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The p53 tumor suppressor protein is stabilized in response to cellular stress, resulting in activation of genes
responsible for either cell cycle arrest or apoptosis. The cellular pathway for releasing normal cells from
p53-dependent cell cycle arrest involves the Mdm2 protein. Recently, a p53-binding protein with homology to
Mdm2 was identified and called MdmX. Like Mdm2, MdmX is able to bind p53 and inhibit p53 transactiva-
tion; however, the ability of MdmX to degrade p53 has yet to be examined. We report here that MdmX is
capable of associating with p53 yet is unable to facilitate nuclear export or induce p53 degradation. In addition,
expression of MdmX can reverse Mdm2-targeted degradation of p53 while maintaining suppression of p53
transactivation. Using a series of MdmX deletions, we have determined that there are two distinct domains of
the MdmX protein that can stabilize p53 in the presence of Mdm2. One domain requires MdmX interaction
with p53 and results in the retention of both proteins within the nucleus and repression of p53 transactivation.
The second domain involves the MdmX ring finger and results in stabilization of p53 and an increase in p53
transactivation. The potential basis for stabilization and increased p53 transactivation by the MdmX ring
finger domain is discussed. Based on these observations, we propose that the MdmX protein may function to
maintain a nuclear pool of p53 protein in undamaged cells.

Following genotoxic stress, the p53 tumor suppressor pro-
tein is induced and depending on the cell type elicits either a
cell cycle arrest or apoptosis (1). These cellular effects of p53
are mediated predominately by the ability of p53 to transacti-
vate specific genes. For example, p53-induced G1 and G2 ar-
rests require the ability of p53 to activate genes such as p21 and
14-3-3s (7, 11). In contrast, the ability of p53 to trigger apo-
ptosis has been linked to activation of genes such as bax-1 (20),
Killer/DR5 (34), and genes involved in oxygen free radical
production (25).

While many human tumors evade the growth constraints of
p53 by harboring p53 genetic alterations (mutation or dele-
tion) or by inactivation of p53 protein via specific viral pro-
teins, the cellular pathway that releases a normal cell from
p53-dependent cell cycle arrest involves the Mdm2 protein.
The gene encoding the Mdm2 protein was initially character-
ized as a proto-oncogene found amplified in a transformed
3T3DM cell line (6). Later it was discovered that Mdm2 could
bind to p53, repress p53-dependent transactivation of target
genes (21, 24), and promote rapid degradation of p53 through
the ubiquitin-proteosome pathway (10, 16). In fact, the mdm2
gene can be activated following genotoxic stress by p53 (2, 35),
providing a mechanism by which p53 can autoregulate its own
function. Not surprisingly, overexpression of Mdm2 results in
cellular transformation of cells possessing wild-type p53 (8,
30).

Recent studies have delineated the requirements for Mdm2-
mediated degradation of p53. First, both a nuclear localization
sequence and a nuclear export sequence (NES) must be
present on Mdm2 in order for nucleocytoplasmic shuttling of
p53-Mdm2 complexes to occur (33). Export of Mdm2-p53
complexes has been shown to occur via the CRM1-dependent
nuclear export pathway since mutation of the Mdm2 NES or
inhibition of CRM1 export with leptomycin B results in in-

creased p53 protein stability (10, 16, 27). Second, cysteine 464
of the Mdm2 ring finger domain has been shown to be essential
for the ability of Mdm2 to act as a ubiquitin ligase E3 for p53
in vitro (12) as well as its ability to mediate degradation of p53
in vivo (18). Third, specific regions of the p53 protein itself are
required for efficient degradation. The Mdm2-binding domain
and the oligomerization domain of p53 are required; addi-
tional evidence also indicates the involvement of the extreme
C-terminal region of p53. Deletion of merely 16 amino acids
renders p53 resistant to degradation even though the protein is
still capable of oligomerization and interaction with Mdm2
(17).

