Advances in the understanding of hereditary ataxia

— implications for future patients

Abstract

Introduction: Hereditary ataxias are caused by mutations in a plethora of different genes.
Advances in sequencing technologies have led to an exponential increase in novel gene
discoveries, highlighted the genetic overlap with other neurological diseases and improved our
understanding of genotype-phenotype relationships. Together, these developments allowed the
identification of new therapeutic targets that are subsequently making their way into clinical
trials.

Areas covered: This review focuses on the shared genetic characteristics and the latest insights
into the molecular cause of the most prevalent hereditary ataxias. Furthermore, conventional
genetic diagnosis and the gradual implementation of next-generation sequencing (NGS)
approaches in clinical practice is discussed. Finally, the latest investigated disease-modifying
therapeutic agents are reviewed. A literature search was performed in PubMed and the
Cochrane Library. Additional information on previous and on-going trials was obtained from
the ClinicalTrials.gov website.

Expert opinion: The implementation of NGS in clinical practice has led to an increase in
detected sequence variants of unknown clinical significance. Determining their pathogenicity
is an expensive and time-consuming process. However, misinterpretation of these variants can
have far-reaching consequences for the patient and their relatives. In accordance with the
progresses in genetics, there is a need for the simultaneous definition of novel biomarkers and
functional assays that can assist in the interpretation of genetic tests. Moreover, the
identification of biomarkers that are relevant to specific diseases has the potential to improve

clinical trial design.



Article highlights

» Hereditary ataxias are mono-genetic diseases that show genetic and clinical heterogeneity with

marked phenotypical overlap.

» The most prevalent dominant, recessive and X-linked ataxias are due to a trinucleotide repeat
expansion in their respective genes.

» Depending on the disease-causing gene, the length and configuration of these trinucleotide
repeat expansions variably influences age of onset, intergenerational instability and

phenotypic presentation.

» Advances in sequencing technologies, such as next-generation sequencing, have
revolutionised the genetic landscape of ataxias and are increasingly implemented in clinical
practice.

» Disease-modifying treatments target the genetic cause of the disease directly or focus on
shared pathological downstream mechanisms. Biomarkers could prove useful in monitoring

therapeutic response.




1. Introduction

The term hereditary ataxia encompasses a clinically and genetically heterogeneous group of
disorders. They share a progressive incoordination of motor activity affecting gait, extraocular
movements and speech.! Underlying these conditions is a well-described genetic association
with autosomal dominant, autosomal recessive, X-linked or mitochondrial transmission.? Even
though marked variability in intra- and interfamilial phenotypical presentation were identified
early in their description, and different genetic backgrounds suspected, the number of distinct
genetic causes has only recently begun to be unravelled.? The first milestones of gene discovery
in hereditary ataxia were made in the early 1990s with the discovery of pathogenic repetitive
trinucleotide repeat (TR) expansions within the ATXNI gene in Spinocerebellar ataxia type 1,
and the FXN gene in Friedreich’s ataxia (FRDA).** Both causative genes were discovered by

linkage analysis and subsequent Sanger sequencing.

In the last two decades, conventional sequencing techniques have gradually been replaced by
next-generation sequencing (NGS). These new approaches are capable of reading huge
amounts of genetic sequences in parallel.® NGS has undoubtedly revolutionised the field of
ataxia by broadening our knowledge about the phenotypic spectrum of known ataxia associated
genes and exponentially increasing the number of novel gene discoveries (Figure 1).7® To date,
over 40 different disease-causing gene loci have been mapped in autosomal dominant
cerebellar ataxias (ADCA) (Table 1). These genetic loci have been labelled spinocerebellar
ataxia (SCA) and numbered in chronological order of their discovery. The group of eight
known episodic ataxias and Dentatorubral-pallidoluysian atrophy (DRPLA) are an exception
to this nomenclature. In addition, an equally high number of causative genes has been identified
in recessive ataxias (Table 2). However, their classification remains a challenge due to a lack

of uniform nomenclature and the vast number of recessive neurological diseases presenting



with symptoms of ataxia. This is reflected by the marked variability in disorders that are
included to the group of hereditary recessive ataxias in literature.” Although numerous, both
dominant and recessive ataxias belong to the group of rare diseases. The average prevalence is
2.7 in 100,000 and 3.3 in 100,000, respectively.! An awareness of the great variation in
prevalence of distinctive ataxic disorders that exists in different ethnical groups and geographic

regions may facilitate the choice of genetic tests in clinical practice.

The observed phenotypical overlap between hereditary ataxias is surprising considering the
broad structural and functional differences in the disease-causing proteins. Physiological
functions of disease-causing genes in SCAs include ion transport, deubiquitination,
dephosphorylation and phosphorylation, transcriptional regulation and translational
elongation.!! The nuclear gene FXN that is mutated in FRDA encodes for a well-studied,
ubiquitously expressed mitochondrial protein that is crucial for the biogenesis of iron-sulphur

clusters and haem.>:!2

The literature on pathological downstream mechanisms is rapidly
growing, however their individual contribution to neurodegeneration remains unclear. The fact
that this genetic heterogeneity results in such a similar clinical picture drives the search for
shared molecular pathways that could potentially have an implication beyond the field of
progressive ataxias.!> A cross-disciplinary cooperation between clinicians, cell biologist and
physiologist seems crucial in the definition of new therapeutic targets. Based on the postulated
toxic gain-of-function hypothesis in the polyglutamine ataxias and animated by the
breakthrough clinical success of antisense oligonucleotide (ASO) treatments in spinal muscular
atrophy (SMA) and positive preliminary results in a Phase Il clinical trial in Huntington disease
(HD), different genetic approaches with the common goal of decreasing toxic protein levels

are currently under investigation for SCAs.!*1¢ On the other hand, to combat the pathogenic

loss-of-function, restoration of physiological frataxin protein levels appears to be a viable



approach for FRDA patients.!” In addition, new agents aimed at improving the mitochondrial

defects in FRDA are currently being assessed in clinical trials.'®

This review will focus on the most prevalent dominant, recessive and X-linked ataxias in adults
that are intriguingly all associated with pathological repetitive DNA sequences. We aim to
outline the progress made in the molecular understanding of disease pathogenesis and the
techniques that have made these advances possible. Lastly, we comment on the most recent

developments in preclinical and clinical trials.

