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Huntington’s disease (HD) is a chronic neurodegenerative disorder
characterized by a late clinical onset despite ubiquitous expression
of the mutant Huntingtin gene (HTT) from birth. Transcriptional
dysregulation is a pivotal feature of HD. Yet, the genes that are
altered in the prodromal period and their regulators, which present
opportunities for therapeutic intervention, remain to be elucidated.
Using transcriptional and chromatin profiling, we found aberrant
transcription and changes in histone H3K27acetylation in the stria-
tum of R6/1 mice during the presymptomatic disease stages. Inte-
grating these data, we identified the Elk-1 transcription factor as a
candidate regulator of prodromal changes in HD. Exogenous ex-
pression of Elk-1 exerted beneficial effects in a primary striatal cell
culture model of HD, and adeno-associated virus-mediated Elk-1
overexpression alleviated transcriptional dysregulation in R6/1
mice. Collectively, our work demonstrates that aberrant gene ex-
pression precedes overt disease onset in HD, identifies the Elk-1
transcription factor as a key regulator linked to early epigenetic
and transcriptional changes in HD, and presents evidence for Elk-1
as a target for alleviating molecular pathology in HD.

Huntington’s disease | neurodegeneration | transcriptional dysregulation |
epigenomics | gene therapy

Huntington’s disease (HD), a chronic genetically based neu-
rodegenerative disorder, is most often characterized by

clinical onset in adulthood despite ubiquitous expression of the
mutant Huntingtin gene (HTT) from conception. Among the
most significant efforts to develop a disease-modifying therapy
for HD are efforts to reduce or prevent the production of the
pathological mutant form of the Huntingtin protein. However,
events that cause pathological consequences in HD may already
be in place at the time of therapy (1), and simply stopping the
production of mutant Huntingtin protein may not effectively halt
or eliminate disease progression. Of particular significance are
regulatory changes that cause alterations in transcriptional pro-
grams of importance to neuronal function. In this study, we have
focused on identifying key molecular control elements that are
contributory to pathology in HD and designed strategies to al-
leviate transcriptional dysregulation encountered early in the
course of disease, which may contribute to the development of
effective therapeutic intervention in HD.
Transcriptional dysregulation is a central pathogenic mecha-

nism in HD that is faithfully recapitulated in mouse models of
this neurodegenerative condition. Progressive changes in tran-
scriptional profiles comprising many neuronal genes, such as neu-
rotransmitters, neurotrophins, and their receptors were detected in
experimental models and in HD patients (2–5). In close relation
to transcriptional changes, epigenetic status is also altered in HD
(6, 7). Global as well as gene-specific histone hypoacetylation at the

promoters of the down-regulated genes were shown in various HD
models (8, 9). In previous studies, we found large changes in DNA
methylation and histone H3K4trimethylation in the STHdhQ111/
STHdhQ7 cell line and in the R6/2 mouse model of HD (10, 11).
Collectively, these studies demonstrated aberrant expression of
thousands of genes in cell and animal models of HD at progressed
disease stages, as well as in postmortem brain samples from HD
patients. PET studies show reduced dopaminergic D1 and D2 re-
ceptor signals as soon as a decade before disease onset in HD
patients, indicating that the dysregulation of critical neuronal genes
begins long before the disease symptoms (12). However, many
questions still remain unanswered about the early phases of the
disease, which are most amenable to treatment. What are the
earliest genes whose expression are impaired in the HD brain?
What are the transcriptional and epigenetic regulators affected
during early HD pathogenesis? Could modulating these regulators
delay or prevent onset of symptoms?

Significance

Improved therapeutic intervention for neurodegenerative dis-
eases, particularly early in progression of the disease course, is a
critical need. Huntington’s disease (HD) is a paradigmatic disorder
in this search in which vulnerable individuals can be identified
early. This study focuses on the earliest stages of disease in a
well-characterized animal model system. We identify early ab-
errant transcription and chromatin changes in affected brain re-
gions of HD mice. The study identifies the Elk-1 transcription
factor as a significant regulator of early transcriptional changes in
HD. Enhanced Elk-1 levels exerted beneficial effects in an in vitro
model and resulted in extensive restoration of transcriptional
dysregulation in vivo. These results suggest a target for allevi-
ating pathology in HD and other neuropsychiatric conditions.
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To address these questions, we chose to study the R6/1 trans-
genic mouse model of HD because of its delayed onset of neu-
rological symptoms (i.e., clasping) and mild disease course with a
lifespan of 7 to 9 mo, without striatal cell loss even at terminal
stages of disease (13–16). This progressive and sequential onset of
pathogenic events is suitable for analyses of the early disease
mechanisms in HD. In addition, for cross-validation of our key
findings from the R6/1 line, we used the slowly progressing full-
length Huntingtin model of CHL2 [Hdh(CAG)150] heterozygous
knockin mice as a second mouse model (17). For genome-wide
analyses of the earliest transcriptional and regulatory changes in
the HD brain, we focused on histone H3K27acetylation, which
marks active enhancers and transcription start sites (TSSs) (18).
Coordinated activities at TSSs and distal enhancers dictate regu-
lation of transcription and enhancers play a key role in particular
for tissue-specific gene expression (19, 20).
Here, we report genome-wide changes in gene transcription

accompanied by coordinated epigenetic alterations in the striatum
during presymptomatic disease stages in the R6/1 and CHL2 HD
mouse models. Using chromatin immunoprecipitation followed by
sequencing (ChIP-seq), and by analysis of the DNA sequences that
underlie the altered epigenomic regions, we identified potential
transcription factors whose DNA-binding activities are altered very
early in the striatum of R6/1 and CHL2 mice. In particular, by
direct ChIP-seq, we were able confirm the altered DNA binding
activity of the Elk-1 transcription factor, a member of the ternary
complex factor (TCF) family of erythroblast transformation spe-
cific (ETS)-domain transcription factors (21). Elk-1 shows strong
expression in the central nervous system (22), where it is restricted
to neuronal cells (23). Elk-1 is directly activated, phosphorylated
by the prosurvival mitogen-activated protein kinases (MAPK)/
extracellular-signal regulated kinase (ERK) signaling pathway
(24). In the striatum, Elk-1 is activated by cortico-striatal stimu-
lation and glutamate, and is considered to be a major transcrip-
tional regulator known to be involved in the regulation of neuronal
activity-regulated immediate-early genes (23, 24). Elk-1 was
reported to play a role in reducing excitotoxic cell death in the
quinolinic acid-induced model of striatal damage (25), and more
recently, reduction of Elk-1 levels by small-interfering RNAs was
shown to promote cell death in the STHdhQ111/Q111 cell line
model of HD (26). Given its altered transcriptional activity in HD
mouse striatum, as well as the evidence suggesting a positive role
in an in vitro HD model, we hypothesized that enhancing Elk-1
expression would be beneficial in HD. To test this hypothesis, we
overexpressed Elk-1 in a primary striatal cell culture model of HD,
and found that Elk-1 exerted beneficial effects against changes
associated with HD pathogenesis. In line with this result, adeno-
associated virus (AAV)-mediated delivery of Elk-1 into the stria-
tum of R6/1 mice, administered before the onset of symptoms,
resulted in extensive amelioration of transcriptional dysregulation
characteristic of HD. Altogether, these data reveal Elk-1 tran-
scription factor as a promising therapeutic target in HD.

