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Abstract Huntington’s disease (HD) is an incurable, fatal
neurodegenerative disorder that is caused by a polyglutamine expansion in the huntingtin (Htt) protein. Neuronal
death in the striatum—the most obvious manifestation of the
disease—is likely to result from widespread dysregulation of
gene expression in various brain regions. To date, several
potential mechanisms for this have been discovered,
including one involving REST (RE1-Silencing Transcription Factor), a master regulator of neuronal genes. Recently,
independent studies have demonstrated that post-transcriptional gene regulation by microRNAs is also disrupted in
HD. Expression of key neuronal microRNAs—including
mir-9/9*, mir-124 and mir-132—is repressed in the brains of
human HD patients and mouse models. These changes occur
downstream of REST, and are likely to result in major disruption of mRNA regulation and neuronal function. In this
study we will discuss these findings and their implications for
our understanding of HD. Using updated bioinformatic
analysis, we predict 21 new candidate microRNAs in HD.
We propose future strategies for unifying large-scale transcriptional and microRNA datasets with the aim of
explaining HD aetiology. By way of example, we show how
available genomic datasets can be integrated to provide
independent, analytical validation for dysregulation of
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REST and microRNA mir-124 in HD. As a consequence,
gene ontology analysis indicates that HD is characterised by
a broad-based depression of neural genes in the caudate and
motor cortex. Thus, we propose that a combination of REST,
microRNAs and possibly other non-coding RNAs profoundly affect the neuronal transcriptome in HD.
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Repressor element 1-silencing transcription
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RE1
Repressor element 1
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Neuron-restrictive silencing factor
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SCA
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Specificity protein 1
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SBMA
Spinobulbar muscular atrophy
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MicroRNA response element
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ncRNA
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ChIP-Seq Chromatin immunoprecipitation coupled to
high-throughput sequencing
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Introduction
Huntington’s disease (HD) is a dominantly-inherited,
incurable neurodegeneration affecting around seven in
10,000 people worldwide (Walker 2007). HD patients
suffer from various neurological deficits—chorea, dementia, emotional dysfunction—that appear in adult life with a
mean age of 35, and are ultimately fatal (Vonsattel and
DiFiglia 1998). Neurodegeneration is highly selective:
postmortem reveals greatest loss amongst the medium
spiny neurons of the caudate and putamen (Ferrante et al.
1985) (in non-human mammals referred to as striatum),
while cortex, thalamus and subthalamic nucleus become
affected at later disease stages (Hedreen et al. 1991).
Usually physical symptoms appear initially, followed by
neurological and cognitive symptoms (Walker 2007). In
1993 the single causative mutation in the huntingtin (Htt)
gene was shown to be a CAG expansion within the first
coding exon, leading to a polyglutamine expansion in the
Htt protein (Huntington’s Disease Collaborative Research
Group 1993). This places HD in the class of polyglutamine
diseases alongside dentatorubral-pallidolyusian atrophy
(DRPLA), spinobulbar muscular atrophy (SBMA) and
various spinocerebellar ataxias, all of which are characterised by neurodegeneration. The polyglutamine expansion converts Htt from a neuroprotective to a neurotoxic
protein (reviewed by Cattaneo et al. (2005)). Intriguingly,
the age of disease onset is inversely correlated with the
length of number of CAG repeats in the mutant Htt protein
(mutHtt) (Vonsattel and DiFiglia 1998; Snell et al. 1993).
The molecular mechanism by which a simple nucleotide
expansion in this ubiquitous protein leads to selective
neuronal death remains poorly understood. Nevertheless,
development of effective therapeutics depends on our
explaining this process.
Various molecular and physiological changes precede
external symptoms, most notably profound changes in
neuronal gene expression profiles (Augood et al. 1997).
This transcriptional dysregulation is thus hypothesised to
be a causative factor in HD neurodegeneration. Various
laboratories have identified transcriptional regulatory
pathways that are affected by the presence of mutHtt
(reviewed by Cha (2007)). However, we now know that the
disruption of normal gene regulation is more extensive than
previously thought. Recently, two independent studies have
uncovered a new pathway of gene regulation in HD—that
involving post-transcriptional regulation of genes by the
class of small noncoding RNAs, the microRNAs. It appears
that a number of crucial neural-specific microRNAs are
repressed in HD (Johnson et al. 2008b; Packer et al. 2008).
Given the central role that microRNAs play in the nervous
system, their loss is likely to have major effects on neuronal gene expression and function. In this article, we will

review our current understanding of microRNA dysregulation in HD, and its likely contribution to disease progression. Using available datasets, we will demonstrate that
this newly discovered pathway may explain a large proportion of gene changes observed in disease HD brains.

Transcriptional Dysregulation in HD
The tissues of HD sufferers display profound abnormalities
in mRNA levels (Hodges et al. 2006). Early in situ
hybridizations in the brains of HD patients demonstrated
decreased levels of mRNAs encoding key proteins such as
dopamine receptors D1 and D2 (DRD1, DRD2) (Augood
et al. 1997) and NMDA receptor subunits NR1 and NR2B
(GRIN1, GRIN2B) (Arzberger et al. 1997). More recently,
microarray experiments have demonstrated that large
number of mRNAs are both up- and down-regulated as a
consequence of HD (Luthi-Carter et al. 2002; Luthi-Carter
et al. 2000). This effect is not restricted to the brain, but has
also been observed in the blood (Borovecki et al. 2005)
(although these findings are controversial—see (Runne
et al. 2007)). Within the brain, substructure-specific transcriptional profiles have been observed, with greatest
number of altered mRNAs in the caudate and motor cortex
(Hodges et al. 2006). A number of strategies have been
employed to produce mouse HD models, including insertion of additional CAG repeats into the wild-type mouse
locus (Wheeler et al. 1999), and overexpression of the
mutant first exon of human Htt (Mangiarini et al. 1996).
The latter, known as the R6/2 mouse, has been a widely
used model that appears to recapitulate many of the disease
symptoms. Encouragingly, the brains of R6/2 and other
mice display broadly similar transcriptional profiles to
those observed in human sufferers (Kuhn et al. 2007;
Strand et al. 2007), suggesting that various transgenic
modifications accurately model the disease state at the
molecular level. For technical reasons, the consequent
dysregulation of protein levels is challenging to observe,
although a recent mass spectrometry study did observe
protein dysregulation in the brains of R6/2 mice (Zabel
et al. 2002).
Gene dysregulation in HD occurs before outward neurological symptoms (Augood et al. 1997), strongly suggesting that transcriptional dysregulation is an important
causative factor in the disease. Clearly, understanding the
cause of this gene dysregulation is a major aim in HD
research, since such pathways represent promising therapeutic targets (Leone et al. 2008). To date, a diverse set of
transcriptional dysregulation pathways have been identified
in HD (reviewed by Cha 2007). These pathways either
involve transcriptional regulation by mutHtt itself, or
altered activity of transcriptional regulatory proteins which

