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Abstract

Unstable Repeat Diseases (URDs) share a common mutational phenomenon of changes in the
copy number of short, tandemly repeated DNA sequences. More than 20 human neurological
diseases are caused by instability, predominantly expansion, of microsatellite sequences. Changes
in the repeat size initiate a cascade of pathological processes, frequently characteristic of a unique
disease or a small subgroup of the URDs. Understanding of both the mechanism of repeat
instability and molecular consequences of the repeat expansions is critical to developing
successful therapies for these diseases. Recent technological breakthroughs in whole genome,
transcriptome and proteome analyses will almost certainly lead to new discoveries regarding the
mechanisms of repeat instability, the pathogenesis of URDs, and will facilitate development of
novel therapeutic approaches. The aim of this review is to give a general overview of unstable
repeats diseases, highlight the complexities of these diseases, and feature the emerging discoveries
in the field.
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Introduction

The phenomenon of dynamic mutations occurring in simple repetitive sequences was
discovered over 20 years ago (1). Since the first report of the CAG+CTG repeat expansion
(where the center dot indicates two complementary sequences of a duplex DNA) leading to
spino-bulbar muscular atrophy (SBMA), more than 20 other human diseases caused by a
mutation in unstable repeat sequences have been identified (2—4). This group includes
common neurological and neuromuscular inherited disorders such as fragile X syndrome
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(FRAXA) or myotonic dystrophy type 1 (DM1), as well as rare diseases such as
spinocerebellar ataxias (SCASs). While the vast majority of these diseases are caused by
expansions of trinucleotide repeat sequences, expansions of other repeat tracts, including
tetra-, penta- and hexanucleotide repeats (5-8), have also been identified (Figure 1).
Therefore, to encompass all of the repeat associated disorders, we will refer to the entire
group as Unstable Repeat Diseases (URDs). CG-rich trinucleotide repeat sequences such as
CAG<CTG and CGG+CCG are the most common unstable DNA repeats. In the unaffected
population, repeat tracts are short and stable, whereas in affected individuals the tracts
become longer and frequently become somatically unstable. In some cases, individuals
carrying premutation alleles can be identified, as the premutation alleles are longer than the
repeat tracts in the unaffected population. Although premutation alleles are non-pathogenic,
they frequently become unstable and subsequently expand to the full mutation range in
subsequent generations (4).

Pathogenic repeat sequences can be found in any region of a gene, including coding
sequences, 5" and 3’ UTRs, as well as introns (Figure 1). A correlation can be observed
between the location and the size of the expansions, with a greater propensity for expansion
associated with non-coding repeat tracts. The largest observed expansions can span several
thousand repeats (6,7). In the majority of cases, the repeats elongate from one generation to
the next, which is associated with increasing severity of disease symptoms and decreasing
age of onset - a phenomenon that has been termed anticipation (9). Interestingly in the case
of the FMR1 gene mutation, the extent of the CGG+CCG repeat expansion determines
entirely distinct clinical syndromes: fragile X mental retardation (FRAXA, >200 CGG+CCG
repeats) and fragile X-associated tremor/ataxia syndrome (FXTAS, 55 — 200 CGG+CCG
repeats) (10). In addition to germ line instability, somatic repeat expansions can also be
detected in the tissues of the affected individuals. Tissue-specific increase in the repeat size
may accelerate disease progression and aggravate the severity of symptoms (11,12).

Although repeat expansions are the primary cause of most of the pathological changes
associated with URDs, in rare cases repeat contractions can also be associated with disease
(13,14). Repeat contractions are the predominant events observed in the majority of model
systems used to study the mechanisms of repeat instability. While in most cases expansion is
the underlying cause of a disease, analyzing the mechanisms of contraction is highly
relevant from the perspective of possible therapeutic interventions (15).

Countless ciselements and trans factors affect repeat instability in different model systems
that range from in vitro investigations to mammalian model organisms (4,16). While several
new discoveries reported over the past two decades have changed our comprehension of
expansions and contractions of repeating sequences, all of these studies have confirmed the
initial hypothesis that, in the majority of cases, non-B DNA conformations play a central
role in mediating repeat instability (17). However, proving the existence of these
conformations in vivo turned out to be quite a challenging task. The notable exceptions are
polyalanine expansion diseases (18,19) most likely resulting from gene conversion-mediated
repeat instability. In the case of small expansions or contractions (e.g. 1 or 2 repeat units), a
slippage event, without formation of stable structural intermediates, can be responsible for
change in the repeat length.
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The initial search for a unified mechanism of repeat instability and the search to identify
similarities in disease pathogenesis have been gradually replaced by the notion that every
URD has unique characteristics that are not shared by other repeat instability syndromes
(4,20). Although change in repeat length is an underlying cause of all URDs, the mechanism
of molecular pathogenesis that these disorders employ may vary from the effects caused by
silencing of the mutated genes to the toxic effects exerted by highly expressed RNAs or
proteins. The similarities and differences between the URDs suggest that both disease-
specific as well as universally applicable URD therapeutic strategies may be developed.

It is also noteworthy that pathologies associated with changes in the number of short tandem
repeats are not limited to humans and have been identified in both animals and plants as well
(21,22).

