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Cocaine- and amphetamine-regulated transcript (CART)
peptide plays a pivotal role in neuroprotection against stroke-
related brain injury. However, the regulatory mechanism on
CART transcription, especially the repression mechanism, is not
fully understood. Here, we show that the transcriptional repres-
sor neuron-restrictive silencer elements (NRSF, also known as
REST) represses CART expression through direct binding to
two NRSF-binding elements (NRSEs) in the CART promoter
and intron 1 (named pNRSE and iNRSE, respectively). EMSA
show that NRSF binds to pNRSE and iNRSE directly in vitro.
ChIP assays show that NRSF recruits differential co-repressor
complexes including CoREST and HDACI1 to these NRSEs. The
presence of both NRSEs is required for efficient repression of
CART transcription as indicated by reporter gene assays. NRSF
overexpression antagonizes forskolin-mediated up-regulation
of CART mRNA and protein. Ischemia insult triggered by oxy-
gen-glucose deprivation (OGD) enhances NRSF mRNA levels
and then NRSF antagonizes the CREB signaling on CART acti-
vation, leading to augmented cell death. Depletion of NRSF in
combination with forskolin treatment increases neuronal sur-
vival after ischemic insult. These findings reveal a novel dual
NRSE mechanism by which NRSF represses CART expression
and suggest that NRSF may serve as a therapeutic target for
stroke treatment.
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Cocaine- and amphetamine-regulated transcript (CART)? is
a regulated neuropeptide involved in numerous physiological
processes, including reward/reinforcement circuit, feeding
behavior, stress response, endocrine regulation, and sensory
processing in the brain (1-6). CART is widely expressed in
central nervous system and endocrine tissue, and functions as a
neuropeptide to protect the brain against ischemic injury both
in vivo and in vitro (7-10). Recently, it has been reported that
CART peptide is increased in the blood circulation of patients
with neuroendocrine malignancy and primary and metastatic
breast cancer. CART has been suggested as a prognostic factor
of the neuroendocrine tumor and estrogen receptor (ER)-pos-
itive, lymph node-negative breast tumors (11, 12). Therefore,
CART expression must be tightly regulated. CART mRNA
expression is up-regulated by psychostimulant drugs, for exam-
ple, cocaine and amphetamine (13), as well as leptin (14, 15),
cholecystokinin (16), estradiol (17), and glucocorticoids (3, 18).
The up-regulation of CART mRNA has been well documented
to be primarily achieved by PKA-CREB (cAMP response ele-
ment-binding protein) signaling (9, 19-21). In addition to the
CRE site, the CART promoter also contains several AP-1,
STAT, and SP1 sites, and an E-box (19 -23). Recently, a positive
cis-acting element for the zinc-binding protein factor in pig
CART promoter was reported (24). By contrast, how CART
transcription is negatively regulated remains largely unclear.

We previously identified the transcriptional repressor NRSF
(also known as REST) as a critical negative regulator of the
CART gene (25). NRSF mediates the repression of target genes

3 The abbreviations used are: CART, cocaine- and amphetamine-regulated
transcript; CREB, CAMP response element-binding protein; CRE, CAMP-re-
sponse element; NRSF, neuron-restrictive silencer factor; HDAC, histone
deacetylase; gPCR, quantitative PCR; PI, propidium iodide; OGD, oxygen-
glucose deprivation.
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usually by direct binding to a 21-23-bp NRSE element (26).
Indeed, we showed that NRSF binds to a typical NRSE site in the
promoter of CART gene (pNRSE) (25). Depletion of NRSF in
HeLa cells mediated by RNA interference (RNAi) results in a
significant increase of CART expression and its promoter activ-
ity (25). Notably, the repression mechanism by NRSF often
involves the recruitment of co-repressor complexes, such as
histone deacetylases (HDACs), mSin3, CoREST (co-repressor
of REST) (27-31); and the specificity of co-repressor recruit-
ment depends on cellular context. However, whether pNRSE is
the sole inhibitory site on CART and NRSF, which recruits co-
repressor complexes to the CART gene, remains unknown.
Moreover, how the inhibitory NRSF-NRSE mechanism con-
certs with the stimulatory CREB-CRE mechanism under path-
ological contexts also remains to be elucidated.

Here we identify an independent NRSE element in the first
intron of the CART gene (iNRSE), which is functionally equiv-
alent to the pNRSE. NRSF recruits similar but not identical
complexes to pNRSE and iNRSE. The dual NRSF-NRSE mech-
anism exhibits an antagonizing effect on CREB-CRE signaling
under ischemia insult. These findings provide novel insights on
the negative regulation of CART transcription.

EXPERIMENTAL PROCEDURES

Cell Culture—Human cervical carcinoma HeLa cells and
human neuroblastoma SK-N-SH cells were both cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS; Hyclone). Cell lines
were maintained in a humidified incubator at 37 °C under an
atmosphere containing 5% of CO.,,.

