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Abstract

Dozens of incurable neurological disorders result from expansion of short repeat sequences in both
coding and non-coding regions of the transcriptome. Short repeat expansions underlie
microsatellite repeat expansion (MRE) disorders including myotonic dystrophy (DM1,
CUGs0_3 500 in DMPK; DM2, CCTGy75-11 000 in ZNF9), fragile X tremor ataxia syndrome
(FXTAS, CGGsg_pgg in FMR1), spinal bulbar muscular atrophy (SBMA, CAG4g_s5 in AR),
Huntington’s disease (HD, CAG3g_121 in HTT), C9ORF72-amyotrophic lateral sclerosis (ALS)/
frontotemporal dementia (FTD and C9-ALS/FTD, GGGGCC in CO90ORF72), and many others, like
ataxias. Recent research has highlighted several mechanisms that may contribute to pathology in
this heterogeneous class of neurological MRE disorders — bidirectional transcription, intranuclear
RNA foci, and repeat associated non-AUG (RAN) translation — which are the subject of this
review. Additionally, many MRE disorders share similar underlying molecular pathologies that
have been recently targeted in experimental and preclinical contexts. We discuss the therapeutic
potential of versatile therapeutic strategies that may selectively target disrupted RNA-based
processes and may be readily adaptable for the treatment of multiple MRE disorders. Collectively,
the strategies under consideration for treatment of multiple MRE disorders include reducing levels
of toxic RNA, preventing RNA foci formation, and eliminating the downstream cellular toxicity
associated with peptide repeats produced by RAN translation. While treatments are still lacking
for the majority of MRE disorders, several promising therapeutic strategies have emerged and will
be evaluated within this review.
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Introduction to MREs in neurological disorders

Microsatellites, also known as simple sequence repeats or short tandem repeats, are
interspersed throughout the human genome where they comprise nearly 3% of total
sequence (Hannan 2018; Nguyen et al. 2019). These short tandem repeats are highly
polymorphic in repeat length among the human population and pathological expansion of
several unique repeat sequences in both coding and non-coding regions of the genome has
been associated with dozens of neurological disorders (Table 1) (Hannan 2018; Paulson
2018). Nearly all of these clinically distinct microsatellite repeat expansion (MRE) disorders
share hallmark disruptions in RNA metabolism that result from synthesis of repeat rich
RNA, although emerging evidence is beginning to uncover how repeat sequences may
modulate gene transcription, as well (Rohilla and Gagnon 2017). Since pathological repeat
expansions of short, often trinucleotide repeat sequences within many different genes
converge upon key cellular processes dysregulated in several MRE disorders, understanding
how MRE RNA exacerbates neuropathology should facilitate development of versatile
therapeutics to treat multiple MRE disorders (Rohilla and Gagnon 2017). As many MRE
disorders share similar post-transcriptional pathologies, it is conceivable that molecular
therapies may be readily adaptable for targeting neuropathology in a variety of MRE
disorders.

Pathological MRE within multiple genes expressed in neurons can yield diverse pathological
consequences that are clinically distinct for each disorder and may affect unique neuronal
populations. Nearly all MRE disorders have been linked to transcription of the MRE, as
opposed to pathological perturbation of genomic or chromatin landscapes, but
hypermethylation and transcriptional silencing of the FMR1 locus in Fragile X syndrome
(FXS) presents an interesting exception associated with neurodevelopmental conditions,
such as autism and intellectual disability (Shin et al. 2009; Todd and Paulson 2010;
Hagerman et al. 2017; Rohilla and Gagnon 2017; Misra et al. 2018; Swinnen et al. 2020).
Indeed, expanded CGG repeat tracts in FAMRI RNA may hybridize to its genomic locus
forming RNA:DNA duplexes that promote epigenetic silencing through polycomb group
complexes around week 11 of human gestation (Colak et al. 2014; Kumari and Usdin 2014).
Transcribing repeat rich sequences may give rise to numerous histopathological
mechanisms, and two additional major drivers of disease pathogenesis across several MRE
disorders include repeat-associated non-AUG (RAN) translation and formation of
intranuclear RNA foci that primarily sequester key RNA binding proteins (RBPs) from
endogenous gene regulatory functions (Lin et al. 2010; Koole et al. 2014; Schmidt and
Pearson 2016; Rohilla and Gagnon 2017; Swinnen et al. 2020). Expansion of endogenous
polyglutamine-tracts within protein coding sequences also contributes to neuropathologies
that share similarities to those seen following toxic RAN translation, but polyglutamine
expansions are inherently more limited by underlying sequence constraints than the
sequence diversity that enables RAN translation. While RNA repeats may be invariably
toxic to multiple cell types, several studies have highlighted the selective vulnerability of
neurons to RNA repeats, which likely underlies cognitive, behavioral, and motor symptoms
in neurological MRE disorders (Wenzel et al. 2010; Ariza et al. 2015; Bavassano et al. 2017,
Jimenez-Sanchez et al. 2017; Selvaraj et al. 2018).
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Indeed, while somatic mosaicism and genetic anticipation account for differences in the
precise number of repeating sequence units present in any given patient cell, the selective
neuronal vulnerability to MREs is hypothesized to emerge from neurons’ highly complex
morphologies with unique activity-dependent and developmental requirements for
spatiotemporally restricted changes in gene expression (McMurray 2010; Roselli and Caroni
2015; Fu et al. 2018; Misra et al. 2018; Nussbacher et al. 2019). Disruptions to homeostatic
controls of neuronal gene expression in response to age, stress, pathological repeat length, or
environmental changes may underlie the aberrant executive and cognitive dysfunction
present in patients with MRE disorders. Consistent with this hypothesis, numerous /n vitro
and /n vivo experiments have shown that repeat rich transcript accumulation positively
correlates with time and underlying repeat unit length (Todd and Paulson 2010; Nelson et al.
2013; Gendron and Petrucelli 2018). These two factors strikingly influence age of disease
onset and severity across several different MRE disorders, although not all, underscoring the
need to develop therapies for those genetically identifiable patient populations of such
disorders (Haeusler et al. 2016; Paulson 2018).

Although researchers have made significant advances in understanding the molecular
underpinnings of neuropathology in MRE disorders, translation of these insights into
therapies for patients suffering from MRE disorders is lagging (Nussbacher et al. 2019).
Pathological MRE within many neuronal genes yields diverse pathological consequences
that are clinically distinct for each individual disorder and may affect different neuronal
populations. RAN translation or RNA foci formation are hallmarks of many MRE disorders,
yet, upon examination, often with more sensitive tools or reagents, many MRE disorders
display signs of both RAN translation and RNA foci formation (Cleary and Ranum 2014).
Given that similar molecular and cellular pathologies have been observed to underlie several
MRE disorders, developing therapies to eliminate repeat RNA, block RNA foci formation,
or prevent RAN translation may have widespread applicability for the treatment of multiple
MRE disorders (Rohilla and Gagnon 2017). Select therapeutic strategies that have been
considered here include eliminating toxic RNA species, masking toxicity of repeat RNA,
and blocking RAN translation-linked toxicity. These strategies have been tested with a
variety of agents, such as antisense oligonucleotides, transcription-blocking Cas9, RNA-
targeting Cas fusion proteins, engineered RNA binding proteins, and small molecules, which
will be discussed in subsequent sections of this review.

Mechanisms underlying MRE disorders of the nervous system

With the advent of next-generation genetic sequencing and the development of animal and
cellular models of neurological disorders, it is now clear that impairments to neuronal RNA
metabolism underlie numerous unique neuropathologies (Maziuk et al. 2017; Nussbacher et
al. 2019). Indeed, widespread dysregulation of RNA metabolism has been observed in
several neurodegenerative and neurodevelopmental disorders, highlighting the fundamental
importance of homeostatic control of neuronal gene expression for cognition. The focus of
this section comprises known and emerging roles of dysregulated RNA metabolism driving
pathology in MRE disorders of the nervous system. Multiple, non-exclusive pathological
mechanisms contribute to MRE disorders and a single MRE disorder may result from
several unique disruptions to RNA biology. A summary of the repeat lengths, genetic basis,

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2021 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schwartz et al.

Page 4

neuropathology, and clinical presentation associated with each of the MREs discussed
within this review is provided in Table 1. In reviewing prominent mechanisms underpinning
neurological MREs, we first highlight the RNA-based processes that are the most well-
characterized (i.e. bidirectional transcription, RNA foci formation, and RAN translation),
and then discuss emerging post-transcriptional mechanisms of neuropathology, such as RNA
phase transitions and disruption of nucleocytoplasmic shuttling. Many of these mechanisms
are intricately linked with one another and can co-occur within a single cell or potentially
even different cells of a patient. Rarely would a single post-transcriptional mechanism
underlie the entire phenotypic presentation of a neurological MRE disorder, and often,
multiple pathological mechanisms contribute to a given disease phenotype.

