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Polyglutamine spinocerebellar ataxias (PolyQ SCAs) are a group of 6 rare autosomal dominant diseases, which arise

from an abnormal CAG repeat expansion in the coding region of their causative gene. These neurodegenerative ataxic

disorders are characterized by progressive cerebellar degeneration, which translates into progressive ataxia, the main

clinical feature, often accompanied by oculomotor deficits and dysarthria. Currently, PolyQ SCAs treatment is limited only

to symptomatic mitigation, and no therapy is available to stop or delay the disease progression, which culminates with

death.
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1. Introduction

The term Spinocerebellar refers to the spinal cord and cerebellum, and ataxia means “absence of coordination”. So,

Spinocerebellar Ataxias (SCAs) are a group of degenerative diseases of the nervous system in which progressive ataxia

occurs . Until now, there are more than 40 genetically different SCA subtypes identified, which include inherited

autosomal recessive cerebellar ataxias, autosomal dominant spinocerebellar ataxias, and X-linked ataxias . The

nomenclature is given by the term SCA followed by a number, representative of the chronological order of the causative

gene or disease locus discovery. The latest discovered subtype is SCA 48 , however, some numbers are vacant, as

some subtypes overlap or share the same muted gene e.g., SCA15 and SCA16, and SCA19 and SCA22 . SCAs are

categorized into two subgroups according to the causative genetic origin: the non-repeat mutations and repeat

expansions SCAs (Figure 1). SCAs are rare inherited diseases affecting approximately 1–5:100,000 persons worldwide

. The most common is SCA3/MJD followed by SCA2 and SCA6, respectively . The three countries where SCAs are

more prevalent are: Portugal with the highest rates in population registering 5.6:100,000 , followed by Norway

registering rates of 4.2:100,000 , and Japan registering rates of 5:100,000 . In this entry, we are going to focus

specifically on the autosomal dominant SCAs with CAG expansion, also known as Polyglutamine (PolyQ) SCAs.

Figure 1. Representation of genetic classification of spinocerebellar ataxias.

PolyQ SCAs are caused by an abnormal CAG trinucleotide repeat expansion within the coding region of the causative

gene that encodes for the glutamine amino acids, generating an expanded polyglutamine protein. The repeat expansion

size varies from individuals, being related to the disease severity, and the age onset, that is, individuals with higher CAG

repetitions display an early onset of the symptoms, which are also more severe . PolyQ SCAs are also characterized

by the anticipation of the age onset, explained by intergenerational instability biased towards expansions. Additionally,

somatic mosaicism was also reported as being associated with the age of onset and the severity of the symptoms . The
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disease onset is usually in the fourth decade of life, with a life expectancy that can vary between 10–15 years . The first

symptoms are usually gait ataxia, frequently followed by limb incoordination, speech disturbance, and oculomotor

abnormalities  according to the SCA subtype. Although the symptomatology is similar between PolyQ SCAs, different

repeat size and genes are responsible for the SCA subtype (Table 1).

Table 1. Classification of autosomal dominant spinocerebellar ataxia with CAG expansions.

PolyQ Gene Locus Protein Molecular Function

Repeats

Normal Intermediate Disease

SCA1 ATXN1 6p22.3 Ataxin-1
Transcription Factor

Interactor
9–39 40 41–83

SCA2 ATXN2 12q24.12 Ataxin-2 RNA metabolism <31 31–33 34–200

SCA3/MJD ATXN3 14q32.12 Ataxin-3 Deubiquitinase 12–44 45–55 56–86

SCA6 CACNA1A 19p13.13

Calcium voltage-

gated channel

subunit alpha 1 G

Channel and

Transcription Factor
<18 19 20–33

SCA7 ATXN7 3p14.1 Ataxin-7
Transcription Factor

(SAGA Complex)
4–19 28–33 34–460

SCA17 TBP 6q27
TATA box-binding

protein
Transcription Factor 25–40 - 41–66

SCA–Spinocerebellar ataxia; MJD–Machado-Joseph Disease;  ATXN–Ataxin gene;  CACNA1A–Calcium voltage-gated

channel subunit α1 G; TBP–TATA box-binding protein; p–chromosome shorter arm; q–chromosome longer arm; SAGA

complex–SPT-ADA-GCN5 acetyltransferase .