Electrophoretic Mobility Shift Assay (EMSA)—EMSA was
performed as described previously (32). Briefly, nuclear
extracts were prepared according to the manufacturer’s
instructions (Panomics, Fremont, CA), and the protein concen-
tration was determined using bicinchoninic acid protein assay
system (BCA; Pierce). Oligonucleotides containing the NRSE
sequence of the CART promoter (sense, 5'-GAGTTTCAGAA-
CGATGGAGAGCTCCCGC-3'; antisense, 5'-GCGGGAGC-
TCTCCATCGTTCTGAAACTC-3’) and intron I (sense, 5'-
GAGTGTCAGTACCTGGGACAGCGTCCGC-3'; antisense,
5'-GCGGACGCTGTCCCAGGTACTGACACTC-3") were
synthesized and labeled with biotin at the 5'-end by AuGCT
Biotechnology Synthesis Co. (Beijing, China). To perform
DNA-protein binding reactions, the oligonucleotides were
annealed to form double-stranded probes and incubated with
the HeLa nuclear extract for 30 min in binding buffer (10 mm
Tris-HCI, pH 7.5, 150 mm KCl, 5.7 mm MgCl,, 1 mm EDTA, 0.2
pg of poly(dI-dC), 5 ug of BSA, 0.67 mm DTT, 0.67 mm PMSF,
5% glycerol) in the presence or absence of unlabeled CART
iNRSE probe as a competitor. For supershift assay, the NRSF
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA; three
anti-NRSF goat and rabbit polyclonal antibodies were mixed
together as a pool) were incubated with the nuclear extract and
CART iNRSE probe. To ensure the protein binds to the anti-
NRSF antibody, the nuclear extract and antibodies were prein-
cubated for 20 min before the labeled probe was added. The
protein/DNA binding samples were loaded onto a native poly-
acrylamide gel (6 and 10%, up and down) in 0.5X TBE buffer,
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then transferred to a nylon membrane. The membrane was
blocked and incubated with stabilized streptavidin-horseradish
peroxidase conjugate at room temperature for 15 min. The
membrane was washed three times with washing buffer, treated
with SuperSignal (Pierce Biotechnology) detection reagents,
and exposed to Kodak Light films.

Chromatin Immunoprecipitation (ChIP) Assays—ChIP assays
were performed according to the manufacturer’s protocol (Cell
Signaling Technology) and described previously (32). Briefly,
4 X 107 cells were formaldehyde cross-linked and chromatin
was prepared and digested to 150 —900-bp nucleosomes. One-
hundred microliters of cell supernatant was diluted to a final
volume of 0.5 ml in ChIP dilution buffer, and 2% of the diluted
supernatant was used for input. The residual supernatant was
used for overnight immunoprecipitation with 4 ug of anti-
NRSF, anti-HDACI, anti-HDAC2, anti-mSin3A, anti-mSin3B,
and anti-CoREST antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA) at 4 °C. Normal rabbit IgG was used as negative con-
trol. Following the reverse cross-linking step, DNA was precip-
itated and purified by the Wizard SV Gel and PCR clean up
system (Promega). Immunoprecipitated chromatin was ana-
lyzed by qPCR using SYBR Green dye with primers spanning
the pNRSE and iNRSE motifs, which produce 152- and 155-bp
PCR products, respectively. The primers used are as follows:
CART promoter, sense, 5'-CTCCTCCCTCTTTCCTGCAC-
3’, antisense, 5-CAGAGGTAGCATCAGCAGCA-3’; and
CART intron I, sense, 5'-CCCACTGCCATCCGAAG-
AGC-3', antisense, 5'-CGAGGGGTGGAAACTTAGCG-3'.

Small Interfering RNA Vector Production—Small interfering
RNA (siRNA) vectors containing the NRSF sequence or a
scrambled sequence were prepared as previously described
(33). Following our previous method, we constructed another
siRNA vector that targets the human NRSF gene with the tar-
geting sequence GTGTAATCTACAGTATCAC (34). Primers
(N19)TTCAAGAGA(ION)TTTTTTC and TCGAGAAA-
AAA(N19)TCTCTTGAA(19N)A were designed to allow clon-
ing into the vector pSicoR, which also expresses enhanced
green fluorescent protein under control of the cytomegalovirus
(CMV) promoter. Primers were annealed and cloned under
control of the U6 promoter in pSicoR vector. Constructs were
verified by DNA sequencing (35). The siRNA mixtures against
CoREST, HDACI1, HDAC2, mSin3A, or mSin3B were pur-
chased from Dharmacon. The siRNAs were transfected into the
HeLa cells according to the manufacturer’s instructions. The
knockdown efficiency was determined by analysis of the mRNA
level of the corresponding target molecule.

Lentivirus Generation and Infection—Lentiviruses were gen-
erated essentially as described (36). Briefly, 5 ug of pSicoR con-
taining NRSF or scrambled control interference sequence, 4.2
png of pLP1, 2 ug of pLP2, and 2.8 pg of pLP/VSVG were
cotransfected into 293FT cells using Lipofectamine™ 2000
reagent (Invitrogen). Supernatants were collected 48-72 h
after transfection, filtered through a 0.45-um filter, and used
directly to infect HeLa cells in the presence of Polybrene with a
final concentration of 8 ug/ml. Lentiviruses containing NRSF
siRNA sequence and scrambled sequence were termed
siRNA-NRSF and siRNA-Control, respectively. HeLa cells
infected with siRNA-NRSF were named siRNA-NRSF #1 and
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siRNA-NRSF #2, and HeLa cells infected with siRNA-Control
were named NC. siRNA-NRSF #1, siRNA-NRSF #2, and NC
were cultured in normal culture conditions (DMEM supple-
mented with 10% FBS), the culture medium was changed every
3 days and passaged with 0.25% trypsin.

