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The growth inhibitory functions of p53 are controlled in unstressed cells by rapid degradation of the p53
protein. One of the principal regulators of p53 stability is MDM2, a RING finger protein that functions as an
E3 ligase to ubiquitinate p53. MDM2 promotes p53 nuclear export, and in this study, we show that ubiquiti-
nation of the C terminus of p53 by MDM2 contributes to the efficient export of p53 from the nucleus to the
cytoplasm. In contrast, MDM2 did not promote nuclear export of the p53-related protein, p73. p53 nuclear
export was enhanced by overexpression of the export receptor CRM1, although no significant relocalization of
MDM2 was seen in response to CRM1. However, nuclear export driven by CRM1 overexpression did not result
in the degradation of p53, and nuclear export was not essential for p53 degradation. These results indicate that
MDM2 mediated ubiquitination of p53 contributes to both nuclear export and degradation of p53 but that
these activities are not absolutely dependent on each other.

The p53 tumor suppressor protein plays an important role in
preventing malignant development, and p53 function is lost or
compromised in most human cancers (37). One of the princi-
pal functions of p53 is to inhibit cell growth, and p53 shows
strong cell cycle arrest and apoptotic activities (43). While
these functions play an important role in preventing the growth
of abnormal or damaged cells, p53 activity must be tightly
regulated in normal tissue to allow growth and development.
One of the principal regulators of p53 is the MDM2 protein
(26), and loss of MDM2 results in early embryonic lethality
associated with deregulated p53-mediated apoptosis (10).
MDM2 expression is transcriptionally activated by p53, estab-
lishing a feedback loop in which p53 controls expression of its
own negative regulator (4, 45).

MDM2 shows several functions that contribute to the inhi-
bition of p53 activity. p53 is a transcription factor, and the
activation of cell cycle arrest and apoptotic responses to p53
are dependent, at least in part, on the expression of p53 target
genes (43). The p53 protein contains domains for sequence-
specific DNA binding and an N-terminal transactivation do-
main that forms direct contacts with a number of proteins that
are involved in transcriptional control (22). Since the MDM2
binding site is also within the N-terminal region of p53 (7), one
of the consequences of MDM2 binding is to inhibit p53-medi-
ated transcriptional activity by blocking the p53-transcriptional
coactivator interactions (31, 33, 44). This effect may be further
enhanced by MDM2-mediated inhibition of the acetylation of
p53 by factors such as p300 (21, 23) and an ability of MDM2 to
function directly as a transcriptional repressor (42).

Another function of MDM2 that efficiently abolishes all p53

activity is the ability of MDM2 to target p53 for degradation
through the ubiquitin-dependent proteasome pathway (17, 24).
Interaction between MDM2 and p53 leads to the ubiquitina-
tion and degradation of p53, and this is likely to play a key role
in maintaining p53 at low levels in normal cells. Inhibition of
MDM2 in response to stress leads to the rapid stabilization of
the p53 protein and activation of the p53 response (2). MDM2
has been shown to function as a ubiquitin ligase for p53 (11, 19,
30), and the ability of MDM2 to directly conjugate ubiquitin
onto p53 potentially allows p53 to be recognized by the pro-
teasome for degradation. However, the role of MDM2 in reg-
ulating p53 appears to be more complex, and there is evidence
that MDM2 function is also required for the efficient export of
p53 from the nucleus to the cytoplasm (13). The ability of
MDM2 to export from the nucleus to the cytoplasm may con-
tribute to the export of p53 under some circumstances (36).
However, recent reports have shown that the ability of MDM2
to function as a ubiquitin ligase, rather than its ability to shuttle
to the cytoplasm, is critical in regulating p53 nuclear export (5,
14), although the target of MDM2 ubiquitination in regulation
of nuclear export was not defined. p53 contains two nuclear
export sequences (NES)—one in the N terminus and one in
the C terminus of the protein (40, 49). Oligomerization of p53,
which occurs through the C-terminal domain, obscures the
C-terminal NES and inhibits nuclear export (40). It is therefore
possible that the ubiquitination of p53 within this C-terminal
region reveals the NES and allows p53 export. In support of
this model, we show here that mutation of the six lysine resi-
dues in the C terminus of p53 that are targeted for ubiquiti-
nation by MDM2 results in a p53 protein that is defective for
MDM2 driven nuclear export. By contrast, the p53-related
protein p73 was not exported by MDM2. Nuclear export of p53
is augmented by ectopic expression of the export protein
CRM1, which enhances the activity of both N-terminal and
C-terminal NES in p53. However, CRM1-mediated nuclear
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export was not accompanied by enhanced degradation of p53,
and nuclear export of p53 was not absolutely required for
degradation of p53. These results indicate that ubiquitination
of p53 by MDM2 can contribute to two independent responses,
the nuclear export of p53 and the targeting of p53 to the
proteasome.