Neuromol Med

interact with it. The Htt protein is capable of binding DNA
and directly represses transcription of genes through
recruitment of co-repressor complexes such as CtBP,
mSin3A and NCoR (Benn et al. 2008; Steffan et al. 2000;
Boutell et al. 1999; Kegel et al. 2002). This repression may
be accentuated by mutant Htt (Kegel et al. 2002). Furthermore, Htt appears to physically interact with a number
of important transcriptional regulatory proteins, TBP
(Huang et al. 1998), TAFII130 (Dunah et al. 2002), Sp1
(Dunah et al. 2002), p53 (Steffan et al. 2000) and REST
(RE1-Silencing Transcription Factor) (Zuccato et al. 2003).
Some of these themselves contain polyglutamine repeats
and physically interact with Htt or mutHTT (McCampbell
et al. 2000; Nakamura et al. 2001). Between them, these
proteins are capable of regulating many thousands of genes
in multiple tissues. Paradoxically, while the HD state is
characterised by a global upregulation of Sp1 protein (that
antagonizes cell death in response to mutHtt), many
important target genes display reduced Sp1 binding (Dunah
et al. 2002; Chen-Plotkin et al. 2006; Qiu et al. 2006).
Transcriptional dysregulation appears to be mediated by
abnormal histone modifications at key genes in affected
cells (Sadri-Vakili et al. 2007; Kim et al. 2008). In particular, downregulated genes are hypoacetylated, and it
appears that restoration of these genes’ promoter acetylation underlies the therapeutic effect of histone deacetylase
inhibitors in HD models (Sadri-Vakili et al. 2007). Thus,
multiple interconnected transcriptional and epigenetic
pathways are affected in HD, and these represent obvious
targets for development of therapeutics (Sadri-Vakili et al.
2007; Rigamonti et al. 2007).

REST in Huntington’s Disease
Amongst the best understood molecular mechanism for HD
neurodegeneration is that involving aberrant neural gene
repression by the transcription factor REST. REST is an
essential vertebrate transcriptional repressor that is highly
expressed in the neural progenitors of the developing nervous system, where its down-regulation is necessary (and
in some cases seems to be sufficient) for neuronal differentiation (Ballas et al. 2001; Chen et al. 1998; Greenway
et al. 2007; Sun et al. 2005; Ooi and Wood 2007). REST
can also be detected in some regions of the adult nervous
system, particularly the hippocampus, where it is upregulated in response to seizure (Palm et al. 1998) and
ischaemia (Calderone et al. 2003). REST represses a large
cohort of neuron-specific genes, through specific recruitment to a long DNA regulatory motif, the repressor element 1 (RE1) (Chong et al. 1995; Schoenherr and
Anderson 1995). Through its N- and C-terminal repression
domains, REST nucleates the formation of a multisubunit

complex consisting of histone-modifying and chromatinremodelling activities that serve to repress gene transcription (reviewed by Ooi and Wood (2007)). A number of
recent studies, both bioinformatic and experimental, have
yielded detailed genomic maps of REST binding sites,
giving us an unprecedented understanding of target genes
for a single transcription factor (Bruce et al. 2004; Johnson
et al. 2006; Mortazavi et al. 2006; Schoenherr et al. 1996).
While mutant Htt is expressed throughout the brain (and
indeed throughout the body), certain neuronal populations
appear particularly sensitive to it—in particular the medium
spiny neurons of the striatum (Reiner et al. 1988). These
neurons rely on brain derived neurotrophic factor (BDNF)
transported from the cortex via corticostriatal afferents to
survive (Altar et al. 1997). A long standing hypothesis is that
striatal death in HD can be explained by loss of this trophic
support (reviewed in (Zuccato and Cattaneo 2007)). What
process disrupts BDNF production in cortical neurons? In
2001, the group of Elena Cattaneo were able to show that
wild-type Htt protein is capable of activating transcription of
the BDNF gene (Zuccato et al. 2001). Importantly, mutant
Htt represses transcription of the BDNF gene, offering the
causal link between the HD mutation, loss of cortical BDNF
signalling and striatal death (Zuccato et al. 2001). This
effect is mediated specifically by the second promoter of the
complex BDNF gene (promoter II). Crucially, in a subsequent publication the group showed that Htt repression of
BDNF gene transcription occurs specifically through an
RE1 element in Promoter II, thus implicating REST in HD
(Zuccato et al. 2003). Immunostaining and co-immunoprecipitation experiments indicate that Htt protein sequesters
REST protein in the cytoplasm of wild-type neurons.
This interaction is not direct; rather, Htt indirectly binds to
REST through two intermediate proteins, dynactin p150glued
and RILP (REST/NRSF-interacting LIM domain protein)
(Shimojo 2008). However, polyglutamine expansion
appears to disrupt this interaction with RILP (Shimojo
2008), and expression of mutant Htt led to a redistribution of
REST into the nucleus, resulting in transcriptional repression of BDNF (Zuccato et al. 2003). Interestingly, other
promoters of the BDNF gene (promoters III and IV) are
also repressed in the presence of mtHtt, presumably by
REST-independent mechanisms (Zuccato et al. 2001).
More recently, it was shown that this effect is not confined to the BDNF gene. Other REST target genes are
ubiquitously repressed in the presence of mutHtt (Zuccato
et al. 2007). This raises the possibility that many of the
1000–2000 predicted REST target genes are repressed in
HD neurons, and that HD is characterised by a large scale
repression of the neuronal transcriptome. Below we will
demonstrate that this is indeed the case, and that this
pathway can explain a significant fraction of gene dysregulation in HD.
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MicroRNAs in Neurodevelopment
and Neurodegeneration
Since their original discovery in nematodes, thousands of
microRNAs have been identified throughout metazoa
(Griffiths-Jones 2004) (they have also recently been
reported in a single-celled alga (Zhao et al. 2007)), and are
considered to represent a major post-transcriptional gene
regulatory mechanism. MicroRNAs probably regulate the
majority of all mRNAs, and, since their recent discovery
(circa 2001 (Ruvkun 2001)) have been implicated
throughout the fields of development, physiology and
human disease. MicroRNAs represent an elegant mechanism by which mRNAs are repressed or degraded in a
sequence specific manner. They are transcribed by RNA
Pol II and generally undergo two-step RNase-directed
processing to yield a final single-stranded 21 nt RNA
(Bartel 2003). This ‘‘mature’’ microRNA, is incorporated
into the repressive RNA-induced silencing complex (RISC)
and serves to target mRNAs via semi-complementary
sequences called microRNA response elements (MRE)
(Bartel 2009). The precise details of microRNA:mRNA
recognition are not understood, and are likely to be a
combination of complementary RNA base pairing and
RNA secondary structure both within the MRE, and in
adjacent mRNA regions (Bartel 2009). This makes accurate prediction of microRNA targets extremely challenging, despite various innovative bioinformatic approaches
that have been attempted (Rajewsky and Socci 2004). The
mRNAs that are targeted by this pathway are repressed by
translational inhibition and/or degradation—how the
choice is made between these two fates remains unclear
(Filipowicz et al. 2008). In this way, microRNAs appear to
be capable of repressing both large cohorts of genes within
a given cell to maintain cell identity, or regulating specific
individual genes in a particular pathway. MicroRNAs have
been shown to be involved in most aspects of metazoan
biology, including maintenance of stem cell pluripotency
(Gangaraju and Lin 2009), embryonic patterning (Giraldez
et al. 2005), development of the nervous system (Giraldez
et al. 2005; Leucht et al. 2008), development of the cardiovasculature (Chen et al. 2006; Zhao et al. 2007), neuronal morphology (Schratt et al. 2006) and synaptic
transmission (Vo et al. 2005)—and are emerging as key
players in diverse human diseases including cancer (Lu
et al. 2005; He et al. 2005), Tourette’s syndrome (Abelson
et al. 2005), cardiovascular disease (Care et al. 2007) and
schizophrenia (Stark et al. 2008). However, in many cases
the mechanism by which microRNA causes disease
remains unclear—are a small number of target mRNAs
important, or rather is the large scale protein repression
sometimes the key factor?

