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Neurobiology of Disease

Huntingtin Modulates Transcription, Occupies Gene
Promoters In Vivo, and Binds Directly to DNA in a
Polyglutamine-Dependent Manner
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Transcriptional dysregulation is a central pathogenic mechanism in Huntington’s disease, a fatal neurodegenerative disorder associated
with polyglutamine (polyQ) expansion in the huntingtin (Htt) protein. In this study, we show that mutant Htt alters the normal expression
of specific mRNA species at least partly by disrupting the binding activities of many transcription factors which govern the expression of
the dysregulated mRNA species. Chromatin immunoprecipitation (ChIP) demonstrates Htt occupation of gene promoters in vivo in a
polyQ-dependent manner, and furthermore, ChIP-on-chip and ChIP subcloning reveal that wild-type and mutant Htt exhibit differential
genomic distributions. Exon 1 Htt binds DNA directly in the absence of other proteins and alters DNA conformation. PolyQ expansion
increases Htt-DNA interactions, with binding to recognition elements of transcription factors whose function is altered in HD. Together,
these findings suggest mutant Htt modulates gene expression through abnormal interactions with genomic DNA, altering DNA confor-
mation and transcription factor binding.
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Introduction

Huntington’s disease (HD) is an autosomal dominant, late-onset
neurodegenerative disorder caused by a CAG repeat expansion in
exon 1 of the HD gene, which translates into a polyglutamine
(polyQ) tract in the huntingtin (Htt) protein (The Huntington’s
Disease Collaborative Research Group, 1993). Thus, HD belongs
to a group of neurodegenerative disorders caused by polyQ ex-
pansion, which include spinal and bulbar muscular atrophy
(SBMA), dentatorubral pallidoluysian atrophy, and the spinocer-
ebellar ataxias (SCA) types 1, 2, 3, 6, 7, and 17 (Bates et al., 2002).
HD neuropathology is characterized by generalized brain atro-
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phy, selective neuronal cell death, and the widespread occurrence
of polyQ aggregates (DiFiglia et al., 1997).

Htt cleavage promotes nuclear localization and nucleocyto-
plasmic shuttling motifs have been identified within the Htt pro-
tein, suggesting that Htt can be transported in and out of the
nucleus (Takano and Gusella, 2002; Xia et al., 2003). The first 17
aa of Htt can function as a cytosolic retention signal (Steffan etal.,
2004; Cornett et al., 2005). Whereas some wild-type Htt is nor-
mally localized in the nucleus, polyglutamine-expanded Htt ex-
hibits more nuclear localization than nonexpanded protein
(Dorsman et al., 1999; Kegel et al., 2002). Nuclear-localized ex-
panded polyglutamine protein is highly detrimental in vitro and
in vivo (Klement et al., 1998; Saudou et al., 1998; Jackson et al.,
2003; Schilling et al., 2004; Benn et al., 2005). In transgenic mice,
exclusive nuclear localization of mutant exon 1 Htt in the nucleus
is sufficient for the onset and progression of behavioral pheno-
types, neurodegeneration, and transcriptional dysregulation
(Benn et al., 2005).

Transcriptional dysregulation is a central pathogenic mecha-
nism in HD (Luthi-Carter and Cha, 2003). Human HD and
mouse models of HD demonstrate downregulation of the mRNA
of specific genes (Luthi-Carter et al., 2000; Hodges et al., 2006).
Indeed, comparison of gene expression studies has revealed re-
markable concordance among mouse models and within human
HD brain (Kuhn et al., 2007). Downregulation is not attributable
to post-transcriptional mRNA stability, but rather to decreased
transcription from gene promoters (Hu etal., 2004; McCaw et al.,
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Figure1. mRNA expression profiling reveals gene expression responses to wild-type (WT) or
mutant Htt. Comparison of mRNA expression profiles yields numbers of genes present and
absent in wild-type STHdh”” compared with mutant STHdh"""""" cell lines. 4, Pie chart show-
ing the distribution of the present and absent probes. Probes called present were present or
marginal in at least three of the four replicates, probes called absent were absent in at least
three of four replicates, and probes were called marginal if present and absent in two of the four
replicates. More probes were present in STHdh’""""" and absent/marginal in STHdh™”. B,
Distribution of the binned log, (STHdh""""""/STHdh"”7) from the probes called present in both
cell lines, with a log, ratio >1 or less than —1 and a p value <<0.05. More probes were
downregulated in the STHdh"""""" versus the STHdh””?, but the amplitude of change (i.e., the
difference in expression) was larger for the probes uprequlated in the STHah"""""" versus the
STHdh”” lines. €, A representation of the log,-normalized intensities for each replicate clus-
tered by the log, ratio bins determined from the probes called present in both cell lines, with a
log, ratio >1 or less than —1 and a p value <<0.05, demonstrating the consistency of the
results between the four replicates of each group and the amplitude of the differences between
the two groups. The title of each box identifies which of the homozygote (HOM)/
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2004; Cui et al,, 2006). The polyQ motif occurs in many tran-
scription factors and can function as a transcriptional activation
domain. Interestingly, polyQ repeat expansions in TATA-
binding protein (TBP) and androgen receptor (AR) cause the
disorders SCA17 and SBMA, respectively.

Although mutant Htt disrupts transcription in neurons, the
underlying molecular mechanism is unknown. In this study, we
used mRNA expression profiling to identify genes expressed ex-
clusively in the presence of wild-type or mutant Htt. Addition-
ally, many transcription factor activities were perturbed in re-
sponse to mutant Htt. DNA immunoprecipitation using Htt-
specific antibodies demonstrated an increase in occupancy of
mutant Htt at gene promoters in vivo. Furthermore, we have used
chromatin immunoprecipitation (ChIP) combined with DNA
microarray analyses to identify the genomic binding sites of wild-
type and mutant Htt. Finally, wild-type and mutant Htt bind
directly to DNA in vitro in the absence of other proteins, and
differentially alter DNA conformation. Thus, increased binding
of mutant Htt to DNA modulates DNA conformation and alters
transcription factor function, and ultimately results in transcrip-
tional dysregulation.

Materials and Methods

Transgenic R6/2 mouse striatum. R6/2 transgenic mice and wild-type lit-
termate controls (Mangiarini et al., 1996) were killed, and brains rapidly
removed, striata were dissected and flash-frozen in chilled isopentane
and stored at —80°C until use. The guidelines for animal care and use
were approved by the Massachusetts General Hospital Subcommittee on
Research Animal Care.

Immortalized striatal HD cell lines. Striatal cell lines established from
wild-type (Q7/7) and homozygote mutant (Q111/111) Hdh knock-in
embryonic mice (Trettel et al., 2000) were used in passages 5-16. STHdh
cell lines express full-length murine Htt with either 7 (STHdh””) or 111
(STHAK''/111) glutamines. Cells were kept at 33°C for propagation and
were placed at 39°C for 48 h to stop proliferation.

Postmortem human brain tissue. Postmortem human brain tissue from
HD patients (six cases) and neurologically normal control patients
(seven cases) were kindly provided by the Alzheimer’s Disease Research
Center at Massachusetts General Hospital under the auspices of Partners
HealthCare Human Subjects Committee, as approved by the institu-
tional review board. Postmortem intervals ranged from 13 to 24 h for the
HD cases [corresponding to Vonsattel grade IT (two cases), grade I1I (two
cases), and grade IV (two cases)], and from 10 to 21 h for the control
cases. Unfixed frontal cortex was obtained from each case. Brain samples
were stored at —80°C.

Nuclear extracts. Nuclear proteins were extracted from mouse brain
tissue using a Sigma CellLytic NuCLEAR extraction kit according to the
manufacturer’s instructions (Sigma-Aldrich).