Known post-transcriptional mechanisms underlying MRE disorders

Synthesis of repeat rich RNA is associated with a diverse array of dominantly inherited
neuropathologies (Rohilla and Gagnon 2017;Misra et al. 2018; Swinnen et al. 2020). The
most well-known RNA-based mechanisms underlying neuropathology in a variety of
genetically diverse MREs include those related to bidirectional transcription (BT), to
sequestration of proteins contained within repeat rich RNA foci, and to toxicity of RAN
translation products (Figure 1). These three pathological mechanisms we highlight occur
across diverse compositions of MRE sequences, while other neuropathological mechanisms,
such as in-frame CAG-mediated polyglutamine expansions within protein coding regions,
have more specific sequence context constraints that drive pathology and have been
thoroughly reviewed elsewhere (Lieberman et al. 2019). Intriguingly, emerging research is
uncovering evidence that bidirectionally transcribed CAG repeats can serve as substrates for
intranuclear protein sequestration and RAN translation in a variety of MRE disorders also
characterized by polyglutamine protein expansion (Cleary et al. 2018; Nguyen et al. 2019).
Indeed, each MRE disorder is characterized by a unique combination of repeat RNA
sequence, pathological repeat unit length threshold, host gene, transcript levels, post-
transcriptional processing events (e.g. splicing, editing), and cell types that express the
repeat RNA, which is summarized in Table 1. While these distinctions selectively influence
disease pathogenesis, the well-characterized mechanisms reviewed in this section — BT,
sequestration of key proteins within RNA foci, and disruption of cellular functions by RAN
translation products — highlight the molecular underpinnings of disease pathogenesis for
many clinically heterogeneous MRE disorders of the nervous system.

Historically, spinal bulbar muscular atrophy (SBMA) and FXS were among the first
identified MRE disorders their molecular characterizations drove much of our understanding
of pathological MRE (La Spada et al. 1991; Arnold and Merry 2019). Both of the host genes
underlying SBMA and FXS, AR (androgen receptor) and FMRI, respectively, are located on
the X chromosome, providing early clues as to mechanisms of inheritance. As researchers
began to uncover the molecular basis of these disorders, it emerged that the repeats
underlying these two disorders are located within two different intragenic contexts.
Translation of CAG trinucleotide expansions within the coding sequence of the AR gene
yields toxic polyglutamine tracts within androgen receptors, a characteristic of SBMA. This
mechanism contrasts with the numerous disease mechanisms reported to arise from MRE of
CGG within the 5" UTR of FMRI, a gene encoding a critical regulator of neuronal
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development, FMRP. Indeed, depending upon the precise length of genomic CGG:CCG
expansions in the FMR1 promoter region, two clinically distinct neuropathologies can result
characteristic of either FXS or fragile X tremor/ataxia syndrome (FXTAS) (Hagerman 2013;
Hagerman et al. 2017). Since the discovery of the ARand FMRP genes and their pathogenic
repeats, expansions in dozens of disease causing intragenic repeats have been identified
(Hannan 2018).

Collectively, the repeat sequences that give rise to neurological MREs are diverse in
nucleotide composition and intragenic location. One striking bias, however, is the
preponderance of trinucleotide (Rodriguez et al 2020) repeat expansions compared to other
short RNA repeats, such as di-, tetra-, penta-, and hexanucleotide sequences (McMurray
2010; Shimada et al. 2016; Paulson 2018). Another general feature of MRE sequences
includes the prevalence of C and G, compared to A or U, and the ability of MRE RNA to
form higher order A-form like duplexes, alternative secondary structures, or even G-
quadruplexes (Fratta et al. 2012; Cammas and Millevoi 2017; Hale et al. 2019). While GC-
rich sequences are suspected to contribute to pathological higher order secondary structures,
the precise significance of trinucleotide sequences, particularly those outside of canonical
coding sequences, remains largely unknown (Lin et al. 2010; Cammas and Millevoi 2017;
Rohilla and Gagnon 2017). Despite the heterogeneity in repeat sequence composition,
location, and length, similar pathological mechanisms can emerge from expansions of
endogenously short repeats within neuronal genes (Rohilla and Gagnhon 2017; Zhang and
Ashizawa 2017; Hannan 2018; Misra et al. 2018; Paulson 2018; Swinnen et al. 2020).

Another recognizable feature of neurological MREs is the generally increased lengths of
pathogenic repeat tracts within UTRs (e.g. >1000 in DM1, SCA10, or SCA36) compared to
those within coding sequences (e.g. 35-80 in many polyQ disorders), which may be a
consequence of evolutionary pressures to maintain functional open reading frames of host
genes key to neuronal homeostasis (Shimada et al. 2016; Paulson 2018). Moreover, the
length of repeat expansions often inversely correlates with disease severity and onset,
especially for polyQ disorders, but varies based on several factors (Orr and Zoghbi 2007;
Shimada et al. 2016). Indeed, interruptions to repeat sequences, such as by single nucleotide
insertions or substitutions within MREs, can significantly modify severity and onset of
several MRE disorders (Yrigollen et al. 2012; McFarland et al. 2013; Cumming et al. 2018).
Ultimately, the clinical presentation for each neurological MRE disorder can be influenced
by multiple neuropathological factors unique to each individual MRE, including the host
gene, repeat sequence, repeat length threshold, and level of intracellular transcript
expression, among other well-characterized, non-exclusive mechanisms that are prevalent
across other neurological MRES characterized by diverse repeat sequence compositions
(Rohilla and Gagnon 2017; Paulson 2018).

Bidirectional transcription

A previously overlooked phenomenon that is now recognized to occur in at least 20 MRE
disorders is bidirectional transcription (BT) of the repeat locus, whereby both the canonical
repeat and its antisense (AS) repeat are co-expressed (Budworth and McMurray 2013). The
earliest reports of AS transcription in MRE disorders were in DM1 (Cho et al. 2005) and
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SCAB8 (Moseley et al. 2006), but BT has since been observed in FXTAS, HD, HDL2, SCA?7,
and C9 (Cho et al. 2005; Moseley et al. 2006; Cleary et al. 2018; Nguyen et al. 2019). The
precise contributions of AS transcripts to pathology is still under active investigation, as
many AS transcripts are often produced at lower levels than their sense counterparts
(Moseley et al. 2006; Budworth and McMurray 2013). Indeed, the creation of AS transcripts
may occur across the majority of the human genome (Barman et al. 2019). AS transcription
of MRE loci may also regulate sense gene expression by a variety of mechanisms at the
epigenetic, transcriptional, and post-transcriptional levels. Consequently, understanding the
interplay between repeat lengths and transcriptional or translational output would be an
exciting area of further exploration that may uncover therapeutic targets of broad relevance
to MRE disorders. Within select cells, some AS transcripts are co-expressed with their sense
counterparts, such as those from G4C2 expansions within C9-orf72, the leading genetic
cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (C9-ALS/FTD).
This co-expression pattern may highlight a shared role between sense and AS transcripts in
disease pathogenesis. In other MRE disorders with bidirectional transcription, for example,
the AS transcript spanning the CGG repeat of FMR1, FMRI1-AS, may undergo differential
alternatively splicing in FXTAS premutation carriers compared to neurotypical controls
(Ladd et al. 2007). This differential splicing suggests a potential post-transcriptional
contribution to FXTAS severity that remains to be thoroughly explored. Indeed, FMR1-AS
levels are elevated in premutation carriers, compared to controls, and since FMRI-ASis
polyadenylated, exported to cytoplasm, and contains a putative ORF encoding a polyproline
stretch (Ladd et al. 2007), more research is needed to completely understand the roles of
naturally occurring AS transcripts and how alterations in AS RNA processing may
contribute to disease phenotypes.

Transcripts of repeat rich RNA can form dynamic aggregates that disrupt cellular function,
often on a multisystem level, by sequestering RBPs and other essential proteins from native
locations (Zhang and Ashizawa 2017). These RNA foci have been observed in a variety of
MRE disorders, including FXTAS, C9orf72-ALS/FTD, DM1, DM2, FECD, HD, HDL2,
SBMA, SCA-3, -8, -10, —31, and —36 (Rohilla and Gagnon 2017; Gendron and Petrucelli
2018; Ishikawa and Nagai 2019; Matthaei et al. 2019; Nussbacher et al. 2019; Paulson 2018;
Swinnen et al. 2020). The specific size, number, sub-cellular localization, and composition
of pathogenic ribonucleoprotein foci may vary across and within MRE disorders, likely
contributing to varying degrees of impairment to neuronal RNA processing, splicing,
transport, or translation, gene regulatory processes critical for healthy neuronal and cognitive
function (Markmiller et al. 2018). For example, in cerebellar tissue from SCA8 patients,
single large CUG intranuclear foci were often found in interneurons and Bergmann glia,
while multiple small nuclear CUG foci were found in Purkinje cells, suggesting differences
in assembly and distribution of these types of CUG inclusions across cell types of the brain
(Daughters et al. 2009). CUG sense foci associated with DMPK from DML patients,
however, have been found within both the nucleus and cytoplasm, as were antisense
transcripts DMPKAS, although it’s unclear cytoplasmic AS foci impart toxicity (Zhang and
Ashizawa 2017). As multiple MRE disorders are characterized by RNA foci, a challenge
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remains in identifying foci that contribute to disease compared to foci that may provide
adaptive benefits, such as in response to stress or aging.

