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Abstract

Triplet repeat diseases (TRDs) are caused by pathogenic expansions of trinucleotide sequence repeats within coding and
non-coding regions of different genes. They are typically progressive, very disabling and frequently involve the nervous
system. Currently available symptomatic therapies provide modest benefit at best. The development of interventions that
interfere with the natural history of these diseases is a priority. A common pathogenic process shared by most TRDs is the
presence of toxicity from the messenger RNA or protein encoded by the gene harboring the abnormal expansion. Strategies
to interfere with the expression of these genes using different molecular approaches are being pursued and have reached
the clinical stage. This review will summarize the significant progress made in this field in the last few years, focusing on
three main areas: the discovery of biomarkers of disease progression and target engagement, advances in preclinical studies
for the polyglutamine ataxias and the initial clinical application in myotonic dystrophy type 1 and Huntington’s disease.

Introduction

Triplet repeat diseases

Microsatellites or short tandem DNA repeats are polymorphic
repetitive sequences of 1-6 nucleotides that account for about
3% of the genomic DNA (1) and play a key regulatory role on gene
expression (2). Around a million microsatellites are dispersed
throughout the human genome, with over 40 linked to human
disease to date that preferentially involve the nervous system
(3,4).

Triplet repeat diseases (TRD) are caused by three nucleotide
repeats that expand beyond a pathological threshold (4).
They are often categorized according to their nucleotide
sequence or location within coding or non-coding regions.
Near half of the known TRDs are linked to codons encoding

for the amino acid glutamine, known as the polyglutamine
(polyQ) diseases. From a translational viewpoint, a classifi-
cation between polyQ and non-polyQ TRDs is particularly
helpful (Table 1), as common pathogenic features among
polyQ diseases facilitate joint efforts to overcome common
obstacles along the therapeutic development path. There are
currently no disease-modifying therapies available for any
TRDs.

A feature shared by many TRDs is the occurrence of protein
or RNA toxicity that triggers neuronal dysfunction and death,
underlying the emergence of gradual neurological impairment.
The most advanced therapeutic molecular strategies for TRDs
aim to lower expression of the mutated gene by targeting mes-
senger RNA (mRNA) with antisense oligonucleotides (ASO) or
RNA interference (RNAI).
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Table 1. Triplet repeat diseases listed as polyglutamine and non-
polyglutamine disorders. Black bolded font indicates disease, for
which recent progress has been made as referenced in the
manuscript

PolyQ

Non PolyQ

Huntington’s disease Myotonic dystrophy type 1

SCA1 Oculopharyngeal muscular
dystrophy
SCA2 Friedreich’s ataxia
SCA3 Fragile X Syndrome
SCA6 Fragile X-associated
tremor/ataxia syndrome
SCA7 Fragile XE mental retardation
SCA17 SCAS8
Spinal and bulbar muscular SCA12
atrophy
Dentatorubropallidoluysian Huntington disease-like 2
atrophy

Fuchs corneal dystrophy

The therapeutic development path: from proof of
concept to commercialization

To understand where we stand in the therapeutic pipeline, itis a
helpful exercise to plot the full path toward clinical application
(Fig. 1). Visualizing the entire process before its execution helps
prevent inadequate experimental design that would ultimately
increase time to human application and costs. Owing to the
substantial biological and clinical overlap among TRDs, only
a fraction of the steps in this path are private to each spe-
cific therapeutic program. The knowledge acquired by a given
translational program is very informative to others, catalyzing
progress.

This review will summarize recent advances on therapeutic
ASO and RNAI for TRDs. Three specific areas of focus include
the identification of biomarkers, the progress in the preclinical
path for in the polyQ ataxias and initial human trials in myotonic
dystrophy and Huntington’s disease (HD).
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Biomarker Discovery

Advances on gene-targeting therapies led translational teams to
anticipate the need for reliable biomarkers of disease progres-
sion and target engagement before launching human trials. The
most exciting progress on this area has materialized on fluid
biomarkers for HD.

Pharmacodynamic readouts and target engagement

Most ongoing therapeutic programs for TRDs use nucleic acids
to reduce expression of the target gene at the mRNA level in a
non-specific (targeting both the mutant and normal alleles) or
allele-specific manner (selectively targeting the mutant form).
The engagement of the ligand (mRNA) by the therapeutic agent
[such as a microRNA (miRNA) or ASO] occurs in neurons, a
physical interaction that cannot be visualized in vivo. Target
identification, specificity and engagement have been thus far
established in preclinical models. However, a novel ultrasen-
sitive immunoassay reliably quantifies levels of mutant hunt-
ingtin (mHTT), the toxic protein responsible for HD, in cere-
brospinal fluid [CSF (5)] following US and European regulatory
guidelines (6). This assay demonstrated that levels of mHTT
correlate with disease stage and with other biomarkers of dis-
ease progression even in pre-manifesting HD mutation carriers
(5, 7). For huntingtin-targeting therapies, it provides an excellent
pharmacodynamic readout and an indirect measure of target
engagement. For therapeutic approaches not targeting mHTT, it
also serves as a biomarker of disease progression.

