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Turnover of the p53 tumor suppressor protein is me-
diated by Mdm2 through the ubiquitin proteolysis path-
way. p300, a co-activator for p53, also participates in this
process by complexing with Mdm2. We now report that
the mutant Mdm2, defective in p53 binding, does not
promote p53 ubiquitination and degradation in vivo or
inhibit p53 transcriptional activation. By contrast, the
mutant Mdm2, defective in p300 binding, still retains its
activity to promote p53 ubiquitination and to inhibit p53
transcriptional activation but fails in promoting p53
degradation. We also show that both wild-type Mdm2
and the mutant Mdm2, defective in p300 binding, can
promote the ubiquitination of cancer-derived p53 mu-
tants, but only wild-type Mdm2 can cause their degra-
dation. Furthermore, adenoviral oncoprotein, 12S.E.1A,
but not its deletion mutant that lacks p300 binding, was
shown to decrease in vivo ubiquitination of mutant p53.
Taken together, these results provide genetic evidence
that p300 plays a pivotal role in the regulation of Mdm2-
mediated p53 turnover by integrating the cellular ubiq-
uitination and proteolytic processes.

The human tumor suppressor p53 plays a critical role in
maintaining genomic stability and preventing tumorigenesis
(1). Diverse mutations in the p53 gene constitute the most
common type of genetic alterations in human cancers (2). Li-
Fraumeni Syndrome (LFS)! patients, suffering from a cancer-
prone hereditary disorder, have been shown to harbor germ
line mutations of the p53 gene (3). Studies on p53 knockout
mice have provided supporting evidence for p53 functioning as
a key tumor suppressor (4). In cellular response to DNA dam-
age and other stresses, p53 protein accumulates and transcrip-
tionally activates its target genes, which include p21°¢P/we1
GADD45, Mdm2, bax, and other p53-inducible genes. The ac-
tivation of these genes is believed to result in either cell cycle
arrest or apoptosis (5, 6). Additionally, p53 has been demon-
strated to have a role in the modulation of nucleotide excision
repair (7-11).
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It has been established that the turnover of p53 is regulated
in part by the ubiquitin proteolysis pathway (12, 13). Ubiquitin
is first sequentially transferred through the ubiquitin-activat-
ing enzyme (E1), ubiquitin-conjugating enzyme, and the ubiq-
uitin-protein ligase (E3). The E3 enzyme then transfers the
ubiquitin to one or more lysine residues in the substrate. Mul-
tiple ubiquitin molecules are attached to one another to form a
polyubiquitin chain, which is deemed sufficient in targeting
substrate proteins for destruction by the proteasome (reviewed
in Ref. 14). It has been shown that Mdm2 can regulate the
stability of p53 through the ubiquitin proteolysis pathway (15—
17). More recent studies have demonstrated that Mdm2 has
intrinsic E3 activity, which can ubiquitinate p53 and Mdm2
itself (18-21).

Although in vitro ubiquitination of p53 by Mdm2 only re-
quires the addition of E1, ubiquitin-conjugating enzyme, and
Ub (18, 21), participation of other cellular factor(s) can be
envisaged in the complex processes of p53 ubiquitination and
degradation in vivo. For example, adenoviral oncoprotein E1A
has been shown to cause p53 stabilization in multiple cell types
through interaction with p300/CBP or with Rb family proteins
(22-25). The p53 polyubiquitination activity in cell extracts has
demonstrated a significant decrease upon the induction of E1A
expression (26). It has been reported recently that most endog-
enous Mdm2 is bound to p300 and that specific interactions
between p300/CBP, p53, and Mdm2 are intimately involved in
Mdm2-mediated p53 degradation (27).

Our previous studies have shown that interaction of p300/
CBP with DNA repair protein hHR32A leads to the down-
regulation of p53 (28). The current experiments investigated
whether cellular p300 plays a role as a platform to bring to-
gether the necessary catalytic and regulatory factors needed for
in vivo p53 ubiquitination and degradation (27). The data pre-
sented demonstrate that (i) the Mdm2 mutant defective in
binding to p300/CBP can promote ubiquitination but not deg-
radation of either wild-type or cancer-derived mutant p53, and
(i1) wild-type E1A, but not its deletion mutant lacking p300/
CBP binding, can decrease ubiquitination of p53 in vivo. These
results provide evidence that p300 plays a pivotal role in
Mdm2-mediated p53 degradation by integrating ubiquitination
and proteolytic processes.

