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condition Huntington’s disease (HD) is caused by a trinucleotide expansion
in the first exon of the ubiquitously expressed gene encoding
huntingtin (Htt). The resultant mutant protein, mutHtt, carries
a polyglutamine expansion and is neurotoxic. Intriguingly, in
affected individuals the presence of mutHtt leads to specific
death of medium spiny neurons in the striatum, although other
brain regions and neurons are also affected (30). At a molecular level, HD brains are characterized by widespread changes
in gene expression caused by several transcriptional mechanisms (8). In particular, diseased neurons suffer from widespread depression in neuronal-specific gene transcription
caused by a mutHtt-dependent relocation of the transcriptional
repressor REST (RE1-silencing transcription factor) into the
nucleus (31). REST is a master regulator of neuronal gene
expression programs: ⬎1,000 genes are associated with
genomic REST binding sites (9). One key target is the gene
encoding the neurotrophic peptide BDNF, whose repression in
the presence of mutHtt is likely to be one of the central
pathological pathways underlying neurodegeneration (26, 30).
However, many other REST target genes are similarly affected,
and it is possible that they also contribute to HD pathology (31).
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Numerous and diverse noncoding RNAs are expressed in the
mammalian nervous system (19). Among the best understood
class is the microRNAs, small 21 nt single-stranded transcripts
that target protein-coding mRNAs for posttranscriptional repression (1). We previously employed genomic maps of REST
binding sites to predict new gene dysregulation pathways in
HD: we identified at least seven neuronal microRNAs that are
targets of REST and that are consequently repressed in HDaffected striatum of both humans and mouse models (10, 11,
22). More recently, it has been shown that extensive transcription of poorly understood long mRNA-like transcripts with no
protein-coding potential termed “long noncoding RNAs” (lncRNAs) takes place in the brain (20, 21). Evidence is emerging
for potent functionality of such RNAs: Evf2 was recently
shown to be essential for correct development of hippocampal
GABAergic neurons in mouse (3), while animals deficient for
the dendritic ncRNA BC1 have impaired survival in the wild
(17). It has been proposed that lncRNAs are important, unexplored mediators of neurological disease (20). For example, it
was recently shown that an lncRNA antisense gene regulates
BACE1 levels in Alzheimer’s disease patients (6).
In the present study, we use a genomic strategy to search for
candidate lncRNAs in HD. We show that the neural RNA
human accelerated region 1 (HAR1) is repressed by REST, and
its level is significantly reduced in the brains of human patients. This implicates neural lncRNAs in HD for the first time.
MATERIALS AND METHODS

Human brain samples. The following tissue from normal and HD
subjects cortex (Brodman area 7, 9) and striatum was analyzed in this
study.
1) New York Brain Bank, Columbia University (New York, NY);
all cortex [Brodman area (BA) indicated]. Controls: T-99 (BA9),
T-111 (BA9), T-145 (BA9), T-168 (BA9); HD (grade 4): T-128
(BA9), T-310 (BA9), T-329 (BA9), T-354 (BA9).
2) Harvard Brain Tissue Resource Center (Belmont, MA); all
striatum, except where indicated. Controls: 6182, 6142, 6002, 5959,
5936, 5919; HD (grade 3): 5570, 6010, 6183, 5576 (cortex, BA7); HD
(grade 4): 5507, 6062.
3) Massachusetts General Hospital (Charlestown, MA); cortex,
BA7. Control: 3932.
Genomic analysis. Human REST chromatin immunoprecipitation
(ChIP)-seq data were obtained from Ref. 9. Mouse REST ChIP-PET
data were those for mouse embryonic stem cells, mapped in Ref. 15.
Repressor element 1 (RE1) motifs were identified in genomic DNA
using the position weight matrix method described previously (13).
Multispecies sequence alignments were obtained for a 200 bp window
centered on each RE1 using the Galaxy web server (7) and then
realigned using ClustalW2 from the EBI web server (http://www.
ebi.ac.uk/Tools/clustalw2/).
