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Abstract

The spinocerebellar ataxias (SCAs) are a group of neurodegenerative disorders inherited in an autosomal dominant fashion. The
SCAs result in progressive gait imbalance, incoordination of the limbs, speech changes, and oculomotor dysfunction, among
other symptoms. Over the past few decades, significant strides have been made in understanding the pathogenic mechanisms
underlying these diseases. Although multiple efforts using a combination of genetics and pharmacology with small molecules
have been made towards developing new therapeutics, no FDA approved treatment currently exists. In this review, we focus on
SCA1, a common SCA subtype, in which some of the greatest advances have been made in understanding disease biology, and
consequently potential therapeutic targets. Understanding of the underlying basic biology and targets of therapy in SCA1 is likely
to give insight into treatment strategies in other SCAs. The diversity of the biology in the SCAs, and insight from SCA1 suggests,
however, that both shared treatment strategies and specific approaches tailored to treat distinct genetic causes of SCA are likely

needed for this group of devastating neurological disorders.
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Introduction

Spinocerebellar ataxias (SCA) are a group of autosomal dom-
inant degenerative disorders causing progressive decline in
gait, balance, and speech and are often associated with eye
movement abnormalities [1, 2]. Several of these conditions
are associated with pyramidal or extrapyramidal symptoms,
and many are associated with sensory neuropathy.

New genes causing SCA are annually discovered, and
the list of SCAs continues to grow. The number of SCAs is
now in the high forties. Although the true incidence is
difficult to determine given the lack of identified causal
genes for several of the SCAs, SCA is estimated to affect
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1 to 5 in 100,000 people [2]. The most common SCAs
result from an expansion of a glutamine encoding CAG
repeat in the respective disease genes. Epidemiologic data
for the so called polyglutamine (polyQ) SCAs have been
determined by the Clinical Research Consortium for SCAs
(CRC-SCA) in North America and the European Integrated
Project on SCAs (EUROSCA) [3, 4]. The natural history
data obtained by these consortia have indicated that SCA
type 1 (SCAL1) is the most rapidly progressive SCA sub-
type, with disease onset typically in the third or fourth
decade of life [3, 4].

Like many SCAs, SCA1 consists of progressive gait ataxia,
dysarthria, and later bulbar dysfunction [2]. As SCA1 typical-
ly spares the pars compacta of the substantia nigra, other ele-
ments of the basal ganglia, and the thalamus, extrapyramidal
symptoms are less prominent [5, 6]. In later stages of the
disease, cognitive deficits, specifically memory impairments
and executive dysfunction, have been reported [7, 8].

Although clinical history and examination are crucial ele-
ments of any neurological disease, definitive diagnosis of
SCA depends on genetic testing. In disorders such as SCAI,
targeted polymerase chain reaction (PCR) is the most cost-
effective way to identify the repeat expansion.
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Pathophysiology of SCA1

SCALI stems from an expanded CAG repeat in the ATXNI1
gene. Expansion beyond 39 CAG repeats is pathologic.
Longer repeats generally result in earlier onset of disease.
For SCA1, CAT interruptions can alter the penetrance and
aggressiveness of disease [9].

It should also be noted that although polyQ repeats are
considered causal for pathology, glutamine expansion and
dysfunction of the ATXNI protein itself is not sufficient.
Numerous studies have shown that ATXN1 interacts with
transcription regulators, RNA splicing factors, and other nu-
clear receptors to drive cerebellar Purkinje cell dysfunction
[10-12]. ATXNI has a nuclear localization signal (NLS) and
in its wild-type state shuttles between nucleus and cytoplasm
[13]. Conversely, polyQ expanded ATXNI is partitioned
largely in the nucleus [14]. Noteworthy though is that polyQ
ATXN1 without a functioning NLS does not lead to a disease
phenotype, suggesting that toxicity is exerted in the nucleus,
likely through transcriptional dysregulation. Another feature
of ATXNT1 is a phosphorylation site on S776, required for
stabilization of polyQ ATXNI. In fact, ATXN1(82Q)-S776A
will not lead to a disease phenotype, although ATXN1(30Q)-
S776D does [15, 16], suggesting that this ATXN1 stabiliza-
tion is mandatory for manifesting disease.