GST fusion proteins. Glutathione S-transferase (GST)-Htt clones
(HD20Q, HD32Q, and HD53Q) were a generous gift from Dr. Erich
Wanker (Max Planck Institute, Berlin, Germany). GST-p53 was gener-
ously supplied by Dr. Joan Steffan (University of California, Irvine, CA),
whereas the GST/cAMP response element-binding protein (CREB)-
binding protein (CBP) fusion proteins 1-5 (1 is 1-450 aa, 2 is 419-1098
aa, 3 1s 1069—-1459 aa, 4 is 1459-1891 aa, and 5 is 1892—2441 aa of CBP)
were kind gifts from Riki Kurokawa from the laboratory of Christopher
Glass (University of California, San Diego, CA) (Kurokawa et al., 1998).
GST fusion proteins were prepared as described previously (Yohrling et
al., 2003). Verification of protein synthesis was performed with SDS-
PAGE and Coomassie blue staining (data not shown).

<«

wild-type binned data are shown from —7 (top left) to +9 (bottom right). The y-axis shows
the magnitude of change for each sample, whereas the x-axis labels identify the wild-type (first
four, left) and homozygote (last four, right) samples for each box. Thus, within each bin, the
traces represent the fold change in wild-type cells to homozygote cells.
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Gene expression profiling analysis. The gene expression data from the
comparison study of STHdh”” and STHdh''/!** cell lines were analyzed
as described previously (Sadri-Vakili et al., 2007) (GenBank accession
number GSE11358).

Transcription factor array. The TranSignal Protein/DNA array kit pro-
files binding activities of up to 345 transcription factors simultaneously
and was used according to the manufacturer’s instructions (Panomics).
Twenty micrograms of nuclear extract or 1 ug of GST protein were
incubated with biotin-labeled DNA probe mix in binding buffer. Un-
bound probes were washed away, leaving protein~-DNA complexes.
Bound DNA probes were recovered from the complex and denatured
before hybridizing to the array membrane. The biotin-labeled probe was
detected with streptavidin-HRP and was chemiluminescently enhanced
before imaging and densitometry with the Alpha Innotech FluorChem
Imager (Alpha Innotech).

Correlating microarray gene expression profiling with transcription fac-
tor binding activity profiles. The gene expression profiling of the STHdh
cell lines generated four lists of genes based on presence/absence and
up/down criteria labeled as follows: (1) absent in STHdh””, present in
STHAKW''"/*1; (2) present in STHdh”’, absent in STHdh''"/''!; (3)
present in both lines, with relative upregulation in STHdh''"/""!; and (4)
present in both lines, with relative downregulation in STHAR' /11T To
identify the relevant networks and pathways and related transcription
factors for these sets of genes, we performed literature mining. The Geno-
matix Bibliosphere was used to mine PubMed abstracts for gene—gene
and gene—transcription factor cocitations between each of the genes from
the filtered lists. The criteria for the cocitation of the genes were as fol-
lows: (1) input genes plus transcription factors, (2) genes cocited with at
least two input genes, (3) genes that are at least cocited two times with one
input gene, and (4) genes restricted to sentences with the order “gene-
function word-gene.” We generated tables and interaction network maps
with all of the mined information. Transcription factors found involved
in the network as a direct interaction with the input genes were compared
with transcription factor binding activity profiles. Common transcrip-
tion factors in both studies were combined.

ChIP assay. The ChIP technique was performed as described previ-
ously (Chen-Plotkin et al., 2006). Antibodies used were S830 (raised
against Htt exon 1 fusion protein; a kind gift from Gillian P. Bates, Kings
College, London, UK), N18 (Santa Cruz Biotechnology), monoclonal
antibody 1 (MADI; recognizes Htt amino acids 1-17; a kind gift from
Marian DiFiglia, Massachusetts General Hospital, Boston, MA),
MAb2166 (raised against amino acids 181-810 of Htt), and MAb2170
(raised against amino acids 1247-1646 of Htt; Millipore Bioscience Re-
search Reagents). Antibodies against RAP30 (catalog #sc-236) and
RAP74 (catalog #sc-235) were obtained from Santa Cruz Biotechnology.
Positive control ChIP was performed with anti-acetylated histone H3
(Millipore), and negative controls included IgG (Jackson ImmunoRe-
search) and no antibody.

DNA quantitation. Immunoprecipitated DNA [from ChIP or DNA
immunoprecipitation (DIP)] was quantitated using the DNA Quantita-
tion System, which detects 10-500 pg/ul DNA (Promega), according to
the manufacturer’s instructions. Briefly, a premix was made with a buffer
solution containing sodium pyrophosphate, nucleoside diphosphate ki-
nase enzyme solution, and T4 DNA polymerase, aliquoted and mixed
with either known DNA quantities (for a standard curve) or experimen-
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tal unknown DNA quantities. The reaction was incubated for 10 min at
37°C, chilled on ice for 10 min before mixing with ENLITEN luciferase
reagent. The light output was immediately measured in a luminometer.

Real-time PCR. Input and IP samples were interrogated with gene-
promoter-specific primers in triplicate reactions (supplemental Table 3,
available at www.jneurosci.org as supplemental material) in real-time
PCR analysis as described previously (Chen-Plotkin et al., 2006). Thresh-
old amplification cycle numbers using iCycler software were used to
calculate IP DNA quantities as percentages of corresponding inputs.

Ligation-mediated PCR amplification of ChIP products. We used a
ligation-mediated PCR (LM-PCR) procedure to amplify the very small
amounts of immunoprecipitated DNA recovered through ChIP, and for
subsequent ChIP-on-chip or ChIP-subcloning experiments. LM-PCR
was performed as described previously (Lee et al., 2006).

ChIP-on-chip. ChIP-on-chip was performed as described (Boyer et al.,
2006; Lee et al., 2006), in collaboration with Agilent Technologies.
Briefly, LM-PCR-amplified DNA was labeled and purified using Invitro-
gen Bioprime random primer labeling kits. Labeled DNA [immunoen-
riched DNA labeled with cyanine 5 (Cy5), input DNA labeled with Cy3]
was combined (5 ug each of immunoenriched and input DNA) and
cohybridized to mouse proximal promoter arrays (Whitehead format
13275 and 13276, with 4-5 60-mer oligonucleotide probes for 17,917
annotated transcription start sites) in Agilent hybridization chambers at
20 rpm for 40 h at 65°C. Arrays were washed and scanned on an Agilent
scanner. The scanned image was analyzed using Feature Extraction soft-
ware. Background and noise were removed from the data and the quality
control generated by feature extraction was monitored. Fluorescent in-
tensities of Cy5/Cy3 for each individual feature on the array represent the
binding events of the amplified ChIP product enabling identification of
Htt binding sites.

ChIP-on-chip data normalization and analysis. Preprocessed data were
normalized and analyzed using the ChIP Analytics software version 1.2.
Replicates were analyzed together within the software (intra-array Low-
ess intensity-dependent normalization), and the results were averaged
using the replicate support extended error model proposed by the soft-
ware. Results of the combined analyses were used to generate reports of
text files for the probes, segments, and gene-level results, University of
California, Santa Cruz (UCSC) track files, Ensembl distributed anno-
tated system files, and quality control reports.

Identifying Htt-enriched regions at known gene locations. We selected
probes with a weighted average log, ratio (IP/input) >1 or less than —1
with a p value <0.01 for the STHdh”” and STHdh''!/!! cell lines, iden-
tified the genes with at least 1 probe significantly enriched, and pulled
down the results for all of the probes for each of these genes. Results were
mapped on the chromosomes using the UCSC Genome Browser as cus-
tom tracks. Binding ratios for both cell lines were compared at each probe
and gene location. To determine the amplitude of difference between
Htt binding in the two cell lines, we calculated the log, ratio of the
STHdh''"/''!/STHAh”"” binding ratios.