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Genomics 41: 269 –274, 2010. First published February 23, 2010;
doi:10.1152/physiolgenomics.00019.2010.—In the neurons of Huntington’s disease (HD) patients, gene regulatory networks are disrupted by aberrant nuclear localization of the master transcriptional
repressor REST. Emerging evidence suggests that, in addition to
protein-coding genes, noncoding RNAs (ncRNAs) may also contribute to neurodegenerative processes. To discover ncRNAs that are
involved in HD, we screened genome-wide data for novel, noncoding
targets of REST. This identified human accelerated region 1 (HAR1),
a rapidly evolving cis-antisense locus that is specifically transcribed in
the nervous system. We show that REST is targeted to the HAR1
locus by specific DNA regulatory motifs, resulting in potent transcriptional repression. Consistent with other REST target genes, HAR1
levels are significantly lower in the striatum of HD patients compared
with unaffected individuals. These data represent further evidence that
noncoding gene expression changes accompany neurodegeneration in
Huntington’s disease.
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samples were prepared by omitting reverse transcriptase enzyme.
cDNA was purified using a PCR purification kit (Qiagen), eluted in
100 l of water.
For the conventional quantitative PCR, we used the touchdown PCR
method: DNA melting at 94°C for 15 s, primers annealing at a starting
temperature of 70°C, polymerase extension at 68°C. The annealing
temperature was decreased by 0.5°C each cycle for 30 cycles until it
reached 55°C. Subsequently, a variable number of cycles was used with
a constant annealing temperature of 55°C (the exact number of cycles
used is indicated below). We prepared 50 l reactions using Accuprime
Taq (Invitrogen) according to manufacturer’s protocol, with 1 l of
cDNA template. PCR product was purified using Microcon columns
(Millipore) and eluted in 20 l of water, 10 l of which was run on 2%
agarose gel. The primer sequences used were: hHAR1F (GGCCTGGAAACCCTCTAAAA, AAACGGGACACACCAGAGTC) (30 cycles), hHAR1R in striatum (CAGGAGGCAGCAGTGTAGACCA, ACGTCTCCTCCGTTTCATGCTC)(22 cycles), hHAR1R in cortex (GCTGCCTCCTGGAACCA, CGGGAGCTTCCGAGTGA)(14 cycles). The
ability of each primer set to amplify the appropriate region was validated by
sequencing.
For quantitative gene expression measurements, Fast Taqman assay
(ABI) was used with the following custom sequences (forward primer,
probe, reverse primer): hHAR1F (AGACCATGTAATTAAGCTGCGTTCT, ACTCTTGCCCTGGCTGC, GGTGCGGGAAGATGTTCAGA),
hHAR1R (GCTGCCTCCTGGAACCA, CCACTCTGCAACCAGC,
CGGGAGCTTCCGAGTGA), mHAR1F (GGCTTTAATTGCAGGCTTACTAGGA, TCCCCGTGTTTCTCG, TTAGGAAGGAGAGAGACCCTCAAG), mHAR1R (GGCACCAGTCACCCATGT, TTCCCCAGGATTTTC, CAGTTTGCATGCAGCTTGAATG). The mHAR1F primers may detect some splice isoforms of mHAR1R, but this did not affect
the interpretation of our data. Taqman probes were used for all HAR1
measurements, except in mouse NPCs where the primers described by
Pollard et al. (23) were used (TGTGGGTGTGTTTGAGTGTG, TGCAGATGCAAGTCTGAACC). Coding gene primer sequences are available upon request. Transcripts were considered to be not detectable
(“N.D.”) if PCR amplification was detected in ⬍50% of replicates. Error
bars represent the standard error of the mean, and statistical significance
was assessed using the unpaired, one-sided Student’s t-test.
Electrophoretic mobility shift assay. Electrophoretic mobility shift
assays (EMSA) were carried out essentially as described in Ref. 12.
