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The newly identified p53 homolog p73 can mimic the transcriptional activation function of p53. We investi-
gated whether p73, like p53, participates in an autoregulatory feedback loop with MDM2. p73 bound to MDM2
both in vivo and in vitro. Wild-type but not mutant MDM2, expressed in human p53 null osteosarcoma Saos-2
cells, inhibited p73- and p53-dependent transcription driven by the MDM2 promoter-derived p53RE motif as
measured in transient-transfection and chloramphenicol acetyltransferase assays and also inhibited p73-in-
duced apoptosis in p53-null human lung adenocarcinoma H1299 cells. MDM2 did not promote the degradation
of p73 but instead disrupted the interaction of p73, but not of p53, with p300/CBP by competing with p73 for
binding to the p300/CBP N terminus. Both p73a and p73b stimulated the expression of the endogenous MDM2
protein. Hence, MDM2 is transcriptionally activated by p73 and, in turn, negatively regulates the function of
this activator through a mechanism distinct from that used for p53 inactivation.

In response to various cellular stresses, the p53 tumor sup-
pressor protein accumulates dramatically and becomes acti-
vated, subsequently inducing cell growth arrest or apoptosis
and thereby preventing tumorigenesis (18, 29, 33). These cel-
lular roles of p53 are achieved primarily through its ability to
transcriptionally activate specific target genes (18, 29, 33).
Many p53-responsive genes have been identified as important
downstream targets in p53-dependent cell growth arrest and
apoptosis. For instance, p21waf1, a cellular inhibitor of the
cyclin-dependent kinase family (60), is mainly responsible for
p53-induced G1 arrest (12, 13). Recently, the 14-3-3s protein
was reported to play a part in p53-mediated G2/M arrest (23).
Moreover, several apoptotic inducers, including Bax-1 (41),
and proteins involved in the generation of reactive oxygen
species (49) have been implicated in p53-dependent apoptosis.
Thus, the transcriptional activity of p53 is central to p53-me-
diated cell growth arrest and programmed cell death.

In accordance with the crucial importance of the transcrip-
tional activity of p53 in cell growth regulation, this activity is
also conserved among p53 homologs. The gene for a p53-like
protein, p73, has been identified recently (28) and encodes of
two spliced polypeptides, p73a and p73b. p73b (499 aa), which
possesses a unique pentamer at its extreme C terminus, is 137
aa shorter than p73a (636 aa). Further analyses of this p53
homolog showed that not only its primary sequence (approxi-
mately 60% identity to p53 within the core DNA-binding do-
main and 29% identity within the N terminus) but also its
function resembles that of p53. Like p53, p73 transactivates in
vivo p53 target genes, such as those encoding p21waf1 and Bax1,
and causes apoptosis and growth suppression (27, 28). Another
group of p53 homologs, including p51 and p63 (47, 52, 57, 61),
has been identified in humans, mice, and rats and has 55 to

65% homology to p53 in the central domain. These p53 ho-
mologs, like p73 and p53, can suppress cell growth, induce
apoptosis, and transactivate several p53-responsive genes
(47, 61), although it remains unclear whether they are also
tumor suppressors. Moreover, two additional p53-like activi-
ties have been identified, p53CP from mice (4) and NBP from
humans (62). They both bind to the p53-responsive DNA ele-
ment (p53RE), and NBP also activates the p53RE-dependent
transcription in vitro (62). Hence, these studies indicate that
the transcriptional activity is well conserved among the p53
family members. However, they do not reveal whether the
activities of the different family members are regulated by
similar mechanisms.

One crucial p53 regulator is the cellular protein MDM2
(42), which is encoded by the mdm2 oncogene amplified on a
mouse double-minute chromosome in the 3T3DM cell line (6).
This gene is amplified or overexpressed in approximately one-
third of human sarcomas (11, 43, 45). MDM2 can immortalize
and, in cooperation with Ras, transform rat embryo fibroblasts
(16). Furthermore, overexpression of this gene potentiates the
tumorigenicity of NIH 3T3 cells (15). The tumorigenic poten-
tial of MDM2 is closely linked to its ability to inhibit the
growth suppression function of p53. MDM2 binds to the p53
N-terminal transactivation domain (7, 46) and inhibits its tran-
scriptional activity in cells (42). MDM2 can also stimulate the
ubiquitination (24) and proteolytic degradation of p53 (22, 31),
although it is also proposed that MDM2 down-regulates p53 by
concealing its transactivation domain (7, 8, 38). Targeting of
MDM2 by MDM2 antisense oligonucleotides (10), an MDM2-
binding miniprotein (5), and the tumor suppressor p19arf (50,
64) activates the p53 pathway. The physiological relationship
between p53 and MDM2 is further supported by studies of
p53/mdm2 double-knockout mice in which the early embryonic
death of mdm2 null mice was rescued by further deleting the
p53 gene (25, 44). Interestingly, the mdm2 gene itself is tran-
scriptionally activated by p53 (2, 58), thus forming a unique
autoregulatory feedback loop for restraining p53 activity.

Although p73 mimics p53 in transcriptional activation and
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apoptotic induction (27, 28), it is not induced in response to
DNA damage signals (27a, 28), suggesting that p73 may either
respond to different cellular signals or use different mecha-
nisms to function in cells. Our recent study (63) showed that
p73 is positively regulated by p300/CBP, which can mediate
transactivation by a variety of transcriptional factors (reviewed
by Shikama et al. [53]) including p53 (1, 20, 34). p73 and p53,
however, were found to bind to different domains of the co-
activators in order to activate transcription (63). Here we
describe the negative regulation of the functions of p73 by
MDM2. Like p53, p73 stimulates transcription of the mdm2
gene. MDM2 associates with p73 both in vitro and in vivo.
Wild-type but not p53-binding-defective mutant MDM2 inhib-
its p73-dependent transcription, as measured in reporter gene
assays, as well as p73-induced apoptosis in p53-deficient hu-
man tumor-derived cells. Interestingly, MDM2 disrupts the
interaction of p73 but not p53 with p300/CBP in vitro. Con-
versely, MDM2 can reduce the protein level of p53 but not p73
in vivo. These results demonstrate that MDM2 negatively reg-
ulates the transcriptional activity of p73 through a mechanism
distinct from that used for p53 regulation.

