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Abstract Huntington’s disease (HD) is an incurable and fatal
hereditary neurodegenerative disorder of mid-life onset char-
acterized by chorea, emotional distress, and progressive cog-
nitive decline. HD is caused by an expansion of CAG repeats
coding for glutamine (Q) in exon 1 of the huntingtin gene.
Recent studies suggest that epigenetic modifications may play
a key role in HD pathogenesis. Alterations of the epigenetic
“histone code” lead to chromatin remodeling and deregulation
of neuronal gene transcription that are prominently linked to
HD pathogenesis. Furthermore, specific noncoding RNAs and
microRNAs are associated with neuronal damage in HD.
In this review, we discuss how DNA methylation, post-
translational modifications of histone, and noncoding RNA
function are affected and involved in HD pathogenesis. In
addition, we summarize the therapeutic effects of histone
deacetylase inhibitors and DNA binding drugs on epigenetic
modifications and neuropathological sequelae in HD. Our
understanding of the role of these epigenetic mechanisms
may lead to the identification of novel biological markers
and new therapeutic targets to treat HD.
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Introduction

Huntington’s disease (HD) is an autosomal dominant and fatal
brain disorder characterized by chorea (uncoordinated move-
ment), psychiatric symptoms, and cognitive decline. HD has a
frequency as great as 10 cases per 100,000 and a 1-3 % new
mutation rate [1]. HD occurs worldwide in all races and ethnic
groups [2]. The frequency is highest in Venezuela along the
shores of Lake Maracaibo. In the USA, there are 30,000 HD
patients and another 200,000 are at genetic risk.

The first clinical description of HD and its hereditary nature
was reported by George Huntington in1872 [3]. HD was
initially regarded as a chronic encephalitis but in 1908
Jergelsma described the characteristic neuropathological alter-
ations affecting the basal ganglia that are now accepted as the
essential patho-anatomical feature of HD [4, 5]. The most
striking neuropathological changes of HD are gross atrophy
of the neostriatal nuclei, the caudate nucleus, and putamen
accompanied by marked neuronal loss and astrogliosis [6—8].
Interestingly, there is a selective pattern of neuronal vulnera-
bility and topographic susceptibility, and not all striatal neu-
rons are equally affected. Medium-sized spiny neurons are
most severely affected at the earliest stage of disease, whereas
intrinsic locally arborizing aspiny striatal interneurons are
relatively spared [8—14].

In 1993, the Huntington’s Disease Collaborative Research
Group reported that a previously unknown “interesting tran-
script 157 on human chromosome 4 is mutated in HD patients
and genetically linked to HD [15]. This HD-related lethal gene
was named huntingtin (htt). The mutation of the /# gene was
found to be an expansion of the wild-type Att allele that
normally contains 15-35 CAG triplets in exon 1 to 36 or more
repeats. HD is related to other neurodegenerative diseases,
such as spinal and bulbar muscular atrophy (also known as
Kennedy’s disease) and spinocerebellar ataxias (SCAs),
which are caused by similar trinucleotide CAG repeat muta-
tions. Spinal and bulbar muscular atrophy is caused by
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androgen receptor gene mutations, while SCA1 is caused
by the expansion of a polyglutamine tract within the SCA/
gene product ataxin-1 [16, 17]. Interestingly, affected in-
dividuals with greater numbers of CAG repeats exhibit
younger age of onset and there is a significant inverse
relationship between age of onset and CAG repeat number
in HD.

Htt is a ubiquitously expressed cytoplasmic protein found
heterogeneously in neurons throughout the brain. Since the
discovery of the htt gene, a number of hypothetical pathologic
mechanisms have been suggested, but a direct pathway from
the genetic mutation to neuronal degeneration has not been
established. The exact function of htt remains unknown, but
involvement in intracellular transport, autophagy, transcrip-
tion, mitochondrial function, and signal transduction have
been posited. Mutant htt (mthtt) inhibits fast axonal transport
and destabilizes microtubules within the cell [18, 19]. Both
normal and mutant alleles are expressed in heterozygous HD.
While mutant htt protein is toxic and triggers the pathologic
cascades of the disease through a “gain of function”, the
deletion of the normal A#t gene is also fatal, suggesting that
the function of normal htt is important in survival [20-27]. It is
well established that mutant htt and its proteolytic fragments
engage in pathologic protein—protein interactions, contribut-
ing to alterations of cellular pathways those make neurons
more susceptible to generic stresses, eventually leading to
neuronal damage and death [28]. Mutant htt interactomes
involve transcriptional dysregulation, mitochondrial dysfunc-
tion, pro-apoptotic signaling, oxidative injury, excitotoxicity,
inflammatory reactions, and malfunctioning proteolysis. De-
spite significant progress towards understanding disease
mechanisms over the more than 140 years since Dr.
Huntington’s initial report, no treatment is currently available
to prevent the onset, or to delay the insidious and relentless
course of HD [29].

