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(Background: HIPPI, along with its molecular partner HIP1, can regulate transcription of the caspase-1 gene.
Results: HIPPI binds to the promoter of REST and increases its expression in neuronal and non-neuronal cells and in a

Conclusion: HIPPI is a novel transcription regulator of REST.
Significance: This study provides a novel mechanistic interpretation of HD pathogenesis through HIPPI-mediated transcrip-
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Earlier we have shown that the proapoptotic protein HIPPI
(huntingtin interacting protein 1 (HIP1) protein interactor)
along with its molecular partner HIP1 could regulate transcrip-
tion of the caspase-1 gene. Here we report that RE1-silencing
transcription factor/neuron-restrictive silencer factor (REST/
NRSF) is a new transcriptional target of HIPPI. HIPPI could
bind to the promoter of REST and increased its expression in
neuronal as well as non-neuronal cells. Such activation of REST
down-regulated expression of REST target genes, such as brain-
derived neurotrophic factor (BDNF) or proenkephalin (PENK).
The ability of HIPPI to activate REST gene transcription was
dependent on HIP1, the nuclear transporter of HIPPI. Using a
Huntington disease cell model, we have demonstrated that fee-
ble interaction of HIP1 with mutant huntingtin protein resulted
in increased nuclear accumulation of HIPPI and HIP1, leading
to higher occupancy of HIPPI at the REST promoter, triggering
its transcriptional activation and consequent repression of
REST target genes. This novel transcription regulatory mecha-
nism of REST by HIPPI may contribute to the deregulation of
transcription observed in the cell model of Huntington disease.

Huntington disease is an autosomal dominant progressive
neurodegenerative disorder of the central nervous system
(CNS) characterized by uncontrolled movement, psychiatric
abnormalities, and cognitive deficits (1). The molecular basis of
the disease lies in the expansion of CAG repeats in the first exon
of the huntingtin gene (HT'T) (2). The mutated protein contains
an abnormally long polyglutamine (poly(Q)) stretch at the N
terminus, which is highly self-associative and forms intracellu-
lar aggregates (3, 4). Mutant HTT aggregates as well as the
soluble form of the protein are believed to be toxic and dereg-
ulate various cellular processes and ultimately induce death of
the striatal neurons possibly by apoptosis (5, 6).
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The exact mechanism by which mutant HT'T gives rise to the
pathogenic condition is not clearly known. The dominant pat-
tern of inheritance of the disease suggests a toxic gain of func-
tion of the mutant protein (7). However, loss of wild type pro-
tein function has also been implicated in the disease (8). In vitro
and in vivo studies indicate that wild type HTT has a prosur-
vival role. Overexpression of wild type HTT ameliorates
mutant HTT-induced toxicity in cells (9, 10), whereas depletion
of wild type HTT renders the cells more sensitive to apoptotic
insults (11). Direct evidence of wild type HTT loss of function
comes from the work of Zuccato et al. (12), who demonstrated
that wild type HTT but not the mutant protein promotes tran-
scription of BDNF, a neurotrophin required for survival and
function of cortico-striatal neurons. Expression of BDNF has
been reported to be down-regulated in neurons affected with
HD? (12). Subsequent studies have established that BDNF tran-
scription is negatively regulated by REST, a transcription
repressor that binds to the repressor element 1 (RE1) site pres-
ent in the BDNF promoter (13). Wild type HTT sequesters
REST in the cytoplasm by forming a multiprotein complex with
RILP (REST/NRSEF-interacting LIM domain protein), HAP1
(huntingtin-associated protein 1), and dynactin p150¢““? (14),
leading to normal BDNF transcription. Mutation in HT'T, how-
ever, disrupts this complex, resulting in increased nuclear accu-
mulation of REST and down-regulation of BDNF expression
along with other essential neuronal genes (13, 15).

HIPPI-HIP1-mediated aberrant activation of the apoptotic
cascade provides another instance of loss of function of wild
type HTT (16). HIP1 is a proapoptotic protein that preferen-
tially interacts with wild type HTT (17). Under diseased condi-
tions when HTT is mutated, HIP1 dissociates from mutant
HTT and interacts with HIPPI, a novel pseudo-death effector
domain (pDED)-containing protein. HIPPI-HIP1 heterodimer
then recruits procaspase-8, followed by its activation and
induction of the downstream apoptotic cascade (16, 18).

While investigating the HIPPI-mediated apoptotic pathway
in detail, Majumder et al. (18) observed that HIPPI positively

2 The abbreviations used are: HD, Huntington disease; pDED, pseudo-death
effector domain; NLS, nuclear localization signal; IOD, integrated optical
density.
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regulates the expression of several caspases, including
caspase-1, -3, -7, and -8 in a cell model. HIPPI directly interacts
in vitro and in vivo with a specific 9-bp DNA sequence, AAA-
GACATG, present at the putative promoter of the caspase-1
gene (19, 20). The protein lacks any conventional nuclear local-
ization signal (NLS) and is carried to the nucleus by the NLS
present at the C terminus of HIP1 (21). The HIPPI-HIP1 het-
erodimeric complex is then recruited to the promoter of
caspase-1 to regulate its transcription (21).

The emergence of HIPPI as a new transcription regulator for
caspase-1 motivated us to investigate the global change in gene
expression brought about by HIPPI. Transcriptomic profiling
of HeLa cells in the presence of exogenous HIPPI revealed ele-
vated expression of REST together with other genes.® In our
present study, we report that HIPPI could directly bind to the
upstream sequence of REST to increase its expression in neu-
ronal and non-neuronal cells. We also have shown that, due to
lower affinity of HIP1 for mutant HTT, HIPPI and HIP1 pre-
dominantly localized to the nucleus in STHdh?' /%" cells, a
cell model of HD (22), compared with STHdh?”?” cells.
Finally, we have demonstrated that occupancy of HIPPI in the
REST promoter was higher in STHdh?'**/?!! cells compared
with STHdh?”?” cells, which led to increased expression of
REST and a consequent up-regulation of REST-mediated neu-
ronal gene repression in STHdh? /2" cells.

EXPERIMENTAL PROCEDURES

Antibodies and Chemicals—Geniticin, Hygromycin, and
anti-B-actin antibody (A2228, clone AC-74, lot number
107K4791) were obtained from Sigma. The anti-mouse and
anti-rabbit secondary antibodies conjugated with horseradish
peroxidase and protein A-agarose beads were purchased from
Bangalore Genei (India). Anti-HIP1 antibody was purchased
from Novus Biologicals (NB300-204, 1B11, lot number A), anti-
HIPPI (ab5205-100, lot number 63362), and anti-lamin B anti-
bodies (ab16048-25, lot number 393854) were purchased from
Abcam. Anti-REST antibody (sc-25398) was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Immobilon-P
Transfer membrane was from Millipore; Taq polymerase was
from Bioline; and restriction enzymes (BamHI, Sall, HindIII,
Bglll, and Kpnl) were from Promega. Protease inhibitor mix-
ture was purchased from Roche Applied Science. TRIzol rea-
gent was obtained from Invitrogen. Other molecular biology
grade fine chemicals were procured locally.