FACS Sorting of HeLa Cells Infected with siRNA-NRSF or
siRNA-Control Lentiviruses—Cells infected with siRNA-NRSF
or siRNA-Control lentiviruses were resuspended in 1X PBS,
GFP-enriched cells were sorted on a FACS Vantage-SE flow
cytometer (BD Biosciences) equipped with an Innova 70C-4
(488 nm) argon ion laser (Coherent, Palo Alto, CA). GFP was
excited at 488 nm and fluorescence emission was detected
using a 530/30 BP filter. Data from the experiments were ana-
lyzed with CellQuest software (BD Biosciences). GFP express-
ing cells underwent 4 rounds of GFP enrichment by FACS.

RNA Isolation and Quantitative Real-time Polymerase Chain
Reaction—Total RNA was extracted using TRIzol Reagent
(Invitrogen) according to the manufacturer’s protocol, and 1 g
of total RNA was reverse transcribed into cDNA using M-MLV
reverse transcriptase (TaKaRa) in a 10-ul reaction mixture.
qPCR analysis was performed on a Bio-Rad iQ5 system using
the SYBR Green PCR Master Mix (TaKaRa). The sequences of
primers used for qPCR amplification were: NRSF, forward (F),
5'-ATTGAAGTTGGCTTAGTG-3/, reverse (R), 5'-TATGG-
GTAGATTCGTTGA-3"; CART, F, 5'-CAGCAACGACGAG-
TTTCAGA-3', R, 5'-TGGGGATGTATGGAGGAGAA-3';
CoREST, F, 5'-AACTGGCAAGACGCAGTCAA-3', R, 5'-
GTTGGGCAAATCAGCCAATGA-3'; HDACI, F, 5'-CGCC-
CTCACAAAGCCAATG-3',R,5'-CTGCTTGCTGTACTCC-
GACA-3'; HDAC2, F, 5'-ATGGCGTACAGTCAAGGAGG-
3, R, 5'-TGCGGATTCTATGAGGCTTCA-3'; mSin3A, F,
5'-GGTGGAGGATGCGCTATCTTA-3', R, 5'-GGGTGTC-
GATGCTCTGAGATTT-3'; mSin3B, F, 5'-AGAACGAGCA-
CGACAAGACC-3". R, 5'-AGTCCCGTACTTCCCCACTG-
3’. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
primers were used as control. All of the reactions were repeated
at least three times.

Reporter Plasmids Construction—The plasmid pcDNA
I-NRSF was generously provided by Dr. Gerward Waeber and
described previously (37). The NRSF fragment was digested
from the pcDNA I-NRSF construct and cloned into the
pcDNA3.1 plasmid. The cloned reporter gene vector contain-
ing the proximal promoter region of the CART gene (—700 to
+39 bp; P-Luc) was a kind gift from Dr. Peter Morgan (19). The
reporter gene construct containing the truncated CART pro-
moter (—700 to +12 bp) without the NRSE sequence (tP-Luc)
was described previously (25). The CART intron I region frag-
ment was generated by PCR amplification using genomic DNA
from human mesenchymal stem cells as the template, and
primers were as follows: sense, 5'-GGATCCTGCTGATGCT-
ACCTCTG-3'; antisense, 5'-GTCGACGCCATACTTCTTC-
TCATAG-3'. The truncated NRSE-deleting CART intron I
fragment (tI) was acquired by PCR using three pairs primers as
follows: I sense, 5'-GGATCCTGCTGATGCTACCTCTG-3';
antisense, 5'-AGGGGTGGAAACTTAGCCGCGGGTCTCT-
GAGCC-3'; I sense, 5'-GGCTCAGAGACCCGCGGCTAAG-
TTTCCACCCCT-3’; antisense, 5'-GTCGACGCCATACTT-
CTTCTCATAG-3'; Il sense, 5'-GGATCCTGCTGATGCTA-
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CCTCTG-3'; antisense, 5'-GTCGACGCCATACTTCTT-
CTCATAG-3'. Briefly, the following procedure was used. The
upstream and downstream sequences of the CART intron I
sequence were amplified using primers I and II, respectively.
Then the PCR products were denatured, annealed, and ampli-
fied again using primer III. Last, the amplified intron I and II
sequences were cloned into the BamHI/Sall sites of luciferase
reporter vectors P-Luc and tP-Luc. The pGL3-control plasmid
with a supplementary Ndel site was a kind gift from Dr. Xiaofei
Zheng. Reporter gene constructs contain two tandem copies
of pNRSE (pNRSE-Luc) and site-directed mutant pNRSE
(PNRSE,,,,.-Luc) were also described previously (25). Here we
similarly synthesized two tandem copies of iNRSE, sense,
5'-CCCCGCGGTCAGTACCTGGGACAGCGTCGCTAAG-
TTCCCGCGGTCAGTACCTGGGACAGCGTCGCTAAGTT-
A-3'; antisense, 5'-GATCTAACTTAGCGACGCTGTCCCAG-
GTACTGACCGCGGGAACTTAGCGACGCTGTCCCAGGT-
ACTGACCGCGGGGGTAC-3'; and site-directed mutant iNRSE
(iNRSE,, ) sense, (5'-CCCCGCGGTCGTTAAATGTTA-
CGTCGTCGCTAAGTTCCCGCGGTCGTTAAATGTITACG-
TCGTCGCTAAGTTA-3’; antisense, 5'-GATCTAACTTAGC-
GACGACGTAACATTTAACGACCGCGGGAACTTAGCGA-
CGACGTAACATTTAACGACCGCGGGGGTAC-3'. Oligonu-
cleotide sequences containing a cleaved Xbal/Ndel cloning site
were annealed and, respectively, cloned into the pGL3-control,
pPNRSE-Luc and pNRSE _ .-Luc reporter plasmids, then report-
er plasmids Luc-iNRSE, Luc-iNRSE_ ., pNRSE-Luc-iNRSE,
PNRSE, ,,.-Luc-iNRSE, pNRSE-Luc-iNRSE ., and pNRSE,_ .-
Luc-iNRSE_ , were acquired. The mutant nucleotides are under-
lined. All constructs were verified by DNA sequencing.