MATERIALS AND METHODS

Abbreviations. The following abbreviations are used in this paper: CBP,
CREB-binding protein; SDS, sodium dodecyl sulfate; GFP, green fluorescent
protein; GST, glutathione S-transferase; HA, hemagglutinin; DAPI, 49,6-dia-
midino-2-phenylindole; IP, immunoprecipitation; NGS, normal goat serum;
MDM2, a protein encoded by gene amplified in mouse double-minute chromo-
some; NBP, non-p53 p53RE binding protein; p53CP, p53 competing protein;
p53RE, p53-responsive DNA element; P11, phosphocellulose; PBS, phosphate-
buffered saline; PMSF, phenylmethylsulfonyl fluoride; WB, Western blotting; aa,
amino acids; CAT, chloramphenicol acetyltransferase; NP-40, Nonidet P-40;
TdT, terminal deoxynucleotidyl transferase.

Plasmids and antibodies. The BP100CAT reporter plasmid contained two
copies of the p53RE motif derived from the MDM2 promoter as described
previously (58). The p53RE motifs were subcloned into the region upstream of
the adenovirus major late TATA box/TdT initiation motif-CAT gene of the
parental reporter plasmid p1634CAT (58). The pGST-MDM2 fusion protein-
expressing plasmids were constructed as described previously (7). The pGST-p73
fusion protein expression vectors were constructed as described previously (63).
The pCDNA3-HA-p73a and pCDNA3-HA-p73b plasmids encoding HA-tagged
simian p73a and p73b, respectively, were described previously (27). pCHDMG58A
and V75A encoding the human MDM2 mutants, G58A and V75A, respectively,
were gifts from Deborah Freedman and Arnold J. Levine (17). The human p53
cDNA in pGEX2T-p53 (a gift from Peter Howley, Harvard Medical School) was
excised by digestion with BamHI and EcoRI and ligated into pCDNA3-HA
that had been cut with these two enzymes to make pCDNA3-Hap53 (40). pCOC-
mdm2X2, encoding full-length mouse MDM2, and pCOC-mdm2DXM, encoding
a mouse MDM2 deletion mutant lacking the first 61 aa, used for the experiments
in Fig. 1D and 4, were described previously (3). pCMV-hMDM2 and pCMV-
hMDM2D (lacking aa 58 to 89) expression vectors, used for the experiments in
Fig. 1A to C, 2, and 6, were described previously (8, 59). pCNA3-GFP encoding
GFP was a gift from Y. Haupt (Hebrew University).

The monoclonal anti-p73 antibody ER15 recognizes both p73a and p73b, as
described previously (40). Monoclonal anti-p300 antibodies against the C-termi-
nal domain of p300 were purchased from Upstate Biotechnology. Polyclonal
anti-p53 antibodies were purchased from Santa Cruz. The polyclonal anti-MDM2
antibody was a gift from Arnold J. Levine. The anti-p53 antibody PAb421 and the
anti-MDM2 antibody 2A10 were produced from cell clones generously offered by
David Lane and Arnold J. Levine.

Buffers. The following buffers were used for the experiments in Fig. 2–4. Lysis
buffer consisted of 50 mM Tris-HCl (pH 8.0), 0.5% NP-40, 5 mM EDTA, 150
mM NaCl, and 1 mM PMSF. SNNTE is composed of 50 mM Tris-HCl (pH 7.4),
5 mM EDTA, 1% NP-40, 500 mM NaCl, and 5% sucrose. RIPA is composed of
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 1%
(wt/vol) sodium deoxycholate. Buffer B consists of 50 mM Tris-HCl (pH 7.9),
10% glycerol, 100 mM NaCl, 0.1 mM EDTA, 0.2 mM PMSF, 1 mM dithiothre-
itol, and 0.1% NP-40. Buffer C 100 (BC100) consists of 20 mM Tris-HCl (pH
7.9), 0.1 mM EDTA, 10% glycerol, 100 mM KCl, 4 mM MgCl2, 0.2 mM PMSF,
1 mM dithiothreitol, and 0.25 mg of pepstatin A per ml.

Cell culture. Human osteosarcoma Saos-2, lung adenocarcinoma H1299, and
murine embryonic fibroblast (10)1 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 50 U of penicillin
per ml, and 0.1 mg of streptomycin per ml at 37°C in a 5% CO2 atmosphere.
These cells are p53 deficient and contain no detectable p73, as analyzed by
IP-WB (see Fig. 1A and 2) or WB (see Fig. 4).

Purification of recombinant MDM2 and Flag-p300. Recombinant MDM2 and
Flag-p300 proteins were purified from baculovirus-infected Sf9 insect cells by
immunoaffinity chromatography with anti-MDM2 and anti-Flag antibodies as
described previously (14, 54). Baculovirus encoding Flag-p300 was a kind gift
from Hongwu Chen (Salk Institute).

Cotransfection, co-IP, and WB. Saos-2 or (10)1 cells (4 3 105/100-mm plate)
were transfected with the parental pCDNA3, pCDNA3-MDM2, or pCDNA3-
MDM2D lacking aa 58 to 89 and/or with HA-p73a expression plasmids (the
amounts of the plasmids used are indicated in the legend to Fig. 2) by using
calcium phosphate or Lipofectamine (GIBCO). Transfected cells were harvested
48 h posttransfection for IP-WB as described below.

Cell lysates were prepared as described previously (39). Lysate containing 400
mg of proteins was precleaned with 30 ml of protein A-agarose (50% slurry) and
then incubated at 4°C for 3 h with fresh protein A-beads (35 ml) in the presence
of 2 mg of monoclonal antibodies specific for MDM2, p73, or p53. The beads
were washed vigorously once with lysis buffer, twice with SNNTE, and once with
RIPA and loaded directly onto an SDS–10% polyacrylamide gel. The immuno-
precipitated proteins were detected by WB, as described (39, 63).