Disease progression

The most promising fluid biomarker of disease progression is
the concentration of neurofilament light chain (NfL) in CSF and
blood. NfL levels correlate with mHTT (5) exhibiting the same or
superior correlation with clinical, magnetic resonance imaging
and other biofluid measures (including tau) in pre-manifest and
manifest HD. Remarkably, NfL in CSF and plasma discriminates
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Figure 1. The process of therapeutic development for triplet repeat diseases. A general overview of the entire path from proof of concept to commercialization, including
model systems typically used at each step. The boxes indicate key questions that need to be addressed. The full process should be carefully planned before initiating

its execution, once proof of concept is established.
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pre-manifest from manifest HD and correlates with severity
in manifest HD better than mHTT, thereby effectively reducing
the sample size required for clinical trials (7-9). A combina-
tion of mHTT and NfL levels have emerged as optimal fluid
biomarkers to be used in HD trials, complementing neuroimag-
ing tools. This knowledge should accelerate biomarker discov-
ery for other TRDs, such as the spinocerebellar ataxias (SCAs).
Sensitive assays, private to each disease, need to be developed
to detect the mutant protein in CSF. On the other hand, NfL in
CSF and serum is a promising common biomarker of disease
progression for all polyQ diseases that is being evaluated in
several SCAs.

Advancing Beyond Proof of Concept on the
Ataxias

RNAi

The first proof of concept study demonstrating the therapeutic
potential of RNAi for brain disease was completed in a
mouse model of SCA1, with adeno-associated virus (AAV)
vectors expressing short hairpin RNAs that efficiently reduced
expression levels of the mutant protein, ataxin-1 (10). Ensuing
reports over the following decade confirmed the therapeutic
potential of RNAi for SCA1 and extended it to SCA3, 6 and 7,
including demonstration of successful allele-specific and splice-
isoform specific targeting (11-20). Recent progress on RNAI for
TRDs includes the development of a lentiviral vector to deliver
short hairpin RNAs into SCA3 mouse striatum (21) and a novel
silencing-replacement strategy for SCA7 in cultured cells (22).

Progress beyond proof of concept has been reported for SCA1,
by refining the therapeutic window for an optimized lead vector
in SCA1 mice (23) and scalability to primate brain (24). Infusion
of the test article into the cerebellar nuclei of rhesus macaque
led to widespread transduction and efficient target suppression
not only to the cerebellar nuclei and cortex but also in brainstem
nuclei implicated in ataxia, such as the inferior olive. This deliv-
ery approach, currently undergoing IND-enabling GLP toxicology
studies for SCA1, should be applicable to other SCAs.

Antisense oligonucleotides

Target cleavage. ASO are short sequences of nucleic acids
designed to bind a specific target RNA and alter its normal
behavior through different mechanisms (25), including RNase
H-mediated mRNA cleavage. This approach is moving forward
as a therapeutic option for several SCAs and, although started a
few years after RNAi programs were launched, will likely reach
the clinic first.

SCA1 cleared the proof of concept milestone, with the
demonstration of efficient downregulation of Atxnl in SCA1l
knockin mice after intraventricular injection of three lead ASOs.
The phenotypical rescue was achieved when applied at an early
stage, including improvement on motor function, transcriptional
deregulation and magnetic resonance spectroscopy-based
neurochemical abnormalities in affected tissue (26). In SCA2,
a screen of 152 ASOs against the human gene identified a lead
sequence that, when applied through intracerebroventricular
(icv) injection to two different symptomatic SCA2 mice, led
to a significant reduction of the target transcript in the right
tissue with benefit on motor function and no toxicity (27).
Because the product of the gene harboring the repeat expansion,
ATXN2, is also implicated in the pathogenesis of amyotrophic
lateral sclerosis, this sequence is first being developed for that