The purpose of this review is to highlight recent progress in our understanding of the
molecular pathogenesis of the unstable repeat diseases, including novel aspects of repeat
instability, as well as new emerging cellular models of these disorders. Detailed
characteristics of the repeat-associated diseases can be found in recent review articles (3,4).

DNA structures in vivo and repeat instability

Simple repeat sequences are an important component of the human genome. While they
represent a potential source of genetic variability to aid in evolution, elongation of these
sequences beyond a certain threshold is associated with instability and an increasing
propensity for further, pathological expansions.

It has been shown that numerous processes affect repeat instability, but the precise
mechanisms and exact contributions from each involved pathway are difficult to ascertain
using cellular model systems. As such, the most progress made in understanding detailed
mechanisms has been made in vitro. Precisely designed oligonucleotide substrates were
employed in the biochemical dissection of various DNA processing events. This work
primarily focused on hairpin-forming CTG*CAG sequences (23-27).

The in vitro evidence that repeat sequences have a high propensity to form hairpins and
slipped structures indicates that these non-canonical DNA structures are likely to form in
vivo as a result of any of a variety of DNA processing events. Efficient repair systems may
thus be present at non-pathological length repeats and be critical for maintaining their
stability. Defects in these repair systems would very likely lead to a much greater rate of
mutations that result in normal repeat lengths expanding to pathological lengths. Results of
recent in vitro studies utilizing CTG and CAG oligonucleotides and nuclear extracts indeed
demonstrate that human cells possess a DNA hairpin repair system (HPR) that is responsible
for error-free removal of these hairpins (25,27).

The HPR system appears to be similar to the nucleotide excision repair pathway (NER),
however XPG (xeroderma pigmentosum, complementation group G) is not necessary for
repair activity (26). The newly replicated nicked DNA strand is the one targeted for repair,
and the hairpins are removed either by dual incisions or by a combination of incision and
flap endonucleolytic cleavage (27). Proliferating cell nuclear antigen (PCNA) is also
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required for efficient repair (27). The HPR process is stimulated by components of NER as
well as Werner syndrome protein (WRN helicase) which is involved in unwinding of
hairpins hence facilitating repair-associated DNA synthesis (24). Surprisingly, mismatch
repair (MMR) proteins do not play important roles in HPR as shown in vitro by using
MMR-deficient cell extracts (27).

It is still not clear exactly which proteins are required for HPR activity. More studies are
needed to test whether a similar system exists for other non-hairpin forming expandable
repeats (e.g. GAATTC or ATTCT-AGAAT). From the therapeutic perspective, stimulation
of the activity of the error-free hairpin repair system would reduce somatic instability and
possibly alter disease progression.

DNA or RNA oligonucleotides are not only used to dissect mechanisms of repeat instability
in vitro. Recently antisense oligonucleotides and short RNA duplexes have been of great
interest as potential very specific and effective therapeutic strategies. Several reports have
indicated that antisense oligonucleotides (ASOs) and duplex RNAs can induce silencing of
URD genes that are responsible for producing toxic RNA or protein products (reviewed in
(28)). Selective silencing of the “toxic” allele via translation inhibition or RNA cleavage is
the ultimate therapeutic goal in the case of several dominantly inherited diseases including
Huntington’s Disease (HD) and SCAs. This strategy was recently applied successfully in a
myotonic dystrophy type 1 mouse model. Systemic administration of ASOs effectively
silenced transcription of expanded CUG repeats, with sustained therapeutic benefit lasting
up to 1 year (29). Another class of therapeutically interesting compounds capable of
sequence specific binding to DNA repeats are pyrrole-imidazole polyamides (PAs), which
were demonstrated to bind to GAATTC tracts (30). Interestingly, opposite to ASOs,
binding of PAs lead to upregulation of expression of the frataxin gene in human cells (30).

In addition to oligonucleotide, dsSRNA, and polyamide approaches, small molecules
targeting RNAs containing expanded CUG, CAG, and CGG repeats are being implemented
to improve molecular abnormalities associated with myotonic dystrophy, FAXTAS and
other RNA gain-of-function diseases (31-33).

Practically any process acting on DNA has the potential to either stimulate or prevent repeat
expansions and/or contractions (Figure 2) (4,16,34-36). It has been hypothesized since the
earliest studies on the instability of di- and trinucleotide repeats that the propensity of these
sequences to transiently adopt non-canonical DNA structures is tightly linked to instability
(Figure 2) (17,37). Numerous studies using a variety of biochemical and biophysical
approaches have demonstrated the formation of stable hairpins, cruciforms, triplexes,
tetraplexes, and other non-canonical DNA conformations by repeat sequences associated
with URDs (36-38). Moreover, the stability of these structures depends on the length of the
repeat tracts, frequently with the threshold of instability at the border between long-normal
and short-pathogenic alleles. Indirect evidence, such as, the stabilizing effect of interruptions
disturbing the homogeneity of repeat tracts, the effect of superhelical density on frequency
of expansions or contractions, and the relative stability of sequences not prone to structure
formation (e.g. CAASTTG repeats) indicates that non-B DNA structures are formed in vivo
(34,39-42).
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The first direct evidence that unstable repeat sequences can adopt non-B DNA structures in
vivo came from recent studies on replication-dependent instability of CTG*CAG repeats
(43). Liu et al. used engineered zinc finger nucleases (ZFNs) capable of specific recognition
of the CAG or CTG repeat tracts (43). Each ZFN consisted of two functional domains: DNA
binding and DNA cleaving (encoded by Fokl nuclease). Because the Fokl enzyme acts as a
dimer to induce DNA cleavage, a functional nuclease must contain a pair of proteins that
typically recognize specific 18 — 30 bp sequences of DNA (44-46).