2. Gene Therapy Augmentation Strategies

The gene therapy augmentation strategy is a simple and straightforward method where a new protein-coding gene is

added to a target cell or organ . This method is particularly suitable for monogenic recessive diseases, where only

adding one copy of the normal allele is enough for phenotype reversion, and ultimately cure the disease. This specific

strategy can also be named as gene replacement therapy, in the context where the dysfunctional or the lack of a protein is

overcomed by adding the correct version of the coding gene. However, for monogenic dominant or complex diseases, as

in case of PolyQ SCAs, this approach is not sufficient, and therefore other strategies, such as, gene silencing or gene

editing would have a better outcome in reverting the disease phenotype . While this is true, several studies have shown

that gene addition therapy could be useful in the context of PolyQ SCAs. As mentioned, several pathways and molecules

are dysregulated and implicated in PolyQ SCAs pathogenesis. Thus, several studies investigated the delivery of protein-

coding genes that encode for growth factors, neuronal homeostasis, or autophagy-activating proteins, such as the insulin-

like growth factor , DNAJ proteins , beclin-1  respectively, as a strategy to counteract the pathology phenotype.

These strategies have different mechanisms of actions and target different aspects of the disease pathogenesis,

nevertheless they all aim to ameliorate neuronal homeostasis and through this mitigate the disease phenotype. This

method aims mostly to delay the disease progression by ameliorating neuronal homeostasis. Considering this, we will

review gene augmentation studies aiming to activate autophagy or to have a neuroprotective impact.

2.1. Strategies Activating Autophagy

Eukaryotic cells have two main mechanisms to degrade misfolded proteins: the autophagy and the ubiquitin-proteosome

system . In a simplistic way, the autophagy process starts with the engulfment of intracytoplasmic proteins and

organelles into a double-membrane vesicle forming the autophagosome. Afterward, the fusion between the lysosome and
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the autophagosome occurs, leading to degradation of the autophagosome content . Important studies in vivo have

shown that the knockout of essential autophagy proteins and the consequent autophagy impairment led to a

neurodegeneration phenotype . In PolyQ SCAs, several studies established autophagy dysregulation as a common

feature in the molecular pathogenesis of these diseases and a preferential target for therapeutic development (Table 2).

For example, polyQ protein cytosolic aggregates co-localize with important autophagy proteins, suggesting that these

components are sequestrated to aggregates, therefore preventing their normal function and impairing autophagy

functioning . Although autophagy activation seems like a promising strategy, it would be more efficient for PolyQ SCAs

with cytoplasmic aggregates localization, such as SCA2 and SCA6, or to SCA3/MJD that has both intranuclear and

cytosolic locations .

An investigation aimed to reinstate the cholesterol 24-hydroxylase (CYP46A1) in SCA3/MJD disease models, which were

shown to be downregulated . This study showed that CYP46A1 expression is able to specifically upregulate autophagy,

which was shown to be dysfunctional in SCA3/MJD . CYP46A1 is a cholesterol efflux enzyme that is involved in the

brain cholesterol metabolism and its levels are significantly reduced in the brain of SCA3/MJD patients and also in mouse

models. The re-establishment of CYP46A1 showed a reduction in ataxin-3 aggregates accumulation, alleviated disease-

associated neuronal abnormalities, and improved motor deficits .

Another study, analyzed brain tissue from SCA3/MJD patients and found an abnormal expression of several autophagic

markers, a dysfunctional accumulation of autophagosomes and decreased levels of beclin-1, a protein involved in

autophagy . Using a lentiviral vector encoding for beclin-1, the researchers overexpressed beclin-1 in two different

mouse models of SCA3/MJD . The results indicated that when injected in an early stage of the disease, beclin-1

overexpression could prevent the neuropathology and behavior deficits. However, when injected in a late stage of the

disease, beclin-1 only partially block the disease progression .

Following the same line, a study identified that Homer-3 expression, a Purkinje-enriched scaffold protein that regulates

neuronal activity, is impaired in SCA1 as a consequence of reduced mTORC1 signaling . mTORC1 is an autophagy

regulator, that when inhibited exacerbates the disease pathology. In this study, a mouse model of SCA1 was injected with

adeno-associated virus (AAV) vector carrying Homer-3. The results showed that Homer-3 overexpression ameliorated

climbing fibers deficits, reduced spine loss and enhanced mTORC1 signaling in Purkinje cells . However, no motor

evaluation of the animals upon Homer-3 overexpression was performed.

