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NPR1/GCA (natriuretic peptide receptor 1/guanylyl cyclase
A) expression is controlled by several agents, including ANP
(atrial natriuretic peptide). After ANP stimulation, NPR1/GCA
down-regulates the transcriptional activity of its gene via a
cGMP-dependentmechanism. Becausewe previously identified
a cis-acting element responsible for this cGMP sensitivity, we
proceed here to explore novel putative protein binding to
cGMP-response element (cGMP-RE). Using the yeast one-hy-
brid techniquewith a humankidney cDNA library,we identified
a strong positive clone able to bind cGMP-RE. The clone was
derived from 1083-bp-long cDNA of a gene of yet unknown
function localized on human chromosome 1 (1p33.36). We
named this new protein GREBP (for cGMP-response element-
binding protein). DNA binding assays showed 18-fold higher
cGMP-RE binding capacity than the controls, whereas an elec-
tromobility shift assay indicated a specific binding for the
cGMP-RE, and chromatin immunoprecipitation confirmed the
binding of GREBP to the element under physiological condi-
tions. By acting on cGMP-RE, GREBP inhibited the expression
of a luciferase-coupled NPR1 promoter construct. In H295R
cells, ANPheightenedGREBP expression by 60%after just 3 h of
treatment while inhibiting NPR1/GCA expression by 30%.
SilencingGREBP with specific small interfering RNA increased
the activity of the luciferase-coupled NPR1 promoter andGCA/
NPR1 mRNA levels. GREBP is a nuclear protein mainly
expressed in the heart.We report here the existence of a human-
specific gene that acts as a transcriptional repressor of the
NPR1/GCA gene.

ANP (atrial natriuretic peptide) was discovered 25 years ago
by the group of Adolfo J. de Bold (1). Our own team initially
demonstrated that cGMPwas the signaling pathway of this new
hormone (2) acting via particulate guanylyl cyclase (GC)2 (3).

Produced in atrial granules, ANP is a small peptide of 28 amino
acids that serves as a regulator of blood pressure and blood
volume via its natriuretic and vasodilatory actions (1, 4). ANP
causes the relaxation of vascular muscles, leading to decreased
blood pressure (5, 6). The natriuretic and diuretic effects of
ANP on volume homeostasis are achieved through the regula-
tion of water and sodium excretion by the kidneys (7). ANP has
also been described as a strong inhibitor of cell growth and
hypertrophy (8, 9) as well as a potent antagonist of the renin-
angiotensin-aldosterone system via its inhibitory action on
aldosterone synthesis by the adrenals (10). Recently, ANP was
linked to lipid metabolism because the peptide can stimulate
lipolysis through the activation of perilipin and hormone-sen-
sitive lipase (11). In addition to ANP, the natriuretic peptide
system includes two other members, brain natriuretic peptide
and C-type natriuretic peptide (12, 13) (for a recent review, see
Ref. 14).
ANP binds to its receptor and stimulates its intracellular GC

domain. TheANP receptor has been named natriuretic peptide
receptor 1 or guanylyl cyclaseA (NPR1/GCA), a 130-kDa trans-
membrane protein that converts GTP to the intracellular sec-
ondmessenger cGMP (15, 16). The active NPR1/GCA receptor
is a homodimer containing an extracellular ANP-binding
domain at its amino-terminal end and an intracellular GC
domain at its carboxyl-terminal end (17). The receptor is also
able to transduce signals from brain natriuretic peptide but is
insensitive to C-type natriuretic peptide stimulation; the latter
exerts its effects through a second receptor that shares the same
topology as NPR1/GCA, guanylyl cyclase B (GCB or NPR2),
which preferentially binds C-type natriuretic peptide (18, 19).
Synthesized cGMP molecules then bind to target proteins,
including the cGMP-dependent protein kinases (PKG) I and II,
the cyclic-nucleotide gated ion channels, and the cyclic nucle-
otide phosphodiesterases (20), which we initially discovered as
cGMP binding activity (21). cGMP also regulates the expres-
sion of tumor necrosis factor-�, cyclooxygenase-2, and induci-
ble nitric-oxide synthase (22–27). cGMP is now recognized as a
second messenger regulating many cellular functions. Tran-
scriptional regulation by cGMP has been shown to occur both
directly and indirectly. Indirect control affects upstream signal-
ing pathways modulating specific targets; e.g. activation of
mitogen-activated protein kinases by cGMP controls several
transcription factors, such as cAMP-response element-binding
protein, ternary complex factor, ATF-2 (activating transcrip-
tion factor-2), and c-Jun (28–30). Direct control by cGMP
involves PKG-dependent phosphorylation of proteins such as
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cAMP-response element-binding protein, ATF-1, the multi-
functional transcription factor TFII-I, and nuclear factor-�B
(31–34).
NPR1/GCA expression can be down-regulated by the intra-

cellular accumulation of cGMP under the control of endothe-
lins, glucocorticoids, and angiotensin II and by the natriuretic
peptides themselves (15, 35–38). The effect of cGMP onNPR1/
GCA consists of a retroinhibition loop that down-regulates the
transcriptional activity of the NPR1/GCA gene upon stimula-
tion by ANP or cGMP analogs (39, 40).
Our group has recently reported the existence of a cGMP-

response element (cGMP-RE) located in the promoter of
NPR1/GCA genewhich is responsible for theANP-NPR1/GCA
retroinhibition loop. We have defined a short consensus
sequence of 18 bp for this cGMP-RE, AaAtRKaNTTCa-
AcAKTY, between positions �1372 and �1354 of the NPR1/
GCApromoter. The sequence has been initially identified in the
rat genome but is also found in mice (95% homology) and
humans (75% homology). Deletion of this DNA-responsive ele-
ment increases the transcriptional activity of the NPR1/GCA
promoter by more than 40% (39).
This study identifies the first protein that binds to cGMP-RE

and that inhibits the transcriptional activity of the NPR1/GCA
gene. We named the novel transcription repressor GREBP (for
cGMP-response element-binding protein).

EXPERIMENTAL PROCEDURES

GeneralMethods—All plasmids produced were subcloned in
DH5� bacterial strain and purified with a Qiagen maxiprep kit
(Mississauga, Ontario, Canada) or Invitrogen’s Purelink max-
iprep kit (Burlington, Canada). Total RNA was extracted with
TRIzol reagent (Invitrogen), followed by DNase I treatment
(20 mM Tris, pH 8.3, 50 mM KCl, 2 mM MgCl2, 0.5 unit/ml
RNAseOUT, 0.2 unit/�l DNase I), and re-extracted with
TRIzol reagent. Semiquantitative reverse transcription-PCR
(sqRT-PCR) was performed with a Moloney murine leuke-
mia virus RT kit (Moloney Murine Leukemia Virus Reverse
Transcriptase; Invitrogen) and Ambion’s Quantum RNA 18
S internal standards (Austin, TX).
Yeast One-hybrid Screening of a Human Kidney cDNA