MicroRNAs are essential gene regulators in the nervous
system, both during development and patterning, and in the
function of mature neurons (Kosik 2006). MicroRNA
processing is necessary for neural development in zebrafish, where maternal zygotic knockout of Dicer results in
impaired formation of neural tube, spinal column and retina (Giraldez et al. 2005). In mammals, a number of conserved microRNAs are induced during neural development
and specifically expressed within the mature nervous system (Sempere et al. 2004; Smirnova et al. 2005; Krichevsky et al. 2003; Miska et al. 2004; Bak et al. 2008). Neural
microRNAs mir-9/9* (9* indicates the 21 nt RNA that is
processed from the opposite strand of the pre-miRNA
hairpin, and which can sometimes be functional) and mir124 (also known as mir-124a) modulate neurogenesis as
embryonic stem cells are differentiated towards neurons in
vitro (Krichevsky et al. 2006). A model neural-specific
microRNA, mir-124 is highly and specifically expressed in
the CNS of both mammals (Sempere et al. 2004) and flies
(Aboobaker et al. 2005). A large number of non-neuronal
mRNAs have mir-124 recognition sequences, and are
capable of being degraded en masse in the presence of the
microRNA (Lim et al. 2005). In developing neurons, mir124 appears to facilitate the differentiation process by
promoting neuron-specific splicing of mRNAs through
repression of the splicing protein PTB1 (Makeyev et al.
2007). A separate study showed that the presence of mir124 promotes neurite outgrowth in the P19 model of neural
differentiation (Yu et al. 2008). Similarly, mir-9 is specifically expressed in neural cells (Sempere et al. 2004). In
the developing mouse telencephalon, mir-9 expression is
thought to control the differentiation of Cajal–Retzius
neurons through repression of the Foxg1 mRNA (Shibata
et al. 2008). In zebrafish embryos, mir-9 defines the activity
and maintenance of the midbrain–hindbrain boundary
by repressing components of the Fgf signaling pathway
(Leucht et al. 2008).
MicroRNAs also regulate gene expression in the mature
nervous system—in particular at the synapse. For example,
mir-132 is emerging as a critical component of the activitydependent gene regulatory response in neurons. Localised to
the pre-synaptic terminal, mir-132 is capable of repressing
MeCP2, leading to activation of BDNF, which in turn
functions as an activator of mir-132. In response to synaptic
activity, mir-132 is transcriptionally induced by CREB
(cAMP response element binding), a key positive regulator
of dendrite growth (Vo et al. 2005; Wayman et al. 2008). It
promotes dendrite growth through repression of the mRNA
encoding p250GAP, a Rho GTPase activating protein (Vo
et al. 2005). In contrast, another neural microRNA, mir-134
negatively regulates dendrite growth via repression of the
mRNA encoding Limk1 (Schratt et al. 2006).
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In light of their central role in the nervous system, it is
not surprising that microRNA dysregulation is associated
with diseases of this organ. Studies in a range of models
consistently show that microRNAs—both individually and
collectively—have neuroprotective functions. In fruit flies,
the microRNA mir-8 prevents neurodegeneration through
repression of atrophin (Karres et al. 2007). A separate
study in flies showed that loss of microRNA processing
exacerbates the toxicity of the polyQ mutant form of the
protein SCA3 (Bilen et al. 2006). A similar effect is
observed in mouse Purkinje neurons, where complete loss
of microRNA processing by targeted removal of Dicer
leads to ataxia and death (Schaefer et al. 2007). Elsewhere,
other studies have implicated particular microRNAs whose
loss results in neurodegeneration. In midbrain dopaminergic neurons, mir-133b regulates differentiation and function within a circuit including the transcription factor Pitx3
(Kim et al. 2007). Significant mir-133b downregulation is
observed in human sufferers and mouse models of Parkinson’s disease. Another microRNA, mir-107, is
decreased in the brains of Alzheimer’s disease (AD) sufferers, where it appears to regulate the mRNA encoding
BACE1, the protease that degrades amyloid precursor
protein (APP) during AD progression (Wang et al. 2008).
A subsequent study showed that, in AD patients, the
increase in BACE1 levels appears to result from a loss in
expression of two upstream microRNAs, mir-29a and mir29b-1 (Hebert et al. 2008). Furthermore APP itself may be
a microRNA target—in cell lines, its levels are controlled
by mir-106a and mir-520c (Patel et al. 2008). More generally, the expression of various microRNAs has been
shown to change as a result of prion-induced neurodegeneration (Saba et al. 2008). Thus, loss of microRNA
expression appears to be widely associated with neurodegeneration, and this pathway is an attractive target for
therapeutic strategies.