In vitro co-IP assays. Increasing amounts of MDM2 purified from Sf9 cells
were preincubated in ice for 15 min with in vitro-translated [35S]Met-labeled
p73a, p73b, and p53, as indicated in the legend to Fig. 5, prior to addition of
Flag-p300 purified from Sf9 cells. After a 40-min incubation at room tempera-
ture, the mixtures were blended with IP cocktails containing protein A-beads and
anti-Flag antibodies and incubated for another 2 h at 4°C. After rigorous washing
as described above, the bound p73 and p53 proteins were analyzed on an
SDS-containing gel and detected by autoradiography after being transferred to a
nitrocellulose membrane. This membrane was then probed with anti-p300 or
anti-MDM2 antibodies for detecting p300 or MDM2 as indicated in the legend
to Fig. 5.

Cotransfection and CAT assay. Transfection of H1299 and Saos-2 cells was
carried out as described above. For 60-mm plates, 4 mg of DNA was used (for the
experiments in Fig. 1A and B), and the amounts of plasmids used in Fig. 1C are
indicated in the legend. At 48 h after transfection, the transfected cells were
harvested for CAT assays as described previously (26, 27, 58).

Cotransfection and immunofluorescent staining. H1299 cells at 30% conflu-
ency were transfected with plasmids encoding p53, p73a, p73b, or no insert, by
using Lipofectamine. The expression of MDM2 was detected by immunofluo-
rescent staining with monoclonal anti-MDM2 2A9 antibody (7). Briefly, 24 h
after transfection, cells were fixed for 20 min at room temperature with 4%
paraformaldehyde in PBS. Then they were washed in PBS twice for 5 min to
completely remove fixative, blocked with PBS–10% NGS for 20 min, and incu-
bated with 2A9 at 1/100 dilution in PBS–10% NGS for 3 h. The slides were then
washed with PBS–0.1% Triton X-100 three times for 5 min and incubated with
a 1/400 dilution of fluorescein isothiocyanate-conjugated goat anti-mouse immu-
noglobulin G in PBS–10% NGS for 1 h. Following three 5 min washes with
PBS–0.1% Triton X-100, the slides were incubated for 2 min with PBS–0.1%
Triton X-100–0.1 mg of DAPI per ml. They were then mounted in the presence
of anti-fade solution.

GST fusion protein association assay. The fusion proteins were expressed in
Escherichia coli and purified on a glutathione-Sepharose 12B column. Protein-
protein association assays were conducted as described previously (37). A 10-ml
volume of in vitro-translated 35S-labeled p73a, p73b, or MDM2 (TNT; Promega)
was incubated with either the GST-MDM2 (for p73) or GST-p73 (for MDM2)
fusion protein (400 ng) coupled to glutathione-Sepharose beads (50-ml total
reaction volume). At 1 h after incubation at room temperature, the mixtures
were washed once in buffer B, twice in SNNTE, and once in RIPA. The bound
proteins were analyzed on an SDS–10% polyacrylamide gel and detected by
autoradiography.

Apoptotic analysis. H1299 cells (3 3 105/60-mm dish) were transfected with a
plasmid encoding GFP together with combinations of expression plasmids (see
Fig. 1E). Cultures were analyzed under a fluorescence microscope, and trans-
fected cells were identified by the presence of green fluorescence. Apoptotic cells
were identified by their rounded morphology, in contrast to the spread-out mor-
phology of nonapoptotic H1299 cells. Apoptotic cells were counted and present-
ed as a percentage of the total population of fluorescent cells (see Fig. 1E).

RESULTS

Wild-type but not inactive mutant MDM2 inhibits p73-de-
pendent transcription in vivo. To elucidate the relationship
between MDM2 and p73, we first determined whether over-
expression of MDM2 affects p73-dependent transcription in
cells. Human p53-deficient osteogenic sarcoma Saos-2 cells
were transfected with equal amounts (200 ng) of p53, p73a,
and p73b expression vectors, together with increasing amounts
(1.5 and 3.0 mg) of MDM2 expression vector, in the presence
of a CAT reporter plasmid. This reporter plasmid was under
the control of p53RE, derived from the MDM2 promoter (58).
Consistent with previous studies (27, 28, 58, 63), each of these
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FIG. 1. Wild-type but not mutant MDM2 inhibits the transcription mediated by p73. (A) Overexpression of MDM2 leads to decrease of p73-dependent
transcription as measured by CAT activity (top panel). Saos-2 cells were transfected with expression vectors for p53 (200 ng), p73a (200 ng), and p73b (200 ng) and
increasing amounts (0, 1.5 and 3.0 mg) of MDM2-expressing vectors as indicated at the top. The CAT assay was conducted with a CAT reporter plasmid driven by two
copies of the p53RE motif derived from the MDM2 promoter as described in Materials and Methods. Expression of MDM2 (middle panel) and p53 and p73a/b (bottom
panel) under the same conditions was detected by co-IP followed by WB with cell lysates of triplicate plates for each lane. The antibodies used for co-IP-WB are
indicated above the panels. (B and C) MDM2 mutants fail to inhibit p73-dependent transcription in vivo. An experiment identical to that in panel A was carried out,
except that two MDM2 mutants, G58A (replacement of Gly 58 by Ala) and V75A (replacement of Val 75 by Ala), were also included. Saos-2 cells were transfected
with plasmids encoding HA-p53 or HA-p73a (500 ng each) in the presence or absence of plasmids encoding either wild-type (wt) or mutant hMDM2D (10 mg each),
as indicated, along with a p53-responsive CAT reporter plasmid (4 mg) containing two p53-binding sites derived from the ribosomal gene cluster and a cytomegalovirus-
driven b-galactosidase reporter plasmid (4 mg). Sufficient pBSK was added to bring the total to 24 mg. MDM2D lacks residues 58 to 89 (7). The raw CAT activity was
corrected for b-galactosidase activity to normalize for differences in transfection efficiency. To facilitate comparison, the activities of p53 and p73 in the absence of
MDM2 were both set to 100%. Error bars indicate the standard error of the mean. (D) IP-WB analysis of MDM2 and MDM2D expression in transfected Saos-2 cells.
The same transient transfection as that in the experiment in panel C was conducted to detect MDM2 expression levels. 2A10 was used for IP, and polyclonal MDM2
antibodies were used for WB. IgG, immunoglobulin G. (E) MDM2 inhibits p73- and p53-induced apoptosis. H1299 cells (3 3 105/60-mm dish) were transfected with
plasmids encoding proteins indicated at the bottom. The amounts used per transfection are indicated (in micrograms) in the lower part of the figure. Mouse MDM2
and N-terminally deleted MDM2 (MDM2D) were used in this experiment. A GFP expression plasmid (50 ng) was included in all the combinations. Transfected dishes
were scored by fluorescence microscopy for the appearance of cells with distinct apoptotic morphology (rounding and shrinkage), 40 or 32 h after transfection for p53
or p73a, respectively. Only GFP-positive cells were counted. The percentage of apoptotic cells shown in each column represents the mean of three independent
transfections; standard deviations are indicated. The total amount of DNA was kept constant by including an appropriate amount of empty vector DNA. Columns 1
and 5 are the vector-only controls for p53 (2 mg of vector DNA) and p73a (6 mg of vector DNA), respectively.
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p53 family members stimulated CAT activity in a manner de-
pendent upon the p53RE sequence (Fig. 1A, lanes 2, 5 and 8)
(63), since these proteins were unable to do so when the
p53RE-null CAT reporter plasmid was used (data not shown).
In the presence of increasing levels of MDM2 (lanes 3, 4, 6, 7,
9, and 10 of the middle panel) as detected by IP-WB, the CAT
activity in each case decreased significantly in a dose-depen-
dent fashion (lanes 2 to 10 of top panel). Consistent with
previous studies (22, 31), p53 levels were correspondingly re-
duced (lanes 3 and 4 of the bottom panel). In striking contrast,
the levels of both p73a and p73b increased with increasing
MDM2 levels (lanes 6, 7, 9, and 10 of the bottom panel). These
results suggest that MDM2 can target both p53 and p73, in-
hibiting the transcriptional function of these proteins within
cells, probably through distinct mechanisms, as described in
more detail later.