Library—A human kidney cDNA library was obtained from
Clontech (Mountain View, CA) as pACT2 plasmids already
transformed in the bacterial strain BNN132. The library was
titrated, and the colonies were expanded in 30–150-mm Petri
dishes to produce maximal amounts of pACT2 plasmids. Plas-
mids were extracted and purified with the Qiagen Gigaprep kit.
One-hybrid screening was conducted with the Matchmaker
one-hybrid system from Clontech. Human cGMP-RE (5�-
AGGAAATGTACTTCAACATTCTGC-3�) was used as bait.
The bait sequence was synthesized in three copies and
cloned between the EcoRI and MluI site of pHISi and the
EcoRI and SalI site of pLACZi. Plasmids pHISi-hcGMP-RE
and pLACZi-hcGMP-RE were introduced in the genome of
the yeast strain YM4271 by homologous recombination, and
colonies were selected for growth on histidine/uracil-defi-
cient synthetic dextrose medium. The new yeast strain,
YM4271pHISipLACZi-hcGMP-RE, was then transformed
with human kidney cDNA library plasmids to produce GAL4

activation domain fusion proteins. Colonies, selected for
growth at 30 °C on histidine/uracil/leucine-deficient medium,
containing 55mM 3-amino-1,2,4-triazole, were tested for �-ga-
lactosidase expression by agarose overlay assays, as described in
Ref. 41. Blue colonies were picked up, transferred in his/ura/
leu-deficient liquid medium, and allowed to grow at high opti-
cal density (�2). Liquid cultures were then retested for �-ga-
lactosidase activity with ortho-nitrophenyl-�-galactoside, a
more sensitive assay, as described by the manufacturer; this
classified the selected clones by the strength of interaction
between the bait and the GALAD fusion protein, thus affecting
reporter gene expression. We obtained a strong positive clone
expressing high levels of the reporter genes; the pACT2plasmid
was then isolated fromcrude yeast lysate according to theClon-
tech protocol and transformed into DH5� Escherichia coli
according to standard procedures. pACT2 plasmids were then
isolated and sequenced with pACT2-sense (5�-TACCCATAC-
GATGTTCCAGA-3�) and pACT2-antisense (5�-GTGAAC-
TTGCGGGGTTTTTCAGTATCTACGA-3�).
Plasmids—Constructs encoding the GREBP sequence were

generated by standard PCR methods with specific primers.
pGEX-3X-GREBP was produced with the sense primer 5�-
TTGGATCCTTATGAACCATAACCAATAC-3� and anti-
sense primer 5�-TTGAATTCTGTTAGGGTTGTACGGT-3�;
this fragment was cloned in framewith the glutathione S-trans-
ferase (GST) gene of pGEX-3X plasmid (GE Healthcare) at the
BamHI/EcoRI site. Plasmid peGFP (enhanced green fluores-
cent protein) (Clontech) was used to produce peGFP-GREBP
by introducing, at the KpnI/BamHI site, the GREBP-coding
region generated with the sense primer 5�-TTGTCGACG-
GTACCATGAACCATAACCAATCTACC-3� and the anti-
sense primer 5�-GTTCTACCGTACAACCCTAAGGATCC-
3�. pCDNA1-Neo-GREBP was produced by cloning the coding
sequence of the GREBP gene at the BamHI/NotI site of
pCDNA1-Neo (Invitrogen). The coding sequence was ampli-
fied with the sense primer 5�-CGCCGGATCCGCCACCA-
TGAACCATAACCAATACTACCA-3� and antisense primer
5�-TTGCGGCCGCTTAGCGTTGTACGGTAGAAC-3�; the
sense primer served to introduce the defined Kozak sequence
(ccacc) to optimize gene translation, as defined in Ref. 42. For
the tagged versions of GREBP, GREBP-StrepTagII, and
GREBP-HisTag, antisense primer 5�-AATCTAGATTACTTT-
TCGAACTGCGGGTGGCTCCAGGCGCCGGCGGGTTG-
TACGGTAGAACTGCT-3� was used to add a 3-amino acid
linker and a StrepTagII epitope at its carboxyl-terminal end,
whereas the antisense primer 5�-AATCTAGATTAGTGGTG-
GTGATGGTGATGATGGTGGTGATGGGCGCCGGCGG-
GTTGTACGGTAGAACTGCT-3� was used to add a 3-amino
acid linker and a 10-histidine epitope also at its carboxyl-termi-
nal end. For luciferase experiments, hGCAp-pGL3b was cre-
ated by amplifying the human NPR1/GCA promoter with the
GenomeWalker kit from Clontech; the region �2055 to �338
bp of the promoter was then cloned by enzymatic digestion at
theKpnI/NcoI site to control the luciferase gene of pGL3b plas-
mid (Promega, Madison, WI). The cGMP-RE-deleted form of
the human NPR1/GCA promoter (hGCAp(�cGMP-RE)-
pGL3b) was created with hGCAp-pGL3b as template.
cGMP-RE was removed by jumping PCRwith the sense primer
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5�-AGTCTCCTAAAATTCCATATATGTAGTCTGTCTAC-
ACAGAATACCT-3� and antisense primer 5�-GTATTC-
TGTGTAGACAGACTACATATATGGAATTTTAGGAGA-
CTTG-3�. Jumping PCR allows removal of the cGMP-RE
sequence while preserving the structural components of the
promoter by cutting down two full turns (20 bp) of the plasmid.
Silencing plasmids were generated with pSilencer 2.0-U6
(Ambion) by annealing and cloning inserts for small hairpin
RNA (shRNA) at the BamHI/HindIII site. Control plasmid
pSilencer 2.0-U6 non-target (NT) contains the upper strand
5�-GATCCCAGTGCTGGTACTTGTACTTCTCTTGAAA-
GTACAAGTACCAGCACTGTTTTTTTGGAAA-3� and the
lower strand 5�-AGCTTTTCCAAAAAAACAGTGCTGGT-
ACTTGTACTTTCAAGAGAAGTACAAGTACCAGCAC-
TGG-3�. The non-target shRNA sequence was designed for its
ability to activate the interference RNA pathways without tar-
geting any gene, allowing rapid screening of gene-specific small
interfering RNA, as used successfully by many groups (43–45).
The plasmid producing shRNA directed against GREBP was
named pSilencer 2.0-U6-shRNA-GREBP and was created with
the upper strand 5�- GATCCATGGGCCATTATCGAAGAA-
TTCAAGAGATTCTTCGATAATGGCCCATTTTTTTGG-
AAA-3� and the lower strand 5�-AGCTTTTCCAAAAA-
AATGGGCCATTATCGAAGAATCTCTTGAATTCTTCG-
ATAATGGCCCATG-3�.
Cell Culture, Stimulation, and Transfection—HEK293 (hu-

man embryonic kidney) and HeLa (human cervical carcinoma)
cells were purchased from ATCC (Manassas, VA) and main-
tained in Dulbecco’s modified Eagle’s high glucose medium
containing 10% fetal bovine serum, 2% penicillin/streptomycin,
2 g/literHEPES, and 2.5 g/liter sodiumbicarbonate in a 5%CO2
controlled atmosphere. NCI-H295R (human adrenocortical
carcinoma, ATCC) cells were maintained in Ham’s F-12
medium containing 10% fetal bovine serum, 2% penicillin/
streptomycin, 2.0 g/liter HEPES, and 2.5 g/liter sodium bicar-
bonate. Transfections were performed with Fugene 6 (Roche
Applied Science) according to the manufacturer’s instructions.
Primer Extension and Full-length mRNA—Primer extension

was conducted on HEK293 total RNA. Briefly, 5 �g of HEK293
total RNA was Moloney murine leukemia virus retrotrans-
cribed with 45 fmol of specific radioactive antisense primer 5�-
GGAGAGATTTGGTATATG-3�. The length of the extension
was then compared with the sequence of pACT2 plasmid con-
taining GREBP cDNA to calculate the number of unknown
nucleotides in GREBP. pACT2 plasmid was sequenced by the
Thermo sequenase kit (GE Healthcare) and the same radioac-
tive antisense primer. The total length of GREBP mRNA was
then confirmed by PCR with the antisense primer 5�-GGTAG-
GAGTAGCGTGGTAAG-3� and two sense primers corre-
sponding to regions �5/�25 (5�-GGTTATATCCTTCCCGT-
ACT-3�) or �1/�20 (5�-ATCCCCTGGCCCAACCCGTC-3�)
of GREBP cDNA.
GREBP Functional Studies—Tritransfection assays were

undertaken to study the effect ofGREBPprotein onNPR1/GCA
promoter activity. The day before transfection, HEK293 cells
were seeded in a 12-well plate (7 � 104 cells/well), and
plasmids hGCAp-pGL3p or hGCAp(�cGMP-RE)-pGL3b,
pCDNA1-Neo, and/or pCDNA1-Neo-GREBP (for overexpres-

