]. Several studies in the past several years
have implicated ataxin-2 in body weight regulation and fat distribution,
with a recent review Carmo-Silva et al. [123] describing the processes
in greater detail [127-129].

Interestingly, neuronal nuclear inclusions are not as prominent
in SCA2 patients when compared to other SCAs [130,131]. However,
Purkinje cell death and selective neuronal degeneration is still apparent
[130,131]. The conformational changes in ataxin-2, can be seen in
the changes to the Lsm, LsmAD and PAM2 domains. A 2016 study
used I-TASSER for 3D structure for protein structure prediction, and
found several changes when the pathogenic polyQ repeat number was
assessed. These changes are thought to contribute to the pathogenesis
of SCA2 [132].

SCA3

SCA3/ Machado-Joseph disease was first described in 1972, in
Portuguese immigrants living in Massachusetts, who were known to
be decedents of William Machado [133]. SCA3 is the most common
of the SCA disorders, and is at its highest prevalence in the Azores
Islands, Portugal (~1:3472) [134]. SCA3 is widely known to be the most
common of the SCA diseases, however, this does fluctuate between
populations [67,69,80,84,85,135].

Clinical features

SCA3 typically onsets in the fourth decade and the average life
span after onset is 10 years, with a range of 1-20 years. Along with
the common clinical characteristics, SCA3 is often distinguished by
the evident pyramidal and extrapyramidal signs [136]. The selective
neuronal loss seen in SCA3 is found in the cerebellar dentate neurons,
basal ganglia and brainstem [9,34,137]. SCA3 is also known for its
higher frequency of lid retraction and infrequent blinking, commonly
known as “staring eyes” (Table 1) [67]. The degree of peripheral
involvement in pathogenesis is the greatest variable feature of SCA3,
some patients have minor disease features, while others develop
marked distal amyotrophic characteristics with sensory disturbances
and areflexia [67].

Molecular genetics

SCA3 is caused by an expanded tract of CAG repeats in the coding
region of the penultimate exon (exon 10) of the ATXN3 gene (14q32.1),
encoding the ataxin-3 protein [35,75]. The ATXN3 gene, spanning a
genomic region of approximately 48 kb (ENST00000558190.5) consists
of 11 exons, with the start codon in exon 1 and the CAG repeat sequence
located at the 5’ end of exon 10 (Table 2) [138]. Healthy individuals
have up to 44 CAG repeats, whereas affected individuals possess 55-
86 repeats, and the intermediate range of 45-54 repeats is generally
associated with incomplete penetrance [75]. However, there is much
conjecture as to exactly number of repeats that may be associated with
disease, since as few as 51 repeats have been reported to be pathogenic
in some cases.

Wild-type and mutant protein

To date, 56 splice variants of ATXN3 have been identified in blood,
and 20 of these have the potential to be translated into a functional
ataxin-3 protein [139]. Ataxin-3 hasa molecular weight of approximately
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42kDa and is 36laa in length with 8 glutamines [53] (Figure 2).
Ataxin-3 is believed to have several roles within the cell, acting as an
isopeptidase and is also thought to be involved in de-ubiquitination,
proteasomal protein degradation, the chaperone system and regulation
of misfolded proteins [98]. Although there are several isoforms of the
Ataxin-3 protein, this review will refer to the isoform most commonly
expressed in brain tissue, a 361aa protein with 8 glutamines at the
polyQ region [75]. Located at the N-terminal of ataxin-3 is a Josephin
domain, containing the amino acids (cysteine 14 (C) histidine 119 (H)
and asparagine 134 (N)) that are crucial for the isopeptidase activity
and two nuclear export signals (NES). The C-terminal contains three
ubiquitin interacting motifs, a nuclear localisation signal and the polyQ
tract [140-142].

Ataxin-3 is not only found in all cells, but is also dispersed
throughout the cell. The protein has the ability to translocate from the
cytoplasm to the nucleus and vice versa [143,144]. Todi et al. [145]
conducted an in vitro study, where they catalytically inactivated ataxin-3
by a mutation to the active site cytosine at position 14 (C14A) and
found that enzymatically active ataxin-3 preferentially localises to the
nucleus, compared to the inactive form [145]. Additionally, the inactive
form was degraded at a slower rate by the proteasome, an event found
to be independent of ubiquitination. These two findings suggest that the
catalytic activity of ataxin-3 regulates a number of its cellular properties
and may in turn play a role in the disease pathogenesis of SCA3 [145].
Other studies suggest that there are several regions and factors that
affect the localisation of ataxin-3, most of which are believed to be due
to the NLS and NES [117,146].

The Josephine domain along with the three ubiquitin interacting
motifs can either save proteins from degradation or stimulate the
catalytic deubiquitinisation of proteins, thus resulting in protein
degradation and clearance [140,147]. Poly-ubiquitin chains of four
units or more are known to be recognised by ataxin-3 and the ubiquitin
interacting motifs mediate selective binding to these ubiquitin chains
and therefore restrict the types of chains that are cleaved [148]. Atxain-3
is also implicated in the regulation of misfolded endoplasmic reticulum
protein degradation as it binds to the valosin-containing protein (VCP/
p97) involved in ER-associated degradation [149,150].

