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The tumor suppressor function of p53 is linked to its ability to repress gene expression, but the mechanisms
of specific gene repression are poorly understood. We report that wild-type p53 inhibits an effector of the Ras
oncogene/mitogen-activated protein (MAP) kinase pathway, the transcription factor Net. Tumor-associated
mutant p53s are less efficient inhibitors. p53 inhibits by preventing phosphorylation of Net by MAP kinases.
Loss of p53 in vivo leads to increased Net phosphorylation in response to wound healing and UV irradiation
of skin. Our results show that p53 can repress specific gene expression by inhibiting Net, a factor implicated
in cell cycle entry.

The tumor suppressor p53 regulates apoptosis, cell cycle
arrest, and angiogenesis in response to genotoxic and other
stresses. Loss of p53 function is required for malignant pro-
gression, and mutations in p53 occur in more than half of all
human cancers (42, 43). p53 activates expression of genes in-
volved in apoptosis (e.g., Bax, NOXA, and p53AIP1) and in-
hibition of cell cycle progression (e.g., p21WAF1/CIP1, 14-3-3
sigma, and GADD45). p53 also represses transcription, and
repression is required for both apoptosis and tumor suppres-
sion (22, 36). Despite the importance of repression by p53,
little is known about the mechanisms, especially about how p53
mediates the repression of specific target genes.

Cell growth is regulated by a balance of factors that promote
or repress cell cycle progression. Growth factors and onco-
genes such as Ras induce mitogen-activated protein (MAP)
kinase signaling cascades that transduce extracellular signals
from ligand-activated cell surface receptors to the nucleus.
MAP kinases phosphorylate nuclear effectors, such as the
three ternary complex factors Net, Elk-1, and Sap-1, that reg-
ulate immediate-early genes and cell cycle entry (38, 41). Net
(Elk-3/ERP/Sap-2) is a repressor of transcription that is con-
verted to a positive regulator by MAP kinase phosphorylation
of critical residues of the C-terminal (C) domain (11, 18, 28).
The A domain, located at the N terminus, mediates DNA
binding, and the B domain interacts with the serum response
factor to help form ternary complexes on serum response ele-
ments of immediate-early response genes. Net mutant mice
develop a vascular phenotype and have altered expression of
egr-1, a factor implicated in the cell cycle and vascular biology
(2). This study shows that p53 inhibits Net activity and the
expression of one of its target genes, egr-1. It provides a mech-

anism by which p53 can inhibit expression of genes required for
cell cycle progression.

MATERIALS AND METHODS

Plasmids. (i) Expression vectors. Glutathione S-transferase (GST) fusion pro-
teins were expressed from plasmids derived from pBC-Net (28). Plasmids pBC-
N6, pBC-N6�5, pBC-N6�6, and pBC-N6�7 were constructed by cloning PCR
fragments that encode Net sequences from positions 327 to 409, 327 to 375, 347
to 375, and 327 to 353, respectively, in the NdeI-KpnI sites of pBC (9). All PCR
inserts were verified by sequencing. For Gal4 fusion proteins, pGal4-N5 and
pGal4-N6 (28) were used, as well as Elk1-C (a gift from R. Treisman [29]).
pTL2-Net (28) was used to express full-length Net.

Oncogenic Ha-Ras was expressed from pHa-Ras (44), constitutively active
ERK2 was expressed from pERK2-MEK1-LA (a gift from M. Cobb [35]), and
constitutively active MEK1 (S218D S222D) was expressed from pECE-
MAPKK(S218D S222D) (a gift from J. Pouysségur [6]). p53 and common human
cancer mutants with the V143A, R178H, R248Q, R273H, or R281W mutation
were expressed from pC53-SN3 and derivatives (a gift from A. Levine [20]). p53
mutants 1-100, 1-313, 1-394, 94-313, 94-394, and 290-394, with an N-terminal
Flag-tag, were expressed from pSG5-Puro-Flag (Institut de Génétique et de
Biologie Moléculaire et Cellulaire [IGBMC] core facility) derivatives with the
corresponding PCR fragments in the BamHI site. All PCR inserts were verified
by sequencing.

�-Galactosidase was expressed from CMV-lacZ (52).
(ii) Reporters. For Net, Palx8-Luc (18, 28) was used as a reporter. For Gal4,

we used upstream activation sequence (UAS)-Luc, generously provided by A.
Bradford and A. Gutierrez-Hartman, which contains five Gal4-binding sites in
pGL2-Luc.

Antibodies. The following antibodies were used (with sources and references
given in parentheses): the anti-Net antibody 375, the anti-Gal4 antibody 2GV3,
anti-GST (28), the anti-phospho-Net antibody 2F3, specific for Net phosphory-
lated on serine 365 (14), anti-ERK1/2 (catalog no. 9102; Cell Signaling), anti-
phospho-ERK1/2 (catalog no. 9106; Cell Signaling), anti-phospho-Elk-1 (catalog
no. 9181; Cell Signaling), the anti-human p53 antibody DO-1 (39), the anti-
mouse p53 monoclonal antibody 240 (17), anti-Ras (sc-520; Santa Cruz), the
anti-TATA-binding protein (anti-TBP) antibody 3G3 (5), and a mouse anti-Flag
monoclonal antibody (epitope DYKDDDDK; IGBMC Monoclonal Common
Service).