sion experiments), pSilencer 2.0-U6-NT or pSilencer 2.0-U6-
shRNA-GREBP (for silencing experiments), and internal con-
trol pCMV-�gal (Clontech) plasmids were transfected and
allowed to grow for 24 h. The cells were then lysed with Pro-
mega reporter buffer. Luciferase activity in the cell extract was
quantified by a 20/20n luminometer (Turnerbiosystem,
Sunnyvale, CA), and �-galactosidase activity was measured
with o-nitrophenyl-D-galactopyranoside as substrate (46).
GREBP mRNA overexpression was confirmed by sqRT-PCR
with the sense primer 5�-CTTGGTACCGAGCTCGGATC-3�
targeting the 5�-untranslated region (5�-UTR) generated by
pCDNA1-Neo-GREBP plasmid and the antisense primer 5�-
TTGCGGCCGCTTAGCGTTGTACGGTAGAAC-3�. GREBP-
silencing experiments were performed with pSilencer 2.0-U6-
shRNA-GREBP and control plasmid pSilencer 2.0-U6-NT. In
6-well plates, HEK293 cells (1.7 � 105 cells/well) were trans-
fected with either 1 �g of NT or shRNA plasmid and allowed to
grow for 24 h before lysis. Expression levels were determined by
sqRT-PCR with GREBP sense and antisense primers 5�-TCA-
CTTCTGAGTCCCAGAGG-3� and 5�-GGTAGGAGTAGC-
GTGGTAAG-3�, whereas NPR1/GCA expression was mea-
sured with 5�-ATCCAACTGCGTGGTAGATGGG-3� and
5�-ATTCGGAAGGAGCGCACAGCAT-3� as sense and anti-
sense primers.
Chromatin Immunoprecipitation (ChIP) Assay—ChIP was

performed as described by Weinmann and Farnham (47).
Briefly, 5 � 106 HEK293 cells were seeded in a T-75 flask and
transfected with peGFP or peGFP-GREBP and allowed to grow
for 12 h. Cross-linking was performed by adding 1% (v/v) form-
aldehyde in PBS for 10 min at room temperature on a shaker,
and the reaction was stopped with 125 mM glycine for 5 min.
After washing with ice-cold PBS, cells were allowed to swell for
10 min at 4 °C for nuclei isolation in 5 mM PIPES, pH 8, 85 mM

KCl, 0.5% Igepal CA-630 (Sigma), 1 mM phenylmethylsulfonyl
fluoride, and 1� complete mini (Roche Applied Science) pro-
tease inhibitor. After centrifugation, nuclei were resuspended
in nucleus lysis buffer (50mMTris-HCl, pH 8, 10mMEDTA, 1%
SDS, 1 mM phenylmethylsulfonyl fluoride, 1� complete mini
protease inhibitor) and chromatin was fragmented by sonica-
tion using the Misonix sonicator 3000 (4 � 15 s pulse at 90
watts). Debris were removed by centrifugation, and superna-
tant was cleared with protein A-Sepharose 6MB (GE Health-
care) for 1 h at 4 °C. Beads were pelleted, and their supernatants
were diluted in the antibody binding buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 167
mM NaCl, and protease inhibitors) with 1 �g of normal rabbit
IgG (Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) catalog
no. SC-2027) for the “no antibody” control or with 1 �g of
rabbit anti-GFP antibody (Santa Cruz Biotechnology, Inc.; cat-
alog no. SC-8334) and rocked overnight at 4 °C. Before precip-
itation, one-tenth of the supernatant was kept aside for the PCR
of the “input fraction.” Precipitation of the DNA�protein�
antibody complexes was done by centrifugation after the addi-
tion of protein A-Sepharose for 1 h at 4 °C. The pellets were
washed twice with 2 mM EDTA, 50 mM Tris-HCl, pH 8.0, 0.2%
N-laurylsarcosyl, and 1 mM phenylmethylsulfonyl fluoride and
then four times in 100 mM Tris-HCl, pH 9.0, 500 mM LiCl, 1%
deoxycholate, and 1mMphenylmethylsulfonyl fluoride. Elution
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of complexes was obtained by the addition of elution buffer (50
mMNaHCO3, 1% SDS), and cross-linkwas reversed by incubat-
ing the samples for 1 h at 37 °C with RNase A, followed by an
overnight digestion with proteinase K at 67 °C. The next morn-
ing, samples were purified using the Illustra GFX purification
column (GEHealthcare) and eluted in 50 �l of Tris buffer. PCR
was performed using 1�l of purified DNAusing the sense primer
5�-GGCCTATCGACCACAATT-3� and antisense primer 5�-
TCATTCTGCTTGGATTGGG-3�, respectively, located at
�40 and�78 bp of the cGMP-RE. PCR products were analyzed
by 2% agarose gels containing ethidium bromide.
In Vitro Binding Assays—pGEX-3X-GREBP or pGEX-3X

was transformed intoRosetta bacterial strain (Novagen,Missis-
sauga, Canada) and grown inTerrific Broth (12 g/liter tryptone,
24 g/liter yeast extract, 0.4% glycerol, 2.31 g/liter KH2PO4,
12.54 g/liter K2HPO4) until 600-nm absorbance reached 0.5;
proteins were induced with the addition of 1 mM isopropyl
1-thio-�-D-galactopyranoside to the liquid culture for 2 h to
produce GST or GST-GREBP proteins. Bacterial extracts were
prepared as described by Schimtzer et al. (48). 1-ml columns of
glutathione-Sepharose 4B (GE Healthcare) were prepared
according to the manufacturer’s protocols. Bacterial extracts
were applied onto thematrix andwashedwith 5 volumes of PBS
to remove unbound proteins. ForWestern blot experiments, 30
�l of GST or GST-GREBP resin slurry were electrophoresed
and transferred onto nitrocellulose according to a standard
procedure. The membrane was blocked overnight in 1� TBS
and 5% nonfat milk, and the first antibody (anti-GST, dilution
1:8000, catalog no. SC-459, SantaCruzBiotechnology, Inc.) was
added for 1 h in 1� TBS, 5% nonfat milk, and 0.05% Tween 20
at room temperature and followed by three 10-min washes in
1� TBS and 0.05% Tween 20.We used a goat anti-rabbit (dilu-
tion 1:15,000, catalog no. SC-2004, 1� TBS, 5% nonfat milk,
0.05% Tween 20) secondary antibody followed again by three
10-min washes (1�TBS, 0.05%Tween 20). Bound protein con-
tent was determined by the Bradford method. For the binding
assays, resin was poured into the column, and 5 ml of binding
buffer (20mMHepes, pH7.9, 35mMKCl, 1.5mMMgCl2, 1.5mM

dithiothreitol) containing 10 ng of Klenow 32P-labeled double-
stranded rat consensus cGMP-RE (5�-AAAATAGATTTCAA-
CAG-3�) sequence were then added and incubated for 1 h at
room temperature. After incubation, the columnswere drained
and washed twice with 5 ml of binding buffer to remove excess
radioactive probes. After washing, a 250-fold excess of cold
probe in 5ml of binding buffer was added and incubated for 1 h.
The columns were then drained, and radioactivity was mea-
sured at each step.
ElectrophoreticMobility Shift Assays (EMSA)—HEK293 cells

were transfected with pCDNA1-Neo-GREBP or control plas-
mid pCDNA1-Neo. Nuclear extracts were prepared as
described previously (39). The 18-bp-long consensus double-
stranded human (5�-AAATGTACTTCAACATTC-3�), rat (5�-
AAATAGATTTCAACAGTT-3�), or mouse (5�-AAATAGA-
CTTCAACAGTT-3�) cGMP-RE probes were 32P-labeled and
purified. For probe conformational studies, we used the 24-bp-
long cGMP-RE double-stranded sequence previously defined
(39). Human (H24, 5�-AGGAAATGTACTTCAACATTC-
TGC-3�), rat (R24, 5�-AGAAAATAGATTTCAACAGTT-

TGC-3�), mouse (M24, 5�-AGAAAATAGACTTCAACAGT-
TTGC-3�), and two 24-bp-long mutated probes corresponding
to the shared sequence between rat and mouse cGMP-RE with
nucleotide changes at position 11 (P1, 5�-AGAAAATAGAAT-
TCAACAGTTTGC-3�; P2, 5�-AGAAAATAGAGTTCAACA-
GTTTGC-3�). 35,000 cpm of probes and 500 ng of poly(dI-dC)
were added to 5�g of nuclear extracts in a total volume of 18�l
of binding buffer (20 mM Hepes, pH 7.9, 35 mM KCl, 1.5 mM

