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Many cellular stimuli result in the induction of both the tumor suppressor p53 and NF-kB. In contrast to
activation of p53, which is associated with the induction of apoptosis, stimulation of NF-kB has been shown to
promote resistance to programmed cell death. These observations suggest that a regulatory mechanism must
exist to integrate these opposing outcomes and coordinate this critical cellular decision-making event. Here we
show that both p53 and NF-kB inhibit each other’s ability to stimulate gene expression and that this process
is controlled by the relative levels of each transcription factor. Expression of either wild-type p53 or the
RelA(p65) NF-kB subunit suppresses stimulation of transcription by the other factor from a reporter plasmid
in vivo. Moreover, endogenous, tumor necrosis factor alpha-activated NF-kB will inhibit endogenous wild-type
p53 transactivation. Following exposure to UV light, however, the converse is observed, with p53 downregu-
lating NF-kB-mediated transcriptional activation. Both p53 and RelA(p65) interact with the transcriptional
coactivator proteins p300 and CREB-binding protein (CBP), and we demonstrate that these results are
consistent with competition for a limiting pool of p300/CBP complexes in vivo. These observations have many
implications for regulation of the transcriptional decision-making mechanisms that govern cellular processes
such as apoptosis. Furthermore, they suggest a previously unrealized mechanism through which dysregulated
NF-kB can contribute to tumorigenesis and disease.

To respond and adapt to changes in its external environ-
ment, such as exposure to growth factors and cytokines or
stress-inducing stimuli such as ionizing radiation, the cell must
initiate a program of regulated gene expression. This response
can vary and will depend on many factors such as the cell type
and the number and strength of the new stimuli. To a large
extent these changes are mediated by nuclear DNA-binding
proteins which function in a combinatorial manner to activate
or repress the transcription of target genes. An example of
such a transcription factor is NF-kB, which functions as one of
the principal regulators of the cellular response to stress and
infection (3, 56, 64).

In most unstimulated cells, NF-kB is found in an inactive
cytoplasmic form bound to its inhibitory protein, IkB (3, 64).
Upon cellular stimulation with, for example, cytokines, mito-
gens, growth factors, and ionizing radiation, IkB is rapidly
phosphorylated, which in most cases targets it for ubiquitina-
tion and subsequent degradation by the proteasome (32, 45,
68, 74). This releases NF-kB, allowing it to translocate to the
nucleus, where it can induce the expression of a large number
of cytokines, adhesion molecules, immunoreceptors, and other
transcription factors (3, 64). In mammalian cells, there are five
distinct NF-kB subunits, NF-kB1(p105/p50), NF-kB2(p100/
p52), RelA(p65), RelB, and c-Rel, all of which contain a highly
conserved amino-terminal DNA-binding and dimerization do-
main of approximately 300 amino acids, the Rel homology
domain (3, 64). Of these subunits, p105 and p100 are larger
precursor proteins that, as a result of IkB-like ankyrin repeat
sequences in their carboxy termini, are retained in the cyto-
plasm and require proteolytic processing to generate their ac-
tive nuclear forms, p50 and p52, respectively. RelA, RelB, and

c-Rel require no additional processing and, unlike p50 and
p52, contain transactivation domains in their carboxy termini.
Thus, NF-kB can, with some exceptions, be composed of ho-
mo- and heterodimers formed from a variety of combinations
of these proteins. Similarly, there exist at least three IkB pro-
teins, a, b, and ε, although full-length p105 and p100 can also
function to retain NF-kB subunits in the cytoplasm (3, 56, 64).

This complexity is utilized by the cell to control the speci-
ficity and selectivity of the genes regulated by NF-kB (56).
Different NF-kB complexes have subtly different DNA-binding
specificities which can result in binding to variant kB elements
within different promoters and enhancers. In addition, the
distinct properties of different IkB proteins or IkB–NF-kB
complexes can result in the selective nuclear localization of
NF-kB subunits. These differences cannot account for the
overall complexity and specificity of the NF-kB response, how-
ever. Many genes are activated by only a subset of NF-kB
inducers, while others will be expressed in only certain cell
types. To a large extent, this can be accounted for by the
interaction of NF-kB subunits with heterologous DNA-binding
proteins: NF-kB has been reported to interact with a wide
variety of basic region-leucine zipper-containing transcription
factors such as C/EBPb and AP-1 (Fos/Jun), the zinc finger-
containing protein Sp1, and others such as serum response
factor (56). These interactions, which typically occur as a result
of the specific juxtaposition of their respective DNA-binding
sites, bring added specificity to the genes which can be induced
by NF-kB.

In addition to these interactions with DNA-binding proteins,
the association of NF-kB subunits with non-DNA-binding co-
activator proteins and components of the basal transcription
complex confers another level of regulation on NF-kB-medi-
ated induction of transcription. Among these reported inter-
actions, NF-kB, similar to a wide variety of other inducible
regulatory transcription factors, complexes with the coactivator
proteins p300 and CREB-binding protein (CBP) (21, 58). This
interaction occurs through multiple domains in both proteins
and can be regulated, in part, through phosphorylation of
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RelA by IkB-associated protein kinase A (87). In addition,
RelA-mediated transactivation can also be regulated by the
cyclin-dependent kinase inhibitor p21WAF1/CIP1, a result that
correlates with the direct association of p300 and CBP with
specific cyclin–cyclin-dependent kinase complexes (58). This
regulatory mechanism is most likely of particular relevance to
NF-kB function under a subset of conditions where NF-kB
activation occurs simultaneously with the induction of p21.
These would include the phorbol ester-induced differentiation
of HL-60 cells into macrophages, a process dependent on both
the activation of NF-kB and the induction of p21 (18, 33), or
cellular stimulation with ionizing radiation (15, 19, 20, 76). p21
is one of the principal target genes for the p53 tumor suppres-
sor transcription factor, and its activation is associated strongly
with the induction of cell cycle arrest following DNA damage
(14, 19, 20). p53 has also been demonstrated to interact with
p300 and CBP (2, 24, 43, 66), an observation which suggests
that p53 might regulate itself indirectly through a positive
feedback loop in which induction of p21 enhances p300/CBP
activity, thus further stimulating p53 transactivation.