Reporter Gene Assays—For the measurement of normoxic
cultured HeLa and SK-N-SH cells, cells were routinely cultured
in DMEM supplemented with 10% FBS in 24-well culture
dishes at a density of 1 X 10° and 2 X 10° cells/well, respec-
tively. After an overnight adhering, the indicated luciferase
reporter plasmids were transfected into cells; pRL-CMV (Pro-
mega) plasmid was co-transfected for normalization. For over-
expression of NRSF or the co-repressor plasmids, the cells were
incubated for 48 h and then harvested, lysed, and monitored
using the dual luciferase assay system (Promega) in a luminom-
eter (Berthold, Germany). For the depletion of CoREST or
other co-repressor factors, the indicated siRNA mixture was
transfected into HeLa cells and the lysates were prepared at 72 h
post-transfection to ensure the high knockdown efficiency. For
certain cases, the pcDNA3.1 or pcDNA3.1-NRSF and P-Luc-I
plasmids were transiently co-transfected into SK-N-SH cells,
and 24 h after the transfection, the cells were treated with or
without 5 uM forskolin (Sigma). Luciferase activities were ana-
lyzed after a 24-h treatment. All of the reporter gene assays were
repeated at least three times.

Oxygen-glucose Deprivation (OGD)—To initiate ischemia,
SK-N-SH cells were subjected to combined OGD in vitro.
Briefly, the normal feeding medium was removed and the cells
were washed twice with glucose-free medium containing 120
mM NaCl, 25 mm Tris-HCI (pH 7.4), 5.4 mMm KCI, and 1.8 mm
CacCl, and then incubated in the same volume of glucose-free
medium. Cells were maintained at 37 °C in a hypoxic cham-
ber (Billups-Rothenberg, Del Mar, CA; 95% N, and 5% CO,)
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FIGURE 1. NRSF binds to pNRSE and iNRSE of the CART gene in vitro and in vivo. A, NRSE sequences in human, mouse, and rat CART genes. B, EMSA were
performed with the nuclear extracts from Hela cells and the iNRSE and pNRSE probes. C and D, ChIP assays were performed in siRNA-NRSF #1, #2, or
siRNA-Control Hela cells using antibodies against NRSF, HDAC1, HDAC2, mSin3A, mSin3B, CoREST, or control IgG. The immunoprecipitates were analyzed
using quantitative real-time PCR with two sets of primers to amplify DNA including iNRSE (C) or pNRSE (D). C, values of immunoprecipitated samples were
normalized to the corresponding value for input. Bars represent mean = S.D. *, p < 0.05. E, real-time PCR and Western blot analysis were performed to detect
the expression levels of NRSF (upper) and CART (lower) in two NRSF-depleted Hela cell lines (siRNA-NRSF #1, siRNA-NRSF #2). HeLa cells infected with

siRNA-control lentivirus were termed the negative control (NC). The results displayed high knockdown efficiency by ~85 and 86% in the levels of NRSF mRNA.
Data are mean = S.D. (n = 3).*, p < 0.05.

for 3 h. For reoxygenation, cells were incubated in fresh nor-
mal feeding medium at 37 °C in 5% CO, and atmospheric air
for 24 h.

Cell Death and Survival Analysis—SK-N-SH cells exposed to
combined OGD were transiently transfected with NRSF or
siRNA against NRSF, and treated with or without forskolin.
The survival rate was measured using flow cytometry. To dis-
tinguish apoptotic from necrotic cell death, the Annexin-V-
FITCapoptosis detection kit (KeyGen, China) was used accord-
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ing to the manufacturer’s instructions. Briefly, cells were
detached from the culture plate, washed twice with 1X PBS,
and pellets were dissolved in 100 ul of binding buffer. Then 5 ul
of Annexin-V and 5 ul of propidium iodide (PI) were added
sequentially and incubated in the dark for 15 min. Apoptotic
and necrotic cells were quantified by Annexin-V binding and PI
uptake.