Construction of Plasmids—Constructions of GFP-Hippi,
GFP-wpDED (coding for amino acids 335—429 of full-length
HIPPI) and GFP-mpDED (R393E) clones have been described
earlier (21). Construction of wild type huntingtin exon 1 cloned
in DsRedC1 vector (DsRed-16Q) was described earlier (23).
HIP1 clone in pcDNA3 (pcDNA3-Hip1) was kindly provided by
Prof. T.S Ross (University of Michigan Medical School). The
NLS mutant clone of HIP1 (R1005E) in pcDNA3 was kindly
provided by Dr. Ian Mills (CRUK Uro-Oncology Research
Group, Cambridge, UK).

For the luciferase assay, we cloned the 5’ upstream promoter
region of the mouse REST gene from position —4773 to —4216

3 M. Datta and N. P. Bhattacharyya, submitted for publication.
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(encompassing the HIPPI binding site from position —4430 to
—4422) in pGL3 basic vector (designated as Luc-RESTups)
between the restriction sites of Bglll and Kpnl. The primer
sequences used for constructing this clone are given in supple-
mental Table S1.

Cell Culture and Transfection—HeLa and Neuro2A cells
were routinely grown in minimal essential medium (Hime-
dia, Mumbai, India) supplemented with 10% fetal bovine
serum (Biowest) at 37 °C in 5% CO, atmosphere under
humidified conditions. Immortalized striatal HD cell lines,
STHAh? /11 and STHAh?”?” cells (22) were grown in
DMEM (Himedia) supplemented with 10% FBS and 400 pg/ml
G418 (Invitrogen) at 33 °C in humidified conditions and 5%
CO, Transfection of cells was performed using Lipofectamine
2000 (Invitrogen). Unless otherwise mentioned, for the single
transfection experiment, 2.5 pg (60-mm plate) or 5 pg
(100-mm plate) of DNA constructs as well as 5 or 10 ul of
Lipofectamine 2000, respectively, were used. After 24 h, tran-
siently transfected cells were checked for transfection efficiency
by monitoring either GFP or DsRed expression under a fluores-
cence microscope and were used for experiments. Transfection
efficiency varied from 70 to 90%.

Knockdown of HIPI1 and HIPPI by siRNA—Knockdown of
HIPI by gene-specific siRNA in HeLa and Neuro2A cells was
described earlier (21).

For siRNA mediated knockdown of HIPPI in Neuro2A and
STHdW?' /R cells, the mouse HIPPI cDNA sequence was
submitted to the online GenScript siRNA designing tool.
Among the various sequences retrived by the software for
siRNA, we choose the sequence 537-GTCACGA-
TTAGGACTGACA-519. The scrambled sequence (5'-GACG-
CGTGACCAAGATTAT-3') for the siRNA was also designed
using the GenScript sequence scrambler tool. The complete
sequence that was inserted into the expression vector pRNA-
U61Hygro (Genescript) was 5'-GTCACGATTAGGACTGA-
CATTCAAGAGATGTCAGTCCTAATCGTGAC-3" (desig-
nated “HippiSi”) with a termination signal and appropriate
restriction site linkers (BamHI and HindIII; not shown) and an
insert for loop formation (underlined). The entire sequence for
the scramble siRNA was 5'-GACGCGTGACCAAGATTAT-
TTGATATCCGATAATCTTGGTCACGCGTC-3' (designated
“HippiScr”). Both HippiSi and HippiScr were cloned in our lab-
oratory using the restriction enzymes BamHI and HindIII.

HippiSi and HippiScr clones were transfected in Neuro2A
and STHdh?''*/*M1 cells using Lipofectamine 2000 (Invit-
rogen) using a protocol provided by the manufacturer.
Transfected cells were selected for hygromycin resistance.
Knockdown of HIPPI was confirmed by RT-PCR using
sequence-specific primers for HIPPI. A list of various cell
lines generated either by stable or transient transfection is
given in supplemental Table S2.

Subcellular Fractionation and Western Blot Analysis—Meth-
ods for subcellular fractionation and Western blot were essen-
tially the same as described previously (21). Briefly, cells grown
in 100-mm Petri dishes were washed with ice-cold PBS and
harvested at 300 X g for 3 min at 4 °C. Cytosol was extracted
using cytosol extraction buffer (50 mm Tris-HCI, pH 7.5, 10 mm
NaCl, 2 mm EDTA, 1 mm PMSF, and 1X protease inhibitor
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mixture, 0.25% Nonidet P-40). The nuclear pellet was sus-
pended in nuclear extraction buffer (50 mm Tris-HCI, pH 7.5,
400 mm NaCl, 2 mm EDTA, 1 mm PMSF, and 1X protease
inhibitor mixture) and kept on ice for 40 min followed by cen-
trifugation at 13,000 X g for 20 min at 4 °C. The supernatant
was kept as nuclear extract. For preparing whole cell extracts,
cell lysis was carried out using lysis buffer (50 mm Tris-HCL, pH
7.5,2 mm EDTA, 100 mm NaCl, 0.1% Triton X-100, and PMSF
with 100 pg/ml final concentrations). Protein concentration
was measured by Bradford assay. The samples were boiled with
SDS gel loading buffer, run on SDS-polyacrylamide gel, trans-
ferred to membrane, and probed with antibodies. B-Actin was
used as an internal control for cytoplasmic and whole cell
extracts, whereas lamin B was used as loading controls for
nuclear fractions. Each experiment was repeated three times.
Integrated optical density (IOD) of each band was calculated
using Image Master VDS software (Amersham Biosciences).
Whenever necessary, IOD was normalized with that of the
loading control.