Luciferase and �-galactosidase assays. PALx8-Luc (1.5 �g) and CMV-LacZ
(250 ng) were cotransfected by the N,N-bis(2-hydroxyethyl)-2-aminoethyl sul-
fonic acid-buffered saline calcium phosphate technique in CHO cells in six-well
plates (Corning) with 100 ng of the expression vector for Net, ERK2-MEK1,
Ha-Ras, or active MEK1, and 30 or 100 ng of the expression vector for p53. For
the Gal4 fusion proteins, UAS-Luc and the Gal4 expression vectors replaced
PALx8-Luc and the Net vector pTL2-Net, respectively. Cells were washed 16 h
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after transfection and were cultured for 10 h in a medium containing 0.05% fetal
calf serum (FCS). Cells were lysed in lysis buffer (25 mM Tris-phosphate [pH
7.8], 2 mM EDTA, 1 mM dithiothreitol, 10% glycerol, and 1% Triton X-100).
Luciferase activity was normalized by �-galactosidase activity, and fold induc-
tions were calculated relative to transfections lacking activators of Net. Values
shown are averages from two typical experiments.

GST pulldown assay. SAOS2 cells in 10-cm-diameter dishes were transfected
with 5 �g of pC53-SN3 and 15 �g of GST-fused Net expression vectors (pBC-
Net, pBC-N6, pBC-N6�5, pBC-N6�6, and pBC-N6�7) by the BBS-based calcium

phosphate technique. Cells were washed 16 h after transfection, and after a
further 24 h they were lysed in 1 ml of NETN-200 buffer (0.2 M NaCl, 20 mM
Tris-HCl [pH 7.5], 1 mM EDTA, 0.5% NP-40, 5 mM dithiothreitol, 0.4 mM
phenylmethylsulfonyl fluoride). Cell lysates were cleared by centrifugation (for
10 min at 10,000 � g) and incubated with glutathione-Sepharose 4B for 2 h with
gentle rocking. Beads were washed four times with NETN-100 buffer (similar to
NETN-200 except that the NaCl concentration is 0.1 M). The input and precip-
itated proteins were analyzed by immunoblotting with the anti-p53 antibody
DO-1 or with anti-GST.

Net phosphorylation in cell culture. Mouse embryonic fibroblasts (MEFs) and
human umbilical vein endothelial cells (HUVEC) were cultured overnight with
Dulbecco’s modified Eagle medium (DMEM) plus 0.05% FCS in the absence or
presence of 10 �M mitomycin C. For serum activation, FCS was added to a
concentration of 10% for 10 min. For UV induction, the cells were irradiated
with 40 J of UV-B/m2 and cultured for 1 h with DMEM plus 0.05% FCS. Cells
were quickly washed with phosphate-buffered saline (PBS), lysed in sodium
dodecyl sulfate (SDS) sample buffer, and analyzed by immunoblotting.

Quantitative real-time RT-PCR. HUVEC and wild type and p53�/� MEFs
were cultured overnight in DMEM plus 0.05% FCS in the absence or presence
of 10 �M mitomycin C (where appropriate), activated with DMEM plus 10%
FCS for 30 or 45 min, and washed with PBS, and RNA was prepared with
RNAsolv (Omega Biotech). cDNA was synthesized by reverse transcription (RT)
from 20 ng (for c-fos or egr-1) or 100 pg (for 28S RNA) of RNA for 30 min in the
presence of 1� Master Mix (1� Sigma PCR buffer, 4 mM MgCl2, 5% glycerol,
0.15 mg of bovine serum albumin/ml, and 0.2 mM deoxynucleoside triphos-
phates), Superscript reverse transcriptase (Invitrogen), and the appropriate an-
tisense primer at 0.5 �M (see below). Ten percent of the RT reaction mixture
was used for PCR in a LightCycler (Roche) under the following conditions: 92°C
for 1 min, followed by 50 cycles of 92°C for 5 s, 62°C for 15 s, and 72°C for 15 s
in the presence of 1� Master Mix, 1� SyberGreen (Roche), 0.5 �M primers, and
Taq polymerase. Standard curves for the internal control (28S RNA) and the test
mRNAs were generated with four different amounts of the appropriate RT
reaction mixtures. The relative levels of expression of c-fos and egr-1 were
determined by use of the standard curves and corrected for variations in the 28S
RNA internal control. The following primers were used: for human c-fos,
ACZ139 (5�-TTTCCTGGCAATAGTGTGTTC-3�) and ACZ140 (5�-TTCAGA
CCACCTCAACAATG-3�); for human egr-1, ADC221 (5�-CACGGGCGAGC
AGCCCTACG-3�) and ADC222 (5�-TCCACCAGCACCTTCTCGTT-3�); for
mouse egr-1, ACG46 (5�-GCCGAGCGAACAACCCTA-3�) and ACG47 (5�-T
CCACCATCGCCTTCTCATT-3�); for mouse c-fos, ACG44 (5�-AAGGGAAC
GGAATAAGATGGC-3�) and ACG45 (5�-CAACGCAGACTTCTCATCTTC
AA-3�); and for 28S RNA, ACD229 (5�-GGCGGCCAAGCGTTCATAGC-3�)
and ACD230 (5�-ATTTGGTGTATGTGCTTGGC-3�).