Statistical Analysis—Statistical analysis was carried out using
the Student’s ¢ test.
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FIGURE 2. NRSF recruits co-repressor protein factors to repress CART transcription. A-C, Hela cells were transfected with the siRNAs against COREST,

HDAC1, HDAC2, mSin3A, or mSin3B. Seventy-two hours post-transfection, the

RNA was extracted and the quantitative real-time PCR analysis was performed

to measure the mRNA levels of each target molecule (A), CART (B), and NRSF (C). Data are mean = S.D. (n = 3).*, p < 0.05. NC means the nontargeting control

siRNA.

RESULTS

Identification of a NRSE in the Intron of CART Gene—The
CART gene is composed of three exons and two introns. Our
careful scanning of the human CART sequence predicted a
NRSE element in its first intron of the CART gene. The iNRSE is
highly conserved across species, homologous to the pNRSE,
and conformed to the classical NRSE sequence (Fig. 14). No
more NRSE sequences were found in the CART gene.

We first asked whether the iNRSE can bind to NRSF in vitro.
Electrophoretic mobility shift assay (EMSA) showed that a clear
protein-iNRSE complex formed in a dose-dependent manner
when an increasing amount of HeLa nuclear extracts was incu-
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bated with the CART iNRSE probe (Fig. 1B, lanes 2—4). Further
addition of a specific anti-NRSF antibody (lane 5), but not a con-
trol antibody (lane 6), resulted in a significant supershift of the
complex; indicating a specific binding of iNRSE to NRSF. By con-
trast, addition of a large amount of unlabeled iNRSE probe abol-
ished the INRSE-NRSF binding (lane 7 versus lane 4). The affinity
of NRSF with iNRSE was similar to that with pNRSE (lane 2 versus
lane 1). These results indicate that the NRSF protein can bind to
the iNRSE sequence in the CART gene in vitro.

NRSF Recruits Co-repressors to the iNRSE and pNRSE to Reg-
ulate CART Expression—Next, we carried out a series of chro-
matin immunoprecipitation (ChIP) assays to assess the interac-
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tion of NRSF with iNRSE in cultured mammalian cells. The cell
lysates from human cervical carcinoma HeLa cells, which
express a relative high level of NRSF were immunoprecipitated
with the antibody against NRSF, CoREST, HDAC1, HDAC2,
mSin3A, mSin3B, or a normal IgG as a negative control. We
observed that NRSF and CoREST robustly, whereas HDAC1
moderately but still significantly, interacted with endogenous

DECEMBER 14, 2012+VOLUME 287-NUMBER 51

CART intron 1 in vivo (Fig. 1C, NC groups). By contrast,
HDAC2, mSin3A, and mSin3B did not bind to iNRSE under
these cellular contexts. For pNRSE, proteins NRSF, CoREST,
HDAC]1, and mSin3A interacted with the pNRSE element, but
HDAC?2 and mSin3B did not (Fig. 1D, NC groups). Notably,
comparison of the quantitative ChIP data showed that the affin-
ities of iINRSE to NRSF and CoREST proteins were more than
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8-fold of those of pNRSE (Fig. 1, C and D), implicating that
NRSF and CoREST might prefer to bind more tightly to the
intron NRSE than to the promoter NRSE, at least in the case of
HeLa cells.

The repression mechanism by NRSF often involves the
recruitment of co-repressor complexes, such as HDACs:,
mSin3, CoREST (co-repressor of REST) (27-29); and the spec-
ificity of co-repressor recruitment depends on cellular context.
To further evaluate the role of NRSF in the complex organiza-
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tion, endogenous NRSF was depleted by RNAi with each of two
independent siRNAs. These siRNAs displayed high knockdown
efficiency on NRSF expression (Fig. 1E). NRSF depletion
resulted in a dramatic increase of CART levels (Fig. 1E). In the
NRSF-depleted cells, the interactions of iNRSE with NRSF,
CoREST, and HDAC1 were dramatically attenuated (Fig. 1C),
indicating the requirement of NRSF in recruiting CoREST and
HDACI to the iNRSE. Interestingly, the binding of iNRSE to
HDAC2 and to a less extent, mSin3A and mSin3B, was
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NRSF Represses CART through a Dual NRSE Mechanism

I

6 P-Luc-tl|

z‘ *

3 %

=

7}

< 44

?

o *

- 34 *

e

o

S 5 i

32

o

>

s 14

S

[}

X .
< < A N v r 2
& & S O O oY
$Q 8& ‘bo?' ‘bov 6\0 6\(\

& & & & ¢
1.54 P-Luc-tl

-
o
i

Relative Luciferase Activity ()
e
e

e
o
i

B

64 tP-Luc-l

2

s

=

Q

< 44 *

[

.