MATERIALS AND METHODS

Gene Constructs—Wild-type and mutant p53 expression vectors,
p53(Wt), p53—-143A (Val — Ala), p53-173H (Arg — His), and p53—-248W
(Arg — Trp) as well as pG13-luc were provided by Dr. Bert Vogelstein
(Johns Hopkins University, Baltimore, MD). Construct pG13-luc is a
luciferase reporter containing 13 copies of synthetic p53 consensus
binding sites derived from the native p21°?’/*%* promoter (29). Mdm2
constructs, pCMV-Mdm2, pCMV-Mdm2A4 and pCOC-Mdm2AXM,
were provided by Dr. Arnold Levine (Princeton University, Princeton,
NJ), Dr. David Livingston (Harvard Medical School, Boston, MA), and
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Dr. Moshe Oren (The Weizman Institute of Science, Rehovot, Israel),
respectively. The pCMV-Mdm2 encodes a full-length Mdm2 protein.
The pCMV-Mdm2A4 encodes a mutant Mdm2 protein with a deletion
from 217 to 246 amino acid positions. The pCOC-Mdm2AXM contains
an internal deletion and consequently encodes a truncated Mdm2 pro-
tein initiated at the AUG amino acid position 62 (30). The Wt 12S.E.1A
and mutant E1A constructs were obtained from Dr. Michael Mathews
(Cold Spring Harbor Laboratory, Cold Spring Harbor, NY). The pBIND-
p53-(1-71) and pBIND-p53-(19-71), encoding the corresponding p53
N-terminal domains, were constructed by in-frame fusion of the respec-
tive domains with yeast Gal4 DNA-binding domain. The specific p53
domains were generated by polymerase chain reaction, and individual
fragments were inserted into the parent plasmid vector, pBIND (Pro-
mega). The pG5-Luc vector, containing five Gal4 binding sites upstream
of a minimal TATA box followed by a firefly luciferase gene, was
purchased from Promega. The expression vector for HA-Ub (31) was
obtained from Dr. Dirk Bohmann (European Molecular Biology
Laboratory, Heidelberg, Germany).

Cell Culture, Transfection, Immunoprecipitation, and Immunoblot-
ting for Ub-p53 Conjugates—The LFS 041 fibroblast strain MDAH041
(p53-null, harboring a codon 184 frameshift mutation that results in
premature termination of translation of the p53 protein) was kindly
provided by Dr. Michael Tainsky (M.D. Anderson Cancer Center, Hous-
ton, TX). These fibroblasts were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and antibiotics at
37 °C in a humidified atmosphere of 5% CO,. For the detection of
Ub-p53 conjugates in vivo, exponentially growing LFS 041 fibroblasts
were seeded at a density of 5 ~ 6 X 10° cells/10-cm dish 18—20 h before
transfection. The cells were transfected with expression vectors for p53,
Mdm2 or mutant Mdm2, HA-Ub, and 12S.E.1A or mutant E1A in
different combinations as indicated in each figure legend. Transfections
were performed using FuGENE 6 transfection reagent (Roche Molecu-
lar Biochemicals) as described previously (28). The total amount of DNA
for each transfection was kept constant by the addition of cognate
empty vector. 24 h after transfection, cells were washed with PBS and
then treated for 10 h with the proteasome inhibitor MG132 or lactacys-
tin at 10 uM. Protein extracts were made from all cells including any
detached cells in 750 pl of radioimmune precipitation buffer (2 mm
Tris-HCI, pH 7.5, 5 mm EDTA, 150 mm NaCl, 1.0% Nonidet P-40, 1.0%
deoxycholate, 0.025% SDS, 1 mM phenylmethylsulfonyl fluoride, and a
protease inhibitor mixture). The extracts were sonicated to reduce the
viscosity. Immunoprecipitates were prepared by overnight incubation
with 15 ul of anti-p53 monoclonal antibody DO6 (200 ug/ml, NeoMar-
kers) and 20 ul (bed volume) of protein A/protein G agarose beads
(Oncogene Science) at 4 °C. The beads were washed four times with
radioimmune precipitation buffer, and the bound proteins were boiled
off in SDS sample buffer for 5 min and then separated by 8% SDS-
polyacrylamide gel electrophoresis. To avoid any detection of mouse IgG
(~55 kDa), separated proteins with molecular mass greater than the
~60-kDa range were transferred to a polyvinylidene difluoride mem-
brane and probed with an anti-HA monoclonal antibody 12CA5 (Roche
Molecular Biochemicals), and proteins were detected as described pre-
viously (9, 32). The bound antibodies were removed from the filters with
a stripper buffer (62.5 mum Tris-HCI, pH 6.7, 500 mm NaCl, 2% SDS, and
100 mM B-mercaptoethanol), and the membranes were rescued for sec-
ond immunodetection of the Ub-p53 conjugates by anti-p53 antibody
Ab-1801.