Immunoprecipitation. HUVEC were cultured overnight in DMEM plus
0.05% FCS in the presence or absence of 10 �M mitomycin C, activated with
DMEM plus 10% FCS for 10 min, washed with PBS, and lysed with NETN-100
buffer. To precipitate the Net-p53 complex, the cell extracts were incubated with
the anti-Net antibody 375 for 2 h, followed by protein G-Sepharose (Pharmacia)
for 1 h. Beads were washed three times with NETN-100 and analyzed by immu-
noblotting with the anti-p53 antibody DO-1.

Wound healing. Protocols were modified from the work of Ortega et al. (33).
After 8-mm-diameter, full-thickness dorsal skin wounds were generated (on 4- to
12-week-old mice; 11 pairs in total), wound surfaces were measured and photo-
graphed every 2 days, with or without removal of the clot. After the wounds had
healed totally, the same mice were wounded elsewhere (at a distance of �1 cm
from the first wound), and these new wounds were used for histological analysis
9 days after wounding. For histology and immunostaining (4, 21, 52), 8-mm-thick
sections were rehydrated, unmasked in 0.01 M citrate for 60 min at 94°C, cooled
for 60 min, incubated with primary antibodies (the anti-phospho-Net antibody
2F3, used at 1:1,000 in PBS-Tween) for 180 min at 25°C, followed by overnight
incubation at 4°C, and stained with the VECTASTAIN Elite ABC kit (Vector
Laboratories, Inc.). The same conditions were used for sections from p53�/�

mice as for sections from wild-type mice.
UV irradiation. Transgenic and wild-type mice, matched with respect to age,

gender, and body site, were UV irradiated (5,000 J/m2), and skin samples were
processed for immunohistochemistry (IHC) (16). Samples were incubated suc-
cessively with the anti-phospho-Net antibody 2F3 (used at 1:500 overnight at
4°C), a biotin-conjugated secondary antibody, streptavidin peroxidase (1:200), a
Dab liquid substrate kit (5 min; Zymed), and hematoxylin. For immunoblotting,
skin samples were homogenized in radioimmunoprecipitation assay buffer with
an Ultrathorax. Homogenates were analyzed by SDS-polyacrylamide gel elec-
trophoresis and immunoblotting with anti-p53 (NCL-p53-CM5), anti-phospho-

FIG. 1. Inhibition of serum- or UV-induced Net phosphorylation
by endogenous p53 in HUVEC and MEFs. (A) p53 inhibits Net phos-
phorylation (P-Net) by serum in HUVEC. HUVEC were incubated for
12 h with DMEM plus 0.05% FCS in the presence (lanes 2 and 4) or
absence (lanes 1 and 3) of 10 �M mitomycin C (Mito.), which induces
p53. Cells were then treated with 10% serum for 10 min. (B) p53
inhibits Net phosphorylation by UV irradiation in HUVEC. Serum-
starved and mitomycin C-treated (lanes 2 and 4) or untreated (lanes 1
and 3) HUVEC were either irradiated with UV-B (lanes 3 and 4) or
mock irradiated (lanes 1 and 2) and then incubated for 1 h. (C) p53
inhibits Net phosphorylation by serum in MEFs. MEFs prepared from
p53�/� (�/�) (lanes 1 and 3) or wild-type (wt) (lanes 2 and 4) mouse
embryos were serum starved overnight and stimulated with 10% serum
for 7 min (lanes 3 and 4). (D) p53 inhibits Net phosphorylation by UV
irradiation in MEFs. Serum-starved p53�/� (lanes 1 and 3) or wild-
type (lanes 2 and 4) MEFs were either irradiated with UV-B (lanes 3
and 4) or mock treated (lane 1 and 2) and were then incubated with
DMEM plus 0.05% FCS. Protein extracts were analyzed by immuno-
blotting with the anti-phospho-Net antibody 2F3 (P-Net), the anti-Net
antibody 375, the anti-p53 antibody DO-1, anti-phospho-ERK (P-
ERK), anti-ERK, anti-phospho-Elk-1 (P-Elk1), anti-phospho-JNK (P-
JNK), or anti-JNK.
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Net (2F3), and anti-TBP (3G3) overnight at 4°C, followed by peroxidase-conju-
gated mouse anti-rabbit immunoglobulin G and chemiluminescence (Pierce).

RESULTS

p53 inhibits phosphorylation of Net. We initially studied
whether p53 affects Net phosphorylation by serum and by UV
irradiation. We used HUVEC because they are normal: they
express relatively high levels of Net and very low levels of p53.
p53 is highly induced by mitomycin C in these cells (37), and
mitomycin C has been used previously to study the effects of
p53 induction on transcription factor activity (37, 45). HUVEC
were serum starved and treated with 10 �M mitomycin C for
12 h. There was no detectable apoptosis under these condi-

tions, as shown by the morphology of 4�,6�-diamidino-2-phe-
nylindole (DAPI)-stained cells, cleavage of poly(ADP-ribose)
polymerase, and DNA laddering (37) (data not shown). The
cells were treated with serum for 10 min to induce the extra-
cellular signal-regulated kinase (ERK) pathway, and protein
phosphorylation and expression were followed by Western
blotting (Fig. 1A). Serum induced Net phosphorylation on the
critical serine 365 (Fig. 1A, lane 3, P-Net), as shown with the
phosphospecific antibody 2F3 (13). U0126 blocked Net phos-
phorylation, demonstrating that the ERK pathway is required
for serum-induced Net phosphorylation (data not shown). p53
induction with mitomycin C inhibited Net phosphorylation in-
duced by serum (Fig. 1A, lane 4, P-Net). Net phosphorylation

