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SUMMARY

Genomic instability at repetitive DNA regionsin cells of the nervous system leads to a number of
neurodegenerative and neuromuscular diseases, including those with an expanded trinucleotide
repeat (TNR) tract at or nearby an expressed gene. Expansion causes disease when a particul ar
base sequence is repeated beyond the normal range, interfering with the expression or properties
of agene product. Disease severity and onset depend on the number of repeats. Asthe length of
the repeat tract grows, so does the size of the successive expansions and the likelihood of another
unstable event. In fragile X syndrome, for example, CGG repeat instability and pathogenesis are
not typically observed below tracts of roughly 50 repeats, but occur frequently at or above 55
repeats, and are virtually certain above 100-300 repeats.

Recent evidence points to bidirectional transcription as a new aspect of TNR instability and
pathophysiology. Bidirectional transcription of TNR genes produces novel proteins and/or
regulatory RNAs that influence both toxicity and epigenetic changesin TNR promoters.
Bidirectional transcription of the TNR tract appears to influence aspects of its stability, gene
processing, splicing, gene silencing, and chemical modification of DNAs. Paradoxically, however,
some of the same effects are observed on both the expanded TNR gene and on its normal gene
counterpart. In this review, we discuss the possible normal and abnormal effects of bidirectional
transcription on trinucleotide repeat instability, the role of DNA repair in causing, preventing, or
maintaining methylation, and chromatin environment of TNR genes.

INTRODUCTION

More than 20 human neurodegenerative diseases are caused by amplification of simple
DNA repeat tracts [1-3]. In this review, we will focus primarily on expansion of
trinuclectide repeats (TNR). In the past, the position of the TNR in the coding or noncoding
region of the gene was identified as a parameter of significant impact on both the
mechanism of toxicity and the size of the expansion. TNRs in the coding sequence
supported expression of long and “sticky” homopolymeric proteins that disrupted cellular
machinery, interfering with cellular processes including trafficking, lipid homeostasis and
transcription [4-6]. In anon-coding region of a gene, abnormal heterochromatin formation,
gene silencing and hypermethylation frequently accompanied expansion. With the recent
discovery of bidirectional transcription of TNR repeat tracts, however, these lines have been
blurred.
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Historically it was believed that, in eukaryotic genomes, each protein-coding gene has a
unique promoter in the 5'-flanking region, and the direction of the promoter is usually
unidirectional. Advances in transcriptome analysis, however, have revealed that
bidirectional transcription of coding genesis common [7]. Bidirectional transcription across
repeat tracts occursin most, if not all TNR genes[8], and provides previously unknown
aspects of disease pathophysiology encompassing both protein- and RNA-mediated toxicity
[8-11]. Furthermore, TNR coding transcripts can be aternatively translated in the absence
of astarting ATG site, in a process coined as Repeat Associated Non-ATG tranglation
(RAN-trandation) [12]. RAN-tranglation occursin all reading frames. At CAG tracts, for
example, tranglation of CAG, AGC, and GCA produces toxic homopolymeric proteins of
polyglutamine, polyserine, and polyalanine tracts [12, 13], respectively. These emerging
discoveries provide entirely new disease mechanisms arising from a single gene defect.

Theimpact of bidirectional transcription on the DNA expansion mutation is unknown. The
occurrence of bidirectional transcription, itself, does not require an expanded TNR tract, nor
does it depend on the TNR sequence of the disease gene. To name just afew, bidirectional
transcription occurs in myotonic dystrophy type 1 (DM1) (CTG) [14], in Huntington's
disease-like 2 (HDL2) (CTG) [15], in the FMR1 gene of fragile X syndrome (FXS) (CGG)
[16], in Huntington's disease (HD) (CAG) [17], and in Spinocerebellar ataxiatype 7 (SCA7)
(CAG) [18], in which CAG, CTG, and CGG repeats are contained within the sense strand.
The occurrence of bidirectional transcription also does not depend on the position of the
TNR tractsin the gene. The CAG and CTG repeatsin HD, HDL2 and SCAsreside in coding
regions of the gene, while DM 1, FXS and SCAS8 contain repeats in the untransl ated regions
of the gene.

Since TNR sequences potentially encode multiple repeat-containing RNAS, bidirectional
transcription increases the repertoire of RNA-mediated regulatory mechanismsthat are
likely to influence toxicity. However, amajor question is how and whether processing of
TNR expansion-containing RNA influences TNR instability. Many of the RNA-mediated
processing events that arise from TNR expansion genes also occur in their normal
counterparts. Thus, akey question is whether TNR expansion has an influence on
bidirectional transcription or vice versa. TNR expansion |eads to aberrant phenotypes such
as abnormal heterochromatin spreading. Y et, heterochromatin changes are used in nature to
silence and regulate gene expression for specific uses during development.
Hypermethylation often accompanies unscheduled gene silencing of TNR genes, yet
methylation is required for normal or reversible heterochromatin formation. How a cell
knows to regulate the extent of methylation is unknown. Hypermethylation of some TNR
genesresultsin faulty suppression of gene expression, yet there are DNA repair activities
present in the cell to maintain or regulate the normal methylated state. Do they fail to work
at TNR genes? For example, deamination of 5-methylcytosine to thymine resultsin
formation of mismatch pairs that are removed by either DNA glycosylases or mismatch
repair (MMR) [19, 20]. The growth arrest and DNA damage 45a. protein (Gadd45a.)
participates with NER factors to maintain active DNA demethylation and maintain the
promoter of active genes under a hypomethylated state [21]. While some RNAs arise from
loci destined to encode regulatory RNAS, bidirectional transcription of TNR genes givesrise
to RNAs that exert abnormal activity. Thus, TNR expansion, genome locus, DNA and
histone methylation, and DNA repair are connected, but the links among them are poorly
understood. Distinguishing normal from abnormal eventsis difficult.