Following transcription, several repeat-expanded RNA transcripts are retained within the
nucleus, where they colocalize with interacting RBPs and RNAs to form microscopic
inclusions. Neurons of individuals with healthy repeat lengths typically produce repeat RNA
that is exported to the cytoplasm for proper cellular function if present within an exon or
appropriately spliced if the repeat is intronic. These key RNA metabolic processes are often
disrupted in repeat expansion disorders, whereby genomic repeats may augment transcript
accumulation or saturate the endogenous RNA splicing, miRNA biogenesis, or nuclear
export machinery responsible for translocating repeat RNA to the cytoplasm (Figure 1). By
exogenously expressing repeat sequences of various lengths within native or artificial gene
contexts and then performing RNA fluorescence /n situ hybridization (FISH), multiple labs
identified sequence-specific repeat length thresholds underlying RNA foci formation
(Urbanek and Krzyzosiak 2016; Paulson 2018). These findings largely supported
observations based on tissue biopsies from patients with repeat expansions and permitted
mechanistic investigations of RNA foci formation, dynamics, diversity, and toxicity. For
example, following transfection of plasmids expressing variable length CGG repeats linked
to FXTAS, foci formation was absent in the subthreshold repeat length contexts, was weak
in the smallest expansion length condition, and was highly pronounced in the pre-mutation
range (Sellier et al. 2010). Similarly, when researchers expressed transcripts with ALS- and
FTD-linked G4C2 of either 8, 38, or 72 repeats, foci and neurotoxicity were only observed
at pathologically expanded repeat lengths (Lee et al. 2013). Additionally, by exploiting the
temporal control of exogenous repeat RNA expression, researchers could compare percent
colocalization of multiple RBPs over time, and identified Sam68 as an early interactor
within CGG foci, followed subsequently by MBNL1 and hnRNP-G, for example, Sellier et
al. (2010). Sam68 is a primarily nuclear RBP that modulates RNA 3" processing and
alternative splicing, but hnRNP-G and MBNL1 also regulate processing and splicing of
distinct RNA populations. Moreover, comparison of Samé8 colocalization with additional
exogenously expressed MRE-linked repeat sequences revealed a striking specificity of
Sam68 for CGG repeats (Sellier et al. 2010), suggesting sequence-specific biophysical
properties underlying foci formation and dynamics across MRE disorders.

Furthermore, numerous groups have attempted to identify compositions of RNA foci
interactomes by a variety of approaches (Paul et al. 2011; Ishiguro et al. 2017). Early
attempts to uncover the composition of intranuclear foci in FXTAS relied upon fluorescent
activated sorting to isolate endogenous ubiquitin and crystallin positive inclusions. Isolating
inclusions from FXTAS patient brain tissue for proteomic analysis, although crude and
difficult to rigorously control, revealed enrichment of RBPs that may affect critical gene
regulatory processes in neurons (Iwahashi et al. 2006). These initial studies have
subsequently been largely supported by more sensitive, higher throughput, and well
controlled experiments (Iwahashi et al. 2006; Ma et al. 2019). For example, by flowing
mouse brain lysate over a column of variable length CGG repeats, researchers found
proteins enriched in the pathogenic length contexts include regulators of miRNA biogenesis,
which bind, but do not cleave, the CGG repeat RNA hairpins (Sellier et al. 2013).
Complementary strategies such as RNA pulldowns followed by mass spectrometry have
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been undertaken to identify components of G4C2 foci in COORF72-ALS/FTD or CUG foci
in DM1, HDL2, SCAS8, and others (Ishiguro et al. 2017; Zhang and Ashizawa 2017).
Intriguingly, /in vitro studies have identified MBNL1 as an RBP enriched within CUG RNA
foci across various MRE disorders, suggesting critical roles for MBNL1 in maintaining
neuronal health and homeostasis (Mankodi et al. 2001; Fardaei et al. 2002; Rudnicki et al.
2007; Daughters et al. 2009). While splicing factors like MBNL1 have been independently
validated by different groups to be a major constituent of DM1 foci, for example, there have
also been notable differences in candidate foci interactomes that have emerged across
approaches or between /n vivo and in vitro contexts, highlighting the importance of
validating candidate proteins sequestered within ribonuclear foci, through methods like
FISH combined with immunofluorescence on patient-derived models.

Beyond disrupting miRNA biogenesis, MRE-linked RNA foci sequester diverse repertoires
of RBPs, including those that establish landscapes of alternative splicing and protein
synthesis or are responsible for distributing RNA to distant neuronal locations, such as
synapses or axon terminals (Ishiguro et al. 2017). Sequestration of splicing factors within
pathogenic repeat RNA foci give rise to what has been called spliceopathies, including
DML, FXTAS, SCA8, C90RF72-ALS/FTD, and Fuchs endothelial corneal dystrophy
(FECD). Some of the splicing factors found within (1) C9 foci include hnRNP-A1/F/H/U,
SRSF2, PURa, SF2, and ADARB2( 2) DML1 foci include MBNL1-3, CUGBP1, and
hnRNP-H/F; (3) FXTAS foci include MBNL1, SRSF-1/4/5/6/7/10, hnRNP-
Al/A2/B1/A3IC/D/EL/G/M, PURa, and Sam68; (4) SCAS foci include MBNL1; and (5)
FECD foci include MBNL (Zhang and Ashizawa 2017). Recruitment of diverse repertoires
of RBPs into repeat RNA foci raises the possibility that transcriptional cargoes normally
associated with these RBPs may also be mislocalized within intranuclear inclusions and
contribute to underlying disease pathology. Indeed, mislocalization of MBNL1 within CUG
RNA foci disrupts critical splicing events in regulators of neuronal health and plasticity, such
as insulin receptor IR2 and chloride channel CLC2 (Pettersson et al. 2015). Researchers
hypothesize that disruptions in MBNL1-mediated splicing profiles drive DM1 pathology, but
additional cellular toxicities downstream of CUG repeat RNA production have been reported
(Botta et al. 2007; Onishi et al. 2008; Perbellini et al. 2011; Batra et al. 2014). Identification
of highly penetrant disrupted splicing events associated with RBP sequestration by
pathogenic ribonuclear foci in specific MRE disorders will be necessary to develop effective
therapeutic strategies that modulate alternative splicing.

Differences in foci formation, cell type-specific sequestration of RBPs, subcellular
localization, and the composition of inclusions likely contribute to variations in disease
symptoms and severity. To this end, the pathogenicity of RNA foci observed in C9orf72 and
FXTAS have received considerable attention. While CGG repeat RNA in FXTAS form
intranuclear RNA inclusions that appear to drive disease pathology, intranuclear G4C2
repeat RNA foci have been proposed to impart an adaptive response. Indeed, cytoplasmically
localized G4C2 repeat RNA foci can be localized to neurites, where it triggers branching
defects and disrupts transit of RNA transport granules to distant subcellular depots, such as
dendritic spines (Burguete et al. 2015). For example, in rat primary neurons transfected with
expanded G4C2 repeat plasmids, neuritic G4C2 foci colocalized with FMRP, an observation
associated with increased synaptic protein levels of PSD95, a FMRP target gene (Burguete
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et al. 2015). Since dendritic spines represent some of the earliest sites of atrophy across
various neurodegenerative disorders, sequestration of RBPs that establish neuronal polarity
or subcellular RNA distribution within ribonuclear or cytoplasmic foci may have profound
consequences for neuronal health.

RAN translation

Another post-transcriptional mechanism suspected to underlie many MRE disorders includes
repeat-associated non-AUG (RAN) translation (Cleary et al. 2018; Banez-Coronel and
Ranum 2019; Nguyen et al. 2019; Nussbacher et al. 2019). First observed in degenerating
Purkinje neurons of cerebellar biopsies from SCA8 patients, RAN translation has been
reported in at least nine MRE disorders, including C9-ALS/FTD, DM1, FXTAS, HD,
HDL2, and SCA3, among others (Zu et al. 2011; Paulson 2018; Banez-Coronel and Ranum
2019; Swinnen et al. 2020). By initiating translation at non-canonical start codons (e.g.
CUG) or by ribosomal slipping, RAN translation can occur in all three ribosomal reading
frames and within coding sequences or “untranslated” regions. RAN translation is also
commonly observed on antisense transcripts. Based on in vitro and in vivo data representing
several MRE disorders, expression of RAN translation products generally increases as the
number of repeats increases. RAN translation products from trinucleotide repeat expansions
are predominantly homopolymeric (e.g. polyalanine [polyA], polyG, polyQ, etc.)
monopeptide repeats (MPRs), but hexameric GGG-GCC repeat units found in C9-ALS/FTD
encode a variety of dipeptide repeats (DPRs). MRE disorders such as SCA31 and FECD are
characterized by even more complex peptide repeat sequences. Each RAN translation
product will have unique biophysical and biochemical properties that will influence
molecular interactions and sub-cellular distribution. Current data suggest that
neurodegenerative MRE disorders with phenotypes most strongly linked to RAN translation
include C9-ALS/FTD, HD, FXTAS, and SCAS, but researchers are actively exploring the
pathogenicity of RAN translation in other MRE diseases where peptide repeats have been
identified and likely underlie select neurological phenotypes as well, such as FECD, DM1/2,
and SCAZ31, for example Banez-Coronel and Ranum (2019) and Nguyen et al. (2019).