Chromatin Immunoprecipitation (ChIP) Assay—Methods
used for the ChIP experiments were described earlier (21). In
brief, STHdh?''/?""" and STHdh?’?” cells expressing
endogenous HIPPI and HeLa and Neuro2A cells expressing
exogenous GFP-Hippi or GFP-wpDED or GFP-mpDED were
cross-linked with 1.1% formaldehyde for 10 min at room tem-
perature. This cross-linking reaction was stopped using 125 mm
glycine. Cells were washed with ice-cold PBS and harvested at
300 X g for 3 min at 4 °C. Cytosol was extracted with Buffer C
(20 mm HEPES, pH 7.9, 25% glycerol, 420 mm NaCl, 1.5 mm
MgCl,, 0.2 mm EDTA, and 1 mm PMSF). Nuclei were harvested
at 13,000 X g for 10 min at 4 °C, and the pellet was resuspended
in breaking buffer (50 mm Tris-HCI, pH 8.0, 1 mm EDTA, 150
mMm NaCl, 1% SDS, and 2% Triton X-100) and sonicated twice
(two pulses of 10 s each). Contents were then centrifuged. Tri-
ton buffer (50 mm Tris-HCI, pH 8.0, 1 mM EDTA, 150 mMm NaCl,
and 0.1% Triton X-100) was added to the nuclear extract. The
immunoprecipitation reaction was carried out with either anti-
HIPPI antibody (for STHdh?'**/?"** and STHAh?”/?” cells and
cells expressing GFP-Hippi) or anti-GFP antibody (for GFP-
wpDED- or GFP-mpDED-transfected Neuro2A cells) followed
by the addition of BSA-soaked Protein G-agarose beads.
The immunoprecipitated complex was washed, followed by
decross-linking, phenol chloroform extraction, and ethanol
precipitation of the DNA. PCR amplification of the eluted DNA
was carried out using sequence-specific primers for REST. The
primer sequences are given in supplemental Table S1.

Semiquantitative RT-PCR—Total RNA was extracted from
cells using TRIzol reagent (Invitrogen). Two ug RNA was
reverse transcribed using random hexamer primer (Fermentas)
and murine leukemia virus reverse transcriptase (Fermentas).
Semiquantitative RT-PCR was carried out using Red TagDNA
polymerase (Bioline) for 35 cycles. Expression of B-actin was
taken as endogenous control. The densitometry of the bands
was carried out using Image Master VDS software (Amersham
Biosciences).

The gene-specific primers used for RT-PCR were designed
using Primer Express software (Applied Biosystems). Primer
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sequences used for amplification of the target genes are given in
supplemental Table S1.

Luciferase Assay—The method for the luciferase assay was
described previously (24). Briefly, cells grown in 35-mm plates
were transfected with 500 ng of pGL3 construct (empty pGL3
vector or Luc-RESTups construct) and GFP construct (empty
GFP vector, GFP-Hippi, GFP-wpDED, or GFP-mpDED).
Twenty-four h after transfection, the luciferase assay was car-
ried out using the luciferase reporter assay system (Promega)
according to the manufacturer’s protocols and detected by a
Sirius Luminometer (Berthold Detection Systems). Five ug of
protein was used for each assay. Transfection efficiency was
normalized by measuring GFP fluorescence at 510 nm (Fluro-
max-3, Jobin Yvon Horiba).

Statistical Analysis—For statistical analysis, an unpaired ¢
test was carried out to compare the means of two experimental
groups using the on-line software GraphPad QuickCalc.

RESULTS

Induction of REST Gene Transcription by HIPPI in HeLa Cells—
From microarray experiments, we observed that exogenous
expression of HIPPI increased REST expression together with
that of many other genes in HeLa cells.? To validate this obser-
vation, we measured REST expression in GFP-Hippi-express-
ing HeLa cells by semiquantitative RT-PCR (Fig. 1, A and B).
REST expression was 2-fold increased (p = 0.0002, n = 3) in
GFP-Hippi-transfected HeLa cells (supplemental Table S2,
Hippi) compared with the parental HeLa cells (HeLa). Our ear-
lier work has established HIP1 as the nuclear translocator of
HIPPI (21). We, therefore, checked the expression of REST in
the presence of HIPPI in HIPI-knocked down HeLa cells
(Hip1SiHi). Generation of HIPI-knocked down HeLa cells has
already been reported (21). HIP1 knockdown prevented
nuclear entry of HIPPI, and as a result, HIPPI-mediated up-reg-
ulation of REST was lost in Hip1SiHi cells (Fig. 1, A and B). Our
result, thus, suggests that up-regulation of REST by HIPPI was
dependent on the presence of HIP1. To address the functional
consequence of such HIPPI-mediated up-regulation of the
REST gene in HeLa cells, we measured the expression level of
PENK, a gene negatively regulated by REST (15). PENK expres-
sion was down-regulated (p = 0.002, n = 3) in GFP-Hippi-
transfected HeLa cells compared with parental HeLa cells (Fig.
1, A and B). On the contrary, PENK expression in Hip1SiHi cells
did not alter significantly from the corresponding untrans-
fected cells (Hip1Si). Thus, HIPPI-mediated REST up-regula-
tion resulted in repression of REST downstream target gene in
HeLa cells. Further analysis of the REST promoter region
revealed the presence of a putative 9-bp HIPPI binding site (20)
from position —1264 to —1256 in the upstream promoter of the
human REST gene (Fig. 1C). To test whether this binding site
was functional, we carried out chromatin immunoprecipitation
from GFP-Hippi-expressing HeLa cells. The result showed that
HIPPI could bind to this site (Fig. 1D, n = 3), indicating that
REST could be a direct transcriptional target of HIPPI in HeLa
cells.

HIPPI Enhances REST Gene Transcription by Binding to Its
Upstream Promoter in Neuro2A Cells—To investigate the effect
of HIPPI on neuronal REST expression, we transfected GFP-
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FIGURE 1. HIPPI increases REST expression in HelLa cells. A, gel image representative of three (n = 3) independent experiments for sqRT-PCR of REST and
PENK expression in empty GFP vector-transfected Hela cells (HeLa), GFP-Hippi-transfected Hela cells (Hippi), empty GFP vector-transfected HIP1-knocked
down Hela cells (Hip1Si), and GFP-Hippi-transfected HIP1-knocked down Hela cells (Hip1SiHi). Expression of B-actin was taken as endogenous control. B, bar
graph representing the mean 10D of bands obtained in A. The expression levels of REST and PENK in a sample were normalized by the corresponding B-actin
expression level. -Fold change was calculated by considering the relative expression level of REST and PENK in Hela cells to be 1. Error bars, S.D. The statistical
significance level between various experimental pairs is indicated (¥, p < 0.05; **, p < 0.01; ***, p < 0.001). C, presence of HIPPI binding site in the upstream
promoter of the human REST gene (ENSG00000084093). Sequence was retrieved from ENSEMBL Biomart. The putative 9-bp HIPPI binding sequence (—1264 to
—1256) is underlined. D, chromatin immunoprecipitation showing in vivo interaction of HIPPI with the REST promoter in GFP-Hippi-transfected HelLa cells.
Immunoprecipitation was carried out with anti-HIPPI antibody, and precipitated DNA was PCR-amplified using REST upstream sequence-specific primers. Lane
+Ab, PCR amplification was carried out using chromatin immunoprecipitated by anti-HIPPI antibody. Lane —Ab, PCR amplification was carried out using
chromatin immunoprecipitated by IgG alone. Lane In, PCR amplification was carried out using DNA isolated from GFP-Hippi-expressing Hela cells. Lane —ve,

PCR amplification was carried out without adding any template.