Several MDM2 mutants with a single point mutation at the
N terminus are inactive in repressing p53 transcriptional activ-
ity (17). Two of the mutants, G58A and V75A, were tested for
their effect on the transcriptional activity of p73. As expected,
these mutants failed to inhibit p53-dependent transcription
(Fig. 1B, lanes 12 to 15). Similarly, G58A and V75A did not
impact the activity of p73 (lanes 5 to 8), suggesting that these
two residues in the N-terminal domain of MDM2 may also be
critical for the inhibitory effect of MDM2 on p73. Consistent
with this result, an MDM2 mutant lacking part of the N-
terminal p53-binding domain (aa 58 to 89 deleted) was also
unable to affect p73- and p53-dependent transcription (Fig.
1C). The different effects of the wild-type and mutant MDM2
proteins on transcription were not due to differences in ex-
pressed protein levels, since they all were expressed compara-
bly in transfected cells (Fig. 1D and data not shown). Taken
together, these results indicate that wild-type but not inactive
mutant MDM2 can repress transcription mediated by p73, as
has been previously described for p53 (7, 17, 46).

MDM2 alleviates p73-induced apoptosis. p73 can induce
apoptosis (27). To ask whether down-regulating p73-depen-
dent transcription by MDM2 could abrogate this cellular re-
sponse, p53-null human lung adenocarcinoma H1299 cells
were transfected transiently with various combinations of ex-
pression vectors encoding p53, p73a, MDM2, MDM2D, or
GFP, as described in Materials and Methods and in the legend
to Fig. 1E. As expected (9, 21), wild-type but not N-terminally
deleted mutant MDM2 inhibited p53-induced apoptosis (Fig.
1E, compare columns 3 and 4). As reported previously (27),
p73 also induced apoptosis in transfected H1299 cells (column
6). In keeping with the inhibitory effect of MDM2 on p73-
dependent transcription (Fig. 1B and C), wild-type (columns 7
and 8) but not mutant (columns 9 and 10) MDM2 significantly
inhibited the apoptotic effect of p73. Thus, this inhibition re-
quires an intact N-terminal domain of MDM2, as with p53
(columns 3 and 4). Of note, while the inhibitory effect of
MDM2 on p73-induced apoptosis was significant, it was not as
complete as that seen for p53 (compare column 3 to columns
7 and 8). This may be accounted for by the observation that, in
contrast with p53, the p73 level was elevated in the presence of
MDM2 (Fig. 1A; also see Fig. 2A and 4). Alternatively, p73
may induce apoptosis partly through a nontranscriptional path-
way; therefore, concealing the p300-binding domain of p73
(see Fig. 5) and subsequently inhibiting its transcription (Fig.
1) may not lead to a complete inhibition of this more compli-
cated cellular process by MDM2. Taken together, these results
demonstrate that MDM2 can inhibit p73-dependent transcrip-
tion and alleviate p73-induced apoptosis and that the N-ter-
minal domain of this oncoprotein is crucial for these negative
regulatory effects.

Association of p73 with MDM2 in vivo. To test whether the
inhibitory effect of MDM2 on p73-dependent transcription and
apoptosis is accomplished through its direct interaction with
p73 in cells, we performed an IP-WB analysis of murine p53
null embryonic fibroblast (10)1 cells transfected with HA-p73a
in the presence of plasmids encoding either wild-type or N-
terminally deleted MDM2 lacking aa 58 to 89. Proteins were
coimmunoprecipitated with the monoclonal anti-p73 antibody
ER15 and anti-MDM2 antibody 2A10, respectively, followed
by WB with ER15 and polyclonal anti-MDM2 antibodies. As
shown in Fig. 2A, p73a was coimmunoprecipitated by the
monoclonal anti-MDM2 antibody when coexpressed with wild-
type MDM2 (lane 1). Reciprocally, MDM2 was coimmunopre-
cipitated by the monoclonal anti-p73 antibody (lane 4), which
recognizes the C-terminal domain of p73 (40). In agreement
with the above observation that the MDM2 N-terminal mu-
tants failed to inhibit p73-dependent transcription and apopto-