RAN translation products are predominantly localized to the cytoplasm or perinuclear
spaces where they can form aggregates and sequester biomolecules, in much the same way
as repeat rich RNA can recruit RNA and proteins through homotypic and heterotypic
interactions, respectively. RAN proteins are found in multiple regions of patient brains, but
not always in regions experiencing visible signs of neuronal atrophy, suggesting the
possibility that RAN product aggregation may have adaptive, as well as pathological
consequences. The hypothesis that RAN production may be an adaptive response was
recently supported by the observation that native, endogenous RAN translation of healthy
CGG repeat lengths in the FMR1 5°’UTR of FMRpolyG inhibits downstream production of
FMRP from the canonical AUG codon (Rodriguez et al. 2020). While highly intriguing, it
remains to be determined how widespread native RAN translation occurs in healthy repeat
lengths and how RAN translation may influence AUG-initiating translation of other host
genes.
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The underlying mechanisms as well as the pathological consequences of RAN translation
have gained considerable attention since their discovery nearly a decade ago, and the
mechanistic insights and number of diseases linked to RAN are likely to increase as
improvements are made to current detection methods, such as antibodies to mono- and di-
peptide repeats. Canonical translation is an elegantly orchestrated process at all steps of
protein synthesis from initiation, elongation, and termination, but physiological exceptions
to canonical AUG initiation sites exist, including internal ribosomal entry sites and near-
cognate start codons, like CUG. Indeed, an upstream CUG may underlie m7G cap- and
elF4a-dependent mechanisms of C90rf72 RAN translation (Green et al. 2017). While near-
cognate start codons and ribosomal slippage along repeat tracts may account for multiple
homopolymeric translation products in other MRE disorders, a m7G cap- and 40S
ribosomal-dependent scanning mechanism appears to underlie RAN translation of CGG
repeat transcripts, as well.

Differences in translation initiation across MRE disorders would indicate mechanistic
differences in RAN production to be considered when designing therapeutic inhibitors, for
example. A screen in yeast for modifiers of toxicity associated with RAN translation of
C90RF-ALS/FTD uncovered a role for RPS25 specifically in RAN translation of expanded
disease-linked repeats, such as G4C2 and CAG, but not in canonical AUG-initiated
translation. Moreover, when expression of RPS25 was reduced either in a drosophila model
of C9orf72-expansion or in human model of patient-derived motor neurons, survival was
extended /n vivo and /n vitro, respectively (Yamada et al. 2019). Notably, the increased
survival phenotypes occur independent of reductions in intranuclear C9 RNA foci,
suggesting a therapeutic benefit solely from reducing intranuclear RAN translation products,
such as poly(GR) and poly(PR) (Yamada et al. 2019). This observation also underscores the
potential adaptive roles intranuclear sequestration of G4C2 RNA may have in preventing
cytoplasmic translation and toxic accumulation of DPRs, a hypothesis that should be
explored for other MRE disorders.

As researchers study the pathological consequences of RAN translation, some RAN
products (e.g. R-rich ones) have emerged as more toxic than others (e.g. polyGA). In elegant
experiments using synthetic RAN translation products or repeat RNA constructs that either
(1) lack AUG start codons, (2) contain frequent premature stop codons, (3) contain disease-
modifying and clinically-linked repeat-interrupting single nucleotide insertions, (4) contain
canonical AUG start codons instead of endogenous near-cognate start codons, or (5) encode
RAN products but lack hairpin-forming RNA secondary structures, researchers have made
tremendous insights into the neuropathological consequences of RAN translation, both
dependent and independent of intranuclear RNA foci formation. For example, in vitro
expression of DMPK1-linked CUG repeat expansions in the absence of an upstream AUG
start codon results in production of polyL, polyC, and polyA. Moreover, cellular toxicity of
repeat RNA has been augmented in a number of studies by mutating upstream near-cognate
start codons to canonical AUG start codons (Lopez-Gonzalez et al. 2016; Choi et al. 2019),
presumably by increasing initiation and ultimately synthesis of RAN products. Although
multiple RAN polymers may be synthesized /n vitro, RAN translation products have so far
been identified in patient tissue from C9orf72-ALS/FTD, DM2, HD, FECD, FXTAS, SCAS,
and SCAZ31. The patient-derived RAN products may result from diverse reading frames or
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AS transcripts and may occur within focalized neuroanatomical deposits or specific cell
types.

Some of the most well characterized RAN translation products include DPRs from C9orf72-
ALS/FTD. DPRs in C9orf72 are found within clinically significant cytoplasmic inclusions
throughout patient brains (Mann et al. 2013) that may reflect sites of stress or elevated
neuronal activity (Green et al. 2017). Although accurate quantification of relative DPR
abundance remains challenging with existing antibody-based detection methods, DPRs are
generally thought to be expressed at lower levels in the spinal cord than the brain, but
considerable variation exists in focal deposition of RAN translation products across patients
and within individual brains. In terms of structural and biophysical properties, poly-GA
forms relatively uncharged dense inclusions, while poly-PR and -GR, for example, form
highly charged and polarized flexible coils that likely disrupt processes critical for cellular
health and homeostasis (Freibaum and Taylor 2017). Understanding the individual and
synergistic effects of DPR production is an active area of research and may provide clues
into the pathogenic basis of many MRE disorders.

post-transcriptional mechanisms underlying MRE disorders

While significant clinical and preclinical research efforts have advanced our understanding
of how widespread bidirectional transcription, RNA foci formation, and RAN translation are
across MRE disorders, emerging research has identified additional cellular pathologies
downstream of repeat RNA production that may occur in multiple MRE disorders. For
example, groups are beginning to uncover biophysical and biochemical properties of
pathogenic repeat RNA within intracellular environments, such as liquid-liquid phase
separation, and the cellular consequences of such disruptions on processes like stress granule
formation and regulation of gene repression, ribosomal biogenesis within nucleoli, and
transit of nucleocytoplasmic cargoes. Often, these pathologies only manifest above a critical
number of repeat units that is generally comparable to the pathogenic length in MRE
patients. As with many of the aforementioned MRE-associated pathologies, several post-
transcriptional mechanisms may underlie a given MRE and these mechanisms may be
closely interrelated or disrupt similar fundamental cellular processes.

Liquid-liquid phase separation

Aberrant liquid-liquid phase separation (LLPS) has emerged as another pathological
mechanism that may arise following synthesis of expanded RNA repeats or peptide repeats.
While biomolecular processes within many cellular organelles are compartmentalized from
the cytoplasm or nucleoplasm by lipid bilayer membranes, some organelles (e.g. nucleoli,
stress granules, etc.) rely upon liquid-liquid phase separation to maintain subcellular
organization and integrity. For example, nucleoli are dynamic and highly prominent
membraneless structures found within eukaryotic nuclei that provide remarkably organized
RNA- and protein-rich environments for ribosome biogenesis, a complex metabolic process
enabled by the multivalent interactions of many proteins and nucleic acids. The formation
and organization of membraneless organelles have received considerable recent attention
and have provided a foundation to explore LLPS in other contexts, such as disease
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pathology, where much less is understood about how LLPS is established or what the
consequences of disrupted LLPS may be to neuronal function.

Many proteins prone to undergo LLPS, especially those found within stress granules or
RNA processing bodies, contain intrinsically disordered regions (IDRs). These include many
proteins with previously established roles in neurodegenerative disorders, such as FUS and
TDP-43. These low complexity regions typically lack hydrophobic residues and are enriched
for polar and charged amino acids, but also those amino acids that enhance molecular
interactions, such as through pi-stacking (Gabryelczyk et al. 2019). Common residues found
within IDRs include G, S, Q, P, E, K, and R. Repeating dipeptide units like RG, FG, SY, and
YG are often found, as well (Brangwynne et al. 2015; Feng et al. 2019). Post-translational
modification of specific amino acid side chains, such as by phosphorylation, may also drive
LLPS, but one consistent driver of liquid—gel condensation is increased valency or molecular
interactions (Aumiller et al. 2016; Brangwynne et al. 2015). Based on a variety of
experiments using purified components (e.g. RNA or protein), the molecular interactions
that promote LLPS can be augmented by a variety of factors, including increasing local
concentrations of substrates, adding repeating units, and changing electrostatic interactions
by altering salt concentrations (Brangwynne et al. 2015; Zhang et al. 2015a; Aumiller et al.
2016; Jain and Vale 2017; Choi et al. 2020). These /n vitrotests revealed a striking level of
reversibility of LLPS, but also one that diminished with repeated cycles of mixing and
demixing. The impaired disassembly of RBP droplets and their resemblance to
neuropathological deposits prompted many to question if these more solid-like structures
may have adverse consequences and whether cells have mechanisms in place to promote
reversibility of LLPS that prevent pathological aggregate formation.

Nucleocytoplasmic transport

Nuclear membranes are a defining feature of eukaryotes, providing biophysical separation
for transcription within the nucleus and translation within the cytoplasm. For this reason,
disruptions to nucleocytoplasmic transport (NCT) or nuclear membrane integrity may have
dire consequences to cellular viability. To this end, an increasing number of studies from
multiple groups have shown that several neurodegenerative disorders, including those not
characterized by MRE, display disruptions to NCT. NCT in vertebrates is a tightly regulated
process, coordinated by nuclear pore complexes (NPCs), large macromolecular assemblies
composed of hundreds of copies of dozens of low complexity rich nucleoporin (NUP)
proteins (Boehringer and Bowser 2018), and a high nuclear to cytoplasmic RanGTP ratio
that maintains nuclear export. NUPs are some of the longest lived proteins within
mammalian neurons /n vivo, hinting at possible link between age-related declines in NCT
integrity and neuronal survival, and impaired nucleocytoplasmic Ran gradients have been
observed in patient cells (Ward et al. 2014; Zhang et al. 2015b). These observations further
support the involvement of NCT in neurodegenerative diseases.