2.2. Neuroprotective Strategies

The PolyQ SCAs expanded protein and aggregates accumulation, interfere with the cellular homeostasis thus contributing

to neuronal degeneration . As such, several gene therapy strategies aimed to activate neuroprotective strategies, in

order to protect neuronal homeostasis.

In the context of SCA1, a study investigated the overexpression of human ataxin-1-like in an effort to compete with mutant

human ataxin-1 . The results showed that human ataxin-1-like overexpression improved motor coordination in SCA1

mouse model and led to an improvement of neuronal function. Thus, authors suggested that ataxin-1-like overexpression

is a promising candidate for pre-clinical experiments . Similarly, another study was conducted with the aim of increasing

the expression of normal ataxin-3 in a lentiviral SCA3/MJD model. However, authors found that wild-type ataxin-3

overexpression did not show protection against the SCA3/MJD pathology, which could be explained by the interaction of

mutant ataxin-3 with the wild-type form that promotes its translocation to the nucleus .

Another study showed that ataxin-2 levels, a translation regulatory protein, is reduced in samples from SCA3/MJD

patients and in animal models of disease . Therefore, the re-establishment of ataxin-2 levels was promoted using

lentiviral vectors in different cellular and animal models of the disease. The results showed that the re-establishment of

ataxin-2 levels reduced mutant ataxin-3 levels, the number of intraneuronal aggregates, and mitigates motor deficits,

suggesting a possible neuroprotective impact of ataxin-2 in the context of SCA3/MJD .

The proteolytic cleavage of mutant ataxin-3 leads to the generation of cytotoxic aggregates of protein products, resulting

in large intracellular inclusions that many associate with the SCA3/MJD pathogenesis. A family of proteins involved in the

proteolytic cleavage are the calpains, which are known to be involved in ataxin-3 cleavage . A study, overexpressed

endogenous calpastatin, a calpain-specific inhibitor, in a lentiviral mouse model of SCA3/MJD . Calpastatin

overexpression prevented mutant Ataxin-3 cleavage, its translocation to the nucleus and the formation of nuclear

aggregates .
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Also in SCA3/MJD, it was identified a new guanosine triphosphatase named CRAG (collapsin response mediator protein

(CRMP)-associated molecule (CRAM[CRMP-5])-associated GTPase) that facilitates the PolyQ aggregates degradation

through the ubiquitin-protease pathway . In a transgenic mouse model of SCA3/MJD the administration of CRAG

mediated by lentiviral vectors showed a clearance of PolyQ aggregates and an improvement in the mice ataxic

phenotype. Also, Purkinje cells misarrangement and disorientation in the CRAG-treated transgenic mice was ameliorated

compared to control animals .

A study used neuropeptide Y (NPY), as a strategy to mitigate SCA3/MJD phenotype due to its features as an inhibitor of

cell death, autophagy stimulator, anti-inflammatory effect, and increased trophic support . Transgenic SCA3/MJD mice

were injected with AAV vectors overexpressing NPY. The results showed that NPY overexpression rescued motor and

balance impairments and reduced the number of mutant ataxin-3 aggregates, prevented microglial immunoreactivity and

significantly reduced proinflammatory cytokine Il6 mRNA levels. Overall, these results showed a mitigation of the disease

associated neuropathology and motor and balance-related deficits upon NPY expression .

The autosomal dominant trait of PolyQ SCAs contributes to the limited research and development of gene augmentation

strategies, being mainly centered in SCA1 and SCA3/MJD. Some of the results from the above-mentioned studies

demonstrate promising results using gene augmentation as a strategy to delay disease progression for SCA1 and SCA3,

as they were able to reduce important neuropathological abnormalities. Even though none of these strategies could

represent a definitive cure for PolyQ SCAs, these studies aimed to restore dysfunctions underlying the pathogenesis and

therefore mitigate the disease phenotype. The strategies here presented might be extendable to the other PolyQ SCAs,

as they share similar mechanisms of pathogenesis. However, to proceed with these strategies to clinical trials more data

is necessary, such as testing in larger mammal models, i.e., non-human primates, to address the beneficial effects and

importantly to access the safety profile of delivering these genes.