Comparing Htt-promoter binding and gene expression data. We ana-
lyzed gene expression profiling data for genes identified through the
ChIP-on-chip analysis. Probes that were absent (Affymetrix absent/pres-
ence call) in either STHdh”” or STHdh'!"/1!! lines were removed as well
as probes with no difference between the two lines [log,(STHdh!!/111]
STHAKW"”) <0.3 or more than —0.3]. Data from the remaining probes

Figure 2.

Mutant Htt alters the binding of many transcription factors. Densitometric analyses of transcription factor binding activity are scatter plotted, with each point representing the

correlation of the binding activity of each transcription factor in two different conditions. Dashed line indicates the predicted correlation if there is no difference in binding activities between the two
conditions, whereas the solid line indicates the actual correlation. 4, Transcription factor binding activities are increased in the homozygote STHdh"""""" compared with STHdh”” cells (measured
by film densitometry). B, C, The progressive increase in binding of many transcription factors at 12 weeks in the R6/2 transgenic mouse striatum (B) is evident at the presymptomatic age of 4 weeks
(€). D, Increased transcription factor activity does not have straightforward effects on gene expression profiles (Table 1), but correlates well with gene expression changes. Interaction networks from
cocitation literature mining generated by the Bibliosphere Pathway view (Genomatix) display the relationship of transcription factors (white boxes), mRNA expression levels (blue boxes), and
expression pathways (yellow boxes). The green lines represent a binding site for the relevant transcription factor on the gene promoter. Shown are part of the interaction networks for JunB
(highlighted in red), demonstrating different interactions in STHdh”” and STHdh"""" cell lines. JunB exerts two types of gene expression effects (top, mRNA absent in STHdh”” and present in
STHh"""/""" cells; bottom section shows part of an interaction network for mRNA present in both cell lines but downregulated in STHdh'""""" homozygotes). Full interaction networks generated
by the Bibliosphere Pathway view (Genomatix) for each of the four lists of genes are shown in supplemental Figure 1 (available at www.jneurosci.org as supplemental material). JAK, Janus kinase;
Fmod, fibromodulin; NFAT, nuclear factor of activated T-cells; STAT, signal transducer and activator of transcription.
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Table 1. Increased transcription factor activities correlate with gene expression profiles
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Number of genes
Goup TF Binding activity  Absent STHdh™7, Present STHdh""""""  Present STHdh™”7, Absent STHdh'""/"""  Downregulated in STHdh""""""  Upregulated in STHdh"""/"""
1 + + + +
Creb1 42 10 7 9 7
Egr1 1.2 9 4 12 13
Esr1 12.2 9 6 8 5
Ets1 1.4 6 4 7 4
Fos 235 15 10 13 14
Jun 241 28 13 24 29
Nfkb1 1.5 37 n 19 35
Myb 13 5 2 4 4
Myc 2.8 12 15 15 14
Pparg 293 17 8 13 7
Rara 2.8 7 3 3 7
Smad3 1.3 4 7 8 9
Smad4 1.3 4 2 7 5
Sp1 2.8 14 12 17 9
Stat3 29 10 5 n 8
2 + +
JunB 241 6 5
Hnfda 7.8 3 4
Nfatcl  19.5 1 3
Ppara 293 7 n
Stat6 3.7 5 4
3 + + +
Crebbp 4.2 7 7 5
Stat1 1.7 15 8 12
Irf1 3.9 12 4 6
StatSa 3.4 6 6 6
4 +
Vdr 1.4 5
Esr2 12.2 4
Pou2f1 2.9 6
Rarb 2.8 5
5 + + +
E2f1 48 7 7 5
Mycn 2.8 4 10 3
6 + +
StatSh 3.4 3 2
Gata2 442 1 3
7 +
Hsf1 3.6 3
Gatal  44.2 4
8 Pgr 31 5 4 4
Srf 2.96 3 5
Tp 42 3 5
Gata4 442 3 4
Gata3 442 4

The Bibliosphere application was used to coanalyze the microarray and transcription factor (TF) array data to yield information about gene transcription factor relations and, hence, gene expression regulators. Using this information, we have
grouped TFs according to the type of expression effect they have (first column). -+, Type of gene expression effect present, shown along each row defining the group. Shown is the transcription factor binding activity in STHdh cell lines in
the Panomics array (calculated as a ratio of binding activity, or spot intensity in STHdh'""""" vs STHdh™” cell lines) (third column), and the number of gene changes in each of four groups (fourth through seventh columns). As an example,
group 2 contains the transcription factors involved in regulating two groups of genes: the group of genes that are not expressed (absent) in wild-type STHdh™” cell lines but expressed (present) in the homozygate STHdh™""/""" cell lines, and
the group of genes that are downregulated in STHdh"""""" cell lines (compared with levels in STHdh”” cell lines). Transcription factors in this group do not have any other type of gene expression effects, although some of the genes are
regulated by other transcription factors. So, within group 2, JunB regulates six genes that are absent in STHdh”” and presentin STHdh"”"""", and five genes that are downregulated in STHdh'""/"""_ Similarly, genes that are regulated by
JunB can be regulated by other transcription factors, both in the same group and those in other groups. Specifically, one of the downregulated genesin STHdh"""/""" celllines, Tgfb 1 s regulated by JunB, but also regulated by the transcription
factors Creb1 (group 1), Stat6 (group 2), and Pgr (group 8), among others. However, within gene expression patterns, each gene is uniquely assigned to a type of gene expression (i.e., i it is downregulated in STHdh"""""", then it cannot
belong to the group of genes that are upregulated in STHdh"""/"""); thus, each factor that is known to regulate a gene is correlated with the same type of expression effect. Crebbp, CREB binding protein; Pparg, peroxisome proliferator
activated receptor gamma; Pgr, progesterone receptor; Rara, retinoic acid receptor A; Rarb, retinoic acid receptor B; Thp, TATA-box binding protein; Srf, serum response factor; Vdr, Vitamin D receptor.

from the gene expression study and from the binding study were com-
bined as a comparison of the log, ratios (STHdh'!/!1!/STHAK") from
the gene expression analysis compared with the binding ratios.

ChIP subcloning. To isolate transcription factor targets in an unbiased
manner, ChIP subcloning was performed using a modified method (Nel-
son et al., 2006). ChIP was performed as described with MAb2170 except
that two sequential immunoprecipitations were performed. Annealed,

phosphorylated oligonucleotides were ligated to the blunt-ended puri-
fied Htt ChIP product and amplified by PCR for 20 cycles of amplifica-
tion as described by Nelson et al. (2006). DNA from the ligation-
mediated PCR amplification of the Htt-ChIP product was cloned into
pBluescript, transformed into XL1 Blue (MRF’; Stratagene) Escherichia
coli, and positive clones were identified through blue/white colony selec-
tion. Initial analysis of bacterial clones was performed by picking each
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Figure3. Htt-gene-promoter occupancy is modulated by polyQ repeat length. A, DNA quan-

titation of ChIP using different Htt antibodies in wild-type brain and cell lines. MAb2166 (open
bars) and MAb2170 (filled bars) compared with IgG or no antibody (hatched bars) shows that
significant amounts of DNA are pulled down. Error bars indicate SEM (n = 3—4). B, ChiP with
the MAb2170 Htt antibody in R6/2 mouse brain reveals nonselective increases in Htt-promoter
occupancy in transgenic mice (filled bars) compared with wild-type mice (open bars), including
those for genes whose expression is unchanged [Actb (3-actin) and Grin7 (NMDA receptor NR1
subunit)], and those for genes downregulated in HD [Drd2 (dopamine D2 receptor), Penk1
(preproenkephalin), CnrT (cannabinoid receptor 1), and Bdnf (brain derived neurotrophic fac-
tor), which is not expressed in striatal neurons]. Hatched bars represent negative control con-
ditions. Error bars indicate SEM (n = 2—4).

individual white bacterial colony into 200 ul of double-distilled H,O and
vigorously vortexing. This preparation was used as a template in a PCR
with Promega buffer, 2.5 mm MgCl,, 200 um dNTPs, 10 ng/ul M13
forward and reverse primers, and 0.5 U/ul Taq polymerase (Promega).
Cycling conditions were 90 s at 94°C; 35 times 30 s at 94°C, 30 s at 55°C,
and 90 s at 72°C; and 10 min at 72°C. Clones with an insert larger than 180
bp were miniprepped (Qiagen) and submitted for sequencing at the
Massachusetts General Hospital DNA core using the M13 forward
primer.