An implication of this putative regulatory mechanism would
be that p53 could, through induction of p21, indirectly stimu-
late the activity of NF-kB and other transcription factors uti-
lizing p300 and CBP. The functional consequences of induc-
tion of p53 and NF-kB are generally divergent, however.
Activation of p53 is associated with the induction of apoptosis
or cell cycle arrest (26, 42). Conversely, induction of NF-kB is
generally associated with the promotion of resistance to pro-
grammed cell death (6, 9, 36, 44, 46, 73, 76, 81). The RelA-
knockout mouse dies before birth as a result of extensive liver
apoptosis (7). Fibroblasts derived from these mice show en-
hanced death as a result of tumor necrosis factor alpha (TNF)
stimulation, a result which can be reversed by expression of
RelA (6). Furthermore, inhibition of NF-kB activation en-
hances cell death in response to a number of stimuli, including
ionizing radiation and treatment with daunorubicin, a cancer
chemotherapeutic compound (76). Additionally, inhibition of
constitutively active NF-kB in B cells results in cell death (81).
While NF-kB has been shown to induce genes that promote
resistance to apoptosis, such as A20, IEX-1L, TRAF1, TRAF2,
IAP1, and IAP2 (38, 77, 82), the precise mechanisms surround-
ing this regulatory process have again yet to be clearly defined.
Underlining this divergence of the cellular roles of NF-kB and
p53, it is interesting that while many viruses encode proteins
that specifically induce transcriptionally active NF-kB, most if
not all oncogenic viruses also encode proteins that inactivate
p53 function (3, 26, 42, 64). Consistent with the concept that
p53 and NF-kB may functionally regulate each other, however,
are the observations that both factors are coordinately induced
by a number of similar cellular stimuli. These include DNA
damage as a result of treatment with ionizing radiation (15, 26,
37, 42, 64, 76) and also stimulation by TNF (17, 25, 50, 55).

These observations all suggest that cellular regulatory mech-
anisms must exist to integrate the distinct functional roles
inherent in NF-kB and p53 activation. We have therefore in-
vestigated whether NF-kB and p53 transcriptionally cross-reg-
ulate each other’s activity. Interestingly, we find that the tran-
scriptional activities of both factors are governed by their
relative levels of expression: NF-kB inhibits p53-dependent
transactivation, while p53 expression can also suppress NF-kB
transcriptional activity, a result that contradicts the suggestion
that p53 might stimulate NF-kB activity indirectly through
induction of p21 but is in agreement with the divergent cellular
outcomes of their induction. We demonstrate that endoge-
nous, TNF-activated NF-kB can also inhibit p53 transactiva-
tion and that this mutual repression mechanism is consistent

with a model in which both factors are competing for a limiting
pool of p300/CBP coactivator protein complexes. We suggest
that this regulatory mechanism contributes to cellular decision-
making processes governing programmed cell death and has
implications for the role of NF-kB in tumorigenesis.

MATERIALS AND METHODS

Antibodies. Rabbit polyclonal RelA (sc-109) and p300 (sc-584) antibodies
were obtained from Santa Cruz Biotechnology. Anti-p300 antibody 14991A was
obtained from Pharmingen. Anti-p53 monoclonal antibody DO1 was kindly
provided by Alison Sparks and David Lane (University of Dundee).

Cell culture and stimulations. All cells were cultured as monolayers in Dul-
becco modified Eagle medium supplemented with 10% filter (0.2-mm-pore-size)-
sterilized fetal calf serum, 5 mM L-glutamine, 100 U of penicillin per ml, and 100
mg of streptomycin per ml. For UV stimulation, medium was removed from
culture dishes and cells were exposed to 254-nm UV light (35 J/m2) in a Strata-
linker (Stratagene). Cells were then cultured for various periods of time, and
both adherent and detached cells were harvested for subsequent analysis. For
TNF-mediated induction of NF-kB, cells were incubated with recombinant hu-
man TNF (10 ng/ml; Sigma or ICN) for 24 h.

Plasmids. The multimerized p53 binding site reporter plasmid PG13 CAT,
cytomegalovirus (CMV)-based plasmids expressing human p53 (wild type and
Arg 175-to-His and Arg 248-to-Trp mutants) and mouse p53 (wild type and an
amino-terminal deletion encoding amino acids 44 to 393) (referred to as CMV
p53 plasmids), and pT7 p53 (for in vitro transcription-translation) were all
supplied by Carol Midgley and David Lane (University of Dundee). CMV
Mdm2, originally from the Vogelstein laboratory (Johns Hopkins), and a mutant
with an amino-terminal 63-amino-acid deletion of Mdm2 that no longer interacts
with p53, CMV Mdm2DXM, were also supplied by Carol Midgley and David
Lane. The human Bax promoter-chloramphenicol acetyltransferase (CAT) re-
porter plasmid (Bax CAT) was constructed by Louise Copeland (University of
Dundee) from pGL3 Bax luciferase, which originated in John Reed’s laboratory
(Burnham Institute, La Jolla, Calif.) and was supplied by Tim Crook (Institute of
Cancer Research, London, England). The luciferase cDNA was excised from
pGL3 Bax luciferase by digestion with HpaI and SacI and replaced by an HpaI/
SacI fragment containing the CAT cDNA from the BCAT reporter plasmid. The
Rous sarcoma virus (RSV) RelA(p65), p50, and c-Rel expression plasmids have
all been reported previously (57, 59), as have the 43 HIV kB CAT and 23 kB
CAT reporter plasmids (41, 57) and transdominant negative IkBa plasmid (80),
supplied by Bei-Yue Wu and Gary Nabel (University of Michigan). Plasmids
Gal4 CAT and Gal4 VP16 were provided by Tom Glaser and Greg Dressler
(University of Michigan). RSV CBP was provided by Richard Goodman (Vollum
Institute, Portland, Oreg.).