Two important impaired functions of mutant ataxin-3 have
been recognised, impaired protein degradation and transcriptional
deregulation [65,151]. As ataxin-3 is thought to play a role in
transcriptional regulation due to its interaction with transcriptional
regulators, deregulation of this process is thought to be a factor when
considering SCA3 pathogenesis. Due to the sequestration of ataxin-3
and other factors into nuclear aggregates, a secondary effect of
transcriptional deregulation is thought to occur [152,153]. Additionally,
Evert et al. showed that mutant ataxin-3 had impaired transcriptional
repression through its ability to inhibit histone acetylase activity [154].

Interestingly, ataxin-3 has been found to bind more efficiently to
VCP/p97 compared to normal ataxin-3, but by mechanisms unknown,
and it interferes with protein degradation and misfolded protein
clearance [155]. Although the exact mechanism by which interference
occurs is poorly understood, several theories have been proposed.
One such theory postulates that due to the increased binding affinity
of mutant ataxin-3, it is unable to release itself after the misfolded
proteins are extracted from the endoplasmic reticulum, thus affecting
the subsequent round of protein extraction and degradation [156].

It has previously been unclear whether the protein aggregates
observed in patients with SCA3 are full-length protein, shorter

cleaved fragments or a combination of the two. However, more
recently it appears that fragmented mutant ataxin-3 initially forms the
intracellular aggregates and then acts a seed or a catalyst for recruitment
of the full-length protein [53,157]. A study showed that L-glutamine-
induced excitation of neurons lead to Ca?* dependent proteolysis
of ataxin-3, creating SDS-insoluble aggregates [57]: suggesting that
initial microaggregates catalyse and precede large inclusion bodies
that ultimately lead to neural death and rapid disease progression. It
was also found that aggregation of the ataxin-3 fragments was calpain
dependent and that the phenotypic changes could be abolished by
calpain inhibition. The same study also showed that aggregation was
neuron specific, which is in keeping with disease pathogenesis as
aggregation is almost always observed in neural tissue of SCA3 patients.

Another line of thinking is that although mutant ataxin-3 is
able to undergo ubiquitination at similar rates to wild type ataxin-3,
mutant ataxin-3 was found to exist longer in the cell compared to wild
type ataxin-3, thus facilitating aggregation through the lower rate of
protein degradation [158]. There is ever growing evidence that both
the truncated and full-length proteins are implicated in the aggregation
of ataxin-3 in neurons. It is clear that neural aggregation of ataxin-3
directly leads to disease pathogenesis, however, the exact mechanism
by which this is caused remains elusive.

SCA6
Clinical features

Unlike other SCA diseases, SCAG6 typically presents as a milder form
of disease, and is associated with “pure” cerebellar ataxia. However,
ocular-movement abnormalities are often reported, with nystagmus
being the most common form [112]. The disease onset tends to be later
when compared to other SCA diseases (fifth or sixth decade) and is
often less aggressive with average life duration being >25 years (Table 1)
[136]. A comprehensive study on the frequency of nonataxic symptoms
was conducted in 2008 by Klockgether and colleagues who found that
SCAG6 had a lower frequency in all but one (rigidity) of the 16 nonataxic
symptoms when compared to SCA1, 2 and 3. These features included
a number of very common symptoms such as; brainstem oculomotor
signs, hyperreflexia, extensor planter and muscular atrophy [159]. It
was also found that disease severity is largely age-dependent rather
than linked to expansion size. This is not surprising due to the relatively
small expansion size range.

Molecular genetics

SCAG is one of only two SCA diseases to be caused by expansion
in a protein other than an ataxin, the other being SCA17. The CAG
expansion is seen in the a , voltage-dependant calcium channel gene
(CACNALI), localised to 19p13 [39]. The expansion in CACNAI is
located in the last exon of the gene (exon 47) and is relatively small
compared to those in other SCA diseases, with a healthy range of 4-18
repeats and a disease range of 21-30 repeats, with most cases being
reported as 22-23 repeats (Table 2) [159,160].

Interestingly, several dominant mutations in CACNAI are
associated with three different, independent diseases; SCA6, episodic
ataxia type 2 and familial hemiplegic migraine-1. Although these
mutations arise in the same gene, the disease phenotypes are highly
variable, with episodic ataxia type 2 being the most common form
of episodic ataxia that typically presents during childhood or early
adolescence. Familial hemiplegic migraine-1 is a debilitating variant
of migraines, accompanied by aura that is characterised by severe
attacks of motor deficits [161]. Traditionally, SCA6 is the only disease
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to be associated with the polyQ expansion, as episodic ataxia type 2 is
associated with a loss of function mutation, while familial hemiplegic
migraine-1 is a gain of function mutation. However, familial studies in
recent times have suggested that SCA6 phenotypes may also arise from
missense mutations rather than expansion of the CAG repeating unit
(more detail on these mutations can be found [162,163]).