2. Repeat expansions as a shared theme in the most prevalent ataxias

2.1 Repeat expansions in autosomal dominant ataxia

ADCA are clinically characterized by a typically late-onset, progressive ataxia, but can present
at any age. This incoordination is caused primarily by the degeneration of the cerebellum,
which is variably associated with the involvement of other central and peripheral nervous
system regions.!”?! In the individual patient, cerebellar ataxia is often accompanied by a

variety of additional neurological symptoms.??

A plethora of causative mutations have been described in dominant inherited ataxias, including:
conventional mutations (SCAS5, SCA11,SCA13, SCA14, SCA19/22, SCA23, SCA26, SCA27,
SCA28, SCA19, SCA35); rearrangements (SCA15, SCA16, SCA20); as well as expansions of
variable length in intronic (SCA8, SCA10, SCA12, SCA31, SCA36) and exonic regions
(SCA1, SCA2, SCA3, SAC6, SCA7, SCA17, DRPLA).?*> The latter encompass the most
common and best studied dominantly inherited ataxias. Together with other late-onset
neurodegenerative diseases, namely HD and spinal-bulbar muscular atrophy, they form the

group of nine known polyglutamine (polyQ) diseases. These disorders share an exonic (CAG)a



TR expansion in their respective disease genes.?*2¢ Simple repetitive elements are considered
pathological if the number of triplets are greater than the number found in wild-type alleles.?’
Once above a critical threshold, the excessive polyQ stretches in the translated proteins
promote cell specific degeneration associated with a toxic gain-of-function at the protein and
mRNA level, which leads to the pathological hallmark of these disorders, cellular

aggregation.?®

In addition to pathogenic exonic TR expansions, repetitive DNA elements have more recently
been discovered in untranslated regions of ataxia associated genes.?*33 SCAS, for example,
belongs to the group of pure adult-onset cerebellar ataxias. It is caused by a unique overlapping
intronic CAG-CTG repeat in two complementary genes in the SCAS locus.** The CTG
expansion in the ATXNSOS gene is transcribed into mRNA containing an expanded CUG
repeat, while the CAG expansion in the ATXNS gene encodes a polyQ protein.*? This poly-
alanine was one of the initial proteins described in repeat associated non-ATG (RAN)
translation. RAN translation occurs in different frames and causes accumulation of
homopolymeric toxic SCA8-polyalanine peptides in vitro.>> This mechanism has since been
described in other trinucleotide repeat diseases such SCA2, SCA7, HD, myotonic dystrophy,

c9orf72-mediated amyotrophic lateral sclerosis (ALS) and frontotemporal dementia.>>-°

2.2 Repeat expansions in autosomal recessive ataxia

FRDA is the most prevalent recessive ataxia and shares the causative agent of a TR expansion.
At the genetic level, FRDA is caused by a homozygous transcribed, but not translated (GAA),
expansion located in the first intron of the FXN gene in about 95% of patients. The residual
individuals are compound heterozygote for a pathological expansion and a point mutation,

insertion or deletion.>*° In contrast to ADCA, onset of symptoms is typically around puberty,



family history is often negative except for affected siblings and atrophy is observed mainly in
the dorsal root ganglia, spinocerebellar and pyramidal tracts; with less predominant
involvement of the cerebellum. Two recent studies suggest an underlying developmental
component adding to degeneration of the dorsal columns.*'*? Together with axonal peripheral
neuropathy, these neurodegenerative patterns contribute to hallmark clinical features, such as
progressive unsteadiness of gait, bilateral Babinski sign and loss of deep tendon reflexes.*
Multisystem involvement is reflected by the high incidence of cardiomyopathy and insulin
resistance that require close surveillance and active management.** Late-onset presentations
associated with smaller expansions on the shorter FXN allele (GAAT1) are increasingly well

characterized, broadening the phenotypic spectrum of the disease.*

2.3 Repeat expansions in X-linked ataxia

The most common and only recently recognized adult-onset X-linked ataxia is fragile X-
associated tremor/ataxia syndrome (FXTAS). The typical clinical presentation is characterized
by intention tremor, gait ataxia, and parkinsonism in combination with variable cognitive
decline.*® FXTAS is caused by what was previously considered as a premutation of 55 to 200
CGG-CCQG repeats in the 5' untranslated region of the FMRI gene.*® Similarly to SCAS, RAN
translation results in the transcription of toxic proteins (FXTAS-polyglycine, FXTAS-
polyproline, FXTAS-polyalanine) which have been detected in different brain regions.*’ In
addition, the RNA-mediated sequestering of proteins has been described.*® These pathological
mechanisms are in contrast to the hypermethylation associated silencing of the FMR1 gene in

fragile X-syndrome.*

3. Advances in genetics and genomics



Advances in the field of genome sequencing have led to the identification of novel genes,
broadened the phenotypic spectrum of known ataxia associated genes, ameliorated genotype-
phenotype relationships and increased accuracy in prognosis. Recently, research in polyQ
SCAs and FRDA has focused the influence of expansion configuration and genetic modifiers

on age of disease onset (AOQ), intergenerational instability and phenotypical presentation.

3.1 Modifiers of AOO

As mentioned above, the first genes identified by linkage analysis in ADCA share a dynamic
CAG expansion that is translated into polyQ stretches. The threshold for pathogenicity is
specific for each disease. The expansion of these structurally unstable TRs in the germline is
referred to as genetic anticipation and is associated with higher levels of mutant proteins.?’
This, in turn, translates into clinic in the form of increased disease severity, earlier

manifestation of symptoms and reduced life expectancy in successive generations.>°

Anticipation accounts for 50 — 80% of variance in AOO; however, it does not explain variances
in AOO observed in individuals with expansions of the same size. Once the length of the CAG
repeat has been accounted for, the residual AOO variance can be considered as a heritable trait,
implying the existence of genetic modifiers.’!*? A recent study identified non-pathological
repeat lengths in other CAG-containing disease loci, that act in trans with wildtype alleles
(SCA1, SCA6, SCA7), as modifiers of disease onset in 1255 patients from the EUROSCA
cohort.”> These findings were partly replicated by other studies in smaller cohorts.>*>
However, overall conflicting evidence exists from the analysis of allelic associations across

distinct populations.>6-38

Inconclusive reports may reflect ethnical differences, small sample
size or differences in methods. Moreover, correlation does not imply causation and functional

relationship between genes necessitate conformation in in vitro or in vivo models.