FIG. 2. p53 inhibits Net-dependent transcription activation through the C-terminal region. (A) p53 inhibits Net-dependent transcription
activation. pTL2-Net, PALx8-Luc, and CMV-lacZ were cotransfected in CHO cells with expression vectors for ERK2-MEKl-LA (bars 2, 3, and
4) or Ha-Ras (bars 5, 6, and 7) and increasing amounts of p53 (bars 3, 4, 6, and 7). The cells were washed 16 h after transfection and then cultured
for 10 h in a medium containing 0.05% FCS. Cell lysates were assayed for luciferase and �-galactosidase (for standardization). (B) Schematic
diagrams. Net and Elk-1 have similar DNA binding domains (rectangle A), SRF binding domains (rectangle B), transactivation domains (rectangle
C), and p42/44 binding domains (rectangle D). Gal4-N5 and Gal4-N6 contain the Gal4 DNA binding domain (amino acids 1 to 147) fused to amino
acids 219 to 409 or 327 to 409 of mouse Net, respectively. Elk-1 C contains the Gal4 DNA binding domain fused to amino acids 355 to 429 of human
Elk-1. (C) The C-terminal domain of Net is sufficient for inhibition by p53. pGal4-N6, UAS-Luc, and CMV-lacZ were cotransfected in CHO cells,
and luciferase and �-galactosidase activities were measured. (D) p53 inhibits serum induction of Net activity. By using CHO cells, pGal4-N5,
UAS-Luc, and CMV-lacZ were cotransfected with increasing amounts of expression vectors for p53 (bars 3, 4, 5, and 6). Cells were washed with
medium 16 h after the addition of the DNA mixture and then cultured for 10 h with a medium containing 0.05% FCS. Gal4-N5 was activated by
further incubation with medium plus 10% FCS for 10 h. Extracts were assayed for luciferase and �-galactosidase activities. (E) Elk-1 activation
is not inhibited by p53. By using CHO cells, pElk1-C or pGal4-N5 was cotransfected with UAS-Luc, CMV-lacZ, and expression vectors for
active-MEK1 (bars 2, 3, 4, 6, 7, and 8) and p53 (bars 3, 4, 7, and 8), and luciferase and �-galactosidase activities were measured. (F) p53 inhibits
Net phosphorylation. (Left) CHO cells were transfected with Ras (bars 2, 3, and 4) and p53 (bars 3 and 4) expression vectors, pGal4-N5, UAS-Luc,
and CMV-lacZ, and luciferase and �-galactosidase activities were measured. (Right) Cell lysates were immunoblotted with the anti-phospho-Net
antibody 2F3 (P-G-N5), the anti-Gal antibody 2GV3 (G-N5), the anti-p53 antibody DO-1, or an anti-Ras antibody.
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was not detected in the absence of serum, showing that mito-
mycin C does not induce Net phosphorylation (Fig. 1A, lanes
1 and 2; see also Fig. 1B). Net protein levels remained constant
under all conditions, whereas p53 accumulated to similar levels
with mitomycin C in the presence and absence of serum. p53
accumulated in the nucleus, as shown by immunocytochemistry
with antibody DO-1 (data not shown). ERK and the ERK
substrate Elk-1 were phosphorylated with serum to similar
levels in the presence and absence of mitomycin C, showing
that p53 does not affect either the activation of ERK by up-
stream kinases or its activity on another substrate. These re-
sults show that p53 specifically inhibits serum-induced Net
phosphorylation.

We tested whether mitomycin C induction of p53 also in-
hibits Net phosphorylation by c-Jun NH2-terminal kinase
(JNK) that has been activated by UV irradiation. HUVEC
were treated with 10 �M mitomycin C for 12 h and then UV
irradiated, and after 1 h, cell extracts were prepared and ana-

lyzed by immunoblotting (Fig. 1B). Mitomycin C treatment
inhibited UV-induced Net phosphorylation (Fig. 1B, lanes 3
and 4, P-Net), without affecting Net protein levels (Fig. 1B,
lanes 3 and 4, Net). Mitomycin C-induced p53 levels (Fig. 1B,
lanes 1 and 2, p53) were not further increased by UV irradia-
tion (lanes 3 and 4). Phosphorylation of JNK was induced by
UV irradiation (Fig. 1B, lanes 1 to 4, P-JNK), and the levels
were similar in the presence and absence of mitomycin C
(lanes 3 and 4). Total JNK levels did not vary significantly (Fig.
1B, lanes 1 to 4, JNK).

Mitomycin C is a DNA-damaging agent that has other ef-
fects on the cell besides p53 induction. To more specifically
show that p53 is required for the inhibition of Net phosphor-
ylation, we used p53�/� MEFs. Serum (Fig. 1C) and UV irra-
diation (Fig. 1D) induced higher levels of phospho-Net in
MEFs lacking p53 (lanes 3 and 4, P-Net), whereas levels of
P-ERK and P-JNK were not affected by the loss of p53 (lanes
3 and 4). Amounts of p53 did not increase significantly 1 h after