Hippi in the mouse neuroblastoma cell line, Neuro2A (N2A).
REST expression was 2-fold higher (p = 0.0001, n = 3) in
HIPPI-transfected N2A cells (N2A Hippi) compared with the
parental N2A cells (Fig. 2, A and B). Because REST is a tran-
scription repressor, such up-regulation of REST expression by
HIPPI would alter the expression of its downstream targets.
Therefore, we measured the expression of BDNF, a RE1-con-
taining gene known to be targeted by REST (15). REST regu-
lates BDNF expression from BDNF promoter II (13). We
observed that BDNF expression was reduced (p = 0.02, n = 3)
in N2A Hippi cells compared with N2A (Fig. 2, A and B). How-
ever, HIPPI was unable to increase REST expression in HIP1-
knocked down N2A cells (Fig. 2, A and B, N2AHIPISiHi).
Knockdown of HIP1 in Neuro2A cells has already been shown
(21). To address this further, we knocked down endogenous
HIPPI in Neuro2A cells using specific siRNA. Knock-down of
HIPPIwas confirmed by RT-PCR, and specificity of knockdown
was checked by using scrambled siRNA control (supplemental
Fig. S1, A and B, N2ASi and N2AScr). HIPPI knockdown also
resulted in down-regulation (p = 0.006, n = 3) of endogenous
REST (supplementary Fig. S1, A and C) and consequent up-reg-
ulation of BDNF (p = 0.02, n = 3). Next, we attempted to
recover HIPPI expression in HIPPI-knocked down cells by
transiently transfecting GFP-Hippi in N2ASi cells. HIPPI
expression recovery also recovered REST expression (p =
0.0003, n = 3), suggesting a specific nature of regulation (sup-
plemental Fig. S1, A and C, N2ASiHi). We then searched the
upstream promoter of the mouse REST gene for the presence of
the HIPPI binding motif. A putative 9-bp HIPPI binding
sequence, 5-AAAGACATT-3', was present at positions
—4430 to —4422 (Fig. 2C). Chromatin immunoprecipitation
from GFP-Hippi-transfected N2A cells indicated association of
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HIPPI with this promoter (Fig. 2D, n = 3). To investigate it
further, we determined the level of REST and BDNF expres-
sions at different time points after HIPPI transfection in N2A
cells. The rationale behind this is that if REST is a direct target
of HIPPI, then one would expect REST up-regulation to occur
at a much earlier time point compared with BDNF down-regu-
lation, which is downstream of REST up-regulation. Results
showed that REST was significantly up-regulated (p = 0.02, n =
4) within 3 h of GFP-Hippi transfection (Fig. 2E), reached its
peak within 6 h (p = 0.001, n = 4), and remained almost at the
same level until 24 h of transfection (p = 0.0001, n = 4). BDNF
expression, on the other hand, was unaltered until 12 h post-
transfection, but significant reduction was observed after 14 h
(p = 0.006, n = 4) and at 24 h (p = 0.02, n = 4) of transfection.
Similar early response (peaks within 3— 6 h) was obtained with
caspase-1 gene expression (supplemental Fig. S2), an already
reported direct transcriptional target of HIPPI (21). Thus, REST
up-regulation by HIPPI was an early event indicating that REST
could be a direct transcriptional target of HIPPL

Effect of HIP1 and HIPPI Mutations on REST and BDNF
Expression in Neuro2A Cells—It has been reported earlier that
HIPPI does not contain an NLS, and its nuclear entry is medi-
ated by HIP1 (21). A mutation (R1005E) in the NLS domain of
HIP1 prevents nuclear entry of HIPPI, and consequently
HIPPI-driven transcription regulation of caspase-1 is blocked
(21). To check whether this could be true for REST also, we first
measured the level of REST and BDNF expressions in N2A cells
stably overexpressing wild type HIP1 protein (N2A HIP1).
Overexpression of wild type HIP1 increased nuclear accumula-
tion of HIPPI (21), and as a result, REST expression was elevated
(p =0.001, n = 3),and BDNF expression was reduced (p = 0.02,
n = 3) in N2A HIP1 cells compared with the parental N2A (Fig.
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FIGURE 2. HIPPI-mediated REST up-regulation and its interaction with REST promoter in Neuro2A cells. A, gel image representative of three (n = 3)
independent experiments for sqRT-PCR of REST and BDNF expressions in parental Neuro2A cells (N2A), GFP-Hippi-transfected Neuro2A cells (N2AHippi),
HIP1-knocked down Neuro2A cells (N2AHIP1Si), and GFP-Hippi-transfected HIP1-knocked down Neuro2A cells (N2AHIP1SiHi). Expression of B-actin was taken
as endogenous control. B, bar graph representing the mean I0D of bands obtained in A. The expression levels of REST and BDNF in a sample were normalized
by the corresponding B-actin expression level. -Fold change was calculated by considering the relative expression level of target genesin N2Atobe 1 (*, p <
0.05; **, p < 0.01; ***, p < 0.001). C, presence of the HIPPI binding site in the upstream sequence of the mouse REST gene (ENSMUSG00000029249). Sequence
was retrieved from ENSEMBL Biomart. Putative 9-bp HIPPI binding sequence (—4430 to —4422) is underlined. D, in vivo interaction of HIPPI with the REST
promoter in Neuro2A cells detected by ChlIP assay. Immunoprecipitation was carried out with anti-HIPPI antibody, and precipitated DNA was PCR-amplified
using REST upstream sequence-specific primers. The lane markings are as described in the legend to Fig. 1D. E, sqRT-PCR (n = 3) for REST and BDNF expression
in GFP-Hippi-transfected Neuro2A cells at different time points after transfection. B-Actin expression level was considered as endogenous control. -Fold

change was calculated by considering the relative expression level of REST and BDNF in control untransfected N2A cells (cont) to be 1. Error bars, S.D.

3A). However, cells stably overexpressing the NLS mutant of
HIP1 (N2A 1005E) showed significant lowering of REST
expression (p = 0.0008, » = 3) and consequently BDNF up-reg-
ulation (p = 0.01, n = 3) compared with N2A cells (Fig. 3A4).
Therefore, the presence of intact NLS in HIP1 was a prerequi-
site of HIPPI-mediated up-regulation of REST.