DIP. DNA immunoprecipitation is essentially a modified GST-
pulldown technique. Equal amounts (5 ug) of each GST protein (on
Sepharose beads) were incubated overnight with agitation at 4°C with 5
g of DNA template in freshly made GST binding buffer (20 mwm Tris pH
7.5, 150 mm NaCl, 0.1 mm EDTA, 1 mm dithiothreitol, 0.3% tert-
octylphenoxy poly(oxyethlene)ethanol, and 20% glycerol). DNA tem-
plates include genomic DNA restriction digested to completion with
Sau3Al or short double-stranded DNA molecules such as electrophoretic
mobility shift assay probes (made from annealed oligonucleotides). Sam-
ples were cross-linked under UV light for 3 min before washing three
times in 1 ml of GST binding buffer, and resuspended in 50 ul of PBS
containing protease inhibitors.

Micrococcal nuclease assay coupled with Southern blotting. Micrococcal
nuclease (MNase) digestion was performed as described by Carey and
Swale (2000), except that ~10° cells were used. It was not possible to
measure genomic DNA amounts before MNase digestion because of its
high-molecular-weight state. After MNase digestion (0.5-50 U/ml),
DNA was visualized via agarose gel electrophoresis. Southern blotting
was performed as described previously (Mangiarini et al., 1996) except
that probes were generated by PCR amplification and confirmed by se-
quencing of the relevant gene promoter from genomic DNA before ra-
diolabeling (for primer information, see supplemental Table 3, available
at www.jneurosci.org as supplemental material).
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Conformation-dependent fluorescent quenching of YOYO-1/DNA com-
plexes. pMDRI1-luc, a kind gift from Eric Stanbridge (University of Cali-
fornia, Irvine CA), and pWWP1-luc, generously given by Bert Vogelstein
(Johns Hopkins, Baltimore, MD), plasmid DNA were mixed at a ratio of
50 bp of double-stranded plasmid DNA to 1 dye molecule at a final
concentration of 200 nm of YOYO-1 dye (Invitrogen). The DNA-
YOYO-1 complex was incubated in a buffer containing a final concen-
tration of 100 mm NaCl and 20 mm HEPES at pH 7.4 at room tempera-
ture for 5 h in the dark. As a control, poly-L-lysine (Sigma) was added to
a final concentration of 0.0045%, which corresponds to an approximate
ratio of two poly-L-lysine molecules to one phosphate on the DNA back-
bone. GST fusion proteins were added (0.5 um) to the DNA-YOYO-1
complex and incubated for up to 120 min. Steady-state florescent mea-
surements were performed on a Wallac Victor 1420 Multilabel Counter
(PerkinElmer). The excitation wavelength was 485 nm and the emission
was collected at 535 nm.

Results

Genes whose expression is dependent on the presence of wild-
type or mutant Htt

Specific gene expression changes occur in the presence of mu-
tant Htt in human HD patient brains, as well as in multiple cell
and mouse models of HD (Luthi-Carter et al., 2000; Sipione et
al., 2002; Sugars et al., 2004; Hodges et al., 2006). Htt can
modulate reporter gene transcription in a polyglutamine-
dependent manner (Steffan et al., 2000; Kegel et al., 2002;
Yohrling et al., 2003; Obrietan and Hoyt, 2004). Furthermore,
the presence of mutant Htt fragments restricted to the nucleus
in vivo is sufficient to induce transcriptional dysregulation
(Schilling et al., 2004; Benn et al., 2005). However, the extent
to which exclusive expression of wild-type or mutant Htt can
modulate gene expression is not clear. We therefore per-
formed microarray gene expression profiling on immortalized
striatal cell lines expressing only wild-type Htt (STHdh””), or
homozygous for mutant Htt (STHAW! /1) (Trettel et al.,
2000). The exclusive presence of wild-type or mutant Htt con-
fers a transcriptional phenotype, with distinct effects on gene
expression profiles (Fig. 1). We hypothesized that the most
profound effect on gene expression would be presence versus
absence of a mRNA species in one line compared with the
other, and therefore generated lists of genes whose expression
is dependent on or inhibited by either wild-type and mutant
Htt (Fig. 1) (Sadri-Vakili et al., 2007). More genes were ex-
pressed exclusively in the presence of mutant Htt (2098
probes) compared with the number of genes expressed in the
presence of only wild-type Htt (1382 probes). We also inter-
rogated mRNA species that were present (14233 probes) or
absent (23424 probes) in both STHdh””and STHdh''/'"! cell
lines. For those mRNA species present in both cell lines, we
determined whether the expression was upregulated or down-
regulated by mutant Htt. Genes expressed in both cell lines
were more likely to be downregulated in the presence of mu-
tant Htt (1105 probes, 85% of which had a p value <0.01)
compared with genes that are upregulated in the presence of
mutant Htt (964 probes, 79% of which had a p value <0.01).
Therefore, we have identified four clusters of mRNA expres-
sion changes in response to the exclusive presence of wild-type
or mutant Htt: (1) absent with wild-type Htt and present with
mutant Htt, (2) present with wild-type Htt and absent with
mutant Htt, (3) present in both wild-type and mutant but
upregulated by mutant Htt, and (4) present in both wild-type
and mutant but downregulated by mutant Htt. Of these, the
two most prevalent are clusters 1 and 4.



10726 - J. Neurosci., October 15,2008 - 28(42):10720-10733

PolyQ expansion of Htt modulates
binding of many transcription factors
The control of gene expression depends on
the function of transcription factors. Htt
interacts directly with many transcription
factors, and for some of these factors, the
interaction is altered with polyglutamine
expansion (Holbert et al., 2001; Dunah et
al., 2002; Kegel et al., 2002; Li et al., 2002;
Yohrling et al., 2003; Zuccato et al., 2003;
Zhai et al., 2005). However, other than the
few transcription factors studied in HD,
we do not know the effect of mutant Htt
on transcription factor binding activities.
We therefore interrogated transcription
factor binding activity using an unbiased
transcription factor array in the full-length
knock-in STHdh cell lines. There was an
overall increase in transcription factor
binding activities in STHdh''"/'!* com-
pared with STHdR"” cells (Fig. 2A).

For this finding to be relevant for HD
pathogenesis, it needs to be confirmed in a
separate model. R6/2 transgenic mice ex-
press only exon 1 of the human HD gene
(Mangiarini et al., 1996). We therefore in-
terrogated transcription factor binding ac-
tivities at 12 weeks of age in wild-type and
transgenic R6/2 mouse striatum. We ob-
served an overall increase in transcription
factor binding activity in 12-week-old
R6/2 transgenic mice (Fig. 2B). The in-
creased binding activities are an early
event in R6/2 pathogenesis, as profiling of
transcription factor activity at 4 weeks of
age revealed the same trend toward in-
creased activities at this presymptomatic
time point (Fig. 2C). For some transcrip-
tion factors, altered binding activity was
further confirmed by electromobility shift
assay (data not shown). Thus, mutant Htt
increases the binding activities of many
transcription factors, in multiple HD
models.