Concurrent delivery of a CTG specific ZFN with a CAG specific nuclease leads to a
functional ZFN pair that recognizes and efficiently cleaves double stranded B-DNA
CTGeCAG tracts. The ZFNs used by Liu et al. were designed to cleave CTG*CTG duplex
(ZFNCTG) and CAG*CAG DNA (ZFNCAG). Interestingly, when a single ZFN was
expressed in the cells (targeting either CTGCTG or CAG*CAG repeats), repeat contractions
could readily be detected, indicating that CTG*CTG and CAG*CAG duplexes were formed
in the cells (43). Such sequences can only be present if individual strands of the CTG*CAG
duplex adopt a hairpin conformation. Moreover, the instability induced by ZFNCTG alone
or ZFNCAG alone was dependent on active replication and could only be detected in cell
lines harboring 45 or 102 repeats. No contractions were found in cells containing only 12
CTGeCAG repeats, in agreement with the prediction that any of the ZFN dimers require a
stretch of 8 repeat units to bind to, and a tract of 12 CTG or CAG repeats cannot adopt
hairpins with a stem spanning 8 repeat units. Rationally, modifying the ability of these
sequences to adopt non-B DNA structures could be therapeutically important for controlling
both germline and somatic instability and perhaps even be used as a tool to drive the
contraction of pathological expansions (4,15).

Experiments conducted using repeat-specific ZFNs demonstrated that in vivo formation of
hairpins during replication is critical for repeat instability. Replication is an important
process driving formation of non-B DNA structures, thus in the past several years many
laboratories uncovered various cis elements and trans factors connected to DNA replication
which interfered with repeat stability (for excellent reviews see (16,47,48)). Due to space
constraints, we will predominantly focus on the role of repeat-containing RNAs and
transcription processes on the instability and pathogenesis of URDs.

RNA, R-loops, and RAN

As mentioned before, practically any process that acts on DNA molecules, which leads to
transient separation of the complementary strands or the exposure of a single stranded DNA,
will affect the stability of tandem repeats. Initially, DNA replication was thought to be the
primary source of instability (17,49,50), however, frequent reports of repeat expansions and
contractions in terminally differentiated, non-dividing cells indicated that other processes
must play a critical role in triggering instability (51). One of the processes recurrently
leading to the separation of the DNA duplex is transcription (39,52-57). RNA synthesis
occurs continuously in cells, irrespective of cell cycle progression. Additionally, a large
portion of the human genome, including the majority of URD loci, is transcribed
bidirectionally using both sense and antisense DNA strands as templates (58,59). In fact,
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genes harboring expandable repeats are likely to be transcribed more frequently than they
are replicated.

Transcription was first demonstrated to stimulate CA*TG and CTG*CAG repeat instability
in yeast and bacteria (56,57,60). Progression of the transcription machinery leads to the
separation of complementary strands over relatively long stretches of DNA. Moreover, it
creates a wave of negative supercoiling, which facilitates separation of DNA strands and
promotes formation of non-B DNA structures (61,62). Recent studies, conducted
independently in three laboratories, demonstrated that the movement of the transcriptional
machinery along the DNA is not the only mechanism involved in transcriptionally-induced
repeat instability. Transcribed trinucleotide and tetranucleotide repeats associated with
URDs have the propensity to form stable DNA*RNA hybrids between the DNA template
and nascent RNA strands (39,63,64). Short 8 — 9 nt hybrids are normally present in the
transcriptional bubble and they are progressively dissociated during the progression of RNA
synthesis. In the case of tandem repeats, much longer, stable DNA*RNA hybrids (R-loops)
have been described. Data obtained using transcribed plasmid models (39,64) indicate that
repeat-containing DNA*RNA hybrids can span the entire repeat tract and even extend into
flanking regions. On the other hand, bisulfite conversion experiments in mammalian cells
demonstrated uninterrupted modification of up to 8 repeats, suggesting formation of much
shorter hybrids (39). However, these results may be influenced by extended isolation and
purification protocols. Moreover, the rate of bisulfite conversion detected on the non-
template DNA strand may be biased because the repeat-containing single stranded DNA
regions are likely to be involved in formation of secondary structures, hence decreasing the
apparent length of the bisulfite-accessible DNA strand. In vitro these hybrid structures are
resistant to RNase A cleavage and depend on both the length of the repeat and supercoiling.
Lowering the activity of RNase HI in bacteria or RNase H1 and H2 expression in
mammalian cells significantly increases the instability of expanded trinucleotide repeat
sequences in a transcription-dependent manner, which suggests the existence of stable
DNA«RNA hybrids (39).

Formation of R-loops renders non-template DNA strands persistently unpaired and increases
the likelihood of the formation of intrastrand non-canonical DNA structures within them.
Additionally, the formation of these structures decreases the probability that the
complementary DNA strands will correctly re-associate. Lastly, formation of R-loops has
been shown to interfere with DNA synthesis, causing stalling of the replication fork (65,66).
Impediment of DNA synthesis can contribute to repeat instability and is frequently observed
at various repeat sequences (67,68).