MATERIALS AND METHODS

Plasmids and cell culture. Plasmids encoding human wild-type p53, p53K3I,
p53NES, human wild-type MDM2, human wild-type p73�, p73�, and green
fluorescent protein (GFP)-CRM1 have been described previously (6, 8, 9, 40,
51). p53K3R was constructed using site-directed mutagenesis as described pre-

viously (29) to exchange lysines 370, 372, and 373 to arginine. p53K6I and
p53K6R were generated using site-directed mutagenesis, changing lysines 370,
372, 373, 381, 382, and 386 to isoleucine and arginine, respectively.

p73�I mutants (amino acids 9 to 22 deleted) were generated by PCR in two
steps. First, using cDNA3-HAp73 as a template, the DNA coding for the N
terminus of the protein was amplified with 5� phosphorylated primer pGGAG
GTGGCGGTGGACTG and a vector-specific T7 primer. The C-terminal part of
the p73 coding sequence was synthesized with primer pGAACCAGACAGCA
CCTACTTC and a vector-specific SP6 primer. The two parts were ligated, and
the product was used as a template for the amplification with vector-specific
primers. The final PCR product was subcloned and sequenced on both strands.

Wild-type p53 expressing human U2OS cells, p53 null human H1299, and
p53/MDM2 double null mouse embryo fibroblasts (MEFs) were maintained in
Dulbecco modified Eagle medium supplemented with 10% fetal calf serum at
37°C. Cells were transfected using calcium phosphate coprecipitation and har-

FIG. 1. In vitro ubiquitination of p53 proteins. (a) Ubiquitination of in vitro-translated p53 protein following incubation with recombinant E1,
UbcH5B (E2), and ubiquitin as indicated. (b) Cartoon of the p53 protein showing the MDM2 binding region and nuclear export sequence at the
N terminus and the oligomerization, nuclear localization, and nuclear export sequences at the C terminus. The positions of the six lysine residues
mutated in the p53 mutants p53K6I and p53K6R, K370, 372, 373, 381, 382, and 386, are also shown. p53�I lacks conserved region I and has lost
the ability to interact with MDM2. (c) In vitro ubiquitination of wild-type p53 or p53K6I. Ubiquitination was lost following addition of EDTA or
mutation of the six C-terminal lysine residues in p53.

8522 LOHRUM ET AL. MOL. CELL. BIOL.



vested for protein analysis 24 h posttransfection. To monitor for equal transfec-
tion efficiency and protein loading, 1 �g of pEGFP-N1 (Clontech) was included
in each transfection.

In vitro ubiquitination assay. In vitro ubiquitin modification of p53 was con-
ducted essentially as previously described (11). In brief, recombinant glutathione
S-transferase (GST)-MDM2 expressed in Escherichia coli cells was purified on
glutathione-Sepharose, mixed with in vitro-translated p53 (10,000 cpm), and
incubated at 4°C for 1 h. The beads were washed three times in reaction buffer
and incubated with bacterial recombinant UbcH5B (200 ng) rabbit E1 (Calbio-
chem) (50 ng), and His6-Ubiquitin (Calbiochem)(1 �g) in 30 �l of reaction
buffer. The reaction was stopped after 60 min at 30°C by the addition of sodium
dodecyl sulfate (SDS) sample buffer. Reaction products were resolved and visu-
alized by SDS–8% polyacrylamide gel electrophoresis and autoradiography.