Wild-type and mutant protein

CACNAIA encodes for the alA subunit of the P/Q calcium-
dependent voltage channel (Ca2.1). With the P/Q denoting the cell
types in which the currents were initially isolated; P refers to Purkinje
cells, while Q refers to granule cells in the cerebellum [164]. Unlike
the ataxin proteins, Cav2.1 is brain specific, with no expression found
in the heart, liver or muscle. Ca 2.1 is the largest (by a significant
manner) of the SCA proteins and its main isoform, of which there are
seven, is a 2506 aa, 275 kDa protein with a polyQ region of 13 repeats
(ENST00000360228.10) (Figure 2). Ca 2.1 is a subunit responsible for
pore-formation and plays a crucial role in neurotransmitter release
from presynaptic terminals, and to a lesser extent, intrinsic firing
patterns in Purkinje cells [164].

SCAG has attracted attention due to its apparent ‘deviation’ from
other SCA diseases. The expansions in the other five diseases are
between 35-300 repeats, whereas SCA6 is typically 22 [165]. The
apparent mechanism of toxic gain of function might not be as applicable
to SCAG6 as it is to the other SCAs. The belief is that the polyQ expansion
in SCA6 somehow affects the normal wild-type function of the
protein, altering functions of the P/Q channel, leading to Purkinje cell
degeneration. However, this view is contentious and conflicting reports
are presented, with conflicting reports on the alterations of the P/Q
calcium-dependent voltage channel properties as a direct result of the
expanded polyQ region [165-167]. Most recently, a 2015 study on SCA6
knock-in mice was conducted [165] and showed that polyQ length does
not directly affect function of the Ca 2.1, as mice with varying CAG
lengths (84Q; 30Q and 14Q) had similar changes in current density
[165]. This study concluded that like other polyQ diseases, SCA6 is
most likely the result of toxic gain of function. These conflicting reports
highlight the complexity of SCA diseases and present prime examples
of why additional research is required to identify the exact pathogenic
mechanisms behind these diseases.

SCA7
Clinical features

SCA7 is almost always distinguished from other SCA disease
by virtue of severe cone-rod dystrophy retinal degeneration, and is
sometimes referred to as olivopontocerebellar atrophy III [168]. SCA7
is typically the only SCA where affected individuals go completely blind
(Table 1) [111]. SCA?7 retinal pathology initially affects the cones, with
progression to the rod photoreceptors, although cones are found to be
more severely affected [78]. The initial sign of retinal degeneration is
dyschromatopia in the blue-yellow axis [169]. Due to the large range
of expansions in SCA?7, infantile onset has devastatingly widespread
pathogenesis that extends outside the typical CNS pathology. Magnetic
resonance imaging of SCA7 patients show that the cerebellum and
the pons are the most affected regions of the brain, however other
regions of SCA brains are also effected [170]. SCA7 patients may also
present with an increased amount of pontine atrophy when compared
to other SCA patients. Hernandez-Castillo et al. conducted a study
using 24 confirmed SCA7 patients and assessed the effect of selective
degradation and its relationship to ataxic symptoms. It was found that

ataxic severity was associated with a decrease in grey matter volume of
distinct regions of the cerebellum, as well as degeneration of specific
cortical areas [171].

Disease onset is typically in the third or fourth decade, however,
SCA7 may present as early as the first year, the earliest onset of all SCA
diseases [136]. Interestingly, in early onset patients, visual impairment
can be apparent up to almost a decade before ataxic symptoms [73].
Conversely, late onset patients can experience ataxic symptoms decades
before first visual pathology is observed [73].

Molecular genetics

The causative gene for SCA7, ATXN7 was mapped to 3p14.1 and first
cloned in 1997 [38]. The gene has 13 exons with the polyQ repeat region
in exon 3, the first coding exon of the gene. The healthy repeat range
in SCA?7 is 7-19, with an incomplete penetrance of 19-35, while a wide
disease range of 36 to >400 repeats has been reported (Table 2) [172].
Although all SCA diseases have a tendency for genetic anticipation,
ATXN7 is particularly known to be highly unstable, resulting in
extreme anticipation and expansion during paternal transmission
[38]. Expansions as large as 60 or more are associated with infantile
SCA7 and disease progression is rapid and premature death is almost a
certainty [173]. Such is the nature of the disease that pathogenesis may
be apparent well before the first year of life in extreme cases [136,174].