Table 2. Selected gene augmentation strategies studies in polyglutamine spinocerebellar ataxias.

Disease Molecular Target Gene Delivery System Strategy References

SCA1
Homer-3 AAV vectors Autophagy

Ataxin-1 like AAV vectors Neuroprotection

SCA3

CYP46A1 AAV vectors Autophagy

Beclin-1 Lentiviral vector Autophagy

Calpastatin AAV vectors Proteolytic cleavage

Wild-type ataxin-3 Lentiviral vector Neuroprotection

Ataxin-2 Lentiviral vector Neuroprotection

CRAG Lentiviral vector Neuroprotection

NPY AAV vectors Neuroprotection

CYP46A1–cholesterol 24-hydroxylase; iRNA–Interference RNA; CRAG–collapsing response mediator protein (CRMP)-

associated molecule (CRAM[CRMP-5])-associated GTPase; NPY–neuropeptide Y; MJD–Machado-Joseph Disease AAV–

Adeno-associated virus; Tg–transgenic.

3. Gene Silencing Strategies

PolyQ SCAs have their underlying cause in single genetic factors, which influences a diverse set of downstream

molecular pathways that contribute for disease progression . Additionally, in vivo studies, regarding

mutant  ATXN3  RNA-derived toxicity, have reported that the expression of untranslated transcripts with abnormally

expanded CAG repeats lead to cell degeneration in Drosophila, Caenorhabditis elegans and mouse models . This

toxicity may be due to (i) the formation of expanded CAG RNAs foci, which can sequester proteins implicated in

alternative splicing ; (ii) interference with nucleolar function  or (iii) silencing of the expression of certain genes .

The length of untranslated CAG transcripts was also shown to directly influence the toxicity of such RNA molecules, as

the expression of transcripts with increased CAG length, deteriorated motor phenotype . Considering these findings,

silencing the expression of such pathological RNAs will result in a lack of toxic protein translation, while also eliminating

the toxicity exerted by the RNA molecules themself. Therefore, the most straightforward therapeutic approach for PolyQ

SCAs would be to silence the expression of the gene containing the disease-causing mutation. This may be achieved by
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promoting RNA degradation, skipping the mutant exon, impairing protein translation, correcting the pathological mutation

or preventing gene translation altogether. Ultimately, such gene silencing strategies would allow to act at the earliest steps

possible, admittedly preventing disease onset or progression .

3.1. RNAi-Based Gene Silencing Strategies

Endogenous RNA interference (RNAi) pathway is driven by microRNAs (miRNAs), endogenous non-coding RNAs

comprised of approximately 22 nucleotides. These non-coding RNAs have been found to regulate different cellular

processes, from cell proliferation, and development, to cell death . Taking advantage of the discovery of this versatile

tool for regulating target genes, researchers started to synthesize artificial RNAi molecules constituted by 21 to 23

nucleotides, with the aim of inhibiting genes of interest and observing the outcome, as part of fundamental research

efforts. This opened the door for designing oligonucleotides capable of silencing a gene responsible for a particular

pathology, enabling the treatment of dominant genetic diseases such as PolyQ SCAs .

Experimentally, the mechanism of RNAi can thus be triggered by different RNA molecules: miRNAs, siRNAs and shRNAs

, which may be delivered in different ways. They can be introduced into the cell as small interfering RNAs (siRNAs),

similarly to a protein-based therapy, or via plasmids and viral vectors, which incorporate into the genome and are

endogenously expressed in the form of short hairpin RNAs (shRNAs), which, contrary to siRNAs, result in enduring gene

silencing .

In the case of nucleus-bound RNA molecules such as miRNA and shRNA, the RNAi pathway starts with the expression of

those RNAs transcripts, containing hairpin structures, and their processing by Drosha. The processed RNA molecules are

then transported to the cytoplasm via exportin-5, a nuclear membrane protein. Once in the cytoplasm the RNAi pathway is

common to the nuclear and cytoplasmic RNAs, such as siRNAs. Upon entering the cytoplasm, RNAi molecules are

processed by Dicer, giving rise to a mature RNAi molecule. The antisense strand from the mature RNAi molecule is then

loaded onto a protein complex named RNA-induced silencing complex (RISC), which will recognize a specific

complementary mRNA. Upon biding, two silencing pathways can occur: (i) a RNAse-mediated degradation when the

target sequence mRNA is 100% complementary to the RNAi molecule, which results in digestion of that target sequence,

or (ii) repression of mRNA translation when complementarity is partial .