The combined interactions between mutant ATXN1 and its
binding partners alters expression of surface receptors and ion
channels, working to perturb membrane excitability. In mouse
models of disease, alterations in cerebellar Purkinje cell spik-
ing due to ion channel dysfunction occurs concurrently with
motor impairment, and well before cell loss [17-19].

In later stages of SCALI, histopathology shows degenera-
tion of brainstem and cerebellar neurons, classically thought
of as olivopontocerebellar atrophy [5], though recent studies
have shown involvement in other regions indicated above
[20]. Most of the existing research in SCA1 has been restricted
to understanding cerebellar dysfunction and degeneration.
Premature mortality in SCA1 is, however, likely related to
brainstem dysfunction. Studies have only recently been initi-
ated to understand transcriptional dysregulation in the
brainstem in SCA1 [21, 22]. It is likely that the transcriptional
targets of polyQ ATXNI1 differ in the cerebellum and
brainstem.

Treatment

Developing therapeutics for neurodegenerative diseases has
proven a difficult task despite considerable efforts. In design-
ing any therapeutic, it is vital to understand the purpose behind
the intervention. What is to be gained from this treatment?
How does it address an unmet or poorly met clinical concern?
Do the benefits outweigh any potential adverse effects?
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As we work towards developing treatments for SCAs, it is
important to consider both symptomatic therapy as well as
disease modifying therapy (DMTs). The latter, although cer-
tainly the ideal goal, may be more difficult. Further, in focus-
ing on helping patients, we should not be limited in our efforts
to alleviate symptoms at the cost of pursuing DMTs. Indeed,
addressing symptomatic dysfunction may actually serve as
means of modifying clinical course. A particularly salient ex-
ample of this exists already within the movement disorders
field. Dopamine replacement therapy has been the mainstay
in treatment of patients with idiopathic Parkinson disease
(iPD). Levodopa produces profound improvement of patient
symptoms (i.e., bradykinesia, tremor, and rigidity). Although
currently debated, long-term administration of levodopa may
also slow disease progression [23].

Targets for Treatment
Identifying a Suitable Target for SCA1

There are several elements to consider in identifying a
proper drug target for neurological diseases. Identifying
targets specific to not only the central nervous system
(CNS) but unique to the substructures (e.g., brainstem or
cerebellar nuclei) is pertinent. This is not strictly necessary,
though, and several treatments have circumvented target
specificity through use of adjusting pharmacokinetics and
pharmacodynamics. The best example of this again is
carbidopa/levodopa in iPD, which provides a substrate
for dopamine signaling but without specificity against
CNS dopamine receptors. In fact, without carbidopa to
prevent systemic metabolism of levodopa, this drug was
considered a failure due to intolerable side effects (largely
gastrointestinal) from conversion into dopamine in the pe-
riphery. Thus, although target specificity is not a strict re-
quirement, the treatment in question certainly must act on
the target within the CNS to be effective. This requires
blood—brain barrier permeability (increased lipophilicity)
although maintaining aqueous solubility for treatment de-
livery (increased hydrophilicity). One must therefore con-
sider not simply a suitable target structure, but also the sub-
structure binding site or mechanism of intervention.
Packaging and delivery therefore become as important as
the actual therapeutic itself [24]. An important consider-
ation with any therapy is the risk for off-target effects.
These must be kept in mind as we work towards develop-
ing new therapeutics. Recent work in SCA1 has identified
several potential targets for therapy (Fig. 1) discussed be-
low. As we evaluate these targets though, we must consider
the factors discussed above.

In discussing treatment, it is important to recognize that
timing of treatment delivery is very important. Earlier treat-
ment has proven efficacy in delaying progression and
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Fig. 1 Therapeutic targets for SCA1. Although polyQ expansion of
ATXN1 underlies the pathophysiology of SCAI1, there are many
pathways that are disrupted, contributing to debilitating symptoms as
well as disease progression. Several of these pathways present viable
targets for disease modification and symptom improvement. ATXN1
translocates to the nucleus to influence gene transcription.
Transcriptional targets that are particularly relevant to disease include

improving motor recovery in mouse models of disease [25]. It
is important also, therefore, to examine targets, with respect to
disease stage.