In 1996, a p53-binding protein with considerable homology
to Mdm2 was discovered and termed MdmX (29). Like the
mdm2 gene, mdmX is found expressed in all murine and hu-
man tissues. However, while mdm2 gene expression is regu-
lated in a p53-dependent manner (2, 35), mdmX gene expres-
sion does not modulate in response to DNA damage or p53
(29). Comparison of the p53 interaction domains of MdmX
and Mdm2 by using phage-displayed peptides demonstrates
nearly identical p53 binding pocket conformations for both
proteins (5). In addition, the primary sequence of MdmX dem-
onstrates a strong homology to Mdm2 within the zinc and ring
finger domains. However, while Mdm2 and MdmX appear
structurally similar, genetic evidence suggests that mdmX can-
not substitute for mdm2 during early embryonic development
(15, 22), perhaps indicating a divergence in function between
these proteins. Recently it was shown that Mdm2 and MdmX
form stable heterodimers through their ring finger domains
and that this interaction resulted in a substantial increase in
the half-life of Mdm2 (32).

In the present study, we demonstrate that MdmX can re-
verse Mdm2-targeted degradation of p53 while maintaining
suppression of p53 transactivation. Using a series of MdmX
deletions, we have determined that there are two distinct do-
mains of MdmX that can stabilize p53 in the presence of
Mdm2. Based on these observations, we propose that the
MdmX protein functions to maintain a nuclear pool of tran-
scriptionally inactive p53 protein in undamaged cells.
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MATERIALS AND METHODS

Cell lines and antibodies. 2KO cells are embryo fibroblasts derived from mice
lacking both p53 and mdm2 genes (generously provided by Guillermina Lozano).
H1299 cells are a non-small-cell lung carcinoma line devoid of p53. HeLa and
NIH 3T3 cells were obtained from the American Type Culture Collection. All
cells were maintained in Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum and 10 mg of gentamicin per ml. p53-
specific antibodies FL 1-393 (Santa Cruz Biotechnology, Inc.) and Ab421 (On-
cogene) were used. MdmX and Mdm2 polyclonal rabbit antibodies were
generated by using bacterially expressed recombinant protein and do not show
cross-reactivity (data not shown). The MdmX antibody was purified by using an
Immunopure immunoglobulin G purification kit (Pierce). The polyclonal Mdm2
antibody 2A10 was a kind gift from Gerald Zambetti, St. Jude Research Hospi-
tal. A horseradish peroxidase-conjugated secondary antibody (Promega) was
used for chemiluminescence detection of proteins.

Plasmids. Cytomegalovirus (CMV)-based constructs CMVp53, CMVmdmX,
CMVhdm2, and CMVmdm2 were generated by cloning each wild-type cDNA
(including the stop codons) into pcDNA3.1mychis2 (Invitrogen) such that the
c-Myc epitope and six-histidine tag are not in frame with the cDNAs.
CMVmdm2DRF was generated by cloning the mdm2 cDNA encoding the first
467 amino acids in frame with the c-Myc epitope and six-histidine tag. Enhanced
green fluorescent protein (EGFP)-expressing constructs CMVmdmX-EGFP and
CMVmdm2-EGFP were constructed by cloning the respective cDNA into
pEGFP-N1 (Clontech). MdmX deletion mutants were constructed by PCR using
Pfu DNA polymerase. All cDNA constructs were confirmed by DNA sequencing.
CMVHPV16-E6 was a gift from Kathleen R. Cho. PG13CAT and MG15CAT
contain 13 copies of the p53 consensus sequence and 15 copies of a mutated p53
consensus sequence, respectively. Both PG13CAT and MG15CAT were gifts
from Bert Vogelstein. pGL3Basic and CMVRLuc (both from Promega) were
used for normalization of transfection efficiency.

Transfections. H1299, HeLa, and MEF 2KO cells were transiently transfected
with the indicated amounts of plasmid by using Lipofectamine (Gibco BRL).
After a 5-h incubation in DMEM lacking serum and antibiotics, the cells were
refed with DMEM containing serum and antibiotics, and whole-cell extracts were
made 24 h later. Whole-cell extracts were made by incubating frozen cell pellets
in a 23 volume of either single lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl,
1.0% NP-40, 1.0 mg of aprotinin per ml, 100 mg of phenylmethylsulfonyl fluoride
per ml) or PBSA (phosphate-buffered saline [PBS] containing 5 mM EDTA and
0.5% Triton X-100). In all degradation assays, transfection efficiency was nor-
malized to that of either pGL3Basic or CMVRLuc and quantified from whole-
cell extracts with a luciferase assay system (Promega).