3.1.1. Short Hairpin and Small Interfering RNAs Mediated Silencing

The current foundations for non-allele-specific silencing using artificial RNAi molecules in PolyQ SCAs were laid in 2004

by Xia and his colleagues (Table 3). In their study, delivery of AAV1 expressing shRNAs targeting  ATXN1  to the

cerebellum of a SCA1 mouse model, knocked-down ataxin-1 levels significantly and led to motor improvements,

cerebellar morphology rescue and reduction of ataxin-1 aggregates in Purkinje cells . Following these findings, the

same group improved the strategy’s safety and efficacy by cloning the previously used shRNA into a miRNA backbone,

and by delivering them to the cerebellar nuclei providing a broader biodistribution . Viral-mediated knockdown of

endogenous  ATXN3  in a non-allele-specific manner also proved to be safe and efficient in SCA3/MJD models.

Indeed, ATXN3  knockdown resulted in a reduction of mutant ATXN3  levels and decreased considerably the number of

ataxin-3 inclusions as well as neuropathological features .

Mouse and  C. elegans ATXN3  knockout models are viable and display no abnormal phenotype . However, the

absence of Ataxin-3 affects many transduction pathways and alters the regulation of a large set of genes, which may

result in deleterious effects . Furthermore, the loss of WT Ataxin-3 during long periods of time has not been fully

assessed. Taking this into account, a silencing strategy should be whenever possible targeted only to the mutant allele,

allowing normal gene functions not to be disrupted. Although more technically challenging, allele-specific approaches

allow RNAi molecules to distinguishing between wild-type and mutant alleles. In order to develop allele-specific strategies

targeting mutant alleles, the presence of genetic variants such as single-nucleotide-polymorphisms (SNP), only common

in the patient population must be first identified .

Among PolyQ SCAs, SCA3/MJD has seen the most extensive efforts made towards allele-specific silencing. Li and

colleagues were the first to successfully target mutant ATXN3 and reduce its levels in cell cultures, while WT levels were

only slightly reduced . Later, a study performed in a SCA3/MJD rat model established the proof-of-concept for allele-

specific silencing in the disease . This pioneer study in conjunction with a following study, demonstrated that viral-

mediated silencing of mutant ATXN3 was accompanied by a mitigation of neuropathological deficits . Additionally,

Nóbrega and colleagues also showed the recovery of neuropathological and motor features associated with SCA3/MJD

after disease onset, following mutant  ATXN3  silencing in a transgenic mouse model . Furthermore, the long-term

expression of the shRNA used in these studies did not lead to toxic effects, in a recent safety assessment . In an
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alternative approach, siRNAs targeting mutant  ATXN3  were encapsulated in SNALPs and delivered intravenously to

different SCA3/MJD mouse models. This resulted in efficient selective silencing and improved motor behavior and

neuropathology .

In vitro studies performed in SCA7 patient derived fibroblasts demonstrated that allele-specific siRNAs are able to

selectively silence ATXN7. The siRNAs targeting a SNP within mutant ATXN7 led to a knockdown of the mutant transcript

and mitigation of disease-relevant phenotype , while a siRNA targeting the CAG repeat region in ATXN7, only resulted

in decrease of mutant Ataxin-7 at a protein level .

Most recently, viral mediated delivery of the same shRNAs targeting the CAG repeat tract to SCA3/MJD and SCA7 patient

derived fibroblasts, resulted in robust allele-specific silencing of mutant ATXN3 and ATXN7, respectively .

Table 3. Selected siRNA and ShRNA based studies in polyglutamine spinocerebellar ataxias.