Calcium phosphate transient transfections and reporter gene assays. Cells
growing in log phase were plated into 90-mm-diameter petri dishes at 50%
confluency, unless otherwise indicated, 1 to 2 h prior to transfection to allow the
cells to adhere. All transfection solutions were equilibrated to room tempera-
ture. A total of 10 to 15 mg of cesium chloride-purified, supercoiled plasmid
DNA was diluted into 438 ml of water containing 61 ml of 2 M CaCl2 and added
in drops with gentle agitation to 500 ml of 23 HEPES-buffered saline (0.274 M
NaCl, 1.5 mM Na2HPO4, 54.6 mM HEPES [pH 7.1]). The DNA, CaCl2, and
HEPES-buffered saline were mixed by pipetting and then immediately sprinkled
onto the cells, ensuring that the whole dish was covered. Following a 24-h
incubation, the precipitate was removed and fresh complete medium was added
to the cells. For UV stimulation of transfected human foreskin fibroblasts (HFF
cells), cells were exposed to precipitate for 7 to 10 h and allowed to recover
overnight before stimulation the following morning. SAOS2 cells were split the
day before transfection and incubated with CaPO4-DNA precipitate for only 8 h.
Transfected cells were harvested at 48 h unless otherwise stated, and CAT
activity was assayed on 10 to 100 mg of protein from whole-cell extracts.

Immunoprecipitation and in vitro association assays. Nuclear extracts were
prepared as described elsewhere (16). The p300-RelA interaction assay in Fig.
6B was performed essentially as described previously (58), using RelA protein
synthesized in NF-kB-depleted TNT reticulocyte (Promega) extract and p300
immunoprecipitated from nuclear extracts. To determine competition between
p53 and RelA for p300 binding, 200 ng of purified baculovirus-expressed recom-
binant mouse p53 (a gift from Ted Hupp, University of Dundee) was added
simultaneously with 35S-labeled RelA.

To determine whether RelA and p53 bind p300 competitively in nuclear
extracts (Fig. 6C), p300 was immunoprecipitated from 293 cells transfected with
RelA alone or p53 expression plasmids.

To determine whether RelA interacts with p53 (Fig. 6D), IkBa and p53
proteins were 35S labeled and synthesized by in vitro translation reactions using
a T7 TNT wheat germ kit (Promega). One microgram of RelA or rabbit immu-
noglobulin G (IgG) control antibody and 200 mg of nuclear extract from RelA-
transfected 293 cells were mixed at 4°C for 2 h prior to the addition of 10 ml
(packed volume) of protein G-agarose beads for a further 1 h. The beads were
washed three times in low-stringency immunoprecipitation (IP) buffer containing
20 mM HEPES (pH 7.9), 75 mM KCl, 2.5 mM MgCl2, 1 mM dithiothreitol, 0.1%
Nonidet P-40, and the protease inhibitors phenylmethylsulfonyl fluoride, leupep-
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tin, aprotinin, and pepstatin A. The beads were incubated for a further hour with
5 ml of in vitro-translated protein in 100 ml of IP buffer. Complexes were washed
a further three times in IP buffer, and antibody-bound complexes were eluted by
boiling in 23 sodium dodecyl sulfate (SDS) sample buffer. Supernatants were
resolved on an SDS–10% polyacrylamide gel, and proteins were visualized by
autoradiography.

Protein immunoblotting for p53 and RelA. Immunoblot analysis of transfected
or TNF-treated cells was performed on either nuclear or whole-cell extracts.
Whole-cell extracts were prepared by direct lysis of cells into SDS-gel loading
buffer. Equivalent amounts of soluble protein were resolved by SDS-polyacryl-
amide gel electrophoresis (PAGE) (10% gel) and transferred to polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked with 10% milk in
Tris-buffered saline (TBS) containing 0.5% Tween 20 (TBS-Tween) for 10 min
at room temperature and then incubated with primary antibody in TBS–
Tween–5% dried milk for 2 h at room temperature or overnight at 4°C. Follow-
ing two 15-min washes in TBS-Tween containing 500 mM NaCl (high-stringency

TBS), membranes were incubated for 1 h with appropriate horseradish peroxi-
dase-conjugated secondary antibody in TBS–Tween–5% dried milk. After two
more 15-min washes in high-stringency TBS-Tween, the immunoreactive pro-
teins were visualized by enhanced chemiluminescence (Amersham).

RESULTS

Inhibition of p53-mediated transcriptional activation by
NF-kB. To determine whether NF-kB might affect p53 func-
tion, a p53 reporter plasmid containing the Bax promoter (Bax
CAT), a known p53 target gene associated with the induction
of apoptosis (49), was cotransfected with a fixed level of p53
expression plasmid and various amounts of RelA expression

FIG. 1. NF-kB represses p53 transactivation. (A) RelA represses p53 activation of the Bax promoter. 293 or U2OS cells were transfected with 5 mg of Bax CAT
reporter plasmid, RSV RelA expression plasmid, and either 50 ng (293 cells) or 25 ng (U2OS cells) of CMV p53 expression plasmid as indicated. CMV and RSV
controls were included as appropriate such that all transfections had equivalent levels of expression plasmid. Cells were harvested 48 h after transfection, and a CAT
assay was performed. The results shown are representative of at least five separate experiments. (B) Repression of p53 by RelA and c-Rel but not p50. U2OS cells were
transfected with 5 mg of Bax CAT reporter plasmid, RSV RelA, c-Rel, or p50 expression plasmid, and 50 ng of CMV p53 expression plasmid as indicated. CMV and
RSV controls were included as appropriate such that all transfections had equivalent levels of expression plasmid. Cells were harvested 48 h after transfection, and a
CAT assay was performed. The results shown are representative of at least three separate experiments. (C) Gal4-VP16 is not suppressed by RelA. U2OS cells were
transfected with 5 mg of Gal4 CAT reporter plasmid, 5 mg of RSV RelA expression plasmids, and 5 ng of Gal4 VP16 p53 reporter plasmid as indicated. Gal4 and RSV
controls were included as appropriate such that all transfections had equivalent levels of expression plasmid. Cells were harvested 48 h after transfection, and a CAT
assay was performed. The results shown are representative of at least three separate experiments. (D) Western blot analysis showing that p53 levels are unaffected by
cotransfected RelA. 293 cells were cotransfected with the indicated levels of CMV p53 and RSV RelA expression plasmids. After 48 h, whole-cell lysates were prepared,
resolved on an SDS–10% polyacrylamide gel, and transferred to PVDF. p53 levels were determined by using the anti-p53 monoclonal antibody DO1.
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plasmid. As expected, p53 strongly transactivated this reporter
in both 293 cells and the human osteosarcoma U2OS cell line
(Fig. 1A). Interestingly, cotransfection of RelA strongly sup-
pressed p53 transactivation of this reporter plasmid in both cell
lines in a dose-dependent manner (Fig. 1A). RelA-mediated
repression of p53 was also seen when a reporter plasmid con-
taining only multiple copies of the p53 DNA-binding site, PG13
CAT, was used (data not shown). The roles of different NF-kB
subunits were also examined. Cotransfection of a p50 NF-kB
expression plasmid into U2OS cells had little effect on p53