FIG. 2. p73 binds to MDM2 in vivo. (A) Coimmunoprecipitation of p73 with
MDM2. (10)1 cells (5 3 105/60-mm dish) were transfected with plasmids encod-
ing HA-p73a or no insert, in the presence or absence of plasmids encoding either
wild-type or mutant hMDM2D, as indicated at the top. hMDM2D lacks residues
58 to 89 (7). In this experiment, 1.5 mg of the relevant plasmids was used, and the
parental pCMV vector was added to bring the total amount of plasmid DNA to
3 mg for each transfection. The antibodies used for IP and WB are indicated.
Each lane presents a result from cell extracts of three dishes. aMDM2 denotes
the polyclonal anti-MDM2 antibody. The strong enhanced chemiluminescence
signals of p73a were due to a longer exposure (20 min) of the membrane when
blotting with ER15. Because the same membrane was probed first with ER15 and
then with anti-MDM2 antibodies, the slight bands comigrating with MDM2D in
lanes 1, 4, and 5 were the remaining signals of p73a, since this band also ap-
peared in lane 6, where only the p73a plasmid was added, but not in lane 7, where
p73a was not included. Owing to the comigration of p73a with MDM2D, the
results for MDM2 and p73a are presented separately. (B) Co-IP of p53 with
MDM2. The same assay was performed, except that MDM2 (1.5 mg) and/or p53
(1.5 mg) expression plasmids were used. The parental vector was used to bring
the total amount of plasmids to 3 mg where necessary. Anti-MDM2 antibodies
used for IP and WB were 2A10 and polyclonal anti-MDM2 antibodies, respec-
tively. Each lane is representative of the results from three dishes of cells. IgG,
immunoglobulin G.

3260 ZENG ET AL. MOL. CELL. BIOL.



sis in vivo (Fig. 1), the p73-MDM2 interaction was not detected
by the same sets of antibodies when p73a was coexpressed with
the N-terminally deleted mutant MDM2D (lanes 2 and 5). The
faint bands comigrating with wild-type MDM2 and p73a in
lane 2 were probably due to the interaction of p73a with the
endogenous MDM2 protein induced by this transcriptional
factor (see Fig. 6), since this was also seen in lane 3, where only
p73a was included, but not in a blank control (lane 7). Con-
sistent with the previous study (7, 8), the p53-MDM2 interac-
tion was expectedly detected by co-IP-WB analysis with either
the anti-MDM2 or anti-p53 antibodies when p53 was co-ex-
pressed with MDM2 (Fig. 2B). Equal amounts of p53- and
MDM2-expression plasmids were used in this specific experi-
ment for the purpose of an efficient co-IP analysis. The p73-
MDM2 binding was also observed with plasmids encoding
p73b (data not shown) or when Saos-2 cells were used (27a).
Taken together with the data discussed above (Fig. 1), it can be
concluded that MDM2 binds to p73 within cells and subse-
quently inhibits p73-mediated transcription and apoptosis.

p73 binds to the N-terminal domain of MDM2. The above
result suggests that the N terminus of MDM2 may be impor-
tant for the MDM2-p73 association and functional relation-
ship. To map unequivocally the p73-binding site on the MDM2
protein, a GST-protein association assay was conducted. In

vitro translated [35S]Met-labeled p73a and p73b proteins were
incubated with immobilized GST fusion proteins containing
different portions of MDM2 or a p53 N-terminal region (Fig.
3C). After vigorous washing, the bound p73 proteins were sub-
jected to SDS-polyacrylamide gel electrophoresis and detected
by autoradiography (Fig. 3A). Both p73a and p73b bound to
the GST–wild-type MDM2 protein (lane GST-HDM-1-491) as
well as to the MDM2 N-terminal domain (aa 1 to 150) (lane
GST-HDM-1-150). This binding was specific to the MDM2
N-terminal domain, since binding of p73 to three C-terminal
fragments of MDM2 was barely detectable (lanes GST-HDM-
290-491 to GST-HDM-425-491). Also, as a control, the GST-
p53 N-terminal region did not retain any p73 (lane GST-p53-
1-82). Hence, these results demonstrate that in agreement with
our in vivo data (Fig. 2), both p73a and p73b bind to the
MDM2 N terminus.

MDM2 binds to the N-terminal domain of p73. The fact that
MDM2 targets the p53 N-terminal transactivation domain (7)
and that this domain has 29% amino acid identity to that of
p73 (28) suggested that MDM2 may also contact the p73 N
terminus. To define the MDM2-binding site on p73, we gen-
erated a set of p73 deletion mutants fused with GST, as shown
in Fig. 3D. A similar GST pull-down assay to that described
above was carried out, except that GST-p73 fusion proteins

FIG. 3. Mapping the protein interaction domains for MDM2 and p73. (A) Both p73a and p73b bind to the N terminus of MDM2. The indicated GST-MDM2 fusion
proteins, immobilized on Sepharose, were incubated with 10 ml of in vitro-translated 35S-labeled p73a and p73b at room temperature for 1 h. Bound proteins were
analyzed as described in Materials and Methods. As a control, 5% of the input was directly loaded on the last lane. Binding between GST-HDM-425–491 and p73b
was not done due to the redundancy (see lanes for GST-290-491 and GST-384-491). (B) MDM2 binds to the N-terminal domain of p73 (aa 1 to 70). A set of GST
pull-down experiments similar to those in panel A were performed, except that GST-p73 deletion fusion proteins (indicated at the top) were used in this case. In lane
1, 50% of MDM2 input (35S labeled) was loaded directly. The GST-p73 truncation fusion proteins are schematically drawn at the bottom of the panel, and their
expression is shown in panel D. (C) Expression of GST-MDM2 fusion proteins used in panel A. GST-MDM2 fusion proteins (10 ml; 50% slurry) were loaded directly
onto an SDS–10% polyacrylamide gel and stained with Coomassie brilliant blue. (D) Expression of GST-p73 fusion proteins used in panel B. GST- or GST-p73 fusion
protein-containing beads (10 ml; 50% slurry) were directly analyzed on an SDS–10% polyacrylamide gel and stained with Coomassie brilliant blue. The amounts of these
proteins used in panels A and B were normalized by comparing the intensity of the bands with BSA standards; 400 ng of each of these proteins was used for GST-pull
down assays.
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and in vitro-translated [35S]Met-labeled wild-type MDM2 were
used. As shown in Fig. 3B, MDM2 bound to both the N-ter-
minal fragments of p73 (lanes 3 and 4) but not to three C-
terminal regions (lanes 5 to 7). The interactions of MDM2
with the fragments of p73 from aa 1 to 70 and 1 to 247 were
approximately equivalent, suggesting that the N-terminal do-
main from aa 1 to 70 is the MDM2-binding site. As a control,
GST alone did not retain any MDM2 (lane 2). Thus, this re-
sult, similar to the MDM2-p53 interaction (7), indicates that
MDM2 targets the N-terminal region of p73. Since p300/CBP
also contacts the same N-terminal domain of p73 and stimu-
lates the transcriptional activity of this transcriptional factor
(63), it is likely that MDM2 inhibits the function of p73 by
competing with it for p300/CBP.