During transcription, non-canonical structures formed by the non-template strand are likely
to further facilitate formation of stable R-loops that will persist until DNA replication. It
would be logical to assume that these structures would subsequently be bypassed by
replication machinery, resulting in preferential contractions of repeat tracts. However, R-
loop formation was shown to stimulate both expansions and contractions, indicating that
cells utilize additional mechanisms to cope with these structures instead of simply bypassing
them. Accordingly, there are several mechanisms that may be involved in promoting repeat
instability at R-loops (63). Like other non-canonical structures, R-loops may be recognized
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by transcription-coupled nucleotide excision repair machinery (TC-NER) (69). Hairpins or
other non-canonical DNA structures can also be recognized by components of the mismatch
repair complex (MMR) (70,71). Binding of these complexes to R-loops or DNA structures
formed as a result of R-loop presence may lead to error-prone repair and consequently
repeat instability. Additionally, persistent R-loops can potentially induce DNA double-
strand breaks (DSBs) (66), which may also facilitate repeat expansions or contractions. It is
tempting to speculate that tissue specific factors could determine the choice of the pathway
involved in the processing of R-loops, leading to distinct outcomes including faithful repair,
expansions, or contractions.

All of the above-mentioned effects are elicited by unidirectional transcription. Recent work
has indicated that simultaneous RNA synthesis on both complementary DNA strands can
have a significantly greater impact on repeat instability than unidirectional transcription (72—
74). Bidirectional transcription throughout trinucleotide repeats has also been shown to
facilitate the formation of double R-loops (63). Such structures may be, at least in part,
responsible for enhanced instability of convergently transcribed repeat sequences and may
also potentially induce apoptotic effects via the DNA damage response pathways. Using a
genetic assay that detects contractions of the (CTG+CAG)95 tract, Lin and colleagues
demonstrated that repeat contractions are stimulated ~3 fold during bidirectional
transcription as compared to unidirectional RNA synthesis (72,74). Additionally, a rather
surprising consequence of convergent transcription throughout the CTG*CAG tract was
rapid cell cycle arrest and induction of massive apoptotic cell death (see next section).

The studies examining the effect of bidirectional transcription on repeat instability were
recently extended into much larger repeat tracts. Nakamori et al. demonstrated, using a
genomic reporter harboring an 800 CTGCAG tract, that convergent transcription increased
instability approximately 30-fold when compared to non-transcribed control and
approximately 3 to 6-fold relative to unidirectional expression (73).

Bidirectional transcription through the repeats certainly increases the potential of DNA to
form hairpins, slipped structures and persistent DNA*RNA hybrids on both DNA strands.
Consequently, processing of these non-canonical structures by different repair mechanisms
increases the likelihood of instability at repeat tracts. Convergent transcription might also
cause topological problems due to the local accumulation of positive waves of supercoiling
in front of the transcriptional machinery. Although the effect of such topological
contributions to repeat instability has never been analyzed, changes in superhelical tension
were previously identified as a factor contributing to the stability of repetitive sequences
(40). In yeast, convergent transcription led to the inhibition of the progression of the RNA
polymerase 1l (RNAPII) machinery (75). Transcriptional stalling may affect instability of
DNA sequences by increasing the potential of non-canonical structure formation and
impeding progression of the replication fork. Accessibility of DNA to protein factors as well
as chromatin status, including nucleosomal positioning, can also be affected at the
bidirectionally transcribed loci (75). The interplay between bidirectional transcription and
replication fork progression has never been analyzed. Taking into the account potential
deleterious effects arising from collision between transcription and replication, the effect of
convergent transcription combined with replication needs to be addressed in future studies.
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In addition to the direct effect of repeat-containing RNAs on DNA instability via the
preferential formation of DNA*RNA hybrids, accumulation of expanded CUG, CGG, CAG
and CCUG RNA:s in the form of foci is considered the instigator of molecular pathogenesis
in toxic RNA gain of function diseases such as DM1, DM2 and FAXTAS (76,77). In the
case of SCA8, both RNA and protein mechanisms are likely co-contributors, as two
antisense transcripts harboring CAG and CUG repeats are synthesized (ATXN8 and
AXNBOS, respectively) (78,79). Accumulation of the expanded CUG RNAs and
polyglutamine-containing proteins has been detected in SCAS8 cells. Recent discoveries of
non-ATG initiated translation triggered by RNAs containing expanded repeats introduced
yet another level of complexity into the molecular pathogenesis of URDs (80). In studying
the mechanism of SCA8 pathogenesis, Zu et al. showed that constructs containing long
CAG-CTG repeat tracts expressed polyGIn protein even without the ATG initiation codon.
More surprisingly, the RAN translation (repeat-associated non-ATG translation) was not
limited to a single frame because polyAla (GCA frame) and polySer (AGC frame) proteins
were readily expressed. Analysis of CAG constructs of differing lengths ranging from 15 —
107 repeats revealed that RAN translation is length dependent and that polyGlIn, polyAla
and polySer proteins can only be detected for the longer repeat lengths (80).