Protein analysis. The immunoprecipitation for Fig. 2 was performed by incu-
bating each extract with 250 ml of LSAB (100 mM NaCl, 100 mM Tris [pH 8.0],
0.5% NP-40, 10 mM dithiothreitol, 100 mg of phenylmethylsulfonyl fluoride per
ml) with or without 4.0 mg of Ab421 per ml for 1 h. Protein G-agarose (25 ml of
a 50% PBS slurry) was added to each reaction and incubated an additional 1 h.
The protein G-agarose–antibody complexes were washed three times in LSAB
and then resuspended in a sodium dodecyl sulfate loading dye. The immuno-
precipitated proteins were analyzed via Western analysis using a polyclonal
antibody for p53 (FL 1-393) or MdmX. For Fig. 6, the cells were lysed in 300 ml
of PBSA and the cell lysate was immunoprecipitated with 15 ml of polyclonal
MdmX antibody for 12 h. For Western analysis, proteins were resolved on a
sodium dodecyl sulfate–10% polyacrylamide gel followed by transfer of proteins
to a polyvinylidene difluoride membrane (Millipore) by using a Transblot system
(Bio-Rad). Immunoblotting was performed as described elsewhere (3), using
primary antibodies at a 1:3,000 dilution and secondary antibodies (goat anti-
mouse or goat anti-rabbit conjugated to horseradish peroxidase) at a 1:5,000
dilution. Filters were then exposed to a chemiluminescent reagent and exposed
to X-ray film. For Fig. 4, 1 mg of bacterially produced p53 was mixed with
equivalent radioactivity counts of in vitro-translated 35S-labeled MdmX or
MdmXDp53 in 250 ml of LSAB containing 4.0 mg of Ab421 per ml for 1 h. The
remaining steps of the immunoprecipitation were performed as described above.

Cellular localization studies. Heterokaryon assays were performed as previ-
ously described (27, 31). Briefly, 3 mg of CMVmdmX-EGFP or CMVmdm2-
EGFP was transfected into HeLa cells as described above. Transfected HeLa
cells (105) were plated with 1.5 3 105 murine NIH 3T3 fibroblasts onto Lab-Tek
II chamber slides (Nalge Nunc International). After 18 h, the cells were treated
with cycloheximide (100 mg/ml) for 15 min, fused with 50% polyethylene glycol
3350-PBS for 4 min, and incubated in complete medium containing cyclohexi-
mide for an additional hour. In an additional experiment, H1299 cells were used
in place of HeLa cells and the postfusion incubation time was extended from 1 h
to 3 h (Fig. 3A, panels g to i). The cells were then fixed in 3% paraformaldehyde
in PBS for 10 min, permeabilized with 1% Triton X-100 in PBS for 15 min, and
blocked with PBS containing 10% goat serum, 0.5% bovine serum albumin, and
0.05% Tween 20. Cells were then incubated with a monoclonal antibody to
b-actin (Sigma) at a 1:250 dilution and a secondary antibody conjugated to Texas
red (Jackson Laboratories) at a 1:500 dilution. The cells were treated with
Hoechst 33342 (50 mg/ml) for 10 min and mounted with Gel Mount (Biomeda
Corp.) The cells were analyzed by confocal fluorescence microscopy.

CAT assays. Chloramphenicol acetyltransferase (CAT) activity was measured
by incubating each extract (equal luciferase units) with 0.25 mCi of [14C]chlor-

amphenicol and 25 mg of n-butyl coenzyme A in 125 ml of 0.25 M Tris-Cl (pH
8.0). Acetylated products were purified by extraction with mixed xylenes followed
by three back extractions with 0.25 M Tris-Cl (pH 8.0). The mixed xylenes were
then transferred to a vial containing liquid scintillation fluid for quantification of
acetylated [14C]chloramphenicol. Each assay was performed in duplicate, and
the bar graphs (Fig. 5B and 7C) represent the average deviation of the duplicate
samples.