MgCl2, 1.5 mM dithiothreitol, 300 �g/ml bovine serum albu-
min, 12.5% glycerol) and incubated for 30min at room temper-
ature. Supershift experiments were performed using two
tagged constructs ofGREBP. 5 �g of nuclear protein extracts of
GREBP-StrepTagII-expressing cells were incubated with 1 �g
ofmouse StreptagIImonoclonal antibody (resuspended in PBS)
(Novagen (Gibbstown, NJ), catalog no. 71590) or 1�g of bovine
serum albumin/phosphate-buffered saline as control, and, sim-
ilarly, nuclear extracts of GREBP-HisTag-expressing cells were
incubated with 0.5 �g of rabbit His probe antibody (Santa Cruz
Biotechnology, Inc., catalog no. SC-803) or with 0.5 �g of nor-
mal rabbit IgG (Santa Cruz Biotechnology, Inc., catalog no.
SC-2027) as control. Antibodies or controls were added either
10 min before or 20 min after the 32P-labeled probe and 100 ng
of poly(dI-dC). Samples were incubated for a total of 30 min at
room temperature in 18 �l of supershift binding buffer (10 mM

Tris-HCl, pH 7.5, 25 mM NaCl, 0.5 mM MgCl2, 0.5 mM EDTA,
4% glycerol). The samples were resolved by 4.5% non-denatur-
ing PAGE at 4 °C to prevent overheating. The gels were dried
and exposed for PhosphorImager scanning.
Fluorescence Microscopy—HEK293 cells were transfected

with peGFP or peGFP-GREBP and allowed to grow for 12 h.
They were then treated as described previously (49) and
viewed with an Olympus IX71 Inverted Microscope at �40
magnification.
GREBPandNPR1/GCAExpressionAnalysis—HeLa cells and

NCI-H295R cells were seeded in T-25 flasks at 1.0 � 106 and
1.5 � 106 cells, respectively, and grown until near confluence,
synchronized by 24-hour serum starvation, and then stimu-
lated with acetic acid (vehicle) or ANP for the times indicated.
RNAwas extracted to perform sqRT-PCR experiments.GREBP
and NPR1/GCA expression was measured by sqRT-PCR with
the same previously mentioned primer. The data are expressed
as percentages of ANP-stimulated cells compared with vehicle-
treated cells.
Multiple Tissue Expression (MTE) Analysis—Human MTE

arrays were purchased fromClontech. A 350-bp fragment, cor-
responding to the coding region of GREBP, was generated by
PCR with the sense primer 5�-CGCCGGATCCATGAACCA-
TAACCAATACTA-3� and antisense primer 5�-TTGCGGCC-
GCTTAGCGTTGTACGGTAGAAC-3�. This fragment was
32P-labeled with Klenow, hybridized to the membrane accord-
ing to themanufacturer’s instructions, and exposed for 16 h for
PhosphorImager scanning.

RESULTS

Yeast One-hybrid Screening of a Human Kidney cDNA
Library—With human cGMP-RE as bait, we performed yeast
one-hybrid screening of a human kidney cDNA library (Fig.
1A). A total of 60 clones able to grow on minimal media con-
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FIGURE 1. Identification of a cGMP-response element-binding protein. A, yeast one-hybrid screening of a human kidney cDNA library; the putative binding
protein interacts with cGMP-RE (present in three copies) to activate the reporter gene via GAL4AD. B, full-length mRNA determination was by primer extension.
HEK293 total RNA was retrotranscribed using a radiolabeled primer targeting GREBP mRNA and run beside pACT2-GREBP plasmid sequencing with the same
radioactive primer. C, full-length GREBP mRNA was confirmed by RT-PCR with a specific primer targeting upstream and downstream regions of the transcrip-
tion start site. The positive control was HEK293 DNA, whereas retrotranscribed HEK293 RNA was studied by �25/�5 and �1/�20 RT-PCR. D, nucleotide and
amino acid sequences of GREBP. The mRNA destabilization motif is double underlined. Basic residues (framed) constitute 20% of GREBP (23 of 115) and are
distributed along the whole sequence. Boldface residues are those with high possibility of serine phosphorylation (�0.800:1.00), and threonine could be
strongly phosphorylated (�0.900:1.00) by serine/threonine kinase, including PKG.
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taining 55 mM 3-amino-1,2,4-triazole were tested for �-galac-
tosidase production. One strongly positive clone was found to
express high levels of the reporter gene; its�-galactosidase level
was much higher than that of other clones (8.19 � 1.6 versus
0.60 average units of ortho-nitrophenyl-�-galactoside/optical
density � min).
Gene, mRNA, and Protein—We then isolated pACT2 plas-

mid and sequenced the insert. Its sequence (Fig. 1D) revealed a
cDNA of 1060 bp containing a 48-bp-long poly(A) tail. Using
GenBankTM comparison via BLAST search, we located this
gene on human chromosome 1 at position 1p36.33 (as a part of
NT_004350.18) near the chromosomal region of the ANP gene
(1p36.21). Because the DNA did not appear to belong to any
known gene or protein family, we putatively concluded that a
novel gene was present, a gene we named GREBP (for cGMP-
response element-binding protein).
We performed primer extension assays to determine the

total length of mRNA (Fig. 1B); it added an extra 23 bp to our
original sequence.We confirmed the sequence of these extra bp
by RT-PCR with specific primers for the upstream �25/�5
region and for the �1/�20 region with HEK293 total RNA. No
transcript corresponding to the�25/�5 region in RT-PCRwas
detected, even if we amplified the same region in DNA control
experiments (Fig. 1C). These results revealed that the length of
endogenousmRNA, including the poly(A) tail, was 1083 bp and
that the gene was transcribed as a single exon (Fig. 1D).
Analysis of GREBP cDNA originally fused to the GAL4-AD

gene of pACT2 plasmid showed the existence of an open read-
ing frame of 348 bp, coding for a 115-amino acid-long protein
with a molecular mass of 13.2 kDa and an isoelectric point of
11.3. The 3�-UTR contained two AU-rich element motifs
known to be implicated in rapid mRNA degradation (Fig. 1D,
underlined bp) (50). Variation analysis with the National Cen-
ter for Biotechnology Information single nucleotide polymor-
phism (SNP) data base revealed 24 SNP distributed within the
GREBP gene (Table 1). The nucleotide and amino acid possi-
bilities, in boldface type, are those from our original sequence.
Even if population diversity is not provided for given variations,
we can assume that SNP located within the coding region can
have a strong impact on amino acid content and protein func-
tion, whereas those located in the UTR can affect mRNA sta-
bility. Protein translation and amino acids analyzed with
ExPASy tools indicated that GREBP contains many basic resi-
dues (23 of 115) (Fig. 1D, framed residues) characteristic of
DNA-binding proteins. The protein sequence contains 6 serine
residues that have a high probability of being phosphorylated
(�0.800:1) and 1 threonine that could be strongly phosphory-
lated (�0.900:1) (Fig. 1D, boldface residues) by protein kinases,
including PKG (51), reinforcing the idea of the potential role of
GREBP in the cGMP signaling cascade.
GREBP Binding to cGMP-RE—We confirmed the ability of

this protein to bind the cGMP-RE by immobilizing a GST-
GREBP fusion protein or control GST onto a glutathione-
Sepharose 4B matrix. Columns were gravity-drained, and a
radioactivity-labeled, double-stranded DNA probe corre-
sponding to the consensus cGMP-RE was applied on the resin.
After column washing with binding buffer to remove unbound
radioactive probe, bound radioactive probewas eluted from the