transactivation, while c-Rel strongly inhibited p53, demonstrat-
ing that this effect is a general feature of transactivation do-
main containing NF-kB subunits and is not limited to RelA
(Fig. 1B). Similar to transfection of RelA alone, cotransfection
of p50 and RelA expression plasmids also suppressed p53
(data not shown). To control for the specificity of these obser-
vations, the effect of RelA on a Gal4-VP16 transactivator was
analyzed. In contrast to p53, no repression of Gal4-VP16 by
RelA was observed; indeed, a moderate increase in its trans-
activation was seen (Fig. 1C). Western blot analysis confirmed

FIG. 2. p53 represses RelA-mediated transactivation. (A) p53 represses RelA activation of a kB reporter plasmid. HFF cells were transfected with 3 mg of 43 kB
CAT reporter plasmid, 1 mg of RSV RelA expression plasmid, and CMV human p53 expression plasmid as indicated. CMV and RSV controls were included as
appropriate such that all transfections had equivalent levels of expression plasmid. Cells were harvested 36 h after transfection, and a CAT assay was performed. The
results shown are representative of at least three separate experiments. (B) Mdm2 blocks p53-mediated repression of RelA. HFF cells were transfected as described
above except that CMV Mdm2 or CMV Mdm2DXM expression plasmid was included as indicated. (C) Mdm2 inhibits p53-mediated transactivation. HFF cells were
transfected as for panel B except that RelA plasmid was excluded and the PG13 CAT p53 reporter plasmid was used in place of 43 kB CAT. (D) Mdm2 does not affect
RelA-mediated transactivation in p53-null SAOS2 cells. SAOS2 cells were transfected with CMV Mdm2 or CMV Mdm2DXM expression plasmid as indicated, together
with either RelA and 23 kB CAT reporter plasmid or p53 and Bax CAT reporter plasmid. (E) Western blot analysis showing that RelA levels are unaffected by
cotransfected p53. HFF cells were cotransfected with 3 mg of CMV p53 and 1 mg of RSV RelA expression plasmids. After 36 h, whole-cell lysates were prepared,
resolved on an SDS–10% polyacrylamide gel, and transferred to PVDF before incubation with anti-RelA antibody. (F) Western blot analysis showing that RelA levels
are unaffected by cotransfected Mdm2. HFF cells were cotransfected with 3 mg of CMV Mdm2 and 1 mg of RSV RelA expression plasmids. After 36 h, whole-cell lysates
were prepared, resolved on an SDS–10% polyacrylamide gel, and transferred to PVDF before incubation with anti-RelA antibody.
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that levels of p53 remained unchanged in RelA-transfected 293
cells (Fig. 1D).

Inhibition of RelA transcriptional activity by p53. To deter-
mine whether p53 could also affect NF-kB-mediated transac-
tivation, experiments were performed with a reporter plasmid
containing multiple kB elements (43 kB CAT), a fixed level of
RelA expression plasmid, and various quantities of the p53
expression plasmid cotransfected into HFF cells. Interestingly,
repression of RelA-mediated transactivation was now ob-
served (Fig. 2A). This effect was reversed by the additional
coexpression of Mdm2, an inhibitor of p53 transcriptional ac-
tivation (39) that binds to its amino-terminal transactivation
domain (Fig. 2B and C). Since Mdm2 can interact with cellular
proteins other than p53, a mutant with an amino-terminal
deletion of Mdm2, Mdm2DXM, that abolishes this interaction
was also used. This mutant was unable to reverse inhibition of
RelA by p53 (Fig. 2B) and did not inhibit p53 transactivation
(Fig. 2C). Furthermore, confirming that the effect of Mdm2 on
RelA resulted from inhibition of p53, Mdm2 had no effect on
RelA-mediated transactivation in the p53-null SAOS2 cell line
(Fig. 2D). Recently, Mdm2 has also been shown to be able to
interact with p300/CBP (23). The DXM mutant of Mdm2 still
contains the p300/CBP-binding region of this protein, however,
and thus it can be concluded that Mdm2 binding to p300/CBP
does not affect RelA transactivation. Western blot analysis
confirmed that p53 and Mdm2 did not affect the expression of
RelA (Fig. 2E and F). In addition, cell viability assays indicated
that transfected p53 in these experiments was not toxic, and
thus the inhibition of RelA transactivation seen does not result
from cell death (data not shown).

Point mutants of p53 that abolish its transcriptional activity
through altering the conformation of its core DNA-binding
domain (31, 75) were also analyzed for the ability to repress
RelA-mediated transactivation. Strikingly, both the Arg 175-
to-His and Arg 248-to-Trp mutants were severely compro-
mised in their ability to repress RelA relative to wild type (Fig.
3A), although some inhibition was observed at higher levels
(data not shown). Furthermore, the mutant forms of p53 were
expressed at higher levels than the wild type, as might be
expected from their increased stability (39) (Fig. 3B).