Target 1: Mutant ATXN1

Given that SCA1 is a monogenic disease, the obvious strategy
is to target ATXNI itself. What is unclear, however, is whether
reducing ATXN1 levels is beneficial at all stages of disease. In
a conditional transgenic mouse model of SCAI, halting mu-
tant ATXN1 expression early in disease results in reversal of
motor dysfunction. Halting mutant ATXN1 expression later in
disease, resulted in prevention of progression, without reversal
of motor dysfunction, even though no cell loss was present at
this stage of disease [25]. Similarly, gene suppression strate-
gies are effective in improving motor dysfunction in a knockin
model of SCA1, but only when the intervention is at the onset
of motor dysfunction [21]. A recent study has identified tran-
scriptional changes detectable as early as a week after birth in
SCA1-knockin mice. These transcriptional changes in cere-
bellar stem cells result in alterations in neuronal circuitry of
the developing cerebellum [26]. It is possible that these struc-
tural changes that occur early in development will preclude
complete reversibility of motor dysfunction even in the

potassium channels and vascular endothelial growth factor A (VEGF).
Mutant ATXN1 can be targeted directly, or through targeting the kinases
in the RAS-MAPK-MSK1 pathway, which enhance the stability of
ATXNI1 through its phosphorylation. Other targets relevant to disease
biology are the metabotropic glutamate receptor (mGluR1) and
proteostasis

absence of cell loss. Also, we do not know the long-term
consequences of removing wild-type ATXNT1 from its physi-
ologic tasks and targeting strictly polyQ ATXNTI still leaves
only one functioning ATXN1 allele, without clear knowledge
of haplosufficiency. It is therefore likely important to target
functional output pathways to pursue symptom control in par-
allel with disease-modifying therapy.

Antisense Oligonucleotides

Short, single-stranded nucleic acids, antisense oligonucleo-
tides (ASOs) disrupt RNA in a variety of means, including
altering RNA binding protein interactions, splicing, transla-
tion, and prompting interaction with RNaseH and subsequent
cleavage [27]. ASOs against superoxide dismutase (SOD1)
have shown promise in ALS trials [28] and nusinersin
(Spinraza), an ASO for spinal muscular atrophy (SMAT1),
was recently approved by the FDA [29]. Data from the
knockin model of SCA1 with ASOs is promising [21], as is
the case in mouse models of SCA2 [30] and SCA3 [31]. Early
clinical trial data for Huntington Disease (HD) patients is also
promising [32], suggesting that this is a viable avenue for
targeting polyQ diseases.
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CRISPR

CRISPR/Cas9 systems are effective in genetically modifying
single nucleotide polymorphisms (SNPs), creating gene dele-
tions, or exon skipping through use of high fidelity homology-
directed repair and nonhomologous end joining with specific
guide RNAs [33, 34]. Despite their promise as a therapeutic
strategy, these systems have hurdles with targeted delivery
[35], particularly into the CNS (though newer adenovirus,
lentivirus, and nanoparticle packaging strategies are promis-
ing), and no clear data for usage in SCAs exists. Further,
recent studies demonstrating wide-spread genome rearrange-
ments from CRISPR/Cas9 treatment raises serious concerns
about off-target effects [36, 37].

RNA Interference: Stereotactic Delivery of si/shRNAs
and miRNAs

Use of miRNAs has also been suggested as means of transla-
tional regulation. The ATXN1 gene was found to have several
miRNA binding sites in the 3'UTR [38, 39]. This was validat-
ed in a SCAT1 cell model [40] but use of these miRNAs led to
increased cytotoxicity, potentially related to reduction of wild-
type ATXN1 function.

shRNAs and siRNAs targeting mutant ATXN1 have been
successfully transduced into cerebellar Purkinje cells using an
adeno-associated vector (AAV) model [41]. In SCA1 mice,
this led to reduced ATXNI1 inclusions, restored cerebellar
morphology, and improved motor function. Single injections
of AAV si/shRNAs into the DCN were able to reduce ATXN1
mRNAs [42], improve SCA1 phenotype, and did not result in
long-term side effects, thereby supportive of potential clinical
use.