Wild-type and mutant protein

ATXN7 encodes for ataxin-7, a ubiquitously expressed protein
thought to be involved in transcriptional regulation and ...other
secondary functions. Ataxin-7 is an 892 aa, 98 kDa protein that has
a polyQ repeat region of 10 (ENST00000295900.10) (Figure 2). The
N-terminus of ataxin-7 contains the polyQ region, while nearer to
the middle, a Block I domain is located with a zinc binding domain
and a NLS located toward the C-terminus [175], with the nuclear
localisation of ataxin-7 being vital for its transcriptional function.
Preferential nuclear localisation occurs in many regions of the brain,
such as the cerebellum, pons and inferior olive [176]. Along with these
areas of the brain, nuclear localisation is also preferentially seen in the
photoreceptor cell nuclei of the retina [177]. This is not surprising,
considering the visual pathology seen in SCA7 that may be due to the
increased presence of ataxin-7 in the retina. Ataxin-7 is also highly
homologous to Sgf73, a protein found in yeast that acts as a subunit
of the SAGA complex, which has its own mammalian homologs,
namely SPT3/TAF9/GCNS5 acetyl-transferase complex (STAGA)
[178,179]. Ataxin-7 is thought to play an integral role in the interaction
between the STAGA complex and rod-cone homeobox (CRX) [180].
The nuclear localisation of ataxin-7 has been long viewed as vital to its
primary physiological function. However, a 2011 study by Okazawa and
colleagues provided a novel role for cytoplasmic axtaxin-7. The group
found that cytosolic ataxin-7 associates with microtubules, and the
expression of ataxin-7 aids in the stabilisation of microtubules against
nocodazole treatment. This was further supported by the observation of
increased microtubule degradation when ataxin-7 was knocked-down.
These findings implicate ataxin-7 in the stabilisation of the cytoskeletal
network, providing a novel function for cytosolic ataxin-7 [181].

As the role of ataxin-7 is well established in transcriptional
regulation, as well as several biological functions in the retina, it stands
to reason that mutant ataxin-7 may impair these functions. La Spada et
al. found that an expanded polyQ region in ataxin-7 severely impaired
its wild-type function and antagonised CRX function that lead to cone-
rod dystrophy in mice [176]. This finding is of interest as typically,
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polyQ diseases are attributed to toxic gain of function, while this study
seems to suggest that one of the main pathogenesis may be due to loss of
normal function. However, ataxin-7 is still thought to undergo protein
misfolding and proteolytic cleavage that leads to selective retinal and
neuronal toxicity as well as the hallmark neuronal nuclear inclusions.

A 2013 study conducted by Strom and colleagues revealed a
novel pathogenic mechanism of ataxin-7 in autophagic dysregulation.
The group found that the inhibition of autophagy was through the
co-aggregation of p53-FIP200 proteins and ataxin-7 aggregates
that resulted in destabilisation of ULK1, due to decreased soluble
FIP200. It was further shown that inhibition of P53 is able to restore
soluble FIP200 and ULK1, which increases autophagic activity and
subsequently reduces mutant ataxin-7 toxicity [62]. Therapeutic
strategies targeting the pathogenic autophagic dysregulation would
benefit from the understanding of the exact mechanisms by which
pathogenesis is caused.

SCA17

SCAL17 is an interesting SCA disorder for three reasons; 1) like
SCAG, the causative gene is not an ATXN but rather the complex and
vital TBP (TATA-Box binding protein) [41,182,183]. The biological
functions of most ataxin proteins remain somewhat elusive; however,
the TBP is a well-described protein. 2) Although TBP function has
been described since 1991 and numerous protein studies have been
conducted, SCA17 was only designated in 2001, a considerable time
after all other SCAs [184,185]. 3) The glutamine tract seen in the TBP
is due to a polymorphic repeat region of CAGs interrupted by CAA
rather than the typical contiguous CAG repeats seen in the other SCA
diseases [183].

Clinical features

SCA17 shows typical ataxic symptoms much like other SCA
diseases, with degeneration of the cerebellum, particularly the Purkinje
cells. The characteristic feature of SCA17 is the occurrence of frequent
seizures and the high prevalence of psychiatric abnormalities (Table
1). Interestingly, immunoreactivity of neuronal nuclear inclusions of
SCAL17 patients appear to be more widely distributed through the grey
matter when compared to other SCA diseases [182]. Age of onset in
SCAL17 is typically in the fourth decade, however symptoms can be seen
in juvenile patients in extreme cases [85]. The disease progression of
SCA17 is fairly rapid, with an average life span after diagnosis being
10-20 years [136].

Other common clinical features of SCA17 are progressive dementia
and subsequent and concurrent chorea. These clinical features are highly
similar to another polyQ disease, Huntington’s disease [186],and SCA17
is often initially mis-diagnosed as Huntington’s disease prior to genetic
testing. Due to this, SCA17 is also known as Huntington’s disease-like
4, and seems to be most prevalent in Asia, particularly Japan, China and
Korea. It has also been suggested that the polyQ expansion may affect
the function of TBP and embryonic development to such an extent that
many do not survive the initial stages of development [187].

Molecular genetics

TBP is a well-studied gene localised to 6q27 that has 8 exons. The
gene is known to contain a polymorphic CAA/CAG tract in exon 3
that when expanded causes SCA17 [41]. The TBP repeat region has
been divided into five domains that include two variable domains (II
and IV) and three fixed domains (I, III and V) [186]. The variability of
domains II and IV gives rise to SCA17 with repeat ranges of 7-11 and

9-21, respectively. Healthy individuals have a total repeat range of 25-
42, incomplete penetrance is caused by 43-46 repeats and the disease
range varies between 47-66 (Table 2) [186,187].