RESULTS

MdmX can reverse Mdm2-mediated degradation. Mdm2 in-
activation of p53 function results from direct interaction with
the p53 transactivation domain and nuclear export of p53 for
ubiquitin-mediated degradation (27). By comparing Mdm2
and MdmX, we concluded that the Mdm2 NES, essential for
transporting nuclear p53 to the cytoplasm, was altered in
MdmX (Fig. 3B). Thus we decided to examine how MdmX
affected the levels of p53 protein.

In Fig. 1, we examined the ability of MdmX to degrade p53
in either murine embryo fibroblasts devoid of p53 and Mdm2
(MEF 2KO) or human lung carcinoma cells lacking p53
(H1299). With both cell types, p53 degradation was not ob-
served when p53 was cotransfected with MdmX (Fig. 1, lane 4).
In contrast, p53 protein levels were dramatically decreased in
p53 transfections containing either Mdm2 or human papillo-
mavirus E6 expression vectors (Fig. 1, lanes 3 and 5). These
results suggest a difference of function where MdmX is unable
to mediate the Mdm2 activity of p53 degradation. In fact,
MdmX coexpression with p53 in cells possessing endogenous
Mdm2 (H1299) resulted in a slightly greater amount of p53
protein levels relative to p53 expression alone, indicating that
MdmX may have a stabilizing effect on p53 protein levels in the
presence of Mdm2.

To confirm whether MdmX stabilizes p53 protein in the
presence of Mdm2, we performed a second series of transfec-
tions in which MdmX was expressed in the presence of both
p53 and Mdm2. Figure 2 demonstrates that while Mdm2 is
capable of degrading p53, the addition of MdmX reverses
Mdm2-induced p53 degradation (Fig. 2, lane 4). In a control
transfection, expression of a Mdm2 mutant lacking the carbox-
yl-terminal ring finger (Mdm2DRF) was unable to induce any

FIG. 1. MdmX is unable to mediate p53 degradation. MEF 2KO (top) and
H1299 (bottom) cells were cotransfected with the CMVmdm2, CMVmdmX, or
CMVHPV-E6 expression vector and a CMVp53 expression vector at a 2.5:1
(MEF 2KO) or 5:1 (H1299) ratio. Each transfection contained 0.5 mg of the
luciferase expression vector, pGL3Luc (Promega), and a total DNA concentra-
tion of 7 mg. Cell extracts were prepared 24 h following transfection, and equal
luciferase units were analyzed via Western analysis. We have not observed any
direct effect of p53 overexpression on expression of the luciferase internal con-
trol (data not shown).
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degradation of p53 even when cotransfected 14-fold relative to
p53 (Fig. 2, lane 5). Ring finger mutants similar to Mdm2DRF
have previously been shown to stabilize p53 (18). Immunopre-
cipitation of p53 from cellular extracts containing elevated p53
protein in the presence of Mdm2 and MdmX (Fig. 2, lane 4)
confirmed that MdmX proteins were associated with p53. Two
MdmX proteins were found to associate with p53 protein (Fig.
2, 1 pAB421 lane), one migrating at 70 kDa (full length) and
a second, faster-migrating protein of approximately 55 kDa.
This smaller MdmX protein most likely represents the N-
terminal MdmX protein produced by caspase cleavage at a
conserved cleavage motif present near the carboxyl terminus of
MdmX (9).

MdmX is maintained within the nucleus. Since p53 was
found complexed to MdmX (Fig. 2), we next tested whether
the stabilization of p53 was due to a lack of nucleocytoplasmic
shuttling of MdmX. Although the hydrophobic amino acids
necessary for nuclear export are conserved between MdmX
and Mdm2, there are additional amino acids and the presence
of a nonconserved proline residue that may alter the ability
of MdmX to interact with the nuclear export machinery
(Fig. 3B). To test this, a heterokaryon assay was performed.
HeLa cells were transfected with either a CMVmdm2-EGFP
or CMVmdmX-EGFP expression vector and then fused with
murine NIH 3T3 fibroblasts by methods previously used to
illustrate nuclear export of Mdm2 (27, 31). Figure 3A contains
three heterokaryons, one expressing Mdm2-EGFP (panels a to
c) and two expressing MdmX-EGFP (panels d to i). The nuclei
were viewed by using Hoechst dye in which murine nuclei
(white arrows) are present with a punctate pattern distinct
from that of human nuclei (panels b, e, and h). Fused cells
were confirmed by b-actin localization (panels c, f, and i). The