We next sought to determine the rela-
tionship between increased transcription
factor binding and gene expression abnor-
malities in the STHdh cell lines (Fig. 2D,
Table 1, supplemental Fig. 1, available at
www.jneurosci.org as supplemental mate-
rial). To a large extent, altered transcrip-
tion factor activity accounted for the dif-
ferences in mRNA expression profiles. We
found that there were groups of transcrip-

tion factors with distinct gene expression effects, with the largest
group of transcription factors potentially influencing all four
types of gene expression changes (present in one cell line but
absent in the other, or upregulated or downregulated in the ho-
mozygote cell lines) (Table 1). Other groups of transcription fac-
tors correlated with one, two, or three types of gene expression
changes. Thus, increased transcription factor binding in vitro
does not have unitary effects on gene expression, such as exclu-

sive downregulation of specific genes.
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Figure 4.  Genomic binding sites of wild-type and mutant Htt. A—C, Representative examples of binding events for more

wild-type Htt (open circles) bound genes [S/c8aT (solute carrier family 8, member 1), Sox77 (SRY-box containing gene 11), Rpn1
(ribophorin 1)] (4), more mutant Htt (filled squares) bound genes (TIr8 [Toll-like receptor 8], Pcoln3 [procollagen (type IlI)
N-endopeptidase], Jam3 [junction adhesion molecule 3]) (B), and genes showing no difference between wild-type and mutant
Htt [Actb (cytoplasmic B-actin), Foxo6 (forkhead box 06), Abca2 (ATP-binding cassette, subfamily A, member 2)] (C). For A-C,
binding ratios ( y-axis) are plotted against chromosomal location (x-axis) for STHdh”” (open circles) and STHdh""""" (filled
squares), although the precise chromosomal location on the x-axis is omitted for simplicity. D, Genes on chromosome 2 for which
significant binding events have been identified include those bound more by wild-type Htt (open bars), and those with increased
binding by mutant Htt (filled bars). Shown are relative binding levels for each probe and the ratio of mutant/wild-type Htt binding
(y-axis), plotted as a function of chromosomal probe localization (x-axis), with the genes indicated (top). E, Genes bound in
STHdh”” (419) and STHdh™""/""" (338) cell lines show little overlap (62), suggesting that wild-type and mutant Htt may have
distinct targets. F, ChIP subcloning analysis using control and HD patient brain as a source material shows that the majority of
clones bind within intronic or intergenic regions as opposed to proximal promoters.

Huntingtin occupies gene promoters in vivo

The transcriptional machinery is clearly perturbed in HD, with
altered mRNA gene expression profiles, abnormal transcription
factor function, and altered occupancies of transcription factors
at specific gene promoters in the presence of mutant Htt (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material) (Kegel et al., 2002; Zuccato et al., 2003; Hu et al., 2004;
Zhai et al., 2005; Chen-Plotkin et al., 2006; Cui et al., 2006).
However, the mechanism by which mutant Htt alters the pres-
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tor)]. Immunoprecipitation with the
MAb2170 antibody, which immunostains
the nucleus (Kegel et al., 2002), showed
increased Htt-promoter occupancy in

R6/2 transgenic mouse brains, regardless
of the gene that was interrogated (Fig. 3C).
The MAb2170 antibody does not recog-
nize the exon 1 transprotein, suggesting an
increased occupancy of the endogenous
wild-type protein in the presence of the
mutant transprotein. These data demon-

strate that Htt is present at gene promoters
in vivo. ChIP experiments with MAb2170
in STHdh cell lines and with S830 antibody
in R6/2 mouse brains further confirmed
an association of Htt with gene promoters,
but failed to reveal clear differences in Htt
association between wild-type and trans-
genic conditions that correlated with gene
expression changes (data not shown). The
. possibility that Htt is present in transcrip-
tional complexes in vivo is bolstered by the
finding that addition of Htt antibodies su-
pershifts several protein/probe complexes in
an electromobility shift assay, indicating that
Htt can assemble into transcriptional

complexes in vitro (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material).
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Figure 5.  No correlation between ChIP-on-chip data and mRNA expression profiling. A, ChIP-on-chip binding ratios (dashed

line) for STHdh™” (open bars) and STHdh""""" (filled bars) do not show a straightforward correlation with mRNA expression level
changes (solid line) on a gene-by-gene basis: shown are representative combined data from ChlP-on-chip and gene expression
studies for significant genes on chromosomes 14, 15, and 16. B, ChIP-on-chip binding ratios (open triangles, ranked in order) and
gene expression profiles (crosses) show no correlation at a global level. Also plotted are STHdh™” (open circles) and STHah™""""!

(filled squares) binding ratios.

ence of transcription factors at specific gene promoters is not
clear. A simple possibility is that mutant Htt directly occupies
gene promoters, interfering with normal transcription factor ac-
cess. To determine whether Htt is present at gene promoters in
vivo, we used ChIP assays.

DNA quantitation confirmed that Htt antibodies immuno-
precipitate significantly more DNA than IgG or the no-antibody
mock control (Fig. 3A). The DNA pull-down was not attributable
to an antibody artifact, because we consistently observed the
same result with different antibodies to Htt (Fig. 3A) (data not
shown). Either equivalent amounts or more DNA was pulled
down in HD conditions compared with control conditions in
cells and mouse models (Fig. 3B). Anti-Htt antibodies consis-
tently immunoprecipitated DNA from human brain samples, al-
though there was no difference in overall amounts of DNA im-
munoprecipitated between HD and control cortex (data not
shown). We used the ChIP-Htt-immunoenriched DNA from
wild-type and R6/2 striatum as a template in real-time PCR with
gene-specific primers to determine the association of wild-type
and mutant Htt with gene promoters. We surveyed genes whose
expression is unaffected in HD (Actb, Grinl), genes that are
downregulated in HD (Drd2, Cnrl, Penkl), and a gene that is not
expressed in striatal cells [Bdnf (brain derived neurotrophic fac-

Wild-type and mutant Htt have

different genomic binding sites

Chromatin immunoprecipitation with an-
tibodies against Htt shows that wild-type
and mutant Htt differentially occupy gene
promoters, with mutant Htt present to
greater extents at all gene promoters
tested. A limitation of interrogating ChIP-
immunoenriched DNA with gene-specific
primers is that only a small number of
genes can be interrogated. A broader and more unbiased ap-
proach is to survey the genome for all Htt binding sites. To de-
termine the genomic targets of wild-type and mutant Htt, we
used a ChIP-on-chip approach, hybridizing ChIP products to
high-resolution genomic DNA microarrays probing proximal
promoter regions. We used the full-length STHdh”” and
STHAR' /! cell lines, facilitating equivalent wild-type and mu-
tant Htt pull-down in ChIP with MAb2170. Analysis of Htt ChIP
product binding at the individual gene level revealed that the level
and pattern of binding to each probe is similar between the
STHAKW'” and STHdR'""""*! cell lines, with relatively few probes
showing significantly different binding patterns (Fig. 4A-C). Htt
was significantly immunoenriched at 419 (2.3%) of the promoter
regions for known protein-coding genes in the wild-type
(STHAR") cell line (Fig. 4A), and at 338 (1.9%) of promoter regions
in the homozygote (STHdh''"/*'") cell lines (Fig. 4 B). This percent-
age of promoters bound is in the same range of magnitude as tran-
scripts with altered expression as assessed by microarray analysis,
typically 2—4% of transcripts (Luthi-Carter et al., 2000). Of the genes
that were bound, only 62 genes (0.3%) were bound by Htt in both
wild-type and homozygote cell lines, suggesting that the majority of
gene targets of wild-type and mutant Htt may be distinct (Fig. 4 D, E,
supplemental Table 1, available at www.jneurosci.org as supplemen-
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tal material). We used sequence information A
from the probes most significantly bound by
wild-type and mutant Htt using the binding-

site estimation suite of tools (BEST) (Che et

al.,, 2005) to determine whether a sequence-
specific preference existed in this paradigm.
BEST analyses failed to reveal any distinct
sequence preferences by either wild-type or
mutant Htt (data not shown).