Western Blot Protein Analysis—To detect p53 and other proteins
without immunoprecipitation, the expression vector for p53 or mutant
p53 was co-transfected with Mdm2, Mdm2AXM, or Mdm2A4 expression
vector. To evaluate the effects of E1A expression on Mdm2-mediated
p53 degradation, the expression vector for p53 was similarly co-trans-
fected with Mdm2 in the absence and presence of increasing amounts of
12S.E.1A or E1AA-(2-36) expression vector. In these experiments, the
LFS 041 fibroblasts (5 ~ 6 X 10°) were transfected for 24 h, the cells
were washed and lysed in an SDS sample buffer, and proteins were
quantitated and processed by SDS-polyacrylamide gel electrophoresis
and immunoblotted for specific detection of p53, Mdm2, and E1A as well
as actin proteins.

Reporter Assay—For the transient transfection/reporter assay, expo-
nentially growing LFS 041 fibroblasts were seeded at a density of 1 X
10° cells/35-mm dish 1820 h prior to transfection. 0.5 ug each of p53
reporter pG13-luc and p53 expression vectors were co-transfected into
LFS 041 cells in the absence or presence of 2 ug of expression vector for
wild-type or mutant Mdm2 using FuGENE 6 transfection reagent
(Roche Molecular Biochemicals) according manufacturer instructions.
Empty vector, pcDNA3, DNA was used to maintain the total amount of
DNA for each transfection. 24 h after transfection, cells were washed
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Fic. 1. Inherent properties of wild-type and mutant variants
of Mdm2. The schematic presentation defines various elements iden-
tified in wild-type Mdm2 and the positions of different deletions in
mutants used in the present work. +, presence; —, absence.

twice with PBS and lysed in 100 wul of cell culture lysis reagent. Lucif-
erase activity was determined in 20 ul of cell lysates by using a lucif-
erase substrate (Promega) and monitoring luminescence with a TD-
20/20 luminometer (Turner Designs). To determine transcriptional
activation by the p53 N-terminal transcription activation domain fused
to Gal4 DNA binding domain, the pG5-luc reporter was substituted for
the pG13-luc in the transfection assay. Relative luciferase activity for
each time point was determined from three independently transfected
plates.

RESULTS

Mutant Mdm2A4, Defective in p300 Binding, Retains Its
Ability to Ubiquitinate p53 in Vivo—p53 degradation depends
on its ability to specifically interact with the N-terminal do-
main of Mdm2 (15, 17). Furthermore, the p300 protein, as part
of a complex with Mdm2, is also shown to be involved in
Mdm2-mediated p53 degradation (27). In view of recent studies
on Mdm2 as a ubiquitin ligase (18, 19, 21, 33), we sought to
understand the contributions of the specific protein interac-
tions of Mdm2 and p300 in p53 ubiquitination in vivo. Thus,
the initial experiments determined the ability of two structur-
ally different Mdm2 mutants to promote p53 ubiquitination. As
shown in Fig. 1, Mdm2AXM contains an N-terminal deletion,
and the truncated Mdm2 protein starts at amino acid position
62. Because of its inability to bind p53, this truncated Mdm2
protein fails to (i) inhibit p53-dependent transcriptional acti-
vation, (ii) abolish p53-mediated apoptosis, and (iii) promote in
vivo p53 degradation (15, 30). However, Mdm2A4 contains an
internal deletion and the protein, while retaining its ability to
bind p53, is defective in binding p300 in vivo. Consequently,
Mdm2A4 is also defective in promoting p53 degradation in vivo
(27). Thus, in vivo ubiquitination of wild-type and various
mutant p53 proteins was determined upon co-expression with
these Mdm2 molecules and by immunoprecipitation and West-
ern blotting. As can be seen in Fig. 2A, an anti-HA-reactive
ladder of bands, appearing as a smear of apparent molecular
mass of ~66-220 kDa and representing HA-Ub-p53 conju-
gates, was distinctly visible in lane 4 where p53 was co-trans-
fected with Mdm2(Wt) and HA-Ub. No such conjugates were
apparent in samples of various control transfections without
HA-Ub (lanes 1, 2, and 3) or without Mdm2 (lane 7). The data
suggest that the conjugates result from specific interaction
with Mdm2. As expected, co-transfection of p53 with mutant
Mdm2AXM did not produce any conjugates (lane 5), indicating
that because of its inability to bind p53, Mdm2AXM is defective
in mediating p53 ubiquitination. This observation is consistent
with the early finding that Mdm2AXM does not promote p53
degradation in vivo (15, 30). Ubiquitinated p53 conjugates ap-
peared with an even higher intensity when p53 was co-trans-
fected with mutant Mdm2A4 (lane 6). Thus, this mutant, hav-
ing an intact N terminus, can promote pronounced p53
ubiquitination. Overall results indicate that Mdm2 defective
for p300 binding is not impaired in its ability to mediate p53
ubiquitination. This observation is novel and highly interest-
ing, because as mentioned above, such mutant Mdm?2 is defec-
tive in promoting p53 degradation (27).
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Fic. 2. In vivo ubiquitination of p53 by Mdm2. LFS 041 cells
were transfected with the indicated expression vectors for p53 (1 ug),
Mdm2(Wt), or mutant Mdm2 (4 pg) along with HA-Ub (4 pg). The total
amount of DNA for each transfection was kept at 10 ug by the addition
of empty vector. After 24 h of transfection, cells were treated for 10 h
with the proteasome inhibitor MG132 (10 um). Whole-cell extracts were
made in radioimmune precipitation buffer, and immunoprecipitates
were prepared by using the anti-p53 monoclonal antibody DO6 and
protein A/protein G agarose beads. Immunoprecipitates (i.p.) were sep-
arated by 8% SDS-polyacrylamide gel electrophoresis, transferred to a
polyvinylidene difluoride membrane, and probed with an anti-HA an-
tibody. A, p53(Wt) and wild-type or mutant Mdm2 were co-expressed
with or without HA-Ub as indicated. KD, kilodalton. B, mutant p53 and
the indicated wild-type or mutant Mdm2 were co-expressed with HA-
Ub. C, wild-type and mutant p53 and Mdm2(Wt) were co-expressed,
immunoprecipitated, and analyzed simultaneously. Lanes 4* and 8%
show the longer time exposure of HA-Ub-p53 conjugates seen in the
corresponding lanes 4 and 8.