Evidence for Dysregulation of MicroRNAs
in Huntington’s Disease
The role that microRNAs appear to play in the prevention
of neurodegeneration, make them candidates in Huntington’s disease. Two recent studies have demonstrated
that the neural microRNA system is indeed perturbed in
HD (Johnson et al. 2008; Packer et al. 2008). Expression
of multiple neural microRNAs is decreased in HD neurons, resulting in derepression of downstream target
mRNAs. These findings are important for two reasons:
first, as we will demonstrate below, they help explain
observed mRNA dysregulation in HD brains; second,
they offer a new avenue for potential therapeutic intervention in HD.

An obvious strategy for finding candidate microRNAs in
HD is to identify those that are targets of REST, since it has
been shown that many of its target genes are dysregulated
in HD (Zuccato et al. 2007). Conveniently, REST has very
well understood genomic targeting (Johnson et al. 2007,
2008; Otto et al. 2007), and was amongst the first transcription factors to be shown to regulate microRNA transcription (Johnson et al. 2008; Conaco et al. 2006; Wu and
Xie 2006). In fact, REST appears to be a major regulator of
neural noncoding RNAs (Johnson et al. 2008, 2009;
Conaco et al. 2006). Its targets include some of the bestcharacterised and most specifically neuronal microRNAs,
including: mir-9/9*, mir-29a, mir-29b, mir-124 and mir132. A comprehensive list of known and predicted REST
target microRNAs can be found in Table 1. Two studies
have recently examined the expression of predicted REST
target microRNAs in mouse and human HD samples, and
shown that the majority are indeed aberrantly repressed by
REST in HD (Johnson et al. 2008; Packer et al. 2008). Our
group employed a genome-wide map of predicted REST
binding motifs to predict 14 putative target microRNAs,
and tested their dysregulation in the cortex and hippocampus of R6/2 mice, as well as in the Brodman Area 4 of
Vonsattel Grade 3-4 human postmortem brains (Johnson
et al. 2008). Packer et al. (2008) predicted ten REST-target
miRNAs based on analysis of a more recent experimental
ChIP-sequencing dataset of REST binding sites, and validated their expression in human postmortem Brodman
Area 4 from a range of disease grades. The latter list is
almost a subset of the former; intriguingly, Packer et al.
realised that both arms of the mir-9 precursor miRNA can
be functional, and thus also tested mir-9* for dysregulation.
On the whole, both studies showed that the majority of
predicted REST target microRNAs are dysregulated in
human HD samples, or mouse models of HD—underlining
the validity of the target prediction process. However, in
some cases the two studies reported strongly contrasting
measurements of relative miRNA expression in HD compared to wild-type, suggesting that the experimental
methodology, or perhaps heterogeneity of human postmortem samples, may have confounding effects on microRNA quantitation.
There is strong evidence for direct regulation of neural
microRNAs by REST. Of five predicted REST-target microRNAs that could be detected in the neural cell-line
Hdh7/7, four were demonstrably repressed by REST: mir29a and mir-29b, as well as potent repression of mir-132
and mir-135b (Johnson et al. 2008). There is also complementary EMSA and ChIP data supporting direct genomic recruitment and DNA sequence recognition by REST
at these microRNA genes (Johnson et al. 2008; Conaco
et al. 2006). In another study, Conaco et al. (2006) showed
that in mouse embryonic fibroblasts, REST binds to and
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Table 1 Known microRNA
targets of REST

All known or predicted targets
of REST from previous
publications are included.
Publications: C, Conaco et al.
(2006); W, Wu and Xie (2006);
J, Johnson et al. (2008); P,
Packer et al. (2008). Evidence
for regulation: C, chromatin
immunoprecipitation; M, RE1
motif identification; T,
transcriptional repression.
Differential expression of
microRNAs in human HD
patients or R6/2 mouse model is
shown where appropriate.
Expression levels of
microRNAs were measured by
PCR-based methods in all cases

MicroRNA

Publication

Evidence
for regulation
by REST

mir-1-d

J

C

mir-9

CJPW

C

Downregulated in HD (Packer et al. 2008)

mir-9*

P

C

Downregulated in HD (Packer et al. 2008)

mir-29a

JPW

R

Contradictory: Upregulated in HD, but
downregulated in mouse cortex
(Johnson et al. 2008)

mir-29b

JPW

R

Downregulated in HD (Packer et al. 2008)

mir-95

W

M

mir-124

CJPW

C

Downregulated in HD (Packer et al. 2008)
and mouse cortex/hippocampus
(Johnson et al. 2008)

miR-132

CJPW

R

Contradictory: Downregulated in HD and
mouse cortex/hippocampus (Johnson
et al. 2008); Upregulated in HD
(Packer et al. 2008)

mir-135b

JPW

R

Downregulated in mouse cortex (Johnson
et al. 2008)

mir-139

JPW

C

mir-153

W

M

mir-203

J

C

mir-204

J

C

mir-212

JPW

C

mir-218

PW

C

mir-330
mir-346

J
JW

C
C

mir-455

W

M

represses mir-9 and mir-124 genes, in addition to that of
mir-132. Thus there is multiple consistent evidence that
REST directly binds to and regulates transcription of neural
microRNAs.
In our recent study, we screened candidate microRNAs in
both mouse models of HD as well as in RNA extracted from
the cortices of HD sufferers (Johnson et al. 2008). We
profiled 14 candidate microRNAs in the cortex and hippocampus of R6/2 mice, of which six displayed statisticallysignificant differences compared to wild type littermates.
Mir-124 and mir-132 were downregulated in both cortex
and hippocampus of transgenic mice. Mir-204, about which
little is known, was significantly downregulated in the hippocampus. Surprisingly, we found that the dysregulated
microRNAs were not identical between the cortex and the
hippocampus of these mice: for example, mir-29a was
downregulated in the cortex but not the hippocampus, while
mir-204 was not detected in the cortex but was detectable
and downregulated in the hippocampus. Thus, the microRNA targets of REST-mediated dysregulation are likely to
vary across brain regions and neuronal subtypes of affected
individuals. Such tissue specificity may help explain the

Implication in HD

Downregulated in mouse hippocampus
(Johnson et al. 2008)