In this review, we address whether and how the regulatory RNASs that arise from
bidirectional transcription of TNR genes influence TNR instability. Specifically, we will
review examples of bidirectional transcription of TNR genes, and discuss models for (1)
how sense and antisense regulatory RNA mechanisms that operate at TNR genes are atered
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for an abnormal outcome, (2) the impact of chromatin modulation on methylation patternsin
TNR expansion, and (3) the role of excision repair in regulating expansion,
hypermethylation, and unscheduled silencing.

DUAL SOURCES OF TOXICITY FROM BIDIRECTIONALLY TRANSCRIBED
TNR EXPANSION GENES

In order to understand possible mechanisms for expansion, we must first consider the
conseguences of bidirectionally transcribed aberrant RNA processing and its effects on
toxicity (Fig. 1). Bidirectional transcription across an expanded TNR gene leads to three
distinct scenarios for RNA regulation of TNR genes (Table 1): (1) RNAs that code for
protein in both the sense and antisense directions, (2) RNAsthat code for protein in only one
direction, (3) some non-coding RNAs induce heterochromatin spreading and
hypermethylation. Thus, the sense and antisense transcripts serve as the basis for protein-
mediated toxicity, RNA-mediated toxicity, or both [9-11].

RNAs containing CAG repeats in coding transcripts express polyglutamine in the sense
strand (Fig. 1), but by RAN-tranglation can also produce polyalanine and polyserine,
exacerbating the potentia toxicity [12, 13]. At the same time, expanded CUG non-coding
RNAs form ribonuclear foci and mislocalize or misregulate RNA binding proteins, notably
splicing factors (Fig. 1) [9-12]. Two key splicing factors exhibit altered affinities for RNA
as a conseguence of CUG repeats[22, 23]. CUG-BP1 (CUG binding protein 1) is a member
of the CUG-BP/ETR-3-like (CELF) family of proteinsinvolved in RNA splicing, RNA
editing, and tranglation [22]. The second splicing regulatory protein is muscleblindlike
(MBNL) [24]. Although discovered first in conjunction with DM1, MBNL isimplicated in
multiple TNR expansion diseases [24]. Both CUG-BP1 and MBNL bind to CUG repests,
but the two proteins antagonistically regulate alternative splicing [23]. In the case of the
skeletal muscle chloride channel CL CN1/CIC-1, for example, it is alternatively spliced in
DM1 to include exon 7A [25]. Elevation of this splice form leads to areduction in CL CN1
function, which contributes to myotonia[25]. CUG RNA binding to MBNL represses
inclusion of exon 7A, while binding of CELF4 proteins promotes inclusion [25]. The two
opposing effects occur through binding of the respective proteins to distinct regions of the
RNA. The length of the repeat affects only MBNL binding [26]. Thus, asthe CTG region
expands, there is a gain-of-function in CELF4 and aloss-of-function in MBNL, conditions
that tend to favor generation of the alternatively spliced forms of DM 1 [27, 28].

In general, the RNA-dependent mechanisms for toxicity generate multiple toxic sources.
Expression of misfolded proteins, generation of SRNA, and aberrant splicing appear to be
common features (Fig. 1). To illustrate them, we discuss afew examples of the bidirectional
transcription of TNR disease genes, and consider how RNA processing playsarolein the
toxicity of TNR genes.

RNAs that code for protein in both the sense and antisense directions

A natural antisense transcript exists at the HD repeat locus that contains the repeat tract [17].
The sense strand of the normal Huntington’s disease gene (/?) harbors a CAG tract that
codes for a polyglutamine region, the antisense HD transcript (/ittas) is5 capped, poly (A)
tailed and contains three exons, aternatively spliced into two products: htt AS-1 (exons 1
and 3) and htt AS-2 (exons 2 and 3). Exon 1 includes the TNR repeat. Thefirst splice
product htt AS-1 has aweak promoter, and is expressed at low levelsin multiple tissue types
and throughout the brain [17]. In cell systems, overexpression of htt AS-1 specifically
reduces endogenous /it transcript levels, while sSRNA knockdown of htt AS-1 increases /it
transcript levels. Thus, bidirectional expression of htt AS-1 regulates the amount of htt in the
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cell. CAG expansion in the mutant Huntington’ s disease gene (m#if) reduces promoter
efficiency and the level of htt AS-1 decreases in human HD frontal cortex. The effect is
dependent on repeat length and is at least partially Dicer-dependent, implying that some sort
of processing of the antisense RNA to small RNAs also occurs.

Huntington's disease-like-2 transcripts in the sense and the antisense direction aso code for
two proteins [15]. HDL 2 is a phenocopy of Huntington's disease caused by CTG/CAG
repeat expansion at the Junctophilin-3 (JPH3) locus [29]. The neuropathology of
postmortem HDL 2 brainsis strikingly similar to that of HD [30, 31]. Both exhibit robust and
selective striatal and cortical atrophy, with neurodegeneration primarily targeting the striatal
medium spiny neurons and a subset of cortical pyramidal neurons. The CTG repeat
expansion is located within the variably spliced exon 2A of JPH3, which is not part of the
main transcript encoding JPH3 protein [32]. On the sense strand, three splice variants that
include exon 2A have been described, placing the expanded CTG repeat in polyleucine or
polyalanine open reading frames (ORFS), or in the 3" untrandated region (UTR) [13]. The
mechanisms underlying HDL 2 pathogenesis remain unclear, but expression of an expanded
CAG repeat-containing transcript emanating from the strand antisense to JPH3 has been
suggested as a possible mechanism [15]. This mutant HDL2-CAG transcript resultsin
polyglutamine protein aggregation providing a molecular pathogenic link between HD and
HDL2.

RNAs that code for protein in only one direction

At the spinocerebellar ataxia type 8 (SCA8) locus on chromosome 13¢21 [33], atranscript
from an untranslated gene in one direction (A TXN8OS) contains a CUG repeat expansion,
while the gene in the opposite direction expresses atranscript in which a CAG repeat
appears to encode polyglutamine (ataxin 8, A 7XN8) [34]. Evidence from flies[35], cells
[36], mouse [37] models and human brain tissue suggests that both transcripts contribute to
neurotoxicity [9, 34, 36]. Expression of two transcripts |eads to novel pathogenesis with the
generation of dcr-2 and ago2-dependent 21-nt triplet repeatderived SIRNAs [38]. These
small RNAs targeted the expression of CAG-containing genes, such as Ataxin-2 and TATA
binding protein (TBP), which bear long CAG repeats in both fly and man [39]. The
alternative splicing abnormalities lead to accumulation of RNA foci, and sequestration of the
RNA binding protein MBNL 1 [40]. These findings indicate that the generation of triplet
repeat-derived siRNAs enhances toxicity and suppresses the expression of other TNR genes.