Results
Transcriptional Dysregulation Precedes Overt Disease Onset in HD
Models and Is Dominated by Loss of Expression of Neuronal Genes.
Transcriptional dysfunction is a pathogenic hallmark in HD. We
and others have previously shown extensive changes in tran-
scription comprising large number of genes at progressed disease
stages in experimental models of HD and in postmortem brain
tissue from HD patients (5, 10, 11). Here, our aim was to detect
the earliest gene-expression changes in the brains of HD mouse
models. For this purpose, we primarily used the well-established
R6/1 mouse model (16) at presymptomatic disease stages, 4- and
8-wk of age, and performed RNA sequencing (RNA-seq) for
genome-wide analysis of transcription in the striatum. Sub-
sequent analysis of the data revealed that 50 genes were differ-
entially expressed in the R6/1 striatum compared to wild-type

littermates as early as 4 wk of age, and of these genes, 26 were
up-regulated and 24 were down-regulated (under a false-discovery
rate [FDR] of 0.05) (Dataset S1). As expected, the number of
dysregulated transcripts further increased at 8 wk of age: Over 687
genes were differentially expressed in the striatum of R6/1 mice,
and an overwhelming majority of these genes (609) were down-
regulated, while fewer genes (78) showed increased expression in
R6/1s compared to wild-types. Gene ontology (GO) analysis of the
down-regulated genes revealed significant enrichments of numer-
ous neuron-specific GO terms, such as synaptic signaling, neurological
system process, and regulation of response to stimulus, indi-
cating overall disruption of neuronal gene-expression programs
early on in the striatum of R6/1 mice (Dataset S2). Key HD genes
that are typically down-regulated across models and HD patients,
such as dopamine receptor subtypes Drd1a and Drd2, adenosine
receptor Adora2a, and many neuronal activity-regulated immediate-
early genes, were among the down-regulated transcripts in the
striatum of R6/1 mice at 8 wk of age. Many of the typically
dysregulated HD genes that are significant at 8 wk of age al-
ready showed a similar trend at 4 wk in the R6/1 striatum, yet
their expression values were below the cutoff threshold to be
called statistically differential at this age. Fig. 1A shows a heatmap
of differentially expressed genes in the striata of the HD mice used
in our study.
To further test whether these transcriptional changes are part

of HD pathogenesis, we performed a second set of RNA-seq ex-
periments in a different mouse model, CHL2 [Hdh(CAG)150], a
heterozygous knockin line that carries the full-lengthHtt gene (17).
The disease progresses more slowly in this model compared to the
R6/1s. Using quantitative RT-PCR, we determined that 1 y of age
was suitable for detecting early transcriptional changes in typical
HD genes in the striatum of CHL2 mice. Subsequent analysis of
the CHL2 RNA-seq data revealed that 324 genes were differen-
tially expressed in the striatum compared to wild-type littermates
at that age (Fig. 1 A and B). Comparison of dysregulated genes in
the striata of 8-wk-old R6/1s and in the 1-y-old-CHL2s showed a
highly significant overlap of 142 genes (P < 3e-128) between the
two models (Fig. 1B). Genes whose disruption are central to HD
pathogenesis, such as Drd2, Drd1a, Adora2a, Penk, and Ppp1r1b, as
well as various neuronal activity regulated immediate-early genes
like Arc and Egr1 were down-regulated in both models. Commonly
down-regulated striatal genes were enriched for GO terms, such as
cell communication, cognition, and signaling, while up-regulated
genes were enriched in nervous system development, cell differ-
entiation, and regulation of membrane potential (Fig. 1C).
To ascertain the concordance of the transcriptional changes

in the HD mice and patients, we compared the differentially
expressed genes in the striata of R6/1 and CHL2 mice with a
previous HD patient study, which analyzed low-grade postmor-
tem HD patient caudate (Vonsattel grades 0 to 2) by microarray
analysis (4, 5). This revealed a significant overlap of the genes
differentially expressed in the striata of the R6/1 and CHL2 mice
with differentially expressed genes in the caudate nuclei of post-
mortem brains from HD patients (161 genes in R6/1 [P < 3e-54]
and 51 genes in CHL2 [P < 1.3e-10]) (SI Appendix, Fig. S1 A and B
and Dataset S3). Altogether, our results confirm that transcrip-
tional dysregulation is a prominent disease feature in HD, and that
the down-regulation of neuronal genes dominates the dysregulated
HD transcriptome during the prodromal disease stage (before
weight loss or appearance of clasping behavior in R6/1 and in
CHL2 mice) (SI Appendix, Fig. S1 C–E).

Histone H3K27acetylation Changes in Coordination with Transcription
in the Striatum of Presymptomatic HD Mice. To understand the
regulation of genes whose expression is altered in the striatum of
HD mice during prodromal disease stages, we examined genome-
wide chromatin changes. Our aim was to measure changes in ac-
tivities in both proximal and distal regulatory sites, which are key
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players for regulation of tissue-specific gene expression, during
early HD. For this purpose, we performed ChIP-seq for histone
H3K27acetylation, which marks active TSSs and enhancers, in the
striatum of R6/1 mice at 8 wk of age when we measured the
highest number of differentially expressed genes by RNA-seq in
our study. Subsequent analysis of the ChIP-seq data confirmed
H3K27acetylation occupancy at TSSs and distal regulatory sites
(SI Appendix, Fig. S2A). To identify genes that show changes in
H3K27acetylation occupancy in HD mouse striatum, we focused
our analysis on a ±10-kb window around each TSS, associating
H3K27acetylation peaks to the nearest TSS within this window.
Analysis of the data in wild-type mice against a nonspecific back-
ground (IgG) showed highest H3K27acetylation signal for genes
(top 1,000 genes by tags) that were enriched for GO terms rele-
vant to brain functions, such as regulation of synaptic plasticity,
regulation of neuron projection development, regulation of gene

expression, and modulation of synaptic transmission, indicating the
active chromatin environment surrounding neuronal genes in the
striatum (Dataset S4). Comparative analysis of the data for overall
changes in H3K27acetylation showed that 118 genes had signifi-
cantly higher and 429 genes had lower H3K27acetylation levels in
the striatum of 8-wk-old R6/1 mice compared to wild-type litter-
mates. Genes with reduced H3K27acetylation in the R6/1 striatum
were associated with GO terms, such as regulation of localization
and response to endogenous stimulus, while the genes with in-
creased H3K27acetylation were enriched for dendrite morpho-
genesis and chromatin organization (Dataset S5).
Integrative analysis of the H3K27acetylation ChIP-seq and