The term “epigenetics’ was introduced by Dr. Waddington
to explain biological events that are not described by genetic
principals [30]. Since then, epigenetics has evolved and is
now defined as the field of study connecting genotype to
phenotype in the absence of altered DNA sequence [31]. In
this paradigm, epigenetics is a very fruitful field to explore
features and mechanisms underlying the temporal and spatial
control of gene activity regulated by processes beyond DNA
sequence mutation [32]. Epigenetic modifications encompass
an array of molecular modifications to both DNA and chro-
matin, including regulation of noncoding RNAs (ncRNAs). In
general, many genes contain DNA methylation sites (CpG
islands) in their promoters [33]. Therefore, marked hypo- or
hyper-DNA methylation may account for significant aspects
of the molecular and pathogenic complexity of human ge-
nomes. A growing body of evidence suggests that alterations
of epigenetic modifications constitute a basic molecular mech-
anism contributing to HD pathogenesis (Fig. 1). Understanding

epigenetic mechanisms may therefore provide important in-
sights leading to the identification of new biological markers
and novel therapeutics to treat HD [34]. To this end we will
provide a brief overview of recent findings related to alterations
of DNA methylation, histone modification, and ncRNAs linked
to HD pathogenesis, and discuss modulation of epigenetic
components by therapeutic compounds and approaches to treat
HD.

Epigenetic Modifications in HD
DNA Methylation in HD

DNA methylation is a fundamental epigenetic modification
that regulates gene expression and orchestrates changes in
multiple genes. DNA methylation is a covalent addition of a
methyl group to the number 5 carbon of the cytosine pyrim-
idine ring via DNA methyltransferase (DNMT) activity.
DNMTs catalyze the transfer of a methyl group to single-
stranded DNA using S-adenosyl methionine as the methyl
donor. The recognition sequence for the mammalian DNMT
is relatively conserved, with nearly all cytosine methylation
occurring on 5-C-p-G-3 (CpG) [33, 35, 36]. DNA methylation
typically occurs in CpG islands that are present in the 5'-
untranslated regions (UTRs) of gene promoters. So far, 4
DNMTs are identified in mammals: DNMT1, DNMT?2,
DNMT3A, and DNMT3B. While DNMTT1 is ubiquitously
and most abundantly expressed in mammalian cells, the other
DNMTs are differentially expressed in a cell type-specific
manner. DNMT1 plays a key role in maintaining methylation
in somatic cells, and loss of DNMT1 leads to nuclear disor-
ganization, increased histone acetylation, and cell death
[37-41]. DNA methylation affects the transcription of genes
in 2 ways. First, methylated DNA physically impedes the bind-
ing of transcription factors to the gene. Second, and likely more
important, methylated DNAs are occupied by single methyl-
CpG-binding domain proteins (MBDs). Methylation stability is
further maintained by the binding of MeCP1 to methylated
regions of DNA. MeCP1 interacts with MBD2 and MeCP1/
MBD2 complex, and, in conjunction with CDK2AP1 (Docl),
recruits other epigenetic components to the locus, such as
nucleosome remodeling and histone deacetylase (NuRD) com-
plex and other chromatin remodeling proteins that can modify
histones, thereby forming compact and inactive heterochroma-
tin [42, 43]. Consequently, DNA methylation in gene promoter
regions results in gene inactivation/silencing or activation in a
gene context-dependent manner (Fig. 1). Even though DNA
methylation is the most studied epigenetic mechanism to date,
epigenetic changes in terms of DNA methylation in HD are
just beginning to be explored [44]. If DNA methylation is
altered in HD it could affect many different aspects of gene
expression because it is a highly conserved process.
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Fig. 1 Alterations in epigenetic modifications are linked to the patho-
genesis of Huntingdon’s disease (HD). Genetic mutation of the
huntingtin (htt) gene (known as interesting transcript 15 (IT15)) leads
to epigenetic alterations in neurons. DNA methylation is altered in the
promoter region of neuronal genes in HD. Altered gene transcription in
HD is associated with post-translational modifications of histone and
abnormal nucleosomal dynamics. Neuronal gene expression is turned
on (active) or off (silenced) depending on the dynamic status of histone

Altered DNA methylation has recently been found in HD
patients and HD transgenic mice [44-46]. Interestingly, Ng
et al. [44] showed that the promoter regions of the Ap-1,
Sox2, Pax6, and Nes genes are highly methylated, and that
expression levels of these genes are significantly reduced.
Because these genes are directly involved in neurogenesis,
DNA methylation-dependent impairment of hippocampal
neurogenesis may be casually and mechanistically linked to
cognitive decline in HD (Fig. 2). The DNA methylation pattern
of these genes needs to be verified in HD patients in future
studies.