FIG. 3. Net forms a complex with p53. (A) Immunoprecipitation of a Net-p53 complex. HUVEC were serum starved overnight in the presence
(lanes 2, 4, and 6) or absence (lanes 1, 3, and 5) of 10 �M mitomycin C (Mito.) and were then incubated with 10% FCS for 10 min. Cell extracts
were incubated with the anti-Net antibody 375 (	-Net) (lanes 3 and 4) or preimmune rabbit serum (Pre Imm.) (lanes 5 and 6) for 1 h, followed
by precipitation with protein G-Sepharose. Proteins on the beads were analyzed by immunoblotting with an anti-p53 antibody (DO-1). (B) Sche-
matic diagram of GST-fused Net deletion mutants. GST-N6, GST-N6�5, GST-N6�6, and GST-N6�7 have Net sequences from 327 to 409, 327 to
375, 347 to 375, or 327 to 353, respectively. (C) GST-Net-p53 complex formation in SAOS2 cells. SAOS2 cells were transfected with expression
vectors for p53 and GST, GST-Net, GST-N6, GST-N6�5, GST-N6�6, or GST-N6�7. Cell lysates were incubated with glutathione-Sepharose beads,
and the input (INP) and precipitated (PPT) proteins were analyzed by immunoblotting with anti-p53 (DO-1) or anti-GST. (D) Amino acid
sequence of the C-terminal region of Net. Sequences that bind to p53 are underlined. Asterisks indicate the two major phosphorylation sites.
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UV treatment (Fig. 1D, lanes 2 and 4). These results show that
p53 inhibits Net phosphorylation by the ERK and JNK path-
ways without affecting the activation of ERK and JNK.

p53 inhibits Net transcriptional activity. In order to analyze
the effect of p53 on Net transcriptional activity, we used CHO
cells, in which Net activity is highly inducible by the ERK
pathway (11). CHO cells were transfected with a luciferase
reporter gene containing tandem ets motifs and vectors that
express Net, p53, Ha-Ras, and ERK2-MEK1-LA (a constitu-
tively active form of ERK2 [35]). p53 expression inhibited Net
activation by Ras or ERK2-MEK1-LA (Fig. 2A; compare bars
6 and 7 with bars 5 and 1, and compare bars 3 and 4 with bars

2 and 1, respectively). To delimit the sequences of Net that
mediate p53 inhibition, we used fusion proteins containing the
heterologous DNA binding domain of Gal4 (Fig. 2B) and a
corresponding UAS-luciferase reporter. Fusion proteins that
contain the C domain of Net (Gal4-N6) or the C and D do-
mains (Gal4-N5) were efficiently stimulated by activators of the
ERK pathway (ERK2-MEK1-LA, Ras, serum, and MEK1)
(Fig. 2C, bars 1, 2, and 5; Fig. 2D, bars 1 and 2; Fig. 2E, bars
5 and 6; Fig. 2F, bars 1 and 2). p53 expression inhibited Net
activation by all of these inducers (Fig. 2C, bars 3, 4, 6, and 7;
Fig. 2D, bars 3 to 6; Fig. 2E, bars 7 and 8; Fig. 2F, bars 3 and
4) and also inhibited phosphorylation of Gal4-N5 (Fig. 2F,

FIG. 4. Reduced inhibition of Net transactivation by mutant p53s. (A) p53 mutants. The p53 mutations (indicated by asterisks), which are
commonly found in human tumors, are V143A, R175H, R248Q, R273H, and R281W. TA, transactivation domain; DBD, DNA binding domain;
TET, tetramerization domain; REG, regulatory domain. (B) Effects of mutant p53s on Net transactivation. By using CHO cells, Gal4-N6 was
transfected with the Gal4 reporter, CMV-lacZ, and expression vectors for active MEK1 (bars 2 to 12) and for wild-type (wt) or mutant p53 (bars
3 to 12). (C) p53 expression levels in the transfected cells for which results are shown in panel B were determined by immunoblotting with DO-1.
ERK1/2 is a loading control. (D) Phosphorylation of Net in the presence of mutant p53s. Gal4-N6, active MEK1 (lanes 2 to 8), and wild-type or
mutant p53s (lanes 3 to 8) were expressed in CHO cells. After a wash, cells were incubated for 10 h in MEM alpha 1900 plus 0.05% FCS. Cell
lysates were analyzed by immunoblotting with the anti-phospho-Net antibody 2F3 (P-Gal4-N6), the anti-Net antibody 375 (Gal4-N6), and the
anti-p53 antibody DO-1. (E) Mutant p53s bind to Net. SAOS2 cells were transfected with expression vectors for wild-type or mutant p53s and GST
or GST-N6. A GST pulldown assay was performed as for Fig. 3C. p53 (Beads), p53 retained on the glutathione-Sepharose beads; GST-N6 and
GST (Beads), GST proteins on the beads.
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P-G-N5) without altering its expression level (Fig. 2F, G-N5)
or that of Ras. p53 expression also inhibited Net activation in
SAOS2 cells, indicating that p53 has similar effects in the two
cell lines (data not shown). In contrast, p53 did not inhibit
MEK1 activation of an equivalent Elk-1 fusion protein con-
taining its C domain fused to Gal4 (Fig. 2E, bars 1 to 4). These
results show that p53 specifically inhibits Net activation by the
ERK pathway.