CAG repeat length and the presence of genetic modifiers are still insufficient to fully account
for AOO variance. There is an increasing body of literature illustrating the influence of polyQ
expansion configuration in the form of silent (CAA) and missense (CAT) insertions on disease
onset.”” In the polyQ tract of SCA1, 98% of the normal ATXNI alleles (19-36 repeats) are
interrupted by at least one histidine (CAT) trinucleotide when the tract exceeds 21 repeats.® In
addition to stabilizing (CAG)n expansions, histidine interruptions appear to prevent or delay
phenotypic presentation in individuals with borderline, and even clearly pathogenic repeat
lengths.>® However, up to 11% of the patients in a SCA1 cohort harboured CAT interruptions
in expanded alleles.®! Together with the observance of the loss of an interruption in maternal
transmission, this implies an incomplete, more complex protective effect. In that cohort, the
longest uninterrupted or pure repeat tract correlated best with disease onset and severity,
highlighting the importance of repeat interruption analysis in SCA1 clinical practice.®!

Interestingly, in two other TR diseases, repeat interruptions were not found to account for the

variable age at onset.5>3

Most recently, a genome-wide association study found a significant association between AOO
and genetic variants in DNA repair pathways.** The modifying effects of these variants were
examined in a cohort of subjects with HD and polyQ SCAs. The results yielded the most
significant association with AOO when grouping all of the polyQ diseases, with rs3512 in

FANI and rs1805323 in PMS?2 being the top variants for HD and SCAs.%*

FRDA is the only recessive TR disease, and thus is generally restricted to one generation. Even
though anticipation is therefore not evident, there is a correlation between the repeat size of the

shorter allele (GAA1) and AOO.* Disease onset is inversely correlated with GAA1, with a



prediction of a 2.6 years earlier onset for every 100 GAA repeats.®> The GAA1 repeat size
correlates with frataxin protein levels, cardiac complications, AAO and disease progression,
implicating that the shorter allele correlates best with the genotype-phenotype relationship.%¢-
8 Similarly to SCAs, GAALI length explains approximately 50% of variance in AOO.%” In

compound heterozygotes patients with loss-of-functions mutations, AOO is decreased.*

3.3.2 Modifiers of intergenerational instability

The complex molecular mechanisms and genetic factors influencing intergenerational
instability likewise remain insufficiently understood. The tendency of polyQ repeats to expand
is disease dependent (low in SCA17; high in SCA7 and DRPLA). With the exception of SCAS,
a paternal expansion bias is observed in polyQ diseases that is mainly attributed to the greater
number of mitotic divisions in spermatogenesis.®> In SCA2 and SCA7, cases of extreme
anticipation result in infantile onset of a severe, multisystemic variant of the disease. This
phenomenon has recently, and for the first time within the group of SCAs, been described
through maternal transmission in SCA7.7° Standard laboratory methods may not detect the very
high number of repeats seen in infantile presentation, raising awareness of potentially false

negative results in pre- and antenatal testing.”

Similarly, GAA-expansions in the FXN gene in FRDA show instability in intergenerational
transmission. In contrast to polyQ SCAs, paternally transmitted alleles tend to contract,
whereas maternal alleles are equally likely to increase or decrease in repeat-size.”! A strong
paternal contraction bias is likewise observed in Fragile-X syndrome, which is considered to

be related to CpG methylation.®

10



In summary, extensive research performed on modifiers of AOO and intergenerational in
trinucleotide associated ataxias points to repeat number, single-nucleotide polymorphism in
DNA repair genes, repeat length in trans alleles and insertions. However, to date, CAT
interruptions in SCA1 remain the only discovery that ameliorates prognosis for patients in

clinical practice.®!

3.3 New insights in genotype-phenotypic presentation — implications beyond ataxia

SCAZ2 serves as an excellent example of how the full phenotypic spectrum of distinct disorders
and the influence of the composition of repeats are only beginning to be revealed. Patients with
SCAZ2 harbour between 33 and 200 repeats in the A7XN2 gene and typically present with ataxia
accompanied by peripheral neuropathy and slowed ocular saccades.”” However, the presence
of glutamine coding CAA interruptions within intermediate length repeat expansions in the
ATXN?2 gene has been shown to predispose to a parkinsonian phenotype in pedigrees of both
Chinese and European heritage.”*’* Interrupted ATXN2 tracts appear to have a far-reaching
effect on other neurodegenerative diseases as well. Recent investigations focused on the
modifying effect of A7XN2 on mutations in two ALS associated RNA regulation genes,
c9orf72 and TARDBP. It has been demonstrated that long normal-length expansions of
glutamines in the 4A7XN2 gene with CA A-interruptions serve as one of the most important risk
factors for ALS, although the exact threshold for this effect remains controversial.”>~"’
Furthermore, experimental evidence demonstrating that A7XN2 increases the cytotoxicity of
TDP-4375, a protein that is found aggregated in 95% of ALS patients, might serve as an
explanation for this.”® More recently, the coexistent of an uninterrupted pathogenic AXTN2
expansion with 37 repeats and C9orf71 mutation was described in two individuals with
parkinsonism, ataxia and dementia, thus complicating the contribution of CAA-interruptions

in ATXN2 to phenotypic presentation of other neurodegenerative diseases.”
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Contrarily to these recent findings, it has been long recognized that SCA3 patients occasionally
present with prominent extrapyramidal features, in particular parkinsonism.’’ Genetic
variations have been implicated in these cases, and it has been suggested that polymorphism in
Parkinson’s related genes and the presence of an APOE &2 genotype may influence
phenotypical presentation, although this has not been confirmed in larger cohorts.®! The role
of ATXN3 as a deubiquitinating enzyme, thus involved in the same pathway as several
Parkinson disease associated proteins, supports a probable interaction between these genes.??