RNAs that cause heterochromatin formation and hypermethylation

The Dystrophia Myotonica protein kinase (DMPK) gene (DM1) harbors a binding site for
the zinc finger protein CCCTC-binding factor (CTCF). CTCF binding sites serve asa
functional insulator in establishing a heterochromatin environment around the gene [41].
DMPK islocated on chromosome 19g13.2—q13.3 spanning 13 kbp and comprising at least
15 exons [42—44]. The encoded protein is 624 amino acids in length and contains an N-
terminal domain that shares strong homology to the cAMP-dependent serine-threonine
protein kinase family. The CTG repeatsin DMPK are a component of a CTCF-dependent
insulator element and repeat expansion results in conversion of the region to
heterochromatin [41]. The DM 1 insulator is maintained in alocal heterochromatin context:
an antisense transcript emanating from the adjacent S/.X5regulatory region extends into the
insulator element [14]. The antisense transcript at thislocusis converted into 21 nt small
interfering RNA (siRNA) that induces heterochromatin formation [14], associated regional
histone H3 lysine 9 (H3-K9) methylation and heterochromatin protein 1-gamma (HPLy)
recruitment [14]. The antisense transcript originatesin a 124 bp region previously
characterized as a positive regulator and hypersensitive-site enhancer (HSE) of the sense
transcript for the S/X5gene [14]. The expansion of the CUG repeat in DMPK RNA leadsto
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misregulation of alternative splicing events, which occursin trans The CTG expansion
resultsin loss of the CTCF zinc finger and DM1 insulator function. As a conseguence,
heterochromatin spreads to the S/.X'5 gene and suppresses its expression.

Collectively, bidirectional transcription of expanded repeats reveals common features that
provide potential mechanisms for toxicity: production of long, toxic homopolymers,
generation of SSIRNA and gene suppression, and aberrant splicing. Each expansion gene has
abnormal features that distinguish them from their normal counterparts, yet the three
candidate RNA-mediated mechanisms themselves are observed throughout nature as normal
modes of genome regulation. How, why and even if these normal processes go awry to
create instability in TNR genes is unknown.

For example, SSRNA processing occurs at many normal genes and mediates regul ated
silencing of genes. Are the toxic effects of TNR expansions a consequence of Dicer activity?
A second question iswhy are TNR diseases not more alike? The expanded genes themselves
are obvioudly distinct and are expressed differently among brain regions. However, the
newly discovered bidirectional transcription draws them mechanistically closer, and
provides the potential for more similar consequences of the expansion. For example, HD is
ubiquitously expressed. If RAN-translation of CAG/CTG tracts is capable of expressing
polyglutamine, polyserine, or polyalanine, the coding HD CAG transcript would produce the
same homopolymers, as would SCAS8 (for example), with at |east some overlap in their
regional expression. Alternative splicing and sequestration of MBNL isacommon
conseguence of expanded non-coding RNAs. Do al RNA foci contain the same proteins?
All TNR genes expand, suggesting common basic mechanisms, yet only some expanded
genes form heterochromatin, with differential effects on the level and types of DNA
modifications in the tract. How is chromatin folding related to instability? In the following
sections, we address (1) possible differences among normal and abnormal steps arising from
bidirectional transcription, (2) at what steps does the normal process disconnect to cause
mutation, and (3) the effects of bidirectional transcription on DNA repair and expansion.

NORMAL AND ABNORMAL MECHANISMS REGULATING CHROMATIN
CONTEXT, TOXICITY AND EXPANSION

Although heterochomatin is abnormally formed in some expanded genes, heterochomatin
formation at repetitive elementsis normally observed in many prokaryotic and eukaryotic
systems. This process underlies the old concept of “facultative” heterochromatin, which is
localized to promoters and is established either in a developmentally regulated manner or in
response to environmental triggers [45]. Facultative heterochromatin ensures the epigenetic
silencing of genesin a certain cell type or tissue, and is an important mechanism for
developmental programming and cell fate [46]. By definition, facultative heterochromatin is,
“optional” or “discretionary”. It can form anywhere in the nucleus and its formation is
required for specialized functions in which gene silencing regulates reversibility or timed
expression. X inactivation is a classic example of the formation of facultative
heterochromatin that occurs in mammals (Fig. 2) [46]. In mammals, the inactive X
chromosome (Xi) appears within interphase nuclel as a heteropycnotic Barr body usually
positioned at the nuclear or nucleolar periphery [47—49]. The inactive X issilenced early in
development to ensure gene dosage between the male and femal e species. Inactivation of the
X-chromosome occurs due to production of a non-coding untranslated gene, X-inactive
specific transcript gene (Xist gene) (Fig. 2A) [50]. Expression of Xist RNA induces
heterochromatin spreading from its position to the end of the X chromosome (Fig. 2B),
resulting in itsinactivation [51, 52].