Mutant and wild-type protein

The TBP is a vital protein that plays a crucial role in the initiation
of transcription. The protein consists of 339 aa, is 37 kDa in size, with
a polymorphic glutamine tract of 38 repeats and is the smallest of the
SCA disease causing proteins (ENST00000230354.10) (Figure 2). TBP
is one of many general transcription factors and interacts with all three
eukaryotic RNA polymerases [185]. Of these factors, transcription
factor IID (TFIID) is the first transcription factor that binds to the TATA
box, a highly conserved sequence approximately 25-30 nt upstream of
the transcription start site. TBP, along with numerous (approximately
13) TBP-associated factors make up the TFIID, which in turn is a
component of the RNA polymerase II pre-initiation complex [185]. The
polyQ tract is at the N-terminal of the protein and is thought regulate
the DNA binding capability of the C-terminal. The variation of TBP
binding to DNA affects the rate of transcription complex formation, and
in turn the initiation of transcription [188]. The N-terminus varies in
length due to the polyQ region, while the C-terminal is highly conserved
[184]. The C-terminal contains two repeats of 88 aa that produce an
inverted “U” or “saddle-shape” structure that effectively mounts the
DNA and binds to the TATA box [184]. Such is the importance of
TBP to cell survival that a 2002 study demonstrated that embryos with
homozygous knockout for TBP did not survive past the blastocyst stage
[189]. Although there are many other intricate functions and biological
aspects of TBP, these are outside the scope of this review. More detail
of the functions of TBP and transcription in general can be found at
[185,190,191].

Transcriptional dysregulation has been widely implicated in a
number of the SCA and polyQ diseases [153,154,192,193]. It stands
to reason that a SCA disease in which the causative protein is a well-
known transcription factor would have associated transcriptional
dysregulation. This theory however is weakened by conflicting reports.
One study demonstrated, via mobility shift electrophoresis, that
mutant TBP binds less efficiently to DNA contain a TATA box when
compared to normal TBP, and the polyQ expansion caused aberrant
interactions between TBP and TFIIB [194]. When a similar study was
conducted, however using a luciferase assay instead of mobility shift
electrophoresis, the expanded polyQ TBP actually stimulated TATA
box transcriptional activity [195].

These results suggest that rather than a global model for
transcription dysregulation in SCA17 patients, a more specific and
localised impairment of transcription occurs. This has been confirmed
by numerous studies that implicate mutant TBP in both gain and loss
of function pathogenesis [187]. Transcription factors such as Su(H),
Spl, TFIIB and NFY are all associated with toxic gain of function,
while XBP1 and MyoD are associated with loss of function [187]. Many
cellular processes are thought to be involved with these transcription
factors, such as the chaperone system, TrkA and notch signalling as
well as ER stress response [196-200], illustrating the complexity of
SCA diseases and the need for a clear understanding of pathogenic
mechanisms.

Potential Therapeutic Strategies

Although SCA diseases and their mechanisms of pathogenesis have
been extensively studied for decades, there is still no effective treatment
or prevention strategy. Some therapeutic strategies are in place that
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attempt to alleviate symptomatic pathogenesis; however, these are often
ineffective and rarely prolong life. For example, in SCA3, some respite
is found in pharmaceutical strategies that aim to reduce the severity and
progression of the Parkinsonian-like phenotype and other associated
symptoms, such as depression [201-203]. Takei and colleagues have
shown that Tandospirone, an antidepressant used in Asia, may provide
some benefit to patients with SCA3, as significant improvement was
observed in several self-rated physical and emotional scales [201].
While these results may support some improvement, the treatment is
nonspecific to SCA3 and only symptomatic relief was observed.

It is clear that strategies aimed at alleviating progression and/
or delay in onset in SCA diseases are of great interest to the patients
and health researchers. In order to achieve such strategies, the events
leading to neural aggregation and selective degeneration need to
be identified. Although pathogenically heterogeneous, there is
strong evidence to suggest a role for a number of potential universal
pathogenic pathways. These include; aggregation-autophagy, protein
misfolding, the ubiquitin-proteasome system and chaperone system, as
well as transcriptional dysregulation, For the benefit of this review, only
therapeutic strategies that have the potential to be applied to multiple
SCA diseases will be addressed.

Suppression/modification of mutant gene expression and
protein assembly

The current consensus is that the expanded CAG region in SCA
proteins leads to toxic gain of function. Therefore, a strategy that aims
to suppress or modify the mutant genes and their translated proteins
is both logical and highly attractive. The strategies currently being
trialled include antisense oligonucleotides (AOs) and RNA interference
(RNAI).

Antisense oligonucleotides are single stranded oligomers typically
20-25 bp long and are able to anneal to RNA or DNA via Watson-
Crick base pairing to a target (sense) strand. This allows the antisense
compound to modify gene expression in a very specific manner and
is dependent on the type of base and backbone chemistry [204]. For
a long period of time, these oligomers offered significant promise but
failed to deliver, as first generation oligonucleotides were plagued by
issues of inconsistent synthesis, delivery and sensitivity to nuclease-
induced degradation. The synthetic single stranded molecules where
often able to modulate gene expression in vitro, but were unable to
survive degradation and effectively enter the cell. However, in recent
times, chemical modifications were developed and introduced that
not only allowed the AOs to survive nuclease degradation, but also
provided additional mechanisms to manipulate gene expression.