These facts taken together with the observation that constructs expressing non-hairpin
forming CAA repeats do not exhibit ATG independent translation, indicated that the
formation of stable hairpin structures by repeat-containing RNAs may be essential to initiate
RAN translation. Zu et al. suggested that a mechanism similar to internal ribosome entry site
(IRES) translation may be involved in RAN synthesis. As RNA hairpins are formed by
several repeat sequences associated with URDs, the RAN mechanism could be a common
contributor to the repeat pathogenesis. In fact, analyses of SCA8 and DM1 mice tissues
revealed than not only CAG repeats, but also CUG tracts initiate RAN translation in vivo.
Homopolymeric proteins corresponding to RAN products were also detected in various
tissues from DML patients (80).

The discovery of RAN translation may have a tremendous impact on the understanding of
molecular pathogenesis of the URDs. After establishing the existence of homo aminoacid
RAN products, a critical task will be to determine whether these proteins contribute to
disease pathology. Considering toxic RNA (both CUG and CAG strand), AUG-initiated
translation of CAG repeats (polyGlIn toxicity), and RAN initiated translation (both strands in
all 3 reading frames), repeat expansion in a single locus may lead to the generation of up to
nine potentially toxic entities affecting the phenotype of the disease ((80,81) Figure 3).

Interplay between repeat expansion, bidirectional transcription, and

epigenetic regulation

Antisense transcripts have been detected in at least 16 genes associated with URDs (58,59).
The rate of antisense transcription varies between loci from robust expression that is greater
than the sense transcription, to almost undetectable levels. Frequently, antisense transcripts

can be detected only in specific cell lines or tissues, complicating the task of dissecting their
role in regulating gene expression or affecting disease pathogenesis. Therefore, more
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analyses conducted by strand-specific high throughput RNA sequencing confirming the
existence of these antisense transcripts and studies defining their functions are required.

As described in the previous section, antisense transcription may stimulate instability of the
repeats and directly influence pathology of the disease by contributing potentially toxic
RNAs and protein products. Strong evidence from studies on SCA8 and Huntington’s
disease-like 2 (HDL2) demonstrate that both RNA and protein gain of function pathways
can co-exist and contribute to pathogenesis (78,82,83). In addition to a direct contribution of
toxic RNAs and/or proteins to pathogenesis, new studies on the mechanism of SCA7
demonstrated an interplay between bidirectional transcription, chromatin landscape at the
SCA7 locus, and molecular pathogenesis (84).

SCAY7 is caused by CTG+CAG/polyGlIn expansion in the N-terminal portion of the protein
encoded by the SCA7 sense transcript. The antisense, non-coding RNA — SCAANT1 is
synthesized from the alternative promoter located upstream of the repeats (downstream
considering the SCA7 sense promoter). Experiments conducted in mouse models
demonstrated that CTGeCAG repeats in the SCA7 gene are flanked at the 3’, as well as the 5’
side by binding sites for the CTCF protein (CCCTC binding factor) (84). The CTCF protein
is widely distributed throughout the genome and plays a role in chromatin organization and
insulation, transcriptional regulation, and genomic imprinting (85). CTCF was initially
demonstrated to regulate cis repeat instability of CTG*CAG repeats in the SCA7 locus (86).
A more recent study has revealed that CTCF also regulates expression of ataxin 7
influencing pathogenesis of this disease. Upon CTCF binding, the antisense SCAANT1
transcript is upregulated leading to the downregulation of SCA7 transcription accompanied
by the epigenetic silencing of the sense promoter (84). On the other hand, expansion of the
CTGe+CAG repeats diminishes binding of CTCF in the vicinity of the repeat tract, resulting
in reduced activity of the antisense promoter and a high rate of transcription of the sense
SCA7 mRNA and an increased synthesis of the mutant ataxin 7. Hence, in SCA7 patients,
the precise balance between sense and antisense is disturbed.

Additionally, interplay between CTCF binding and antisense transcription affects
pathogenesis of DM1 and FRDA (87,88). In contrast to SCA7, depletion of CTCF caused by
expansion of CTG*CAG or GAA-TTC repeats may allow transcription of the antisense
RNA leading to heterochromatin formation and epigenetic silencing of these loci.

The effect of the chromatin context, especially distinct posttranslational histone
modifications and the presence of the appropriate protein complexes responsible for writing
and reading the histone code, on the repeat stability and disease pathogenesis is only
beginning to be recognized and elucidated. Results of recent studies on the role of histone
deacetylases (HDACs) and histone acetyltransferases (HATS) indicate that posttranslational
modifications of histone and non-histone proteins can affect instability of repeating tracts in
yeast and human cells (89-91). Future work will reveal the role of the epigenetic
environment in the transcriptional regulation of genes associated with URDs, as well as on
repeat instability. Several therapeutic strategies are currently being investigated that interfere
with the epigenetic status of the affected cells underscoring the importance of this research
area (92,93).
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Transcription-mediated DNA toxicity

RNAs and proteins encoded by expanded repeats can be toxic to the cell (81,94,95). In
contrast, DNA is considered an instigator (via repeat expansions) that initiates a cascade of
events that lead to cell death, but is not considered a direct contributor to cellular toxicity.
The mutagenic potential of repeats, or more precisely the structures adopted by them, has
been demonstrated in different organisms using various repeat sequences (14,40,96). Some
global effects on cell proliferation (increased doubling time and reduced fitness) resulting
from repeats at the DNA level were reported in bacteria harboring plasmids with expanded
CTGeCAG tracts (97).