Immunofluorescence. U2OS or H1299 cells were plated on 10-cm2 dishes (106

cells) containing 1-cm diameter glass coverslips and transfected as described.
Twenty-four hours after transfection, cells on the coverslips were washed three
times with phosphate-buffered saline (PBS), and then fixed in 4% paraformal-
dehyde for 10 min at room temperature. After fixation, cells were washed in PBS
three times and then permeabilized in ice-cold PBS containing 0.2% Triton
X-100 for 5 min. Cells were blocked in PBS containing 0.5% bovine serum
albumin at room temperature for 30 min and then incubated overnight at 4°C
with anti-p53 CM-1 (Novocastra Sciences), anti-HA (Santa Cruz), or anti-
MDM2 AB1 (Oncogene Science) antibody in blocking solution respectively.
Cells were washed three times with PBS and incubated for 1 h at room temper-

ature with fluorescein isothiocyanate (FITC-conjugated rabbit anti-mouse anti-
body (1:100; DAKO), FITC-conjugated donkey anti-rabbit antibody (1:100; Am-
ersham), Cy3-conjugated donkey anti-rabbit antibody (1:500; Jackson
ImmunoResearch), Cy3-conjugated donkey anti-mouse antibody (1:500; Jackson
ImmunoResearch), Oregon-green conjugated goat anti-mouse antibody (1:500;
Molecular Probes), or Oregon-green conjugated goat anti-rabbit antibody (1:
500; Molecular Probes) in blocking solution, containing 1 �g of DAPI (Sigma)/
ml. Cells were washed three times with PBS and slides were mounted with
PBS/glycerol mount.

Heterokaryon assays. Heterokaryons of U2OS cells and p53/MDM2�/� MEFs
were formed as described previously (40), with the following modifications.
Twenty-four hours after transfections, U2OS cells were mixed with p53/
MDM2�/� MEFs and reseeded onto glass coverslips. After 3 h, the cells were
incubated for another 3 h in the presence of 50 �g of cycloheximide (Sigma)/ml.
After 30 min in the presence of 100 �g of cycloheximide/ml, the cells were fused
with 50% polyethylene glycol (PEG 3350 (Sigma) for 2 min, washed in PBS, and
returned to medium containing 100 �g of cycloheximide/ml for another 1-h
incubation. After paraformaldehyde fixation, immunostaining was performed as
described above. Human and mouse nuclei were distinguished by DAPI (4�,6�-
diamidino-2-phenylindole) staining or reactivity with a human specific Ku86
antibody (Santa Cruz).

Protein analysis. To assess MDM2 or p53 protein levels, proteins from whole-
cell extracts were separated by SDS–12% polyacrylamide gel electrophoresis and
analyzed by Western blotting with anti-p53 DO-1 or 1801 (Pharmingen), anti-

FIG. 2. (a) Subcellular localization of transfected wild-type p53, p53K3I, p53K3R, p53K6I, p53K6R, and p53�I proteins in U2OS cells.
Costaining with DAPI shows localization of the nucleus. Identical results were obtained with H1299 cells (data not shown). (b) Subcellular
localization of transfected p73�, p73�, p73��I, and p73��I proteins in U2OS cells. The p73 proteins were HA tagged and detected with an
anti-HA antibody. Costaining with DAPI shows localization of the nucleus.
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MDM2 AB1 and SMP14 (Oncogene Science), and anti-GFP (Clontech) anti-
body. To detect ubiquitinated p53, the cells were incubated in the proteasome
inhibitor LLnL (N-acetyl-leucyl-leucyl-norleucinal) or MG132 for 2 h prior to
harvesting. To assay for MDM2 and p53 association, 24 h after transfection, cells
were washed three times in ice-cold PBS and lysed in 500 �l (per 10-cm-diameter
dish) of NP-40 lysis buffer (100 mM NaCl, 100 mM Tris [pH 8.0], 1% NP-40) for
30 min at 4°C. MDM2 protein was immunoprecipitated overnight at 4°C by
incubation with a mixture of anti-MDM2 SMP14 and AB1-protein A-Sepharose
beads equilibrated in NP-40 lysis buffer. The immunoprecipitated protein was
washed three times with NP-40 buffer, and samples were resuspended in 50 �l of
2� SDS sample buffer and incubated at room temperature for 10 min. The
samples were then separated by SDS–12% polyacrylamide gel electrophoresis
and analyzed by Western blotting with anti-p53 and anti-MDM2 antibodies.