Currently, AOs are being used to treat various muscular and
neurodegenerative diseases at varying stages of clinical trials, as well as
a variety of other disease such as cancer [205]. A recent review showed
that over 25 genes have been targeted using splice-switching AOs.
These AOs are used as therapeutics to redirect pre-mRNA splicing, in
which sequences vital to pre-mRNA processing are targeted, effectively
blocking binding of the splicing factors to the region [205,206]. These
types of AOs can be used to restore gene function, correct aberrant
splicing, produce a novel transcript or even down regulate gene
expression [205]. Most notably are Exondys 51 and Nusinersen, which
are treatments for Duchenne muscular dystrophy and spinal muscular
atrophy, respectively [207,208]. Exondys 51 gained FDA accelerated
approval in September 2016, and is designed to skip DMD exon 51
during pre-mRNA processing in order to restore the open reading
frame. Exondys 51 will treat a subset of Duchenne muscular dystrophy

patients who have deletions flanking exon 51 [208,209]. Nusinersen
gained full FDA approval in December 2016 and provides the only
approved treatment for patients with spinal muscular atrophy [207].

In terms of SCA diseases, van Roon-Mom et al. [210] have
conducted several studies using AOs as a therapeutic strategy [95,211].
In 2011, the group used a single 2’-O-methyl (2’-O-Me) AO on a
phosphorothioate backbone that effectively reduced several polyQ
disease protein levels, which included ataxin-1 and ataxin-3 [211]. The
group used the AOs to reduce transcript levels via selective repeat-
length dependent reduction of the various CAG encoding transcripts.
The in vitro study assessed the efficacy of various 2’-O-Me (CUG)_
triplet repeat AOs and found that (CUG), not only reduced the main
target protein, Huntington, but also reduced the mutant mRNA levels
of ataxin-1 and ataxin-3. Another benefit observed was that reduction
in mRNA levels was mutant specific, with the wild-type allele remaining
constant or only reduced by a nominal amount. This has major benefits
for some of the SCA disease proteins, such as TBP that are essential
for normal biological and cellular function. Therefore, a treatment that
spares wild-type protein is viewed as the most beneficial strategy.

A subsequent 2013 study on SCA3 and its associated protein,
ataxin-3 used AO mediated exon skipping in vitro to remove the CAG
repeat region in exon 10 and still maintain normal biological function
of the ataxin-3 protein [95]. Although results in patient cells were not as
convincing as in healthy cells, the study still showed that exon skipping
is an attractive potential therapy for SCA diseases. Furthermore, the
FDA approval of Exondys 51 shows that if an effective means of exon
skipping in vivo is achieved, and modifications to the SCA proteins
do not have any negative downstream effects, additional therapies
using AO technology are not unrealistic. Most recently, a 2017 study
showed that it was possible to suppress mutant ataxin-3 protein levels
in a YAC MJD-84.2Q mouse (84 polyQ) transgenic mouse model.
Methoxyethyl (MOE) modified gapmers, AOs with modified bases
at the ends on a phosphorothioate backbone with a DNA core were
injected intracerebroventricularly into the transgenic mice and resulted
in widespread delivery of the AOs into several key regions of the brain.
AOs were designed to reduce mutant and wildtype ataxin-3 levels
by inducing RNase-H degradation of target mRNA at the AO:RNA
duplex. Three of the 5 AOs tests showed a >50% reduction in the disease
protein levels in the cerebellum, diencephalon and cervical spinal cord
[212]. Although both mutant and wild-type mRNAs are suppressed in
this study, it has been found that ataxin-3 knockout mice appear to be
normal, which suggests that ataxin-3 may not be essential for viability
[213]. This avenue therefore provides another strategy for targeting
reduction or suppression of mutant ataxin-3.

Synthetic RNA analogues have the potential to bind to RNA target
sequences and in turn regulate gene expression. Regulation of gene
expression may be achieved in several ways, such as suppression of
translation, promotion of specific transcript degradation, redirection of
pre-mRNA processing or influencing mRNA stability. These molecules
have long been thought of as attractive candidates for therapeutics
[214]. Lentiviral encoded short-hairpin RNAs (shRNA) induced
allele-specific RNA silencing in a rat model for mutant ataxin-3. This
specificity was achieved through lentiviral vectors encoding siRNAs
that selectively target a SNP that occurs in over 70% of SCA3 patients.
This allele specific mechanism decreased the severity of neurological
pathogenesis associated with SCA3 [215]. Furthermore, independent
studies used a similar mechanism, adeno-associated viral (AAV)
vector based delivery of shRNA and small interfering RNA (siRNA) to
rescue phenotypes in SCA1 [216] and SCA?7 in affected mouse models,
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respectively. In the SCA7 mouse, treatment had a positive effect on
Purkinje neuron molecular layer thickness and appeared to reduce the
neuronal nuclear inclusions [217].