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Budworth and McMurray Page 6

Use of sSIRNA to regulate chromatin folding is also anormal process. Untranslated regions
(UTRs) throughout the genome contain tri- or tetranucleotide repetitive regions capable of
being transcribed and processed into repeat-associated small interfering RNAs (sSIRNAS)
[53-55]. In vertebrates, the biogenesis of intronic SSIRNA occursin a series of five steps[56,
57] (Fig. 3). Themicro RNA (miRNA) is transcribed as along primary precursor miRNA.
Transcription occurs by atype Il RNA polymerase (Pol-I11) from theintron or UTR of a
primary gene transcript [58]. MiRNAS can be located within the noncoding DNA or protein-
coding region of DNA [59]. After transcription, instead of being trandlated, the primary
miRNA is processed by Droshalike RNaselll endonucleases/microprocessors to a short
hairpin-like stem-loop precursor (shRNA). During the third step, the shRNA is exported out
of the cell nucleusinto the cytoplasm, by Ran-GTP and exportin receptors [60, 61]. Oncein
the cytoplasm, a Dicer-like endoribonuclease cleaves the shRNA to form a single-stranded
mature SIRNA [57, 62]. Finally, the mature siRNA is assembled into a ribonuclear particle
(RNP) to form an RNA-induced silencing complex (RISC) with argonaute proteins [63] or
RNA-induced transcriptional silencing (RITS) complex [64]. The siRNA binds to matched
seguences of one or more messenger RNAs (mMRNAS) to execute RNAi-related gene
silencing, through either direct mMRNA degradation or trand ational suppression [57, 62, 65,
66].

Thus, antisense RNA transcripts and the use of SIRNAsto induce local chromatin
modifications and gene silencing are normal and conserved in most organisms [67—69].
Indeed, awell-known example is position-effect variegation (PEV) [70] that isareversible
hallmark of yeast mating (Fig. 4). Y east haploid cells can exist in one of two mating types,
either aor alpha[71]. The two types can mate with each other to form an a/alphadiploid that
can undergo meiosis (and DNA recombination) resulting in four meiotic products or haploid
spores. The Mata and Matal pha genes are located at HA/Laphaand HMRaon the left and
right arms of chromosome 111, respectively (Fig. 4). The MA T locus serves as a recipient of
either an a-specific sequence or an al phaspecific sequence, which are placed via gene
conversion into the active MAT locus site after HO endonuclease cleavage [71].
Arrangement of the Mata and Matal pha genes proximal to the “E-box” and “I-box” in the
HMLaphaand HMRa sites resultsin heterochromatic silencing at the specific locus, and
only the gene that is copied into the active MAT locusis expressed (Fig. 4). Initiation of
facultative heterochromatin depends on site-specific transcriptional repressors, which, in
turn, recruit a silencing complex, in this case, the silence information regulator (SIR)
proteins [71]. Thus, genes are on or off depending on whether they reside near an insulator.
Insulators act as barriers in rare cases where constitutive heterochromatin and highly active
genes are juxtaposed in mammalian cells. In asimilar process, PEV is used by mammalian
insulators such as that present upstream of the 5 H$4 (5’ hypersensitive site 4) in the
chicken B -globin locus [72]. Heterochromatin encroaches on adjacent genes or recedes from
genes at the extremes of domains, and PEV represses them by being positioned (in ¢is) at
these boundary domains.

So, issiRNA generation at TNR genes abnormal ? Normal unexpanded TNR genes retain the
same features of normal silent loci. Indeed, in the case of the wild-type DM 1 insulator, the
antisense transcript emanating from the adjacent SIX5 regulatory region extends into the
insulator element and is converted into 21 nucleotide (nt) fragments accompanied by
transcriptional silencing [14, 73]. CTCF and HP1y are enriched in the region of thewt CTG
repeats, implying that the SsSRNA processing step does not distinguish the normal and
expanded genes. CTCF is bound to the insulator, and appears to prevent the propagation of
heterochromatin to the surrounding regions [73]. Gene silencing by siRNA, generation of
riboparticles [74], as well as heterochromatin formation and insulator activity associated
with DM1 mimic normal processes.
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Abnormal mechanisms

Clearly, the consequences of TNR expansion at disease loci are abnormal. So what is
different in an expanded gene? At the wt DMPK locus, the region isin a phased nucleosome
array with a nucleosome positioned over the repeats [41], whereas CTG expansion is
sufficient to reduce or exclude CTCF binding and to nucleate the spreading of
heterochromatin to surrounding regions. Spreading results in aregion more resistant to
nuclease access [ 73] and suppression of the S/ X5gene. The spread of H3-K9 dimethylation
to a broader region aso occursif the CTCF siteis mutated [14].

Why CTCF islost by expansion-mediated heterochromatin structural changesin the
expanded but not in the wt gene is unknown. The silenced genes in model organisms contain
transcription factors, histone- and DNA-modifying enzymes, and other structural proteins
that maintain a silent state (Fig. 5). Thelevel of 21 nt fragmentsin normal wt fibroblastsis
similar to that of adult onset and congenital DM cells implying that SsIRNA is not
overproduced in disease cells[14]. It seems likely that if SRNA processing is hormal, and
the repressive histone marks are present on the wt gene, then exclusion of CTCF is unlikely
to result from gaining histone marks, the heterochromatin spreading, or the
hypermethylation that appears to follow CTCF loss. Much more needs to be learned to sort
out the steps between expansion and chromatin spreading, but several mechanisms for loss
of CTCF might be envisioned. One possibility is abnormal splicing. Since alternative
splicing is also perturbed in DM 1 cells, it might be speculated that the expanded CUG RNA
generates alternatively spliced fragments that compete for binding of CTCF, resulting in
failure to establish normal heterochromatin status. Another possibility is abnormal siRNA.
Although the level of SsIRNA production does not appear to be distinct between wt and
disease transcripts, it is still possible that the ssIRNAs from the DM 1 loci have longer half-
lives and lead to more severe suppression of target genes. Indeed, CUG-BP regulates
alternative splicing of the human cardiac troponin T (CTNT) pre-messenger RNA, whichis
disrupted in DM striated muscle [74]. In SCA8, splicing of the CAG tract leadsto SsIRNAs
that suppress normal counterparts of expanded genes [36]. Whether suppression of this array
of targeted genesis sufficient to cause toxicity is an issue of intense interest.