In SCA17, the length of the CAG/CAA tract, rather than the configuration of the repeats,

appears to be correlated with the phenotype.?334

4. First-line genetic work-up

Considering the marked phenotypic overlap between the different forms of ataxia and the
variability of presentation even among patients with the same affected gene, genetic testing is
the only way of establishing a conclusive diagnosis in the majority of patients.®> The choice of
genetic wok should be guided by a detailed family history, ethnical background, physical
examination, biochemical analysis and cerebral MRI studies.®® Once acquired causes have been
excluded, it is generally recommended to test for the most prevalent forms of autosomal
dominant and recessive ataxias first, regardless of any known family history.3¢ These include:
SCA1, SCA2, SCA3, SCA6, SCA7, DRPLA in the Asian population and FRDA. Reduced
penetrance and repeat lengths of unknown pathogenicity, as described in several disorders

including SCA6 and SCAS, necessitate careful interpretation of results>%87-88

In the UK, the cost of first-line SCA genetic test for the polyQ test lies between £160 and £452
with a turnover between 14 and 28 working days.®® The targeted FXN gene testing costs

between £80 and £420 and has a turnover between 3 and 28 working days.® Together, these
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disorders represent between 50 and 60% of hereditary ataxias worldwide.”®*! Thus,
approximately half of the patients remain without a confirmed diagnosis after conventional
first-line genetic testing.!%!® Mutations in rarer genes are often only investigated in cases with
guiding clinical or biochemical findings. Moreover, in addition to the group of hereditary
cerebellar ataxias, there are nearly 300 genetic conditions in which cerebellar ataxia can be an

associated clinical feature %2.

5. Next-generation sequencing in clinical practice

The vast number of involved genes and the molecular complexity of ataxias has recently
encouraged the implementation of NGS in clinical genetic diagnosis. Indeed, neurological
diseases in which a variety of mono-genetic mutations can result in a very uniform phenotype,
such as ataxia, have profited enormously from the development of the massively paralleled
sequencing methods.”® They have provided researchers and clinicians with an unprecedented
opportunity to gain genetic information in base pair resolution across the genome in a single
experiment at an increasingly affordable cost. NGS approaches range from targeted gene

panels to whole exome (WES) and whole genome sequencing (WGS).

Németh at al. were the first to demonstrate the utility of targeted gene panels in familial and
sporadic ataxia patients.”* The reported mean diagnostic delay of 18 years in patients who had
tested negative for SCA1, SCA2, SCA3, SCA6, SCA7 and FRDA highlights the diagnostic
journey of many individuals. An NGS panel capturing 117 known and putative ataxia genes
confirmed a molecular diagnosis in 18% of patients, with the highest detection rate of 75% in
familial cases with adolescent onset.®* Similar diagnostic rates have been reported in
heterogeneous cohorts of ataxia patients who remained without diagnosis after standardised

genetic testing.”!%>9¢ WES represents an unbiased NGS approach, thus enabling the detection
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of novel genes. Using WES, positive results were obtained in 21 and 41% in heterogeneous
cohorts of sporadic and familial ataxia patients in whom previous screening for common
mutations had not yield any results.”**>°7 Across all NGS studies, a history of affected family
members and an early AOO appear to be the most consistent factors associated with a higher

diagnostic success rate.

WES has played a crucial role in the identification of rare ataxia-associated genes that appear
to be more prevalent than hitherto expected, such as SYNEI, ANO10 and SPG7. Homozygous
mutations in the mitochondrial AAA protease encoded by the SPG7 gene are known to cause
autosomal recessive hereditary spastic paraplegia, but were also founds by WES in ataxia
patients from four independent cohorts in the UK and USA.?%9297° Encouraged by these
findings, it has since been shown that SPG7 mutations are responsible for a significant

percentage of unexplained ataxia cases, who may initially present without spasticitiy.!%%-101

The greatest limitations that currently prevent a widespread application of NGS in clinical
practice in hereditary ataxia are the avalanche of generated data, the risk of incidental findings
and the poor ability to sequence repetitive DNA stretches and regions with a high Guanine-
Cytosine content.!%? Firstly, debate remains around the critical evaluation of pathogenicity of
variants of unknown significance through bioinformatics tools and functional analysis.'® This
currently also represents the main cost factor and time-limiting step.® Secondly, ethical
challenges may arise from unexpected discoveries of potential medical relevance that are
unrelated to the initial diagnostic indication.!* Several commercial and academic laboratories
offer a combination of NGS implementation strategies by exome sequencing with a greater
coverage of up to 1000 ataxia associated genes, thus reducing the risk for incidentals
findings.!%:19 Thirdly, it must be kept in mind that copy number variation, such trinucleotide

repeat expansions, larger duplications and deletions, cannot reliably be detected by NGS
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sequencing techniques.'®’ Large repetitive regions fail to be aligned and mapped to a single

position on the reference genome efficiently. Thus, prior exclusion of prevalent ataxias caused

by trinucleotide repeat expansions remains paramount to date 3>!08

5.1 Newly discovered genes through next-generation sequencing

The success of NGS in a research setting is outlined by its role in the discovery of several new
ataxia associated genes, including TGM6 (SCA36)*, CACNAIG (SCA42)!%°, ATP2B3 (X-
linked congenital cerebellar ataxia)!!, PNKP (ataxia with oculomotor apraxia type 4)'!!,
ABCB?7 (X-linked congenital cerebellar ataxia)!'?, KCND3 (SCA19/22)!'3 and TPP1 (SCAR?7).
Some of these genes have previously been described in the context of other neurological and
non-neurological diseases, such as ceroid lipofuscinosis (7PP/) and Brugada syndrome type 9
(KCND3). Mechanism of genetic pleiotropy include different downstream effects of mutations
within the same gene, modifier genes, and oligogenic inheritance.''* The best known example
of genetic pleiotropy within the group of ataxias are CACNA /A mutations that can present as
SCA®6, episodic ataxia type II and familial hemiplegic migraine due to different functional