Limitations

Although genetic strategies may attempt to target the root
cause of disease, there are several limitations to this approach,
including typically a delay in diagnosis, and therefore timing
of the treatment to when symptoms are already overt. There is
likely some element of pathology that has already taken place
and developmental changes in cerebellar circuitry would al-
ready be present. Further, there are intrinsic functions of
ATXN1 that may be impaired if wild-type ATXNTI is targeted
in addition to mutant ATXN1. For example, Atxnl! " mice
show impaired water maze and rotarod performance [43]
and similar cerebellar changes as SCA1 models [44].
Atxn1[154Q] knockin mice on an Atxnl knockout back-
ground have a worse phenotype compared to Atxnl/154Q]
on an Atxnl wild-type background [45]. Allele specific
polyQ ATXNI reduction using the si/shRNA approach, with-
out impairing wild-type ATXNI1 function, is promising,
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although delivery to the CNS in humans is a hurdle that re-
mains to be surmounted.

Target 2: Potassium Channels

Although polyQ ATXNI1 is the driving force behind SCALI,
there are many downstream pathways that are disrupted,
resulting in cerebellar Purkinje neuron and brainstem nuclei
dysfunction. A particularly relevant change that has been in-
tensively studied is ion channel dysfunction in cerebellar
Purkinje neurons [46, 47]. In several other SCAs, Purkinje
neurons exhibit altered spiking regularity or rate [17, 18, 48,
49], a phenotype shown to arise from potassium channel dys-
function and loss of the after-hyperpolarization potential [50,
51]. In mouse models of SCAI, restoration of ion channel
function improves motor dysfunction [19, 47, 52]. Recovery
of ion channel dysfunction by overexpressing potassium
channels also leads to delayed Purkinje neuron degeneration,
particularly when treatment is started early in disease [19, 47].
Large conductance calcium-activated (BK), small conduc-
tance calcium-activated (SK), and inwardly rectifying (Kir)
potassium channels have been identified as potential therapeu-
tic targets in SCAL.

4-Aminopyridine

4-Aminopyridine (4-AP) was approved in 2010 for the im-
provement of gait instability and motor fatigue in multiple
sclerosis [53, 54]. This compound was subsequently shown
to normalize cerebellar Purkinje cell firing in SCA1 [46] and
SCA6 mouse models [55], and also to acutely improve motor
dysfunction. Unfortunately, this compound blocks a wide ar-
ray of potassium channels at higher doses leading to
proconvulsant effects [53]. Also, 4-AP blocks Kv3 potassium
channels potently [56], and there would thus be concern about
long-term safety with this agent to treat symptoms in ataxia as
loss-of-function mutations in Kv3.3 result in a degenerative
cerebellar ataxia [57]. While it does indicate that potassium
channels may serve as a target in disease, safety concerns with
4-AP will limit its long-term use in patients with any SCA.

Combination of Chlorzoxazone and Baclofen

Strong evidence exists for necessity of targeting more than
one potassium channel in SCA1l. A combination of
chlorzoxazone and baclofen to target calcium-activated po-
tassium and Kir channels may in fact be required.
Chlorzoxazone is a known activator of both BK and SK
channels [58, 59] while baclofen, a GABAg agonist, po-
tentiates a sub-threshold activated potassium current in
Purkinje neurons [60]. Neither compound alone was able
to restore repetitive spiking in Purkinje cells in a transgenic
mouse model of SCA1 but the combination was effective
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[52]. Use of another SK channel agonist, SKA-31 [61], in
combination with baclofen provided similar results [52],
lending credence to the importance of targeting several
potassium channels. Importantly, the combination of bac-
lofen and chlorzoxazone improved motor dysfunction in
the transgenic SCA1 model, and also appeared to be toler-
ated in patients with ataxia [52]. Baclofen alone was un-
able to improve motor dysfunction in this model of SCA1
[19]. Chlorzoxazone is of low potency, however, and is
thus vulnerable to off-target effects. Novel compounds
with improved specificity and activity on calcium-
activated potassium channels are therefore needed.

Riluzole

Best known for its use in amyotrophic lateral sclerosis (ALS)
[62, 63], riluzole is a multifunctional benzothiazole that may
have a role in SCA therapy. Although it was initially thought
to work solely on glutamate signaling, it is now clear that
riluzole blocks sodium channels, inhibits NMDA receptors,
and also activates potassium channels [64—66]. The latter find-
ing, and specifically its ability to activate SK channels sug-
gested potential utility in ameliorating ataxia symptoms. In a
heterogeneous group of patients with ataxia, riluzole treatment
led to modest improvements of clinically validated ataxia rat-
ing scales [67, 68]. Currently, a multicenter phase III trial of a
pro-drug of riluzole (NCT03701399) and a single site phase
I trial of riluzole (NCT03347334) are underway respectively
in subjects with polyQ SCAs and SCA2.