To confirm that Mdm2A4 specifically mediates ubiquitina-
tion of p53, various cancer-derived p53 mutants were tested for
ubiquitination upon transfection by Mdm2 and Mdm2A4 (Fig.
2B). The p53 mutants 143A (Val — Ala), 173H (Arg — His), and
248W (Arg — Trp) were seen to ubiquitinate to approximately
equivalent levels when co-expressed with Mdm2(Wt). More
importantly, mutant Mdm2A4, with an intact N terminus, also
ubiquitinated the various p53 mutants tested to an extent
comparable with Mdm(Wt). These results reproducibly demon-
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strate that Mdm2A4 can ubiquitinate both wild-type and mu-
tant p53 proteins. It should be noted that these mutant forms
of p53 are devoid of sequence-specific DNA binding activity and
were unable to activate the expression of a gene under the
control of p53-responsive DNA binding site (29). Thus, these
results suggest that the p53 transcriptional activation process
is not associated with p53 ubiquitination.

For direct comparison, the ubiquitination of wild-type and
cancer-derived mutant p53 by Mdm(Wt) in concomitant trans-
fections and identical exposure conditions is shown in Fig. 2C.
Surprisingly, ubiquitin conjugates of p53 mutants were found
to accumulate in vivo much more efficiently than those of
p53(Wt) (lanes 5, 6, and 7 versus lane 4). Nevertheless, ubiq-
uitin conjugates of p53(Wt) (as shown above (Fig. 14)), could be
visualized with longer time exposures (lane 4* and 8%). It
should be noted that in all these experiments, the proteasome
inhibitor MG132 had to be used to treat cells after transfection
to allow ubiquitin conjugates to accumulate. Also, similar re-
sults were obtained using another highly specific and irrevers-
ible proteasome inhibitor, lactacystin (34) (data not shown).
Thus, it would seem that the inhibitory effect of proteasome
inhibitors was manifested more prominently on mutant p53
than on p53(Wt) ubiquitin-protein conjugates, perhaps also
because mutant p53 is more easily ubiquitinated.