HIPPI interacts with DNA through its pDED (21). A muta-
tion in the pDED replacing an arginine residue at position 393
of the full-length protein by glutamic acid (R393E) abolishes the
DNA binding activity of HIPPI (21). To check the effect of such
a mutation on REST expression, we transiently transfected
GFP-tagged wild type pDED of HIPPI (N2A wpDED) and
R393E mutant pDED of HIPPI (N2A mpDED) in N2A cells.
Expression of wild type pDED was as effective as the full-length
HIPPI protein in increasing REST expression (p = 0.03, n = 3)
and BDNF down-regulation (p = 0.0004, n = 3) in N2A cells
(Fig. 3B). On the contrary, expression of the mutant pDED was
unable to alter either of the genes (Fig. 3B). A similar trend was
observed in the protein level expression of REST, as detected by
Western blot analysis (Fig. 3, C and D). Wild type HIP1, HIPP]I,
and wpDED of HIPPI were able to increase REST expression
significantly in Neuro2A cells (designated as “Hipl,” “Hippi,”
and “wpDED,” respectively), whereas the mutant pDED
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(mpDED) could not. The NLS mutant of HIP1 (1005E), on the
other hand, showed significant reduction in REST expression
compared with either parental N2A cells or N2A cells overex-
pressing wild type HIP1. Next to see the DNA binding of these
two proteins (WpDED and mpDED), we carried out luciferase
reporter assay with the upstream sequence of the REST gene
encompassing the HIPPI binding site (Luc-RESTups). Expres-
sion of full-length GFP-HIPPI in N2A cells (N2A Hippi)
increased luciferase activity by ~2-fold (p = 0.01, n = 4) com-
pared with empty GFP-transfected N2A cells (Fig. 3E, N2A
GFP), indicating the interaction of HIPPI with REST upstream
sequence followed by transcriptional activation. A similar
increase in luciferase activity (p = 0.002, n = 4) was observed
with wild type pDED of HIPPI (Fig. 3E), reflecting its intact
DNA binding and transactivation ability. Mutant pDED
HIPPIL, on the other hand, was compromised in its ability to
interact with REST upstream, and consequently luciferase
activity remained at the level of N2A GFP cells. This was also
evident from the chromatin immunoprecipitation result
(Fig. 3F, n = 3). The ChIP experiment showed that wild type
pDED HIPPI (wpDED) could immunoprecipitate REST
upstream DNA from N2A cells where as mutant pDED
(mpDED) could not.
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Expression of B-actin was taken as endogenous control. -Fold change was calculated as described earlier. B, sqRT-PCR (n = 3) for REST and BDNF expression in
parental Neuro2A cells (N2A) and Neuro2A cells transiently transfected with GFP-wpDED (N2AwpDED) and GFP-mpDED (N2AmpDED). C, Western blot analysis
for the expression of REST in parental Neuro2A cells (N2A) and Neuro2A cells overexpressing wild type HIP1 (Hip1), GFP-Hippi (Hippi), GFP-wpDED (wpDED),
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REST in N2A to be 1. E, luciferase reporter assay (n = 3) of the REST upstream cloned in pGL3 vector in Neuro2A cells transiently transfected with empty GFP
vector (N2A GFP), GFP-Hippi (N2A Hippi), GFP-wpDED (N2A wpDED), and GFP-mpDED (N2A mpDED). Luciferase activity of the above cells was normalized by
the luciferase activity of the corresponding empty pGL3 vector-transfected cells. Error bars, S.D. The statistical significance level between various experimental
pairs is shown (¥, p < 0.05; **, p < 0.01; ***, p < 0.001). F, the wild type pDED of HIPPIl and not the mutant pDED interact with REST promoter in vivo. Neuro2A
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DNA was PCR-amplified using REST upstream sequence-specific primers. The lane markings are as described in the legend to Fig. 1D.

Increased Nuclear Abundance of Endogenous HIPPI and
HIPI Increases REST Expression in STHdh?' /%! Cells—To
check whether feeble interaction between HIP1 and mutant
HTT might result in increased nuclear accumulation of
HIPPI-HIP1, we measured the cytoplasmic and nuclear con-
tent of the two proteins in STHdh?**/?" ! and STHdh?”?”
cells. The relative expression levels of HIPPI and HIP1 did
not vary significantly in the two cell lines (supplemental Fig.
S3). However, it was observed that nuclear fraction of HIP1
was increased (p = 0.02, n = 3) from 40% in STHdh?”/?”
cells to 60% in STHdh?' /111 cells (Fig. 4, A (left) and B).
Similarly, nuclear HIPPI content increased (p = 0.02, n = 3)
to 57% in STHdh?''"/?"'" cells from 43% in STHdh?”?”
cells (Fig. 4, A (left) and C). To test whether expression of

33764 JOURNAL OF BIOLOGICAL CHEMISTRY

wild type HTT could prevent such increased nuclear local-
ization of HIPPI and HIP1 in STHdh? /11 cells, we exog-
enously transfected DsRed-16Q in both of the cell lines. In
STHdh?”/?7 cells, nuclear localization of HIPPI and HIP1
decreased in the presence of DsRed-16Q (Fig. 4, A—C) com-
pared with the parental STHdh?”?” cells, but the change
was not statistically significant (p = 0.07, n = 3). This could
be because of the fact that in presence of wild type HTT in
STHdh?” Y cells, HIP1 remained mostly cytoplasmic; the
addition of more wild type HT'T fragments therefore exhibited
only a small change in HIP1 subcellular distribution. However,
in STHdh Q1711 cells, there was a significant accumulation
of both HIP1 (p = 0.001, n = 3) and HIPPI (p = 0.008, # = 3) in
the cytoplasm following DsRed-16Q expression (Fig. 4, A-C).
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nously transfected with DsRed-16Q (Q7/7 16Q), and Q111/111 cells exogenously transfected with DsRed-16Q (Q111/111 16Q). B-Actin was used as endoge-
nous control. -Fold change was calculated by considering the relative expression of target genes in Q7/7 cells to be 1 (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).
Error bars, S.D.

Thus, although the expression levels of HIPPI and HIP1
remained unchanged in STHdh?''"/?!"! and STHdh?”?”
cells, subcellular distribution of the two proteins altered signif-
icantly in the two cell lines, nuclear content of both the proteins
being greater in STHdh?''*/?"" cells. This indicated that
HIPPI-mediated transcriptional activation would be greater in
STHAh?' /M7 cells. To investigate that possibility, we mea-
sured the relative transcript levels of REST and BDNF in the two
cell lines. REST expression was ~2.5-fold higher (» = 0.0008,
n = 5) in STHdh? /ML cells (Q111/111) compared with
STHdh?” Y cells (Fig. 4D, Q7/7), whereas BDNF expression
was reduced by ~40% in STHdh?" /" cells (p = 0.01, n = 4).
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At the protein level, REST expression was increased 2-fold in
Q111/Q111 cells compared with Q7/Q7 cells, as evident from
Western blot analysis (supplemental Fig. S4). Down-regulation
of BDNF in STHdh?'"/?"!! cells has already been reported by
Zuccato et al. (15), due to increased nuclear localization of
REST in STHdh?'""/?" ! cells. Our data suggest that increased
expression of REST along with its increased nuclear localization
might contribute to REST-mediated down-regulation of BDNF
in STHAh?''/Q!1 cells. Ectopic expression of HIPPI in
STHdh?” Y cells (Q7/7Hi) increased REST expression, but the
change was not significant (Fig. 4D). This could be due to the
unavailability of HIP1 to transport excess overexpressed HIPPI
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considering the normalized 10D of STHdh?”/?” cells as 1.