downstream mechanisms.!!3

6. From bench to bedside

While new genes are being mapped, functional consequences and the reason behind the
selective vulnerability of certain neurons to mutations in abundant transcribed ataxia-causing
proteins remain largely uncharted. New insights into recurrent pathophysiological mechanism
are expected to facilitate the discovery of therapeutic targets that may prove useful in several
disorders in the future. Gene co-expression networks recently revealed two SCA gene enriched
modules that included genes involved in the ubiquitin-proteasome pathway in granule cells and

calcium homeostasis in Purkinje cells.!* Dysfunction in DNA repair genes, disturbance of
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protein expression at the transcriptional and post-transcriptional level, and perturbed
glutaminergic signaling represent additional emerging mechanisms of dominant and recessive
ataxia associated genes.!!!'!''6-119 Intervening at the level of the mutant gene can bypass the
obstacle of multiple downstream pathogenic pathways. These efforts have already advanced

into clinical trials in other neurodegenerative diseases.

6.1 Spinocerebellar ataxias

The two main therapeutic pipelines in SCAs encompass pharmacological agents targeting
disrupted downstream pathways and genetic therapy aiming to reduce toxic polyQ gene
products.!?® Given their monogenetic inheritance, the number of involved pathways and the
insufficient knowledge of their individual contribution to neurodegeneration, intervening at the
source of dysfunction by decreasing the expression level of mutant proteins appears to be a

promising approach towards developing a disease-modifying therapy.!!

6.1.1 Gene-based approaches

To date, preclinical research focuses on the modulation of protein expression through antisense
oligonucleotides (ASOs) and RNA interference (RNAi). ASOs are short, single stranded DNA
sequences that bind complementary mRNA transcripts through Watson-Crick hybridisation.
The DNA-RNA complex recruits ubiquitously expressed RNase H enzymes, resulting in
decreased expression of the targeted protein.!?! Advances in delivery methods, allele-
specificity and intracellular stability pave the way for safe and successful application in
humans. ASO-based altering of SMN2 pre-mRNA splicing in children with infantile-onset
SMA exemplifies a remarkably successful translation of genetic therapy from bench to
bedside.!* The broad therapeutically potential of ASO-based therapy is further underlined by

completed and ongoing clinical trials in SOD1-associated ALS'?? and HD (NCT02519036)'%.
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In relation to SCA, ASO-mediated removal of the toxic polyQ tract in the mutant ATXN3 gene
via exon skipping has been successfully demonstrated in SCA3 fibroblasts'?#!25 and transgenic
mice harbouring full-length human ATXN3!26127 however amelioration of motor phenotype
was not observed or not assessed. Strikingly, ATXN2-targeting ASOs significantly improved
motor performance and extended the average survival not only in SCA2'?%, but also in TDP43-
transgenic mice models of ALS.!?’ This could be advantageous over current strategies directly
targeting ALS-associated mutated proteins such as SOD1 and TDP-43 directly, as they only
account for 2-5% of ALS cases!®® and are vital for development and cellular function

respectively.!3!

RNAI is a naturally occurring post-transcriptional gene suppression process, which functions
through non-coding double-stranded RNA sequences. RNAI effectors can be introduced into
the cell in the form of short interfering RNAs, short hairpin RNAs or artificial miRNAs.!3?
Both non-allele specific and allele-specific RNAi approaches have demonstrated improvement
on disease and molecular phenotype in SCA7'3*13% and SCA313>136 rodent models. Most
recently, combined gene-knockdown-replacement therapy using mirtrons has been explored in

fibroblast cell lines from SCA7 patients. '3’

6.1.2. Completed and on-going clinical trails

Five randomized, placebo-controlled clinical trials investigating the safety and efficacy of

138,139 141

lithium , varenicline!*, riluzole'*! and trigriluzole'**> have been completed in the last
years. The former three drugs exemplify the increasing use of drug repurposing and are already
licenced for other indications, namely bipolar disorders, nicotine addiction and ALS. In 2014,
two separate groups reported no significant difference in the Scale for the Rating and

Assessment of Ataxia (SARA) and Neurological Examination Score for the Assessment of
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Spinocerebellar Ataxia (NESSCA) after lithium treatment for 48 weeks in patients with
SCA2'3° and SCA3. Varenicline, a partial agonist at asf> neuronal nicotinic acetylcholine
receptors, improved several SARA subscores in a small cohort of SCA3 patients compared to
the placebo group. However, owing to the high dropout rate of 40% and the side effect profile,
further studies are needed to assess clinical efficiacy.!** Romano and colleagues reported that
the glutamate modulator Riluzole improved SARA scores in a heterogeneous group of patients
with SCA and FRDA compared to a placebo group at 3 and 12 months.'*! A phase III multi-
centric trial (NCT03347344) assessing its effect in SCA2 patients will start recruiting patients
soon.!* However, in a phase II/III multicentre clinical trial, Trigriluzole, a prodrug formulation
of riluzole, failed to differentiate from placebo on the primary and secondary endpoints after
eight weeks of treatment.'* An open-label extension phase is currently on-going and results
are expected at the end of 2018.!4?

Preliminary results published from an open-label pilot trial administrating allogeneic adipose
tissue-derived mesenchymal stem cells (MSCs) in six SCA3 patients reported safety and
unaltered SARA scores at 12 months. In light of a reported annual decline of 3.00 +- 1.52 in
the SARA score reported from a natural history study of a similar cohort, this was cautiously
interpreted as a stabilizing effect.!*> The postulated neuroprotective mechanism of MSCs in

146,147 immune modulation and neuronal

SCAs include secretion of neurotrophic factors,
replacement.'*® A phase II randomized controlled trial assessing safety and efficacy of MSCs

in patients with SCA2 and SCA3 is currently recruiting patients in Taiwan (NCT02540655).14

6.2. Friedreich’s ataxia
Based on the current understanding of the functional consequences of decreased FXN
expression on iron-sulphur-cluster biogenesis and mitochondria function, the majority of

studies in the past have focused on reducing reactive oxygen species (ROS). In brief, perturbed
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iron-sulphur-cluster assembly results in mitochondria dysfunction and iron accumulation in the
membrane. Consequently, generated ROS triggers an avalanche of toxic downstream
mechanisms such as lipid peroxidation.!*®!3! The failure to demonstrate consistent clinical
benefit of the most extensively studied antioxidants in FRDA, coenzyme Q1o (CoQ10) and
idebenone, has been, among other factors, attributed to their insufficient concentration both
within cells and the central nervous system.!>>!33 Several ongoing clinical trials investigate
new, tailored antioxidants with increased potency and improved bioavailability. However, as
in SCAs, targeting only one factor of the incompletely understood downstream cascade may
not be sufficient to improve symptoms. Again, pre-clinical research focuses on targeting the

source of dysfunction, hence restoring FXN levels.