It has been shown that the adenosine A (2A) receptor
(A2AR) is markedly reduced in HD and it has been implicated
as a potential therapeutic target, but regulation of the A2AR
gene (ADORA2A) expression is not known in HD [45]. A
recent study shows that while the reduction of A2AR is
correlated with increased levels of 5-methylcytosine in the
5'-UTR region of ADORA2A gene in the striatum of HD
patients, A2AR down-regulation is correlated with a reduction
of 5-hydroxymethylcytosine in the 5-UTR region of the
ADORA2A gene in HD transgenic mice [46]. Even though
DNA methylation is differentially modulated between spe-
cies, the evident DNA methylation of ADORA2A gene sug-
gests additional molecular and pathological mechanisms pos-
sibly relevant to HD. Guanine methylation is less well studied
than 5-cytosine methylation in HD models. Thomas et al. [47]
have found that 7-methylguanosine (7-MG) levels are signif-
icantly changed in cytoplasmic and nuclear DNA in the
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acetylation versus methylation, respectively. Changes in noncoding RNA
(ncRNA) and microRNA (miRNA) activity can deregulate gene expres-
sion at the transcriptional and post-transcriptional levels. Both aggregates
and fragments of mutant htt (mthtt) may cause significant epigentic
alterations that lead to synaptic and, ultimately, neuronal damage and loss
in HD. The mechanisms by which these pathogenic insults trigger epige-
netic modifications remain to be determined. WT = wild-type

human HD brain and animal models compared with controls
[47]. Collectively, the above studies suggest that DNA meth-
ylation is one of the epigenetic alterations contributing to HD
pathogenesis. However, how mutant htt triggers DNA meth-
ylation and which DNMTs and DNA methylation mainte-
nance factors are directly or indirectly involved in abnormal
epigenetic modifications in HD remains to be determined.

Histone Modifications and Chromatin Remodeling in HD

Histone modification is a second major epigenetic mechanism
that has been widely studied. The association of histone
proteins with DNA is affected by histone modifications that
modulate the dynamic nature of chromatin fibers [48]. In
general, gene expression is regulated by two components that
act in concert: the binding of transcriptional activators and
repressors, and the alteration of chromatin structure governed
by histone modification and chromatin remodeling. Chroma-
tin remodeling is a dynamic and highly regulated process that
occurs through interactions between DNA, RNA, and histone
proteins in the nucleus [49, 50]. A basic unit of chromatin is
the nucleosome, which consists of core histone proteins (H2A,
H2B, H3, and H4) that form an octamer around which DNA
(147 base-pairs) winds tightly. When the nucleosome is as-
sembled to a distinct compact histone/DNA conformation
called heterochromatin, the result is gene silencing. In con-
trast, when the nucleosme is lightly packed and assumes a
more relaxed structure called euchromatin, this relatively open



Epigenetic Mechanisms of HD

667

Fig. 2 DNA methylation
deregulates neurogenesis in
Huntingdon’s disease (HD). Clactony
Regional-specific neural stem and bulb
progenitor cells turn into mature
neurons of central nervous system
by the process of neurogenesis. In
HD, 5'-untranslated region (UTR)
promoters of stem cell-related
genes (octamer-binging
transcription factor 4 (OCT4),
SRY (sex determining region Y)-
box 2 (SOX2), and Nanog
homeobax (Nanog)) are
methylated and neurogenesis is
affected. Impaired neurogenesis
results in cognitive dysfunction
and could be an important /
epigenetic marker of
neurodegeneration in HD
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chromatin region is associated with active gene transcription
[51, 52] (Fig. 1). Chromatin organization is reversibly
subjected to numerous post-translational modifications
(PTMs) of histone proteins, collectively known as the “histone
code”, that directly affects the plasticity of chromatin structure
[53]. Amino (N)-terminal tails of core histones are strongly
basic and contain specific amino acid residues that serve as
sites for several PTMs, including acetylation, methylation,
phosphorylation, and ubiquitylation [32, 54]. These covalent
PTMs determine the “histone code”. For example, acetylation
of histone H3K9 residue corresponds to transcriptionally ac-
tive chromatin (euchromatin) that promotes transcription. In
contrast, hypermethylation of histone H3K9 residue contrib-
utes to transcriptionally inactive chromatin (heterochromatin)
and represses transcription [32]. PTMs of histone molecules
are catalyzed by various enzymes, including histone
acetyltransferase (HAT), histone deacetylase (HDAC), histone
methyltransferase (HMT), and histone demethylase. In this
context, the pattern of histone modifications is regulated and
maintained through the balancing action of chromatin-
modifying enzymes that add and remove modifications to
histone tails in response to cellular signals. Importantly, his-
tone modifications, such as hypo-acetylation and hypermethy-
lation, have been identified in HD patients, HD animal

models, and HD cell line models [53-56]. Interestingly, the
hypo-acetylation of histone is correlated with down-
regulations of genes in HD, and therapeutic inhibition of
HDAC restores the acetylation level of histone and improves
the neuropathology and the motor symptom in HD [56-61].

HAT Dysfuction in HD

Cyclic adenosine monophosphate response element-binding
protein (CREB) binding protein (CBP) functions as a HAT
and a transcriptional cofactor. CBP plays a role as a HAT in
acetylating histones that contribute to transcription by remod-
eling the chromatin structure [62]. CBP also interacts with
diverse transcription factors and with components of the RNA
polymerase II complex, thereby acting as a co-activator or
repressor of transcription. A loss of CBP function interferes
with transcription by inhibiting recruitment of the basal tran-
scription machinery to the promoter and by altering the acet-
ylation level of histones and chromatin structure in neurons
(Fig. 3) [55, 63]. Importantly, it has been known for more than
a decade that sequestration of CBP by mthtt leads to neuronal
transcriptional dysfunction [21, 57]. The polyglutamine
stretches in mthtt interact physically with CBP and block its
transcriptional co-activator function, as well as intrinsic CBP
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Fig.3 A scheme illustrates how mutant huntingtin (mthtt) contributes to
cyclic adenosine monophosphate response element-binding protein
(CREB) binding protein (CBP) dysfunction in Huntingdon’s disease
(HD). In normal conditions, CBP maintains the acetylation status of
histone through histone acetyltransferase activity and regulates the initi-
ation of transcription by interacting with transcriptional complexes in a
gene context-dependent manner. In HD, mthtt sequestrates CBP in nu-
clear inclusions (aggregate formation) and disrupts CBP-dependent