RNA-seq datasets revealed a highly significant overlap between
genes with decreased H3K27acetylation and decreased expres-
sion and between those with increased H3K27acetylation and
increased expression in the striatum of R6/1 mice at 8 wk of age

A B

C

Fig. 1. R6/1 and CHL2 mice models exhibit largely overlapping transcriptional changes during prodromal disease stage of HD. (A) Heat map of differential
gene expression by RNA-seq in the striata of 4- and 8-wk-old R6/1 and 1-y-old CHL2 mice, compared to respective wild-type littermates (n = 3 mice per
genotype). (B) Venn diagram of differentially expressed genes in the striata of 8-wk-old R6/1 and 1-y-old CHL2 mice (significance of overlap assessed by
hypergeometric test). (C) Bar graphs showing GO biological processes enriched in genes that are down-regulated and up-regulated in the striata of both R6/1
and CHL2 mice. See also SI Appendix, Fig. S1.

24842 | www.pnas.org/cgi/doi/10.1073/pnas.1908113116 Yildirim et al.

D
ow

nl
oa

de
d 

at
 M

IT
 L

IB
R

A
R

IE
S

 o
n 

D
ec

em
be

r 
6,

 2
01

9 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908113116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908113116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908113116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908113116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1908113116


(t test P < 1.5e-84 and P < 1.5e-20, respectively) (Fig. 2A),
suggesting a high degree of coordination between the changes of
chromatin and transcription starting from early stages of HD
pathogenesis. We next analyzed our H3K27acetylation ChIP-seq
data for a chromatin pattern that we previously described as
marking the TSSs of neuronal genes that were down-regulated
in the R6/2 strain of HD transgenic mice (11). In line with our
previous findings, we detected 5 predominant patterns, or clas-
ses, of H3K27acetylation that occur in both wild-type and R6/1
mice (Fig. 2B). The class 1 pattern, which has a broad peak of
H3K27acetylation downstream of the TSS in wild-type as well as
in R6/1 mice, captures 47% of genes that were down-regulated
in the striatum of R6/1 mice (Fig. 2C). The remaining 24%,
23%, 1%, and 4% of down-regulated genes were assigned to
H3K27acetylation classes 2, 3, 4, and 5, respectively. Genes in

class 1 were enriched in GO biological processes that are key for
neuronal functions, such as signal transduction, regulation of
nervous system development, regulation of cell communication,
regulation of neurogenesis, neuron differentiation, axon guid-
ance, behavior, and regulation of synaptic plasticity (Dataset S6).
Combined with our previously published results (11), these data
suggest that the neuronal genes down-regulated in HD brain
present a specific H3K4trimethylation and H3K27acetylation
pattern at their TSSs that is directly or indirectly affected by
mutant Huntingtin. Moreover, almost none of the genes down-
regulated in the striatum of R6/1 mice at 8 wk of age were in
H3K27acetylation classes 4 and 5. In contrast to the down-
regulated genes, those that were up-regulated in R6/1 mice did
not show any significant association to a particular H3K27acetylation
TSS profile (SI Appendix, Fig. S2B).

A

B

D

C

Fig. 2. H3K27ac changes coordinately with gene-expression levels, extends into the coding region for genes that are down-regulated in HD, and predicts
transcription factors with altered activity in the 8-wk-old R6/1 striatum. (A) Box-and-whisker plot for 8-wk-old R6/1 striatum show the distributions of log2

fold-change of H3K27ac reads in R6/1 compared to wild-type animals (y axis) in a 2,000-bp window around the primary TSS of up- and down-regulated genes
in R6/1 mice, as measured by RNA-seq. P values were computed using t test (P < 1e-20, up-regulated vs. no change in expression; P < 1e-84, down-regulated vs.
no change in expression). (B) Genes were clustered into 5 groups based on their H3K27ac profiles in the striatum of 8-wk-old wild-type animals. Plots show the
density of sequence reads in window from −2 k to +3 kb of the TSS. The Inset shows the number of genes in each class. Genes in class 1 (blue) show a broad
peak of H3K27ac starting at the TSS and extending into the coding region. (C) Class 1 is enriched in genes that are expressed at lower levels in R6/1. The
numbers of genes with reduced expression expected and observed in each class are shown for 8-wk-old R6/1 striatum. (D) Motif enrichment in genomic
regions with lower H3K27ac in R6/1 mice compared to respective wild-type littermates. See also SI Appendix, Fig. S2 and Dataset S7.
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Histone H3K27acetylation Changes Reveal Transcriptional Regulators
Whose Activities Are Altered in the Striatum of Presymptomatic HD
Mice. To identify transcriptional regulators whose activities may be
most-proximally altered in striatum during HD pathogenesis, we an-
alyzed the DNA sequence of regions with altered H3K27acetylation
in the striatum of 8-wk-old R6/1 mice. To identify the highest-
confidence transcription factor motifs, we used 3 separate methods
for sequence analysis; the first based on motifs derived from
TRANSFAC (27), the second based on overrepresentation of
motifs using THEME (28), and the third method was a regression-
based approach combining the H3K27acetylation and gene-expression
datasets (29). The TRANSFAC-based approach searched for en-
richment of known transcription factor binding motifs in so-called
histone valleys, which have depletion of H3K27acetylation in
the center and H3K27acetylation peaks on either side of the
center, as the center of these chromatin structures could be
accessible for transcriptional regulator binding (11). The other
2 approaches were based on motif enrichments in the vicinity of
the H3K27acetylation peaks.
These analyses revealed a set of common transcriptional reg-