heterokaryon expressing Mdm2-EFGP contains the fusion
protein in both human and murine nuclei, demonstrating the
functionality of the assay. In contrast, both heterokaryons ex-
pressing MdmX-EFGP failed to demonstrate any nucleocyto-
plasmic shuttling irrespective of whether the cells were incu-
bated for 1 or 3 h following fusion. Thus, we conclude that
while MdmX was capable of binding to p53, even in the pres-
ence of Mdm2, it lacks nuclear export capability.

MdmX blocks p53 transactivation and degradation. To de-
termine the effect of MdmX-mediated p53 stabilization on its
ability to transactivate, H1299 cells were transfected as before
but with inclusion of a p53 reporter gene. In the MdmX and
Mdm2DRF transfections containing Mdm2, p53 protein was
stabilized yet p53 transactivation remained repressed at levels
comparable to those for transfection with only Mdm2 (see Fig.
5B, lanes 5 and 7). Although these forms of Mdm2 and MdmX
are defective in steps of the p53 degradation pathway, both are
able to bind p53 and therefore were able to inhibit p53 trans-
activation. These results differed dramatically with those seen
with an MdmX deletion mutant lacking the first 127 amino
acids (MdmXDp53). MdmXDp53 was in vitro translated in the
presence of [35S]methionine and shown to be unable to asso-
ciate with p53 (Fig. 4). It was expected since MdmXDp53 could
not bind to p53, it would be unable to stabilize p53 in the
presence of Mdm2. However, MdmXDp53 coexpressed with
Mdm2 and p53 was able to stabilize p53 protein to levels
comparable to those for wild-type MdmX (Fig. 5A, compare
lanes 5 to 6). Even more interesting were the results obtained
when p53 transactivation was monitored in the presence of
MdmXDp53. MdmXDp53 produced a 2-fold (in the presence
of Mdm2 [Fig. 5B, lane 6]) or a 2.5-fold (with p53 alone [Fig.
5B, lane 10]) increase in p53 transactivation. These results
suggested the existence of a second domain on MdmX capable
of stabilizing p53 without direct interaction with p53.

MdmX stabilizes p53 through two distinct domains. MdmX
and Mdm2 were recently reported to heterodimerize through
their ring finger domains (32). Using an immunoprecipitation-
Western blot experiment, MdmX and MdmXDp53 were shown
to associate with Mdm2 (Fig. 6). Based on these findings, we
focused on addressing whether formation of an MdmX-Mdm2
heterodimer inhibited p53 degradation. To test this hypothesis
in our assay system, we constructed two additional MdmX
deletion mutants (Fig. 7A). MdmXDRF lacks the last 45 amino
acids, including four cysteine residues that comprise the ring
finger, and is therefore unable to bind to Mdm2 (data not
shown). MdmXDp53DRF lacks both the p53 and ring finger
domains and is therefore unable to bind to either p53 or Mdm2
(data not shown). Using the transfection assay described for
Fig. 5, MdmXDp53 and MdmXDRF were both shown to be
capable of stabilizing p53 in the presence of Mdm2 (Fig. 7B,
lanes 5 and 6), while MdmXDp53DRF could not recover p53
from Mdm2-mediated degradation (Fig. 7B, lane 7). In addi-
tion, MdmXDRF also maintained suppression of p53 transac-
tivation function whereas MdmXDp53 stimulated this aspect of
p53 function (Fig. 7C).