Mutant Mdm2A4, Defective in p300 Binding, Abrogates
Transactivation by p53—Mdm2 is known to bind p53 and in-
hibit its transcriptional activation (30). Here we investigated
the effect of mutant Mdm2A4 overexpression on the ability of
p53 for transactivation. LF'S 041 cells were co-transfected with
p53(Wt) and the pGl3-luc reporter in the presence of
Mdm2(Wt), Mdm2AXM, or MdmZ2A4. Luciferase activity of the
cell extracts from various transfections is shown in Fig. 3. As
expected, p53(Wt) dramatically elevated luciferase activity rel-
ative to the control pCMV vector (Fig. 3A). Co-transfection of
Mdm2(Wt) blocked the ability of p53 to transactivate the re-
porter construct. By contrast, mutant Mdm2AXM failed to in-
hibit p53 activity, confirming that the inhibition requires the
binding of Mdm2 to p53 (30). On the contrary, mutant
Mdm2A4, in keeping with its ability to bind p53, was found to
block transactivation by p53 to an extent comparable with that
of Mdm2(Wt) (27). Similar experiments were then carried out
to verify the effects of Mdm2 and its mutants on transcriptional
activity of the p53 N-terminal activation domain. As shown in
Fig. 3B, co-transfection of Mdm2(Wt) or mutant Mdm2A4 in-
hibited luciferase activity transcribed from reporter pG5-luc to
a comparable extent. However, mutant Mdm2AXM failed to
exhibit any inhibitory effects but instead increased luciferase
activity ~1.5-fold. Deletion of the Mdm2-binding site (from 1 to
19 amino acid positions) caused a dramatic decrease in the
transactivation activity of Gal4-p53 to a level that was slightly
above that achieved with Mdm2(Wt). Both Mdm2(Wt) and mu-
tant Mdm2A4 were unable to exhibit a significant inhibitory
effect on the transactivation activity of the truncated Gal4-p53-
(19-71). These results show that the amino acids, spanning
positions 1-19 in the p53 activation domain, contribute a very
important component to the transactivation by p53 and provide
the needed binding site for Mdm2 to cause inhibition of p53
activity. Taken together, it can be concluded that the binding of
Mdm?2 to p53, but not to p300, is responsible for the inhibition
of p53-dependent transcriptional activation. Therefore, the
binding of Mdm2 to p53 is required for both the ubiquitination
and inactivation of p53.

Mutant MdmZ2A4, Defective in p300 Binding, Fails to Pro-
mote Degradation of p53 in Vivo—Failure to promote in vivo
p53 degradation by the mutants Mdm2AXM and Mdm2A4 was
confirmed by co-transfection experiments in LFS 041 cells and
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Fic. 3. Wild-type and mutant Mdm2 differentially inhibit the
transcriptional activation by p53. A, p53 reporter pG13-luc and p53
expression vectors were co-transfected into LFS 041 cells in the absence
(—) or presence (+) of expression vector for indicted wild-type or mutant
Mdm2. Relative luciferase activity was measured as described under
“Materials and Methods.” The figure shows representative data of at
least three independent experiments, with each transfection performed
in triplicate. The data points indicate the mean = S.E. B, Gal4 reporter
pG5-luc and expression vectors Gal4-p53-(1-71) or Gal4-p53-(19-71)
were co-transfected into LFS 041 cells in the absence or presence of
expression vectors for wild-type or mutant Mdm2 as indicted. Trans-
fection, relative luciferase activity, and data presentation was as de-
scribed for A.

analyzing the protein steady-state levels by Western blotting.
As expected from previous studies (15, 27), the p53 steady-state
level was reduced markedly in cells co-transfected with
Mdm2(Wt). No such decrease was, however, seen in cells co-
transfected with either the Mdm2AXM or Mdm2A4 mutants
(Fig. 4A). In comparison to p53 levels, cells transfected with the
mutant Mdm2 showed appreciably higher levels of Mdm2 than
those transfected with either the Mdm2(Wt) or the control
vector. Similar patterns were exhibited in experiments ex-
tended to determine whether Mdm2 could promote degradation
of cancer-derived mutant p53 proteins. The data indicate that
these cancer-derived p53 missense mutants can efficiently, al-
beit with varying degrees, be down-regulated upon co-expres-
sion of Mdm2(Wt) but not mutants Mdm2AXM or Mdm2A4
(Fig. 4B). In conclusion Mdm2, to effectively maintain the
cellular p53 protein level, requires the functional interaction of
Mdm2 and p53 for the dual events, i.e. ubiqutination and
degradation, of the p53 ubiquitin-proteasomal pathway. Ubiq-
uitination of p53, however, does not necessarily lead to protea-
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Fic. 4. Mdm2, defective in CBP/p300-binding, fails to diminish
P53 steady-state level. 1.0 ug of expression vector for wild-type (A) or
various tumor-derived mutant p53 (B) proteins were transfected into
LFS 041 cells together with 4.0 wg of empty vector (control) or expres-
sion vectors for wild-type or the mutants Mdm2AXM or Mdm2A4. After
24 h of transfection, the cells were lysed in SDS sample buffer, and the
proteins were quantitated and processed by SDS-polyacrylamide gel
electrophoresis and Western blotting for p53, Mdm2, and actin as a
loading control.

somal degradation, which depends on the additional binding
interaction of Mdm2 with p300.