Additional evidence linking MRE toxicity to NCT defects was provided by separate genetic
screens in drosophila and yeast for modifiers of C9-ALS/FTD-linked toxicity (Freibaum et
al. 2015; Jovici¢ et al. 2015). Both screens revealed striking enrichments for components of
NCT. While the precise contribution disruptions to NCT, RanGTP gradients, or nuclear

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2021 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schwartz et al.

Page 13

envelopes have on MRE disease pathogenesis remains to be determined, NCT dysfunction
may result from toxicities linked to sequestration by repeat RNA or peptide repeats, such as
from RAN translation. Thus, while not suspected to be an underlying driver of disease
pathogenesis, compromised NCT is predicted to influence advanced disease phenotypes in a
variety of MRE disorders.

Disruption of neuronal NCT by repeat RNA has been most well characterized in C9-ALS/
FTD, but evidence suggests a basis for RNA-mediated disruption of NCT in FXTAS, as
well. A high throughput screen of more than 4000 human ORFs expressed in yeast found
several candidate proteins that preferentially bound C9-ALS/FTD-linked G4C2. Comparing
fold enrichment of proteins bound to G4C2 compared to a scrambled G4C2 RNA sequence
that is also predicted to form G-quadruplexes permitted researchers to make conservative
predictions of G4C2 interacting proteins (Hu et al. 2009; Donnelly et al. 2013). RanGAP1,
an activator of GTPases, represents one such G4C2-interacting protein with known roles in
regulating NCT and which was subsequently found to modify C9-ALS/FTD phenotype
when knocked down in drosophila (Zhang et al. 2015b). By pharmacologically inhibiting
G4C2-mediated sequestration of RanGAP1 with TMPyP4, a porphyrin compound that
disrupts G-quadruplexes, researchers rescued an /n vitro nuclear transport phenotype as well
as a G4C2-dependent rough eye phenotype in drosophila.

In addition to C9-ALS/FTD, FXTAS represents another MRE disorder reported to have
RNA-mediated disruption of nuclear integrity or NCT. While the biomolecular composition
of inclusions within FXTAS remain an area of active interest, recent proteomic
characterizations of these foci suggest Fmrl premutation transcripts may colocalize with
many proteins that regulate signaling across the nuclear membrane (Tassone et al. 2004). For
example, two of the most highly enriched proteins within FXTAS inclusions are SUMO2
and p62, which regulate intracellular signaling between nuclear and cytoplasmic
compartments (Chen et al. 2006; Hewitt et al. 2016). Indeed, SUMOylation is well known to
regulate NCT (Flotho and Melchior 2013), but also embryogenesis. In one elegant in vivo
mouse study, overexpression of SUMO2 was shown to rescue survival phenotypes in
SUMOL loss of function mutants (Wang et al. 2014). Moreover, RanGAP1 is a major post-
translational target of SUMO1 with well characterized roles in NCT, further highlighting the
extent to which disruptions to NCT should be explored in other MRE disorders, and
underscoring the potential widespread disruption of RanGAP1, or potentially RanGTP
gradients, across MRE disorders.

In terms of peptide repeats that disrupt NCT in MRE disorders, several clinical examples
have emerged, including mHTT in HD, FMRpolyG in FXTAS, and PR and GA dipeptides
from C9-ALS/FTD. Like RNA-based disruptions of NCT, peptide-based disruptions of NCT
frequently result from sequestration of key regulators of NCT or nuclear envelope integrity.
Based on human data and evidence from mouse models, intranuclear polyQ-expanded
mHTT foci appear to sequester NUP62, nuclear export factor GLE1, THOC2, which is a
member of the TREX (transcription/export) complex, and RanGAP1, which likely underlies
impaired export of polyA b RNA in patient cells or disrupted nuclear envelope morphology
(Gasset-Rosa et al. 2017; Grima et al. 2017). FMRpolyG in FXTAS has also been reported
to disrupt morphology of nuclear lamin, as have dipeptide repeats from C9-ALS/FTD.
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Indeed, heterotypic interactions between intrinsically disordered PR DPRs and the LCD
domains of NUPs, primarily FG repeats, may drive impaired morphology of nuclear
envelopes in C9-ALS/FTD patient cells (Shi et al. 2017). PA C9-ALS/FTD DPRs may also
compromise nuclear integrity by a combination of intranuclear sequestration of RanGAP1,
and an otherwise transmembrane component of the nuclear pore, POM121 (Zhang et al.
2016). Given the range of peptide repeats produced by a variety of MRE disorders and the
widespread observation of NCT dysfunction in neurodegenerative disease, mechanisms
underlying impaired NCT warrant further investigation, especially to identify therapeutic
targets.

Outlook on mechanisms underlying MRE disorders

While the majority of MRE disorders discovered involve neurodegeneration, an increasing
number are suspected to underlie neurodevelopmental disorders, such as autism and
intellectual disabilities, yet our understanding of why neurons remain selectively vulnerable,
especially older ones, remains incomplete. Significant progress has been made in terms of
identifying specific pathways that underlie disease pathogenesis for particular MRE
disorders, and multiple mechanisms are increasingly observed within individual MRE
disorders upon testing, although their precise pathogenic contributions often remain to be
determined. Some observations have challenged preexisting models of neurodegenerative
disorders solely explained by gain or loss of function mechanisms, as we are finding that
many repeat expansions not only influence transcription or translation of underlying host
genes, but also exert effects at the level of RNA. For example, C9-ALS/FTD is characterized
by sense and antisense intranuclear RNA transcripts. These RNAs may form intranuclear
foci or undergo RAN translation, each with variable contributions to neuronal toxicity.
Neuronal atrophy may be influenced by a variety of processes, such as age, stress, or cell
type specific expression patterns of repeat RNA, and likely influences whether C9 carriers
are diagnosed with ALS, FTD, or both. The discovery of widespread TDP-43
mislocalization in multiple neurodegenerative disorders has highlighted the potential link
between neuronal atrophy and mislocalization of select RBPs that critically orchestrate
neuronal gene expression. Additionally, understanding how epigenetic or epitranscriptomic
mechanisms like methylation of DNA or RNA, respectively, influence repeat RNA
production, turnover, foci formation, or RAN translation would be exciting areas for future
research exploration and may explain why some elderly MRE carriers lack apparent disease
symptomology or exhibit delayed onset.

Therapeutic strategies to target underlying MRE pathology

While many advances have been made in understanding key neuropathological mechanisms
underlying various MRE disorders, there is still a surprising dearth of clinically approved
therapies targeting these mechanisms. Indeed, while most approved treatments for MRE
disorders provide only limited symptomatic amelioration, there are currently several
therapeutic strategies under preclinical investigation that target the underlying pathology of
MRE disorders (Dickey and La Spada 2018; Egorova and Bezprozvanny 2019; Ishikawa and
Nagai 2019; Panza et al. 2020). By targeting the underlying pathology, researchers aim to
prevent the spectrum of disease phenotypes associated with a specific neuropathological

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2021 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schwartz et al.

Page 15

MRE (Rohilla and Gagnon 2017). Moreover, many proposed therapeutics target post-
transcriptional pathologies that share similarities to those seen in several other MRE
disorders. These features may enable identification of robust therapeutic modalities that can
be readily adapted for the treatment of alternative MRE disorders characterized by similar
cellular impairments. For example, as some neurological MRE disorders share the same
MRE sequence, such as CAG in multiple spinocerebellar ataxias (SCAs) and Huntington’s
disease, it is conceivable that a single therapy targeting the repeat site can be readily adapted
for multiple CAG-repeat expansion disorders (Kotowska-Zimmer et al. 2020). For the
purposes of this review, we will focus on therapeutic strategies that suppress repeat RNA
levels, inhibit RNA foci formation, and block RAN-mediated toxicity, as these are major
drivers of disease pathogenesis across several previously discussed neurological MRE
disorders with diverse underlying repeat sequence compositions. Encouragingly, the
preclinical success of such therapeutic strategies has been evaluated by researchers
experimenting with a variety of /n vitro or in vivo preclinical models of MRE diseases using
highly versatile therapeutic agents, such as antisense oligonucleotides (ASOs), engineered
RBPs, and small molecules (SMs).

One straightforward strategy that both prevents formation of RNA foci and blocks
translation of RAN peptides is to selectively suppress toxic repeat RNA, as opposed to the
neurotypical allele of a healthy polymorphic repeat length. Methods to suppress MRE RNA
include inhibiting transcription, eliminating the MRE transcript, or promoting degradation of
MRE RNA, but these approaches could have deleterious consequences for brain function if
translation of the host gene were critical for neuronal development, homeostasis, or
plasticity, for example (e.g., FMRZ1 in FXS and FXTAS or H7Tin HD). Other strategies that
specifically target the repeat sequences such as by RNA editing are also appealing, but
would require significant improvements to specificity and delivery before translation to the
clinic. Additionally, since CAG repeat length-dependent aberrant splicing of /77T exon 1
may generate pathological, polyadenylated, repeat-containing /77 exon 1, MRE therapies
targeting sequences present in non-repeat containing exons may be insufficient, so long as
repeat-containing exons are translated independent of targeted sequence elements (Gipson et
al. 2013; Sathasivam et al. 2013). For these reasons, alternative strategies that specifically
prevent downstream toxicities linked to repeat RNA production, translation, or accumulation
are highly desired, as well.