DISCUSSION

The MdmX protein represents yet another cellular protein
capable of regulating p53 transactivation. Although MdmX
possesses significant homology to Mdm2, evidence to date sug-
gests that MdmX most likely functions in a biological fashion
distinct from that of Mdm2. For example, while mdmX (14)
and mdm2 are both expressed independent of cell proliferation
(23) and differentiation (3, 19), the mdmX gene, unlike mdm2,
is not induced in response to DNA damage (28, 29). Thus, it is

FIG. 2. MdmX reverses Mdm2-mediated degradation of p53. H1299 cells
were cotransfected with 0.5 mg of CMVp53, 1 mg of CMVmdm2, and 7.0 mg of
either CMV, CMVmdmX, or CMVmdm2DRF. Cell extracts were prepared 24 h
after transfection, and equal luciferase units were analyzed via Western analysis.
The recovery of p53 protein levels from Mdm2-mediated degradation is specific
to MdmX, as both CMVLacZ (Fig. 5, lane 8) and CMVLacINLS (data not
shown) have been used at the same ratios with no recovery in p53 levels. Also,
titration experiments demonstrated that beginning at a 3.5:1 ratio of mdmX to
mdm2, MdmX was able to protect p53 (data not shown). Immunoprecipitation of
p53 from lane 4 transfection was performed with p53-specific monoclonal anti-
body Ab421 to demonstrate the presence of MdmX proteins associated with p53.
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unlikely that MdmX plays any significant role in regulating p53
function during or following a genotoxic stress. Furthermore,
even though the role for MdmX during development has not
been addressed, MdmX clearly is unable to compensate for the
early embryonic lethality observed in Mdm2 null mice (15, 22).

Based on those observations and that both MdmX and
Mdm2 are capable of binding p53 and inhibiting transactiva-
tion, we decided to focus on how MdmX and Mdm2 might
affect p53 protein in nondamaged cells. The results presented
in this study unequivocally demonstrate that while MdmX is
capable of blocking p53 transactivation, it is unable to modu-
late p53 protein levels. Not only does MdmX coexpressed with
p53 fail to reduce p53 protein levels, but MdmX coexpressed
with Mdm2 and p53 can reverse the ability of Mdm2 to de-

grade p53. It is this latter effect that provided the first hint of
a possible biological role for MdmX.

In an attempt to determine the basis for the ability of MdmX
to block Mdm2-mediated degradation of p53, the following
discoveries were made. First, using a heterokaryon assay, we
demonstrated that the putative MdmX NES was in fact non-
functional and that MdmX is unable to undergo nuclear ex-
port. While other domains of Mdm2 required for mediating
p53 degradation may also be lacking in MdmX, the inability to
export p53 could create a nuclear pool of p53 protein pro-
tected from Mdm2 degradation through its association with
MdmX.

Second, the immunoprecipitation of MdmX with stabilized
p53 (Fig. 2) and the MdmXDRF mutant phenotype showing no

FIG. 3. MdmX is unable to undergo nuclear export. (A) Fluorescence of Mdm2-EGFP (a) or MdmX-EGFP (d and g) is observed in three heterokaryons. The
human and murine nuclei (b, e, and h, white arrows) are visualized by Hoechst dye. Murine nuclei are indicatively stained with a punctate pattern distinct from that
of the human nuclei. A b-actin antibody followed with a Texas red-conjugated secondary antibody allowed confirmation that the nuclei are within heterokaryons (c,
f, and i). Mdm2-EGFP serves as a positive control demonstrating that the EGFP fusion does not inhibit nucleocytoplasmic shuttling. The data presented are
representative of more than 20 separate heterokaryons. (B) Comparison of the Mdm2 NES with the putative MdmX NES. Boldfaced amino acids represent conserved
hydrophobic amino acids; underlined amino acids produce an altered secondary structure within the MdmX NES.
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p53 degradation (Fig. 7) confirmed that association of MdmX
with p53 can protect p53 in the presence of Mdm2. Consistent
with this model, expression of an MdmX containing only the
first 162 amino acids was also able to stabilize p53 in the
presence of Mdm2 (data not shown). However, additional