In 2012 Lima and colleagues noted that 2’-O-methyl (2’-O-Me)
and 2’-fluoro (2’-F) modified bases on a phosphorothioate backbone
yielded RNA-like single strands with the ability to overcome potential
issues observed with vector based unmodified shRNA and siRNA
technologies, such as susceptibility to degradation. These modifications,
termed single-stranded siRNAs (ss-siRNA), allowed the molecules to
effectively silence gene expression, however, the exact mechanisms by
which this silencing occurred was not identified. It was hypothesised
that the ss-siRNAs were able to enter the protein machinery and induce
an RNAI like effect [218]. The same group went on to use these ss-
siRNAs to silence expression in the two most common polyQ diseases,
HD and SCA3 [219,220]. The ss-siRNA molecules are complementary
to the CAG repeat regions found in these genes, thus, inhibiting
expression of both ataxin-3 and Huntington via the same mechanisms
for both diseases. A more recent 2017 study, using similar a chemistry
supported these findings, with selective and efficient downregulation
of mutant ataxin-3 observed in cultured fibroblasts [221]. Holistically,
the positive results described show that both non-selective and selective
modification of ATXN3 and HTT is achievable, and further testing into
the safety and efficacy of these treatments is needed. These tests will
allow the treatment strategies to progress from preclinical to phase I
and II trials, hopefully providing the first viable therapeutic strategies
for the treatment of SCA diseases.

Prevention of misfolding and protein aggregation

There is much debate as to the exact role neuronal nuclear inclusions
plays in pathogenesis, as researchers are still unable to determine
whether the aggregates directly induce neurodegeneration or if the
presence of misfolded proteins and oligomeric intermediates are to
blame [7,8,222-224]. However, the prevention or reversal of neuronal
nuclear inclusions still remains one of the most attractive avenues for
therapeutic treatment [225].

Of note, the prevention of mutant SCA proteins or the removal of
the CAG repeat should have a positive downstream effect on protein
aggregation. Prevention of mutant SCA proteins or removal of the toxic
CAG expansion will inhibit protein aggregation before it has a chance
to be produced. These strategies therefore, have a twofold benefit and
are believed to be the most promising of therapeutic possibilities in
the opinion of many clinical researchers. In terms of direct inhibition,
two main approaches exist; the inhibition of protein misfolding
and aggregation; and the upregulation of protein/neuronal nuclear
inclusions clearance.

Molecular chaperones are a large group of proteins that aid in
covalent folding/unfolding of macromolecular structures, with a
primary focus on protein folding. Heat shock proteins (HSP) are one
such class of chaperones that are believed to play a key protective role
in the aggregation of many SCA disease misfolded proteins [226-228].
Several studies over the past few decades have found therapeutic promise
in upregulating the expression of various HSPs due to their potential to
refold proteins and increase degradation [225]. Specifically, HSP40 and
HSP70 have been shown to repress polyQ-induced neurodegeneration,
as well as protect from cell death [227,229].

Of the HSP, the HSPB subfamily that comprises 10 individual
protein members has anti-aggregation properties in vitro [228]. Vos
et al. [228] conducted an in vitro study and studies in a Drosophila
model, to assess the individual polyQ anti-aggregation properties of

the HSPB. Although a significant proportion of the work reported was
conducted in Htt expressing cells, many inferences can be drawn due
to the similarities of pathogenic mechanism. HSPB7 and HSPB9 were
the only two proteins shown to reduce aggregates in cells expressing a
repeat region of 74, while HSPB7 was the only effective protein in cells
expressing a 119 polyQ region. This work was replicated in vivo and
showed that HSBP7 requires a functional autophagosomal machine
in order to function [228]. These results suggest that increasing the
expression of HSPB7 could be a potential therapeutic strategy. This may
be easily achieved with a simple supplement of calcium pantothenate (a
supplemental form of vitamin B5), as it has been reported to modulate
gene expression of HSPB7 [230]. However, this is by no means a robust
therapy and further studies would need to be conducted on the effects of
upregulation and the effectiveness of calcium pantothenate to modulate
HSPB expression to levels required for therapeutic benefit. Other drugs
such as epigallocatechin and tetracycline have been linked to altered
aggregation in SCA diseases, most notably SCA3 [231,232]. The two
drugs have been shown to positively alter aggregation and toxicity
of mutant ataxin-3 via two distinct mechanisms. Epigallocatechin
is believed to inhibit the formation of the amyloidgenic B-sheet-rich
structures that are known components in protein aggregation, and
steer formation towards non-toxic forms. While tetracycline did not
appear to create any structural alterations, it significantly increased the
solubility of the previously insoluble aggregates [231].