- 3 *

S

S

a3 27

o

>

= 14

K

[T}

X .
< < A N v r D
g o O O o N
\QQ' OQ.Q ‘?Qv Q\OV‘ é\(‘ (9\(‘
LTSS

1.54 tP-Luc-l

Relative Luciferase Activity O

AP oy P
s O G F S
2 PN SR s
S e

O &
&
&

FIGURE 5. The NRSF-recruited co-repressor protein factors are involved in pNRSE and iNRSE-driven CART repression. A and B, the P-Luc-tl (A) and tP-Luc-I
(B) luciferase reporter plasmids described in Fig. 4A (e and d, respectively) were transfected into HelLa cells together with the pRL-CMV control luciferase
plasmid, the indicated siRNA against NRSF, CoREST, HDAC1, HDAC2, mSin3A, mSin3B, or the control siRNA (NC). Seventy-two hours post-transfection, the
P-Luc-tl and tP-Luc-I luciferase activities were measured and normalized. Data are mean =+ S.D. (n = 3). ¥, p < 0.05. C and D, the P-Luc-tl (A) and tP-Luc-I (B)
luciferase reporter plasmids were transfected into HeLa cells together with the pRL-CMV control luciferase plasmid, the indicated overexpression plasmids. NC
means the empty vector. Forty-eight hours post-transfection, the P-Luc-tl and tP-Luc-I luciferase activities were measured and normalized. Data are mean +

S.D.(n=3).* p<0.05.

enhanced after NRSF depletion (Fig. 1C). Similarly, NRSF was
also required for recruitment of CoREST, HDAC1, and mSin3A
to the pNRSE (Fig. 1D). Because mSin3A was specifically
recruited to pNRSE but not to iNRSE, and more importantly,
NRSF and CoREST displayed stronger affinity to the iNRSE
than to the pNRSE, we propose that NRSF recruits a similar but
not identical co-repressor complex (both the components and
the amounts) to the iNRSE and the pNRSE elements.

To evaluate the role of endogenous CoREST, HDACI,
HDAC2, mSin3A, and mSin3B in the CART transcription con-
trol, each of these proteins were depleted in HeLa cells through
RNAi and the CART expression levels were determined by
quantitative real-time PCR. As shown in Fig. 24, the gene
knockdown efficiency of these siRNAs was ~50—-75%. Deple-
tion of CoREST resulted in a dramatic increase of CART mRNA
levels (Fig. 2B), similar to the effect of NRSF depletion (Fig. 1E).
The depletion of HDACI or mSin3A had moderate but still
significant effects on CART up-regulation, whereas the deple-
tion of HDAC2 or mSin3B had no up-regulatory effects on

DECEMBER 14, 2012+VOLUME 287+NUMBER 51

CART (Fig. 2B). To evaluate whether the effects of CoREST,
HDACI, and mSin3A depletion resulted from possible altera-
tion of NRSF mRNA levels, we monitored NRSF expression in
these siRNA-transfected cells. As shown in Fig. 2C clearly,
knockdown of these five genes had no significant effects on the
NRSF mRNA levels. These data suggest that NRSF, CoREST,
HDACI, and mSin3A were involved in the CART regulation.

To further confirm the suppressive role of NRSF, CoREST,
HDACI, and mSin3A on CART expression, each of these pro-
teins were overexpressed in HeLa cells and endogenous CART
levels were measured. We observed that ectopic expression of
NRSF, CoREST, HDAC]1, and mSin3A resulted in the decrease
of CART levels at various extents, whereas HDAC2 and
mSin3B had no significant inhibitory effects (Fig. 3, A and B).
Also, the overexpression of CoREST and others had no signifi-
cant alterations on the NRSF mRNA level (Fig. 3C).

Because HeLa cells expressed a relative high level of NRSF,
we asked whether the suppressive role of CoREST, HDACI,
and mSin3A was dependent of the endogenous NRSF. In NRSE-
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depleted HeLa cells, overexpression of CoREST, HDACI, or
mSin3A no longer displayed the suppressive effects on CART
transcription (Fig. 3D), suggesting that NRSF-mediated
recruitment to NRSE elements of the CART gene was required
for the regulation on CART of CoREST, HDAC]1, and mSin3A.
This result is consistent with the above described ChIP assay
data (Fig. 1, C and D).

Both NRSEs Contribute to CART Repression—To identify the
functional relevance of the two NRSE elements in CART regu-
lation, we performed reporter gene assays with the luciferase
gene fused to various combinations of CART promoter and
intron sequences containing pNRSE and iNRSE (Fig. 4A). First,
deletion of pNRSE resulted in dramatic increases of the
reporter activity (Fig. 4, B and C, columns b, d, f versus a, ¢, e,
respectively), indicating the suppressing role of the pNRSE.

42582 JOURNAL OF BIOLOGICAL CHEMISTRY

Second, the addition of intron containing iNRSE resulted in a
significant inhibitory effect on the reporter activity (column ¢
versus a, in the presence of pNRSE; d versus b, in the absence of
pNRSE), and if iNRSE was deleted from the intron, such an
inhibitory effect was largely attenuated (column e versus c; and f
versus d), indicating the suppressing role of the iNRSE. Third,
deletion of both pNRSE and iNRSE (column f) displayed an
additional effect of single deletion of either pNRSE (column d)
or iNRSE (column e) (compare f, d, e with ¢, respectively), sug-
gesting the nonredundant roles of the pNRSE and iNRSE ele-
ments. Similar results were obtained in human neuroblastoma
SK-N-SH (Fig. 4B) and human cervical carcinoma HeLa cells
(Fig. 4C).