resin by adding a 250-fold excess of cold probe. GST-GREBP
resin retained more radioactivity than the GST column, as can
be seen in the flow-through fraction (Fig. 2A, left), whereas
elution with the cold probe after washing demonstrated greater
specific binding of the probe by the GST-GREBP column (Fig.
2A, right). These experiments were repeated three times with
similar results, and, on average, we observed a 5-fold higher
binding capacity of GST-GREBP compared with the GST col-
umns (Fig. 2A). We detected 3.5-fold more GST than GST-
GREBP protein on the columns, and thus, after correction for
the amount of protein present on the columns, we noted an
18-fold higher binding capacity of the cGMP-RE probe for the
GST-GREBP protein compared with control GST (Fig. 2B).
We then proceeded by EMSA to determine the ability of

intracellularly expressed GREBP to bind cGMP-RE. HEK293
cells were stably transfected with pCDNA1-Neo-GREBP
expressing the full-length coding region of GREBP or the con-
trol empty plasmid pCDNA1-Neo. Nuclear proteins were iso-
lated from transfected cells, and EMSA was performed, as
described under “Experimental Procedures.” We synthesized
double-stranded, 18- and 24-bp-long fragments corresponding
to human, rat, and mouse cGMP-RE and tested their potential
for interaction with GREBP. Nuclear extracts from HEK293
cells were able to bind the 18-bp-long human and rat but not
themouse probes, as can be seen in Fig. 3A. Thearrow in Fig. 3A
represents specific interaction between cGMP-RE and overex-
pressed GREBP protein. Nuclear proteins from cells trans-
fected with control plasmid (Neo) slightly bound the human
radioactive probe (Fig. 3A, lane 2), but GREBP overexpression
led to an increase in binding capacity (Fig. 3A, lane 3). This
augmented binding was specific because it could be competed
for by an excess of cold human cGMP-RE; the addition of cold
cGMP-RE DNA fragment decreased binding at 50� and

TABLE 1
Compilation of SNP located within GREBP gene
SNP analysis of theGREBP transcript was undertaken with theNCBI SNP database.
The results are shown as change with associated SNP number, gene position, gene
region, and amino acid (AA) variation. Boldface letters are the result of our original
GREBP sequence. NA, not applicable.

Polymorphism SNP reference
number

Gene
position

Gene
region

AA
variation

bp
A/G rs41485244 321 Coding Ser/Gly
A/G rs9701779 352 Coding Tyr/Cys
C/T rs8179414 378 Coding Pro/Ser
C/T rs6594029 384 Coding Pro/Ser
C/G rs55668158 397 Coding Thr/Arg
C/T rs9701055 411 Coding His/Tyr
C/T rs7349151 432 Coding Leu/Phe
C/T rs6594030 442 Coding Thr/Ile
C/T rs7349153 468 Coding Leu/Phe
A/G rs9283150 486 Coding Ser/Gly
A/G rs6594031 519 Coding Thr/Ala
C/T rs7416152 569 Coding Silent
A/G rs9782892 574 Coding Asn/Ser
C/G rs55982362 577 Coding Ser/Cys
C/T rs56211662 594 3�-UTR NA
C/T rs9326619 845 3�-UTR NA
A/G rs7411575 876 3�-UTR NA
C/T rs55973403 910 3�-UTR NA
C/T rs7417504 912 3�-UTR NA
C/T rs9283151 951 3�-UTR NA
A/G rs6421778 996 3�-UTR NA
A/G rs6421779 999 3�-UTR NA
C/T rs7340021 1016 3�-UTR NA
A/G rs6421780 1023 3�-UTR NA
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returned it to the levels obtained with empty pCDNA1-Neo
with a 100-fold excess of cold probe (Fig. 3A, lanes 4 and 5).We
saw a similar pattern with the rat probe (Fig. 3A, lanes 6–10).
Binding to rat cGMP-RE was increased by GREBP overexpres-
sion in HEK293 cells, and the addition of 50- and 100-fold
excess of rat cold probe reduced binding of the radioactive
probe.We did not observe any band corresponding to GREBP-
cGMP-RE interactions with the probe corresponding to the
mouse cGMP-RE sequence (Fig. 3A, lanes 11–15). We were
intrigued by the different binding capacity of the rat andmouse
probes despite only one nucleotide difference and investigated
it further. We synthesized longer (24-bp-long) probes corre-
sponding to the human, rat, andmouse sequences and observed
that GREBP, although keeping its binding capacity for the
human 24-bp-long probe (H24; Fig. 3B, lane 3), was not able to
bind the 24-bp-long rat (R24; Fig. 3B, lane 4) and mouse (M24;
Fig. 3B, lane 5) probes. Replacing the nucleotide at position 11
with A or G, respectively (P1 and P2), did not restore the bind-
ing capacity of the rat or mouse probe (lanes 6 and 7 of Fig. 3B).
These results demonstrate differences in binding of GREBP to
the cGMP-RE probes.
To confirm that GREBP is the protein involved in the

DNA�protein complex formation in the nuclear extracts, we
performed supershift experiments. For this purpose, we gener-
ated two tagged GREBP proteins, each one coupled to a small
epitope tag separated by a 3-amino acid linker. Overexpression
of these two tagged proteins, GREBP-StrepTagII and GREBP-

HisTag, in HEK293 cells led to the
same pattern of DNA�protein and
DNA�protein�antibody complexes,
as shown in Fig. 3,C andD; the addi-
tion of antibodies specific to the
StrepTagII or the polyhistidine tags
inhibited the formation of the
cGMP-RE�GREBP complex when
added prior to the radiolabeled
probe (lanes 5 of Fig. 3, C and D).
We also noted that the inhibition of
the cGMP-RE�GREBP complex for-
mation was reduced when the anti-
bodies were added after the radiola-
beled cGMP-RE probe (lanes 7 of
Fig. 3, C and D). By demonstrating
that two antibodies directed toward
two-tagged GREBP were able to
inhibit the DNA�protein complex
formation, we confirmed that
GREBP is specifically involved in
the formation of this complex.
Taken together, these experiments
demonstrated species-specific bind-
ing of GREBP to human cGMP-RE.
Finally, we investigated the ability

of GREBP to bind the cGMP-RE
under physiological conditions by
performing a ChIP assay. We trans-
fected cells with GFP-GREBP or
GFP plasmid, fixed the protein-

DNA interaction with formaldehyde, and isolated the nuclear
fraction. After immunoprecipitationwith IgG orwith anti-GFP
antibody, we proceeded to PCR amplification of the genomic
region spanning the cGMP-RE in the NPR1/GCA promoter.
Fig. 4A shows the presence of a band of 178 bp corresponding to
the amplified (�1611 to �1433 bp) region of the NPR1/GCA
promoter in the input (before immunoprecipitation) as well as
in the nuclear fraction of the GFP-GREBP-transfected cells
immunoprecipitated with anti-GFP antibody. Controls con-
sisted of rabbit IgG (representing the “no antibody” condition)
or nuclear extracts of GFP-overexpressing cells (representing
control forGFP binding). No bands could be seen in these latter
fractions. These results confirm that GREBP binds to a specific
region spanning the cGMP-RE in the genome.
Cellular Localization of GREBP—We transiently transfected

HEK293 cellswithpeGFP-GREBP to localizeGREBPprotein.The
control experiment,withemptypeGFPvector, showeddiffusedis-
tributionofGFP (Fig. 4B,upper panels). As expected for aDNA-
binding protein, peGFP-GREBP-transfected cells presented a
nuclear accumulation of the GFP-GREBP protein overlapping
with blue 4�,6-diamidino-2-phenylindole staining (Fig. 4B,
lower panel).
GREBP Regulates NPR1/GCA Promoter Activity—We next

examined whether GREBP indeed inhibits the transcriptional
activity of the NPR1/GCA promoter by co-transfecting
HEK293 cells (7� 104 cells/well/12wells) with region�2055 to
�338 (cGMP-RE located at �1546 bp) of the human NPR1/