One such strategy that avoids repeat RNA elimination includes “RNA masking,” whereby
the repeat RNA sequences are competitively bound by ASOs or engineered RBPs that
prevent formation of secondary structures that underlie sequestration of critical proteins
within RNA foci. As opposed to eliminating the RNA, successfully masking repeat RNA
sequences, such as with ASOs, provides another appealing strategy to prevent RNA hairpin
formation, RNA foci formation, or RAN translation, while still potentially enabling
translation of the underlying host gene. A final therapeutic strategy under consideration
involves elimination of RAN translation products either by clearance with antibodies or
ASO-mediated knockdown of genes necessary for RAN translation. Together, these
strategies to eliminate pathogenicity in MRE disorders rely upon a variety of therapeutics,
including ASOs, antibodies, small molecules, and engineered or repurposed nucleic acid
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binding proteins, such as DNA-targeting Cas9 or RNA-targeting Cas proteins (engineered
rCas9, Cas13Rx).

Background on potential, versatile, bioactive tools for MRE disorders

Some therapeutic modalities under consideration for potential treatment of MRE disorders
are recent products of scientific discovery and protein engineering (e.g. Cas-based
strategies), but others, such as small molecules, antibodies, and ASOs, have been tested in
various disease contexts for decades. Perhaps the most well-studied therapeutic agent
discussed in subsequent sections involves designer oligonucleotides that recognize specific
antisense target sequences to impart a variety of RNA-based functions. Based on the
molecular architecture of sequence complementarity, for example, diverse RNA metabolic
reactions may occur. Some ASOs direct target RNA elimination by RNase H upon sequence
complementarity across approximately 20 nucleotides, while others promote RISC-mediated
translational suppression following near perfect complementarity to a sequence of 7 or 8
nucleotides within the 5" sequence of target mMRNA, mimicking the mechanism of action of
microRNA. For some MRE transcripts, ASOs may be used to modify alternative splice site
selection to produce mature mRNA either lacking expanded repeat tracts or retaining introns
within coding sequences, introducing premature termination codons that mark the repeat
mMRNA as a substrate for nonsense mediated decay (NMD). Alternatively, some ASOs could
potentially be used to inhibit miRNA-mediated gene silencing by RISC of key dosage
sensitive proteins that may otherwise be sequestered within intranuclear RNA foci, further
expanding the therapeutic relevance of ASOs for the treatment of MRE disorders.

In addition to more historically well-characterized therapeutic agents like ASOs, small
molecules, or antibodies, engineered RBPs have recently emerged as appealing candidates to
rescue RNA-based phenotypes associated with MRE expansion. Although engineered
variants of human expressed proteins, such as zinc finger family members and PUFs, are
predicted to engender more limited immune responses than Cas-based therapies, achieving
robust target specificity and binding efficiencies needed for manipulation of MRE gene
expression can be time consuming and presents several design challenges. In terms of
adaptability and scalability, however, Cas proteins represent one of the most attractive
candidates to engineer for modulating MRE gene expression.

Initially discovered as prokaryotic genomic defense surveyors, CRISPR-Cas (clustered
regularly interspaced short palindromic repeats and CRISPR-associated proteins) systems
provide an adaptive immune system for bacteria and archaea to defend against pathogens,
such as phages. CRISPR-Cas defends host cells by eliminating foreign genomic material,
which is achieved upon recognition of sequences complementary to those present in
previously encountered pathogens. Specifically, Cas-based adaptive immune responses
involve storing molecular memories of pathogens as 25-35 bp sequences within a CRISPR
array, which, when transcribed and post-transcriptional processed, complexes with Cas
proteins to eliminate foreign nucleic acid. At least two CRISPR-Cas systems have evolved,
each differing in CRISPR-RNA processing and CRISPR-Cas locus organization, but the
defining feature is the required number of Cas effectors. Smaller and presumably more
easily packaged into viral delivery systems, CRISPR class 2 systems only require one
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effector protein, such as Cas9 or Cas13. Compared to Cas9 which naturally evolved to
eliminate foreign DNA genomes, the smaller Cas13 targets foreign RNA genomes. Recently,
our lab and others have engineered the DNA-targeting Cas9 to recognize RNA and by fusing
either GFP or nucleases to RNA-targeting Cas9 (rCas9), researchers can track or eliminate
specific transcripts within cells, respectively (Nelles et al. 2016; Batra et al. 2017). The
versatility of the Cas system to target diverse and specific nucleic acid species combined
with its potential to be fused to effector molecules, such as nucleases, but potentially
helicases or RNA editors as well, make RNA-targeting Cas proteins an exciting area of
exploration for future MRE therapies.

Reductions of toxic RNA levels

Suppression of repeat RNA transcript levels is a straightforward strategy for treating MRE
disorders characterized by toxic RNA gain of function (Figure 2), but specifically targeting
the expanded allele can be challenging (Swinnen et al. 2020). Leading approaches to
suppress repeat RNA include (1) inhibiting transcription of the MRE allele, (2) eliminating
MRE RNA, and (3) modulation of repeat RNA levels through alternative splicing; however,
these approaches would be ineffective for disorders sensitive to loss of the repeat-expanded
allele, which likely includes many ataxias. To treat MRE disorders characterized by gene
dosage sensitivity, additional RNA-elimination therapies may rely upon generation of
functionally compensatory alternative splice variants lacking repeat expansion sequences,
for example. The preclinical success of versatile and promising therapeutics will be
evaluated further within this section, as these factors can reduce toxic RNA levels through
transcriptional inhibition, elimination of MRE RNA, or modulation of repeat RNA levels.

Inhibition of MRE transcription is an attractive mechanism to prevent many post-
transcriptional MRE toxicities and can be associated with reduced RNA polymerase
function, repression of transcription factors, activation of repressors, and remodeling of
histones, among other mechanisms. Therapeutic reductions in MRE transcription can be
achieved with small molecules that globally inhibit transcription, such as HDAC inhibitors;
however, such approaches may present significant side effects. Despite these challenges, one
remarkable preclinical example includes use of the general transcription inhibitor
Actinomycin D at low, nontoxic levels for the selective treatment of DM1 in mice (Siboni et
al. 2015). Actinomycin D is an FDA-approved chemotherapeutic that preferentially binds
GC-rich DNA sequences, such as the CTG expansion characteristic of DM1. When mouse
models of DM1 were treated with low, nontoxic doses of Actinomycin D, researchers
observed reduced CUG repeat RNA levels and a partial restoration of mMRNA splicing
profiles (Siboni et al. 2015). This raises the intriguing possibility that sub-chemotherapeutic
doses of ActD may exhibit preclinical success for the treatment of other CG-rich repeat
expansion disorders, such as FXTAS, but given their roles as global inhibitors of
transcription, selective inhibitors of MRE transcription or repeat RNA levels are also
desired.

To this end, designer drugs and small molecule chemical screens have been employed for
selective reductions of repeat RNA levels. In contrast to small molecules that displace the
RBPs sequestered by CUG repeat RNA, Cugamycin recognizes the three-dimensional
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structure of CUG repeat expansions present in DM1 and promotes transcript degradation
through cleavage, similar to Bleomycin-based cleavage of RNA and DNA (Angelbello et al.
2019). The demonstration that designer drugs can selectively degrade toxic repeat RNA
highlights this strategy’s potential for treatment of other repeat expansion disorders. In
addition to drugs designed to directly target RNA, chemical screens have identified potent
modulators of repeat RNA toxicity. Unexpectedly, for example, such tests revealed that
multiple inhibitors of microtubule function selectively reduce toxic CUG repeat RNA levels
and partially rescue splicing profiles in a DM1 HeLa model (Reddy et al. 2019). Subsequent
tests of the FDA-approved microtubule inhibitor colchicine in DM1 mice and patient cells
revealed a selective modulation of CUG repeat RNA levels, likely a result of impaired
cytoskeletal and nucleoskeletal complexes, raising the possibility that colchicine may be
useful in treatment of other repeat expansion disorders (Reddy et al. 2019).

Successful and specific /n vitro suppression of repeat RNA levels at the level of transcription
has also been achieved in select cellular and animal models of DM by expression of
catalytically dead DNA-targeting Cas9 (dCas9) and sgRNA (Pinto et al. 2017). Although
long-term efficacy, multi-systemic delivery, and therapeutic safety have yet to be
demonstrated in animal models, injection of AAV6-dSaCas9 encoding CAG-targeting
sgRNA reduced myotonia within targeted muscle fibers in a mouse model of DM1 (Pinto et
al. 2017). Additionally, dCas9 may rescue molecular phenotypes associated with C9-
ALS/FTD (Pinto et al. 2017). Presumably, dCas9:sgRNA complexes tile along MRE
genomic loci and this avidity sterically hinders elongation of RNA polymerases independent
of double strand breaks, a significant therapeutic concern for active Cas nucleases. These
dCas9 tools have since been further adapted to target repeat RNA directly for elimination as
well as genomic loci associated with various MRE disorders, highlighting the versatility of
dCas9 for direct RNA elimination and transcriptional inhibition.