Unlabeled 40 bp dsDNA competitor sequences were used to compete for
the binding of recombinant REST DNA-binding domain, against a
labeled strong RE1 sequence. The 40 bp RE1 element probe (GGGTTTCAGCACCATGGACAGCGCCAGAGT), adapted from the rat
Scn2a2 gene RE1, was modified with 5= Cy5 on both strands. Control
RE1 competitor sequences were adapted from the rat Chrm4 gene: a highaffinity RE1, “Ideal” (TCAGCCTCTCTTCAGCACCTCGGACAGCTCCGGACCTCTC), and a mutated version with strongly-reduced affinity,
“Mutant” (TCAGCCTCTCTTCAGCAGGTCCCACAGCTCCGGACCTCTC). HAR1 RE1 competitor sequences were the following: human
(GGAGATGCCGTTCAGAACCTCGGACAGCGCCGCGGCCCAT),
macaque (GGAGAGGCCATTCAGCACCTCGGACAGCGCCACGGCCCAT), dog (TGGGAGGCGGCTCAGCACCTCGGCAGCGGTCCGTGGTCTC), armadillo (AGAGGCACCGTTCAGCACCCTGGAGAGCGGCAGCCAGCTC), mouse (TGATGAAAGAGTCAGCACCTCGGATAGAGCCACAGTGGTC). The probe and competitor were
premixed at 4°C for 1 h, and then a master mix containing the HisMBPtagged REST protein was added. The reaction mixture contained
EMSA buffer (2 mM ␤-mercaptoethanol, 10 mM Tris·HCl pH 8.0,
100 mM KCl, 50 M ZnCl2, 10% Ultrapure Glycerol, 0.1% NP-40,
and 0.1 mg/ml bovine serum albumin), and final concentrations of 0.5
nM probe, 40 nM protein, and various concentrations of unlabeled
competitor RE1 DNA. This mixture was incubated at 4°C for 1 h. The
bound and unbound probes were subsequently separated at 4°C on a
prerun Tris-glycine 12% polyacrylamide gel for 30 min at 200 V. Gels
were scanned immediately using a Typhoon 9140 PhosphorImager.
Densitometry was carried out using ImageQuant 5.2 software (Amwww.physiolgenomics.org
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Cell culture and gene knockdown. HEK293, HeLa, and 3T3 cells
were cultured at 37°C in 5% CO2, in high glucose DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 1%
nonessential amino acids. SiRNA knockdown was carried out as
described in Ref. 14. Subconfluent cells were grown in 24-well plates
and transfected 24 h after seeding with 0.05 nMol of REST Smartpool
siRNA or nontargeting, scrambled siRNA (Dharmacon) using Dharmafect 2 reagent. Cells were harvested 48 h after transfection. To
check the effectiveness of siRNA, we measured the levels of REST
mRNA, as well as that of known target genes such as Celsr3, and
observed decrease/increase respectively.
NS5 cells were grown as described in Ref. 15. The DN:REST
transgene was introduced into the cells by means of an adenovirus (Ad
DN:REST), as described in Ref. 29. Infection efficiency was monitored by green fluorescent protein (GFP) fluorescence from a second
transgene carried by the adenovirus, and control cells were infected
with adenovirus expressing GFP alone (Ad). RNA was harvested from
cells 48 h following infection.
Mouse embryonic neural precursor cells (NPCs) were cultured
according to a standard protocol as described in Ref. 16. Brains of
embryonic day 13.5 embryos were dissected and cultured in nondifferentiating media: DMEM FF12, 5 U/ml penicillin/streptomycin, 1⫻
nonessential amino acids, 1% (vol/vol) B27, 1% (vol/vol) N2, 20
ng/ml EGF, 20 ng/ml bFGF, 5 g/ml heparin. After 3 days of culture,
NPCs were transfected with siRNAs using the Amaxa system, according to manufacturer’s standard nucleofection protocol for mouse
neural stem cells (protocol DPG-1004 vs. 06-2004). Cells were
divided into aliquots of five million cells each. Four aliquots each
were transfected with 50 pMol of siREST (Smartpool, Dharmacon) or
scrambled nontargeting sequence. Following transfection, cells were
cultured for a subsequent 72 h prior to RNA harvesting.