ulator motifs. The top motif associated with regions with lower
H3K27acetylation in the R6/1 striatum at 8 wk of age was re-
pressor element-1 transcription factor (REST)/neuron-restrictive
silencer factor (NRSF)/neuron-restrictive silencer element (NRSE)
(P = 1.26e-05), followed by Elk-1 binding motif (P = 2.08e-03) and
cAMP-responsive element binding protein (CREB) (P = 6.35e-03)
(P values derived from the TRANSFAC-based method) (Fig. 2D
and Dataset S7). Both REST (30) and CREB (31) have been
previously linked to HD. Our regression-based motif analysis
suggested possible regulators linked to H3K27acetylation peaks
in the vicinity of the down-regulated genes in R6/1, such as NF-
κB, and ETS family members, including Elk-1, NEUROD1, and
REST. Notably, some of these motifs, including REST and NF-
κB, were also enriched in the promoters of the genes that were
differentially expressed in the striatum of 4-wk-old R6/1 mice
(Dataset S7), suggesting that their activities may be altered very early
in the HD brain. In addition, in the CHL2 mice, H3K27acetylation
ChIP-seq followed by motif analyses also showed enrichments
for the ETS family, AP-1, and REST/NRSF/NRSEmotifs linked to
lower H3K27acetylation in the striatum of 1-y-old CHL2 mice. On
the other hand, regions associated with higher H3K27acetylation in
the R6/1 and CHL2 striata were associated with motifs, including
members of the transcription factor OCT, ATF, and TCF families
(Dataset S7).

ChIP-Seq Confirms Elk-1 Binding to Genomic Sites with Histone
H3K27acetylation Signal in the Striatum of Presymptomatic HD
Mice. The preceding motif analysis of H3K27acetylation in the
striatum of R6/1 mice at 8 wk of age predicted as the top-ranked
motif the motif of REST, whose role in HD is well established
(30), supporting the quality of our H3K27acetylation data. The
next motif was that of Elk-1, which has been much less studied in
the context of HD. REST is known to act as a transcriptional
repressor, while Elk-1 is an activator. To understand the role of
these two transcription factors in R6/1 mice, we sought to carry
out genome-wide ChIP-seq. Perhaps due to the quality of the
antibodies and the limiting amounts of tissue, initial ChIP-seq
experiments for REST were not successful. In contrast, the Elk-1
experiments were of high quality.
Elk-1 is a master regulator of genes regulated by neuronal

activity and in the striatum, where it is considered a major
transcriptional regulator together with CREB (23, 24, 32). In
our RNA-seq data, Elk-1 was not differentially expressed be-
tween the striata of HD and wild-type animals and, similarly,
Western blotting showed that total cellular Elk-1 protein levels
were not changed between the striata of R6/1 and wild-type
mice at 8 wk of age (SI Appendix, Fig. S3 A and B). We used
ChIP-seq to test whether Elk-1’s binding to DNA is in fact

altered in HD, as predicted by our motif-analysis results.
Analysis of Elk-1 ChIP-seq data showed that the top genes
bound by Elk-1 in wild-type animals were associated with GO
biological processes, including regulation of chromatin orga-
nization, gene expression, RNA metabolic process to cellular
localization, regulation of cell differentiation, and cellular re-
sponse to stimulus (Dataset S8).
Differential analysis of the Elk-1 ChIP-seq data revealed many

sites where Elk-1 binding differed significantly between the R6/1
vs. wild-type striata at 8 wk of age: 1,261 genes showed signifi-
cantly higher and 193 genes showed lower Elk-1 binding in the
R6/1 striatum compared to wild-type littermates (P < 1e-5).
Genes with increased binding in R6/1 were enriched for the G
protein-coupled receptor signaling pathway, signal transduc-
tion, cell differentiation, and regulation of localization, cellular
calcium ion homeostasis GO terms, while genes with reduced
binding in the R6/1 striatum were not significantly enriched for
any particular categories (Fig. 3A and Dataset S9). Importantly,
of 687 differentially expressed genes in our 8-wk-old R6/1 RNA-
seq dataset, 101 were significantly differentially bound by Elk-1
(hypergeometric test P value for the overlap is P < 0.02) (Dataset
S10). Some of these genes were Drd2, Clspn, Adora2a, Mapk4,
and Rasgrp1. Fig. 3B shows genome browser views of example
genes for increased and reduced Elk-1 binding around promoters
of genes in R6/1, Drd2 and Clspn, respectively.
As expected, the Elk-1 motif was top among the enriched

motifs within the Elk-1–bound sites (Dataset S11). However,
when we focused specifically on regions that changed in binding,
we were able to identify additional motifs that may provide in-
sights into combinatorial regulation. Sites with increased Elk-1
binding in R6/1 were enriched for a number of motifs, including
the Pax transcription factor family (P = 2.8e-07). On the other
hand, reduced binding in R6/1 was associated with a distinct set
of motifs, including the Egr transcription factor family DNA
binding motif (P = 1.4e-11) (Dataset S12).
We next analyzed the localization of the Elk-1–bound sites

with respect to TSSs. Notably, 45% of the Elk-1–bound sites in
wild-type mice striatum were promoter regions; however, a ma-
jority of the differential Elk-1–bound sites between the R6/1 and
wild-types were in distal sites (65% of all differential binding) (SI
Appendix, Fig. S3C). Elk-1 binding was present both at the
promoter and distal enhancer sites around c-Fos and Egr-1 genes
(Fig. 3C and SI Appendix, Fig. S3D) and, as illustrated in Fig. 3C,
Elk-1 peaks fell precisely within the so-called histone valleys of
H3K27acetylation regions around the c-Fos gene. In line with
this observation, genome-wide analysis of H3K27acetylation read
distribution around all Elk-1 binding events revealed a precise
valley shape with Elk-1 binding in its center (Fig. 3D). However,
this H3K27acetylation valley profile did not differ in acetylation
levels between the R6/1 and wild-type mice, suggesting that the
differences observed in H3K27acetylation in association with Elk-1
binding were not global but specific changes linked to certain
genes in R6/1 striatum.