HAT activity [50, 64]. Accordingly, the sequestration of CBP
protein by mthtt expression causes the hypermethylation and
hypo-acetylation of histone proteins, and the subsequent tran-
scriptional dysfunction of neurons in HD [56, 59, 61, 65, 66].
These specific interactions and transcriptional dysfunction are
attributable to pathological epigenetic modifications [51].
Korzus et al. [63] found that the stabilization of short-term
memory into long-term memory is impaired in transgenic
mice expressing CBP that lacks HAT activity, whereas acqui-
sition of new information and short-term memory is spared.
Concurrent with these findings, p300 (a CBP homologue)
mutant mice lacking carboxy-terminal HAT and activation
domains have impaired long-term recognition memory
and contextual fear memory [67]. Moreover, Oliveira et al.
[67] demonstrated that p300 is required for certain forms of
memory, and that the HAT and carboxy-terminal domains play
critical roles. The molecular dysfunction of CBP may there-
fore be linked to cognitive dysfunction in HD.

Alteration of HMT in HD

Because abnormally increased histone methylation occurs con-
currently with altered histone acetylation related to CBP dys-
function, our group hypothesized that CBP may have effects
independent of HAT activity that contribute to chromatin re-
modeling [68]. We discovered an alternative mechanism of
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histone modification and transcription. Consequently, imbalanced tran-
scription and altered chromatin remodeling leads to neuronal damage
resulting in cognitive dysfunction and other symptoms in HD. The
confocal images show that colocalization of mthtt (red) and CBP (green)
is found in nuclear inclusions of the hippocampus of HD (R6/2) mouse.
TFs = transcription factors; TAF = TATA-binding protein (TBP)-associ-
ated factor; RNA Pol II = RNA polymerase 11

histone methylation associated with mono-allelic deletion of
CBP that is regulated independently from HAT activity by
induction of erythroblast transformation-specific (ETS)-related
gene (ERG)-associated protein with Drosophila Su(var)3-9
and ‘Enhancer of zeste’ proteins (SET) domain [68]. We
hypothesized that CBP represses the expression of SETDBI
gene and maintains an appropriate level of trimethylated
histone H3K9 (H3K9me3) in neurons. A loss of CBP function
leads to elevated SETDBI1 gene expression and H3K9 hyper-
methylation. Indeed, the condensation of H3K9me3-
dependent heterochromatin structure has been shown to be a
prominent pathological feature of HD. Our group found that
the levels of SETDBI1 protein and histone H3K9me3 are
elevated in striatal neurons of HD patients and HD transgenic
animal models [66]. These data suggest that neuronal levels of
SETDBI1 and H3K9me3 may be predictive markers of nucle-
osomal dysfunction in HD [32]. Consistent with this, a recent
study confirmed that altered gene transcription in HD is direct-
ly associated with H3K9me3-mediated chromatin remodeling
[69] (Fig. 4). Altered expression of HMT and elevated
H3K9me3 are linked to upstream transcriptional deregulation
in both animal models of HD and in HD patients [65, 66, 70].
Thus, the increase of H3K9me3 level has been correlated with
the formation of large constitutive heterochromatin domains
and is thought to promote gene silencing in both global and
local repression of transcription, including CHRM1 [68, 71].
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Fig. 4 A scheme represents an epigenetic mechanism that abnormal
activity of histone H3K9-specific methyltransferase (ESET) leads to
synaptic failure and striatal dysfunction in Huntingdon’s disease (HD).
ESET-induced and H3K9me3-mediated heterochromatin condensation
results in the repression of the CHRM1 gene and subsequent reduction
of CHRM1 protein in medium spiny neurons (MSNs). Down-regulation
of CHRMI fails to respond to acetylcholine (Ach) from cholinergic

trimethylation

We recently discovered a novel epigenetic pathway where-
by H3K9me3-dependent heterochromatin condensation leads
to transcriptional deregulation of muscarinic acetylcholine
(Ach) receptor 1 (CHRM1) by occupying its promoter in HD
striatal cells [69]. CHRM1 promotes phosphatidylinositol hy-
drolysis and intracellular Ca** mobilization, while CHRM? is
coupled negatively to adenylate-cyclase activity [72—75]. The
conventional wisdom is that loss of cholinergic receptor func-
tion directly results in synaptic dysfunction through inadequate
intracellular signal transductions in neurons. The CHRMI is
highly expressed in the striatum of control brain, but is down-
regulated in HD striatum [72, 76, 77]. Despite the deregulation
of striatal cholinergic system has been suggested in the patho-
physiology of HD, the cellular mechanisms underlying the
epigenetic regulation of CHRM1 expression in striatal neurons
are unknown. Furthermore, because Ach plays a key role in the
regulation of striatal output by influencing the activity of
gamma-aminobutyric acid-ergic medium spiny neurons, the
interaction of Ach with pre- and post-synaptic CHRMs is
pivotal to modulate the striatal activity (Fig. 4). Accordingly,
the net effect of gamma-aminobutyric acid-ergic medium spiny
neurons is dependent upon the expression type and location of
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\
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interneurons and to transduce the G-protein-coupled intracellular Ca**-
dependent signaling pathway, which affects on the synaptic function of
MSNs. Consequently, deregulation of CHRM 1-dependent striatal synap-
tic function contributes to neurodegeneration in HD. This figure is
reproduced from [69]. PLC = phospholipase C; Ins(1,4,5)P; = inositol
1,4,5-triphosphate; ER = endoplasmic reticulum