The ubiquitin proteasome system and autophagy are believed to
be the main avenues to improve protein clearance in SCA diseases
and would be most beneficial when targeting the removal of short
misfolded proteins, while autophagy is preferentially tailored to clear
larger toxic fragments that potentially form oligomeric complexes.
Autophagy is well known to be negatively regulated by mTOR, therefore
therapies targeted at increasing autophagy may increase the biologically
clearance of aggregated protein. Rapamycin is one of the most widely
known mTOR inhibitors and has been found to induce a higher rate
of autophagy in several polyQ diseases [63,233]. Temsirolimus (a
rapamycin analogue) was administered to mice via intraperitoneal
injection and found to decrease SCA3 aggregates as well as ameliorate
motor function and coordination [234]. More recently, a derivate of
triazole, OC-13 showed promise in increasing autophagic clearance
of insoluble aggregates and demonstrates another plausible therapy in
increasing autophagy [66].

Transcriptional dysregulation

Transcriptional dysregulation and repression have been implicated
in several of the SCA diseases and none more so than SCA17, with
SCAL, 3 and 7 also reported to involve some form of transcriptional
dysregulation. Altered histone deacetylase activity has been reported
in numerous SCA diseases, with a SCA3 mouse model providing
evidence that HDAC overactivity may be apparent [153,235]. Histone
deacetylases are a group of evolutionary conserved enzymes that are
responsible for the removal of acetyl groups from lysine residues on
proteins [236]. The group consists of four classes (I, II, III, IV), that are
separated on the basis of biological mechanism [237].

Evidence suggests that SCA3 mouse models show transcriptional
repression through the hypoacetylation of H3 and H4 histones
[153,235]. A 2011 study by Wang and colleagues found that sodium
butyrate, a known HDAC inhibitor, enhanced histone acetylation,
which led to increased gene expression in genes that are typically
supressed in the cerebellum of SCA3 mice [235]. Additionally, sodium
butyrate treatment delayed onset and improved ataxic symptoms in
the mouse model, as well as improved survival and the neurological
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phenotype. A subsequent study using a different HDAC inhibitor,
valproic acid, supported these results. The study used Drosophila and
SCA3 cell models in two independent studies. Studies in the fly model
demonstrated that prolonged administration of valproic acid slowed
neurodegeneration, reduced climbing disability and increased the
average lifespan of the flies. In cultured cells, valproic acid supressed
apoptosis while increasing the H3 and H4 acetylation levels [238].
These studies show that it is possible to alleviate, to some degree the
phenotypes associated with SCA3, and indicates potentially viable
options for the treatment of SCA3.

Ataxin-7 has also been shown to interact with HDAC, with an
increase in cerebellar (neurons and glia) HDAC3 protein levels observed
in transgenic SCA7 mice. In fact, in vitro work conducted in transfected
HEK293T cells, showed that ataxin-7 directly interacts with HDAC3,
and that this interaction may be a possible route of pathogenesis through
altered deacetylation [239]. In keeping with this concept, a study
demonstrated altered decacetylase activity and lysine acetylation levels,
in the brain of transgenic mice. Although the Wang et al’s and the Yi et
al. [238] study showed that HDAC inhibition is a potential therapeutic
strategy, a more recent 2014 study reported a contradictory finding.
Venkatraman et al. aimed to examine the role of HDAC3 in SCA1 and
HDAC3s potential for therapeutic treatment, by testing the effects of a
Purkinje-neuron specific, genetically depleted and null model of HDAC
on transgenic SCA1 mice. Interestingly, knockout HDAC3 models
showed a greater degree of motor impairment and neurodegeneration
when compared to unmodified models. These results suggest that
HDACS3 inhibition as a therapeutic strategy may pose potential risks, as
it is likely HDAC3 function may play a crucial role in normal Purkinje
neuron function [240]. It is clear that further research is required to
accurately describe the role of HDAC in SCA pathogenesis, for it seems
that targeting HDAC3 may not be a viable option.

Final Remarks

Advances in diagnostics in the past few decades have revealed
a similar pathogenic mechanism in six of the autosomal dominant
spinocerebellar ataxias. These six diseases (SCAL, 2, 3, 6, 7, 17) are
caused by an expansion of a CAG repeating sequencing in the coding
region of six independent genes. All six diseases present with common
ataxic symptoms, however, there is still a large degree of phenotypic
variation, from the rapid and early progression of SCA7, to the
more slowly progressive, milder form of SCA6. The high degree of
phenotypic variation is attributed to the varying number of the CAG
repeats as well as the toxic function of the mutant protein. Although
significant resources have been utilised in an endeavour to discover
the exact mechanisms of toxicity caused by polyQ SCA diseases, a
definitive answer still remains elusive, however, there is consensus
that disease is caused by a toxic gain of function rather than wild-type
loss of function. Other secondary causes such as protein misfolding,
aggregation, transcriptional dysregulation and RNA toxicity have also
been proposed. These common modes of pathogenesis are logical and
suggest potential avenues for therapeutic intervention, with several
pre-clinical studies being conducted in an attempt to provide relief
for patients, in areas such as protein clearance and modification of
gene expression. It is clear that the current symptomatic alleviation
treatments are severely limited in their benefit. Ongoing research
into the pathogenic cause of these diseases is needed, since once the
primary causative mechanism of disease is found, a more focused and
directed therapeutic target for this class of devastating diseases may
be possible.
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