p53 physically interacts with Net. We tested by coimmuno-
precipitation whether p53 interacts with Net. HUVEC were
treated with mitomycin C to induce p53, and cell lysates were
immunoprecipitated with the anti-Net antibody 375, followed
by immunoblotting with an anti-p53 antibody (DO-1) to detect
p53 in the precipitates (Fig. 3A). The Net antibody coprecipi-
tated p53 only from mitomycin C-treated cell extracts (Fig. 3A,
lanes 3 and 4), whereas the preimmune serum control did not
contain p53 (lanes 5 and 6). In order to identify the domain of
Net that binds to p53, we used GST-Net fusion proteins (Fig.
3B). Expression vectors for GST-Net and p53 were transfected
into SAOS2 cells, which lack endogenous p53. Extracts were
incubated with glutathione-Sepharose beads, and proteins on

the beads were analyzed by immunoblotting with an anti-p53
antibody (DO-1). p53 was detected on the beads containing
full-length Net fused to GST (Fig. 3C, lanes 1 and 3). These
results show that Net interacts with p53 in SAOS2 cells as well
as in HUVEC. p53 was also found to interact with GST-N6,
GST-N6�5, and GST-N6�6 (Fig. 3C, lanes 2 and 5 to 7) but not
with GST alone or with GST-N6�7 (lanes 1, 4, and 8). These
results show that the minimum sequence of Net that binds to
p53, amino acids 347 to 375, contains the two major phosphor-
ylation sites (Fig. 3D).

Mutant forms of p53 are less effective inhibitors of Net
transcriptional activity. We analyzed the effects of mutant
p53s commonly found in human cancers (V143A, R175H,
R248Q, R273H, and R281W) (Fig. 4A) on Net transcriptional
activation. We cotransfected expression vectors for p53, Gal4-
Net N6, MEK1, and the Gal4 reporter gene. The mutants were
all less effective than wild-type p53 at inhibiting Net activity
(Fig. 4B; compare bars 6 to 12 with bars 3 to 5). They were
expressed at similar levels (Fig. 4C). The mutant p53s did not
inhibit Net phosphorylation, as shown by immunoblotting of
cell lysates with an anti-phospho-Net antibody (Fig. 4D; com-

FIG. 5. Effects of deletion mutants of p53 on Net activation and phosphorylation. (A) Structures of the p53 deletion mutants. The full-length
and mutant p53s contain an N-terminal Flag tag (F) fused to the indicated sequences of p53. TA, transactivation domain; DBD, DNA binding
domain; TET, tetramerization domain; REG, regulatory domain. (B and C) Effects of p53 deletion mutants on Net activation. CHO cells in six-well
plates were transfected with expression vectors for Flag-tagged full-length p53 and p53 deletion mutants (100 or 300 ng; lanes 3 to 14) and for active
MEK1 (100 ng; lanes 2 to 14), 100 ng of pGal4-N5, 1.5 �g of UAS-luciferase, and 250 ng of CMV-lacZ. Cell extracts were assayed for luciferase
and �-galactosidase (B), and expression levels were assayed by immunoblotting with the anti-Flag antibody (C). Arrowheads in panel C point to
prominent bands migrating with the expected mobility. (D) Effects of p53 deletion mutants on Net phosphorylation. CHO cells in 9-cm-diameter
plates were transfected with expression vectors for Flag-tagged full-length p53 and p53 deletion mutants (1.5 �g; lanes 2 to 5) and for active MEK1
(500 ng; all lanes), 500 ng of pGal4-N5, 7.5 �g of UAS-luciferase, and 1.25 �g of CMV-lacZ. Cell extracts were analyzed by Western blotting with
the anti-phospho-Net antibody 2F3 (P-Gal4-N5) and the anti-Gal4 antibody 2GV3 (Gal4-N5).
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pare phosphorylated Gal4-N6 with total Gal4-N6). Wild-type
and mutant p53 were expressed at similar levels (Fig. 4C and
D, bottom panel, lanes 3 to 6). We also studied whether the
mutant p53s interact with Net. Expression vectors for GST
fused to the C domain of Net (GST-N6) and the p53 mutants
were transfected in SAOS2 cells, cell extracts were incubated
with glutathione-Sepharose beads, and the proteins on the
beads were analyzed by immunoblotting (Fig. 4E). All the p53
mutants were found to bind to Net [Fig. 4E; compare p53
(Beads) with the controls p53 (Input) and GST-N6 and GST
(Beads)]. These results indicate that complex formation is not
sufficient for the p53 mutants to inhibit Net phosphorylation.

In order to investigate which sequences of p53 are required
for inhibition of Net activation and phosphorylation, we pre-
pared N-terminally Flag-tagged deletion mutants of p53 (Fig.
5A) that contain either the transactivation domain (amino
acids 1 to 100), the DNA-binding domain (amino acids 94 to
313), the C-terminal domain (including the tetramerization
and regulatory domains, amino acids 290 to 394), or combina-
tions of adjacent domains (amino acids 1 to 313 and 94 to 394).
The effects of the mutants were studied in CHO cells by using
Gal4-N5 Net and the UAS-luciferase reporter. Compared to
the striking inhibition by wild-type p53 of Gal4-N5 activation

by MEK1 (Fig. 5B, bars 1 to 4), the p53 mutants were much
less efficient at inhibiting Net activation (bars 5 to 14). All of
the p53 mutants were efficiently expressed relative to wild-type
expression (Fig. 5C; compare lanes 7 to 14 with lanes 3 and 4),
except for the 1-100 mutant (lanes 5 and 6), which was detect-
able only upon longer exposure of the autoradiograms (data
not shown). It appears unlikely that the lack of inhibition by
the 1-100 mutant is due to its low level of expression, since p53
1-313, which contains this region and is efficiently expressed, is
not a more efficient inhibitor (Fig. 5B, bars 5 to 8). The p53
deletion mutants had relatively little effect on the phosphory-
lation of Gal4-N5 (Fig. 5D, lanes 1 and 3 to 5) compared to the
effect of wild-type p53 (lane 2). These results show that indi-
vidual fragments of p53, like the p53 point mutants, have little
effect on Net activation and phosphorylation and that wild-type
p53 is required for efficient inhibition of Net.