6.2.1 Clinical trials

Similar to coenzyme Q10 and idebenone, anti-oxidative properties of the currently investigated
agent named EPI-743 (alpha-tocotrienol quinone) rely on a redox active para-benzoquinone
ring that undergoes a two-electron cycling reaction. Promising results were obtained in an
open-label trial in a small, heterogeneous cohort of patients with mitochondrial disease that
included one patient with FRDA.!>* A double-blind placebo-controlled trial including 61
patients with FRDA demonstrated the safety of EPI-743, however its primary endpoint of
improvement of visual acuity was not met after 6 months.!>*> After completing an 18 month
open-label extension phase, treated patients demonstrated improvement in the Friedreich’s
Ataxia Rating Scale (FARS)-NEURO, when compared to natural history data.'#

RTA-408 (Omaveloxolone), an agent with anti-inflammatory and antioxidant properties, slows
the degradation rate of nuclear factor erythroid-derived 2-related factor2 (Nrf2). Nrf2 functions

as a transcription factor that targets genes, including antioxidant enzymes, that subsequently
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impact on mitochondrial function by reducing ROS production.! RTA-408 clinical trials are
currently recruiting for a phase II randomized controlled trial named MOXIe
(NCT02255435)."%7 The part I results of the MOXIe trial demonstrated a dose-dependent
improvement in a modulated FARS and in Nrf2 associated markers, such as CK and AST. This

was also associated with improvements in mitochondrial and neurological function.

At present, there are many innovating clinical trials in the pipeline for therapeutic intervention
in FRDA (Table 3). To tackle the low levels of FXN, a small cell-penetrant fusion protein,
trans-activator transcription (TAT), has been engineered to shuttle synthetic FXN directly into
the mitochondria. In frataxin knockout mouse models, an injection of TAT-frataxin resulted in
a prolonged life span of up to 53% longer with improved cardiac function, growth velocity and
cardiac output!>®. An additional method to overcome the transcriptional deficit in FRDA is to
directly provide encapsulated mRNA to cells, as naked mRNA is rapidly degraded, in order to
raise mRNA levels.!>® The application of FXN mRNA to cultured cells or animal models was
successfully translated into the FXN protein.!> In principle, these techniques provide a novel

method to replace the pathogenic depleted protein stores.

6.2.2 Gene-based approaches

Another valid approach to increase FXN is to reactivate the gene by inhibition of histone
deacetylases (HDACs). Several studies of FRDA cell and animal models have shown that
specific HDAC inhibitors reverse the epigenetic silencing of the frataxin gene resulting in
downstream protein upregulation.'® RG2833, a synthetic HDAC inhibitor did not surpass
Phase I clinical trials due to the adverse formation of metabolites in the body.!®! Currently, a
new generation of HDAC inhibitors are being developed to prevent harmful metabolites

forming.
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ASOs that activate, rather than inhibit, gene expression have been developed for the use in
FRDA.'®? In FRDA patient-derived fibroblasts, the addition of synthetic duplex RNA,
complementary to the GAA repeat region, increased expression of the frataxin gene mRNA by
3 - 4 fold and protein levels by 4 - 6 fold. This increase is consistent with wild-type frataxin
levels.!6? Similarly, single-stranded locked nucleic acid (LNA) oligonucleotides increased
frataxin gene expression and protein levels in patient-derived fibroblasts.'®? An alternative
approach is to use oligonucleotides to eliminate the long noncoding RNA, which suppresses
the frataxin gene expression. This method of frataxin upregulation couples the use of
oligonucleotides for site recognition with the above mentioned RNase-H. Applying this
technique to FRDA patient-derived fibroblasts has shown a significant upregulation of frataxin.
In theory, oligonucleotide-based techniques can be used to modulate frataxin expression, but
also possibly the downstream events. Therefore, this indicates the widespread use of antisense

oligonucleotides as potential therapies in FRDA.

7. Discussion

Even though individually, hereditary ataxias belong to the group of rare disorders, taken
together, they represent a prevalent group of disabling neurodegenerative diseases with
significant economic burden. NGS has provided insight into the molecular cause of hereditary
ataxias, the relationship with other neurodegenerative diseases” and is currently making its
way into clinical practice.”* The identification of novel ataxia associated genes in the future is
expected, which has the potential to increase molecular diagnoses as a significant proportion
of patients with hereditary ataxia still remain undiagnosed.”® There is a broad consensus that
the transition of NGS from a research to a clinical setting possesses a great potential to increase

the molecular diagnostic success rates and to improve the clinical management of patients who
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remain without diagnosis after standard genetic testing. The continuous decrease of WES costs,
the reported higher diagnostic yield and its independence from an a priori hypothesis renders
this technique especially suitable for the investigation of these genetically extremely

heterogeneous disorders.

The theory of toxic gain-of-function caused by the transcription and accumulation of polyQ
proteins certainly represents part of the pathological jigsaw, but increasingly emerges as an
oversimplified portrayal of a far more complex process that needs further elaboration.'®* For
the first time, genetic modulation allows the direct targeting of the prima causa of these
disorders. Important advances have been made in allele-specific targeting, as functional
consequences of long-term downregulation of wild-type alleles of ataxia associated genes in
humans are unknown.!'?*!12¢ Moreover, the vast number of involved genes certainly complicates
the generation of an agent that can be extrapolate to a larger patient population. Therefore,
specific pathway-based approaches are still being pursued and many have advanced into

clinical trials.