Upregulated in HD (Johnson et al. 2008)

localised toxicity of mutHtt in the brains of human and
mouse.
In their study, Packer et al. compared the levels of 10
processed microRNAs in the cortices (Brodman Area 4) of
individuals with various grades of HD to unaffected individuals. A robust and progressive loss of mir-9, mir-9* and
mir-29b was observed with increasing HD severity. While
the level of mir-124 was significantly decreased, its level
did not appear to correlate with disease progression. Surprisingly, a threefold increase was observed in HD for mir132. The latter findings strongly contrast with our studies
on both R6/2 transgenic mice (where mir-132 levels were
decreased in both cortex and hippocampus), as well as in
cortical samples (Brodman Area 4) from five HD-affected
individuals (Vonsattel Grade 3-4), where mir-132 levels
were observed to be significantly lower. A decrease in mir132 levels is consistent with its being strongly repressed by
REST in neural and non-neural cells, which was demonstrated in (Johnson et al. 2008; Conaco et al. 2006).
Furthermore, the mRNA from p250GAP—a known target
of mir-132 (Vo et al. 2005)—is upregulated in HD cortex,
consistent with a decrease in mir-132. On balance, these
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MicroRNAs are regulatory molecules, and hence good
confirmatory evidence for their change in expression
comes from resultant alterations in the levels of their target
genes. Fortunately, neural microRNAs such as mir-124 and
mir-132 have amongst the best understood set of target
mRNAs, based on experimental evidence rather than solely
on bioinformatic prediction. As mentioned above, we
observed significant downstream increases in 4/5 known
target mRNAs of mir-124 (in the R6/2 mouse cortex), as
well as the sole known target of mir-132 in human,
p250GAP (Vo et al. 2005)—consistent with observed
downregulation of those microRNAs. Indeed, the REST
complex may also be itself a target of microRNAs. Feedback loops of this type are common throughout biology,
enabling as they do complex regulatory behaviours. The
REST cofactor SCP-1 is a target of mir-124 in the developing nervous system, indicating that REST can participate
in mutually-repressive feedback mechanisms with neural
microRNAs (Visvanathan et al. 2007). Using the TargetScan algorithm (Lewis et al. 2003), Packer et al. discovered
predicted target sites for mir-9 in the 30 UTR of the REST
mRNA, while for mir-9* there is a predicted site in the
30 UTR of CoREST. This is intriguing since it offers the
possibility that the REST complex and mir-9/9* locus

data argue that mir-132 is repressed in the presence of
mtHtt. Other discrepancies were observed: while in our
study we found no change in human patients, Packer et al.
found mir-124 to be downregulated in HD (consistent with
R6/2 mouse). Below we will present a bioinformatic
analysis that supports this downregulation of mir-124 in
human HD brain (Fig. 1). On the other hand, we found mir29a to be strongly upregulated in HD, while Packer et al.
found no significant change. These discrepancies are likely
to result from the distinct methodologies employed to profile
miRNA expression, as well as the ever present issue of
human postmortem brain RNA quality and consistency. The
Packer study employed a more sensitive Taqman assay to
measure mature microRNA levels, while our study used
SYBR green qPCR to measure pre-mir hairpin levels that
may not accurately reflect the level of mature miRNA
present. Indeed, as Packer et al. point out, it is possible that
mir-132 undergoes extensive posttranscriptional regulation.
These considerations highlight the importance of using
multiple models and techniques for studies of this type,
particularly given our reliance on relatively small cohorts of
postmortem brains. Furthermore, as we will demonstrate
below, bioinformatic analysis may be used as a powerful
independent method for predicting dysregulated miRNAs.

A

B

Log2 Change
-1

Up
in
HD

Down
in
HD

0

1

C

REST Target Rate
0

Fig. 1 (Color online)
Disruption of transcriptional
and post-transcriptional
pathways can explain gene
changes in HD. In order to
assess the contribution of
transcriptional and posttranscriptional regulation to
mRNA changes in HD, we
analysed mRNA data from a
previous microarray experiment
on the caudate of HD patients
(Hodges et al. 2006). a The
leftmost panels show genes
ranked by fold change—red
indicates those increased in HD
brain, green decreased. b
Targets of REST (defined as
those having a REST binding
site within 10 kb of
transcription start site (Johnson
et al. 2007)) or c mir-124
(identified experimentally (Lim
et al. 2005)) were identified.
The target gene density was
plotted for a moving window of
100 genes across the ranked
gene list. REST targets are
clearly enriched amongst those
genes most downregulated in
HD caudate, while mir-124
targets are enriched amongst the
most upregulated genes
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mutually repress each other—in effect, a positive feedback
relationship. Unfortunately this model remains to be validated: if correct, this regulation would be manifested in an
increase of REST mRNA or protein in the HD brain—
which has not been reported. There is some evidence to the
contrary: we found no significant difference in REST
mRNA levels in HD brain (Johnson et al. 2008), while
Zuccato et al. (2003) showed that CoREST protein levels
are unaffected by mutHtt. Therefore, it remains to be
demonstrated whether this regulation of REST/CoREST by
mir-9/9* actually occurs in human HD brain.

New MicroRNA Candidates in HD
The set of known microRNAs is still growing in human,
due to ever deeper sequencing of small RNA libraries and
improving bioinformatic methods (Friedlander et al. 2008;
Landgraf et al. 2007). Furthermore, improvements in our
predictions of genomic REST binding sites mean that our
previous predictions of REST target genes are likely to be
incomplete (Johnson et al. 2007). To discover new potential microRNA candidates in HD, we compared the latest
human microRNA set to recent REST ChIP-Seq maps
(Table 2). If we use a rather stringent definition that RESTTable 2 New predicted REST
target microRNAs in human

A Role for Htt in the MicroRNA Repression Pathway
In addition to indirectly regulating the transcription of
microRNA genes, Htt has a more direct role in post-transcriptional gene silencing by microRNAs. A recent seminal
publication from Naoko Tanese’s group (Savas et al. 2008)

MicroRNA

Chr

REST Binding
Location (bp)

mir-146b

10

104169341

16919

mir-1249

22

43991355

15790

Intron C22orf9

mir-1301
mir-637

2
19

25419003
3922364

13909
9854

Intron DNMT3A
Intron DAPK3

mir-602

9

139843034

9658

mir-147

9

122054467

7318

mir-1208

8

129226590

4955

mir-129-2

11

43555156

4364

Distance (bp)

Comments

Cortex-specific (L)

mir-1179

15

86950133

2210

mir-7-2

15

86950133

2180

Brain-specific (S); Hypothalamus,
pituitary (B)