into the nucleus. However, in STHdh®@!11/!1L cells, REST
expression was ~6.5-fold up-regulated (p = 0.0007, n = 3) in
the presence of HIPPI (Fig. 4D, QI11/111Hi). Exogenous
expression of DsRed-16Q in STHdh? /41 cells (Q111/111
16Q) arrested HIP1 in the cytoplasm (Fig. 4, A and B); conse-
quently, HIPPI could not enter into the nucleus, resulting in
lowering of REST expression (p = 0.002, n = 4) and a conse-
quent elevation of BDNF expression (p = 0.02, n = 3) compared
with Q111/111 cells (Fig. 4D). siRNA-mediated knockdown of
endogenous HIPPI in Q111/111 cells also reduced (p = 0.004,
n = 3) REST expression (supplemental Fig. S5, A and C, Si), and
a consequent up-regulation of BDNF was observed (p = 0.001,
n = 3). The effect could be reversed by transient transfection of
GFP-Hippi in Si cells (supplemental Fig. S5, A-C, SiHi), which
recovered HIPPI expression (p = 0.0001, n = 3) as well as that of
REST (p = 0.001, n = 3).

Occupancy of HIPPI in the REST Promoter Is Greater in
STHAW? /! Cells—Previously, it was reported that many
transcription factors have increased occupancy to their cognate
binding sites in STHdh?'/ Q! cells. We therefore investi-
gated whether the REST promoter was transcriptionally more
active in STHdhQ' /"1 cells than STHdh?”?”. Luciferase
reporter assay using the Luc-RESTups construct revealed that
luciferase activity was ~2-fold higher (p = 0.04, n = 4) in
STHdh? /T cells compared with STHdh?”?” (Fig. 5A).
When we transfected GFP-Hippi exogenously in both of the
cells, luciferase activity increased prominently (p = 0.004, n =
4) in STHARQ' /M1 cells (Fig. 5A, Q111/111 Hippi). Finally,
we checked the relative occupancy of endogenous HIPPI in the
promoter of REST in the two cell lines by comparative ChIP
analysis. Results showed that occupancy of HIPPI in the REST
promoter in STHdh® /111 cells was 2-fold higher (p = 0.04)
compared with STHdh?”?” cells (Fig. 5, B and C). This indi-
cated that HIPPI-mediated transactivation of REST was indeed
higher in STHdh?' /111 cells.
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DISCUSSION

In the present study, we have identified HIPPI as a novel
transcription regulator for REST. Using both neuronal and
non-neuronal cell lines, we have demonstrated that exogenous
expression of HIPPIincreased expression of REST by binding to
the upstream promoter of the gene. The ability of HIPPI to
regulate REST expression was dependent on HIP1 because
HIPPI-mediated REST up-regulation was lost in HIP1-knocked
down cells or cells expressing the NLS mutant of HIP1. We also
report that altered nuclear and cytoplasmic distribution of
endogenous HIPPI and HIP1 in STHdh?'"/?""" cells led to
higher occupancy of HIPPI in the REST promoter and conse-
quently increased its expression in these cells. Expressions of
two known targets of REST (viz. PENK and BDNF) were also
decreased in the presence of HIPPI in our study, as an effect of
REST up-regulation.

The transcription repressor REST regulates myriads of pro-
tein coding and noncoding genes (26-29). Involvement of
REST in neuronal development is well studied (30, 31). REST
expression remains high in neuronal progenitor cells, leading to
repression of neuronal genes. However, during terminal differ-
entiation of progenitor cells to mature neurons, REST expres-
sion is turned off, allowing expression of the essential neuronal
genes (32). Recent work has demonstrated the role of the func-
tional REST regulatory network in maintaining pluripotency of
embryonic stem cells (28). REST is, therefore, a master regula-
tor that maintains cells in an undifferentiated state. Although a
large number of studies have been carried out to elucidate
REST function, studies depicting control of REST gene expres-
sion are limited. In neuronal cells, REST expression is activated
by YY1, DYRK1A, and Wnt/TCF signaling (33—35). Recently,
transcription factor Spl has been shown to regulate REST
expression in undifferentiated NG108 cells as well as in a mouse
model of HD (36). Additionally, a double negative feedback
loop involving REST-dependent expression of microRNA 9 and
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caspase-8-mediated apoptosis, leading to cell death.

9* controls REST expression in HD (37). Our initial observation
that exogenous expression of HIPPI increased REST expression
in HeLa cells in a microarray study prompted us to investigate
whether HIPPI could act as a transcription regulator of REST.
Overexpression of HIPPI in both HeLa and Neuro2A cells up-
regulated REST expression in these cells. Knockdown of HIPI,
the nuclear transporter of HIPPI, or overexpression of NLS-
mutated HIP1 prevented this activation, indicating that nuclear
translocation of HIPPI was essential for HIPPI-mediated REST
up-regulation. Analysis of REST promoter sequence revealed
the presence of a 9-bp HIPPI binding site in the upstream pro-
moter of the REST gene. Using a luciferase reporter assay and
chromatin immunoprecipitation, we confirmed that HIPPI
could bind to this site and induce REST gene transcription. To
address the functional consequence of this regulation, we
measured expression of two REST target genes (viz. PENK and
BDNF) under different experimental conditions. A consistent
negative correlation between REST and PENK/BDNF expres-
sion was observed in the study, suggesting that HIPPI-mediated
transcription activation of REST could affect the downstream
cellular processes.