New results generated from studies addressing the effect of transcription on CTGCAG
repeat instability revealed a surprising consequence of convergent transcription throughout
these sequences. Induction of bidirectional transcription through the (CTG*CAG)95
sequence stimulated rapid cell cycle arrest and induced massive apoptotic cell death (74).
Neither of these processes were observed during unidirectional sense or antisense
transcription through the repeats or during bidirectional transcription of non-repeating DNA
fragments. Additionally, apoptosis was not induced when transcription was initiated using
both DNA strands simultaneously in spatially separated regions of the genome, eliminating
the possibility of a role for double-stranded RNA in triggering cell death or toxic effects
associated with RAN translation of two repeating sequences. The phenomenon of DNA
initiating cell death while undergoing convergent transcription was termed “DNA toxicity”
(72,74). In non-proliferating cells, apoptotic death occurred more rapidly than in the
dividing cells, suggesting that DNA toxicity does not result from interaction between
transcription and replication machineries. The extent of cell death was directly correlated to
the rate of sense or antisense transcription.

Given that convergent transcription through a non-repeating template elicited no ill effects,
but triggered significant cell death with a repeating template suggests that the collision of
sense and antisense transcription bubbles at expanded repeats creates an abnormal “double-
bubble” that is necessary for the induction of apoptosis. Formation of this “double-bubble”
at CTG+CAG repeats may lead to a conglomeration of DNA, RNA, and proteins at these
sites that are then inefficiently processed and repaired, ultimately resulting in increased cell
death (72).

Biochemical analyses demonstrated that convergent transcription of the (CTG*CAG)95 tract
was associated with increased levels of active caspase 3 and active ATR (ataxia
telangiectasia and Rad3 related), indicating stimulation of the apoptotic response.
Components of the ATR pathway were shown to be recruited to CAG repeats upon
convergent transcription, most likely to stimulate repair of DNA*RNA structures that initiate
apoptosis. Although the exact signal initiating this response is not known, several possible
scenarios have been proposed (72,74), including RNAPII stalling by hairpins formed during
convergent transcription of both DNA strands, accumulation of single-stranded DNA
binding protein replication protein A (RPA), or simultaneous formation of RNA<DNA
hybrids on both template strands.
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It has been demonstrated in the past that global impediment of transcription by physical or
chemical mutations can lead to apoptosis. Remarkably, in the case of expanded CTG*CAG
repeats, convergent transcription of a single locus in the entire genome (which undergoes
frequent global bidirectional transcription) can trigger a robust cellular response. This raises
the possibility that other pathways contribute to the apoptotic response. Perhaps rapid
accumulation of repeat-containing dsRNAs resulting from a spatial proximity of transcribed
CTG and CAG strands triggers toxic RNA effects via pathways different than canonical
processing of dsSRNAs and miRNAs. Additionally, we cannot rule out that yet unknown
factors exist that are capable of recognizing the double-bubble repeat structures and
initiating an apoptotic response. Possibly, a combination of two or more mechanisms leads
to this catastrophic effect.

In contrast, no induction of apoptosis was reported in bidirectional transcription experiments
conducted using mammalian cells harboring a very long (CTG*CAG)800 tract (73). It is
probable that a significant difference in the repeat length and/or rate of transcription affected
the globally toxic DNA effect observed in the (CTG*CAG)95 constructs. The rate of
transcription may be a critical factor, influencing not only the cellular toxicity of
bidirectional transcription, but also repeat instability. It has been shown using GAATTC
repeat-containing models that the rate of transcription can affect the balance between repeat
contractions and expansions. High levels of transcription throughout the GAASTTC region
stimulate contractions, while low to moderate transcription leads to expansions (98).

It is possible that convergent transcription of long repeats results in the induction of
apoptosis in patients’ cells. However, a possible toxic effect of transcription through repeats
may be difficult to distinguish from toxic RNA/protein effects. Several lines of evidence
suggest that convergent transcription of long repeat DNA induces local stress at the cellular
level leading to the destruction of intracellular homeostasis and shifts cellular metabolism
towards apoptosis (72,74). Recent work conducted in yeast using CTG*CAG repeat
sequences showed that expanded repeats could induce the DNA damage checkpoint
response (99). Analyses revealed that yeast cells harboring the repeats demonstrated
prolonged cell division cycles with a delay of S phase and a G2/M arrest. Intriguingly,
induction of the DNA damage checkpoint and lengthening of the cell cycle facilitated repeat
expansions. Although low-level transcription was observed at the repeat locus by RT-PCR,
the data was more consistent with the DNA damage sensing that occurs during DNA
replication. Considering the potential of DNA toxicity to affect both repeat instability and
pathogenesis, its mechanism and contribution needs to be further investigated.

Induced pluripotent stem cells - new disease models with therapeutic

potential

Appropriate cell culture models of neurological diseases are extremely important for studies
to uncover the molecular mechanisms of these diseases, as well as testing of novel
therapeutic approaches. The majority of the cellular studies of URD pathogenesis were
conducted using patient-derived lymphoblasts, primary fibroblasts and/or myoblasts, as
these cell types are readily available. In an attempt to generate more relevant disease
models, immortalized neuronal-like cell lines have been generated to study the neuronal
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aspects of these diseases. Although patient-derived lymphoblasts or fibroblasts can
recapitulate some molecular features of URDs, they are inadequate for modeling the
physiological state of cells predominantly affected by the disease. Additionally, studies with
tissues and cells derived directly from patients are limited by the accessibility as well as
quantity of the material and are frequently conducted using material that represents the end-
stage disease. Hence, development of the appropriate, disease-relevant cellular models of
unstable repeat diseases is as important as generating adequate animal models.