4

102472775

2122

Intron PPPC3A

mir-137

1

98286437

1867

Brain-specific (S)

mir-1253

17

2600093

1514

mir-184

15

77287671

913

Brain-specific (B)

mir-1224
mir-7-3

3
19

185440974
4721319

363
214

Intron DKFZp761K032
Brain-specific (S); Hypothalamus,
pituitary (B). Intron PGSF1

mir-422a

15

61950057

1487

mir-1257

20

59960627

9645

mir-940

16

2271394

9772

mir-375

2

219564903

12819

mir-1267

13

106968779

17058

mir-328

16

65776741

16919

mir-1255a
In order to find new candidate
microRNA targets, we extracted
all microRNA genes from the
latest version of Mirbase
(Griffiths-Jones 2004) (Release
12) within 20 kb of an
experimentally-identified REST
binding site (Johnson et al.
2007). Intronic microRNAs are
all on the same strand as host
gene, except for mir-328.
Sources of microRNA
expression data: B, Bak et al.
(2008); L, Landgraf et al.
(2007); S, Sempere et al. (2004)

target microRNA genes must reside within 20 kb of a
REST binding site, then we predict 21 new target microRNAs. This list comprises 22 individual microRNA
genes, targeted by 21 REST binding sites. Amongst these
are brain-enriched microRNAs mir-129, mir-137, mir-184
and mir-7 (Bak et al. 2008). The latter is highly expressed
in the nervous system and is encoded by three individual
loci, of which two are targeted by REST. This is reminiscent of other known targets, mir-9 and mir-124, which are
encoded by multiple genes that are each targeted by REST
(Johnson et al. 2008; Conaco et al. 2006). Another target,
mir-184 was recently shown to be expressed in neurons and
upregulated in response to depolarization (Nomura et al.
2008). These microRNAs are now promising targets for
dysregulation in HD. Experimental validation will be
necessary to show whether these microRNAs are repressed
by REST in HD.

Pancreatic islet-specific (L)
Intron ELMO3
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has shown that Htt protein plays a major role in the
microRNA silencing pathway by stabilizing the interaction
of Ago2 with P-bodies (Processing bodies), both key
components of the microRNA silencing pathway. In a mass
spectrometry analysis of Htt immunoprecipitates, Savas
et al. found proteins Argonaute 1 and 2 to be specifically
bound. This was intriguing given that Ago proteins are
responsible for microRNA-induced gene regulation (Meister
et al. 2005). Ago proteins are capable of sequestering target
mRNAs to cytoplasmic structures known as P-bodies. It
appears that not only is Htt necessary for correct P-body
formation, but that the PolyQ mutant protein inhibits their
formation by around 50%. This has a major impact on the
microRNA silencing pathway in affected cells: both exogenous and endogenous microRNA silencing was severely
impaired in the presence of mutHtt. These findings suggest
that microRNA processing as a whole may be impaired in
HD. Since broad-based loss of microRNA processing has
been found to cause degeneration of Purkinje neurons
(Schaefer et al. 2007), it is possible that this loss of microRNA processing leads to HD neurodegeneration.

Integrating Biochemical and Genomic Data to Explain
Gene Dysregulation in Huntington’s Disease
Huntington’s disease is remarkably well-studied from a
genomic point of view. A wealth of high quality gene
expression microarray data is available from both mouse
models (Luthi-Carter et al. 2002) and large cohorts of
human patients (Hodges et al. 2006). More recently, highthroughput sequencing technology has been coupled to
chromatin immunoprecipitation, (‘‘ChIP-Seq’’) enabling
sensitive genome-wide mapping of transcription factor
binding (Johnson et al. 2007). Indeed, REST was amongst
the first factors to be studied in this way (Johnson et al.
2007). Undoubtedly these technologies will soon be
applied to HD. In particular, the integration of diverse
genome-wide datasets (e.g., transcription factor binding,
mRNA expression, microRNA expression) will enable a
more meaningful, holistic understanding of disease mechanisms underlying complex disorders such as HD. Existing
hypotheses can be tested with statistical rigour, and new
disease mechanisms can be predicted in silico and validated experimentally. In the following sections we present
a simple pilot study on previously published datasets to
demonstrate how such analysis can provide a robust, genome-wide validation of HD mechanisms.
Transcriptional Dysregulation by REST
First, we sought to address whether increased nuclear
REST contributes to transcriptional dysregulation in HD,

as proposed by Elena Cattaneo’s group (Zuccato et al.
2003). While multiple lines of evidence exist to support
increased levels of nuclear REST in HD, it is not clear
whether this mechanism actually contributes substantially
to transcriptional dysregulation observed in HD brains. To
investigate this, we compared HD gene expression profiles
with genomic maps of REST recruitment. If REST plays a
major role in transcriptional dysregulation of HD, we
would expect that genes observed to change in HD are
enriched for REST target genes. More specifically, given
that REST is a transcriptional repressor, we would expect
that the association would only be observed for genes that
are downregulated in HD. Upregulated genes should show
no enrichment for REST binding above what is expected
by chance. We used the microarray survey of gene
expression in a large cohort of HD patients and matched
controls that was carried out by Hodges et al. (2006), in
conjunction with the recently published genome-wide map
of 1946 REST binding sites as identified by ChIP-Seq
(Johnson et al. 2007). We noted that amongst the REST
target genes are some that have long been known to be
downregulated in HD, including DRD1, DRD2, GluR1 and
GluR2 (Cha 2007).
Hodges et al. (2006) measured gene expression changes
in four brain regions in a large cohort of HD and control
postmortem brain. We analysed data from the caudate,
where the most extensive gene expression changes were
observed (although similar conclusions were reached with
motor cortex data (Brodman Area 4) where large mRNA
changes also occur). Genes were ranked by their fold
change in expression in HD brain (Fig. 1). We next calculated the proportion of genes that are REST targets, for
every point in the list (Fig. 1). This analysis clearly shows
that REST target genes are enriched amongst the genes
whose expression decreases in HD. This effect is highly
statistically significant (P = 4 9 10-14, Pearson chi-square
test using continuity correction). Furthermore, it is clear that
REST target genes are most enriched amongst the most
highly repressed genes. Amongst genes whose expression
increases in HD, the rate of REST target genes is the same
as what would be expected by chance alone (indicated by
the dashed line). These findings strongly support the Cattaneo group’s model of increased REST repression of its
target genes in HD brain (Zuccato et al. 2003).
Post-transcriptional Dysregulation by mir-124
Using a similar approach we sought to provide independent
validation that expression of the microRNA mir-124 is
repressed in HD brain, as was reported recently by Packer
et al. (2008). If this model is correct, we would expect HDupregulated mRNAs to be enriched for mir-124 targets. As
before, we consulted the human HD microarray expression
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data from human caudate (Hodges et al. 2006), this time in
conjunction with a published set of 174 experimentallydetermined mRNA targets of mir-124 (Lim et al. 2005).
We found strong support for downregulation of mir-124 in
both caudate (Fig. 1) and motor cortex (not shown) of HD
patients: mir-124 target genes are highly and statistically
significantly enriched amongst those that are upregulated in
HD (P = 2 9 10-10). This enrichment is not observed for
downregulated genes, nor for another microRNA, mir-1,
which is not expressed in the brain (Johnson et al. 2008b)
(data not shown). Consequently, the mRNA data strongly
support the loss of mir-124 expression in HD, as suggested
by Packer et al. (2008).
Altogether in the HD caudate, 5.2% of downregulated
genes are targets of REST, and 2.2% of upregulated genes
are targets of mir-124. These analyses are likely to have
large false-negative rates, due to the fact that target relationships were curated from non-neural cell lines (REST in
Jurkat T-cells (Johnson et al. 2007), mir-124 in HeLa
cervical carcinoma (Lim et al. 2005)). We are hopeful that
similar analyses involving other known HD pathways—
both transcriptional (e.g., p53, Sp1) (Dunah et al. 2002;
Chen-Plotkin et al. 2006; Qiu et al. 2006; Bae et al. 2005)
and post-transcriptional (e.g., mir-132, mir-29) (Johnson
et al. 2008; Packer et al. 2008)—will be carried out when
appropriate experimental datasets become available. It may
be possible to explain the majority of HD-associated gene
expression changes using this approach.