Although ChIP-on-chip analysis yields
insight into the binding of Htt at gene
proximal promoters, many transcription
factor binding sites are not limited to the B
proximal promoter region of a gene (Nel-
son et al., 2006). To determine whether
Htt binds genomic regions other than
proximal promoters, we also used a ChIP
subcloning approach. We performed ChIP
with Htt antibody MAb2170 on human
HD patient brains and normal controls,
and subcloned and sequenced the Htt-
immunoenriched DNA. Sixty percent of
clones from the HD patient brains, but p
only 40% of clones from control patient
brains, were successfully and significantly
aligned with a genomic region. Of the
clones that were aligned, the majority were
localized to intronic regions, followed by in-
tergenic regions (Fig. 4 F, supplemental Ta-
ble 2, available at www.jneurosci.org as sup-
plemental material). More than one-third of IR
clones from both control and HD sequences
contained repetitive elements such as micro-
satellites that aligned to multiple genomic
loci. Other clones did not significantly align
with defined genomic regions and were thus
unidentifiable. These results suggest that Htt
binding sites are not limited to proximal
promoters, but also include intronic or in-
tergenic regions. More clones from the con-
trol source material were unidentifiable,
whereas clones derived from HD patient
brains appeared to derive from an interac-
tion with DNA (Fig. 4F).

We identified genes whose expression
is modulated differentially according to
the polyglutamine repeat length in Hitt,
and additionally have identified some
genes bound by wild-type and mutant Htt.
To determine whether wild-type and mu-
tant Htt binding events correlated with expression of nearby
genes, we interrogated STHdh™” and STHdh''"*'! microarray
expression profiles (Fig. 1) (Sadri-Vakili et al., 2007) for genes with
significant ChIP-on-chip binding events for wild-type and mutant
Htt, and filtered the genes on the basis of whether they were ex-
pressed in the cell lines. We found no correlation between Hitt
ChIP-on-chip binding events and mRNA expression profiles at
either a gene-by-gene level, or at a global level (Fig. 5).
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Figure 6.

Exon 1 huntingtin binds directly to DNA in the absence of
other proteins

ChIP-based experiments demonstrate that Htt is present at
genomic loci, but these experiments cannot discriminate be-
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Exon 1 Htt binds nonspecifically to DNA directly in the absence of other proteins in a polyQ-dependent manner. 4,
Validation of the DIP technique with known DNA interactors [DNA-binding domains of (BP (GST-CBP4, GST-CBP1), GST-p53] and
proteins known not to interact with DNA [GST-only, non-DNA-binding domains of (BP (GST-CBP2, GST-CBP5)]. Exon 1 Htt proteins
bind significant amounts of genomic DNA, with expanded repeats (GST-HD32Q and GST-HD53Q) typically binding equivalent or
more DNA than wild type (HD20Q). Error bars are SEM (n = 4). B, Exon 1 Htt proteins bind a p53 consensus sequence, as does the
nonspecific DNA-binding domain of GST-CBP4. €, Exon 1 Htt proteins interfere with GST-p53 DNA binding. The dashed line
indicates the predicted amount of genomic DNA binding (estimated by adding the level of binding of GST-p53 and the exon 1 Htt
protein species). D, DNA binding by GST fusion proteins on a transcription factor array shows appropriate binding by GST-p53 to its
recognition element (boxed area) in addition to some ectopic binding, some of which is explained through GST-only. The GST-
HD20Q binding pattern resembles that GST-p53; however, the polyQ repeat expansion in GST-HD53Q potentiates DNA binding.
Binding levels were not normalized, because we assayed the presence/absence of binding only. E, Comparing GST—protein
binding ratios (HD53Q/GST-HD20Q) with transcription factor activity in cell lines (STHdh"""""/STHdh”7) shows that transcription
factor recognition elements with more binding in HD conditions are those bound by pure mutant exon 1 Htt in vitro (Table 2).

tween direct binding of Htt to DNA and indirect binding via an
interacting protein. To determine whether Htt can bind DNA
directly, we have established and validated a DIP technique using
positive controls (known DNA-binding proteins) and negative
controls (proteins known not to interact with DNA) (Fig. 6A).
We found that GST-exon 1 Htt fusion proteins interact with
genomic DNA at significant levels. We then asked the question of
whether it was possible to assess sequence specificity for DNA
binding using double-stranded DNA fragments or plasmids con-
taining transcription factor consensus sequences (Fig. 6 B) (data
not shown). Interestingly, GST-exon 1 Htt fusion proteins were
able to interact with the p53 consensus sequence by this tech-
nique (Fig. 6 B). Furthermore, when GST-exon 1 Htt fusion pro-
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Table 2. GST fusion protein binding to transcription factor recognition sequences
Transcription Factor ~ GSTonly ~ GST-p53  GST-HD20Q ~ GST-HD53Q  53Q/20Qratio  111/111to 7/7 ratio

AP-1(1) (Jun) + 5.1 5.9
AP-2(2) (Jun) ++ ++ ++++ 19 26
Brn-3 + 8.9 2.0
Cebp ++ 211

Cebpz + + ++ 1.9 6.2
Cutl 216
¢-Myb ++ +++ +++ 1.2 58
AP-1(2) (Jun) + ++ 1.6 53
Creb + + ++ ++++ 3.7 39
E2f1 + ++ +++ ++++ 1.6 3.9
Egr1 ++++ ++++ ++++ ++++ 1.0 1.5
ERE +++ 10.7 5.5
Ets ++ 55 7.1
Etv4 ++ 75 1.6
GAS/ISRE 29
AP-2(2) (Jun) ++ ++ +++ 1.2 1.1
GATA 0.9 2.9
GRE ++ 36.9 24
Hnf4 + + ++ 30.2 0.7
Irf1 2.7
Mef1 + ++++ 4.0 3.0
Mef2 38
Myc-Max + ++ 3.9 3.4
NF-1 + 4.5 15
Nfatc 4.6
Yy1 ++ +4++ 2.5 1.7
Nfe2 + ++++ 13.7 14
NF-x B ++++ 30.1 1.7
Oct-1 + 38 3.0
p53 ++ ++ ++++ 1.7 1.2
Pax-5 + ++ 15.0 1.1
Pbx1 + 46 14
Pit1 8.6
PPAR 0.5
PRE ++ 313 12
RAR(DR-5) + +++ 6.3 1.2
RXR(DR-1) + 53 1.1
SIE + +4++ 45 15
Smad SBE 18
Smad 3/4 + ++ 3.7 1.2
Spl ++ ++ ++++ 3.0 3.7
Stat1 ++ 5.7 1.7
Stat3 ++ 6.5 13
Stat4 + ++ 3.8 1.2
Stat5 0.9
Stat6 0.6
THID + 1.2 21
TR + ++ +++ 3.5 6.8
TR(DR-4) +++ 43 1.7
Usf1 ++ + ++ 3.0 1.5
VDR (DR-3) + ++ 22 15
HSE 42
MRE ++ +4++ 18 13