Target 3: Kinases Phosphorylating ATXN1

Parallel cell-based and Drosophila genetic screens have
been used to identify pathways that result in reduction
of ATXNI levels [69]. These data have shown that
components of the RAS-MAPK-MSK pathway facilitate
a stabilizing phosphorylation at the S776 residue of
both wild-type and polyQ ATXNI1 [70]. Inhibition of
this pathway, either through siRNA knockdown of
MEK, MSKI1, or PAKI1 leads to decreased polyQ
ATXNI1 levels, improved motor performance, and partial
recovery of cerebellar Purkinje cell morphology in a
SCAI1 knockin mouse model [69, 71]. Inhibiting multi-
ple nodes of the pathway was shown to be additive in
ATXNI1 reduction. While a promising avenue for treat-
ment, this approach again focuses on reducing ATXNI1
levels, and would seem to affect both wild-type and
polyQ forms. Additionally, targeting components of the
MAPK pathway may lead to significant off-target ef-
fects given its ubiquity in cellular signaling throughout
the body.

Lithium

Lithium has long been known to have effects on various neu-
rological diseases and is discussed in relation to difficult-to-
treat neurodegenerative disorders, with a postulated mecha-
nism of action through inhibition of glycogen synthase kinase
3 [72, 73]. In a mouse model of SCAI, lithium resulted in
significant improvement of motor coordination, learning,
and memory [74]. Further, it led to reduced neuronal degen-
eration. These findings led to a phase I trial in SCA1 patients
(NCT00683943, results not published) and SCA2 [75] and a
phase II study in SCA3 [75, 76]. Following the safety study in
SCAL in 2008, lithium has not been advanced to therapy trials
for SCA1. Lithium was safe in SCA3, but did not slow disease
progression [76].

Target 4: VEGF

Using transcriptional profiling in cerebellar Purkinje neurons,
vascular endothelial growth factor A (VEGF) was identified to
be downregulated in SCA1 knockin mice [77]. ATXNI1 was
shown to dose-dependently downregulate VEGF levels,
which led to reduced cerebellar function through reduced vas-
cular proliferation. VEGF overexpression was also shown to
ameliorate the SCA1 phenotype, specifically leading to re-
duced cerebellar degeneration and improved performance on
the rotarod. Intrathecal administration of recombinant VEGF
into SCA1 models also showed similar results. Synthetic
VEGEF peptide amphiphiles that can assemble into nanoparti-
cles and activate the VEGF receptor improved regularity of
Purkinje cell firing [78], in addition to improved motor func-
tion and pathological changes. These nanoparticles have been
shown to permeate brain tissue and have a half-life of nearly
4 weeks. An intrathecal delivery route was, however, needed
for these nanoparticles. VEGF has been suggested as a prom-
ising neuroprotective strategy for other neurodegenerative dis-
orders such as ALS [79]. Systemically delivered growth fac-
tors have had disappointing results in early ALS clinical trials
[80], however, likely in part due to dose-limited side effects. It
remains to be seen as to whether a viable delivery strategy, at
therapeutic concentrations of VEGF, is possible without side
effects in humans.

Target 5: mGluR1

Metabotropic glutamate receptor (mGluR1) signaling has
been shown to be reduced in ATXN1 mice, in parallel with
Purkinje cell dysfunction [81, 82]. Loss of mGluR1 led to
reduced short- and long-term plasticity in cerebellar Purkinje
cell firing resulting in poor motor learning. This led to the idea
that enhancing mGIuR1 could lead to recovery of cerebellar
function, shown by injection of Ro0711401, a positive allo-
steric modulator that improved motor symptoms in SCA1
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knockin mice [83]. However, mGluR1’s function may be
more complex as other studies have shown that levels and
activity were increased in SCA1 transgenic mice. A negative
allosteric modulator, JNJ16259685 systemically delivered to
ATXNI transgenic mice improved motor dysfunction [81].
Thus, mGluR’s involvement in SCA1 is clearly disease-
stage dependent and thus its viability as a target is uncertain.