One way dCas9 can modulate transcription of target loci is through fusion to epigenetic
modifiers to create molecular tools often referred to as either CRISPRI, for Cas-based
inhibitors of transcription, or CRISPRa systems, for Cas-based activators of transcription
(Brezgin et al. 2019). For example, dCas9-KRAB promotes CRISPRi-based silencing of
genes by catalyzing formation of repressive chromatin marks, and this tool has effectively
rescued /n vitro phenotypes present within models of DM1, DM2, and C9-ALS/FTD either
by reducing toxic MRE transcription or by identifying genetic modifiers of
neurodegeneration through high throughput screens (Kramer et al. 2018; Ikeda et al. 2020).
In contrast to transcriptional inhibition, dCas9-Tetl promotes CRISPRa-based gene
activation by catalyzing oxidation of repressive methylated cytosines within the underlying
DNA, such as those present within the CGG trinucleotide stretch characteristic of FXS (Liu
et al. 2018). Earlier tests of global pharmacological inhibitors of epigenetic silencing
demonstrated feasibility of restoring FMR1 transcript levels, but dCas9-Tetl provides a
target-specific strategy (Kumari and Usdin 2016). It should be noted that while researchers
demonstrated remarkable rescue of multiple /n vitroand in vivo FXS phenotypes dependent
upon targeting dCas9-Tet1 to the FMR1 promoter, the consequences of prolonged CGG-
repeat expanded FMR1 expression in these models remain unknown, providing a unique tool
to investigate CGG MRE pathobiology (Kumari and Usdin 2016; Liu et al. 2018).
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Preclinical regulation of transcription has also been achieved by engineered proteins such as
zinc finger proteins, ZFPs (Garriga-Canut et al. 2012). In mouse models of HD, for example,
virally expressed ZFPs targeting genomic CAG repeats reduced expression of mutant H77
RNA and protein with minimal reductions in levels of non-pathological, endogenous CAG-
containing transcripts (Garriga-Canut et al. 2012), suggesting feasibility of selectively
targeting expanded repeat sequences. Similar to the CRIPSRi system, KRAB repressor
domains fused to ZFPs or other genome targeting agents, such as TALENS, may promote
epigenetic silencing of target loci.

In addition to transcriptional inhibition, MRE RNA can be suppressed post-transcriptionally
by direct elimination of RNA. Current methods to eliminate repeat RNA include
oligonucleotides (ONs), siRNAs, and engineered variants of Cas9 and RBPs. ONs and
siRNAs can promote degradation of transcripts harboring complementary target sites
through RNase H1 and RISC machinery, respectively, both of which are broadly expressed
in neurological tissue (Liang et al. 2017; Rinaldi and Wood 2018). ONs targeting
pathological MRE transcripts have shown preclinical promise with /n vitro models of SCA2,
DML, and FECD, while siRNA-based targeting of MRE transcripts has shown promise in
models of HD, C9-ALS/FTD, and multiple SCAs.

The earliest and most common method of ON-targeted degradation relies upon recruitment
of RNAse H by ASOs, but additional ON-based methods rely upon recruitment of RISC by
either siRNA to degrade bound targets or by miRNA to suppress protein synthesis.
Currently, comparisons between efficacy of sSiRNA and ASOs are limited, but should be
forthcoming as ON chemical modifications become optimized and more ON therapies
advance through clinical trials (Chi et al. 2017). Likewise, comparisons of therapeutic
benefits between ONs that target only the specific repeat-expanded allele versus both wild-
type and expanded alleles remain inconclusive (Leavitt and Tabrizi 2020). Indeed, since
designing effective allele-specific ONs relies upon identifying single nucleotide
polymorphisms (SNPs) and can present significant challenges, it is encouraging that allele-
specific and nonspecific targeting strategies have demonstrated significant therapeutic
potential in MRE disorders such as HD, DM1, and ataxias (Kordasiewicz et al. 2012;
Thornton 2014; Cepeda and Tong 2018; Egorova and Bezprozvanny 2019; van Cruchten et
al. 2019; McLoughlin et al. 2020).

For example, /n vivo administration of ASOs targeting both alleles of DMPK mRNA for
degradation by RNase H reduced levels of ribonuclear foci, improved global splicing
profiles and for specific MBNLL1 target exons, and partially rescued myotonia in a mouse
model of DM1 (Wheeler et al. 2012). Additionally, siRNAs and ASOs have been developed
that non-allele specifically target ATXNZ, expansions of which are linked to SCA2.
Intriguingly, reducing ATXNZ2 levels demonstrated therapeutic potential for the treatment of
ALS linked to TDP-43 (Becker and Gitler 2018). This observation may further highlight the
versatility and potential applications for successfully developed ASOs that degrade repeat
RNAs beyond disorders defined by MRE.

In addition to novel ON-based methods, a recent tool that has been developed to target
specific RNA transcripts includes engineered variants of Cas9. These engineered variants of
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Cas9 that target RNA have also demonstrated preclinical potential to eliminate repeat RNA.
Our lab developed variants of SpCas9 to either label or eliminate RNA by engineering a
catalytically inactivated RNA-targeting Cas9 fused with a fluorophore (i.e. GFP) or nuclease
(i.e. PIN), respectively (Nelles et al. 2016; Batra et al. 2017). By co-expressing an MRE
disease re-peat sequence and dCas9-PIN along with a targeting or non-targeting sgRNA,
RNA FISH revealed dramatic reductions in the fraction of cells containing RNA foci in
conditions expressing targeting SgRNA compared to conditions expressing non-targeting
sgRNA. Specifically, guiding rCas9-PIN to repeat RNA reduced levels of RNA foci
associated with 7n vitro models of DM, C9-ORF72, and polyQ disorders, like HD (Batra et
al. 2017). These findings suggest widespread versatility in terms of targeting diverse repeat
RNA sequences with modular effector domains that could be fused to rCas.

In a recent demonstration from our group, we observed that sustained expression of virally-
encoded rCas9-PIN targeting expanded CAG repeat RNA reversed several phenotypes in
neonatal and adult mouse models of DM1 (Batra et al. 2020). Our group noted that
intramuscular or systemic injections of AAV-encoding rCas9-PIN with CAG-targeting
SgRNA resulted in expression that endured for nearly 3 months with sustained specificity for
expanded CAG repeats. While future experiments will seek to more thoroughly characterize
in vivo phenotypes, identify off-target effects, and mitigate the inherent immunogenicity
from expression of non-self Cas9 fusions, this work highlights the feasibility of prolonged
AAV-mediated expression of rCas9-PIN for targeting a variety of MRE disorders (Batra et
al. 2020).

More recently, smaller Cas proteins that target RNA have been discovered and subjected to
preclinical tests of eliminating RNA-based neurolopathology. Engineered variants of several
Cas proteins are currently under exploration in preclinical contexts, but one of the most well
characterized includes Cas13 (Paul and Montoya 2020; Smargon et al. 2020; Xu et al. 2020).
Compared to rCas9, Cas13 naturally evolved to recognize RNA substrates and has the added
benefit of a smaller size, which facilitates packaging into viruses, like AAV (Xu et al. 2020).
Engineered variants of Cas13 with improved subcellular distribution and specificity for RNA
elimination or tracking in mammalian cells have also been developed (Abudayyeh et al.
2017; Cox et al. 2017). Additionally, catalytically inactive dCas13 can block pathological
splice site inclusion within transcripts like MAPT, the gene encoding the microtubule-
associated protein Tau, which is associated with multiple neurological disorders (Konermann
et al. 2018). While not tested in MRE diseases yet, this provides a potentially interesting
avenue of research especially given the versatility of catalytically active Cas13dRX-NLS in
targeting different types of RNA as well as double stranded products (Konermann et al.
2018). Current RNA-targeting Cas proteins are appealing agents to rescue RNA pathologies
in vitro that require limited, if any, protein engineering to achieve target specificity, but rCas
proteins can present significant immunological challenges for human therapeutics. Indeed,
as up to 67% of the population may have preexisting antibodies to SpCas9 (Simhadri et al.
2018; Charlesworth et al. 2019), alternative approaches that avoid immune activation are
desired.

Engineering human RBPs may present less of a threat to immune activation (Charlesworth et
al. 2019), but remains technically challenging as a new protein or domain must be created
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per target site as opposed to simply designing a new complementary sgRNA for CRISPR
methods (Gilbert et al. 2014; Xu et al. 2020). Like Cas proteins though, human RBPs they
can be fused to effector domains to directly degrade their targets or modulate splicing (Klug
2010; Quenault et al. 2011; Sulej et al. 2012; Chen and Varani 2013; Yang et al. 2017). In
addition to ZFPs, Pumilio/fem-3-binding factor (PUF) proteins have been engineered to
suppress transcript levels. Indeed, a PUF code for RNA recognition has been proposed to
target specific RNA sequences. PUF proteins play diverse RNA metabolic and physiological
roles across eukaryotic development and their binding domains and targets have been well
characterized, revealing a bias for domains that bound A, U, or G, but not C. By directed
evolution for PUF variants that specifically bound cytosine, the RNA target recognition code
by PUFs was expanded to now include all four ribonucleotides, raising exciting possibilities
for treatment of RNA-based disorders (Filipovska and Rackham 2011; Filipovska et al.
2011).