Elk-1 Exerts Beneficial Effects Against Mutant Huntingtin-Mediated
Toxicity in a Primary Striatal Culture Model of HD. Reduction of
Elk-1 expression via small-interfering RNAs was previously reported
to exacerbate mutant Huntingtin toxicity in a cell line model
of HD (26). To evaluate Elk-1’s beneficial potential against mu-
tant Huntingtin toxicity, we used primary striatal neurons in cul-
ture expressing human HTT exon 1 encoding 25 (Wt-HTT) or 103
polyglutamine (Mut-HTT) stretch according to the previously
established protocols (33, 34). Spontaneous degeneration and ag-
gregate formation appear as soon as 24 h posttransfection with
mutant HTT when compared to Wt-HTT transfected neurons (Fig.
4A). Because striatal neurons in culture are pure GABAergic, and
hence devoid of spontaneous activity, we designed a mutated ver-
sion of Elk-1 that is constitutively nuclear. It has been previously
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shown that ERK-induced phosphorylation of Elk-1 drives its
nuclear accumulation upon glutamate stimulation. Mutation of
Ser383-Ser389 phosphorylation sites of Elk-1 into Aspartate
constitutively mimics phosphorylation and nuclear expression of
Elk-1 (35). On the other hand, sumoylation of Elk-1 is respon-
sible for its nuclear export (36). We therefore designed and
constructed a double-mutant version of Elk-1 that is constituvely
active for phosphorylation and inactive for sumoylation (3R-
Asp-Elk-1 or Elk-1 mut). Cotransfection of striatal cultures
with Elk-1 wild-type (Elk-1 wt) or its mutated form (Elk-1 mut)
resulted in significant reduction (more than 2-fold for each) in
aggregate formation, as assessed 24 h after transfection of
neurons with the Elk-1 constructs (quantified based on fluorescent-
protein labeling) (Fig. 4 A and B). Neuronal survival was mea-
sured 24 h after transfection and assessed based on DNA la-
beling with Hoechst. It showed a significant enhancement of
survival by the constitutively active Elk-1 mutant expression (Fig.
4 A and C).

AAV-Mediated Elk-1 Overexpression in the Striatum Alleviates
Transcriptional Dysregulation in R6/1 Mice. Given the beneficial
effects of Elk-1 in vitro, we next planned an experiment to test

Elk-1’s therapeutic potential in HD in vivo. Our goal was to
test the hypothesis that overexpression of Elk-1 transcription
factor, delivered during prodromal disease stage, can alleviate
transcriptional dysregulation, a key mechanism of pathogenesis
in HD. For this purpose, we overexpressed the mouse Elk-1
gene in the striatum of R6/1 mice via an AAV-mediated gene-
expression strategy. The AAV2/1 serotype was previously shown
to induce long-term and widespread transduction of the neurons
with no associated toxicity in mouse striatum (37, 38). AAV2/1-
expressing Elk-1, along with internal ribosome entry site-based
bicistronic coexpression of mCherry (Elk-1 AAV) or only the
mCherry reporter (control AAV), were unilaterally delivered into
the mouse dorsal striatum at 5 to 6 wk of age by stereotactic in-
jections performed according to our previously published protocol
(39). After an incubation period of 4 to 5 wk, mice were killed and
brains were collected for analysis of gene expression.
RNA-seq of striatal extracts revealed 514 differentially expressed

genes between R6/1 and wild-type animals treated with control
AAV, 387 of which showed lower expression in the R6/1 striatum
compared to wild-type mice (at log2 fold-change cutoff of 0.5 and
FDR of 0.1) (Fig. 5 A and B). As expected, dysregulated genes in
the R6/1 striatum included key HD-associated genes, such as

A B

C D

Fig. 3. Elk-1 binds to genomic sites with H3K27ac signal, and its binding is altered in the 8-wk-old R6/1 striatum. (A) GO analysis of biological processes associated
with higher Elk-1 binding in R6/1s compared to wild-type mice. (B) University of California, Santa Cruz (UCSC) Genome Browser images representing normalized
Elk-1 ChIP-seq read density from 8-wk-old R6/1 and respective wild-type mice mapped at Drd2 and Claspn example gene loci. Green boxes indicate the Elk-1
occupancy around the TSSs. (C) Tracks from the UCSC Genome Browser displaying normalized Elk-1 and H3K27ac ChIP-seq read density from 8-wk-old R6/1 and
respective wild-type mice mapped at a c-Fos example gene locus for proximal and distal regulatory site binding by Elk-1. Green boxes indicate the Elk-1 occupancy
around the TSSs and distal sites. (D) H3K27ac profile centering on all Elk-1 peaks shows a valley-shaped chromatin pattern. See also SI Appendix, Fig. S3.
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Drd1a, Drd2, Ppp1r1b (encoding the striatal marker DARPP32),
Penk, and Adora2a. Next, analysis of Elk-1 AAV-injected R6/1
striatal transcriptome revealed 89 significantly differentially
expressed genes compared to the control AAV-injected R6/1s
(at log2 fold-change cutoff of 0.5 and FDR of 0.1); among these, 58
genes were also differentially expressed between the R6/1 and
wild-type animals within the control AAV treatment group. Fur-
ther analysis of the datasets, without imposing cutoff criteria on
the data, revealed a much more extensive impact of Elk-1 AAV
treatment on expression of the dysregulated genes in HD. Of

the 387 down-regulated genes in the control AAV-injected R6/1
striatum, expression of 88% were enhanced by Elk-1 AAV treat-
ment of R6/1s, and among these were key genes, such as Drd1a,
Drd2, Ppp1r1b, and Egr1, whose expression showed a shift toward
wild-type levels (Fig. 5A and Dataset S13). Similarly, expression of
78% of the genes up-regulated in the control AAV-injected R6/1
striatum were reduced by the Elk-1 AAV treatment. The effect
of Elk-1 on the up-regulated genes in R6/1 is exemplified by Oxt,
Agt, and Hap1 genes, which have been previously implicated in
HD pathophysiology (40–42) (Fig. 5B and Dataset S13). Taken