the muscarinic receptors [78, 79]. Consequently, as CHRM1 is
a major muscarinic receptor transducing intracellular Ca”*
signaling, the reduced CHRM1 protein levels result in the
deregulation of intracellular Ca>* release from endoplasmic
reticulum in response to Ach in HD striatal cells [69] (Fig. 4).

Why the alteration of HMT and HAT activity turns into a
pathologically catastrophic event under neurodegenerative con-
ditions, despite the yin and yang balance of HAT and HMT
activity is essential and critical in maintaining neuronal tran-
scriptional and synaptic activity, is unknown. Probably, at first,
the acute neuronal stresses may induce HMT and HAT, and
lead to histone modifications and gene expression as a stress
coping mechanism, and it should be a reversible reaction.
However, in a chronic stress condition, the repetitive histone
modifications by HMT and HAT may erroneously lose plastic-
ity, convert epigenetic signals irreversibly, and contribute to
neuronal damage and neurodegeneration.

Alteration of ncRNAs in HD

Several types of ncRNAs such as microRNAs (miRNAs),
small interfering RNAs (siRNAs), ribosomal RNA, transfer
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RNA, small nucleolar RNA, and piwi-interacting RNA do not
directly encode proteins. Investigations over the last decade
have shed light on novel functions of noncoding small RNAs
that control genetic pathways. Short (~22 nucleotides) miRNAs
are involved in gene expression at the post-transcriptional level.
They can target consensus RNA-binding motifs and induce
degradation and translational repression. Their processing is
initiated by RNA polymerase II as primary miRNAs. Drosha
is a miRNA processor and is essential for miRNA maturation.
Drosha cleaves primary miRNA to precursor-miRNAs (pre-
miRNAs) in the nucleus [80]. Exportin-5 facilitates the exit of
pre-miRNAs and Dicer removes the loop of pre-miRNAs to
produce the mature miRNA duplex. One strand of the duplex
combines with the RNA-induced silencing complex [81].
MiRNA machinery (microprocessor), including Drosha and
DGCRS, participate in processing of miRNAs for the proper
execution of gene expression programs [80]. They specifically
target, cleave, or degrade messenger RNA (mRNA) and regu-
late its expression by inhibiting the consequent translation of
target mRNAs into proteins.

A growing body of evidence shows that alterations of
miRNAs are linked to HD pathogenesis. Johnson et al. [82]
found that the level of neuronal specific miRNAs is decreased,
while the level of target mRNAs is inversely elevated in murine
models of HD and HD patients [81]. Lee et al. [83] performed
miRNA arrays on the striatum and showed that miRNAs (e.g.,
miR-22, miR-29¢, miR-128, miR-132, miR-138, miR-218,
miR-222, miR-344, and miR-674) are down-regulated, and
the levels of Drosha, a nuclear microprocessor, are correspond-
ingly decreased in both transgenic HD R6/2 mice at 10 weeks
of age and YAC128 mice at 12 months of age, respectively.
These studies suggest additional mechanisms through which
deregulation of miRNA biogenesis may contribute to post-
transcriptional malfunction in HD [83, 84]. Furthermore, a
recent study by Ghose et al. [85] suggests that mthtt decreases
the expression of miR-125b and miR-15. As miR-125b and
miR-15 are known to negatively regulate the expression of p53,
these down-regulated miRNAs lead to increased levels of p53
which, in turn, decrease nuclear factor kappa B (NFkB)/p65
expression (RelA/NFkB), NFkB activity, and miR-146a ex-
pression. p53 interacts with mthtt aggregates and also induces
nuclear and mitochondria-mediated neuronal damage in HD
[86]. The cross-talk between miRNAs and transcription factors
suggests another layer of mechanisms in HD pathogenesis.
How mthtt triggers the abnormal biogenesis of miRNAs via
microprocessors-dependent pathway is a topic for further study.

Therapeutic Approaches for Epigenetic Modifications
in HD

Epigenetic modifications are reversible, while genetic muta-
tions are irreversible. Therefore, from a therapeutic perspective,
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epigenetic components and modifications are a strong candi-
date of drug targets. Small compounds can dynamically mod-
ulate the status of DNA methylation and remodel the structure
of chromatin through inhibition of DNA methylation and post-
translational modifications of histone molecules in HD. By the
same token, mutation of the 4#t allele may be correctable by
noncoding small RNAs. In this context, the development of
such drug agents that realign the epigenetic balance and subse-
quently improve HD-related epigenetic deficits is a main inter-
est in HD-related research.