Stabilization of p53 Protein and Inhibition of p53 Ubiquiti-
nation by Adenoviral 12S.E.1A Protein—E1A can stabilize p53
via binding to p300-(22-25). This binding is known to disrupt
the transcriptional co-activation mediated by CBP/p300 (35). In
an effort to explore the role of p300 in the regulation of p53
stability, we next examined whether E1A could stabilize p53
protein in the presence of Mdm2. As shown in Fig. 5A, Mdm2
expression drastically decreased the steady-state level of p53.
Co-expression of 12S5.E.1A overcame the Mdm2-affected de-
crease of p53 steady-state levels in a dose-dependent manner
and restored it to the level observed in control without any
Mdm2. Interestingly, co-expression of E1AA-(2-36) lacking
p300-binding also resulted in the restoration of the p53 expres-
sion level as reported earlier (36) (Fig. 5B). Because E1AA-(2—
36) is known to possess the ability to bind several members of
the Rb family (37), this result would seem to suggest the
involvement of other cellular factor(s), e.g. Rb, in this process.

To examine the effect of E1A on the in vivo ubiquitination of
p53 by Mdm2, we took advantage of our previous observation
that the proteolysis of ubiquitin conjugates of p53 mutants is
more susceptible to inhibition by proteasome inhibitors. Be-
cause detection of cellular ubiquitin conjugates of p53(Wt) is
poor even in the presence of proteasome inhibitors (Fig. 2C,
lane 4), the logical use of mutant p53 makes such an examina-
tion practical. Thus, expression vectors for p53-143A, Mdm2,
and HA-Ub were co-transfected into LF'S 041 cells along with
increasing amounts of 12S.E.1A or E1AA-(2-36) expression
vectors (Fig. 6). Transfected cells were either treated with
MG132 or mock-treated with Me,SO to allow the detection of
p53 ubiquitin conjugates. The conjugates were immunoprecipi-
tated with an anti-p53 antibody and then immunodetected in
Western blots with an anti-HA antibody. No p53-ubiquitin
conjugates appeared in lanes where mutant p53 or Mdm?2 were
transfected alone (lanes 1, 2, 8, and 9) or in lanes of mock-
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Fic. 5. Effect of oncoprotein 12S.E.1A on Mdm2-mediated p53
degradation. Expression vectors for p53 and Mdm2 along with either
12S.E.1A (A) or E1AA-(2-36) (B) were co-transfected into LF'S 041 cells
in various combinations and concentrations as indicated. The total
amount of DNA for each transfection was kept constant at 10 ug by
adding the empty vector. Transfected cells were lysed and proteins
processed as described in the Fig. 4 legend. Western blots were per-
formed, and p53, E1A or E1AA-(2-36), as well as actin (loading control)
were visualized by using corresponding protein-specific antibodies.

treated cells without MG132 (lane 7 and 14). Compared with
p53 and Mdm2 co-transfected positive controls, the inclusion of
128.E.1A caused a significant concentration-dependent de-
crease in the appearance of p53-ubiquitin conjugates (lane 3
versus lanes 4, 5, and 6). Thus, the expression of 12S.E.1A
clearly inhibits Mdm2-mediated p53 ubiquitination. On the
contrary, co-transfection of E1AA-(2-36) only caused a mini-
mal, if any, decrease in p53-ubiquitin conjugates (lane 10 ver-
sus lanes 11, 12, and 13), indicating that E1AA-(2-36) is inca-
pable of inhibiting Mdm2-mediated p53 ubiquitination in vivo.
These results are consistent with the earlier observations that
p53 polyubiquitination activity in cell extracts in vitro is re-
duced greatly upon the induction of E1A expression (26).
Therefore, the binding of E1A to p300 in effect stabilizes p53
protein by modulating the Mdm2-mediated ubiquitination.

DISCUSSION

The regulation of p53 activity is in large part mediated
through the changes in protein stability, which is of major
significance in the response of cells to DNA damage and other
cellular stresses. The tight control of metabolic stability of p53
is also critical for normal cell growth and development (38, 39).
Therefore, it is of interest to identify cellular factors that con-
tribute to the regulation of p53 turnover. In this study, we have
described two deletion mutants of Mdm2 that differentially
affect its ability to mediate p53 ubiquitination and degradation
in vivo. These mutants differ from Mdm2(Wt) in regard to their
binding to p53 or p300 (Fig. 1). We have also described the
effects of 12S.E.1A on Mdm2-mediated p53 degradation by
affecting p53 ubiquitination via binding to p300. These analy-
ses provide considerable evidence that p300 plays a pivotal role
in Mdm2-mediated p53 turnover by way of integrating ubiq-
uitination and proteolytic processes.