devastating disease (28). An initial study for SCA3, the most
common dominant ataxia worldwide, screened hundreds of
ASOs targeting the human ATXN3 in cultured cells, yielding
five candidates for an in vivo screen in two transgenic mouse
models of SCA3. Widespread delivery to target regions in SCA3
efficiently reduced target protein levels without evidence of
toxicity in one of the models used but failed to achieve similar
silencing in the other (29). After this initial screening, the top
ASO was evaluated in early symptomatic transgenic SCA3
mice. Significant target suppression lasted 2 months after
infusion, preventing oligomerization and nuclear accumulation
of ataxin-3 while improving Purkinje neurons physiology and
motor function (28). SCA7 is unique among polyQ ataxias
in that, in addition to a cerebellar syndrome, it also causes
retinal degeneration leading to blindness. After selecting a
lead sequence from a screening of 150 ASOs targeting mouse
ATXN7, SCA7 knock in received ASOs targeting ataxin-7 through
injections into the vitreous humor with improvement in many
phenotypical features even when applied after onset of retinal
disease (30). Treatment of the cerebellar syndrome in SCA7
would require adding a similar intervention targeting the
cerebellum as in the SCA1, 2 and 3 programs.

For SCA7, next steps include the identification of ASOs tar-
geting human ATXN7 and efficacy and safety screening in retinal
and brain tissue in rodents. Initial human trials will likely target
retinal disease. For SCA1, larger screening of sequences against
human ATXNT1 is likely the next step to identify a lead vector.
In SCA2 and 3, the focus should be on biomarker identification
(assays to measure the mutant protein in CSF and evaluation
of NfL in CSF and serum) and dosing studies to define the
therapeutic window before moving on to IND-enabling GLP eval-
uation. SCA2 will likely follow initial trials in patients with amy-
otrophic lateral sclerosis. Scalability to a larger mammal brain
can be informed by other ASO therapeutic programs using the
same route of administration (31), including post-mortem eval-
uation in children who received ASO for spinal muscular atrophy
[SMA (32)].

Modifying splicing. ASO can also be designed to alter splic-
ing of the targeted gene product, an approach that reached
commercialization for another neurogenetic disorder, SMA (32).
Therapeutic splicing modulation is being evaluated for SCA3.
Using ASOs that remove the polyQ-encoding sequence from the
mutated gene product, ataxin-3, through exon skipping does not
interfere with key biochemical functions of the normal protein. A
single infusion of this ASO modifies splicing for over 2 months in
SCA3 mice, lowering levels of insoluble ataxin-3 and correcting
cytological features (33, 34). Demonstration of clinical efficacy
in SCA3 models should be completed before investing in a full-
fledged therapeutic program.

Reaching Clinical Application: Myotonic
Dystrophy and HD

Myotonic dystrophy

A CUG expansion in DMPK (dystrophia myotonica protein
kinase) generates toxic transcripts that are retained in the
nucleus, triggering transcriptional deregulation and splicing
defects that cause myotonic dystrophy type 1 [DM1 (35)]. The
use of ASOs to downregulate DMPK faces the added challenge
of required delivery to multiple tissues, including skeletal and
cardiac muscle. After initial cell- and animal-based studies
following this approach were successful (36-40), 3000 sequences



were screened to yield an ASO that was successfully tested in
rodents and non-human primates and achieved efficient (>50%)
and well-tolerated inhibition of DMPK in skeletal and cardiac
muscle for both species (41). This led to the design and execution
of a phase 1/2 dose escalation clinical trial in subjects with
DM1, evaluating safety and biomarkers for target engagement
in muscle biopsies. Although not published in peer-reviewed
form, Ionis Pharmaceuticals and Biogen reported the results
of the DMPKRXx trial in early 2017. The distribution of the ASO
(IONIS-DMPK-2.5Rx) was not sufficient to reach the required
RNA splicing rescue in skeletal muscle, highlighting the critical
importance of biomarkers. This human trial has provided very
valuable information and serves as a cautionary tale for the
future development of molecular therapies for DM1 and other
therapeutic programs.

Huntington’s disease

RNAi. After an initial demonstration of efficacy in a mouse
model of HD, a wealth of publications followed supporting the
development of therapeutic RNAi for HD (reviewed in 42-44) and
optimization of the first-generation therapeutic vectors ensued
(45, 46). The triad of motor, cognitive and psychiatric symp-
toms in HD initially arises from striatal pathology that subse-
quently extends to other cerebral areas (47). The most com-
mon RNAi approach has been the infusion of AAV encoding
sequences targeting HTT into the striatum. The main advances
in RNAi for HD in the last few years cluster on the refine-
ment of the therapeutic vector and scalability studies in large
mammals.

In efforts to improve efficacy and safety, sequences have been
engineered to target preferentially the mutant allele (48-50), and
different AAV serotypes (49, 51, 52) and lentiviral vectors (53)
have been tested. Moreover, different promoters driving expres-
sion of miRNAs have been compared. The higher expression
levels of the miRNA targeting HTT achieved by a pol-3 (human
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U6) than a pol-2 (chicken g-actin) promoter were associated with
toxicity in HD mice (52) but not in sheep (54). As a result, dif-
ferent AAV serotype-promoter-miRNA combinations are under
development by different groups.