A

B C

Fig. 4. Elk-1 exerts beneficial effects in a primary striatal neuron culture model of HD. (A) Representative images of primary mouse striatal neurons
transfected on DIV6 (in vitro day 6 in culture) with cDNAs encoding 25Q-Htt or 103Q-Htt (mCherry red) with or without HA-tagged versions of Elk-1-wt or Elk-
1-mut (3R-Asp-Elk-1) (green). Immunocytochemical detection of MAP2 (grey) and Hoechst (blue) were performed to analyze the neuronal integrity. Note that
103-Htt-expressing neuron shows progressive nuclear localization of aggregates (red), neuritic retraction (grey) and DNA damage (blue). White arrows depict
nuclear morphology of transfected neurons. (Magnification in the images and the Insets: 40×.) (B and C) Quantification of aggregate formation (B) and
neuronal survival based on Hoechst labeling (C) in neurons were performed in transfected cells 24 h after transfection, from 3 independent experiments (100
transfected neurons per experiment) and expressed as mean ± SEM. ANOVA followed by Tukey post-hoc test. ***P < 0.001, 25Q-Htt-expressing neurons vs.
103Q-Htt-expressing neurons; #P < 0.05, 103Q-Htt-expressing neurons vs. 103Q-Htt/Elk-1-Wt or 103Q-Htt/Elk-1-mut-expressing neurons.
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Fig. 5. AAV-mediated Elk-1 overexpression alleviates dysregulation of genes in R6/1 striatum. (A and B) Dot plots showing down-regulated (A) and up-
regulated (B) genes determined by RNA-seq in the striatum of R6/1 mice compared to wild-type littermates within the control AAV treatment group. Each
data point represents log2 of fold-change value (HD fragments per kilobase of transcript per million mapped reads [FPKM]/wild-type FPKM) of a differentially
expressed gene in R6/1 treated with Ctrl AAV (blue data points) and in R6/1 treated with Elk-1 AAV (red data points). Several previously identified HD-
associated genes are labeled. n = 2 to 4 mice per genotype per group. (C) ssGSEA was performed for Elk-1 AAV- and Ctrl AAV-treated R6/1 striatal
transcriptomes using log2 of fold-changes (compared to Ctrl AAV-treated wild-types) in expression of each gene in order to identify enriched gene sets
from the MSigDB. A selection from the most enriched gene sets (FDR < 0.005) in Ctrl AAV-treated R6/1 mice (blue bars) and their enrichment in Elk-1 AAV-
treated R6/1s (red bars) are plotted as bar graphs. Gene sets enriched in up-regulated genes in HD have positive enrichment scores, while those that are
down-regulated in HD have negative enrichment scores. Standard names of the gene sets from the MSigDB are listed on the plot. NES, normalized en-
richment score. (D) Quantitative RT-PCR confirmation of the expression of several key dysregulated genes (Drd1a, Drd2, Egr-1, Arc, Ppp1r1b, Lhx9, Hap1,
Agt, Polr2a, Rbm28, Aqp1) in HD as well as of Elk-1 overexpression by Elk-1-expressing AAV (n = 3 to 5 mice per genotype per group). Data presented as
mean ± SEM. ANOVA with Tukey post hoc test. **P < 0.01, ***P < 0.001. See also SI Appendix, Fig. S4.
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together, Fig. 5 A and B visualize a large effect of Elk-1 AAV
treatment to counter transcriptional dysregulation induced by
mutant Huntingtin expression in the striatum of R6/1 mice.
Next, we explored which pathways were affected by Elk-1

overexpression. Using single-sample gene set enrichment analysis
(ssGSEA) (43, 44) and gene sets from the Molecular Signatures
Database (MSigDB) (45, 46), we analyzed all measured genes
ranked by their fold-changes in expression in control AAV-treated
R6/1 and Elk-1 AAV-treated R6/1 striatal transcriptomes com-
pared to wild-types. This analysis associated a large number of
gene sets with genes with altered expression in R6/1 striatum
compared to wild-type mice within the control AAV-treated group
(FDR < 0.005) (Fig. 5C and Dataset S14). Fig. 5C illustrates a
selection from the most enriched gene sets in control AAV-treated
R6/1 mice and their enrichments in Elk-1 AAV-treated R6/1s. The
results point toward up-regulation of development-related gene
sets, as well as those associated to ribosome and translation in R6/1
striatum compared to wild-types. Importantly, Elk-1 AAV treatment
reduced the positive enrichment scores of the developmental gene
sets while the up-regulation of translation and ribosome gene sets in
R6/1s were not affected by Elk-1 overexpression. Among the nega-
tively enriched gene sets in R6/1 striatum (lower expression in
R6/1 vs. wild-type), notably the expression of gene sets related
to the SNARE complex, vesicle coating, MAPK activity, and
cytochrome c release from mitochondria, which is an initial step
in apoptosis, were shifted toward recovery by Elk-1 overexpression
in R6/1 striatum. In summary, these results indicate a global tran-
scriptomic effect of Elk-1 overexpression that, at least to a certain
extent, repairs the transcriptional effects of mutant Huntingtin gene
expression in R6/1 striatum and promote a role for Elk-1 as an
effective therapeutic target for rescue of aberrant transcriptional
profiles in HD.
We validated the RNA-seq findings by quantitative RT-PCR,

confirming the effect of Elk-1 AAV on expression of several key
dysregulated genes (Drd1a, Drd2, Egr-1, Arc, Ppp1r1b, Lhx9,
Hap1, Agt, Polr2a, Rbm28, Aqp1) in R6/1 striatum, as well as of
Elk-1 overexpression by Elk-1–expressing AAV (Fig. 5D and SI
Appendix, Fig. S4A). Additional qRT-PCR for Iba1 and mCherry
expression showed that the AAVs used in our study did not induce
a change in Iba1 (microglial marker) mRNA expression in mouse
striatum, and confirmed robust gene expression (mCherry) from
the AAVs in the ipsilateral striatum compared to the contralateral
side (SI Appendix, Fig. S4B), as also shown by Western blotting for
Elk-1 protein in the ipsilateral striatum (SI Appendix, Fig. S4C).
Furthermore, in line with previous reports for the AAV2/1 sero-
type (37, 38), fluorescent microscopy demonstrated widespread
transduction of striatum by the AAVs as illustrated by mCherry
protein signal in coronal brain sections along the rostro-caudal axis
of the mouse striatum (SI Appendix, Fig. S4D).

Discussion
An important goal of this study was to identify potential targets
to alleviate transcriptional dysregulation in HD for early thera-
peutic intervention in the course of disease, a treatment approach
that may be utilized effectively alone or in combination with the
strategies, which lower the levels of toxic Htt. To accomplish this
goal, we initially analyzed genome-wide transcriptional and epi-
genetic changes in prodromal stage Huntington’s disease using two
different mouse models, the transgenic R6/1 and the mouse full-
length CHL2 (CAG150) knockin mice. Transcriptional profiling
revealed common dysregulation of many genes in HD striatum
prior to the onset of overt disease symptoms in R6/1 and CHL2
mice and showed a large overlap with transcriptional changes in
caudate nucleus from low-grade postmortem HD patient brains.
Analysis of the epigenetic landscape changes via genome-wide
measurement of histone H3K27acetylation led to identification
of transcription factors likely to be linked to genes with altered
expression during early HD. In particular, direct ChIP-seq for the