There is now ample evidence that Mdm2 can function as a
ubiquitin ligase (E3) for p53 in vitro (18, 21). Also, a more
recent study has shown that Mdm2 can function as a ubiquitin
ligase (E3) for p53 in vivo (20). Furthermore, we demonstrated
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that Mdm2 can promote in vivo ubiquitination of both wild-
type and specific DNA-binding defective p53 mutants. We have
further demonstrated that the ubiquitination of p53 requires
the binding of Mdm2 to p53 but not to p300. The capability of
Mdm?2 to mediate p53 ubiquitination, and its own ubiquitina-
tion in vitro, requires no other proteins except E1, ubiquitin-
conjugating enzyme, and Ub (21). The in vitro E3 activity of
Mdm2 has been shown to depend on its RING finger. In the
same study, however, an Mdm2 mutant C449S, harboring a
point mutation in the RING finger domain, was found to cata-
lyze ubiquitination of p53 in vitro but did not target p53 for
degradation in vivo. Therefore, it seems that ubiquitination
and proteolysis are biochemically independent processes, and
ubiquitination of p53 does not necessarily lead to proteasomal
degradation (Figs. 2—4.). Because of the finding that p300-
Mdm2 complexes participate in Mdm2-mediated p53 degrada-
tion, we speculated about the steps of the Mdm2-mediated
ubiquitination/proteolysis pathway for p53 that could be af-
fected such that Mdm2 mutants no longer promote p53 degra-
dation in vivo. As such, the mutant Mdm2A4, defective in
p300-binding, was demonstrated to retain the capability to
mediate ubiquitination of both wild-type and mutant p53 and
to inhibit p53-dependent transactivation in vivo but lost its
capability in regard to p53 degradation in vivo. It should be
mentioned that deletion within the 217-246 region in Mdm2A4
does not disrupt the nuclear export sequence, and Mdm2A4 can
localize in the nucleus (27). Moreover, it has been shown that
promoting the nuclear export of p53 by Mdm2 requires the
nuclear export signal of p53 but not that of Mdm2 (40). This
rules out the theory that the Mdm2A4 defect for p53 degrada-
tion is caused by an impaired nuclear export. Thus, the results
from this report strongly support the idea that the ubiquitina-
tion and proteolysis processes are integrated by p300.

It has been hypothesized that p300 plays a role as a platform,
bringing together the necessary catalytic and regulatory fac-
tors needed for p53 ubiquitination/degradation (27). In view of
such a role, it can be envisaged that the p300 protein tempo-
rarily stabilizes the multiple protein complex of ubiquitination/
degradation. Disruption of such multiple protein complexes
through specific protein modification, e.g. phosphorylation or
viral oncoprotein binding, would be expected to affect ubiquiti-
nation and/or degradation that in turn leads to the stabiliza-
tion of p53. An examination of the effects of adenoviral
12S.E.1A on Mdm2-mediated p53 ubiqutination and degrada-
tion fully supports this scenario. Because the 12S.E.1A protein
is known to disrupt p53-dependent transactivation by binding
to the co-activator CBP/p300, a similar binding would disrupt
the complexes of ubiquitination/degradation presumably as-
sembled on p300. In the present study, both 12S.E.1A and
E1AA-(2-36) were shown to stabilize the p53 protein in the
presence of Mdm2. However, consistent with its effects on p53
polyubiquitination activity in vitro, only the 12S.E.1A protein
inhibited the Mdm2-mediated ubiquitination of p53 in vivo. It
has been shown that the N-terminal transactivation domain of
p53 is necessary and sufficient to drive Mdm2-mediated deg-
radation (15). However, ubiquitination of p53 by Mdm2 does
not require the direct binding of Mdm2 to p300. Biochemically
then, the actual ubiquitination process must be occurring on
p300 through a three-way interaction between p53, Mdm2, and
p300. The binding of p53 to p300 is therefore important to such
a ubiquitination process. Nevertheless, it is not fully clear as to
how the E1A protein might stabilize p53. It is noted that in
addition to interaction with p300 and Rb, E1A can also interact
with Sugl and the 19S proteasome and thereby reduce the
ability of human papillomaviral E6 protein to target p53 for
ubiquitin-mediated proteasomal degradation (41). Under con-
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Fic. 6. 12S.E.1A but not E1AA-(2-36) p53(143A)
decreases in vivo Mdm2-mediated Mdm2
P53 ubiquitination. The LFS 041 cells 12S E1A
were transfected with expression vectors E1AA( 2-36)
for p53 (1.5 ug), Mdm2 (6.0 ug), HA-Ub HA-Ub

(4.0 pg), and varying concentrations of

12S.E.1A or E1AA-(2-36) as indicated.