Do Other Classes of Noncoding RNAs Play
a Role in HD?
MicroRNAs are not the sole class of regulatory non-coding
RNA. Recent and ongoing high-throughput transcriptomic
and bioinformatic projects have identified tens of thousands
of unannotated, noncoding RNAs—both polyadenylated
and not (Carninci et al. 2005; Ravasi et al. 2006). These
RNAs—referred to as lncRNAs (long non-coding RNAs)
(Dinger et al. 2008) or macroRNAs (Ponjavic et al. 2007)—
do not have well-defined structural or sequence properties,
unlike the microRNAs—making them difficult to classify
and preventing us from predicting their function based on
recognisable sequence or structural domains. Clear evidence
exists, however, that macroRNAs are functional: they are
under demonstrable evolutionary selection (Ponjavic et al.
2007; Pollard et al. 2006) and often have highly tissuespecific expression profiles (Ravasi et al. 2006; Mercer et al.
2008). Furthermore, a growing number of individual
macroRNA have been show to play important roles within
the cell. Recent reports have identified macroRNAs that act
as transcriptional cofactors (Lanz et al. 1999; Feng et al.
2006), epigenetic silencers (Rinn et al. 2007; Pandey et al.

2008), trafficking molecules (Willingham et al. 2005),
antisense regulators of mRNAs (Tochitani and Hayashizaki
2008) and structural components in the nucleus (Clemson
et al. 2009). They are also capable of affecting gene
expression through the proximal promoter (Preker et al.
2008) and by interacting with the RNA Pol II complex
(Mariner et al. 2008). Hence it has been proposed that
macroRNAs play widespread but hitherto unappreciated
roles in disease (Mehler and Mattick 2007), and evidence is
emerging to this effect (Ji et al. 2003; Perez et al. 2008;
Louro et al. 2007). There is also some evidence that macroRNAs are capable of rapid evolution, and may contribute
to human-specific phenotypes (Lipovich et al. 2006; Varki
and Altheide 2005). Thus, it is intriguing to speculate that
such recently-evolved non-coding RNAs may play a role in
the human-specific susceptibility to particular diseases,
including Alzheimer’s disease (Varki and Altheide 2005;
Olson and Varki 2003), and could explain aspects of human
diseases that are not recapitulated in mouse models. Indeed,
exciting evidence for the role of noncoding RNA in neurodegenerative disease has recently emerged: a newly discovered antisense noncoding RNA, BACE1-AS, is capable
of upregulating BACE1 mRNA levels, and shows increased
expression in AD patients (Faghihi et al. 2008).
Could macroRNAs be involved in HD? Certainly, they
have several key features of HD candidate genes. Their
transcription is highly regulated during differentiation
(Dinger et al. 2008). Many are specifically expressed in the
nervous system, and furthermore, a recent analysis of the
Allen Brain Atlas identified macroRNAs that are specifically expressed in particular neuronal subpopulations or in
specific structures within the mouse brain (Mercer et al.
2008). Most tellingly, their transcription can be regulated
by REST: our group recently showed that REST is capable
of regulating expression of neural macroRNAs, including
DGCR5, which has been implicated in the neurodevelopmental disorder, DiGeorge Syndrome (Johnson et al.
2009). Therefore, macroRNAs, and particularly those with
proximal REST binding sites, are likely to be dysregulated
in HD. Such macroRNAs will not have been identified
before the present because they are poorly represented
amongst existing gene catalogues, and therefore not represented on commercial microarray platforms. The key
challenge now is to identify these targets and isolate those
which play essential roles in neural function, and hence
whose loss contributes to HD progression. This will be
possible in the near future, as macroRNA microarrays
become available, in addition to sensitive unbiased
sequencing-based transcriptomic methods such as RNASeq (Mortazavi et al. 2008; Farh et al. 2005). We anticipate
that studies of this type, followed by appropriate loss-offunction screens in appropriate cell models, will yield new
noncoding players in HD phenotype.
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How Might Transcriptional and Post-transcriptional
Dysregulation Contribute to HD Neurodegeneration?
The preceding sections demonstrate that mRNA and protein changes in HD are likely to result from disruption of
both transcriptional and post-transcriptional regulatory
pathways. The next challenge is to use this information to
gain insight into HD progression.
Both REST and the neural microRNAs are capable of
repressing large numbers of downstream target genes.
MicroRNAs and their target genes tend to have inverse
spatial expression patterns in the organism (Farh et al.
2005; Sood et al. 2006). Thus, neural microRNAs are
inferred to target non-neural mRNAs—i.e., those which are
generally expressed at higher levels outside the nervous
system. This has been demonstrated in the case of mir-124
(Lim et al. 2005). Conversely, REST target genes are
known to be highly enriched for those that are specifically
expressed in the nervous system (Johnson et al. 2006;
Mortazavi et al. 2006). Thus, the combined changes in
REST and neural microRNAs in HD might be expected to
lead to a general loss of neural-specific mRNAs, and an
increase of non-neural mRNAs. We tested whether this was
the case, by searching for enriched functional categories of
genes amongst the upregulated and downregulated genes in
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Fig. 2 (Color online) Loss of neuronal transcriptome in HD. The
Figure shows the numbers of genes amongst upregulated (red) and
downregulated (green) mRNAs within the indicated ontology categories. As before, we used gene expression data for caudate from the
Hodges study (Hodges et al. 2006). Those genes that increase, or
decrease in the HD brain were collected, and the numbers of genes
with each gene ontology label within those sets were counted.
Analysis was carried out using the Panther gene classification tool
(www.pantherdb.org), and statistical significance cited in the text was
Bonferroni corrected for multiple hypothesis testing