HDAC Inhibitors

Histone acetylation is regulated through the concerted activi-
ties of HAT and HDACs [51, 87]. It is widely believed that
HAT activity acetylates on lysine residues in the histone tails
and transforms intra- and/or internucleosomal structure locally
and results in increased DNA transcription [88]. In contrast,
recruitment of HDACs to DNA alters chromatin structure and
inhibits transcription. Accordingly, HDAC inhibitors can pro-
mote either transcription activation or suppression by relaxing
DNA conformations in a gene context-dependent manner.
HDAC inhibitors have been preclinically tested in many neu-
rodegenerative conditions, including animal models of HD,
amyotrophic lateral sclerosis, and multiple sclerosis [55, 56,
65, 66, 89, 90]. Suberoylanilide hydroxamic acid and sodium
butyrate are the first compounds that provide the efficacy of
HDAC inhibition and histone modification in HD transgenic
mice [91, 92]. These pioneering studies ignited the rationale
for beginning clinical testing of HDAC inhibitors in humans
with HD. Enhancement of memory formation is found in mice
treated with sodium butyrate or suberoylanilide hydroxamic
acid, or subjected to genetic knockout of the HDAC2 gene
[92]. In the case of CBP deficiency and HAT deletion mutant
animal models, HDAC inhibitors also improve memory and
behavioral symptoms. In cell models of HD, polyglutamine
decreases histone acetylation, and HDAC inhibitors have been
shown to reduce polyglutamine-induced toxicity [93]. HDAC
inhibitors also improve the phenotypes of transgenic Dro-
sophila and mouse models of HD [57, 60, 65, 92, 94]. A
number of HDAC inhibitors are currently under development
as therapeutics to target neurodegenerative diseases.

Of the five classes of HDAC inhibitors, sodium butyrates
are the most developed for clinical use, and their bioavailabil-
ity in the central nervous system is known. The toxicity of
sodium butyrate is low, and it is well tolerated in both human
and animal studies [95-97]. Sodium butyrate modulates epi-
genetic histone modifications, improves motor performance
and neuropathologic sequelae, and significantly extends sur-
vival of transgenic HD (R6/2) mice [94].

Phenylbutyrate is metabolized to phenylacetate that posseses
HDAC inhibitory activity and shows high levels of brain bio-
availability [98]. Phenylbutyrate is a feasible compound for
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Table 1 Therapeutic regulation of epigenetic components in Huntington’s disease (HD)
Drug/material Epigenetic targets/function Disease model Effect Clinical Reference(s)
trial
Histone and nucleosome
Suberoyl Class I and I HDACs htt ex1p polyQ Inhibited neurodegeneration and impaired [57]
bis-hydroxamic (predominantly class I)/ expanded flies transport restoration
acid (SAHA) inhibition 3-NP induced mouse Spl acetylation and abrogate oxidative stress [128]
model
R6/2 transgenic mouse  Increased histone acetylation, improved [91]
model behavior, and increased neuronal survival
R6/2 transgenic mouse ~ Decreased levels of HDAC2 and HDAC4 [92]
model and ameliorated HD phenotype
Sodium butyrate Class I and I HDACs/ R6/2 transgenic mouse  Inhibited Htt aggregation, improved behavior, [94]
inhibition model and increased survival
Phenylbutyrate Class I and I HDACs/ N171-82Q transgenic Increased survival, decreased gross brain, [65]
inhibition mouse and neuronal atrophy
HD patient Improved cognitive function and behavior Phase 2 [99]
HD patient Decreased symptoms related to HD genetic Phase 2 [100]
abnormalities
Trichostatin A Class I and Il HDACs/ Striatal cells derived Impaired transport restoration [129]
inhibition from HdhQ109 mice
4b Class I HDACs/inhibition R6/2 transgenic mouse  Ameliorated HD phenotype [62, 101, 102]
model
Mithramycin Nucleosome, ESET/ R6/2 transgenic mouse ~ Decreased histone methylation, and increased [56]
transcription inhibition model neuronal function and survival
R6/2 transgenic mouse  Improved behavior and neuropathological [66]
model phenotype
N171-82Q and R6/2 Improved nucleosomal dynamics, behavior, [70]
transgenic mouse and neuropathological phenotype
model
Chromomycin Nucleosome/transcription ~ N171-82Q and R6/2 Improved nucleosomal dynamics, behavior, [70]
inhibition transgenic mouse and neuropathological phenotype
model
DNA methylation
S-azacytidine DNA methyltransferase/  No study is yet available Activated differential gene at the level of [130]
inhibition in HD model cellular division
RNA interference
AAV-shRNA mRNA/inhibition N171-82Q transgenic Less inclusion/improved stride length and [117]
mouse behavior
AAV1/2-HD70-injected  Less Fluoro-jade, more NeuN-positive cells [118]
rat and less feet-slipping
rAAVS-shRNA mRNA/inhibition R6/1 transgenic mouse  Less nuclear inclusion/delayed onset of rear [119]
model paw clasping
HD190QG mouse model Fewer aggregates [120]
Adenovirus-shRNA  mRNA/inhibition R6/2 transgenic mouse ~ Fewer aggregates [121]
model
Lentivirus-shRNA ~ mRNA/inhibition Lentivirus-HD171-82Q-  Less inclusion and more DARPP32, NeuN- [122]
injected mouse positive cells
AAV-miRNA mRNA/inhibition CAG140 knock-in Reduced toxicity compared with AAV-shRNA [123]
mouse model
N171-82Q transgenic Improved behavior and prolonged lifespan [122]
mouse
siRNA-Cholesterol mRNA/inhibition AAV1/8-HD400aa- Less inclusion and behavior [125]
100Q-injected
mouse
ss-siRNA mRNA/inhibition HdhQ150 knock-in Inhibited mutant htt expression [126]