RESULTS

C-terminal lysine residues in p53 are targets of ubiquitina-
tion. In vitro ubiquitination of p53 by MDM2 results in the
accumulation of polyubiquitinated p53, with several distinct
bands that may represent ubiquitination at multiple lysine res-
idues (Fig. 1a). We showed previously that deletion of the
C-terminal 23 amino acids of p53 prevents efficient degrada-
tion by MDM2 (25), and we considered that the in vitro ubiq-
uitination pattern might represent conjugation of ubiquitin
onto each of the six lysine residues within this region. We
therefore generated a p53 mutant, p53K6I, carrying substitu-
tions of lysine to isoleucine at these six residues (Fig. 1b).
Ubiquitination of this mutant p53 protein by MDM2 in the in
vitro assay was significantly reduced, although at least one
ubiquitinated band was consistently seen, suggesting that other
lysine residues in p53 could be targeted by MDM2 when the six
C-terminal lysines are missing (Fig. 1c). These results are con-
sistent with two previous publications identifying C-terminal
lysine residues in p53 as targets for MDM2-mediated ubiquiti-
nation (32, 35).

Subcellular localization of p53 lysine mutants. The C ter-
minus of p53 has been shown to contain three nuclear local-
ization signals, two of which contain lysine residues that are
targets for ubiquitination (Fig. 1b). We have previously shown
that deletion of the C-terminal 23 amino acids of p53 contain-
ing all six lysines and two nuclear localization signals gave rise
to a protein localized to the nucleus, like wild-type p53 (25).
However, analysis of the subcellular localization of p53K6I, in
which the six ubiquitinated lysines were substituted for isoleu-
cine, revealed both cytoplasmic and nuclear localization which
was also evident following mutation of only the last three
lysines (381, 382, and 386) to isoleucine (Fig. 2a). A similar
cytoplasmic localization of mutants carrying alanine substitu-
tions at these lysine residues has been attributed to enhanced
export (15, 32). In light of these observations, we constructed
another p53 mutant in which the lysine residues were mutated
to arginine, to mimic the nuclear localization signals, and con-
firmed previously published results that this mutant localizes to
the nucleus like the wild-type protein and the p53�I protein
lacking the MDM2 binding site (Fig. 2a) (35). Similarly, the
p53-related proteins p73� and p73� and p73 mutants that
lacked the MDM2 binding site (p73��I and p73��I) were
localized to the nucleus in transfected cells (Fig. 2b).

Ubiquitination and degradation of p53 lysine mutant in
cells. Our studies and previous reports suggested that the loss
of the six lysines at the C terminus of p53 would not affect
MDM2 binding but would render the p53 protein resistant to

degradation. To confirm these predictions in our cell systems,
we examined the interaction of each p53 protein with MDM2
by coimmunoprecipitation from transfected cells (Fig. 3a).
These studies confirmed that while the deletion of the MDM2
binding region in p53�I prevented interaction with MDM2,
mutation of the six lysine residues in p53K6R did not signifi-
cantly affect binding to MDM2. We also examined the accu-
mulation of ubiquitinated p53 proteins expressed in U2OS
cells following the inhibition of degradation through the pro-
teasome (Fig. 3b). In agreement with the in vitro assay, dele-
tion of the MDM2 binding site abolished ubiquitination of p53,
while mutation of the six C-terminal lysine residues signifi-
cantly decreased ubiquitination. We did note, however, that

FIG. 3. (a) Association of p53, p53�I, and p53K6R with MDM2
following cotransfection into U2OS cells. MDM2 protein was immu-
noprecipitated from whole-cell lysates, and bound p53 was detected by
Western blotting (�-MDM2-IP). Levels of expression of each p53
protein was determined by Western blotting using the whole-cell lysate
(input). (b) Ubiquitination of p53, p53K6R, and p53�I following trans-
fection with or without MDM2 in U2OS cells. Cells were treated with
50 �M LLnL 2 h prior to harvesting. Ubiquitination of the p53 pro-
teins was detected by Western blotting. (c) Degradation of p53, p53�I,
p53K3R, and p53K6R following cotransfection of p53-null Saos-2 cells
with MDM2 as indicated. The levels of p53 and MDM2 proteins were
assessed by Western blotting 24 h after transfection. Identical results
were obtained in U2OS cells (data not shown).
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following overexpression of exogenous ubiquitin the p53K6R
mutant showed clear evidence of ubiquitination (data not
shown), supporting the presence of at least one other ubiquiti-
nation site in p53. p53 mutants that were not efficiently ubiq-
uitinated by MDM2, either because of an inability to bind
MDM2 (p53�I) or mutation of the C-terminal lysine residues
(p53K6R), were also resistant to MDM2-mediated degrada-
tion (Fig. 3c), although at higher MDM2 levels some degrada-
tion of p53K6R was observed, as previously reported for a p53
mutant lacking this C-terminal region (25). These results are
again consistent with the retention of some ubiquitination for
the p53K6R mutant in cells.