MDM2 does not reduce p73 protein levels. To further ex-
amine the effect of MDM2 on p73 protein expression, H1299
cells were transiently transfected with a mixture of p73a and
either wild-type p53 or the mutant p53(14,19) in the presence
or absence of different forms of mouse MDM2. This mutant
p53, carrying mutations of L14N and F19S, was used as a con-
trol because it does not bind to MDM2 but retains partial
transcriptional activity (35). In these cells, transfected MDM2
leads to a marked reduction in steady-state p53 levels (22) (Fig.
4, middle panel, compare lane 3 with lanes 2 and 4). The p53
reduction was caused specifically by wild-type MDM2, since it
did not occur when the p53-binding-defective MDM2 mutant
MDM2D (lane 4) was used. This reduction also requires a di-
rect contact with p53, since it spared the MDM2-binding-de-
fective p53(14,19) mutant (middle panel, lanes 5 to 7). Of note,
MDM2-mediated p53 degradation is dose dependent (refer-
ences 22 and 31 and data not shown); this explains why it was
easily detected when excess MDM2 expression plasmid was used

in transient-transfection experiments (Fig. 1 and 4 and data not
shown) but not when equal amounts of p53 and MDM2 plas-
mid DNA were used (Fig. 2B).

In contrast, in the same transfected cell culture, coexpres-
sion of full-length MDM2 did not cause a reduction in the
steady-state level of p73; rather, it actually resulted in an in-
crease in the level of p73 protein (Fig. 4, top panel, compare
lanes 3 and 2), regardless of the presence or absence of wild-
type p53 (lanes 3 and 6). This is consistent with the result in
Fig. 1A. This increase was even visible when equal amounts of
MDM2 and p73 plasmids were used (Fig. 2A, compare lanes 4
and 5; of note, twice as much p73 plasmid was added in lane 6
as in lanes 4 and 5). By contrast, an N-terminally deleted
mutant of MDM2, which is unable to bind to p73 (Fig. 2 and
3), failed to increase the steady-state p73 level (Fig. 4, compare
lanes 4 and 7 with lanes 2 and 5 of the top panel). Hence,
MDM2 cannot promote the degradation of p73. The observed
increase in the level of p73 implies that p73 may be degraded
through a mechanism that does not require MDM2 but is
somehow inhibited by excess MDM2. Alternatively, p73 might
exert a detrimental effect on the transfected cells, leading to
selective loss of p73-expressing cells. If MDM2 can alleviate
this deleterious effect (Fig. 1D), efficient p73 expression might
be maintained in the culture, resulting in an apparent increase
in the overall levels of transfected p73. The observations that
MDM2 inhibits p73-dependent transcription and apoptosis
(Fig. 1) without reducing the protein level of this transcrip-
tional activator (Fig. 1 and 4A) suggest that MDM2 regulates
p73 through a mechanism distinct from that used for p53.

MDM2 disrupts the interaction of p73 but not of p53 with
p300/CBP. Given that both MDM2 (Fig. 3B) and p300/CBP
(63) bind to the N terminus of p73 and that p300/CBP can
mediate p73-dependent transcription in vivo (63), we tested
whether MDM2 could compete with p300 for binding to p73.
This was assessed by using in vitro co-IP/protein competition
assays, with p53 serving as a control. The MDM2 and Flag-
p300 proteins were purified from baculovirus expression sys-
tems by immunoaffinity chromatography with anti-MDM2 and
anti-Flag antibodies, respectively (14, 54). Increasing amounts
of MDM2 protein were preincubated for 15 min on ice with in
vitro-translated [35S]Met-labeled p73a, p73b, or p53 prior to
addition of equal amounts (275 ng) of Flag-p300. Following
further incubation and subsequent IP with anti-Flag antibod-
ies, bound proteins were analyzed by IP and SDS-polyacryl-
amide gel electrophoresis and detected by autoradiography
after the proteins were transferred to a nitrocellulose mem-
brane (Fig. 5A to C, top panels), and the bound p300 and
MDM2 were monitored by WB with polyclonal anti-p300 and
anti-MDM2 antibodies after IP (Fig. 5A to C, bottom panels).
As shown in Fig. 5, both p73a and p73b (Fig. 5A and C, lanes
2) and p53 (Fig. 5B, lane 2) were coimmunoprecipitated by the
anti-Flag antibody, confirming the interaction of p73 and p53
with p300 in vitro. The p73-p300 interaction was gradually elim-
inated by increasing the amounts of wild-type (Fig. 5A, com-
pare lane 2 with lanes 3 and 4) but not N-terminally deleted
(Fig. 5C, lanes 2 to 4) MDM2 protein. 400 ng of MDM2 (lane
4) completely blocked the interaction of p300 with either p73a
or p73b. Under the same experimental conditions, MDM2-
p73a or MDM2-p73b complexes were detected by IP followed
by autoradiography with anti-MDM2 antibodies (Fig. 5D, lanes 2
to 4, corresponding to Fig. 5A, lanes 2 to 4), indicating that
MDM2 can compete with p300 for p73. In contrast, the same
amount of MDM2 was unable to interfere with the p53-p300
association (Fig. 5B, compare lane 2 with lanes 3 and 4), al-
though MDM2 also formed a complex with p53 as detected by
IP with anti-MDM2 antibodies followed by autoradiography