Target 6: Proteostatic Machinery

It is well established that neurons suffer from a decline in
function of proteostatic machinery with aging [84] and that
this decline can predispose one to neurodegenerative diseases
[85]. Misfolded polyQ proteins provide an added stress to the
cellular environment that is often neurotoxic. Thus, improving
the proteostatic clearance of misfolded or aggregated proteins
may be an avenue for treatment of neurodegenerative
diseases.

An important component of neuronal proteostasis is the
ubiquitin-proteasome system, which has also been implicated
in other polyQ diseases. There is significant evidence to sug-
gest that polyQ proteins are not properly ubiquitinated as they
can form amyloid fibrils and are improperly removed by the
proteasome [86]. Extensive work has been done on compo-
nents of this system, including inhibiting deubiquitinases,
augmenting ubiquitin ligases, and modifying chaperone activ-
ity [87, 88], with the last category perhaps having the most
evidence. Indeed, several studies have shown that small mol-
ecules working to enhance molecular chaperone function can
decrease polyQ forming proteins through diverting these ag-
gregates via various proteostatic mechanisms [§9-91].
Despite the potential benefits in polyQ SCAs, the biological
rationale for compounds targeting this pathway in SCAL is
weak, suggesting that aberrant proteostasis may be less impor-
tant as a therapeutic strategy.

Other Therapeutic Strategies
Stem Cell-Based Therapy

Implantation of embryonic cerebellar cells into SCA1 trans-
genic mice has been shown to improve motor impairment
[92]. This benefit only lasted approximately 3 months howev-
er, after which cerebellar degeneration resumed. A subsequent
study using neural precursor cells (NPCs) showed improved
behavior and increased Purkinje cell survival [93], but only in
later stage disease when uptake was enhanced, and it was not
clear that these NPCs adopted cerebellar Purkinje cell mor-
phology. Mesenchymal stem cells have also been used and
have been shown to suppress PC dendritic atrophy and im-
proved motor coordination in mouse models of SCA1 [94].
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Dosing, delivery, and identifying a consistent population of
stem cells in humans limit clinical studies with these agents.

Deep Brain Stimulation

The advent of electrical stimulation on subcortical targets has
dramatically altered the course of both essential tremor and
iPD. Deep brain stimulation (DBS) has proven efficacy in
improving tremor, rigidity, and bradykinesia and minimizing
motor fluctuations and dyskinesias in iPD [95]. These results
raise the possibility to use DBS to modify cerebellar pathways
in SCA. A preliminary study using DBS in the deep cerebellar
nuclei (DCN) suggests improved motor function in a mouse
model of SCA1 [96]. In Brazil, a clinical trial is underway
examining the results of DBS versus sham surgery on improv-
ing chronic cerebellar ataxia (NCT03341416). Of note, this
trial does not require a specific SCA diagnosis and involves a
small number of subjects (10 subjects). The results should,
however, prove both interesting and as a potential proof of
concept.

Tracking Treatment Outcomes

Measuring treatment effect is an area sorely in need of devel-
opment. The Scale for the Assessment and Rating of Ataxia
(SARA) is widely used [97], easily performed in under
10 min, and compared to other clinical scales has the most
validation in SCA patients [98, 99]. However, there is some
subjectivity in the scoring scheme, potential variability be-
tween examiners, and patients may perform better at an office
appointment than at home, a “white-coat” manifestation of the
Hawthorne Effect. To this end, many have suggested use of
wearable technology to track gait instability and movements
to obtain more reliable longitudinal data rather than isolated
data points [100, 101]. This technology is relatively new and
still developing, and at times can be cumbersome for patients.

Biomarkers—Tracking Target Engagement
and Treatment Efficacy

In addition to clinical examination of SCA patients, objective
biomarkers have been long sought-after to provide unbiased
longitudinal data as well as another method by which to track
treatment response. An obvious marker might be detection of
SCA polyQ proteins in CSF, and this has been shown to be
feasible for another polyQ protein, huntingtin [102]. CSF
levels of tau, a-synuclein, DJ-1, and glial fibrillary acidic
protein (GFAP) have been measured in patients with SCA
and multiple system atrophy [103]. Tau levels were increased
in patients with SCA2 and MSA, while x-synuclein was de-
creased in SCA1 patients with higher SARA scores. None of
these trends, however, reached statistical significance.
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Additional preclinical studies to identify methods to reliably
detect ATXN1 with high sensitivity are still pending.
Serological labs are also being pursued but are still far from
clinical utility.