Regardless of the therapeutic approach, the development of disease-modifying agents create
the need for robust, objective and easily accessible markers to monitor disease progression and
assess treatment response.'®* The successful quantification of the mutant huntingtin protein in
the cerebrospinal fluid of HD patients and its relationship with disease progression has recently
been described.!®® Similar quantification of ataxia disease proteins are currently underway and

could potentially serve as biomarkers for experimental gene modulation therapies. '

8. Expert Opinion

Over the last two decades, the progress in genetic sequencing has provided us with a better
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understanding of hereditary ataxia. Yet, at a closer look, these advances seem to have raised as
many questions as they have answered. With the increased implementation of massively
paralleled sequencing techniques in routine clinical practice, the number of patients with
variants of unknown clinical significance has risen exponentially. To determine the
pathogenicity of previously undescribed sequencing variants, time consuming and expensive
functional analysis is frequently required. Allele segregation can be helpful in obtaining a
conclusive decision, however family members are not always available for molecular testing.
Systematic documentation of sequencing variants along with precise clinical information will
enable faster segregation between causative and non-causative variants in the future.

Misinterpretation of variants of unknown significance can have a major impact on the clinical
management of a patient and their families. The affected individual may receive the wrong
therapy, prognosis and crucial information about recurrence risk. In patients with inconclusive
genetic tests, biomarkers and functional assays could help to support the genetic results. The
combined approach of laboratory markers and genetics has the potential to greatly increase the
sensitivity of genetic tests and decrease expenses as well as time to diagnosis. Several helpful
non-genetic tests are already established in diagnosing ataxic disorders, such as screening for
elevated oxysterol markers in Niemann-Pick Type C.!%” The need for blood tests to improve
diagnosis has also been established in other disorders with underlying genetic mutations, such

as cancer syndromes.!6®

Beyond ameliorating the interpretation of genetic testing, research in the field of biomarkers is
urgently needed to optimize the design of clinical trials. As potential disease-modifying drugs
are extensively investigated in preclinical and clinical studies, it will become crucial to identify

easily accessible biomarkers to monitor the activity and therapeutic response of these agents.
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In summary, concomitant with the progress in genetic techniques, the field of ataxia could
profit tremendously from the integration of robust biomarkers in both clinical diagnosis and
therapeutic studies. Preliminary results of plasma biomarkers, such as neurofilaments, have
shown promising potential in other neurodegenerative diseases and subsequently encourages

the investigation of biomarkers in hereditary ataxia.'®’
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Figure 1. Timeline of gene discoveries in autosomal dominant inherited ataxia. Grey background indicates genes that were
discovered by positional cloning and subsequent Sanger sequencing. Blue background indicates genes that were identified by next-
generation sequencing approaches. The most prevalent ataxias were discovered with conventional sequencing techniques,
whereas novel genes generally underlie a small proportion of ataxia patients. * Disorders that are part of first-line genetic testing.
SCA Spinocerebellar ataxia. EA Episodic ataxia. DRPLA Dentatorubral-pallidoluysian atrophy. SPAX1 Spastic ataxia type 1.
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Figure 2. Timeline of gene discoveries in autosomal recessive inherited ataxias. Grey background indicates genes that were discovered by positional cloning and
subsequent Sanger sequencing. Blue background indicates genes that were identified by next-generation sequencing approaches. The most prevalent ataxias
were discovered with conventional sequencing techniques, whereas novel genes generally underlie a small proportion of ataxia patients. * Disorders that are
part of first-line genetic testing. # Complex disorders that present with ataxia as a prominent clinical feature. ** X-chromosomal inheritance.
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Table 1. Genes, loci, gene function and distinguishing features of autosomal dominant
hereditary ataxias. Classified according to the Harding classification (1982). Exp Expansion.
FS Frameshift. MM Missense mutation.




Disorder Gene Loci Mutation Function Comments
Friedreich’s ataxia FXN 9q13 GAArepeat, Mitochondria iron Neuropathy, insulin resistance,
Deletion transport and cardiomyopathy, scoliosis, visual
respiration and hearing impairment
Cayman ataxia ATCAY 19p13.3 MM Neural tissue Psychomotor retardation;
development frequent in Cayman population
Refsum’s disease Pex7, 6023.3,, MM, FS Fatty acid oxidation Neuropathy, ichthyosis,
PHYH 10p13 retinopathy
Abetalipoproteinaemia MTTP 4923 NM, MS, FS Lipoprotein assembly  Fat malabsorption,
acanthocytosis, neuropathy,
spasticity
Autosomal recessive SACS 13w12 MM, FS Regulates ataxia Spastic paraparesis;
spastic ataxia of proteins OCT: hypertrophy of myelinated
Charlevoix-Saguenay fibres
Ataxia telangiectasia ATM 11g22.3 MM, NM, Phosphorylation Telangiectasias, cancer,
deletion immunodeficiency; raised a-
fetoprotein
Ataxia telangiectasia- MRE11 11qg21 MM, NM DNA double-strand Mimics ataxia telangiectasia; no
like disorder break repair ocular telangiectasias
Ataxia with APTX 9p21.1 MM, LOF Single-stranded DNA  Oculomotor apraxia, chorea,
oculomotor apraxia repair dystonia, neuropathy
type 1
Ataxia with SETX 9g34.13 MM DNA and RNA Oculomotor apraxia, chorea,
oculomotor apraxia processing dystonia, neuropathy
type 2
Ataxia with PIK3R5 17p13.1 MM Phosphorylation Oculomotor apraxia, neuropathy
oculomotor apraxia
type 3
Cerebrotendinous CYP27A1 2935 MM Oxidation Xanthomas, spasticity,
xanthomatosis neuropathy, intellectual
disability, cataracts
Marinesco-Sjogren SIL1 5931.2 LOF Nucleotide exchange  Hypotonia, intellectual disability,
syndrome factor early-onset cataract
SANDO/MIRAS POLG1 15g26.1 MM Mitochondrial DNA Myoclonus, dysarthria,
polymerase ophthalmalgia
Autosomal recessive SYNE1 6qg25.2 Splice site Nuclear membrane Cerebellar atrophy, lack of
ataxia type 1 localisation neuropathy
Autosomal recessive ADCK3 1942.13  Splice site Electron transfer, Mental disability, epilepsy
ataxia type 2 respiratory chain myoclonus, exercise intolerance
Autosomal recessive ANO10 3p22.1- LOF Calcium-activated Pure ataxia
ataxia type 3 p21.33 chloride channels