To further analyze p53’s ability to repress RelA, experiments
were performed to determine the involvement of the p53 ami-
no-terminal transactivation domain, required for its interac-
tion with basal transcription factors and the coactivator pro-
teins p300 and CBP (references 2, 24, 43 and 66 and data not
shown). These experiments were performed with murine p53,
which like human p53 strongly inhibited RelA-mediated trans-
activation (Fig. 3C). Deletion of the amino-terminal 43 amino
acids abolished inhibition of RelA by p53, indicating a require-
ment for the transactivation domain in addition to a wild-type
protein conformation.

p53 transactivation is inhibited by endogenous, TNF-acti-
vated NF-kB. While the experiments performed above dem-
onstrated the potential for NF-kB-mediated suppression of
p53, they relied on the expression of exogenous RelA or c-Rel.
Thus, the results obtained could be interpreted as being de-
pendent on overexpression of p53 or NF-kB and might not
reflect the situation with endogenous levels of these transcrip-
tion factors. To address this important question, we analyzed
whether endogenous NF-kB could also inhibit endogenous
p53-mediated transcriptional activation. HFF cells were plated
at high cell density and transfected with PG13 CAT, a reporter
plasmid containing multimerized p53 binding sites. In these
cells, growth at high cell density elicits a wild-type p53 tran-
scriptional response resulting from cellular contact inhibition
that can be inhibited by Mdm2 (Fig. 4A and data not shown).

FIG. 3. p53 mutants do not inhibit RelA. (A) Mutant p53 proteins do not
inhibit RelA transactivation. HFF cells were transfected as for Fig. 2B with 3 mg
of 43 kB CAT reporter plasmid except that the R175H and R248T mutant p53
expression plasmids were included as indicated. All lanes shown included 1 mg of
RSV RelA expression plasmid. (B) Mutant p53 proteins are expressed at higher
levels than wild-type p53. The indicated levels of the wild-type (w/t) and the
R175H and R248T mutant p53 expression plasmids were cotransfected into
U2OS cells. After 48 h, whole-cell lysates were prepared, resolved on an SDS–
10% polyacrylamide gel, and transferred to PVDF. p53 levels were determined
by using the anti-p53 monoclonal antibody DO1. (C) p53 lacking its amino-
terminal transactivation domain does not inhibit RelA. HFF cells were trans-
fected with 3 mg of 43 kB CAT reporter plasmid and 0.5 mg of RSV RelA
expression plasmid as indicated; 3 mg of CMV murine p53 and CMV murine p53
(amino acids 44 to 393) was included as indicated.
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Under these growth conditions, stimulation with TNF resulted
in a strong activation of NF-kB (Fig. 4B) and significant re-
pression of p53 transcriptional activity (Fig. 4C). Exposure to
TNF initiates a number of signalling cascades and activates
transcription factors other than NF-kB, however. Cotransfec-
tion of a transdominant negative IkBa expression plasmid re-
versed both the TNF-mediated activation of NF-kB (Fig. 4B)
and inhibition of p53 (Fig. 4C). Thus, suppression of p53 tran-
scriptional activity by TNF is dependent on the induction of
NF-kB. Furthermore, Western blot analysis confirmed that
TNF stimulation did not affect the overall levels of p53 protein
(Fig. 4D). Similar results have been observed in U2OS cells,
where TNF can also repress the activity of transfected p53
(data not shown).

Following UV light stimulation, p53 can suppress NF-kB
transactivation. Both p53 and NF-kB are induced following
exposure to ionizing radiation. The results obtained above
suggested that under these circumstances transcriptional cross
talk between NF-kB and p53 may occur. To determine whether
this was the case, subconfluent HFF cells were exposed to UV
radiation. Under the growth conditions used in this experi-
ment, we observed a strong induction of p53 transcriptional
activation following UV stimulation (Fig. 5A), accompanied by
a relatively weak stimulation of NF-kB transactivation (Fig.
5B). Cotransfection of an Mdm2 expression plasmid, while
strongly inhibiting the p53 transcriptional response (Fig. 5A),
significantly enhanced expression from the NF-kB reporter
plasmid at later time points following UV stimulation (Fig.
5B). In contrast, the Mdm2DXM mutant, which failed to in-
hibit UV-activated p53 (Fig. 5A), also failed to stimulate
NF-kB activity (Fig. 5C). Although the involvement of other
Mdm2-binding proteins in this effect cannot be ruled out, these
results are consistent with the transcriptional activity of endog-
enous NF-kB being suppressed by endogenous levels of p53.

p53 and NF-kB compete for limiting quantities of p300 and
CBP. The experiments described above demonstrate that the
principal factor determining whether p53 or NF-kB is the dom-
inant inducer of gene expression is the relative level of each
factor. Since deletion of the p53 transactivation abolished re-
pression of RelA (Fig. 3C), this observation would be ex-
plained by both transcription factors competing for a limiting
pool of common transcriptional coactivators, such as p300 and
CBP (2, 21, 24, 43, 58, 66). A feature of p300 and CBP is that
both are present in limiting quantities within the nucleus, and
quantitation of the number of p300 molecules in the nucleus
has shown it to be at significantly lower levels than RelA (30).
To determine, therefore, whether the bindings of both RelA
and p53 to p300 or CBP are mutually exclusive, these interac-
tions were analyzed in vitro. As expected, in vitro-translated
p53 interacted with antibody-bound complexes of both immu-
noprecipitated p300 and CBP (Fig. 6A). Similarly, and as has
been shown previously (59), p300 efficiently bound in vitro-
translated RelA. Addition of purified recombinant p53 into
this assay completely blocked RelA binding to p300 (Fig. 6B,
lanes 3 and 4). To further address this question, p300 was