the HD caudate using the Panther tool (www.pantherdb.org
) (Fig. 2). This analysis demonstrated that there is a highly
significant enrichment for various classes of neuronal
ontology terms amongst downregulated genes, including
‘‘neuronal activities’’ (P = 1 9 10-53) and ‘‘synaptic
transmission’’ (P = 5 9 10-35). Meanwhile, a large
number of non-neuronal ontology classifications are enriched amongst genes which are upregulated in HD,
including many related to the haematopoietic system
(‘‘immunity and defence’’, P = 2 9 10-20) and transcriptional regulation (‘‘transcriptional regulation’’, P = 2 9
10-16). These data, consistent with a previous, substantial
analysis by Strand et al. (2007), suggest that in HD neurons
the transcriptome becomes fundamentally less neuronal.
How this observation relates to neurodegeneration remains
unclear. However, it may be possible that this phenotypic
shift results in toxicity to affected neurons, as exemplified
by the decrease in BDNF signalling previously described
(Zuccato and Cattaneo 2007). Recently, mir-124 was
shown to promote neural-specific splicing patterns, through
post-transcriptional repression of the non-neuronal form of
the splicing factor, PTB (Makeyev et al. 2007). Thus, the
decrease in mir-124 levels is likely to promote the accumulation of non-neuronal splice isoforms in neurons. In
summary, the disruption of transcriptional, splicing and
translational regulatory pathways in HD neurons may, in
combination, cause a pathological loss of the specifically
neuronal nature of the transcriptome.
The observed microRNA changes in HD may also
directly lead to alterations in neuronal function. Although
our understanding remains incomplete, from what we know
already it seems likely that microRNAs are key regulators
of neuronal function. Specifically, mir-124 and mir-132
have both been shown to promote neurite growth. Thus,
chronic downregulation of these molecules may lead to a
loss of neuronal connectivity. We showed here that mir184 is also a candidate target of REST, and hence may
similarly be dysregulated in HD. Intriguingly, mir-184 was
recently shown to be regulated in response to neuronal
depolarization (Nomura et al. 2008). Thus, loss of mir-184
may also contribute to disruption of synaptic transmission.
Complex regulatory responses are enabled by the wiring
of various kinds of feedback loops into gene networks. The
available data suggest that some self-reinforcing feedback
behaviours may exacerbate the gene dysregulation resulting from mutant Htt. One such is the previously-published
feedback loop involving REST, mir-124 and the REST
cofactor, CTDSP1 (also known as SCP1) (Visvanathan
et al. 2007). CTDSP1 mRNA is a target of mir-124. Thus,
the loss of mir-124 in HD neurons may in turn promote the
accumulation of CTDSP1 and hence reinforce REST
repression of target genes (including mir-124) in a
repressive positive feedback loop (Fig. 3). Similarly,
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Fig. 3 Our current model of gene dysregulation in HD. a In wild type
neurons, Htt sequesters REST in the cytoplasm. Neural microRNAs
are transcribed at normal levels, leading to post-transcriptional
repression of appropriate mRNAs. In neurons of Huntington’s disease
sufferers, mutHtt is unable to effectively bind REST (Zuccato et al.
2003). REST protein levels are elevated in the nucleus leading to
transcriptional repression of neural microRNAs. Consequently, various non-neuronal mRNAs are derepressed post-transcriptionally. b A

model of transcriptional and post-transcriptional gene regulatory
disruption in HD. Proteins and RNAs are indicated by filled and
unfilled ovals, respectively. Sp1 and p53 activities are affected by
mutHtt (Dunah et al. 2002; Chen-Plotkin et al. 2006; Qiu et al. 2006;
Bae et al. 2005), and are likely to have as-yet-unknown microRNA
targets. Physiological processes that are likely to be downregulated in
the HD state are indicated. Other REST target microRNAs, not
included in the Figure, are likely to exist and participate in HD

feedback may accelerate the loss of mir-132 expression:
while REST directly represses mir-132 transcription, REST
also represses BDNF, a CREB-dependent activator of mir132. Thus, REST may effectively repress mir-132 expression by two independent pathways, in effect a repressive
feed-forward loop.
The majority of the data regarding microRNAs in HD is
focussed on mechanisms downstream of REST. However,
numerous publications have demonstrated that other regulatory disruptions take place in HD. For example, p53
function is upregulated in HD (Bae et al. 2005). Although
little is presently known about the microRNA targets of
p53 (apart from mir-34 (He et al. 2007)), such targets will

represent additional HD candidates. Similar arguments
apply to Sp1.
Finally, it is possible that neurodegeneration results not
from downregulation of particular microRNAs per se, but
rather that an overall reduction of the microRNA pathway
is to blame. Compelling evidence suggests that the microRNA system is neuroprotective (Karres et al. 2007; Bilen
et al. 2006; Schaefer et al. 2007; Kim et al. 2007). It is not
clear what individual microRNAs mediate this effect.
Given that mutant Htt disrupts the endogenous microRNA
processing structures within the cell, it is possible that this
disruption of the microRNA pathway contributes to Htt
neurodegeneration.
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Concluding Remarks
The discovery that noncoding RNAs such as microRNAs
are dysregulated in HD provides an important new avenue
for understanding this major disease. Given the large
number that are expressed in the mammalian nervous system, we suspect that other noncoding RNAs—including
macroRNAs—play a role in HD. As we have shown, newly
discovered microRNAs can help explain the observed
mRNA changes that accompany the disease state. As the
molecular basis of HD becomes better understood, it will
help focus attention on therapeutic strategies. Hopefully,
this will also yield insight into enduring mysteries connected with HD: Why does age of onset negatively correlate
with polyQ repeat length (Wheeler et al. 1999)? Why do
carriers of mutant Htt alleles have greater reproductive fitness (Eskenazi et al. 2007)? Why does mutation in this
ubiquitous protein lead to loss of such a specific neuronal
subpopulation? We are hopeful that improved understanding of regulatory changes in HD brain, resulting from a fine
grained mapping of gene expression patterns (including
non-coding RNAs) throughout the brains of affected individuals, as well as large-scale integration of HD-related
genomic datasets, will shed light on these questions.
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