To get more direct evidence to indicate the role of NRSE
elements in CART regulation, we constructed another set of
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reporter plasmids consisting of pNRSE and iNRSE elements
(each two copies) but without other sequences of the promoter/
intron (Fig. 4D). To drive the luciferase expression, an SV40
promoter was included in these pGL3-control plasmids. Intro-
duction of a wild-type pNRSE (column b) or iNRSE element
(column d) but not a mutant one (columns c and e) resulted in a
moderate reduction of the basal luciferase activity in SK-N-SH
(Fig. 4E) and HeLa cells (Fig. 4F). Notably, the combination of
both pNRSE and iNRSE obtained a dramatic inhibitory effect
(column f). Mutation of key sites in the NRSE element reversed
luciferase activity (columns g-i). Collectively, the reporter
assays suggested that both pNRSE and iNRSE elements con-
tribute to the repression of CART in cultured cells.

We have shown that NRSF, CoREST, HDAC]1, and mSin3A
were involved in the CART repression, possibly through

DECEMBER 14, 2012+VOLUME 287+NUMBER 51

recruitment to NRSE elements of CART gene (Figs. 1-3). To
further evaluate the physiological role of these protein factors
in the NRSE-driven CART repression, and to clarify which fac-
tors are recruited to pNRSE or iNRSE elements, reporter gene
assays were performed to verify our conclusion made through
ChIP assays and qPCR analysis. The luciferase reporter plas-
mids P-Luc-tl (the plasmid “e” described in Fig. 44) and tP-
Luc-I (the plasmid “d” described in Fig. 4A4), which contains
both the promoter and intron but lack either the iNRSE or
pNRSE element, respectively, were used in the reporter gene
assays. Each of the six protein factors (NRSF, CoREST, HDAC],
HDAC2, mSin3A, and mSin3B) were depleted from HeLa cells
through siRNA transfection and P-Luc-tI and tP-Luc-I activity
was measured. As shown in Fig. 5, A and B, depletion of NRSF
or CoREST resulted in dramatic increases of the reporter activ-
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ities of both P-Luc-tI and tP-Luc-I. Similar but lesser effects
were observed with the depletion of HDACI. Interestingly,
depletion of mSin3A resulted in the specific increase of
P-Luc-tI activity. By contrast, depletion of HDAC2 or mSin3B
had no significant effects or even resulted in the decrease of the
two luciferases (Fig. 5, A and B). These results suggest that
NRSF, CoREST, HDACI, and mSin3A are involved in pNRSE-
mediated CART repression, whereas NRSF, CoREST, and
HDACI1 are involved in iNRSE-mediated transcription inhibi-
tion of CART.

To confirm the suppressive effects of these protein factors on
luciferase activity, we performed reporter gene assays in HeLa
cells, which were transfected, and overexpressed each of these
factors. We observed that NRSF, CoREST, and HDAC]1 expres-
sion significantly inhibited the activity of both luciferase report-
ers, whereas mSin3A only inhibited P-Luc-tl. By contrast,
HDAC?2 and mSin3B had no such inhibitory effects on these
reporters (Fig. 5, Cand D). The inhibitory effect of NRSF over-
expression was not as strong as that of CoREST or HDAC1
overexpression. This might be due to the high expression level
of endogenous NRSF. Taken together, the ChIP assays, the
qPCR analysis, and the luciferase reporter assays suggest that
NRSF functions as an organizer to recruit similar but not iden-
tical co-repressor protein factors to the promoter and the

42584 JOURNAL OF BIOLOGICAL CHEMISTRY

intron of CART gene. Through this manner, CART transcrip-
tion was tightly repressed.

NRSF Antagonizes the CREB Activation on CART—Previous
studies have demonstrated that CART gene transactivation was
mainly mediated by the cAMP-PKA-CREB pathway (38, 39).
Forskolin is an activator of adenylate cyclase, which is the
enzyme that converts ATP to cAMP (20). Through this man-
ner, forskolin stimulates PKA activation, which in turn phos-
phorylates the transcriptional factor CREB. As a target gene of
CREB, CART expression is up-regulated. To explore whether
NRSF has any antagonizing effect on CREB signaling, we gen-
erated a luciferase reporter plasmid containing CRE, pNRSE,
and iNRSE elements of the CART promoter/intron (Fig. 6A).
Forskolin treatment stimulated luciferase activity (Fig. 6, B and
C). NRSF overexpression significantly reduced the stimulatory
effect of forskolin on CART promoter-driven luciferase (Fig.
6D). Also NRSF overexpression antagonized the up-regulation
of both mRNA and protein expression of CART mediated by
forskolin-CREB signaling (Fig. 6, E and F).