FIG. 4. MDM2 does not induce rapid proteolytic degradation of p73. H1299
cells (4 3 105/60-mm dish) were transfected with the indicated combinations of
the following expression plasmids (total DNA, 3 mg): pCDNA3 vector (3 mg/dish;
lanes 1), HA-tagged p73a (0.5 mg/dish; lanes 2 to 7), wild-type human p53 (0.5
mg/dish; lanes 2 to 4), human p53 mutant p53L14N,F19S [p53(14,19), 0.5 mg/
dish; lanes 5 to 7], full-length mouse MDM2 (2 mg/dish; lanes 3 and 6), or
N-terminally deleted mouse MDM2 (MDM2D, 2 mg/dish; lanes 4 and 7). At 28 h
posttransfection, the cells were harvested and extracted in protein sample buffer.
WB was performed with either a monoclonal anti-HA antibody (HA.11 [Babco,
Berkeley, Calif.]; WB5a-HA), a mixture of the p53-specific monoclonal anti-
bodies Pab 1801 and Pab 421 (WB5a-p53), or 2A10 (WB5a-MDM2). The
endogenous human MDM2 protein of the H1299 cells, migrating slower than the
mouse MDM2, is also indicated (HDM2). The fast-migrating bands below the
MDM2D are nonspecific signals detected by anti-MDM2 antibodies in the bot-
tom panel.
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(Fig. 5D, lanes 7 to 9, corresponding to Fig. 5B, lanes 2 to 4).
This may be explained by the observation that p53 can bind to
both the N (19, 63) and C (20, 63) termini of p300/CBP while
p73 and MDM2 bind exclusively to the N termini of these co-
activators (reference 63 and data not shown). The possible
ternary complex containing p53, MDM2, and p300 has been
shown to promote p53 degradation in vivo (19). Consistent
with the observation that p300 associated with the MDM2 aa
110 to 220 fragment (19), MDM2D, lacking the region from aa
58 to 89, was also found to bind to p300 (Fig. 5C, lanes 3 and
4). However, this mutant was unable to compete with p73 (Fig.
5C), suggesting that the interactions of p73 with MDM2 and
p300 are mutually exclusive. Thus, concealing the p300-binding
domain of p73 by MDM2 appears to be one possible mecha-
nism underlying the inhibitory effect of MDM2 on the tran-
scription function of p73.

p73 stimulates the expression of MDM2 in vivo. MDM2 has
been documented to function in cells as a natural p53 inhibitor
in an autoregulatory feedback loop (22, 31, 58). The finding
that MDM2 also inhibits p73-dependent transcription and ap-
optosis in vivo (Fig. 1) raises the possibility that MDM2 acts as
a feedback regulator for p73 as well if p73 can induce MDM2
expression. To test this hypothesis, expression of the endoge-
nous MDM2 protein was examined by introducing exogenous
p73a, p73b, p53 (a positive control) and parental vector (a
negative control) plasmids, respectively, into H1299 cells, fol-
lowed by immunofluorescence staining for MDM2. Basal ex-
pression levels of MDM2 were low in these p53-null cells. As
expected, MDM2-specific immunofluorescence was hardly
visible in the vector-transfected cells (Fig. 6A, Control). In
contrast, introduction of both p73a and p73b into the cells
stimulated significant expression of the endogenous MDM2

FIG. 5. MDM2 blocks p73- but not p53-p300/CBP interactions. (A) MDM2 disrupts the p73-p300 interaction in an in vitro co-IP/protein competition assay. A 4-ml
volume of in vitro-translated [35S]Met-labeled p73a and p73b, and 275 ng of the purified Flag-p300 protein were used in the assay. In lanes 3 and 4, 200 and 400 ng
of MDM2 was added, respectively. The anti-Flag antibody used for IP is indicated at the top, and inputs (50%) of p73a and p73b as well as MDM2 (200 ng) are shown
in lane 5. ap300 and aMDM2 indicate polyclonal anti-p300 and anti-MDM2 antibodies, respectively. The top panel is an autoradiogram of the same membrane for
the WB in the bottom panel (the same is true for panels B to D). (B) MDM2 does not interfere with the p53-p300/CBP interaction. Experimental details were as for
panel A and the corresponding test, except that 4 ml of in vitro-translated [35S]Met-labeled p53 was used. In lane 5, 50% of the p53 or MDM2 input was directly loaded.
(C) The MDM2 mutant MDM2D does not interfere with the p73-p300 interaction. The same experiment was conducted, except that the N-terminally deleted mutant
MDM2D was used as a competitor. For all these WB results, the strong signals were due to a longer exposure (15 min) to X-ray film. (D) Detecting p73- or p53-MDM2
complexes in the same experimental settings as those in panels A and B. The same IP-autoradiography-WB analysis was performed as described above, except the
monoclonal anti-MDM2 antibody 2A10 was used for IP. The bound p73 or p53 was detected by autoradiography, and MDM2 was detected by WB with polyclonal
anti-MDM2 antibodies, as indicated. The amount of p73, p53, MDM2, or p300 used in this analysis was the same as that in panels A to C.
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protein (Fig. 6A, p73a and p73b). This is consistent with pre-
vious reports showing that p73 transactivates the expression of
two other p53 target genes, those encoding p21 and Bax-1 (27,
28). As expected, p53 induced MDM2 expression (Fig. 6A,
p53). The induction of endogenous MDM2 by p73 and p53 was
also confirmed by IP-WB with anti-MDM2 antibodies (Fig.
6B). Hence, MDM2 is also a p73 target gene. p73 and p53 can
thus transactivate the expression of MDM2 and share the
MDM2 autoregulatory feedback loop.

DISCUSSION

The MDM2 negative regulation feedback loop (2, 42, 58; see
references 36, 43, and 48 for reviews) has been considered
unique for p53 regulation. The present study indicates that this
loop is also used by the p53 analog p73. Supporting this notion
are several lines of evidence. First, p73a or p73b, when over-
expressed in p53-deficient H1299 cells, induced expression of
the endogenous MDM2 protein (Fig. 6). Second, p73 associ-
ated with MDM2 in vivo, as shown by a transient-transfection/
co-IP-WB analysis (Fig. 2). This interaction was confirmed by
in vitro IP (Fig. 5) and GST-protein association assays (Fig. 3).