Shown is the level of binding to a given transcription factor recognition sequence for each GST protein. The ratio of binding for GST-HD53Q/GST-HD20Q was
calculated to compare with the ratio of binding of these transcription factors in STHdh cell lines. +, Some binding; + +, binding; + + =+, some binding at
1:10 dilution; ++ + =+, binding at 1:10 dilution. ERE, Estrogen response element; GRE, glucocorticoid response element; HSE, heat shock element; ISRE,
interferon-stimulated response element; MRE, MEF2 response element; NF-« B, nuclear factor « B; PPAR, peroxisome proliferator-activated receptor; RAR,
retinoic acid receptor; RXR, retinoid X receptor; SIE, sis-inducible element; TFIID, mouse and human TATA-factors; USF-1, upstream stimulatory factor 1; VDR,
vitamin D receptor. Ets1, E26 avian leukemia oncogene 1; GATA, GATA binding protein 1 (globin transcription factor 1); GAS, interferon--y activation factor
(GAF) binding site; CBF, CCAAT/enhancer binding protein zeta; CDP, Cut-like 1; C/EBP, CCAAT/enhancer binding protein; EGR, early growth response 1; TR,
thyroid hormone receptor; Smad SBE, MAD homologue 1 binding element; MRE, myocyte enhancing factor 2 response element; SIE, serum inducing element.
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In an attempt to determine DNA-
binding sequences for Htt, we incubated
GST-Htt with labeled probes consisting of
known DNA consensus sequences and hy-
bridized the bound probes to a transcrip-
tion factor array (Fig. 6D). As expected,
GST-p53 bound to the p53 consensus se-
quence in addition to some ectopic bind-
ing, possibly because of the excess of pure
protein. GST alone bound to some se-
quences, which were excluded from addi-
tional analysis. Both wild-type and mutant
exon 1 Htt proteins bound to the same
motifs as GST-p53, but binding was not
limited to these motifs. Expanded polyQ
repeat protein binds more DNA sequences
than wild-type protein, including response
elements for transcription factors whose
activity is modulated by Htt such as p53
and the thyroid hormone receptor (Steffan
etal., 2000; Yohrling et al., 2003). Interest-
ingly, the transcription factor recognition
elements that are bound by mutant Htt are
remarkably similar to the transcription
factors with increased activity in HD mod-
els (Fig. 6 E, Table 2).

Htt alters DNA conformation

ChIP-based and direct-DNA interaction
assays suggest that there is no sequence-
specific basis for the Htt—-DNA interaction.
Mutant exon 1 Htt can differentially mod-
ulate DNA structure in vitro, as suggested
by DNase footprinting assays (data not
shown). To further assess whether DNA
structure is affected by mutant Htt in vivo,
we performed micrococcal nuclease assays
on extracts prepared from STHdh”” and
STHAW'"'*/M! cell lines (Fig. 7A). Titrating
the micrococcal nuclease enzyme on
equivalent amounts of cell extract lead to
differential patterns of digestion, with
more digestion occurring in the mutant
111/111 cell lines compared with the 7/7
cell lines for a given amount of enzyme,
suggesting a more open DNA structure
that is more accessible to the digesting en-
zyme. To further confirm that DNA struc-
ture is altered around gene promoters, we
performed Southern hybridization with
various gene-specific probes. We observed
radiolabeled probe hybridization to both
high- and low-molecular-weight species of
DNA in the MNase-treated 7/7 cells, but
only to low-molecular-weight DNA spe-
cies in MNase-treated 111/111 cells, con-
sistent with the notion that the mutant
111/111 cell lines comprise a more open

teins and GST-p53 fusion proteins were incubated together, ~ DNA structure that is more accessible to digestion by MNase
DNA binding was inhibited rather than potentiated, suggesting  (Fig. 7B) (data not shown).

competition for binding sites (Fig. 6C). Thus, exon 1 Htt can bind To test the hypothesis that wild-type and mutant Htt alter
DNA directly in vitro, in a manner that potentially interferes with ~ DNA conformation directly, we chose to use a DNA condensa-
the activities of other transcription factors. tion assay to measure the direct effect of Htt protein on DNA
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structure. YOYO-1, a dimeric oxazole yellow cyanine dye that
asymmetrically bis-intercalates into the DNA strand, has been
used to assess changes in DNA structure (Rye et al., 1992; Wong
etal., 2001; Krishnamoorthy et al., 2002, 2003). Validation of this
assay with a known DNA-condensing agent (poly-L-lysine)
(Wong et al., 2001) confirmed quenching of the YOYO-1 fluo-
rescent signal (Fig. 7C). In contrast, addition of GST fusion pro-
teins increases the YOYO-1 fluorescent signal, which is suggestive
of a more open DNA conformation. We observed more fluores-
cence after addition of GST-p53 than GST-only as expected. (Fig.
7C). Furthermore, addition of the mutant Htt protein GST-
HD53Q induces more fluorescence than the wild-type GST-
HD20Q (Fig. 7C). This raises the possibility that direct Htt bind-
ing can modulate genomic DNA structure.

Discussion

We set out to identify the molecular mechanism underlying
huntingtin-mediated transcriptional dysregulation in HD. We
have identified genes whose expression is modulated differen-
tially according to the polyglutamine repeat length in Htt. More-
over, mutant Htt modulates the binding activities of many tran-
scription factors, which in part induces the aberrant mRNA
expression profiles. In addition, Htt-ChIP product analyses by
gene-specific PCR shows Htt occupation of gene promoters in
vivo. Htt ChIP analyses were extended to ChIP-on-chip and ChIP
subcloning, thus enabling us to identify genomic regions bound
by wild-type and mutant Htt in an unbiased manner. We found
distinct localization patterns of wild-type and mutant Htt at
proximal promoter regions within the genome. Furthermore,
proximal promoter Htt binding sites may represent a subset of
total Htt binding sites, because the majority of Htt binding sites
appear to be within intronic and intergenic regions. Additionally,
exon 1 Htt binds directly to multiple DNA sequences, and bind-
ing is enhanced with longer polyQ repeat lengths. Interestingly,
transcription factors whose recognition elements are bound di-
rectly by Htt have altered binding activity in HD conditions.
Finally, exon 1 Htt binding directly alters DNA conformation in
vitro. The data presented in this manuscript, together with previ-
ous observations that nuclear mutant Htt fragments are sufficient
for transcriptional dysregulation in vivo (Benn et al., 2005), suggest a
model whereby mutant Htt interacts directly with DNA, altering
DNA conformation and transcription factor binding, and thus
ultimately leads to transcriptional dysregulation (Fig. 8).

Microarray gene expression profiling reveals selective mRNA
alterations in the STHdh''""'! compared with STHdh™” cell
lines. The mRNA expression profile does not appear to match
that of global transcriptional suppression (Hoshino et al., 2006),
suggesting that the molecular basis of mutant-Htt-mediated
transcriptional dysregulation is more selective. Although the pat-
tern of mRNA alterations did not correlate with published gene
expression profiles from mouse models and human HD patient
brain, gene ontology analyses suggest that the differences are at-
tributable to profiling cell lines as opposed to intact brain tissues
(Sadri-Vakili et al., 2007).

Transcriptional regulation requires an extensive network of
proteins, with many proteins functioning at several levels and the
integration of multiple signaling pathways. Htt is implicated in a
wide range of cellular functions including synaptic transmission,
signal transduction and normal development (Bates et al., 2002;
Woda et al., 2005). Furthermore, Htt interacts with a number of
transcription factors, including but not limited to NCoR (nuclear
receptor corepressor), p53, CREB, TBP, CtBP (C-terminal bind-
ing protein), Sp1 and its coactivator TAFII130, as well as proteins
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Figure 7.  Mutant Htt may contribute to a more open DNA conformation. A, Micrococcal

nuclease assay on STHdh”” and STHdh"""" cell lines show more digestion in the mutant Htt
cell lines than the wild-type cell lines, which suggests a more open conformation of DNA,
facilitating access of the enzyme. Triangles represent amounts of titrated MNase enzyme (from
2.5t0 12.5 units). Also shown s control genomic DNA from STHah"""""" cell lines with 0 units of
MNase enzyme. L is the AHindIll DNA ladder. B, Southern hybridization of a cathepsin H (Ctsh)-
specific probe to the MNase-digested chromosomal DNA revealed the presence of high-
molecular-weight fragments in the STHdh”” cell lines only, with levels of radiolabeled probe
binding to high-molecular-weight fragment much higher than levels of high-molecular-weight
DNA in the native gel. In contrast, the Ctsh probe hybridized only to low-molecular-weight
fragments in the homozygote STHdh"""""" cell lines, suggesting a more open chromatin con-
formation accessible to digestion by MNase. Probes specific for other genes have demonstrated
asimilar pattern (data not shown). , Exon 1 Htt exerts distinct polyQ-dependent effects on DNA
conformation, as assayed by DNA-YOYO-1 fluorescence. Addition of 0.5 rum GST fusion proteins
increases the YOYO-1 fluorescent signal, which corresponds to a more open DNA conformation.
We observed more fluorescence with addition of GST-p53 than GST-only, as expected. Further-
more, addition of the mutant Htt protein GST-HD53Q induces more fluorescence than the wild-
type GST-HD20Q. Quenching of the fluorescence by poly-L-lysine, a DNA condensing agent,
confirms the assay. Data shown in C are a representative experiment from four independent
trials. Error bars indicate SEM.