Luciferase reporter assay. We synthesized a 50 bp double-stranded
DNA containing each RE1 and cloned it into the pGL4 reporter
plasmid (Promega) upstream of the constitutive thymidine kinase
promoter driving luciferase expression [a kind gift of David Rodda,
Genome Institute of Singapore (GIS)] (14). Each construct was
verified by sequencing. HEK293 cells were seeded at low density into
24-well plates. The following day cells were at ⬃40% confluence, and
0.5 g of reporter plasmid and 5 ng of the control Renilla-expressing
plasmid, pSV40-Ren, were transfected in each well using Lipofectamine 2000 reagent (Invitrogen) according to manufacturer’s
protocol. Where indicated, we additionally transfected 0.5 g of
control GFP (pAd Track) or dominant-negative REST (pAdEASY
DN:REST) expressing plasmids, by mixing with the reporter plasmids
and transfecting with appropriately greater amounts of lipofection
reagents. All transfection conditions were repeated for three independent cell wells. Forty-eight hours after transfection there was no
evidence of cell death. Cells were treated using the Dual Luciferase
Kit (Promega) according to manufacturer’s protocol. Each biological
replicate was divided and measured as two separate technical replicates in the luminometer. For each luminometer reading, the luciferase intensity was divided by that of renilla. The mean of pairs of
technical replicates was calculated. For each triplicate of biological
replicates mean and standard error were calculated. For each RE1
sequence tested, the fold repression was calculated with reference to
a control plasmid lacking any RE1 sequence.
ChIP. ChIP was carried out according to the protocol described in
Refs. 5, 14 using the Upstate anti-REST antibody (catalog: 07-579).
ChIP enrichments were detected using real-time quantitative PCR
using the following primers: human HAR1 RE1 (CAGAAGCTGGGTTTCATCTG,TTGGGGGATAAAGCACTCTG), mouse HAR1 RE1
(GATGGGGTCTCTTCCCTCTT, GACAGATGGTGTCCCAGTCA),
mouse Erich1 RE1 (ACCAAGGACAGCACCAGAAG, AATGTTCCCTGAAGGCACTG). Data were normalized to non-RE1 containing
loci using the delta-delta Ct method (18).
Reverse transcriptase PCR. Complementary DNA was synthesized
from 0.5 g of total RNA using random primers. Control “No RT”
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ersham Biosciences). For each lane, the fraction of REST-bound
probe was calculated as the total intensity of the bound probe band,
divided by the total combined intensity of bound and unbound probe
bands. We call this measure “fraction bound,” where a value of 1
would indicate no binding, and a value of 0 would indicate
complete binding of all available labeled probe. All RE1 sequences
were tested by running three independent reaction mixes on the
same gel.
RESULTS
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Data).1 This may be due to loss of REST binding sites in the
mouse HAR1 locus, where REST is absent (Supplementary
Data). This is consistent with our recent findings that extensive
evolutionary remodeling of REST targeting has taken place
since divergence of human and mouse (12).
We have previously shown that many REST target genes,
both coding and noncoding, are repressed in HD patients (11,
31). We hypothesized that, as a REST target, HAR1 would be
similarly dysregulated in HD. Both HAR1F and HAR1R could
be detected by RT-PCR in postmortem samples of normal
human striatum and cortex, where neurodegeneration is most
pronounced in HD (Fig. 2A). We investigated RNA differences
between control and HD postmortem samples from two brain
regions: cortex (Brodman area 7/9) and striatum (details of
samples can be found in MATERIALS AND METHODS). While HD is
reflected in molecular changes in multiple subregions of the
brain, the striatum is the most profoundly affected (30). Both
HAR1F and HAR1R transcripts could be detected in these
samples (Fig. 2A). Using the sensitive Taqman assay, we
compared their levels in normal and HD brains. We observed
significantly lower levels of both HAR1F and HAR1R in
striatum of HD patients, but no significant difference in cortex
from Brodman area 7/9 (Fig. 2, B and C). Thus, in common
with protein-coding target genes of REST, the lncRNAs from
the HAR1 locus are downregulated in the brains of HD
patients.
DISCUSSION

Deciphering the programs of gene expression that are
switched on and off in neurons affected by HD offers hope of
developing effective therapies to this common, fatal condition.
By employing bioinformatic and experimental genomic methods to examine gene regulation on a global scale, we have
recently been able to gain new insights into the changes that
take place in diseased brain (10, 11).