The physical relationship between atered protein splicing and heterochromatin spreading is
unknown. A caveat in assessing the effects on heterochromatin, however, is our poor
understanding of its definition. In DM 1 and FXS, hypermethylation resultsin areduction of
nuclease sensitivity, but whether this corresponds to actual condensation of interphase
chromatin versus changes in protein coating of DNA is not formally known [14, 75]. Dense
packaging and staining at the nuclear periphery remains the classic cytochemical signature
of heterochromatin. However, the distinction between chromatin packaging and gene
expression has become blurred. Interphase chromatin is typically thought to be de-
condensed at locations in which genes are transcribed and condensed where genes are silent
[76]. However, this generalization is contradicted by observations that inactive genes reside
in domains of open chromatin whereas active genes reside in regions of low gene density
and can be embedded within compact chromatin fibers [77, 78]. This might be relevant to
the DM1 gene, which is embedded within aregion of euchromatin-associated H3 lysine 4
(H3-K4) methylation [14]. A diversity of theoretical models for the nuclear organization of
active and silent chromatin stem from our limited understanding of higher-order chromatin
structure beyond the 30-nm fiber. The technical limitations in imaging of chromatin by light
microscopy inhibits a more detailed look, but with the generation of super resolution
microscopes, some of these processes may be better resolved at the cytogenetic level.
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DNA INSTABILITY AT BIDIRECTIONALLY TRANSCRIBED TNR TRACTS

The involvement of the CTCF insulator in DM 1 pathology raises another puzzling aspect of
disease pathology. Many TNR genes lie close to a CTCF site boundary element (Table 1)
and might be subject to heterochromatin-driven repression, yet the chromatin spreading of
repressed chromatin is restricted to only afew (Table 1). Is chromatin context and antisense
processing directly connected to instability? The results from ATX7 suggest that it is.
Indeed, the CAG repeat in the spinocerebellar ataxiatype 7 (SCA7) gene is the most
unstable of all the CAG repeat loci [79]. Transgenic mice carrying SCA7 genomic
fragments with CTCF binding-site mutations promote triplet repeat instability both in the
germ line and in somatic tissues [80], and CpG methylation or mutation of CTCF binding
sites further destabilizestriplet repeat expansions. SCA7 is bidirectionally transcribed.
CTCFisrequired for the SCA7 antisense (SCAANT1) expression, and loss of SCAANT1
de-repressed ataxin-7 sense transcription [18]. Although SCAANT1 expression in fransdoes
not reduce ataxin-7 alternative sense promoter activity /n vitroor in vivo, convergent
transcription of SCAANT1 in ¢isleadsto repression that is accompanied by post-
translational modification of histones and DNA. Thus, CTCF transactivation of antisense
non-coding RNA, histone modification and the ensuing DNA hypermethylation state imply
that TNR instability occurs through an epigenetic mechanism. Below, we discuss possible
mechanisms by which expansion might occur in the context of bidirectional transcription
arising from both coding and non-coding RNAs.

DNA DAMAGE AND REPAIR OF TNRs ARISING FROM BIDIRECTIONAL
TRANSCRIPTION

In neurons, DNA expansion occurs in the process of excising chemically modified bases
from DNA, providing a direct means to instability [1, 81]. Progressive somatic expansion
throughout the lifetime of an individual results from the process of removing base lesions
and may determine onset of disease viaacritical threshold mechanism of repeat length. If
RNA processing influences genomic instability at the DNA level, then RNA-mediated
toxicity either increases oxidative stress or methylation, or alters the chromatin context and
accessibility of the TNR repeat to damage. The two distinct classes of RNA-bidirectional
genes, while they cause the problem, perhaps provide at least some insight as to mechanistic
possibilities.

THE ROLE FOR DNA REPAIR OF CODING RNAs

Oxidative damage is abundant in non-dividing neuronal cells and DNA expansion of TNRs
arises in the process of correcting oxidized and chemically modified DNA bases through use
of the excision repair machinery [81, 82]. A hallmark of neurodegenerative diseasesisthe
accumulation and aggregation of misfolded pathogenic proteins. Considering RAN-
trangdlation, CAG/CTG coding tracts have the possibility to generate homopolymeric
proteins of polyglutamine, polyserine, and polyalanine tracts [13]. Oxidative stressis a
common feature of these expansion diseases and is well documented and extensively
reviewed [83, 84]. Inflammation [85], ER stress [86], and MT respiration [87] provide
sources for reactive oxygen species (ROS), which affect modification of both the nuclear
and the mitochondrial genomes.

Two pathways are implicated in TNR expansion through removal of oxidized bases: the
base excision repair (BER) pathway and the transcription coupled repair pathway (TCR) [1,
81, 88-91] (Fig. 6). In mammalian cells, BER of oxidized basesisinitiated by the action of
alesion-specific DNA A-glycosylase, which catalyses the hydrolysis of the C1 A-glycosyl
bond that links the base to the sugar-phosphate backbone [92]. Release of the damaged base
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generates an apurinic (AP) site, where the base on one strand has no partner on the other
[93-95]. A current model for expansion arising from BER posits that a polymerase, during
gap filling synthesis, displaces the TNR repeat, allowing for formation of hairpin loops[1,
90]. After itsincorporation into genomic DNA, the loop becomes the expansion. To date,
more than 10 mammalian glycosylases have been identified, with different substrate
specificities for removal of oxidized bases [96]. However, to date, only OGGL1 [81], and
more recently, NEIL1 [88] glycoslyases have been identified as positive regulators of
expansion.

Oxidized bases are also removed by transcription-coupled repair (TCR) [97-100]. In TCR, a
complex of xeroderma pigmentosum complementation group F (XPF) and excision repair
cross complementing 1 (ERCC1) makes anincision 5 to the lesion, and the endonuclease
XPG makes an incision 3’ to the lesion, reviewed in [1, 101]. This excises a patch consisting
of 10-20 nucleotides. /n1 vivo, the 5" incision by XPF-ERCC1 is made before the 3" incision
by XPG [102], so ssDNA containing the TNR has the potential to form alooped
intermediate, at least transiently (Fig. 6B). A TCR mediated expansion model is similar to
the BER model: the TNR flap folds back to allow formation of a hairpin loop [1, 89, 102].
After itsincorporation into genomic DNA, the loop becomes the expansion [103]. In mice,
loss of XPC, which functions specifically to recognize aberrant bases in the whole genome
by global genome repair (GGR) (Fig. 6B), haslittle effect on CAG expansion in HD,
suggesting that global removal of oxidized bases does not occur frequently enough to
substantially increase TNR expansion [104]. In contrast, loss of Cockayne syndrome protein
CSB (also known as ERCC6), which is specific to TCR (Fig. 6), has effects on instability
[90]. The way in which TCR influences expansion is, as yet, poorly understood. In the
mouse, loss of CSB actively promotes deletion of TNRsin the germ cells, with weak effects
in somatic cells, implying the CSB protects against expansion [90]. However, these results
are not necessarily observed in other models systems. In addition to roles in repair, CSB has
been shown to play arolein chromatin maintenance and remodeling, and transcriptional
regulation [105]. Effects of CSB on TNR expansion may be influenced both by itsrolein
repair and its effects on chromatin structure.