Inhibition of egr-1 expression in the presence of p53. We
investigated whether p53 affects the induction by serum of
egr-1, a gene that is regulated by Net. Serum-starved p53�/�

and wild-type MEFs were stimulated with serum for 45 and 80
min, and egr-1 mRNA expression was measured by quantitative
RT-PCR. egr-1 levels after 45 min were lower in the wild-type
p53 cells (Fig. 6A). In contrast, c-fos levels were higher in the
wild-type p53 cells (Fig. 6B). Similarly, HUVEC were serum
starved, treated with mitomycin C, and stimulated with serum
for 45 min. Mitomycin C inhibited egr-1 induction and had a
much smaller effect on c-fos (Fig. 6C and D). These results
show that p53 inhibits egr-1 induction by serum, possibly
through its ability to inhibit Net activity.

Faster skin wound healing in p53-null mice. We have found
that skin wound healing is delayed in Net mutant mice (52),
showing that Net is required for this process. p53 is known to
have a role in skin biology, raising the possibility that in p53�/�

animals, relief of p53 repression of Net would accelerate
wound healing. Full-thickness wounds were generated on the
dorsal skin of wild-type and p53�/� animals, and the wounds
were photographed (Fig. 7A) and measured (Fig. 7B) at reg-
ular intervals. The wounded skin of p53�/� mice healed faster
than wild-type skin. Similar results were observed with 11 pairs
of littermates. The absence of p53 could lead to increased
phosphorylation of Net. Using IHC, we observed significantly
more cells that expressed phospho-Net in p53�/� mouse skin 6
days after wounding (Fig. 7C and D; P 
 0.001 for wild-type
versus p53-null mice; n � 20). Increased phospho-Net levels
were observed both in the keratinocytes of the regenerating
epidermis and in mononuclear cells of the granulation tissue
(Fig. 7C). These observations suggest that p53 inhibits Net
activation in vivo during wound healing.

Increased Net phosphorylation in UV-irradiated p53�/�

mouse skin. UV irradiation of skin activates p53, which may
inhibit Net phosphorylation. We investigated whether loss of
p53 would lead to increased levels of Net phosphorylation in
response to UV irradiation. We irradiated the skin of p53�/�

mice and wild-type littermates with UV-B and studied the
phosphorylation of Net 24 h later by immunoblotting (Fig. 8A)
and IHC (Fig. 8B and C). Immunoblots of proteins extracted
from skin showed increases in levels of phospho-Net as well as
p53 in wild-type mice following UV irradiation (Fig. 8A, lanes
1 and 3). The increase in phospho-Net levels was higher in
p53�/� skin (Fig. 8A, lanes 2 and 4). Phospho-Net was de-

FIG. 6. p53 inhibits egr-1 induction. (A and B) p53�/� and wild-
type MEFs were serum starved and activated with DMEM plus 10%
FCS for 45 or 80 min. (C and D) HUVEC were serum starved,
incubated with or without mitomycin C (Mito.), and activated with
DMEM plus 10% FCS for 45 min. mRNA levels were measured by
quantitative real-time RT-PCR using specific primers for mouse egr-1
(A), mouse c-fos (B), human egr-1 (C), and human c-fos 1 (D).
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tected in the basal and suprabasal layers of the epidermis (Fig.
8B), the layers in which p53 is induced (16). There was a
statistically significant increase in the number of phospho-Net-
positive cells in the p53�/� epidermis, as shown by counting of
the positive cells (Fig. 8C) (P 
 0.001). These results show that
p53 inhibits Net phosphorylation in vivo, in UV-irradiated
mouse skin.

DISCUSSION

This study demonstrates that p53 inhibits MAP kinase-de-
pendent Net transcriptional activation by modulating its level
of phosphorylation. p53 inhibits Net activation and phosphor-
ylation in different cell lines, indicating that the effects of p53
on Net could be a general phenomenon. Inhibition is observed
under physiological conditions, in normal cells in culture, and
in vivo in mice. Inhibition is specific, in that phosphorylation
and activation of the highly related factor Elk-1 are not inhib-

ited. There are several possible mechanisms by which p53
could inhibit Net activation, including a direct mechanism in-
volving p53-Net complex formation and an indirect mechanism
involving p53-induced expression of a Net inhibitor. p53 inhib-
its Net phosphorylation by two different kinases, ERK and
JNK, without affecting their activation, indicating that the
mechanism involves a step downstream from MAP kinase ac-
tivation. p53 interacts with Net in vivo, and the minimum
binding domain is the region of the C-terminal domain that
includes the two phosphorylation sites. These observations
suggest that p53 inhibits by a mechanism involving steric hin-
drance of MAP kinase access to the phosphorylation sites.
However, mutant p53s that bind to Net do not inhibit phos-
phorylation, showing that binding alone is not sufficient. Wild-
type p53 may recruit, into a complex with Net, other factors
that are required for inhibition of phosphorylation, and mutant
p53s may not be able to recruit these factors. p53 has been