mouse model

shRNA small hairpin RNA; 44V adeno-associated virus; miRNA microRNA; siRNA small interfering RNA; ss-siRNA single stranded siRNA; HDAC
histone deacetylase; ESET ERG-associated protein with SET domain; mRNA messenger RNA; At huntingtin; polyQ polyglutamin; 3-NP
3-nitropropionic acid; NeuN neuronal nuclei (known as Feminizing Locus on X-3, Fox-3, or Hexaribonucleotide Binding Protein-3); DARPP32
dopamine- and cAMP-regulated neuronal phosphoprotein 32

testing in HD because it is Food and Drug Administration-
approved and there is a preponderance of pharmacokinetic,

toxicity, and available dosing information available.
Phenylbutyrate remodels chromatin structures and improves
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the motor deficits and neuropathological phenotype observed in
HD mice [65]. Given the potential benefit of HDAC inhibitors
on the overall HD phenotype (mortality and neuropathology) in
animal models, they have been applied in clinical trials for HD
patients. A multicenter, double-blind, placebo-controlled study
with open-label follow-up to determine the safety and tolerability
of phenylbutyrate in patients with HD has been completed [99,
100]. As the potency of phenylbutyrate is very low and high
doses are required in patients, it is not an ideal therapeutic
compound for HD patients.

Thomas et al. [60] reported that a novel pimelic
diphenylamide HDAC inhibitor 4b (HDACi 4b) ameliorates
the disease phenotype and transcriptional abnormalities in HD
transgenic (R6/2) mice [60]. HDACi 4b treatment effectively
restored acetylation of histone H3 and corrected mRNA ex-
pression levels in HD mice. HDACi 4b also significantly
improved body weight and several parameters of motor func-
tion, and ameliorated cognitive decline in N171-82Q transgenic
mice [101]. Interestingly, HDACi 4b treatment modulated gene
networks involving post-translational modification, including
protein phosphorylation and ubiquitination pathways. Further-
more, activation of inhibitor of kappaB kinase by HDACi 4b
contributed to phosphorylation, acetylation, and clearance of
the Hitt protein through the ubiquitin-proteasomal and autoph-
agy pathways. In addition, the Thomas group has examined the
selectivity and biological effects of HDACi 4b and related
compounds against class I and class IT HDACs to determine
whether they restored expression of deregulated genes in HD
mice and rescued disease effects in cell line and Drosophila
models [102]. HDAC inhibitors targeting HDAC3 and HDAC1

ameliorated mthtt-induced eye and neurodegeneration in Dro-
sophila and improved mthtt-elicited metabolic deficits in
STHdhQ111 striatal cells. HDACi 4b and 136, 2 compounds
showing high potency for inhibiting HDAC3, were most effec-
tive in reversing the expression of genes relevant to HD. These
findings suggest that HDACi 4b possesses beneficial biological
effects and efficacy that may be applicable to the treatment of
HD patients. Taken together, it is encouraging that HDAC
inhibitors improve phenotypes by either upregulating survival
genes that are repressed in HD or by repressing prodeath genes
that are elevated in HD [103]. However, the underlying precise
mechanisms whereby HDAC inhibitors modulate neuronal
function remain to be investigated.

DNA-binding Drugs

Anthracyclines, including mithramycin A and chromomycin
A3, are potent DNA intercalating agents (Table 1). Mithramycin
is isolated from Streptomyces argillaceus and has been used to
treat Paget’s disease, hypercalcemia in malignancy, and several
types of cancer [104—110]. Chromomycin is isolated from
Streptomyces griseus [104]. Mithramycin and chromomycin A
show anti-tumor properties by inhibiting the replication and the
transcription process of cells. They are known to selectively
modulate gene expression/transcription by blocking transcrip-
tion activators and repressors that bind to guanine-cytosine (G-
C)-rich regions of gene promoters [105, 111, 112]. The
neuroprotectiive properties of mithramycin and chromomycin
are correlated with their ability to inhibit DNA binding of the
transcription factors Spl and Sp3 to their cognate G—C box in