In Drosophila melanogaster, transcriptional induction of atransgene (under the control of
regulatory protein GAL4) that contains exon 10 of ataxin 3 (ATXN3, aso known as SCA3)
results in expansion and contraction of the TNR tract within this exon [106]. Loss of XPG in
thisline reduces instability [106]. Similarly, in human cell lines, small interfering RNA
knockdown of ERCC1, XPG and CSB reduces the CAG tract within an intron of an active
hypoxanthine guanine phosphoribosyl transferase (HPRT) minigene [107, 108]. The
different effects of TCR loss among mice [90], flies[106], and human cells may perhaps be
explained by crosstalk between BER and TCR [109]. TCR can cooperate with BER to
correct oxidative DNA damage [110]. In the mouse, CSB /n vivoprotects against CAG
expansion, by either active reduction of the CAG tracts, or by antagonizing the action of
OGG1 [90], which tends to expand them. However, CSB also interacts with BER machinery
such as AP endonuclease 1 (APEL) [111] and poly(ADP-ribose) polymerase (PARPL) [112].
Thus, CSB may act through two distinct pathways. CSB and OGG1 may compete for
binding to the same oxidized base in somatic cells, with opposite effects. In this model,
engagement with the TCR machinery resultsin tract deletion, while engagement with the
BER machinery results in expansion. The varying degrees of expansion or contraction may
depend on which complex is bound more frequently. While a detailed mechanism awaits
further investigation, the genetic results obtained in mice suggest that different repair
pathways for removal of oxidative lesions can have distinct outcomes /n vivoat CAG tracts.
The genetic results will need to be coupled to biochemical analysesto sort out the
mechanisms. Oxidation of DNA occurs frequently and has the potential to promote
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expansion in disease in which RNAs are coding into proteins, however, chromatin context is
likely to regulate the frequency of these modifications.

THE ROLE FOR DNA REPAIR IN GENE SILENCING OF NON-CODING TNRs

Methylation and Demethylation

Methylated bases can also be removed by BER, but whether removal of methylation damage
generates expansion is not clear. Recent evidence suggests that hypermethylation is not the
primary force for expansion: (1) Rare individuals having full mutations but normal
intelligence lack hypermethylation and maintain expression of FMRI mRNA [113-115]. (2)
In FXS, carriers with 55-200 repeats of CGGs are present without methylation, and thereis
excess transcription of FMRI mRNA. (3) Pharmacologic treatment with the DNA
methylation inhibitor 5-aza-2”-deoxycytidine (azadC) reactivates transcription and FMRP
expression but does not alter the repeat tract [116-119]. Collectively, it appears that either
the expansion mutation does not require methylation, or expansion by removal of
methylated basesis rapid. Under the latter conditions, a BER model for expansion is
possible. Indeed removal of methylated bases is accomplished by several DNA glycosylases
with different specificities [120], although none are known to promote TNR expansion.

TDG and MBD4

The relationship between methylation and expansion, however, isfar from clear. Current
evidence suggests that BER has a complex role, which is used to establish an epigenetic
balance between DNA demethylation and protection from hypermethylation (Fig. 7A). This
type of epigenetic modulation is likely to be key since the degree of methylation establishes
genetic “homeostasis’: too much methylation leads to gene shut-down while too little leads
to genomeinstability. A class of DNA glycosylasesin vertebrates plays akey rolein this
type of epigenetic regulation [121-123]. Thymine DNA glycosylase (TDG) is a multi-
functional protein that is coupled to demethylation [124-128]. TDG overexpression in
human cells correlates with demethylation and activation of a reporter gene promoter [129],
and down-regulation of TDG in mouse myoblasts causes a genome-wide methylation [130].
The process of demethylation has been extensively analyzed in germ cells, which undergo
genetic reprogramming during development. Active demethylation in the paternal genome
during early embryogenesis involves DNA repair via cytosine deaminases of the activation-
induced cytosine deaminase (Aid) and apolipoprotein B editing complex Apobecl family
[131]. Interestingly, the Apobecl family is the same complex that binds to CUG repests for
alternative splicing [132]. Aid and Apobecl can deaminate 5-methylcytosine to thymine,
creating T-G mismatches [133]. This Aid-Apobecl complex works in conjunction with the
glycosylase methyl-CpG-binding domain protein 4 (MBD4) and the growth arrest and
DNA-damage-inducible a (Gadd45a) [123] (Fig. 7), anucleotide excision repair (NER)
component to remove T replace it with C. This process prevents hypermethylation of CpG
residues (Fig. 7). The same chemical reaction could occur via mismatch repair (MMR)
[134], as has been suggested in somatic hypermutability, or even via nucleotide excision
repair (NER) [135]. However, both TDG and MBD4 have strong preference for removal of
methyl groupsin CpG sequences [136, 137]. TDG knockouts result in neonatal lethality,
indicating that it is essential for differentiation and development [19, 20], and may play a
role in establishing gene expression patterns during differentiation.