FIG. 4. Endogenous p53 transcriptional activity is repressed by TNF acti-
vated NF-kB. (A) HFF cells grown at high cell density contain endogenous p53
transcriptional activity that is repressed by expression of Mdm2. HFF cells grown
at high density were transfected with 3 mg of the PG13 CAT p53 reporter plasmid
and the indicated quantities of the CMV Mdm2 expression plasmid. CMV
control plasmid was included as appropriate such that all transfections had
equivalent levels of expression plasmid. Cells were harvested 48 h after trans-
fection, and a CAT assay was performed. The results shown are representative of
at least three separate experiments. (B) TNF stimulates NF-kB activity in HFF
cells which is inhibited by a transdominant negative IkB. HFF cells grown at high
density were transfected with 5 mg of the 43 kB CAT reporter plasmid and the
indicated quantities of the transdominant negative RSV IkB expression plasmid.
RSV control plasmid was included as appropriate such that all transfections had
equivalent levels of expression plasmid. Cells were stimulated with TNF (10
ng/ml) after 24 h as indicated and harvested 40 h after transfection, and a CAT
assay was performed. The results shown are representative of at least three
separate experiments. (C) TNF represses endogenous p53 transcriptional activity
in an NF-kB-dependent manner. HFF cells grown at high density were trans-
fected with 3 mg of the PG13 CAT p53 reporter plasmid and the indicated
quantities of the transdominant negative RSV IkB expression plasmid. RSV
control plasmid was included as appropriate such that all transfections had

equivalent levels of expression plasmid. Cells were stimulated with TNF (10
ng/ml) after 24 h as indicated and harvested 40 h after transfection, and a CAT
assay was performed. The results shown are representative of at least three
separate experiments. (D) Endogenous p53 levels are not affected by TNF
stimulation. Whole-cell lysates were prepared from untransfected high-density
HFF cells treated with TNF as indicated and as described for panel C. Protein
samples were resolved on an SDS–10% polyacrylamide gel and transferred to
PVDF. p53 levels were determined by using the anti-p53 monoclonal antibody
DO1. The results from two separate experiments (Exp.) are shown.
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immunoprecipitated from nuclear extracts prepared from 293
cells transfected with RelA expression plasmid and increasing
concentrations of p53 followed by subsequent Western blotting
for RelA. Again, and in the context of other nuclear proteins,
p53 inhibited binding of RelA to p300, while the levels of RelA
itself remained unaffected (Fig. 6C). In addition, no direct
interaction between p53 and RelA themselves could be de-
tected (Fig. 6D), and p53 did not affect RelA DNA binding as
assessed by electrophoretic mobility shift assay (data not
shown).

These observations suggested that suppression of p53 trans-
activation by RelA, or vice versa, might occur through seques-
tration of p300 and CBP and thus should be abolished by the
expression of additional amounts of these coactivators. To
address this question, a CBP expression plasmid was cotrans-
fected with an NF-kB reporter plasmid together with p53 and
RelA expression plasmids. As observed previously (Fig. 2), p53
inhibited RelA transcriptional activity in HFF cells (Fig. 7A).
Significantly, coexpression of CBP reversed the inhibition of
RelA by p53 (Fig. 7A). Similar results were observed in U2OS

FIG. 5. Following UV stimulation, NF-kB activity is suppressed by p53. (A)
UV treatment induces endogenous p53 transcriptional activity in HFF cells. HFF
cells were transfected with 5 mg of the PG13 CAT p53 reporter plasmid and 500
ng of CMV Mdm2 or Mdm2DXM reporter plasmid as indicated. After 24 h, the
cells were exposed to UV light (35 J/m2). Cells and harvested after a further 24 h.
Control CMV plasmid was included such that all samples contained the same
quantity of expression plasmid. The results shown are representative of three
separate experiments. (B) UV-induced NF-kB transcriptional activity is stimu-
lated by cotransfected Mdm2. Cells were transfected as for panel A except that
5 mg of the 43 kB CAT reporter plasmid was included in place of PG13 CAT.
The results shown are the averages of three separate experiments. The error bars
represent calculated standard deviations. (C) UV-induced NF-kB transcriptional
activity is not stimulated by an Mdm2 mutant unable to interact with p53. Cells
were transfected with 5 mg of 43 kB CAT reporter plasmid and the indicated
quantities of CMV Mdm2 or CMV Mdm2DXM. After 24 h, the cells were
exposed to UV light (35 J/m2). Cells were harvested after a further 24 h. Control
CMV plasmid was included such that all samples contained the same quantity of
expression plasmid.

FIG. 6. RelA and p53 bind competitively to p300 and CBP. (A) p53 binds
p300 and CBP in vitro. [35S]methionine-labeled, in vitro-translated p53 was
incubated with either p300, CBP, or an IgG control immunoprecipitated from
293 cell extracts as described previously (58). After incubation and further
washing, the complexes were resolved by SDS-PAGE and subjected to autora-
diography. (B) Purified recombinant p53 blocks the interaction of RelA with
p300 in vitro. [35S]methionine-labeled, in vitro-translated RelA was incubated
with antibody-bound complexes of p300 immunoprecipitated from 293 cell ex-
tracts as described previously (58), together with 200 ng of purified p53 as
indicated. After incubation and further washing, the complexes were resolved by
SDS-PAGE and subjected to autoradiography. I, sample of input [35S]methi-
onine-labeled RelA. (C) p53 blocks the interaction of RelA with p300 in nuclear
extracts. 293 cells were transfected with 3 mg of RSV RelA and the indicated
quantities of CMV p53. Nuclear extracts were prepared, and p300 was immu-
noprecipitated. The immunoprecipitates were then resolved by SDS-PAGE and
immunoblotted for RelA (lanes 1 to 3). Samples of each nuclear extract were
similarly immunoblotted to demonstrate equivalent starting levels of RelA (lanes
4 to 6). (D) RelA does not interact directly with p53. RelA was immunoprecipi-
tated from nuclear extracts prepared from 293 cells transfected with RelA ex-
pression plasmid. The RelA complex (lanes 2 and 4) or control IgG-bound
complex (lanes 1 and 3) were then incubated with wheat germ lysate-translated,
[35S]methionine-labeled p53 or IkBa as indicated. After washing, bound proteins
were resolved by SDS-PAGE, and the gel was dried and subjected to autora-
diography.
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cells with Bax reporter plasmid and RelA-mediated inhibition
of p53 transactivation (Fig. 7B). Interestingly recovery of p53
or NF-kB activity was observed only with lower levels of CBP
expression plasmid; higher levels failed to reverse this effect
and could even be slightly inhibitory (Fig. 7B and data not
shown). Western blot analysis demonstrated that CBP had no
effect on the level of either RelA or p53 (Fig. 7C). Taken
together, these results indicate that corepression of transcrip-
tional activity by p53 and NF-kB is consistent with sequestra-
tion of a limiting pool of p300/CBP complexes.