The total amount of transfected DNA was

maintained constant with an empty vec-

tor. After 24 h of transfection, cells were ip.:
treated for 10 h with the proteasome in- anti-p53 (DO6)
hibitor MG132 (10 um) or solvent control
Me,SO. Immunoblots for HA-Ub-P53 con-
jugates using an anti-HA monoclonal an-
tibody were performed as described in the
Fig. 2 legend. The results shown are rep-
resentative of more than three independ-
ent experiments. i.p., immunoprecipitate;
KD, kilodalton.

Immunoblot:
anti-HA

ditions in which cells were transfected with the expression
vector for 12S.E.1A and treated with a proteasome inhibitor,
we observed a decrease instead of an increase in ubiquitin
conjugates of p53 (Fig. 6.). It is possible that the effects of
binding of E1A to Sugl and the 19S proteasome were masked
because of the efficient accumulation of ubiquitin conjugates
under MG132 treatment. Thus, it seems that the binding of
E1A to Sugl and the 19S proteasome might not be the primary
mechanism for E1A to stabilize p53.

The cancer-derived p53 mutants tested in the present study
are unable to bind sequence-specific DNA to activate the expres-
sion of a gene adjacent to the p53 DNA binding site (29). These
mutants are efficiently ubiquitinated and degraded by co-expres-
sion of MdmZ2. The results suggest that the inability to transac-
tivate the Mdm2 gene is the main reason for protein accumula-
tion of these mutants in cancer cells. We can not surmise why
ubiquitin conjugates of these p53 mutants, compared with those
of p53(WT), were easier to accumulate when transfected cells
were treated with MG132. In a recent study, p53 mutants 143A
and 248W were shown to be ubiquitinated by Mdm2 to an ap-
proximately equal level to p53(WT) without treatment by a pro-
teasome inhibitor (33). One possibility is that the proteolysis of
ubiquitin conjugates of these p53 mutants is more susceptible to
the inhibition by proteasome inhibitors. However, the alternative
that these mutants are inherently more prone to ubiquitination
than the wild type cannot be ruled out.

Several lines of evidence converge in supporting the integra-
tion of ubiquitination and proteolysis through a complex as-
sembled on the N-terminal end of p300. First, we have already
established that hHR23A interacts with the CH1 region (aa
325-528) of p300/CBP to down-regulate p53 (28). Moreover,
overexpression of wild-type hHR23A inhibits the p53 transcrip-
tional activity and results in a decreased steady-state protein
level of cellular p53 (28). Second, it is known that hHR23A/B
interact with the 26S proteasome through its N-terminal ubiq-
uitin-like domain and that these proteins co-purify with pro-
teasome in human cells. Specifically, hHR23A/B is shown to
interact with S5a, a subunit of the human 26S proteasome (42).
Third, the ubiquitin-like domain of RAD23 is obviously respon-
sible both for UV-damage response (43) and to interact with the
268S proteasome in yeast (44, 45). Last, our preliminary studies
indicate that the p300-(1-595) segment is very unstable and
co-expression of hHR23A causes a prominent decrease in the
steady-state levels of p300-(1-595) and p300-(325-528) seg-
ments.? Therefore, a model is proposed to suggest that the

2 Q. Zhu, J. Yao, G. Wani, M. A. Wani, and A. A. Wani, unpublished
observation.
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Fic. 7. A possible model for integrating ubiquitination and
degradation. Three-way interaction between p53, Mdm2, and p300 at
the N-terminal region of p300 is depicted schematically. The illustra-
tion shows the N terminus of tetrameric p53 interacting with the N
terminus of the Mdm2 and CH1 region of p300. The C terminus of
hHR23A interacts with the same region of p300 and links the assem-
bled proteins with the 26S proteasome as part of a putative protein lysis
complex.

hHR23A protein, through interaction with CH1 domain, en-
ables the docking of proteasome onto p300 (Fig. 7).

The finding that p300 integrates ubiquitination and proteol-
ysis underscores the complexity of the regulation of the meta-
bolic stability of p53. However, it provides a rationale as to why
p300 would be required for the stabilization of p53 in the
cellular response to DNA damage (28, 46, 47). Interestingly,
the p19ARF tumor suppressor is another participant in the
regulation of Mdm2-mediated p53 degradation. It is noted that
the p19ARF protein physically and functionally interacts with
Mdm2 and p53 (48). The p19ARF stabilizes p53 and restores its
transcriptional activity while promoting Mdm2 degradation
(49). It will be worthwhile to explore whether p19ARF plays
any part in p300/Mdm2-mediated p53 degradation. More im-
portantly, it will be quite revealing to investigate how such an
integrated process responds to DNA damage and cell cycle
progression. Because p300 serves as a co-activator for a large
group of transcription factors, more in-depth studies on the role
of p300 in protein degradation are clearly warranted for un-
derstanding its diverse biological function.
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