If TDG isinvolved in prevention of hypermethylation, for instance at the hypermethylated
FMRI promoter of fragile X, akey question ishow TDG isdirected to the local site.
Candidate proteins that act as |oading factors are those that interact physically at the FMR1
promoter region. Several transcription factors (TFs) and co-activators that target these sites
/n vivohave been identified by chromatin immunoprecipitation (ChlP) analysis [138-141].
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Some of them, such as Sp1 and CBP/ p300, are bound to active but not to the fully mutated
FMR1 promoter [138, 140] (Fig. 7). Therefore, possible ways for TDG localization to the
FMR1 promoter include (1) association with CBP/p300 proteins that can be recruited to the
promoter by CREB; (2) two retinoic acid-responsive factors, Sp1 and AP-2, and (3) CGG
repeats may form a G-quartet structure, which may be bound by FMRP. For example, CREB
binding protein (CBP), known to integrate multiple regulatory pathways within chromatin,
can physically interact with and acetylate TDG /n vitroand /in vivo[142, 143]. Asa
complex, CBP binding to TDG does not compromise CBP function as a transcriptional
activator nor does complex formation alter the glycosylase function of TDG, but the
functional relationship between TDG and CBP is as yet poorly understood.

There are no data to address whether CBP recruitment by TDG to T-G pairs facilitates repair
by chromatin remodeling, or whether TDG is brought to promoter regions by the
transcription machinery to repair the lesion. TDG acetylation by CBP leadsto itsrelease
from the TDG/CBP complex, and prevents recruitment of APE to the abasic lesion [142].
Thus, it is possible that the TDG acetylation state regul ates switching fromits function in
transcription to its function in repair. Recent data suggest that it may be the non-catalytic
interactions of TDG that provide the context with which it can effectively carry out its
catalytic activities. For example, a complex containing TDG acts as a co-activator for
estrogen receptor (ER)-regulated transcription, but stimulation does not depend on its
glycosylase domain [144]. It is likely that proper silencing requires a balance (or
antagonism) between methylation and active demethylation, which is disrupted by
expansion [145, 146].

TET PROTEINS

The human TET1 protein is another relevant DNA repair protein that catalyzes the
conversion of 5-methylcytosine (5mC) of DNA to 5-hydroxymethylcytosine (5ShmC), raising
the possibility that DNA demethylation may be regulated by a Tet1-mediated process [147)
(Fig. 7C). All Tet-family proteins (Tet1, Tet2 and Tet3) catalyze a similar reaction [148—
150], which has rolesin epigenetic regulation and demethylation [151-155]. Both TET1 and
TET3 proteins contain a DNA-binding motif that is believed to target CpG sites [156-158].
Dueto the activity of DNA methyltransferases (DNMTS) in maintenance of methylation
patterns, levels of 5-meC remain relatively constant, however, levels of 5-hmC tend to vary
significantly between tissue types. The highest levels of 5-hmC are in neuronal cells of the
central nervous system [159, 160]. The TET proteins themselves are a so differentially
expressed; TET1 is expressed early in embryonic development and in only selected tissues
in adulthood, including the post-mitotic cells of the brain. TET2 and TET3 are more
ubiquitously expressed [147, 150]. An important new feature of Tet activity isthe
production of hydroxymethylation of DNA, which aso provides athird source for oxidative
damage that would be removed by excision repair. Thus, methylation/demethylation may
not directly generate an expansion. However, the degree of methylated bases may in the end,
indirectly cause expansion via BER removal of the oxidized bases generated by TET
activity. Collectively, there are multiple excision repair processes that modulate the
methylation status and oxidation status of TNRs. The balance among themis critical to
maintain normal genomic stability and epigenetic balance, which is upset by TNR
expansion.

CONCLUSION

Given that antisense transcription occurs widely in the human genome, defining the range of
potential roles and impact of antisense repeat transcripts on trinucleotide repeat diseases and
on the expansion mutation itself is of great importance. The number of possible regulatory
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mechanisms provides the next frontier of biology that islikely to not only shed light on the
triplet repeat pathophysiology, but also on the DNA repair mechanisms that regul ate and
stabilize the human genome.
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Figure 1. Possible fates of bidirectional RNA transcriptsat trinucleotide repeats

Coding and non-coding RNAs from TNR repeats form secondary structure with severa
possible fates. (Homopolymeric proteins) The RNA could serve as a coding template for
homopolymeric toxic proteins (red squiggle). (Splicing defects) TNR RNA binds to RNA
splicing factors Muscleblind (MBLD) (blue circle) and CUG binding proteins (CUG-BP)
(orange circle) to alter RNA splicing and binding of other splicing factors (yellow and red
balls). (SRNA) A non-coding RNA hairpin is cleaved by DICER into short 21nt double
stranded RNA. The siRNA can induce silencing in cis, by formation of heterochromatin
formation, or in trans by targeting complementary sequences of other genes for degradation
viaan RNA-I silencing complex (RISC) and Argonaute (AGO) complex.
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Figure 2. Inactivation of the X-chromosome occur s after formation of heterochromatin in a
regulated and reversible processinduced by methylation

(A) X-inactivation is triggered by the expression of the interference RNA (red lines) coded
for by the X-inactive specific transcript gene (Xist gene). Xist triggers DNA methylation
(small blue balls), and chromatin remodeling stably inactivates the chromosome (blue). The
RNAI promotes methylation, and loss of accessibility to nucleases of the inactive X
chromosome impliesthat it has formed a condensed heterochromatic state. (B) The Xist
transcript (blue dashed lines) is expressed exclusively in the inactive X in the Barr body.
Xist resides at the X inactivation center (XIC), and spreading of heterochromatin radiates
outward from the X1C. The inactive heterochromatin state can be reversed to an active state
by treatment with 5-deazacytidine (black arrow).