FIGURE 2. DNA binding assays. A, GST or GST-GREBP fusion proteins were immobilized on a glutathione-
Sepharose matrix and incubated with 32P-labeled, double-stranded cGMP-RE DNA probe. After draining and
washing, a 250-fold excess of cold probe was applied to the matrix to compete for hot probe binding. B, results
of three different experiments. Radioactive counts after elution of GST-GREBP, GST, and bead control columns
are corrected for protein content (GST and GST-GREBP) and compared. The presence of GST and GST-GREBP
proteins on the resin was confirmed by Western blotting (WB) with a specific antibody directed against GST. *,
p 	 0.012. N/A, not applicable; error bars, S.E.
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FIGURE 3. EMSA of GREBP interacting with cGMP-RE from human, rat, and mouse species. A, 5 �g of nuclear extracts from GREBP or Neo stably transfected
HEK293 cells were incubated with 18-bp-long 32P-labeled double-stranded consensus cGMP-RE oligonucleotides corresponding to human, rat, and mouse
sequences (39) and were run on non-denaturing PAGE. The figure shows representative EMSA in which the three probes could bind to nuclear proteins (all
lanes). The arrow indicates the presence of a protein band visible only with the human and rat RE probes in control (Neo) nuclear extracts (lane 2), which
increased in intensity with nuclear extracts from GREBP-transfected cells (lanes 3 and 8). This binding is specific because it could be competed for by 50- and
100-fold excess cold probes (lanes 4, 5, 9, and 10). B, nuclear extracts of GREBP-expressing cells were used to investigate binding to 24-bp-long cGMP-RE
oligonucleotides. Binding was visible only with the human 24-bp-long 32P-labeled probe (H24; lane 3) that was more intense after GREBP compared with Neo
overexpression (lane 2). The other 24-bp-long probes (rat, R24; mouse, M24; rat/mouse probe with the nucleotide A at position 11, P1; and rat/mouse probe
with the nucleotide G at position 11, P2) showed only nonspecific faint bands (lanes 4 –7). C, supershift experiments using nuclear extracts of GREBP-StrepTagII-
expressing cells. The probe corresponding to the human cGMP-RE sequence was used here. Overexpression of GREBP-StrepTagII protein (lane 3) led to an
increased binding over Neo (lane 2). The addition of 1 �g of StrepTagII antibody prior to the 32P-labeled cGMP-RE inhibited DNA-protein interaction (lane 5),
whereas the same amount of antibody added after the radiolabeled probe had almost no effect on the binding (lane 7). Bovine serum albumin used as a control
added before the probe (lane 4) or after it (lane 6) did not alter the binding compared with GREBP-StrepTagII alone (lane 3). D, overexpression of GREBP-HisTag
protein (lane 3) led to an increased binding of the human cGMP-RE probe over Neo (lane 2). The addition of 0.5 �g of HisTag antibody prior to the 32P-labeled
probe inhibited DNA-protein interaction (lane 5), whereas the same amount of antibody added after the probe had almost no effect on the binding (lane 7).
Normal rabbit IgG added before (lane 4) or after (lane 6) had no effect on probe binding compared with GREBP-HisTag alone (lane 3). N.E., nuclear extracts;
Comp., cold competitor; Anti-ST, antibody against StrepTagII; Anti-HT, antibody against polyhistidine tag.
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GCA promoter, hGCAp-pGL3b,
and a plasmid encoding or not
encoding GREBP protein, pCDNA1-
Neo-GREBP, or pCDNA1-Neo,
together with pCMV-�gal as an
internal standard plasmid. The cells
were transfected with 10 ng of
pCMV-�gal, 200 ng of hGCAp-
pGL3, and a total amount of 500 ng
of pCDNA1 plasmids. Because plas-
mid quantity is known to affect
transfection efficiency, we reduced
interexperiment variation by keep-
ing the total amount of pCDNA
plasmids constant and varying only
the ratio pCDNA1-Neo-GREBP/
pCDNA1-Neo, allowing us to cap-
ture the specific effect of GREBP.
Increasing the ratio of pCDNA1-
Neo-GREBP over control plasmid
pCDNA1-Neo leads to a dose-
dependent increase in the level of
GREBP expression and a concomi-
tant decrease in luciferase activity of
the NPR1/GCA promoter (Fig. 5A).
We next evaluated whether the
effect of GREBP on cGMP-RE is
specific by deleting cGMP-RE. We
transfected HEK293 cells with
10 ng of pCMV-�gal, 500 ng of
pCDNA1-Neo plasmids, and 200 ng
of hGCAp-pGL3b or the cGMP-RE
deletion mutant, hGCAp(�cGMP-
RE)-pGL3b plasmid. GREBP ex-
pression inhibited the intact NPR1/
GCA promoter highly significantly
(p 
 0.0001) by more than 30%,
whereas it had no significant effect
on theNPR1/GCA promoter with-
out cGMP-RE (Fig. 5B). We also
noted that the deletion of cGMP-
RE, a negative regulatory element,
increased basal NPR1/GCA pro-
moter activity by 175% (Neo versus
Neo with and without cGMP-RE,
respectively, p 
 0.0001). These
experiments demonstrated that
GREBP expression results in dose-
dependent inhibition of luciferase
activity of the NPR1/GCA/luci-
ferase-coupled promoter and that
GREBP-dependent inhibition of the
NPR1/GCA promoter is mediated
by cGMP-RE.
We next looked at the effect of

silencing GREBP on NPR1/GCA
expression levels. We first trans-
fected HEK293 (1.7 � 105 cells/

FIGURE 4. A, ChIP assays for GREBP�cGMP-RE complex. HEK293 cells were transfected with peGFP or peGFP-
GREBP for 12 h and fixed with formaldehyde as described under “Experimental Procedures.” GFP-overexpress-
ing cells were used as negative controls. Fixed DNA�protein complexes were immunoprecipitated with an
anti-GFP antibody, and normal rabbit IgG served as (no antibody) negative control. Input represented one-
tenth of cleared unprecipitated supernatant. B, cellular localization of GREBP in HEK239 cells. HEK293 cells were
transfected with peGFP or peGFP-GREBP for 12 h. They were then fixed and stained with phalloidin and
4�,6-diamidino-2-phenylindole. The upper panel shows the whole cell distribution of GFP as control. The lower
panels present nuclear localization of the chimeric protein GFP-GREBP. DAPI, 4�,6-diamidino-2-phenylindole.

FIGURE 5. NPR1/GCA promoter activity is inhibited by GREBP overexpression, and this inhibition is depen-
dent on cGMP-RE. A, HEK293 cells were co-transfected with 10 ng of pCMV-�gal, 200 ng of hGCAp-pGL3b, and a
combination of varying amounts of pCDNA1-Neo and/or pCDNA1-Neo-GREBP for a total plasmid amount of 500
ng/test. GREBP overexpression was confirmed by sqRT-PCR with specific primers targeting GREBP expressed by
pCDNA1-Neo-GREBP. B, HEK293 cells were co-transfected with 10 ng of pCMV�, 400 ng of pCDNA1-Neo or
pCDNA1-Neo-GREBP, and 200 ng of hGCAp-pGL3b or the deleted cGMP-RE form of the human NPR1/GCA promoter
hGCAp(�cGMP-RE)-pGL3b. All values are expressed as means � S.E. (error bars) of relative luciferase activity from
four different experiments performed in triplicate (n 	 12). *, p 
 0.05; **, p 
 0.0001 versus Neo alone.
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well/6 wells) with 1 �g of pSilencer 2.0-U6-shRNA-GREBP or
control plasmid pSilencer 2.0-U6-NT and let the cells grow for
24 h before RNA extraction and sqRT-PCR. We found that
specific shRNA directed to the 781-bp region of the GREBP
gene is able to significantly reduce (p 
 0.001) (Fig. 6A) its
mRNA levels by 35% over the control plasmid. This decrease in
GREBPmRNA levels is accompanied by a slight but significant
increase (15%) in endogenous NPR1/GCA mRNA levels (Fig.
6B).Moreover, in luciferase experiments, the co-transfection of
10 ng pCMV-�gal with 200 ng of hGCAp-pGL3 and 300 ng of
2.0-U6-shRNA-GREBP or control plasmid pSilencer 2.0-
U6-NT elicits a 30% increase in NPR1/GCA promoter activity
for GREBP-silenced cells compared with control cells (Fig. 6C).
Taken together, these experiments demonstrated that even
partial inhibition of GREBP mRNA directly affects the NPR1/
GCA promoter by up-regulating its activity, both for the endog-
enous promoter and for the luciferase-coupled one.
Effects of ANP on NPR1/GCA and GREBPmRNA Expression—