Disease Target Allele
Specificity Technology Experimental Systems Delivery References

SCA1 Ataxin-1 Non-specific shRNA SCA1 transgenic mouse
model

AAV-mediated
transduction

SCA3/MJD

Mutant
Ataxin-3

Allele-
specific siRNA HEK 293T cells Transfection

Mutant
Ataxin-3

Allele-
specific shRNA LV-induced SCA3/MJD rat

model
LV-mediated
transduction

Mutant
Ataxin-3

Allele-
specific siRNA SCA3/MJD transgenic

mouse model
SNALPs-mediated

transduction

Mutant
Ataxin-3

Allele-
specific shRNA Patient derived

fibroblasts
LV-mediated
transduction

  Ataxin-3 Non-specific shRNA LV-induced SCA3/MJD rat
model

LV-mediated
transduction

SCA7

Mutant
Ataxin-7

Allele-
specific siRNA Patient derived

fibroblasts Transfection

Mutant
Ataxin-7

Allele-
specific siRNA Patient derived

fibroblasts Transfection

  Mutant
Ataxin-7

Allele-
specific shRNA Patient derived

fibroblasts
LV-mediated
transduction

SNALPs–stable nucleic acid lipid particle; LV–lentiviral; AAV–Adeno-associated virus.

3.1.2. MicroRNA-Mediated Silencing

Considering that miRNAs physiologically regulate gene expression, miRNA profiling studies in cells from PolyQ SCAs

patients, often result in the identification of miRNAs responsible for regulating the disease-causing gene in a pathological

context . This allows to harness the natural silencing properties of miRNAs to knockdown mutant genes through

artificial or mimic miRNA molecules. In fact, the expression of artificial miRNAs directed towards  ATXN1,  ATXN3,

and ATXN7 in cell cultures and/or mouse models and non-human primates have proven efficient in reducing mRNA and

protein levels of all three genes (Table 4) .

For example, the administration of a miR-25 mimic to SCA3/MJD cellular models decreased ataxin-3 levels and

aggregation, while also reducing apoptosis and therefore increasing cell viability . In another study, miR-9, miR-181a

and miR-494 were found to be downregulated and associated with neuropathology in SCA3/MJD. Upon reestablishment

of these miRNAs, mutant ataxin-3 levels were reduced in both in vitro and in vivo models .

Following the identification of miR-3191 as a potential therapeutic miRNA for SCA6, this miRNA was delivered via viral

vector to a SCA6 mouse model. This resulted in an amelioration of motor disease related features and reduced Purkinje

cell degeneration . A study in SCA7 knock-in mice and N2a cell cultures, revealed that the administration of a miR-124

mimic led to a decrease in both Ataxin-7 and lnc-SCA7 expression . As for SCA1 cell models, ataxin-1 levels were

found to be decreased upon overexpression of miR-19, miR-101 and miR-130 . Additionally, another study also

reported that miR-144 overexpression significantly decreased Ataxin-1 protein levels in HEK 293T cells .
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The reports compiled in this section, contribute to strengthen RNAi-based strategies as a viable therapeutic approach for

PolyQ SCAs, capable of efficiently promoting gene silencing whether through an allele-specific or non-allele-specific

manner, although the former is still limited to SCA3/MJD and SCA7. In order to develop future allele-specific strategies for

PolyQ SCAs, further knowledge in patient genetic variants is required.

Table 4. Selected microRNAs studies in polyglutamine spinocerebellar ataxias.

Disease microRNAs Target Experimental System Delivery References

SCA1

Artificial miRNA ATXN1
C2C12 cells, SCA1 transgenic
mouse model and non-human

primates

AVV-mediated
transduction

miR-19, miR-101 and
miR-130 mimic ATXN1 HEK 293T, HeLa and MCF7 cells Transfection

miR-144 mimic ATXN1 HEK 293T cells Transfection

SCA3/MJD

Artificial miRNA ATXN3 SCA3/MJD transgenic mouse
model

AAV-mediated
transduction

miR-25 mimic ATXN3 HEK 293T and SH-S5Y5 cells Transfection

miR-9, miR-181a and
miR-494 mimics ATXN3 HEK 293T cells and LV-induced

SCA3/MJD mouse model
LV-mediated
transduction

SCA6 miR-3191-5p CACNA1A AAV-induced SCA6 mouse model AAV-mediated
transduction

SCA7

Artificial miRNA ATXN7 SCA7 transgenic mouse model AAV-mediated
transduction

miR-124 mimic Lnc-SCA7 and
ataxin-7 N2a cells Transfection

Lnc–Long non-coding; LV–lentiviral; AAV–Adeno-associated virus; SCA–Spinocerebellar ataxia; MJD–Machado-Joseph

Disease; ATXN–Ataxin gene; CACNA1A–Calcium voltage-gated channel subunit α1 G.