DISCUSSION

In this report, we have demonstrated previously unrealized
transcriptional cross talk between the tumor suppressor pro-
tein p53 and NF-kB. This regulatory mechanism provides a
molecular explanation for how the divergent functional conse-
quences of p53 and NF-kB activation can be integrated by the
cell. In these experiments, we show that the ability of p53 or
RelA to stimulate transcription is strongly influenced by the
relative level of the other protein. Importantly, we have been
able to demonstrate that this effect can be observed both with
cotransfected expression plasmids (Fig. 1 and 2) and with en-

dogenous levels of these transcription factors (Fig. 4 and 5),
indicating its biological relevance and significance. Further-
more, we demonstrate that these results are consistent with
competition between p53 and NF-kB for limiting quantities of
complexes containing the p300 and CBP coactivator proteins
(Fig. 6 and 7). While this report was under review, Ravi et al.
similarly reported repression of RelA by p53 through a p300-
dependent mechanism (61).

The implications of these observations are numerous. Both
p53 and NF-kB can be induced by similar stimuli, such as
ionizing radiation or TNF (15, 17, 25, 26, 37, 42, 50, 55, 64, 76),
but while p53 is generally a proapoptotic transcription factor,
strong evidence exists to indicate that under most circum-
stances, NF-kB promotes resistance to programmed cell death
(6, 9, 26, 36, 42, 44, 46, 73, 76, 81). Our results suggest that one
factor influencing cell fate following such stimulation is the
ability of NF-kB to suppress p53 transactivation and thus in-
hibit the transcriptionally dependent induction of apoptosis by
p53. In this model, NF-kB could be viewed as having a direct
transcriptional effect, inducing genes that promote resistance
to apoptotis (e.g., A20, IEX-1L, TRAF1, TRAF2, IAP1, and
IAP2 [38, 77, 82]) while also indirectly suppressing factors,

FIG. 7. Coexpression of CBP recovers p53 and RelA transcriptional repression. (A) Repression of RelA-mediated transactivation by p53 is recovered by CBP. HFF
cells were transfected with 5 mg of 43 kB CAT reporter plasmid, 3 mg of RSV RelA expression plasmid, 3 mg of CMV p53 expression plasmid, and 0.1 mg or RSV
CBP expression plasmid as indicated. CMV and RSV controls were included as appropriate such that all transfections had equivalent levels of expression plasmid. Cells
were harvested 36 h after transfection, and a CAT assay was performed. The results shown are representative of at least three separate experiments. (B) Repression
of p53-mediated transactivation by RelA is recovered by CBP. U2OS cells were transfected with 5 mg of Bax CAT reporter plasmid, 10 ng of CMV p53 expression
plasmid, 3 mg of RSV RelA expression plasmid, and the indicated quantities of RSV CBP expression plasmid. CMV and RSV controls were included as appropriate
such that all transfections had equivalent levels of expression plasmid. Cells were harvested 36 h after transfection, and a CAT assay was performed. The results shown
are representative of at least three separate experiments. (C) Western blot analysis showing that RelA and p53 levels are unaffected by cotransfected CBP. HFF cells
were cotransfected with the indicated quantities of RSV CBP expression plasmid and either 1 mg of CMV p53 or 1 mg of RSV RelA expression plasmid. After 36 h,
whole-cell lysates were prepared, resolved on an SDS–10% polyacrylamide gel, and transferred to PVDF before incubation with anti-RelA or anti-p53 antibody.
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such as p53, capable of stimulating the production of proteins,
such as Bax, that could counter this effect (49). Evidence exists
that p53 can also regulate cell death in a non-transcription-
dependent manner (1, 11, 83) and we predict that such a
mechanism would not be directly affected by NF-kB and would
thus serve as a means with which NF-kB’s antiapoptotic func-
tions could be overridden. We have also shown that p53 can
suppress NF-kB activity and that this effect can be observed
with the endogenous proteins following DNA damage induced
by UV radiation in HFF cells (Fig. 5). Thus, it appears likely
that the outcome of cross talk between NF-kB and p53 will
depend on the nature of the stimuli, the growth conditions, and
the cell type. Further investigation will be required to assess
how this effect may vary with other forms of DNA damage-
inducing agents and in other cell types.

Sequestration of p300 and CBP is likely to be understood as
an increasingly common mechanism regulating inducible gene
expression. Repression of AP-1-induced gene expression by
nuclear hormone receptors, STAT proteins, or p53 has been
shown to result from sequestration of p300 and CBP (2, 29,
35), while other researchers have shown that cross talk be-
tween E2F and p53 (40) or STAT2 and NF-kB (29) occurs
through a similar mechanism. Although we have shown that
p53 and RelA can bind p300 and CBP competitively (Fig. 6),
this mutually exclusive binding might only partially contribute
to the transcriptional cross talk observed. Interestingly, a pre-
vious study using a temperature-sensitive mutant of p53 found
that while a wild-type p53 conformation was required for the
p300/CBP-mediated suppression of AP-1 activity, p53 in the
mutant conformation was still capable of binding these coac-
tivators (2). Similarly, we have found that mutant forms of p53
which still have intact transactivation domains bind competi-
tively with RelA to p300/CBP and, although greatly impaired
in the ability to inhibit RelA, will do so when expressed at
concentrations higher than those shown in Fig. 3 (data not
shown). These observations suggest that coactivator sequestra-
tion has a requirement for DNA binding. Such a mechanism
would be similar to the report that Gal4-VP16-induced toxicity
in yeast required the integrity of both the transactivation and
DNA-binding domains of the protein (8). Since the interaction
of NF-kB with p300/CBP can be regulated by phosphorylation
of RelA (88), we cannot rule out the involvement of a more
indirect mechanism, similar to the report that activation of the
glucocorticoid receptor leads to inhibition of the JNK signal-
ling pathway, resulting in the absence of c-Jun phosphorylation
and consequently an inability of AP-1 to bind p300/CBP (10).