Because ANP is able to regulate the expression of its receptor,
we tested the hypothesis that it could also affectGREBP expres-
sion levels as a possible intermediate of this action. We incu-
bated HeLa cells with 100 nM ANP and observed a 2-fold
increase in GREBPmRNA levels within 3 h of incubation (Fig.
7A). We confirmed this effect in another target cell line for
ANP, NCI-H295R cells, which were incubated with a maximal
concentration of ANP (100 nM) for the indicated times. After
stimulation, they were lysed, and RNA was extracted and sub-
jected to sqRT-PCR assays with expression levels measured as
summarized in Fig. 7B. We completed several experiments and
observed a 32% decrease in NPR1/GCA mRNA levels at 3 h,
which reached 44% at 14 h of ANP incubation (Fig. 7C, circles)
concomitantly with a transient but marked increase of GREBP
mRNA levels, maximum of 162% at 3 h compared with
untreated cells, followed by a return to nearly base-line values
by 6 h and to 87% of basal levels at 14 h of incubation with ANP
(Fig. 7C, diamonds). These results demonstrate that, in human
adrenal cells, ANP binding to its receptor evokes rapid induc-
tion of GREBP expression, which, via its binding to cGMP-RE
present in theNPR1/GCA promoter, inhibitsNPR1/GCA tran-
scription with a concomitant reduction of its mRNA levels.
GREBPMTEArrays—ANP exerts its various biological func-

tions by binding to its receptor, NPR1/GCA. We explored
whether the pattern of GREBP expression in humans parallels
that of ANP and/or NPR1/GCA in human MTE arrays. Each
array contained 75 RNA samples from various adult and fetal
tissue sources. Their analysis showed that GREBP expression
was lower in fetal than in adult samples. As for ANP, we found
thatGREBP is predominantly expressed in the atria, ventricles,
septum, and apex of the heart (Fig. 8).

FIGURE 6. NPR1/GCA transcriptional regulation requires GREBP expres-
sion. HEK239 cells were transfected with the pSilencer plasmid producing an
NT hairpin sequence (pSilencer 2.0-U6 NT) or shRNA directed against GREBP

(pSilencer 2.0-U6-shRNA-GREBP). mRNA levels were analyzed for GREBP
expression in A and for NPR1/GCA in B. C, HEK293 cells were co-transfected
with 10 ng of pCMV�, 200 ng of hGCAp-pGL3b, and 300 ng of pSilencer 2.0-U6
NT or of pSilencer 2.0-U6-shRNA-GREBP. All values are expressed as means �
S.E. of relative mRNA levels (A and B) or relative luciferase activity (C) from
experiments performed in triplicate. *, p 
 0.05; **, p 
 0.01; ***, p 
 0.001
versus NT. Error bars, S.E.
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DISCUSSION

Because NPR1/GCA plays a key role in transducing various
biological functions, including the natriuretic, vasodilatory, and
antiproliferative effects of ANP, a better understanding of its
mechanismof regulation is essential. Twomajor processes con-
trol NPR1/GCA mRNA and protein levels. GC desensitization

involves receptor dephosphoryla-
tion after stimulation by its ligand,
ANP. This mechanism has been
described in several models and is
still at the center of many research
projects. After short term desensiti-
zation, the long term path estab-
lishes itself through receptor down-
regulation affecting transcriptional
regulation of the gene. First
described in the mid-1990s, the
mechanism involves outcome at
the level of the NPR1/GCA gene
promoter.
We previously demonstrated the

existence of cGMP-RE near the
�1500 bp position in mouse, rat,
and human NPR1/GCA gene pro-
moters (39). This short element
mediates the transcriptional down-
regulation of the NPR1/GCA recep-
tor after incubation of the cells with
ANP or cGMP analogs. We thus
searched for putative binding pro-
teins for this unique cGMP-RE.
Here, we report the identification of
the first protein that is able to bind
cGMP-RE and control NPR1/GCA
expression. We present several
pieces of evidence in this report to
support the hypothesis that GREBP
is a transcriptional repressor of
NPR1/GCA.
Using the yeast one-hybrid sys-

tem to screen a human kidney
cDNA library, we isolated a clone
coding for a protein that binds
strongly to cGMP-RE serving as
bait. The clone codes for a small
protein of previously unknown
function that we named GREBP for
cGMP-response element-binding
protein. The gene is located on
human chromosome 1 (1p36.33)
close to the ANP gene region
(1p36.21). Interestingly, several
cross-interacting gene products
cluster in the same chromosomal
region, leading to the hypothesis
that, through evolution,GREBP and
ANP genes were kept tightly
together because of their strong

functional relationship, such as, for example, paraoxonase 1
and 2 genes (52). GREBPmRNA is transcribed as a single exon
1083 bp long andpolyadenylatedwith no splicing process. It has
been shown that an elevated concentration of cGMP inhibits
the maturation and mRNA splicing process through PKG-de-
pendent phosphorylation of SF1 (splicing factor 1), which pre-

FIGURE 7. ANP stimulation influences GREBP and NPR1/GCA expression patterns. A, HeLa cells were
treated with 100 nM ANP for the indicated time, and GREBP expression was measured by sqRT-PCR corrected for
the 18 S internal standard (from four different experiments). NCI-H295R cells were treated with 100 nM ANP,
and gene expression was measured after 1, 3, 6, and 14 h and summarized in B for sqRT-PCR results and
compiled in C for graphic representation. All data are from three different experiments performed in duplicate.
Values are expressed as means � S.E. (error bars) relative to the basal state after ANP stimulation. *, p 
 0.05; **,
p 
 0.01; ***, p 
 0.005.
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vents prespliceosome assembly (53). Thus, inhibition of the
spliceosome machinery should not affect GREBP mRNA, and
the protein could reach its target sites, reinforcing the idea that
GREBP is involved in a cGMP-signaling pathway. Another
interesting fact about this mRNA is the presence of two AU-
rich elements at the 3�-UTR, which contributes to rapidmRNA
decay. These elements are essential instability determinants for
several early response gene mRNAs (54). Tight control of gene
expression in response to rapidly changing cellular conditions
is important, and, because cGMP concentrations vary rapidly
under control of the synthesizing enzymes (GC) and degrading
enzymes (phosphodiesterases), retroinhibition loops have to
rely on rapid and effective signaling pathways. Another surpris-
ing finding about this sequence is the high amount of SNP
located within theGREBP gene. In fact, the 1083-bp-long tran-
script has 24 SNP listed in the National Center for Biotechnol-
ogy Information SNP data base. However, population diversity
is not yet available for these variations. The 5�-UTR does not
contain any SNP, probably due to the significant level of regu-
latory proteins and translation factors targeting this region and
making any variation harmful. The coding region contains 14
SNP, which can be as inoffensive as structurally relevant.
Indeed, some of the variations can affect amino acid volume
(Leu7 Phe), side chain charge levels (His7 Tyr), global pro-
tein structure (Pro7 Ser), and phosphate content by destroy-
ing or creating phosphorylable residues. SNP locatedwithin the
3�-UTR could have an impact on mRNA stability and half-life,
but, as for the coding region, further studies will be needed to
determine which SNP affect GREBP functions.
Studies of derived amino acid sequence resulting from the

translation of GREBP mRNA have led to certain assumptions
regarding its possible functions. Indeed, the high number of
basic amino acids is representative of DNA-binding proteins
(55, 56). ANP-NPR1/GCA signaling results in PKG activa-

tion by cGMP and elicits the phosphorylation of down-
stream proteins. PKG is a serine/threonine kinase. Transla-
tional analysis of the gene product by ExPASy tools has revealed
putative serine/threonine phosphorylation sites; it is thus pos-
sible that cGMP can activate GREBP through PKG-dependent
phosphorylation.
The ChIP assays demonstrated that GREBP can bind the