3.2. Antisense Oligonucleotides

Antisense oligonucleotides (ASOs) are synthetic single-stranded DNA molecules, capable of hybridizing to target mRNA

molecules through Watson-Crick base pairing and alter their functions, and thus allowing to artificially modulate gene

expression via different mechanisms . These mechanisms may be divided in two groups: RNAse H-dependent mRNA

degradation and RNAse H-independent. In order to mediate RNAse H-dependent mRNA degradation, a portion of

nucleotides in the 2′ position of the ASOs molecules must remain unmodified . Following the formation of the

mRNA:DNA(ASO) duplex and its recognition by RNAse H, the target mRNA molecule is cleaved, while the artificial

oligonucleotide molecule remains intact . In the case of RNAse H-independent RNA modulation, completely 2′-modified

ASOs may be used to mediate several processes where mRNA degradation is not the outcome. This mechanism can be

employed to modulate mRNA splicing events, which in the context of PolyQ SCAs could enable skipping the exons

containing the pathological mutation .

ASOs have been employed in several PolyQ SCAs studies as a potential silencing strategy (Table 5). In 2013, Evers and

colleagues demonstrated that ASOs were able to mediate exon skipping of the ATXN3 exon containing the CAG repeats

in cell and mouse models, without any apparent deleterious effects . Additionally, the same group also showed that this

exon skipping strategy in a transgenic SCA3/MJD mouse model led to a reduction in ataxin-3 insolubility and nuclear

accumulation of the protein . A study employing ASOs to promote ataxin-3 RNA degradation resulted in a reduction of

mutant ataxin-3 protein levels in cell and mouse models . Following this previous study, the most promising ASO was

chosen and delivered to a SCA3/MJD mouse model. Upon ASO delivery, mitigation of several disease-associated

phenotypes was observed .

Regarding other PolyQ SCAs, recent studies applying ASOs mediated RNA suppression to reduce target gene expression

and ameliorate disease phenotypes in mouse models have yielded promising results. In fact, studies in SCA1 and SCA2

mouse models, revealed that upon intracerebroventricular (IVC) injection, expression of ATXN1 and ATXN2 mRNA levels

were significantly decrease and motor deficits mitigated . Noteworthy, ASO-mediated ATXN7 knockdown, in the eye

of SCA7 mice, resulted in a considerable reduction of Ataxin-7 expression and protein aggregation, as well as the

amelioration of several visual impairments .
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More recently, a study performed in SCA3/MJD and SCA1 mouse models employed an ASO molecule, entitled (CUG)7,

which had been previously developed to target the CAG stretches in Huntingtin . In this study, researchers were able to

successfully reduce the protein levels of mutant Ataxin-3 in SCA3/MJD patient derived fibroblasts and mouse model. As

for SCA1, (CUG)7, was also able to reduce the protein levels on mutant ataxin-1 in both cell and mouse models .

In recent years ASOs-based approaches have seen a rise in interest. Promising results in several PolyQ SCAs

established ASOs as a viable alternative to RNAi-based strategies. Notably, ASOs have greatly expanded their range in

target diseases and improved upon existing ones in the last few years. Exon skipping mediated by ASOs may also

become instrumental in the future potentially resolving mutant RNA derived toxicity, which has been identified as a

possible pathological mechanism in PolyQ SCAs. Finally, multi-PolyQ disease approaches using ASOs such as the one

developed by Kourkouta and colleagues  may mark the rise of ASOs as the future gold standard in oligonucleotide-

mediated gene silencing.

Table 5. Selected ASOs-based studies in polyglutamine spinocerebellar ataxias.

Disease Target Mechanism Delivery Method References

SCA1
Ataxin-1 RNAse-H dependent degradation ICV

Ataxin-1 Translation hindrance ICV

SCA2 Ataxin-2 RNAse-H dependent degradation ICV

SCA3/MJD

Ataxin-3 Exon 9 and 10-skipping ICV

Ataxin-3 RNAse-H dependent degradation ICV

Ataxin-3 Exon10-skiping ICV

Ataxin-3 Translation hindrance and Exon10-skiping ICV

SCA7 Ataxin-7 RNAse-H dependent degradation IVI

IVI-intravitreal injection, IVC-intracerebroventricular injection; SCA—Spinocerebellar ataxia; MJD—Machado-Joseph

Disease.
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