Effect of MDM2 on subcellular localization of p53. Previous
studies have shown that the export of p53 from the nucleus to
the cytoplasm depends on nuclear export sequences within the

C terminus of p53, but that efficient nuclear export depends on
the ubiquitin ligase activity of MDM2 (5, 14, 40). Consistent
with these studies, we found that coexpression of MDM2 with
wild-type p53 enhanced nuclear export of p53, increasing the
proportion of cells in which cytoplasmic p53 was detected (Fig.
4). By contrast, nuclear export of p73� and p73� was not
enhanced by MDM2 (Fig. 4). Instead, coexpression of MDM2
resulted in the localization of both p73 and MDM2 to nuclear
aggregates in some cells, while other cells retained p73 and
MDM2 in the nucleoplasm, as recently reported (16). Relo-
calization to the nuclear aggregates appeared to correlate with
high levels of MDM2 expression and was dependent on the
ability of p73 to interact with MDM2, since p73 proteins mu-
tated in the MDM2 binding site (p73��I and p73��I) did not
show this relocalization (Fig. 4). Although the significance of

FIG. 4. Subcellular localization of p53, p73�, p73� p73��I, and p73��I proteins in U2OS cells following cotransfection with MDM2.
Costaining with DAPI shows localization of the nucleus.
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the nuclear localization of p73 and MDM2 is not clear, these
results show some specificity in the ability of MDM2 to pro-
mote nuclear export.

Although p73 can bind MDM2, this does not target p73 for
degradation (3, 34, 48). To investigate whether nuclear export
of p53 is related to its ubiquitination, we examined the subcel-

lular localization of the p53 mutants which localized to the
nucleus in the absence of cotransfected MDM2 (Fig. 2) in
response to MDM2 (Fig. 5). The ability of MDM2 to promote
nuclear export of p53 was dependent on the ability to bind p53,
since a p53 mutant that cannot bind MDM2 (p53�I) remained
in the nucleus following MDM2 expression (Fig. 5a). The same
staining patterns were seen using GFP-tagged p53 proteins
(Fig. 5b). Interestingly, nuclear export of the p53K6R mutant
by MDM2 was also significantly reduced (Fig. 5a and b), sug-
gesting that ubiquitination of p53 on these residues is neces-
sary for efficient nuclear export. To confirm that nuclear local-
ization of the mutant p53 proteins is the results of a failure to
export from the nucleus, as opposed enhanced nuclear import,
we carried out heterokaryon assays (Fig. 5c). Although the
transport of wild-type p53 between the nuclei of transfected
human U2OS cells and p53/MDM2�/� mouse embryo fibro-
blasts was seen in the presence of MDM2, both the p53K6R
mutant and p53�I proteins were restricted to the human nu-
cleus in which they were expressed. These results confirm that

FIG. 5. (a) Subcellular localization of p53, p53�I, and p53K6R in
the presence of cotransfected MDM2. Costaining with DAPI shows
localization of the nucleus. Identical results were obtained with H1299
cells (data not shown). (b) Graph summarizing three independent
experiments with U2OS cells, showing the proportion of cells express-
ing cytoplasmic p53 following transfection with GFP-p53, GFP-p53�I,
GFP-p53K6R, and MDM2 as indicated. (c) Heterokaryon assays be-
tween U2OS cells transfected with p53, p53K6R, or p53�I and p53/
MDM2 �/� MEFs. After cell fusion, p53 protein was detected in
human and mouse nuclei (white arrow).
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MDM2 expression cannot enhance nuclear export of these p53
mutants and are consistent with those described in the accom-
panying paper (15).

The accessibility of the nuclear export signal in the C termi-
nus of p53 to the export machinery has been shown to be
regulated by the oligomerization status of the p53 protein (40),
which may be affected by protein concentration. It is possible
that p53 at a low concentration exists mostly in the monomeric
form, exposing the NES and allowing export to the cytoplasm,
while increased concentration of p53 leads to oligomerization,
concealing the NES and therefore resulting in nuclear seques-
tration. Since both the p53�I and p53K6R mutants are not
degraded by MDM2 and may therefore be expressed at higher
levels than wild-type p53, we considered the possibility that
failure of these mutants to export was related simply to an
increased proportion of oligomerized p53 in the nucleus. To
address this point, we examined the ability of MDM2 to influ-
ence nuclear export in the presence of proteasome inhibitors,
which prevent p53 degradation and allow expression of com-
parable levels of wild-type and mutant p53 proteins. MDM2
clearly retained the ability to enhance the export of wild-type
p53 following treatment of cells with either LLnL or MG132
for 1.5 (Fig. 6), 3, or 4 h (data not shown), indicating that
increased protein expression, which might affect the oligomer-

ization status of p53, is not sufficient to sequester p53 in the
nucleus.