FIG. 7. Accelerated wound healing and up-regulation of phospho-Net expression in p53�/� mice. (A) Macroscopic view of healing dorsal skin
at different times after wounding of p53�/� and wild-type (WT) littermates. (B) Time course of wound healing. The sizes of the wounds were
measured at different times after wounding. Eleven pairs of mice were tested. P 
 0.01. (C) Phospho-Net expression (brown nuclear staining) of
wounds 9 days after wounding. Dashed blue lines separate the newly formed migrating frontiers of the epidermis from the granulation tissue of
the wounds. Arrowheads indicate nuclei of cells that express phospho-Net. In p53�/� mice, both keratinocytes and granulation tissue mononuclear
cells express more phospho-Net than those of their wild-type littermates. (D) Statistical analysis of proportions of phospho-Net-positive cells in
the wounds of wild-type and p53�/� mice. Five randomly selected fields from three sections from three pairs of mice were counted blindly by two
investigators. P 
 0.001.
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shown to bind to JNK (46), raising the possibility that JNK and,
by analogy, ERK may be part of such a complex. The p53 point
and deletion mutants that we studied cannot activate transcrip-
tion, raising the possibility that gene expression is required for
Net inhibition. The corresponding gene products would have
to have specific effects on Net and not on the related factor
Elk-1. Mutant p53s are less efficient than wild-type p53 at
inhibiting Net transactivation. They do retain some activity,
raising the possibility that binding to Net may inhibit transac-
tivation to some extent, perhaps by preventing interactions
with coactivators. However, additional properties of the wild-
type protein are required for full inhibition. Further experi-
ments will be required to determine the precise mechanisms by
which p53 inhibits Net activation.

We found that p53 inhibits serum induction of an immedi-
ate-early gene, egr-1. Similarly, p53 has been shown to inhibit
egr-1 induction by UV irradiation (50). It has previously been
shown that Net regulates egr-1 expression in vivo (2), indicating
that Net may mediate p53 repression of egr-1 induction. Inter-
estingly, serum induction of c-fos is not sensitive to p53, show-
ing that the effects of p53 are specific for certain immediate-
early genes. Net may not be a major physiological regulator of
c-fos, since we did not detect changes in c-fos expression in Net
mutant mice (2). p53-insensitive factors such as Elk-1 may
mediate c-fos induction. Alternatively, c-fos regulation may be
more complex, since p53 has been shown to both activate and
inhibit c-fos expression (15).

p53 inhibits more than 100 different genes (23, 48, 51),
raising the question of how they are inhibited. Unlike activa-

tion of transcription, the mechanisms of gene repression by
p53 are poorly defined. p53 appears to repress transcription by
different mechanisms. p53 has a general suppressive activity on
transcription by all three RNA polymerases (I, II, and III),
perhaps due to its ability to bind to the common factor TBP (7,
8, 10, 30, 34, 49). General repression may also be mediated by
recruitment of the corepressor mSin3a and histone deacetyla-
tion (31). Promoter-specific effects could result from binding to
particular p53 motifs (12, 19, 24, 32) and specific interactions
with certain factors, including Sp1 (3, 47), CBF (1), AP-1 (40),
WT-1 (27), STAT-3 (25, 26), and the glucocorticoid receptor
(37). Although the mechanisms of repression are still poorly
understood, they include inhibition of DNA binding by Sp1
(3), inhibition of phosphorylation of STAT-3 by unknown
mechanisms (25, 26), and cytoplasmic sequestration of the
glucocorticoid receptor (37). p53 interactions with particular
factors probably lead to inhibition of defined physiological
functions. Repression of Net might be expected to be impor-
tant for a key function of p53, inhibition of cell proliferation
(42, 43).

Net is required for efficient wound healing (52). Interest-
ingly, p53 mutant mice have a faster rate of wound healing and
increased activation of Net through phosphorylation (this
study), as expected from loss of inhibition by p53. Net is a
regulator of immediate-early genes that control cell cycle entry
(38, 41). As expected, Net mutant MEFs have a defect in
proliferation, with more cells in the G1 phase (G. Buchwalter,
C. Gross, A. Ayadi, S. Sengupta, and B. Wasylyk, unpublished
data). The importance of our results is that they show how p53

FIG. 8. Increased phosphorylation of Net in UV-treated skin of p53�/� mice. p53�/� and wild-type mice were irradiated, and 24 h later, skin
samples were harvested. (A) Immunoblots. Total-cell extracts were prepared by using radioimmunoprecipitation assay buffer, fractionated by
SDS-polyacrylamide gel electrophoresis, and immunoblotted with antibodies against p53 (NCL-p53-CM5), anti-phospho-Net (2F3), and TBP
(used as a loading control) (3G3). P-Net, phospho-Net. (B) IHC of phospho-Net (with antibody 2F3). Arrowheads indicate sites of Net
phosphorylation. (C) Quantification of phospho-Net-positive cells. Positive cells were counted blindly by two investigators using samples from three
different mice. Error bars, standard deviations. There was a statistically significant difference in the number of 2F3-positive cells between wild-type
and p53�/� animals (P 
 0.001).
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prevents other factors from “applying the accelerator” of the
cell cycle, in addition to providing better understanding of how
it “applies the brakes” through induction of molecules such as
CDKN1A (p21WAF1/CIP1).
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