Interestingly, we observed recovery of p53 or NF-kB tran-
scriptional activity only with relatively low levels of CBP plas-
mid and found that higher levels tended to be inhibitory in
their own right (Fig. 7B and data not shown). Generally, many
experiments with p300 and CBP have relied on using levels of
plasmid many orders of magnitude higher than those used
here. Although it is hard to make a direct comparison between
different experimental systems and cell lines, the observations
presented here suggest that at least in the case of p53 and
NF-kB, limiting quantities of p300 and CBP per se are prob-
ably not the whole explanation for the cross talk that occurs
between these transcription factors. Instead, they are consis-
tent with there being, in addition, a limiting pool of a p300/
CBP-associated cofactor that is also required for efficient tran-
scriptional activation by p53 or NF-kB. An example of such a
complex is found with the nuclear hormone receptors which
interact with both p300/CBP and other, non-DNA-binding co-
activator proteins such as SRC1 and ACTR (12, 13, 27, 35, 65,
67). SRC1 and ACTR also interact with p300 and CBP, thus
potentially forming a stable complex (13, 35, 85). Interestingly,

a recent report has shown that the p50 NF-kB subunit, but not
RelA, can also interact with SRC1 (51). Many non-DNA-
binding transcriptional regulatory proteins, such as P/CAF and
P/CIP, as well as kinases such as pp90rsk and cyclin E-Cdk2,
have also been shown to complex with p300 and CBP, and it is
likely that others remain to be identified (52, 58, 72, 84).
Whether any of these will also participate in transcriptional
regulation by p53 will be the subject of future investigations.

We have demonstrated mutual suppression of transcrip-
tional activation between two p300/CBP-binding DNA-binding
proteins. Many other inducible transcription factors also inter-
act with p300 and CBP, however (22, 63), and it is certain that
many of these will also be active at the same time as p53 and
NF-kB. This leaves the question of how p300 and CBP can
simultaneously integrate the diverse functions of all of these
proteins. Part of the answer to this problem may lie in the
utilization of different p300/CBP complexes, discussed above,
being used by distinct subsets of DNA-binding proteins, thus
functionally separating them and limiting cross talk to certain
regulatory families of transcription factors. It is probable, how-
ever, that the promoter context in which a transcription factor
finds itself will also determine its ability to access the limiting
pool of p300/CBP complexes. For example, in the case of the
beta interferon promoter, part of the function of the assembly
of NF-kB with other transcription factors into the enhanceo-
some complex appears to be the cooperative recruitment of
p300 and CBP (47, 78). Other DNA-binding proteins such as
C/EBP and AP-1(Fos/Jun) also interact with p300 and CBP (4,
28, 35, 48) and have been shown to interact with and bind DNA
cooperatively with NF-kB (69, 70). It might be anticipated that
at promoters where binding sites for NF-kB and these other
transcription factors are correctly juxtaposed, they will also
cooperatively recruit p300 and CBP. At promoters where these
factors are found in isolation or in combination with transcrip-
tion factors unable to interact with p300 and CBP, it could be
expected that their ability to stimulate transcription would be
more susceptible to inhibition through coactivator sequestra-
tion. Thus, we favor a model in which NF-kB does not com-
pletely suppress p53 function but rather modulates it, limiting
p53-mediated transactivation to a subset of promoters where it
can function cooperatively with other proteins to recruit p300
and CBP. That mechanisms exist to limit p53-mediated induc-
tion or repression of transcription to specific promoters is
suggested by a recent study demonstrating that only a relatively
limited number of genes were actively regulated by p53 during
apoptosis (60). It has been recently questioned whether gen-
eral transcription factors are limiting with respect to the reg-
ulation of endogenous genes as opposed to transiently trans-
fected reporter plasmids (54). It is therefore important to note
that single-allele knockouts of both p300 and CBP, which re-
sult in 50% of the level of expression of wild-type mice, result
in profound developmental defects in mice, confirming that
these coactivator proteins are at limiting concentrations in vivo
(71, 86).

We have also shown that mutant p53 proteins do not inhibit
NF-kB function (Fig. 3), and it is worth noting that many
previous experiments on NF-kB transcriptional regulation
have been performed in cell lines with mutated p53 or in which
it has been functionally inactivated due to the expression of
viral proteins. We have also demonstrated that the concentra-
tion of a transcriptional activator in the cell can influence
whether it is susceptible to cross talk from other regulatory
proteins. It is likely, therefore, that experiments relying on the
overexpression of p53 or NF-kB, while important, must be
viewed with some caution as to whether they reflect the true
function of the protein when it is present at its normal cellular
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levels. Additionally, results obtained from experiments per-
formed on NF-kB in virally transformed or p53-null cells might
differ if performed in cell lines capable of mounting a wild-type
p53 response.

In most cell types, activation of NF-kB, and of complexes
containing the RelA subunit in particular, is transient and
self-limiting (56). This would be consistent with NF-kB having
a modulatory role on p53, and over the time course of activa-
tion, as the relative levels of the two factors fluctuated, it is
possible that the genes being induced by each would alter. In
some diseases, however, such as ataxia telangiectasia,
Hodgkin’s lymphoma, and breast cancer (5, 34, 53, 79), NF-kB
has been reported to be aberrantly constitutively active, and its
inhibition can reverse the phenotype of cells derived from
patients. Furthermore, activation of NF-kB by Bcr-Abl is re-
quired for cellular transformation (62). We speculate that sup-
pression of p53 function might contribute to NF-kB’s role in
tumorigenesis and other diseases. Furthermore, it is possible
that novel cancer therapies based on reactivation of wild-type
p53 function might benefit from coordinate suppression of
NF-kB in order to promote a beneficial outcome.
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