cGMP-RE present in the human genome;moreover, this exper-
iment shows that this protein-DNA interaction occurs under
physiological conditions and that GREBP is a key protein
involved in a (probably) larger complex. Indeed, in our EMSA
experiments, the addition of an antibody directed toward the
tagged GREBP inhibited its ability to bind the cGMP-RE only
when the antibodywas added prior to the radiolabeled probe. A
similar phenomenon was reported and validated by other
groups (57, 58) for other DNA-binding proteins. Interestingly,
the addition of antibody after the cGMP-RE probe had almost
no effect on the DNA�GREBP complex formation; GREBPmay
undergo a conformational change upon DNA binding, act
within a multiprotein complex, or even homomultimerize
around DNA. Further studies are needed to elucidate this
mechanism.
Our in vitro DNA binding experiments and EMSA showed

that GREBP specifically binds the cGMP-RE. Initially, we
observed thatGREBP could bind the 18-bp-long human and rat
cGMP-RE probes but not the mouse one. This intrigued us
because there are several differences in the sequence of the
cGMP-RE between humans and rodents but only one nucleo-
tide difference between rat and mouse cGMP-RE, a T/C
change, where the C nucleotide is present in both mouse and
human cGMP-RE. So, we hypothesized that this lack of inter-
action between GREBP and the mouse probe was not depen-
dent on the different nucleotide present in the rat/mouse
cGMP-RE but on the in vitro conformational structure of the
probe. To test this hypothesis, we synthesized longer cGMP-RE
(24-bp-long) probes corresponding to the human, rat, and
mouse sequences and found that GREBP could bind only the
24-bp-long probe corresponding to the human sequence. Lon-
ger probes exhibit different conformations (A-, B-, and Z-con-
formations, coiled and non-helical) as the number of DNA bp
increases, so the difference in binding GREBP between the two
rat cGMP-RE probes of different length could be explained by
different conformations because nucleotide mutations did not
restore the binding capacity of the 24-bp long rat or mouse
probes (P1 and P2).
We did not detect any close analog to GREBP in the rat or

mouse genome. Several facts can explain the absence ofGREBP
in the genome from rodent models. Transcriptional controls
are different between humans and rodents, being usually more
complex in humans; the 5�-UTR of NPR1/GCA is shorter in
humans and lacks an Inr element (59). Based on the fact that rat
and mouse cells are able to down-regulate NPR1/GCA gene
expression, we can assume that a protein with a similar role
almost certainly exists in rodents. In fact,GREBP appears to be
present in only one other known genome, the chimpanzee.
Humans and chimpanzees share a high proportion of their
genome; indeed, human ANP mRNA (NM_006172) is 845 bp
long and is 98% homologous to 844 bp chimp ANP mRNA

FIGURE 8. GREBP expression profile in human tissue samples. The human
MTE array from Clontech is composed of tissues obtained from normal sub-
jects (male/female) from 15 to 66 years old after sudden and/or accidental
death. The fetal samples combine 30 embryos, average age 18 –30 weeks.
GREBP expression is ubiquitous, with the strongest signal in the heart and
adult aorta.
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(NM_006468). Even if the chimpanzee NPR1/GCA gene has
not yet been defined, a region (NW_001229599.1) of its genome
is homologous at 99% for 4062 bp of the 4246-bp-long human
NPR1/GCA mRNA (NM_000906). These two genes, ANP and
NPR1, are co-localized on human and chimpanzee chromo-
some 1. By comparative genomics, we were able to find a chim-
panzee version of human GREBP. This putative gene is also
located on chromosome 1 (region NW_001229478.1) and has
89% homology with human GREBP. Translated chimpanzee
GREBP protein appears to have the same characteristics as its
human counterpart. The hypothetical chimpanzee GREBP is a
113-amino acid long protein, 82% homologous to that of
humans, with a molecular mass of 13.2 kDa and an isoelectric
point of 11.1. Its protein sequence analysis reveals that 5 serines
(�0.750:1) and 1 threonine (�0.603:1) could be phosphory-
lated by a serine/threonine protein kinase, including PKG.
Additional studies are needed to determine if this putative
chimp protein is involved in ANP-NPR1/GCA signaling path-
ways of the chimpanzee. Moreover, we can hypothesize that
GREBP is a human-specific gene and may be also present and
functional in the chimpanzee ANP-NPR1/GCA pathway. First,
it has been proposed that transcription factors/repressors have
evolved differently in humans compared with other species
(60), and, second, GREBP may belong to a younger age class.
These genes, which usually control immunity, perception, and
signal transduction, are known to be shorter and intronless and
evolved faster than the older classes of gene that are present in
every eukaryote cell and run translation, transcription, and rep-
lication (61). Evidence that GREBP is really a young gene also
came from the fact that only the chimpanzee genome seems to
have a homologous GREBP gene, and, in an evolutionary way,
the chimpanzee is the human’s closest species with 4–5million
years separating the two groups.
Cellular localization studies have shown that GREBP accu-

mulates in the nuclear region of cells. Such compartmentaliza-
tion is common for proteins associated with transcriptional
activity; several studies have revealed that nuclear localization
is highly associated with transcription factor function (62, 63).
Our promoter-reporter experiments disclosed that GREBP

expression inhibitsNPR1/GCA promoter activity in a dose-de-
pendent manner. Moreover, the inhibition caused by GREBP is
entirely mediated through cGMP-RE, as demonstrated by the
loss of effect of the promoter deletion mutant. In silencing
experiments, targetingGREBPwith specific shRNA reduced its
mRNA levels with consequences on NPR1/GCA regulation.
Thus, even a small decrease in GREBP is associated with an
increase in endogenous NPR1/GCA transcripts and, concomi-
tantly, augmented activity of the NPR1/GCA luciferase-cou-
pled promoter. Our results also indicate that NPR1/GCA pro-
moter activity can be heightened by either a deletion of
cGMP-RE in its promoter (Fig. 5B) and/or by a reduction of
GREBP levels (Fig. 6C) with reciprocal regulation and an
inverse relationship between GREBP and NPR1/GCA levels.
Endogenous elevations of GREBP mRNA levels are also

related to ANP stimulation. Indeed, we were able to show a
significant increase of GREBP within 3 h of ANP incubation in
two cell lines. This increase correlates with a marked decrease
of the NPR1/GCA transcript. NPR1/GCA mRNA still contin-

ued to decline after longer ANP incubation but at amuch lower
pace than with 3-h stimulation. GREBP levels fell after sus-
tained ANP stimulation. Such a decrease in GREBP mRNA is
probably under the control of factors, such as decay rate of
GREBP mRNA (implication of AU-rich elements), cGMP lev-
els, GREBP partners, trafficking of existing NPR1/GCA recep-
tors, the early responsiveness character of GREBP, and several
other factors that remain to be identified. However, we provide
strong evidence here for the implication of ANP in the regula-
tion of both GREBP and NPR1/GCA gene expression.
GREBP is widely expressed in human tissues, such as the

heart, thymus, brain, and several endocrine glands. Aprotective
role could explain its high level of expression in the heart.
Indeed, overexpression in the heart could be protective against
overstimulation of NPR1/GCA by ANP, which normally exerts
a negative inotropic effect on normal cardiac tissue (64). A con-
stant cardiodepressant effect would be dramatic, so control of
GREBP expression through its early and transient response
would allow an additional level of fine regulation ofNPR1/GCA
stimulation.
In conclusion, GREBP emerges as a new transcription

repressor acting on unique cGMP-RE present in the NPR1/
GCA promoter and controlling the expression of the major
receptor of ANP, NPR1/GCA. GREBP (1p33.36) is the third
interacting partner in the retroinhibition loop co-located on
chromosome 1withANP (1p33.21) andNPR1/GCA (1q21–22).
Further proteomics and genetics studies are needed to deter-
mine the structural domain, protein partners, signaling path-
ways, and genemutation that could disable its repressive action.
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