CRM1 enhances nuclear export of p53. The export of p53
from the nucleus has been shown to be inhibited by treatment
with leptomycin-B, suggesting that export is mediated through
a CRM1-dependent mechanism (40). Coexpression of exoge-
nous CRM1 efficiently enhanced export of p53 (Fig. 7a), which
was further increased following transfection of MDM2 (Fig.
7b). Interestingly, although reduced compared to wild-type
p53, the p53K6R mutant showed a significant increase in nu-
clear export following CRM1 expression, probably reflecting
enhanced export through the N-terminal NES. As predicted,
the addition of MDM2 did not further enhance the export of
these p53 mutants, even in the presence of additional CRM1
(Fig. 7b). These results support previous studies showing
MDM2 independent export of p53 through both N- and C-
terminal NES (40, 49).

Unlike p53, MDM2 nuclear export was not significantly en-
hanced by expression of CRM1 in these studies (Fig. 7a).
Although MDM2 has also been shown to contain a nuclear
export signal (36), this observation suggests that the export of
MDM2 is independent of the export of p53 and regulated by a
different mechanism.

Nuclear export and degradation of p53 are not dependent on
each other. The ability of CRM1 to enhance the export of p53

FIG. 5—Continued.
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independently of MDM2 allowed us to examine whether ex-
port of p53 is sufficient to allow degradation. Despite the
efficient nuclear export of wild-type p53 in the presence of
CRM1, we were unable to detect enhanced degradation fol-
lowing CRM1 expression. Indeed, enhanced export by overex-
pression of CRM1 slightly reduced the sensitivity of p53 to
MDM2-mediated degradation (Fig. 8a). These results indicate
that MDM2 ubiquitination of p53 contributes to both export
and degradation of the p53 protein, and that these may be
separable activities. In the light of these observations, and our
previous studies showing that proteasome inhibition leads to
the accumulation of p53 in the nucleus and not in the cyto-
plasm (25), we reassessed the importance of nuclear export of

p53 for p53 degradation. In the cell systems under study here,
a p53 protein mutated in the C-terminal NES (40) was effi-
ciently degraded by MDM2 (Fig. 8b). However, as shown pre-
viously (5, 14), MDM2 did not enhance the nuclear export of
this mutant (data not shown), despite the retention of the
N-terminal NES. These results suggest that nuclear export and
degradation of p53 are not necessarily interdependent and may
be regulated separately.

DISCUSSION

Nuclear-cytoplasmic shuttling of p53 depends on nuclear
export signals in the N and C termini of the p53 protein (5, 14,

FIG. 6. (a) Subcellular localization of p53 and MDM2 in U2OS cells with or without treatment with LLnL (50 �M LLnL for 1.5 h). (b) Graph
showing the proportion of cells expressing cytoplasmic p53 following transfection of GFP-p53 with or without MDM2 in the presence of LLnL (50
�M) or MG132 (1 �M) as indicated.
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40, 49), and MDM2 can enhance nuclear export through the
C-terminal signal. The C-terminal NES is concealed following
the tetramerization of p53, but revealed and accessible to the
nuclear export machinery in monomers or dimers of p53 (40).
Since nuclear localization is necessary for p53 to function to
suppress cell growth (38), export of p53 to the cytoplasm rep-
resents an efficient mechanism to negatively regulate p53 ac-
tivity. Indeed, the cytoplasmic localization of p53 in some tu-
mors is associated with hyperactive nuclear export (40).

Our data indicate that ubiquitination at the C terminus of
p53 contributes to the nuclear export of the p53 protein. Since
MDM2-dependent export of p53 occurs with equal efficiency
even when degradation is blocked using proteasome inhibitors,
it seems unlikely that our results reflect differences in wild-type
and mutant p53 protein concentrations, leading to altered oli-
gomerization states that might reveal the nuclear export se-
quence in p53. Our results support a model in which ubiquiti-
nation of the C terminus of p53, in a region close to both the
nuclear export and oligomerization sequences (Fig. 1b), re-
veals the nuclear export signal and allows interaction of p53
with the CRM1-dependent nuclear export machinery.