Similar to p53 (7, 46), the N-terminus of p73 bound to the
MDM2 N terminus. Finally, this interaction correlated with
inhibition of p73-dependent transcription, as measured in re-
porter gene assays (Fig. 1A to C), and with abrogation of
p73-induced apoptosis (Fig. 1E). Together, these results imply
that expression of MDM2 can be markedly stimulated by p73,
leading to inhibition of p73-mediated transcription and apo-
ptosis and thereby forming an MDM2 feedback loop for p73
regulation.

p53 binds to and utilizes one group of coactivators, p300 and
CBP, for its transcriptional activation (1, 20, 34). In a parallel
study, we found a synergy between p300/CBP and p73 in acti-
vation of the p53RE-containing MDM2 promoter (63). How-
ever, p73 and p53 use different domains of these coactivators
for their transcriptional functions (63). This difference may be
correlated with the distinct mechanisms by which MDM2 neg-
atively regulates the transcriptional functions of p73 and p53,
as discussed below.

Although p73 and p53 share the MDM2 autoregulatory
feedback loop, the underlying molecular mechanisms appear
to be distinct for these two members of the p53 family, as
schematically presented in Fig. 7. In addition to possibly block-
ing the interaction of p53 with the components of the RNA
polymerase II transcriptional machinery (37, 38, 55, 56) and/or
p300/CBP, MDM2 can enhance the rapid proteolytic degrada-
tion of p53 (5, 22, 31), probably through the ubiquitin-protea-
some pathway (24). Direct binding between the N termini of
p53 and MDM2 is critical for p53 degradation (5, 19, 22, 31)
(Fig. 4), and the p53 C terminus also plays a role in regulating
its sensitivity to the MDM2-mediated proteasome pathway (24,
32). This pathway contributes to the inhibitory regulation of
p53 by MDM2 in cells. By contrast, p73 steady-state levels were
not reduced by coexpression of MDM2 (Fig. 1A and 4). In-
stead, MDM2 disrupted the interaction of p73 with p300 (Fig.
5A) but was without effect on the p53-p300 complex in vitro
(Fig. 5B). This is probably due to the competition of MDM2
with p73, but not with p53, for binding to p300, since MDM2
and p73 both interact exclusively with the same N-terminal
domain of p300/CBP (Fig. 3 and data not shown) whereas p53
binds to either the N or C terminus of the coactivators (19, 63).
Consistent with this in vitro observation, the association of
p300 with MDM2 and p53 was detected in cells by a glycerol
gradient sedimentation analysis (19). Coexpression and asso-
ciation of MDM2 with p300 was found to further stimulate p53
degradation (19). This cannot occur to p73, since associations
of p73 with MDM2 and with p300/CBP appears to be mutually
exclusive (Fig. 3B and 5A) and overexpression of MDM2 vir-
tually leads to p73 stabilization (Fig. 1A and 4). Although
MDM2 probably cooperates with p300 in degradation of p53
(19), MDM2 does not appear to influence the steady-state
level of the coactivator (63a). In summary, these results suggest
that MDM2 represses the transcriptional function of p73,
probably by interrupting its contact with p300/CBP but not
through a proteolytic pathway. MDM2 has recently been pro-
posed to inhibit the transcription of p53 by binding to compo-
nents, such as TFIIE and TBP, of the RNA polymerase II
machinery (56). Whether this is also an alternate mechanism
for regulating the function of p73 remains to be addressed.

It is perplexing why MDM2 adopts different mechanisms to
down-regulate the functions of these two p53 family members.
On the one hand, this may reflect diverse protein-protein in-
teractions among members of this family and their partners.
For example, while the interaction between p73 and p300/CBP
appears to involve a single protein-protein interface formed by
the N termini of these proteins, the binding of p53 to these
coactivators involves multiple contacts. Thus, concealing the

FIG. 6. p73a and p73b, like p53, induce the expression of the endogenous
MDM2 protein in transfected H1299 cells. (A) Immunofluorescent staining of
the endogenous MDM2. Cells were transiently transfected with p73 or p53
expression plasmids and then subjected to immunofluorescent staining with the
anti-MDM2 monoclonal antibody 2A9 as described in Materials and Methods.
The vectors used in the experiment are indicated at the top of each panel. Similar
results were obtained in two independent experiments. (B). IP-WB analysis of
the endogenous MDM2. H1299 cells (106/100-mm dish) were transfected with
plasmids (15 mg/transfection) encoding p53, p73a, and p73b, respectively.
MDM2 was detected by IP with 2A10 followed by WB with polyclonal anti-
MDM2 antibodies. Each lane is representative of the result from three dishes of
cells. Lane 1 contains the vector only.
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binding domain of the coactivators from transcriptional acti-
vators is sufficient for MDM2 to suppress the transcription
activity of p73 but not of p53. Therefore, MDM2 has evolved
an additional mechanism to inactivate p53 through ubiquitin-
mediated proteolytic degradation. On the other hand, it is
possible that the different mechanisms for MDM2-mediated
down-regulation of p53 or p73 are correlated with their distinct
cellular roles. The major role of p53 is to serve as a cellular
gatekeeper (33). Thus, it responds to cellular stress at both the
protein and activity levels, subsequently triggering apoptosis or
growth arrest (18, 29, 33). The dramatically increased p53
protein might be detrimental to cells if it is not tightly con-
trolled or quickly removed. This tight regulation of p53 is
executed by MDM2, perhaps largely by accelerating the pro-
teolytic degradation of p53. By contrast, although its biological
role is unclear, the level of p73 is not responsive to stress
signals (28). Hence, it might be unnecessary for MDM2 to
adopt a destructive strategy to control p73 function.

In spite of their different responses to DNA damage signals
(18, 28, 29, 33), both p73 and p53 appear to turn on a rather
similar set of downstream genes (27, 28) (Fig. 5), both induce
apoptosis (27) (Fig. 1D), and both are down-regulated by the
same cellular protein MDM2 (Fig. 1). Even though p73 itself
may not act as a tumor suppressor (30, 40), these remarkable
similarities between the two proteins suggest new directions for
developing novel therapies. For instance, it may be reasonable
to activate the p73 protein by targeting MDM2 in tumors that
contain no or altered p53 but significant levels of p73. It is
possible that MDM2 regulates p73 in a cell-specific manner,
since the p73 protein was detected only in a limited subset of
cells or tissues (30, 40, 63a). Thus, a systematic investigation of
the p73-MDM2 and p73-p53 relationship in cells, along with
elucidation of the p73 signalling pathway, not only will be
crucial for a better understanding of the cellular role of this

protein but also will be instructive for possible anti-cancer drug
discovery.
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