Recent advances in stem cell biology and the development of somatic cell reprogramming
technology enabled the generation of patient-specific induced pluripotent stem cells (iPSCs)
(100-102). These embryonic stem cell-like cells can be differentiated in vitro into cell types
derived from all three germ layers, including neurons, cardiomyocytes, and pancreatic cells
(Figure 4). The iPSCs can be derived directly from easily accessible patient material (e.g.
skin fibroblasts, keratinocytes, blood samples) and efficiently reprogrammed into iPSCs via
chemical modifiers and expression of pluripotency factors. Recently, several reprogramming
methods have been developed that impose minimal or no alterations on the genome of
reprogrammed cells (103-106). The iPSCs can recapitulate the step-by-step development of
disease and changes of the molecular phenotype during progression of differentiation. They
can model early stages of the diseases, which are impossible to analyze using patient
material. The use of iPSCs and their differentiated derivatives allow for the study of the
molecular mechanisms of repeat expansion, details of pathogenesis, and testing of potential
therapeutic strategies all in appropriate disease-relevant cell types (Figure 4). Additionally,
human iPSCs convey the unique and critical advantage of a platform upon which to study
different aspects of URDs in cells undergoing natural processes such as early development,
lineage commitment, differentiation, and senescence.

To date, iPSC lines have been generated and characterized for Huntington’s disease, fragile
X syndrome, Friedreich’s ataxia and spinocerebellar ataxias type 3 and 7 (Figure 4) (107-
116). Reprogramming and establishing iPSCs is associated with dramatic changes in
chromatin status (117,118). Therefore, modeling human diseases caused by epigenetic
abnormalities such as FRDA or FRAXA is of particular importance. First, iPSC models of
Friedreich’s ataxia have clearly demonstrated epigenetic silencing of the FXN locus, similar
to that observed in somatic cells from FRDA patients (111,112). Additionally,
reprogramming led to a significant increase of GAATTC repeat instability with a strong
bias towards repeat expansions (111). Large GAATTC repeat expansions, spanning in
some cases more than a hundred repeats, were observed in all reprogrammed FRDA iPSCs,
as well as in the mutation carriers. Instability was not found in the short GAASTTC alleles
and in other non FXN GAATTC-containing loci in the human genome. Expansions were
progressive and accumulated with increasing passages of the iPSC lines. Analyses of the
effect of mismatch repair (MMR) on GAATTC repeat stability in FRDA iPSCs
demonstrated that high expression of MMR in these cells (characteristic of pluripotent cells
(119)) stimulated the expansions, while depletion of MSH2 (a major component of MMR)
led to the stabilization of the repeat sequences (111). Chromatin immunoprecipitation
analyses indicated that MMR proteins were enriched in the vicinity of the expanded
GAA-CTTC tracts. Similar findings related to the role of MMR in the CTG*CAG repeat
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instability were also described for human DM1 embryonic stem cells (hRESCs).
Differentiation of these cells coincided with the stabilization of the expanded CTG*CAG
tracts and downregulation of the MMR system (120). Although MMR has been recurrently
demonstrated in various model systems to affect repeat stability, the iPSCs showed a unique
propensity for expansion of the GAASTTC repeats (121,122).

Similarly to FRDA, fragile X syndrome patient-derived iPSCs preserved the epigenetic
defect observed in the FRAXA fibroblasts harboring expanded CGG+CCG repeats
(108,109). Interestingly, the epigenetic marks characteristic of silenced chromatin
(H3K9me3, CpG methylation) were absent in the hESCs derived from FRAXA embryos,
clearly demonstrating that differences exist between ES cells and their induced counterparts
(109). It is also likely that remodeling of the epigenetic landscape during reprogramming
can be modulated during transition from a somatic to a pluripotent state by culture
conditions, perhaps allowing for a reversal of epigenetic silencing of the FRAXA and FXN
loci. In this case, somatic cell reprogramming could be used to elucidate the exact
mechanism of the epigenetic silencing caused by expanded triplets and to uncover new
strategies of therapeutic intervention.

FRAXA iPSCs not only recapitulated epigenetic defects observed in patient cells but also
demonstrated a clear neuronal phenotype, characterized by aberrant neuronal differentiation
with significantly shorter and fewer neural processes (108). Such obvious phenotypic
differences between iPSC-derived control and FRAXA neurons can be used as a readout in
high throughput screens to discover novel therapeutic approaches for FRAXA.

Although time-consuming, the reprogramming of somatic cells and characterization of the
iPSC lines can be routinely performed, while the methodology of differentiating pluripotent
cells into specific cell types is much less developed. This, along with phenotypic
characterization of the patient specific cell lines, will be an important step towards the
establishment of iPSCs and their derivatives as invaluable resources in modeling diseases
and uncovering new therapeutic strategies (102,123).