In the present study, we have shown that the HAR1 noncoding locus is a direct target of the master neural gene
regulator REST, and this is likely to cause both forward and
reverse HAR1 transcripts to be downregulated in the striatum
of HD patients. This is the first indication that the abundant, but
poorly understood, class of lncRNAs are part of the widespread
transcriptional dysfunction caused by HD. The range and
number of transcripts affected in HD are likely to be much
greater than previously thought: current estimates have lncRNAs outnumbering protein-coding genes by an order of
magnitude (4). While it is possible that many lncRNAs represent nonfunctional transcriptional noise, the growing number
of functionally validated examples would seem to suggest that
lncRNAs represent a rich, undiscovered source of candidates
involved in health and disease of the nervous system (21, 24).
In future, it will be important to apply new genomic technologies - principally gene expression measurement by nextgeneration sequencing [RNASeq (27)] - to discover those that
are affected by HD. Given the emerging roles of neural
lncRNAs in neurodevelopment (3), neurodegeneration (6),
behavior (17), nuclear matrix structure (25), and neuronal
protein-coding gene regulation (24), it is reasonable to expect
1
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To discover new disease pathways in HD, we employed
whole genome chromatin immunoprecipitation sequencing
(ChIP-Seq) data to predict lncRNAs that are targeted by REST
(9). This screen identified the locus, HAR1, a deeply conserved
genomic region consisting of a cis-antisense pair of structured
lncRNAs (HAR1F and HAR1R) (2, 23) located ⬃80 kb from
the neural microRNA, miR-124-3. HAR1 shows evidence of
rapid positive evolutionary selection in recent human evolution
and is specifically transcribed in developing cortical neurons
(23). Genome-wide ChIP-Seq maps predict three regions of
REST binding in the vicinity of human HAR1, two of which
(peaks A and B) can be explained by high-quality RE1 DNA
motifs (Fig. 1A).
We investigated the basis of REST binding to the strongest
RE1 at peak A. This genomic sequence is evolutionarily
conserved in multiple other placental mammals, although not
in rodents: there is no homologous region in mouse, while in
rat the RE1 motif is disrupted by insertions and deletions of
nucleotides. The human RE1 motif was capable of binding
REST with high affinity in competition EMSA (Fig. 1B). In
HEK293 cells expressing high endogenous levels of REST, the
same RE1 motif acted as a potent transcriptional repressor
when cloned upstream of a luciferase reporter gene (Fig. 1C).
Expression of a REST dominant-negative construct (“DN:
REST”) - lacking NH2- and COOH-terminal repressor domains cancelled this repressive activity. The DNA sequence from
orthologous regions of macaque and armadillo genomes also
displayed high affinity for REST and were capable of strong
transcriptional repression in luciferase assays, indicating that
the function of this sequence is deeply conserved in mammals,
like the HAR1 RNA itself (23). Surprisingly, while the dog
RE1 sequence bound REST only slightly better than a mutated
RE1 sequence in EMSA, it was capable of repressing transcription of a reporter gene construct. Using chromatin immunoprecipitation, we found that the human binding site A
recruits REST in both nonneural (HEK293) and neural (U373)
human cell lines (Fig. 1D). Thus REST is specifically recruited
to the HAR1 locus by deeply conserved, high-affinity DNA
motifs.
We next confirmed that recruitment of REST to HAR1
indeed serves to regulate its transcription, since it is possible
that other nearby genes are in fact the true target. REST mRNA
was knocked down by siRNA in both nonneural HEK293 and
neural U373 cell lines (Fig. 1E). Loss of REST resulted in the
induction of HAR1F and HAR1R levels in both, consistent with
their being repressed through genomic recruitment of REST.
Surprisingly, this phenomenon is not conserved in mouse: we
could find no evidence that disruption of REST function
resulted in derepression of HAR1 in mouse (Supplementary
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that additional lncRNAs will be discovered that play a role in
HD and other neurodegenerative disorders.
It is difficult to assess the functional implications of the loss
of HAR1 expression that we observe in HD striatum, since we
currently have little functional or mechanistic information
about this RNA. However, several lines of evidence make it
highly likely that HAR1 does play important roles in the
nervous system: 1) it displays strong and ancient sequence
conservation from human to chicken (23); 2) there is evidence
that this sequence underwent a recent spurt of positive selection since humans/chimpanzee divergence (23); 3) the RNA is
highly structured (2); 4) HAR1 is specifically transcribed
during neural development (23). Its transcriptional regulation
by REST may now be added as further support to this list.