Involvement of transcription deregulation is well docu-
mented in HD. Several mechanisms for transcription deregula-
tion have been elucidated, which include sequestration of cel-
lular transcription factors and co-factors in mutant HTT
aggregates, nuclear translocation, and aberrant nonspecific
DNA binding of pathogenic N-terminal fragment of mutant
HTT and also loss of wild type HTT-mediated transcriptional
control (38). Involvement of REST in HD falls in the last cate-
gory (12). The interaction of wild type HTT with REST through
RILP, HAPI1 (huntingtin-associated protein 1), and dynactin
p150¢™“e? sequesters the complex in the cytoplasm (14), allow-
ing expression of essential neuronal genes that are otherwise
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targets of REST-mediated repression (12, 13). Mutation in
HTT, however, disrupts this interaction, which facilitates
nuclear entry of REST and formation of the repressor complex
on the RE1 site followed by target gene silencing. Many of the
REST target genes have been shown to be down-regulated in
HD (15). Moreover, there are reports indicating an overall
increase in REST expression in various models of HD (25, 36,
39). The importance of REST in regulating HD pathogenesis
inspired us to investigate whether HIPPI-mediated up-regulation
of REST plays any role in HD. Feeble interaction of HIP1 with
mutant HT'T results in increased heterodimerization of HIP1 with
HIPPI (16). Keeping this fact in mind, we hypothesized that
increased heterodimerization of HIPPI-HIP1 might increase the
nuclear content of the two proteins, which in turn could activate
REST transcription in HD. Using STHdAh?¥/ ! cells, we
observed that it was indeed the case. Nuclear localization of both
HIPPI and HIP1 was significantly enhanced in STHdh?! /1
cells compared with the wild type STHdh?”?” cells. As a result,
occupancy of HIPPI in the REST promoter was increased 2-fold,
resulting in induction of REST gene expression. The observation
could be reversed by overexpressing wild type HTT exon 1
(DsRed16Q) in STHdhR!#/Q111 cells, where nuclear fractions
of HIPPI and HIP1 were significantly reduced compared with
untransfected STHdh?'**/?!1! cells. Wild type HTT seques-
tered HIP1 in the cytoplasm, preventing its nuclear entry, along
with HIPPI, which in turn repressed REST expression. On the
other hand, expression of HYPK (huntingtin-interacting pro-
tein K), a chaperone-like protein capable of reducing mutant
HTT aggregates (23), was unable to reduce REST expression in
STHdh?' /M1 cells (data not shown), indicating the process
to be independent of mutant HTT aggregation. Therefore, our
results demonstrate that HIPPI-mediated aberrant transcrip-
tional activation of REST in STHdh?''*/?!!1 cells could be
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attributable to the loss of wild type HTT function in these cells.
This was further corroborated by the observation that overex-
pression of HIPPI in the wild type STHdh?”/?” cells could not
activate REST transcription significantly. Retention of HIP1 in
the cytoplasm by wild type HTT created a deficiency of nuclear
transporter for HIPPI in STHdh?”/?” cells. Overexpression of
HIPPI therefore exhibited no effect on REST expression.

Down-regulation of BDNF in cell and animal models of HD
resulting from increased nuclear localization of REST has been
reported previously by Zuccato et al. (12, 13). Our results pre-
dict an additional mechanism for REST activation and BDNF
down-regulation in the HD cell model. The complete loss
of wild type HTT-mediated sequestration of HIP1 in
STHdh?' /R cells caused redistribution of HIPPI and HIP1
in the nucleus, leading to induction of REST gene expression.
The elevated level of REST protein in the cytoplasm could not
be sequestered by mutant HT'T, as depicted by Zuccato et al.
(13), resulting in increased nuclear localization of REST, which
in turn could reduce BDNF expression in STHdh? 11/ cells,
HIPPI may therefore participate in HD pathogenesis by two
mechanisms (Fig. 6). First, increased HIPPI-HIP1 het-
erodimerization in the presence of mutant HTT may induce
caspase-8-mediated apoptosis as reported by Gervais et al. (16).
Second, the heterodimer may translocate to the nucleus, lead-
ing to activation of REST transcription, which in turn may
repress prosurvival genes like BDNF and induce neuronal death
(Fig. 6).

Based on our results, we show, for the first time, the HIPPI-
mediated transcriptional regulation of the REST gene and
establish its connection with HD pathogenesis. In addition, the
work of Houde et al. (40) has shown that HIPPI knock-out mice
are embryonic lethal and exhibit defects in the Sonic hedgehog
(Shh) pathway. Shh is a trophic factor that promotes neurogen-
esis from adult mice stem cells (41). It remains to be determined
whether aberrant interaction of HIPPI and HIP1 in HD seques-
ters HIPPI from its normal function, resulting in alteration of
the Shh pathway (40). Additionally, increased HIPPI-HIP1
interaction may induce transcriptional activation of the REST
gene, leading to down-regulation of neuronal gene expression.
Taken together, this study sheds light on a novel mechanistic
interpretation of HD pathogenesis through HIPPI-mediated
transcriptional regulation of REST.

Acknowledgments—We acknowledge Dr. Marcy E. MacDonald
(Massachusetts General Hospital) for providing STHAh?”?” and
STHARR' /ML cells, Prof. T.S Ross (Lniversity of Michigan Medical
School) for providing the HIP1 clone in pcDNA3, Dr. lan Mills (CRUK
Uro-Oncology Research Group, Cambridge, UK) for providing the
mutant HIP1 clone R100SE in pcDNA3, and Prof. Susanta Roychou-
dhury (Indian Institute of Chemical Biology, Kolkata) for providing
the pGL3 basic vector.

REFERENCES

1. Martin, J. B., and Gusella, J. F. (1986) N. Engl. . Med. 315, 1267-1276

2. Huntington’s Disease Collaborative Research Group (1993) Cell 72,
971-983

3. DiFiglia, M., Sapp, E., Chase, K. O., Davies, S. W., Bates, G. P., Vonsattel,
J. P., and Aronin, N. (1997) Science 277, 1990 -1993