Unlike the effect on p53, MDM2 failed to drive nuclear
export of p73, and at higher expression levels, some relocal-
ization of both p73 and MDM2 to nuclear aggregates was
observed, as recently reported (16). Interestingly, although p73
is also targeted for proteasome-mediated degradation (3), this
is not mediated by MDM2, and inhibition of nuclear export
using leptomycin B (LMB), which results in the stabilization of
p53, fails to stabilize p73 (39). Taken together, these results
suggest that the mechanisms regulating p73 stability are differ-
ent from those controlling p53, with no apparent role for

MDM2 or nuclear export. The significance of the MDM2-
dependent relocalization of p73 to nuclear aggregates remains
to be elucidated.

Inhibition of p53 nuclear export by LMB suggested a role for
the export receptor CRM1, and we have shown that ectopic
expression of CRM1 can strongly enhance nuclear export of
p53. In contrast, the export of MDM2 is not enhanced by the
ectopic expression of CRM1, supporting the previous observa-
tion that the export of p53 can occur independently of nuclear
export of MDM2 (5, 14).

MDM2 has been shown to ubiquitinate p53 in the nucleus
(47), and our data suggest that nuclear export is not essen-
tial for degradation, which is likely to be carried out, to
some extent, by nuclear proteasomes. These results are con-
sistent with another recent report showing degradation of
p53 by MDM2 in the nucleus (46) and suggest that the
stabilization of p53 by treatment with LMB (12, 28) may
reflect the consequences of blocking nuclear export of pro-
teins other than p53. However, others have shown that p53
proteins with mutations in the C-terminal NES are resistant
to MDM2-mediated degradation (5, 14), indicating that al-
though not essential, cytoplasmic factors can contribute to
the efficiency of degradation of p53. Nevertheless, our re-
sults indicate that the ability to MDM2 to ubiquitinate p53
can contribute to both degradation and nuclear export, but
that these two responses are not absolutely dependent on
each other. Efficient nuclear export of p53 following expres-
sion of exogenous CRM1 alone does not enhance p53 deg-
radation, and inhibition of nuclear export by mutation
within the C-terminal NES in p53 does not abolish MDM2
mediated degradation. These results raise the possibility
that nuclear export and degradation of p53 are regulated
independently and that enhancement of one response may
not lead to an increase in the other. This may be reflected in
some tumors, where enhanced export of p53 is associated
with cytoplasmic accumulation, rather than enhanced deg-
radation (40).

The observation that nuclear export and proteasome target-
ing of p53 following ubiquitination by MDM2 are separable
also leads to the possibility that additional steps may be nec-
essary for one or other response. A recent report suggests that
when using purified components, MDM2 may only direct mul-
tiple monoubiquitination of p53 (27). In order for a protein to
be targeted to the proteasome, it must be polyubiquitinated
with chains of at least four ubiquitin residues (41), and it is
clear that polyubiquitination of p53 by MDM2 can be detected
in assays that contain components isolated from cells or reticu-
locyte lysate (11, 19, 20, 30). These results suggest that addi-
tional cellular factors may be required for polyubiquitination
of p53 in response to MDM2. Although not sufficient for deg-
radation, the ability of MDM2 to monoubiquitinate p53 could
regulate p53 in other ways (18) and may be enough to allow
nuclear export of p53. How the balance between mono- and
polyubiquitiation of p53 is regulated remains to be determined,
but it is interesting to consider that the additional factors
required for polyubiquitination and degradation of p53 may
also be recruited by MDM2. In support of this suggestion,
several recent studies have described MDM2 mutants that
retain ubiquitin ligase activity but fail to target the degradation
of p53 (1, 50).

FIG. 6—Continued.
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FIG. 7. (a) Subcellular localization of p53, MDM2, and GFP-
CRM1 following transfection into U2OS cells. Costaining with DAPI
shows localization of the nucleus. (b) Graph showing the proportion of
cells expressing cytoplasmic p53 following transfection of wild-type
p53, p53�I, or p53K6R, with GFP-CRM1 and MDM2 in U2OS cells.
Note the reduced sensitivity of detection of cytoplasmic localization of
untagged p53 compared to GFP-p53 shown in Fig. 5b and 6b.
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