Imaging biomarkers provide another avenue of not only
monitoring disease progression, but also examining patterns
of involvement specific to SCA1. Several studies have shown
metabolic changes and dopaminergic dysfunction in SCAs via
positron emission tomography (PET) imaging. Given con-
cerns over PET availability and radiation exposure, magnetic
resonance (MR)-based platforms have been pursued [104].
MR spectroscopy (MRS) has identified changes in mutation
carriers of SCA1 prior to onset of motor symptoms [105, 106].
MRS is a noninvasive method for studying regional metabolic
differences in SCA patients, tracking longitudinal decline and
potential response to therapy. Another MR-based modality is
voxel-based morphometry. Atrophy progression using this
MR modality is more sensitive than clinical decline [107].

Clinical Trials: Understanding Pitfalls and Moving
Forward

While preclinical studies have enhanced understanding of dis-
ease and identified novel therapy targets, the means of bring-
ing a drug from bench to bedside is complex, especially in
orphan diseases such as SCA1. Clinical trials depend on sev-
eral relevant factors, including patient population, sample size,
and effect size. The lower the impact of the treatment, the
larger the sample needs to be to reach statistical significance.
Previous studies have elegantly described the relationship be-
tween these two variables and have suggested that appropriate
trials for SCA can be done with patient sizes from 70 to 300
[4, 108]. As a trial size of even 70 patients is typically beyond
the scope of most single institutions, it is important to use the
resources of networks such as the European Integrated Project
on Spinocerebellar Ataxias (EUROSCA) and the Clinical

Add longitudinal data
- Wearable technology
- MRI parameters

Research Consortium for Spinocerebellar Ataxias (CRC-
SCA).

Applying the constraints of traditional clinical trials limits
our ability to design trials in rare and difficult-to-treat diseases.
It is therefore important to examine the design of trials for
SCA1 (Fig. 2). Firstly, what patients should be included? It
is easiest to run trials specific to SCA1 (SCA1 vs placebo).
Genetic strategies directed towards ATXN1 gene suppression
must clearly be directed specifically to this population. Other
therapeutic strategies directed towards shared downstream
dysfunction would allow grouping SCAs, and also identify
medications that may be more broadly applicable than merely
SCA1. Secondly, what effect size should we be powering
studies to detect? It is important to have more information
regarding the relationship between specific components of
SARA and physician and patient reported functional mea-
sures. Powering studies to detect specified changes in SARA
alone may not yield therapies that are clinically meaningful.
The use of wearable technologies and more objective mea-
sures of function are needed in parallel with SARA [100,
101]. While this technology is still in infantile stages, it should
certainly be incorporated into clinical trial structure as it be-
comes more readily available. Further development of serum
and imaging biomarkers that are tied to functional measures
would allow more objective data points, so that smaller sam-
ple sizes in trials may yet reach statistical and clinical
significance.

Conclusions

Our goals in treating patients with SCA1 are quite clear—
improve symptoms, delay progression, and reverse degener-
ative changes if possible. Recent developments have identi-
fied several promising targets. The complexities of polyQ
diseases suggest, however, that the appropriate treatment
strategy will involve a combinatorial approach, involving

Increase target engagement
- Biomarkers (CSF or serum)
- More potent compounds

- Improved CNS delivery

™~

OVERALL GOAL
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Fig. 2 Improving clinical trial structure in SCAs. An outline of methods
that can be used to increase the statistical significance of clinical trials in
rare diseases such as SCAL1 is provided. Because achieving statistical
significance in clinical trials for SCAs is difficult, we must rethink the
design of traditional trials. For example, when the treatment target is

Increased Statistical
Significance

Symptom management
- Downstream targets
- Non-ATXN1 pathways

shared with other SCAs, SCA1 may be grouped with other SCAs. By
creative reorganization and addressing symptoms as well as underlying

disease processes, we can more easily bring compounds from bench to
bedside
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genetic and nongenetic strategies, and also including treat-
ment focused on improving symptoms. Development of
novel biomarkers tied to functional measures is necessary
to refine clinical trial design, so that robust trials can be
conducted with small sample sizes.
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