33768 JOURNAL OF BIOLOGICAL CHEMISTRY

4. Wanker, E. E. (2000) Biol. Chem. 381, 937-942
5. Hickey, M. A., and Chesselet, M. F. (2003) Prog. Neuropsychopharmacol.
Biol. Psychiatry 27, 255-265
6. Zuccato, C., Valenza, M., and Cattaneo, E. (2010) Physiol. Rev. 90,
905-981
7. Rubinsztein, D. C. (2002) Trends Genet. 18, 202—209
8. Cattaneo, E., Rigamonti, D., Goffredo, D., Zuccato, C., Squitieri, F., and
Sipione, S. (2001) Trends Neurosci. 24, 182—188
9. Rigamonti, D,, Sipione, S., Goffredo, D., Zuccato, C., Fossale, E., and Cat-
taneo, E. (2001) /. Biol. Chem. 276, 14545—-14548
10. Rigamonti, D., Bauer, J. H., De-Fraja, C., Conti, L., Sipione, S., Sciorati,
C., Clementi, E., Hackam, A., Hayden, M. R,, Li, Y., Cooper, J. K., Ross,
C. A, Govoni, S., Vincenz, C., and Cattaneo, E. (2000) /. Neurosci. 20,
3705-3713
11. Zhang, Y., Leavitt, B. R, van Raamsdonk, J. M., Dragatsis, I., Goldowitz, D.,
MacDonald, M. E., Hayden, M. R,, and Friedlander, R. M. (2006) EMBO J.
25, 5896 -5906
12. Zuccato, C., Ciammola, A., Rigamonti, D., Leavitt, B. R., Goffredo, D.,
Conti, L., MacDonald, M. E., Friedlander, R. M., Silani, V., Hayden, M. R,,
Timmusk, T., Sipione, S., and Cattaneo, E. (2001) Science 293, 493—498
13. Zuccato, C., Tartari, M., Crotti, A., Goffredo, D., Valenza, M., Conti, L.,
Cataudella, T., Leavitt, B. R., Hayden, M. R,, Timmusk, T., Rigamonti, D.,
and Cattaneo, E. (2003) Nat. Genet. 35,76 —83
14. Shimojo, M. (2008) J. Biol. Chem. 283, 34880 —34886
15. Zuccato, C., Belyaev, N., Conforti, P., Ooi, L., Tartari, M., Papadimou, E.,
MacDonald, M., Fossale, E., Zeitlin, S., Buckley, N., and Cattaneo, E.
(2007) J. Neurosci. 27, 6972—6983
16. Gervais, F. G,, Singaraja, R., Xanthoudakis, S., Gutekunst, C. A., Leavitt,
B.R., Metzler, M., Hackam, A. S., Tam, ], Vaillancourt, J. P., Houtzager, V.,
Rasper, D. M., Roy, S., Hayden, M. R,, and Nicholson, D. W. (2002) Nat.
Cell Biol. 4, 95-105
17. Kalchman, M. A., Koide, H. B., McCutcheon, K., Graham, R. K., Nichol, K.,
Nishiyama, K., Kazemi-Esfarjani, P., Lynn, F. C., Wellington, C., Metzler,
M., Goldberg, Y. P., Kanazawa, I, Gietz, R. D., and Hayden, M. R. (1997)
Nat. Genet. 16, 44-53
18. Majumder, P., Chattopadhyay, B., Mazumder, A., Das, P., and Bhattacha-
ryya, N. P. (2006) Neurobiol. Dis. 22, 242-256
19. Majumder, P., Chattopadhyay, B., Sukanya, S., Ray, T., Banerjee, M., Muk-
hopadhyay, D., and Bhattacharyya, N. P. (2007) Biochem. Biophys. Res.
Commun. 353, 80 -85
20. Majumder, P, Choudhury, A., Banerjee, M., Lahiri, A., and Bhattacharyya,
N. P. (2007) FEBS J. 274, 3886 —3899
21. Banerjee, M., Datta, M., Majumder, P., Mukhopadhyay, D., and Bhat-
tacharyya, N. P. (2010) Nucleic Acids Res. 38, 878 —892
22. Trettel, F., Rigamonti, D., Hilditch-Maguire, P., Wheeler, V. C., Sharp,
A. H,, Persichetti, F., Cattaneo, E., and MacDonald, M. E. (2000) Hum.
Mol. Genet. 9, 2799 -2809
23. Raychaudhuri, S., Sinha, M., Mukhopadhyay, D., and Bhattacharyya, N. P.
(2008) Hum. Mol. Genet. 17, 240-255
24. Sinha, M., Ghose, J., Das, E., and Bhattarcharyya, N. P. (2010) Biochem.
Biophys. Res. Commun. 396, 742—747
25. Benn, C. L, Sun, T., Sadri-Vakili, G., McFarland, K. N., DiRocco, D. P.,
Yohrling, G.J., Clark, T. W., Bouzou, B., and Cha, J. H. (2008) J. Neurosci.
28, 10720-10733
26. Bruce, A. W., Donaldson, 1. ., Wood, I. C,, Yerbury, S. A., Sadowski, M. I,
Chapman, M., Géttgens, B., and Buckley, N.J. (2004) Proc. Natl. Acad. Sci.
U.S.A. 101, 10458 —10463
27. Wu, J., and Xie, X. (2006) Genome Biol. 7, R85
28. Johnson, R., Teh, C. H., Kunarso, G., Wong, K. Y., Srinivasan, G., Cooper,
M. L., Volta, M., Chan, S. S., Lipovich, L., Pollard, S. M., Karuturi, R. K,,
Wei, C. L., Buckley, N. ], and Stanton, L. W. (2008) PLoS Biol. 6, 256
29. Bruce, A. W., Lépez-Contreras, A. J., Flicek, P., Down, T. A., Dhami, P.,
Dillon, S. C., Koch, C. M., Langford, C. F., Dunham, I, Andrews, R. M., and
Vetrie, D. (2009) Genome Res. 19, 994—-1005
30. Lunyak, V. V., Burgess, R, Prefontaine, G. G., Nelson, C., Sze, S. H., Che-
noweth, J., Schwartz, P., Pevzner, P. A., Glass, C., Mandel, G., and Rosen-
feld, M. G. (2002) Science 298, 1747-1752
31. Roopra, A., Qazi, R., Schoenike, B, Daley, T. J., and Morrison, J. F. (2004)

VOLUME 286+NUMBER 39+-SEPTEMBER 30, 2011



32.
33.

34.

35.

36.

SEPTEMBER 30, 2011 +VOLUME 286-NUMBER 39

Mol. Cell 14, 727-738

Ballas, N, Grunseich, C., Lu, D. D., Speh, J. C., and Mandel, G. (2005) Cel/
121, 645-657

Jiang, L., Yao, M., Shi, J., Shen, P., Niu, G., and Fei, J. (2008) /. Neurosci. Res.
86, 1209-1216

Canzonetta, C., Mulligan, C., Deutsch, S., Ruf, S., O'Doherty, A., Lyle, R.,
Borel, C.,, Lin-Margq, N., Delom, F., Groet, ., Schnappauf, F., De Vita, S.,
Averill, S., Priestley, J. V., Martin, J. E., Shipley, J., Denyer, G., Epstein, C.].,
Fillat, C., Estivill, X., Tybulewicz, V. L., Fisher, E. M., Antonarakis, S. E.,
and Nizetic, D. (2008) Am. J. Hum. Genet. 83, 388 —400

Nishihara, S., Tsuda, L., and Ogura, T. (2003) Biochem. Biophys. Res. Com-
mun. 311, 55— 63

Ravache, M., Weber, C., Mérienne, K., and Trottier, Y. (2010) PLoS One 5,

37.

38.

39.

40.

41.

HIPPI Regulates REST Expression

el4311

Packer, A. N, Xing, Y., Harper, S. Q., Jones, L., and Davidson, B. L. (2008)
J. Neurosci. 28, 1434114346

Cha, J. H. (2007) Prog. Neurobiol. 83, 228 248

Smith, R., Chung, H., Rundquist, S., Maat-Schieman, M. L., Colgan, L.,
Englund, E., Liu, Y. J., Roos, R. A,, Faull, R. L., Brundin, P., and Li, J. Y.
(2006) Hum. Mol. Genet. 15,3119-3131

Houde, C., Dickinson, R. J., Houtzager, V. M., Cullum, R., Montpetit, R.,
Metzler, M., Simpson, E. M., Roy, S., Hayden, M. R., Hoodless, P. A., and
Nicholson, D. W. (2006) Dev. Biol. 300, 523-533

Palma, V., Lim, D. A., Dahmane, N., Sanchez, P., Brionne, T. C., Herzberg,
C. D, Gitton, Y., Carleton, A., Alvarez-Buylla, A, and Ruiz i Altaba, A.
(2005) Development 132, 335—-344

JOURNAL OF BIOLOGICAL CHEMISTRY 33769