Regarding scalability to larger mammalian brains, the effi-
cacy and short-term safety of striatal infusion of AAV miRNA
targeting HTT were previously shown in non-human primates,
with evidence of spread beyond the putamen to cortical areas
(55, 56). More recently, the striatum of HD transgenic sheep was
targeted with AAV9 miRNA targeting human HTT. This interven-
tion achieved sustained HTT mRNA and protein suppression in
the caudate and putamen for at least 6 months post-injection
with no safety concerns (54). A recent clinical trial in patients
with Parkinson’s disease (PD) provides very valuable information
for AAV-based HD programs. Patients with PD underwent an
intraputamenal infusion of AAV encoding a potentially benefi-
cial enzyme. Despite infusing significantly larger volumes and
doses than in previous trials, the highest dose cohort did not
surpass 50% of putamenal coverage, which might be insufficient
for gene silencing in HD (57). Nevertheless, this approach is
actively being pursued by different companies that reportedly
completed IND-enabling studies and are close to launching early
phase human trials (42).

Antisense oligonucleotides. Following initial preclinical proof of
concept, optimization and scalability studies in different rodent
HD models and non-human primates (31, 58-60), Ionis Pharma-
ceuticals launched a Phase 1/2 clinical trial evaluating IONIS-
HTTRx (or RG6042) in 46 patients with early-stage HD. Subjects
were randomized to receive four different doses of IONIS-HTTRx
or placebo through monthly intrathecal applications (lumbar
puncture). The results of this trial were recently published (61),
reporting safety and tolerability of all tested doses. There was a
remarkable dose-dependent reduction in levels of mutant HTT
in CSF of ~60%. An open-label extension trial (NCT03342053)
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Figure 2. Current status of molecular therapies for selected triplet repeat disorders. The information included in this figure is inferred from published or publicly
available information. Therapeutic ASOs are taking the lead in the ‘race’ to commercialization for TRDs.
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for those who completed the Phase 1/2 trial and a new Phase 3
randomized double-blind placebo-controlled trial involving 660
subjects (GENERATION-HD1) has been launched.

Similar to RNAi vectors, ASOs can be designed to selectively
target mutant HTT without affecting levels of the wild-type
allele (62-64). WAVE Life Sciences designed two different SNP-
targeting ASOs for allele-preferential suppression of mutant
HTT expression. A Phase 1/2 trial has been initiated for
each ASO (PRECISION-HD1 and PRECISION-HD2), although
no preclinical information or reports of trial progress are
available (42, 65).

Other progress

For HD, AAV-based expression of zinc finger proteins success-
fully silenced transcription at the DNA level in vivo (66). No
recent progress has been reported on this program. The use of
therapeutic ASOs has been explored for other TRDs, such as
Friedreich’s Ataxia (67) or spinal and bulbar muscular atrophy
(68,69). AAV-based treatments are in early stages of development
for fragile X mental retardation protein-related disorders (70).
Finally, silencing-replacement strategies are being pursued for
oculopharyngeal muscular dystrophy (71, 72).

An extremely exciting development to target disease genes
at the DNA level is through gene editing. The therapeutic appli-
cation of CRISPR/Cas9 technologies is rapidly advancing (73). In
HD, evidence of efficacy in cells and in vivo allele-specific tar-
geting has been reported (74-80), and this approach is also being
pursued for other TRDs (81). Once hurdles related to delivery and
safety are cleared, this field is likely to take off and readily move
toward IND-enabling studies.

Conclusion

As the preclinical gap narrows and human application is reached
in a growing number of programs (Fig. 2), we advanced from
an era of ‘cautious optimism’ to a state of remarkable excite-
ment. Although high expectations are often counterproductive,
a growing number of translational scientists expect a demon-
stration of clinical efficacy in a neurodegenerative disease in the
next 5 years. Other precision-based therapeutics, biologicals and
small molecules are being developed in parallel for TRDs (65, 82).
In the future, it is reasonable to envision the use of several of
these therapies in combination, perhaps driven by phenotypical
features and disease stage.

Even if approved for clinical use, new challenges will appear.
For instance, the repeated administration of Spinraza for SMA
has led to the appearance of meningitis and hydrocephalus
in some patients, information now included in the product
label. New delivery methods might need to be developed. The
involvement of other organs unmasked by improvement on
brain disease or unwanted extension of end stages of the disease
is also a possible concern. Issues of cost and reimbursement will
have to be addressed. These are challenges the field is willing
to embrace and will be ready to tackle. Slowing or halting the
progression of the disease process in TRDs in humans is within
reach.
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