Thus, we may suppose that the loss of as important a molecule
as HAR1 from the brain in HD has important consequences,

which will become clearer once further studies are carried out
on this intriguing molecule.
A surprising aspect of our findings is that repression of
HAR1 by REST is not conserved in mouse. Loss of particular
RE1 motifs in rodents appears to have removed the basis for
REST targeting to the HAR1 locus, where no proximal recruitment of REST can be observed (Supplementary Data). In
support of this, knockdown of REST in three mouse cell lines
failed to provide any evidence for repression of the locus. In
fact, these experiments suggest that REST may activate
HAR1F and HAR1R, likely through an indirect pathway. In
support of these conclusions, a recent genome-wide survey of
evolutionary conservation of REST targeting showed that gain
and loss of REST binding sites have been common during
vertebrate evolution (12). Thus, in addition to rapid sequence
evolution, the HAR1 locus has also experienced dramatic

Fig. 1. Repressor element 1-silencing transcription factor (REST) targets the human accelerated region 1 (HAR1) locus. A: chromatin immunoprecipitation
sequencing (ChIP-Seq) read density is shown in top panel and predicted RE1 motifs are shown as black boxes. The repressor element 1 (RE1) motif of peak A is expanded
and aligned to other species. B: in electrophoretic mobility shift assay (EMSA), recombinant REST DNA binding domain was mixed with a Cy5-labeled idealized
RE1 DNA and electrophoresed, resulting in a protein:DNA complex (“bound probe”). The ability of various species’ RE1 motifs to compete this interaction was
tested. On the left is shown an example EMSA gel, where competitor DNA was at 150 nM (i.e., 300-fold excess of unlabeled competitor over labeled probe);
in the right-hand panel are shown the summarized results of a titration series where competitor DNA concentration was varied. Experiments were performed
in triplicate. The error bars represent standard deviation (right panel). An idealized RE1 motif and mutated RE1 were used as control competitors. See MATERIALS
AND METHODS for further explanation of EMSA quantitation. C: luciferase reporter gene assay was used to measure the effect of RE1 motifs on gene transcription.
HAR1 RE1s were cloned upstream of the constitutive thymidine kinase promoter driving firefly luciferase transcription, and transfected into HEK293 cells. Data
are normalized to a plasmid carrying no RE1. In the case of the empty (non-RE1) plasmid and the human HAR1 RE1 plasmid, specificity was confirmed by
cotransfecting a plasmid expressing a dominant-negative REST construct, which binds to RE1 sites via its DNA binding domain but lacks both NH2- and
COOH-terminal repressor domains (DN), or a control plasmid expressing GFP (⫺). D: ChIP was carried out on the human cell lines indicated, using nonspecific
IgG or anti-REST antibodies. Resultant ChIP DNA was amplified by quantitative PCR, and normalized to a non-REST binding locus. E: cells were transfected
with siRNA targeting REST mRNA, or scrambled siRNA. REST and HAR1 levels were measured using Taqman assay. N.D., transcripts were not detected in
⬎50% of samples. For each sample, 5 independent biological replicates were measured.
Physiol Genomics • VOL
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Fig. 2. Repression of HAR1 transcripts in Huntington’s disease (HD). A: HAR1F and HAR1R were
detected in normal human postmortem brain using
RT-PCR. RT, reverse transcriptase; ⫹lane containing cDNA that has been reverse transcribed in the
presence of RT enzyme. To control for possible
genomic DNA contamination, RNA was mock reverse-transcribed in the absence of RT enzyme, and
run in the lane marked “⫺”. The position of the
arrowhead “⬎” corresponds on the gel to DNA of
500 bp. B, C: HAR1F and HAR1R were quantitated
using Taqman assay in postmortem brain samples
from unaffected (Control) and Huntington’s disease
sufferers (HD). Statistical significance was estimated
using Student’s t-test; **P ⬍ 0.01. Levels were
normalized to the housekeeping gene ACTB. CYPA
and GAPDH are housekeeping genes. CHRM4 is a
known REST target gene (28).

274

REST REGULATES HAR1 IN HUNTINGTON’S DISEASE

regulatory evolution since human and mouse diverged, highlighting the limitations imposed by genomic evolution on the
use of mouse models of human disease.
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