Ischemia Insult Up-regulates NRSF to Induce Neural Death—
CART peptide has been defined to be protective against focal
cerebral ischemia in vivo and against neuronal cell death in
culture induced by OGD through preservation of mitochon-
drial function and prevention of energy failure (40-42). We

VOLUME 287+NUMBER 51+DECEMBER 14, 2012
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transfected with pcDNA3.1 or pcDNA3.1-NRSF (400 ng/well) (Cand D) or siRNA against NRSF (£ and F), stimulated by forskolin or not. Cell death was measured
by flow cytometric analysis. Data in C and E are representative data of three independent experiments in D and F, respectively. Cells unstained for Annexin
V-FITC and Pl are defined as viable cells. Data are mean = S.D. Each experiment was performed three times independently.

then used the OGD model to induce neuronal cell death and
evaluated the possible pathophysiological role of NRSF on
CART regulation. We observed that NRSF mRNA expression was
dramatically induced upon OGD treatment (Fig. 7A), whereas
CART mRNA was reduced (Fig. 7B). Western blot analysis con-
firmed the reverse correlation of NRSF and CART expression at
the protein level (Fig. 7C). OGD treatment resulted in a notable
decrease in cell survival rate (Fig. 7D). Importantly, depletion of
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endogenous NRSF significantly attenuated the decrease of CART
expression (Fig. 7E) and cell viability induced by OGD (Fig. 7F),
suggesting that OGD-induced CART down-regulation and cell
death were largely dependent of NRSE.

NRSF Antagonizes the Forskolin-PKA-CREB Signaling Upon
Ischemia Insult and Depletion of NRSF Elevates the Cell
Survival—We then asked whether forskolin-stimulated CART
synthesis can reduce OGD-induced cell death. Forskolin
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administration indeed increased the survival rate of SK-N-SH
cells after OGD (Fig. 8, A and B). When a CART-blocking anti-
body was added into the cells, the protective effect of forskolin
was remarkably attenuated (Fig. 8, C and D), suggesting that
forskolin-mediated neuroprotection was dependent of CART.

Because OGD up-regulated endogenous NRSF expression,
OGD treatment indeed attenuated the forskolin-stimulated
CART promoter-driven luciferase activity and CART mRNA
expression, which effects were further enforced by NRSF
ectopic expression (Fig. 9, A and B). Moreover, NRSF also had
an antagonizing role against forskolin on cell death upon OGD-
induced ischemia. Ectopic expression of NRSF suppressed the
protective role of forskolin (Fig. 9, C and D). By contrast, deple-
tion of endogenous NRSF significantly elevated the cell survival
both in the absence and presence of forskolin upon OGD treat-
ment (Fig. 9, E and F).

DISCUSSION

The main findings of the current study are: 1) NRSF binds to
both pNRSE and iNRSE of the CART gene in vitro and in cul-
tured mammalian cells; 2) NRSF recruits similar but not iden-
tical co-repressor complexes to the pNRSE and iNRSE sites to
repress CART expression; 3) hypoxia-ischemia mimicked by
OGD exposure results in significant NRSF up-regulation and
CART down-regulation; and 4) NRSF antagonizes the forsko-
lin-stimulated PKA-CREB activation on CART. Depletion of
NRSF in combination with forskolin stimulation significantly
elevates cell survival upon ischemia insult.

CART has been reported to function as an endogenous neu-
roprotective peptide. Increasing findings suggest that the neu-
roprotective mechanism of CART may be linked to activation
of the ERK signaling pathway, preservation of mitochondrial
function, reactive oxygen segment, and up-regulation of BDNF
and NGF expression (40, 42—45). It also has been suggested that
CART plays an important role in modulating post-stroke
immune responses and plays a neuroprotective role in experi-
mental stroke (45, 46). Due to the pivotal role of the CART
peptide in neuroprotection, CART expression should be tightly
regulated by positive and negative mechanisms. Previous stud-
ies have well defined the activation of CART, primarily PKA-
CREB signaling. By contrast, little is known about the repres-
sion mechanism. This study together, with our previous
findings (25), identified a dual NRSE mechanism for CART
repression. As far as we know, this is the first evidence to sys-
tematically reveal the repression mechanism of CART tran-
scription. In this regard, the current study provides novel
insights into the regulation of CART expression.

Notably, we found that NRSF utilize a dual NRSE pattern to
efficiently repress CART expression. Through EMSA, ChIP
assays, qPCR analysis, and reporter gene assays, we provide
solid data to prove that both the promoter NRSE (pNRSE) and
the intron NRSE (iNRSE) are bona fide regulatory elements of
CART that play equivalent roles in CART regulation. NRSF
recruits co-repressor complexes to the NRSE sites to ensure the
repression efficiency. The complexes include HDAC1, mSin3,
and CoREST, which is the first time shown to bind to the CART
gene. We noted that similar but not identical co-repressors
were recruited to the pNRSE and iNRSE, ie. (¢) NRSF and
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CoREST displayed stronger affinity to the iNRSE than to the
pNRSE (about 8-folds); (b) mSin3A was specifically recruited to
pNRSE but not to iNRSE.

This study has promising implications on therapeutics of
stroke-related brain injury and other CART-related diseases.
We explored the dynamic role of NRSF with an in vitro ische-
mia neural cell death model (OGD). We observed that hypoxia-
ischemia induces a dramatic NRSF up-regulation (more than
20-fold), although the detailed mechanism is yet unknown so
far. Consequently, CART expression was dramatically down-
regulated (less than 1/10) and cell death was increased. We
further found an antagonizing role of NRSF against forskolin-
CREB-CRE signaling on CART transcription and cell survival
during ischemia injury. Intriguingly, a combination of forskolin
with NRSF siRNA elevated the cell survival rate than the fors-
kolin alone. These findings suggest that siRNA or a small
molecular inhibitor against NRSF may be developed into new
therapeutic strategy for stroke-related brain injury.
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