Another way to achieve RNA suppression is through modulation of RNA splicing, which
has primarily been accomplished with ASOs, but recent engineering has extended to
dCasRx, as well (Konermann et al. 2018). RNA splicing could, for example, promote
mRNA decay through intron retention and nonsense-mediated decay. Alternatively, normal
RNA function can be restored using ASOs to modulate alternative splicing, a method shown
to be effective for the MRE disorder spinal cerebellar ataxia 3 (SCA3) (Evers et al. 2013;
Toonen et al. 2017; Mclntosh et al. 2019). In SCAS3, the polyQ MRE occurs at the second to
last exon of Ataxin-3, exon 10. Different groups have targeted chemically modified ASOs to
pre-mRNA to produce mature mRNA transcripts lacking the pathogenic repeat expansion
sequence. Instead of relying upon degradation of the repeat containing transcript, these
ASOs mask splicing sites which lead to the exclusion of the exon 10 while maintaining the
correct reading frame (Toonen et al. 2017; Mclintosh et al. 2019). This leads to the reduction
of the small, aggregate prone, toxic, polyQ-containing proteins, while retaining normal
ubiquitination function of Ataxin-3 (Toonen et al. 2017).

Disruption of RNA foci

Although the exact contributions of RNA foci to onset and severity of MRE disease
phenotypes remain under investigation, RNA foci are pathological hallmarks of several
neurodegenerative disorders. In many MRE disorders characterized by ribonuclear foci,
higher order, repeat RNA structures tend to promote focal sequestration of critical proteins.
Sequestration of proteins — like the splicing factor MBNL1 within DM1-linked foci or the
microRNA microprocessor within FXTAS-linked foci — is suspected to be a key pathological
mechanism in several MRE disorders, including SCA2, FECD, DM1, FXTAS, and C9-ALS/
FTD. Thus, approaches that dissolve toxic foci may provide attractive therapeutics for
multiple MRE disorders. One promising approach that may disrupt formation of RNA foci
across a variety of MRE disorders includes disruption of underlying RNA structures, such as
by RNA masking with ASOs or alternatively, by RNA hairpin unwinding with rCas fusions
to helicases. Other leading strategies associated with reduced RNA foci formation, which
may potentially be independent of reduced repeat RNA levels, include small molecules that
modulate neuronal signaling, although the mechanisms remain less well understood. While
several promising therapies have emerged that prevent the formation of RNA foci,
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presumably, many such strategies may enable potentially deleterious nuclear export of repeat
expanded RNAs. Depending on the therapeutic approach, by dissolving intranuclear RNA
foci, cytoplasmic repeat RNAs may have the potential to aggregate or provide substrates for
RAN translation, so caution is needed in understanding long-term physiological
consequences of such therapeutic approaches.

Multiple groups have shown preclinical reductions of RNA—protein foci associated with
MRE disorders. More than a decade ago, researchers rescued cellular phenotypes associated
with a mouse model of DM1 by selectively preventing MRE RNA foci formation.
Specifically, CUG repeat RNA characteristic of DM1 was competitively bound by CAG
antisense morpholino oligonucleotides that do not trigger RNaseH-transcript elimination, but
instead, disrupt CUG repeat RNA hairpins. By preventing CUG repeat hairpin formation,
pathological substrates for otherwise sequestered RBPs, such as MBNL1, were eliminated,
along with the characteristic RNA foci. Indeed, following CAG25 morpholino, CUG repeat
was found to be diffuse, as opposed to punctate, within the nucleus (Wheeler et al. 2009).
Additionally, masking ASOs reduced toxic foci in other disorders, such as FECD (Hu et al.
2018) and C9-ALS (Donnelly et al. 2013), and preliminary data /n vitro solely targeting
CAG repeats have shown promise by reducing foci in HD (Urbanek et al. 2017). Similarly,
reductions in toxic foci, independent of changes in repeat RNA level, have been found for
Fuchs’ endothelial corneal dystrophy (FECD) using masking ASOs on patient cells and
corneal explants from FECD patients (Hu et al. 2018). Moreover, owing to the similarities
between repeat sequences across MRE disorders, it may be possible to develop a single,
highly versatile oligonucleotide that rescues pathological foci formation in multiple MRE
disorders, like SCA3, HD, and DRPLA (Fiszer et al. 2016).

Other strategies that may reduce RNA foci include those that target neuronal signaling
pathways, such as by altering neuronal activity or stress responses. Indeed, as a growing
body of evidence suggests prolonged neuronal activity or neural stress can disrupt
homeostatic LLPS, therapeutics that support healthy biophysical phase separation may be
able to disrupt pathological foci formation. For example, activation of the Nrf2-antioxidant
stress pathway by small molecules improved multiple MRE disease phenotypes by reducing
formation of polyglutamine aggregates in models of SCA3, SCA17, SBMA, and HD
(Oliveira et al. 2015; Bott et al. 2016; Brandes and Gray 2020). SSRIs and antipsychotic
drugs represent other small molecules that may suppress pathological foci formation by
regulating neuronal signaling pathways.

Elimination of RAN toxicity

The increasing number of MRE disorders characterized by toxic peptide repeats presents a
therapeutic challenge that has been addressed by removal of RAN translation products
themselves or knockdown of RBPs that are required for RAN translation to occur. While
many therapies related to RAN have focused on DPRs in C9-ALS/FTD, such therapies may
be readily adaptable for treatments of other MREs with RAN toxicity, such as SCAS,
FXTAS, DML, and HD. To this end, antibodies have been discovered that selectively target
GA dipeptides for clearance, and while such a targeted strategy may seem impractical for
MRE disorders characterized by multiple DPRs, recent results encouragingly suggest
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toxicities from other DPRs were reduced as well. Other broad therapeutic strategies aim to
eliminate RAN toxicity by first identifying proteins specific to RAN translation and then
disrupting that gene’s function in a disease context.

Two proteins shown to promote RAN translation include RPS25 and SRSF1. The small
ribosomal subunit protein RPS25 was previously discussed and was identified as part of a
screen in yeast for modifiers of C9 DPR toxicity (Yamada et al. 2019). RPS25 selectively
regulates RAN translation of G4C2 repeats in yeast and patient cells and RPS25 knockdown
can suppress polyGP toxicity in patient derived iPSCs or extend lifespan in drosophila
models of C9-ALS/FTD. Although it remains unknown whether reducing RPS25 expression
may benefit other MRE disorders, the screen and subsequent counterscreen strategy to
identify selective regulators of RAN translation, as opposed to global translation, could be
applied to other MRE disorders. For those such MRE disorders, such a strategy would
potentially uncover modifiers that could also be readily targeted for gene knockdown by
ASO. In addition to RPS25, SRSF1 has emerged as a recent candidate that promotes RAN
translation of C9orf72 by exporting G4C2 RNA from the nucleus to the cytoplasm
(Hautbergue et al. 2017). Since only 0.5-2% of the transcriptome is reportedly exported by
SRSF1, a protein suspected to have highly redundant functions with proteins SRSF2-6, loss
of SRSF1 is suspected to have minimal deleterious side effects. Indeed, SRSF1 knockdown
noticeably extended lifetime and improved locomotor function in flies, consistent with the
reduced motor neuron death and astrocytic toxicity phenotypes observed in patient-derived
cells.

Outlook on therapeutic strategies that target post-transcriptional MRE

pathology

Formation of RNA foci and translation of toxic RAN peptides drive pathology in a variety of
MRE disorders. Therapies that inhibit, eliminate, or correct these processes may rescue
underlying disease pathology and provide therapeutic benefit. Recent therapeutic strategies
that have emerged to treat post-transcriptional pathologies in MRE disorders include testing
oligonucleotides (e.g. ASOs) to eliminate toxic RNA or interrupt RBP sequestration,
engineering or repurposing nucleicacid binding proteins to eliminate RNA, optimizing small
molecules to disrupt repeat RNA structure and pathogenicity, and developing antibodies to
eliminate toxic RAN translation products. Each of these approaches has shown preclinical
promise and translation of these tests into preclinical models, particularly in vivo ones, is
desired.
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3B) Extracellular
RAN Products

Nucleus

Cytoplasm

Figure 1.
Schematic of a representative neuron, displaying key neuropathologies associated with MRE

disorders. Starting in the nucleus, (1) bidirectional transcription initiates a cascade of RNA-
based pathologies, including (2) intranuclear RNA foci, which can impair (2A) miRNA
biogenesis, (2B) mRNA splicing, (2¢) and phase separation, as well as (3) RAN translation,
the products of which can impair (3A) ubiquitin-proteasome system, (3B) extracellular
environments, (3C) nucleocytoplasmic transit, (3D) axonal mRNA transport, (3E) mMRNA
export, (3F) Ran gradients, and (3G) nucleoporin localization.
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Schematic depicting major therapeutic strategies and associated approaches for treating
molecular pathologies associated with neurological MRE disorders. To suppress repeat
RNA, repeat RNA synthesis could be inhibited, such as with catalytically inactive dCas9.

Alternatively, repeat RNA could be targeted for degradation by RNaseH through ASOs or by
fusions of nucleases to rCas through sgRNA. Additionally, modulation of repeat-containing
pre-RNA splicing may prevent accumulation of mature repeat-containing RNA by
promoting either skipping of the repeat-containing exon or retention of an intron to mark the
transcript as a substrate for nonsense mediated decay, for example. To disrupt RNA foci
formation independent of eliminating repeat transcripts, ASOs can be used to inhibit
pathogenic secondary structures that recruit RBPs and give rise to intranuclear foci. To block
RAN toxicity, two strategies are shown that either inhibits a critical regulator of RAN
translation, but not canonical translation, or promotes clearance of RAN peptides with
antibodies.
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