Recent progress in genome editing technologies brings the possibility of sequence specific
removal of pathogenic repeats using ZFNs or TALENS (transcription activator like effector
nucleases) and the development of cell based therapy (44,46,124). In conjunction with safe
methods of reprogramming and efficient differentiation of pluripotent cells into terminally
defined cell types, it opens the possibility of a future regenerative therapy to treat some of
the unstable repeat diseases.

Concluding remarks

Twenty years of research on the mechanisms of pathogenesis of the URDs has significantly
broadened our knowledge of these diseases to the point where rational therapeutic
approaches are being designed and tested using a plethora of excellent model systems. It is
impossible to review all the therapeutic approaches currently being developed or being
tested in clinical trials that are aimed at transforming the currently available symptom-
management strategies towards targeted disease modulation. In the past two years,
approximately 250 clinical trials have been initiated, are active, or have been completed
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worldwide, and are aimed at uncovering novel treatments for HD, FRAXA, FRDA, DM1

an
co

d SCAs (ClinicalTrial.gov). Additionally, several unbiased drug screens have been
nducted to uncover novel, potential therapeutics. These efforts combined with the alluring

prospects of genome editing and regenerative medicine may in the near future result in the

de

velopment of successful therapies for these URDs.
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( Disease Repeat
Friedreich’s ataxia GAA
Disease Repe: |Myotonic dystrophy type 2 CCTG
Fragile X syndrome CGG Spinocerebellar ataxia type 10 ATTCT i R
FXTAS CGG Spinocerebellar ataxia type 31 TGGAA Lissase e
Fragile XE mental retardation ~ GCC Spinocerebellar ataxia type 36  GGCCTG Myotonic dystrophy type 1 cTe
i ataxia type 12 CAG \Amyotrophic lateral sclerosis GGGGCC Spinocerebellar ataxia type 8 cre
|/
|/
[ 5'UTR l Exon l Intron I Exon l 3'UTR J
Disease Repeat
Diseases Repeat Multiple skeletal dysplasias GAC
Spinocerebellar ataxias type 1,2, 3,6,7,and 17 CAG Synpolydactyly syndrome GCG
Huntington's disease CAG Hand-foot-genital syndrome GCG
Huntington's disease-like 2 CAG Cleidocranial dysplasia GCG
Spino-bulbar muscular atrophy CAG Holoprosencephaly GCG
Dentatorubral-pall ian atrophy CAG Oculopharyngeal muscular dystrophy GCG
Congenital central hypoventilation syndrome GCG
BPEI syndrome GCG
X-linked mental retardation GCG

Figure 1. Unstablerepeat diseases
Unstable repeats can be located in both coding and non-coding regions of genes. Due to the

recent discoveries of widespread bi-directional transcription and RAN translation,
classification of URDs based upon repeat location within a gene, or mechanism leading to
disease is arbitrary and represents our current understanding of the molecular mechanism of
a particular disease.
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« Sequence
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| |
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Figure 2. Complex mechanismsleading to repeat instability
The crucial step in all models of repeat instability is a transient formation of stable non-B

DNA conformations (hairpins, slipped structures, cruciforms, triplexes, tetraplexes and etc.).
The extent of repeat instability is affected by the activity of processes leading to formation
of stable secondary structures, capacity of the repeat tracts to adopt these unusual structures,
and the efficiency of a variety of DNA repair activities functioning to restore normal B-
DNA conformations.

Biofactors. Author manuscript; available in PMC 2015 November 17.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Polak et al.

Page 23
DNA toxicity Epigenetic
silencing
@ H3K9me3 H3K9Ime3
NA\ 5meC 5meC
K, 2 AS w

e

Jo L

ToxicIRNA Toxic RlNA-AS

AUG translation

and/or

RAN translation

Figure 3. Molecular mechanisms of pathogenesisinduced by expanded repeats
Pathological consequences elicited by long repeat sequences can be classified into two

categories (i) loss of gene expression due to the changes in the epigenetic landscape and (ii)
consequences of RNA and/or protein expression, which includes RNA-toxic-gain of
function induced by sense and/or antisense transcripts, as well as protein gain of function
encompassing AUG-translated and RAN-translated proteins. DNA toxicity resulting from
convergent transcription through the repeats may also contribute to the pathogenesis of
URDs.
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A.
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9.9 ®
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Disease models Drug screens Cell therapy
B.
Disease Disease Phenotype Reference
Huntington’s HD neural cells showed changes in [107, 114, 115]
Disease electrophysiology, metabolism, cell
adhesion, and cell death
Fragile X Reduced expression of the FMR1 gene, [108, 109]
syndrome epigenetic changes
Friedreich’s ataxia Reduced expression of the FXN gene, [110,111, 112]
epigenetic changes and repeat instability
Spinocerebellar Excitation-induced ataxin-3 [113]
ataxia type 3 aggregation in iPSC-derived
neurons
Spinocerebellar Not determined [116]

ataxia type 7

Figure 4. Induced pluripotent stem cellsin disease modeling and ther apy
(A). Induced pluripotent stem cell technology combined with lineage specific differentiation

methods have great potential in generating disease-relevant models critical for studying
mechanisms of URDs. Generation of patient-specific iPSCs will stimulate development of
therapeutic approaches including high throughput screens for novel drugs and cell therapy.
(B) Current iPSC models of URDs.
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