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Budworth and McMurray Page 22

Transcription
factors /
I co-activators

Dnmt

)
\/

w
—#» Methyl CpG

Figure 3. Normal siRNA processing

Two types of small ribonucleic acid (RNA) molecules, microRNA (miRNA) and small
interfering RNA (SiIRNA) are central to normal RNA interference processes. The RNAI
pathway isinitiated by processing of long double-stranded RNA precursor miRNA into
short hairpins (shRNA) by a Droshalike RNasel |l endonuclease/microprocessor. The
shRNA are exported out of the nucleus viathe RAN-GTP exportin. In the cytoplasm, the
shRNA form a complex with Dicer, which cleaves shRNA into short fragments of ~20
nucleotides SsIRNA. Each siRNA is unwound into two single-stranded RNAS, the passenger
strand and the guide strand. The passenger strand is degraded, and the guide strand is
incorporated into a ribonuclear particle to form a RNA-induced silencing complex (RISC).
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The most well-studied outcome is post-transcriptional gene silencing, which occurs when

the guide strand base pairs with a complementary sequence in a messenger RNA molecule
and induces cleavage by Argonaute (AGO), the catalytic component of the RISC complex.
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Figure 4. Mating type locus and heter ochromatin regulation

Genome expression is active at the MAT locus (A) The donor sequences for gene
conversion are located at HMLa phaand HMRa on the left and right arms of chromosome
I11 respectively. Each donor has binding sites for key transcription factors repressor/activator
protein 1 (Rapl), autonomously replicating sequence-binding factor 1 (ABF1), and an ARS
consensus sequence (ACS), which binds the origin recognition complex. ABF1 and RAP1
contribute to transcriptional activation of genesinvolved in carbon source regulation,
sporulation, amino acid biosynthesis, and ribosomal functions. The transcription factors
(RAPL and ABF-1) at HMLaphaand HMRarecruit the silencing information proteins
(SIR), which keep these loci in asilent, heterochromatic state where genes at the two loci
cannot be expressed, nor can they be cleaved by the HO endonuclease. The MA Tacells or
HMLaphaloci also contain an autonomously replicating sequence bound with the origin
recognition complex. During mating, either the MA Tacells or HMLaphalocusis copied
into the active MAT locus for expression (Active). A phenomenon of “donor preference”
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refersto the ability of MA Ta cellsto choose the HMLalphalocus as a donor about 90% of
the time. Likewise MA Talpha cells choose HMRa about 90% of thetime. (B) The MAT
locusis an active site with open chromatin suitable for transcription of MA Tacells or
HMLa pha genes.
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Figure 5. Schematic representation of heterochromatin formation

A model for heterochromatin formation at repetitive elements has emerged from studiesin
lower eukaryotes (reviewed in [67]). In this model, bidirectional RNA transcripts are
converted to sSIRNA, which recruits histone methyltransferases, HP1, and DNA
methyltransferases with associated conversion of the region to heterochromatin. The DNA
methyltransferase (DNMT) transfers a methyl group to DNA at CpG sites (white balls)
resulting in 5-Me-cytosine at these positions (black balls). Histone deacetylases (HDACS)
remove the acetyl groups on the histone tails.
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Figure6. BER and TCR

(A) Schematic diagram for BER-mediated expansion. Loops formed during base excision
repair by strand displacement: the toxic oxidation cycle. In base excision repair (BER), 7,8-
dihydro-8-oxoguanine DNA glycosylase (OGG1) (blue oval) recognizes and removes
oxidized guanines (O = G) (red) in the DNA template. OGGL has two enzymatic functions:
glycosylase activity and lyase activity. The glycosylase activity cleavesthe C1 glycosidic
bond between the ribose sugar and the base. Removal of the oxidized guanine creates an
apurinic site in which the widowed cytosine has no partner. OGGL1 can nick the
phosphodiester backbone between the C3 bond of the ribose ring and the phosphate on the
3’ side of the apurinic site. Apurinic/apyrimidinic endonuclease 1 (APEL, also known as
APEX1) (pink oval) processes the AP site. This produces a3’ hydroxyl group (OH) suitable
for extension by a DNA polymerase (Pol) (green oval). The trinucleotide repeat (TNR)
strand is displaced during gap-filling synthesis and TNRs from the displaced ‘flap’ can fold
back into a hairpin (loop formation). The hairpin DNA is ligated and expansion occurs after
the DNA hairpin loop isincorporated into duplex DNA. (B) Schematic diagram for TCR-
mediated expansion. Nucleotide excision repair has two branches: transcription-coupled
repair (TCR) (left) and global genome repair (GGR) (right). In amodel for the involvement
of TCR in trinucleotide repeat (TNR) loop formation, the GC-rich TNR sequences block
(orange star) progression of RNA polymerase || (RNAPII) (the red line represents mRNA).
TCR rescues the stalled polymerase through the combined action of a group of accessory
proteins (blue), including Cockayne syndrome protein CSB (& so known as ERCCG).
Xeroderma pigmentosum complementation group A (XPA) stabilizes the transcription
bubble. The TNR tract should eventually be removed from DNA by the action of two
nucleases. the XPF—ERCC1 complex (composed of X PF and excision cross complementing
repair 1 (ERCC1)) and the endonuclease XPG. However, theincision by XPF-ERCCL is
made first. XPG has been implicated in TNR instability; it both binds and stabilizes the open
transcription ‘bubble’ . XPG is recruited to the opened DNA together with TFIIH (a
transcription factor complex associated with RNAPIT). Helicase and ATPase activities
within TFIIH stimulate further opening of the bubble. Replication protein A (RPA) and
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XPA protect the ssDNA in the denatured bubble and stabilize the complex. Gap-filling
repair (involving DNA polymerase (Pol) and associated proteins) and strand displacement
from the 5" side incision begin before the 3" side incision is made by XPG. Thus, the
transient flap created during strand displacement repair can fold back to form a stable
hairpin loop at TNRs (mismatched bases in the stem of the hairpin are indicated by ared
circle).
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Figure 7. TDG keeps CpG isands unmethylated and actively demethylates promoters and
enhancers

(A) Model of the dua role of TDG in DNA demethylation and protection from
hypermethylation. TDG interacts with AID and Gadd45a. and regulates the levels of AID.
TDG removes 5-hydromethyluracil originated by deamination of 5-hydroxymethylcytosine.
(B) The TET enzymes are proposed to oxidize 5-methylcytosine (mC) to 5 hydroxy-
methylcytosine (hmC) and subsequently to generate the higher oxidation substituents 5-
formylcytosine (fC) and 5-carboxylcytosine (caC) (shown as the structure with the 5-X
substituent). Unmodified cytosine (C) is on the far right. Base excision repair, initiated by
thymine-DNA glycosylase (TDG), releases and replaces the entire modified oxidized base
with unmodified C.
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