identified through their interaction with Htt such as the DNA-
binding protein p231 HYPB (Huntingtin yeast partner B), re-
cently identified as a histone methyltransferase (Steffan et al.,
2000; Holbert et al., 2001; Rega et al., 2001; Dunah et al., 2002;
Kegel et al., 2002; Li et al., 2002; Yohrling et al., 2003; Sun et al.,
2005; Zhai et al., 2005). We confirm that wild-type and mutant



Benn et al. e Huntingtin—DNA binding

WT Htt

Direct
Htt-DNA binding

Altered DNA
conformation

Altered transcription
factor (TF) binding

Gene expression
changes

L T

Mutant Htt

J. Neurosci., October 15,2008 - 28(42):10720-10733 + 10731

the STHdR'''/''" compared with the
STHAKW" cell lines, and the dysregulated
genes are governed by the transcription
factors with altered activities. The sphere
of effects for transcription factors is larger
than expected, with many transcription
factors correlating with varying effects on
gene expression. The recognition elements
bound directly by mutant exon 1 Htt and
those transcription factors with increased
binding activities are similar, suggesting
that mutant Htt may block the access of
these transcription factors to gene pro-
moters. In this context, the observation
that mutant Htt may alter DNA conforma-
tion is significant, as transcription factor
access to DNA is dependent on the struc-
tural properties of DNA (Roeder, 2005).
Indeed, given the larger number of tran-
scription factors with altered activity, al-
tered transcription factor binding as a con-
sequence of direct Htt binding to DNA is a
more parsimonious explanation than the
less likely scenario in which Htt interacts
with each transcription factor in individ-
ual protein—protein interaction.

We observed that both wild-type and
mutant Htt occupy gene promoters in
vivo, regardless of whether these genes
have altered expression in HD. In addi-
tion, the ChIP data demonstrates the pres-
ence of Htt at genomic loci in vivo. Cui et
al. (2006) showed increased occupancy of
mutant Htt at two gene promoters in a
knock-in mouse model of HD, but did not
interrogate genes whose expression was
not dysregulated. Surveying genome-wide
Htt binding in an unbiased manner un-
masked Htt binding at proximal promoter
regions within the mouse genome for
wild-type and mutant knock-in Htt cell
lines. Binding levels of wild-type or mu-

PETEIE <  T—

Figure 8.

ations, as suggested by histone modification profiles (Sadri-Vakili et al., 2007).

Htt affect transcription factor binding activity, with increased
binding of many transcription factors in mutant conditions at an
early time point. These in vitro data support the hypothesis that
transcriptional dysregulation does not arise simply from deple-
tion of transcription factors in Htt inclusions (Yu et al., 2002).
Indeed, we have previously found that the presence of inclusions
has no effect on the levels of specific mRNA molecules in neurons
(Sadri-Vakili et al., 2006). Together, mutant Htt does not merely
reduce transcription factor levels, implicating a more direct role
for mutant Htt in transcriptional dysregulation.

Many transcription factors had increased binding activity in

Schematic of wild-type (WT) and mutant Htt mediated effects on genomic DNA. Nuclear-localized mutant Htt
facilitates direct Htt—DNA binding, which in turn leads to altered DNA conformation and altered transcription factor (TF) binding,
ultimately resulting in gene expression dysregulation. Altered DNA conformation could be reflected in chromatin structure alter-

tant Htt were remarkably similar at many
genomic loci, with a few distinct regions
for which only wild-type or only mutant
Htt were bound, thus suggesting a poten-
tial role for wild-type Htt in the nucleus.
However, quality-control data (gene-
specific amplication after LM-PCR ampli-
fication) indicate that there may be com-
pression of gene enrichment by LM-PCR,
which suggests that we did not observe a
full representation of Htt~-DNA binding events in the ChIP-on-
chip experiments. Furthermore, ChIP-on-chip using current
technology is biased toward surveying proximal promoter re-
gions. Genomic Htt—-DNA binding sites identified through ChIP
subcloning were predominantly localized to intronic or inter-
genic regions, which would be consistent with a widely distrib-
uted localization of Htt within the genome. Indeed, given that the
majority of Htt binding sites do not reside within proximal pro-
moter regions, attempting to correlate the ChIP-on-chip data
with expression profiling data may not reveal the full picture of
Htt-induced transcriptional events. Furthermore, restricting
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ChIP analyses to proximal promoter regions is a partial represen-
tation of all Htt binding sites. Given that the presence of wild-type
and mutant Htt directly perturbs gene expression as assayed by
reporter construct assays (Steffan et al., 2000; Yohrling et al.,
2003; Cui et al., 2006), more investigation is clearly required to
understand the precise nature of the role of Htt in transcriptional
regulation.

Htt does not appear to function as a typical transcription fac-
tor because we have been unable to identify a DNA consensus
sequence, although the transcription factor arrays suggest that
exon 1 Htt does not bind indiscriminately to every DNA consen-
sus sequence. Although exon 1 Htt appears to be required for
DNA binding, it remains possible that other domains within Htt
may confer specificity, as evidenced by the distinct binding pat-
terns of wild-type and mutant Htt at proximal promoter regions.
An alternative possibility is that specificity may be bestowed
through protein—protein interactions, a mechanism suggested by
recent studies on other polyglutamine repeat disorders (Fried-
man et al., 2007; Goold et al., 2007; Lim et al., 2008). Yet another
possibility is that the apparent lack of DNA sequence specificity
exhibited by exon 1 Htt may implicate a role at a structural,
higher-order level of chromatin organization. This would be con-
sistent with data showing clusters of deregulated transcripts at a
genomic level, supporting a hypothesis of a genome-wide mech-
anism of disrupted transcription (Anderson et al., 2008). Inter-
estingly, Htt has been shown to interact tightly with the genomic
matrix (Kegel et al., 2002).

The striking finding that exon 1 Htt binds directly to DNA and
alters DNA conformation in a polyQ-dependent manner in the
absence of other proteins at least in vitro points to a novel and,
thus far, unknown function of Htt. Increased DNA binding by
mutant Htt in itself is intriguing, given that many transcription
factors possess a polyQ repeat domain, and the transactivation
properties are altered with polyQ repeat expansion or abolition
(Callewaert et al., 2003; Chen et al., 2004; Miyashita et al., 2005).
Htt may thus belong to a growing number of polyQ repeat disease
proteins with a transcriptional function. Of particular interest is
the TATA-binding protein, TBP, a general transcription factor
and a core component of the transcriptional initiation complex.
PolyQ expansion of TBP leads to SCA17, and although the un-
derlying molecular mechanism is unknown, this disorder high-
lights the paradox of how mutation of a general and heavily in-
volved transcription factor can lead to a late-onset neurological
disorder affecting only specific neurons (Riley and Orr, 2006).

Together, we propose a molecular mechanism whereby mu-
tant Htt perturbs normal transcriptional regulation: enhanced
genomic DNA binding by mutant Htt alters the DNA conforma-
tion and subsequent binding of transcription factors, thus dis-
rupting the normal control of mRNA expression at an early time
point in HD pathogenesis (Fig. 8). This mechanism suggests that
pharmacological modulation of aberrant Htt—-DNA binding
could be a novel, relevant, and potentially effective therapeutic
target in HD.
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