Elk-1 transcription factor validated that Elk-1 binding to DNA is
altered in R6/1 striatum as early as at 8 wk of age, suggesting a role
for Elk-1 in transcriptional dysregulation in prodromal HD. In a
primary striatal culture model of HD, enhanced Elk-1 expression
resulted in a decrease in the number of Huntingtin aggregates and
improved neuronal survival promoted by a constitutively active
mutant form of Elk-1. AAV-mediated Elk-1 overexpression in vivo
led to extensive amelioration of transcription of the genes that are
dysregulated in the striatum of R6/1 mice. Given that transcrip-
tional dysregulation is an early and central pathogenic mechanism
in HD, therapies that promote Elk-1 expression and its tran-
scriptional activity may alleviate aspects of HD progression.
Transcriptional dysregulation is a central mechanism in the

cascade of pathogenic events triggered by mutant Huntingtin (3,
10, 11). Here, focusing on prodromal disease stage, we found that
transcription of hundreds of key neuronal genes was altered in HD
mice striatum already before the onset of overt disease symptoms.
To our knowledge, this study presents the earliest transcriptional
profiling data reported so far in any HD mouse model (4-wk-old
R6/1). Comparison of the mice differential expression datasets
with a previous HD patient postmortem caudate microarray data
(up to Vonsattel grade 2) (5) showed a large overlap of dysregu-
lated genes, suggesting that HD mice faithfully recapitulate key
elements of transcriptional dysfunction in human HD and that a
significant portion of the early transcriptional changes persists
throughout the disease progression. Importantly, these concordant
transcriptional changes in postmortem HD patient caudate and in
early-stage HD mouse striatum indicate that these changes reflect
true changes in transcription, and although they can be inflated by
neuronal loss, they are not solely due to neuronal loss, which
becomes predominant in late human HD brain with progressing
disease. In this respect, information gained from early-stage mouse
studies are invaluable for making a distinction between the de-
tected gene-expression changes that are associated to neuronal
dysfunction in the absence of neuronal loss, and it can be critical
for prioritizing the targets for testing in preclinical mouse studies.
In addition, transcriptional changes that are persistent throughout
the disease course may expand the temporal window of their tar-
geting, making them viable therapeutic candidates for different
stages of the disease.
Notably, our transcriptional dataset from 8-wk-old R6/1 mice

was dominated by down-regulation of genes (90% of all differen-
tially expressed genes) and these were enriched for GO terms typical
for neuronal functions, indicating that disruption of neuronal gene-
expression programs predominates the early transcriptional changes
in HD pathogenesis. Supporting this, our histone H3K27acetylation
ChIP-seq data showed a distinctly broad chromatin pattern, which is
present both in wild-type and HD mice, surrounding the promoters
of neuronal genes that are down-regulated in R6/1 striatum. This is
a chromatin pattern we previously described in R6/2 mouse brain, as
well as in HD patient induced pluripotent stem cell-derived medium
spiny neurons (11, 47).
Broad chromatin patterns at regulatory regions and super-

enhancers control the expression of genes that are important for
maintenance of tissue identities, and therefore are strongly
expressed in their respective tissue types (48), such as the expres-
sion of neuron-specific genes in brain. It is therefore conceivable
that perturbations of these chromatin patterns may lead to loss of
control of tissue-specific gene expression and the consequent loss
of tissue identity may be associated to aberrant expression of de-
velopmental genes that are normally not expressed in differenti-
ated cell types. In line with this, our present and previous RNA-seq
datasets showed aberrant expression of genes belonging to various
developmental programs in HD mice brains. Our current and
previous epigenetic findings, revealing a distinct chromatin pattern
around the promoters of neuronal genes that are down-regulated
in the HD brain, points to a neuron-specific regulatory machinery
that is selectively perturbed by mutant Huntingtin expression in
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neurons and that this machinery is not present or important in
nonneuronal cell types. This is an exciting finding for progressing
the understanding of HD pathogenesis in that it uncovers a pos-
sible key mechanism underlying the enhanced vulnerability of
neurons (i.e., regulation of neuron-specific gene-expression pro-
grams) to mutant Huntingtin toxicity. These data also highlight the
role of transcriptional dysregulation as a central disease mecha-
nism in leading to neuronal dysfunction and demise in HD.
Moreover, our current histone acetylation data show that expres-
sion of genes that display other chromatin patterns, which are not
related to neuronal functions, are significantly less affected in the
R6/1 striatum, confirming again the selectivity of mutant Huntingtin
toxicity to expression of neuronal genes in HD.
DNA sequence analysis for known transcription factor DNA-

binding motifs revealed strong enrichments for REST, CREB,
NEUROD1, and Elk-1 transcription factors in connection with
lower H3K27acetylation both in the R6/1 and CHL2 ChIP-seq
datasets. Of particular relevance is the prediction that REST is the
most significantly enriched motif in the regulatory regions with
lower H3K27acetylation signal in HD, as the pathogenic role of
REST in leading to disruption of expression of neuronal genes,
such as Bdnf, is well documented (30). A role for NEUROD1 in
HD pathology was implicated in relation to impaired hippocampal
neurogenesis in HD and targeting NEUROD1 led to a beneficial
outcome, amelioration of cognitive impairment, in R6/2 mice (47,
49). Another transcription factor with strong motif enrichment in
our histone H3K27acetylation data was Elk-1, a master regulator
known in particular for the control of neuronal activity-regulated
immediate-early genes. Elk-1 is a member of the TCF family that is
known to regulate gene expression via the serum response element
DNA consensus site in association with a dimer of serum response
factor (SRF) (24). However, the serum response element motif was
not among the top-ranked motifs in our H3K27acetylation ChIP-
seq data. In line with our finding, a previous study demonstrated
that cooccupancy of promoters by SRF and Elk-1 accounted only
for around 20% of the Elk-1 targets, indicating that Elk-1 can
function more widely in an SRF-independent manner (50).
For triggering Elk-1’s transcriptional activity, its phosphory-

lation at specific residues in response to MAPKs, including ERK,
is a critical event. Of note, the ERK signaling pathway plays a
pivotal role in neuronal plasticity and long-term memory for-
mation, including in response to addictive drugs in the striatum
(51, 52). Elk-1 shows enriched neuronal expression in the stria-
tum (23, 24, 32). Yet, Elk-1’s role in transcriptional dysregulation
in HD has not been studied. Here, by ChIP-seq, we profiled Elk-1
binding throughout the genome and found that its binding to
DNA was increased in the striatum of R6/1 mice at 8 wk of age.
Previous reports showed increased Elk-1 protein expression, as
well as its phosphorylation and nuclear localization in striatum at
late disease stages in R6/1 (at 30 wk of age) and R6/2 mice (at 8
and 12 wk of age) (26, 53). Together with our ChIP-seq data, these
findings may imply a compensatory role for Elk-1’s enhanced
binding activity against ongoing transcriptional dysregulation in
HD. As an example we highlighted Drd2, which displayed en-
hanced Elk-1 occupancy in its 5′ promoter region in R6/1. In
contrast, lower Elk-1 binding can be exemplified by Clspn (Claspin),
a gene related to antiapoptotic functions in neurons (54), which
is down-regulated in our current RNA-seq data from the R6/1
striatum as well as in our previous expression data from R6/2
mice (11). Elk-1 has been implicated in the control of several
genes dysregulated in HD, such as c-Fos, Junb, and Egr1 (53, 55,
56). Moreover, activation of Elk-1 after toxic stimuli was shown
to have a beneficial effect (25), and its inhibition caused apo-
ptosis in neuronal cultures stimulated with nerve growth factor
(57). In the context of HD, inhibition of Elk-1 was shown to
induce cell death in striatal STHdh cell lines (26). Here, we
show that enhanced expression of a constitutively nuclear version
of Elk-1 (i.e., mutated in its phosphorylation sites for MAPK/ERK