Late onset Tay-Sachs

Ataxia with Vitamin E
deficiency

Cockayne Syndrome

Niemann-Pick type C1

Fragile X-associated
tremor/ataxia
syndrome

Spinocerebellar ataxia
with axonal
neuropathy

Infantile-onset
spinocerebellar ataxia

Dilated
cardiomyopathy with
ataxia

SeSAME syndrome

Cerebellar ataxia,
mental retardation,
and disequilibrium
syndrome 3

PHARC

Autosomal recessive
spinocerebellar ataxia
15

Spastic ataxia type 4

Posterior column
ataxia with retinitis
pigmentosa

Spinocerebellar ataxia
type 11

Cerebellar ataxia,
mental retardation

HEXA

TTPA

ERCC8

NPC1

FMR1

TDP1

C10orf2

DNAJC19

KCNJ10

CA8

ABHD12

KIAA0226

MTPAP

FLVCR1

TTBK2

WDRS81

15923

8q12.3

5q12.2

18q11.2

Xq27.3

14q32.11

10924.31

3026.33

1q23.2

8q12.1

20p11.21

3929

10p11.23

1932.3

15¢15.2

17p13.3

MM, LOF

FS

NM, MM

MM, FS

CGG repeat

(5" UTR)

MM

MM

Splice site

LOF, MM

MM

LOF

FS

MM

MM

NM

MM

Ganglioside
degradation

Regulating vitamin E
levels

Signal transduction

Cholesterol
trafficking

RNA binding

Repairing stalled
topoisomerase I-DNA
complexes

mtDNA-specific

helicase

ATP-dependent
transport

Potassium buffering

Gene transcription

Hydrolysis of lipid
transmitters

Vesicular trafficking,
endosome
maturation

mRNA degradation

Heme transporter

Phosphorylation

Endolysosomal
trafficking

Motor neuron involvement,
psychiatric features

Mimics Friedreich’s ataxia,
decreased Vitamin E, head
tremor

Microcephaly, growth
retardation, photosensitivity,
progeria

Vertical supranuclear palsy,
splenomegaly, dystonia,
cognitive disability

Late-onset, intention tremor,
cognitive problems

Peripheral neuropathy

Atheosis, muscle hypotonia,
optic atrophy, primary
hypogonadism in females

Early-onset cardiomyopathy

Seizures, sensorineural
deafness, ataxia, mental
retardation and electrolyte
imbalance

Cognitive impairment

Polyneuropathy, hearing loss,
ataxia, retinitis pigmentosa and
cataract

Epilepsy

Spasticity

Impairment of vison and
proprioception

Occasionally pyramidal
involvement and peripheral
neuropathy

Cognitive impairment




and disequilibrium
syndrome 2

Autosomal recessive
spinocerebellar ataxia
14

Autosomal recessive
spinocerebellar ataxia
13

Spastic ataxia type 3

Autosomal recessive
spinocerebellar ataxia
18

Autosomal recessive
spinocerebellar ataxia
16

Autosomal recessive
spinocerebellar ataxia
7

Cerebellar ataxia,
mental retardation
and disequilibrium
syndrome 4

Autosomal recessive
spinocerebellar ataxia
12

Autosomal recessive
spinocerebellar ataxia
20

Autosomal recessive
spinocerebellar ataxia
23

Autosomal recessive
spinocerebellar ataxia
17

Spastic ataxia type 2

Ataxia with
oculomotor apraxia
type 4

Autosomal recessive
spinocerebellar ataxia
2

SPTBN2

GRM1

MARS2

GRID2

STUB1

TPP1

ATP8A2

WWOX

SNX14

TDP2

CWF19L1

KIF2C

PNKP

PMPCA

11q13.2

6q24.3

2933.1

4922.1-

q22.2

16p13.3

8q12.3

13912.13

16023.1-

q23.2

6q14.3

6p22.3

10q24.31

1p34.1

19913.33

9934.3

MM

MM

DR,
Duplication-
deletion

Deletion

MM

Splice site,

MM

MM

MM

™

Splice site

Stop codon

(FS)

Deletion-
duplication

LOF

MM

Glutamate signaling
regulation

Glutamatergic
neurotransmission

Mitochondrial

Synapse organisation

E3 ubiquitin ligase

Regulating vitamin E

levels

Lipid flipping

Apoptosis

Intracellular

trafficking

DNA repair

mMRNA splicing

Microtubule-
dependent molecular
motor

DNA repair

Cleavage

Early-onset ataxia, psychomotor
developmental delay

Delayed psychomotor
development, mental
retardation

Spasticity, Leukoencephalopathy

Delayed psychomotor
development, retinopathy

Occasionally hypogonadism

Developmental delay

Cognitive impairment

Epilepsy, delayed psychomotor
development, mental
retardation

Delayed psychomotor

development

Delayed psychomotor
development, seizures

Developmental delay

Spasticity

Oculomotor apraxia,
microcephaly, seizures

Cognitive impairment, dystonia,
spasticity




Autosomal recessive
spinocerebellar ataxia
24

Autosomal recessive
spinocerebellar ataxia
22

UBAS

VWA3B

3g22.1

2q11.2

MM

MM

Activates ubiquitin- Early-onset cataract
fold modifier 1

Transcription/DNA Spasticity, intellectual disabilty
repair

Table 1. Genes, loci, gene function and distinguishing features of autosomal recessive
hereditary ataxias. DR duplication rearrangement. FS frame shift. NM nonsense mutation.
MM missense mutation. LOF loss of function. TM truncation mutation.
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