mthtt mRNA

mthtt Transcription
CAG>36 C

wthit wthitmRNA

CAG<35 Transcription g%

wthtt protein

\ Normal function

I Translation

miRNA ss-siRNA S®

mthtt
mRNA

3'UTR

mthtt mRNA
degradation

|

Prevention of
cytotoxic function

/

Fig. 5 Therapeutic strategies using noncoding RNAs [microRNA
(miRNA), small hairpin RNA (shRNA), and single-stranded small inter-
fering RNA (ss-siRNA)] to nullify mutant huntingtin (mthtt) expression.
The mthtt gene encodes cytotoxic mutant htt protein while wild-type At
(wthtt) expresses htt protein that functions in vesicle trafficking and
neuronal survival. The development of nucleic acid therapy by non-coding
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small RNAs is an ideal approach to selectively silence mthst without
affecting the expression of the wild-type allele. miRNAs, ss-siRNAs,
and shRNAs can target either coding sequence (CDS) or the 3-untranslated
region (UTR) of mthtt messenger RNA (mRNA). Consequently, they
participate in mRNA degradation through Argounate (Ago) and the
RNA-induced silencing complex (RISC)-dependent pathway [114, 126]
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response to oxidative stress or DNA damage [113]. Interestingly,
mithramycin action involves epigenetic compensation by reduc-
ing pericentromeric heterochromatin condensation, which ame-
liorates the clinical and neuropathological phenotype and
extends survival of transgenic HD (R6/2) mice [56, 66].
Mithramycin A represses SETDB1/ESET expression and nor-
malizes levels of H3K9me3, which are increased in R6/2 [56].
These findings support the role of epigenetic alterations in the
R6/2 HD model and suggest that DNA-binding drugs, such as
mithramycin, act by partially restoring perturbed histone modi-
fications. Similarly, chromomycin restores the balance of meth-
ylation and acetylation of histone H3K9 towards greater acety-
lation in N171-82Q and R6/2 mice [70]. As a result,
chromomycin landscapes transcriptionally active chromatin
packaging and improves HD-related deficits and disease pheno-
type. Mithramycin and chromomycin are anticancer chemother-
apeutics, but have not been used chronically owing to dose-
related toxicity in humans. It is therefore important to develop
safer DNA-binding drugs that may ultimately be helpful to HD
patients.

RNA Interference and Noncoding Small RNAs

Because HD is caused by a mutation at exonl of At gene,
gene therapy to eliminate the expression of lethal gene (mthit)
using ncRNAs has been proposed and actively investigated
over the last few years [114]. Wild-type htt protein functions
as a survival factor that is indispensable for neuronal function,
while mthtt protein is neurotoxic. A major question in gene
therapy is how to nullify the mutant allele only without
affecting the expression of wild-type allele because most HD
patients posses one heterozygous mutant /# allele and one
wild-type At allele at the A#t locus, (Fig. 5). Given this, the
development of nucleic acid therapy by noncoding small
RNAs could be an ideal approach to selectively silence mutant
htt [115, 116]. Harper et al. [117] showed that RNA interfer-
ence using adeno-associated virus-small hairpin RNA
(shRNA) improves motor deficits and neuropathological phe-
notypes in a transgenic (N171-82Q) mouse model of HD.
Most RNA interference studies using adenovirus-shRNA,
lentivirus-shRNA, adeno-associated virus-miRNA, and
cholesterol-conjugated siRNA have shown a reduction of
mthtt aggregates, improvement of motor behavior, and re-
duced neuropathological sequelae (Table 1) [118-125].
Antisense nucleotides and siRNAs with central mismatch
have been tested. Yu et al. [126] reported that single-stranded
siRNAs (ss-siRNAs) are 100-fold more potent than unmodified
RNA and 30-fold more allele-specific inhibitors of mthtt expres-
sion. Interestingly, chemically modified mismatched bases in ss-
siRNAs mimic miRNA targeting and optimally distinguish
mutant At from wild-type Att alleles. Intraventricular infusion
of ss-siRNA selectively nullifies the expression of mutant Azt
allele in an animal model of HD [126]. This study suggests that

strategically designed ss-siRNAs could play a role through
Argounate and the RNA-induced silecing complex-dependent
pathway, and may be useful as an allele-specific drug for HD
clinical trials (Fig. 5).

Conclusion and Future Perspectives

Dysfunction of epigenetic components and alteration of epige-
netic modifications are closely linked to HD pathogenesis and
may also be useful therapeutic targets for treating HD. The
disruption of transcriptional homeostasis through DNA meth-
ylation, histone methylation/acetylation, and miRNA biogen-
esis is associated with a number of pathological mechanisms in
HD. The use of noncoding small RNA-based therapy targeting
mthtt in particular may be a successful therapeutic strategy
[114]. Approaches using, noncoding small RNA-based thera-
peutic interventions need improved target specificity for the
mthit allele, efficacy, and region-specific delivery. It remains to
be determined whether epigenetic alterations are a fundamental
aspect of HD pathogenesis. At the present time it is clear that
DNA methylation, histone methylation, acetylation status, and
transcription cofactors are important markers directly or indi-
rectly associated with transcriptional abnormalities in HD [32,
47, 127]. Further mechanistic studies are required to discover
whether epigenetic alterations play a key role as a cause of
disease progress in HD [30, 31]. It will be important to deter-
mine whether the correlation of CAG triplet repeat length with
disease severity in HD patients parallels the severity of epige-
netics abnormalities. Continued research identifying and clar-
ifying the role of epigenetic factors will likely provide new
insights into HD pathogenesis and open new directions for
biomarkers research and therapeutics.
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