and sumoylation sites) (35) reduced aggregate formation and
neuronal apoptosis induced by mutant Huntingtin expression in
primary striatal neurons in culture, promoting a beneficial role for
Elk-1 against HD pathogenesis.
Unlike REST, which is a transcriptional repressor, Elk-1 is a

transcriptional activator. As such, directly activating Elk-1 or its
targets could be of therapeutic benefit. We therefore sought to
map out the transcriptional program of Elk-1 and directly deter-
mine the consequences of enhancing Elk-1 protein levels in vivo.
For this purpose, we performed unilateral stereotactic injections of
Elk-1 AAV or control AAV into the striata of R6/1 and wild-type
mice at a prodromal stage (5 to 6 wk of age). Subsequent RNA-seq
after a month of viral incubation revealed a striking counteracting
effect of Elk-1 AAV treatment on the dysregulated transcripts in
R6/1 striatum since the expression levels of majority of the dif-
ferentially expressed genes in R6/1 mice were shifted toward wild-
type expression levels upon Elk-1 AAV treatment of R6/1s. GSEA
analysis performed on all measured transcripts in our RNA-seq
experiment identified many highly significantly enriched gene sets
whose members collectively showed changes in their expression in
R6/1 striatum compared to wild-type mice. Importantly, of the
many negatively enriched gene sets (lower-expressed in R6/1), Elk-1
AAV treatment exhibited a repair effect on the expression of
genes that are related to the SNARE complex, vesicle coating,
MAPK activity, the ERK and PI3K/Akt pathways, and cyto-
chrome c release from mitochondria, which is a first step in the
cascade of events leading up to apoptotic cell death. In partic-
ular, the latter 3 gene sets, which play key roles in mitophagy and
clearance of unfolded proteins (58), may contribute to Elk-1’s
beneficial effects that we observed in vitro on mutant Huntingtin
aggregation and striatal neuron survival. Among the positively
enriched gene sets (higher-expressed in R6/1), Elk-1 exerted a
normalizing effect especially on those gene sets that are related
to development, such as sensory organ development, pituitary
gland development, appendage development, and embryonic eye
development. Our current and previous findings and reports from
other laboratories showed aberrant expression of nonneuronal
developmental genes as part of disease pathogenesis in HD
(11, 59). In the present study, Elk-1 overexpression directly or
indirectly leads to an overall normalizing net effect on the ex-
pression of these genes and this effect may contribute largely to
Elk-1’s beneficial effects in the HD mouse brain. Interestingly, this
effect appears to be preferential, as Elk-1 overexpression did not
normalize the up-regulation of translation-related genes, which
itself may be an endogenous compensatory mechanism against the
ongoing transcriptional disruption in HD. Our results point toward
a global transcriptomic countereffect of Elk-1 overexpression that
works toward normalization of transcriptional dysregulation in
HD striatum. Collectively, our findings promote a beneficial
compensatory role for Elk-1 against transcriptional dysregulation
in HD. Considering the large overlap of similar transcriptional
changes between the striatum and cerebral cortex in HD both in
mouse and human (4, 5, 11), which include common down-
regulation of neuronal genes and up-regulation of de-
velopmental and translation-related gene programs, Elk-1’s
therapeutic effects can be expected to be widespread, in-
cluding multiple affected brain areas in HD, such as the
cerebral cortex.
Further work using a slower progressing HD mouse model

that matches adult onset human HD better, transduction in ad-
ditional critical brain regions (e.g., cortical areas), intervention
earlier in the time course of pathology, and assessment of also
other key aspects of HD pathogenesis (e.g., formation of mutant
Htt aggregates) may enhance the therapeutic potentials of Elk-1
transcription factor in HD and allow a more comprehensive
evaluation of its therapeutic effects. Nevertheless, we have dem-
onstrated that enhanced Elk-1 levels in the striatum results in
improved molecular features in the R6/1 line of HD. Our results
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suggest that gene therapy for Elk-1 or its specific pharmacological
activation may be a viable approach for targeting transcriptional
dysregulation in HD, and perhaps for other neuropsychiatric
conditions with similar molecular pathology.

Materials and Methods
RNA-Seq. RNA-seq was performed following the Illumina mRNA Sequencing
Sample Preparation Guide (Ilumina, Cat # RS-930-1001) and according to our
previously published protocol (11). Details of the experimental procedures
and data analyses are provided in SI Appendix, Materials and Methods.

ChIP-Seq. Brain tissues were cross-linked with 1% (vol/vol) formaldehyde for
10 min, and the cross-linking was quenched by 0.125 M glycine. The cross-
linked tissue was then homogenized, rinsed with PBS, pelleted, and frozen
in liquid nitrogen. ChIP-seq assays were performed as previously described
(11, 60). Details of the ChIP-seq experiments and their computational anal-
yses are provided in SI Appendix, Materials and Methods.

Generation of AAV.Mouse Elk-1 cDNA along with mCherry cDNA linked to an
internal ribosome entry site fragment were cloned into a recombinant AAV2/1
AAV expression vector containing a CMV promoter (provided by the University
of IowaVector Core, IowaCity). Control vector-expressedmCherrywasunder the
control of the same promoter (AAV2/1-mCherry). Purified viruses were gener-
ated by theUniversity of IowaVector Core. The resulting titers of theAAV2/1-Elk-1

and AAV2/1-mCherry control were determined to be 2.54 ×1,013 and 1.66×1,013
vector genomes (VG) per milliliter, respectively, using quantitative PCR.

Surgical Procedures for Stereotaxic Delivery of AAVs into Mouse Striatum. The
stereotaxic injections were carried out as previously described (39). Stereo-
taxic coordinates (striatum) were 0.9-mm anterior, 1.8-mm lateral, and 3.3-mm
ventral to bregma. Animals were kept at a steady temperature using a
heating pad throughout the operation and fed wet food for the first day
postoperative. Meloxicam was used for preemptive and postoperative anal-
gesia. All animal procedures were performed according to protocols approved
by the Institutional Animal Care and Use Committee at Massachusetts Institute
of Technology (approved animal experiment proposal number; 0212-014-15).

Data Availability. The data reported in this paper have been deposited in the
Gene Expression Omnibus (GEO) database (61).
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