MdmX mutants uncovered a second novel domain through
which MdmX could also block Mdm2-mediated p53 degrada-
tion. When constructing an MdmX protein unable to bind p53
(MdmXDp53), we anticipated observing a MdmX protein that
could neither bind p53 nor protect p53 from degradation by
Mdm2. Based on the results shown in Fig. 4 and 5, the predic-
tion was only partially correct. While MdmXDp53 would not
associate with p53 in vitro (Fig. 4), it was able to stabilize the
p53 protein in the presence of Mdm2 (Fig. 5A). Based on the
recent report that MdmX and Mdm2 can heterodimerize via
their ring finger domains (32) and the Mdm2 ring finger do-
main is required for p53 degradation (18), the ability of
MdmXDp53 to stabilize p53 in the presence of exogenous (Fig.
5B, lane 6) or endogenous (Fig. 5B, lane 10) Mdm2 most likely
results from it directly binding to Mdm2. Determination of
how association between MdmX and Mdm2 results in p53
stability and in what ratio the two proteins interact is currently
under way. For example, it will be interesting to determine
whether binding of merely one Mdm2 molecule is enough to
mediate degradation of a p53 tetramer. Conversely, does bind-
ing of one MdmX molecule mediate recovery from Mdm2-
mediated degradation?

Taken together, these results suggest that MdmX is capable
of blocking p53 degradation by Mdm2. Rb (13) and p19ARF

(26) represent two other cellular proteins shown to be able to
block Mdm2-mediated degradation of p53. Interestingly, both
proteins have been characterized as tumor suppressor pro-
teins. Based on the results presented here, it is possible that the
inability to detect MdmX overexpression in human tumors
may represent the fact that deregulation of MdmX does not
phenotypically resemble the oncogenic activities attributed to
its family member Mdm2. Clearly, more studies are required to
test this hypothesis.

In the absence of any reported modulation of MdmX pro-
tein, we propose the following model for MdmX in normal,
undamaged cells (Fig. 8). We believe that low levels of wild-
type p53 protein seen in undamaged cells are maintained due
to a competition for p53 binding by Mdm2 and MdmX. The
Mdm2-p53 complexes are shuttled from the nucleus into the
cytoplasm and degraded, while the MdmX-p53 complexes are
retained in the nucleus (Fig. 8). Consistent with such a model,
we have been able to modulate endogenous p53 in cell lines by
transiently expressing MdmXDp53 (data not shown). The re-

FIG. 4. MdmXDp53 is unable to interact with p53. An MdmX deletion mu-
tant lacking the first 127 amino acids (MdmXDp53) and wild-type MdmX were
produced by using a coupled in vitro transcription-translation system in the
presence of [35S]methionine. The resulting proteins were incubated with Ab421
in the presence (1 lanes) or absence (2 lanes) of recombinant bacterially
produced p53 protein.

FIG. 5. MdmX maintains nuclear pools of p53 and blocks p53 transactiva-
tion. H1299 cells were transfected with 0.25 mg of CMVp53 (lanes 2 to 8), 0.75
mg of CMVmdm2 (lanes 4 to 8), and 5.25 mg of CMVmdmX, CMVmdmXDp53,
CMVLacZ, or CMVmdm2DRF. Each transfection also contained 0.5 mg of
pGL3Luc and 1 mg of the indicated reporter plasmid. Cell extracts were prepared
24 h after transfection, and equal luciferase units were analyzed via Western
analysis (A) or CAT assay (B). Error bars represent difference between dupli-
cates of the same extracts. Similar results have been observed in three indepen-
dent experiments.

FIG. 6. Mdm2 interacts with MdmX and MdmXDp53. H1299 cells were
transfected with 5.0 mg of human mdm2 and 2.5 mg of the indicated mdmX
plasmids. Whole-cell extracts were immunoblotted (IB) with either a monoclonal
Mdm2 antibody (2A10) or a polyclonal MdmX antibody. Mdm2 was coimmu-
noprecipitated (IP) with a polyclonal MdmX antibody. In the absence of MdmX,
no Mdm2 protein was coprecipitated with MdmX, indicating that there is no
cross-reactivity with the polyclonal antibody used. Both full-length MdmX and
MdmXDp53 coprecipitated with Mdm2, demonstrating the direct interaction
previously reported (32).
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sults from the MdmXDp53 mutant suggest that MdmX may
also stabilize p53 protein by interacting with Mdm2, which
based on the increase in p53 transactivation must somehow
release p53 from interaction with Mdm2. Production of such a
form of MdmX protein could potentially occur in two fashions.
First, potential downstream translation start sites may produce
MdmX proteins lacking the N-terminal region. When overex-
pressed, the full-length mdmX cDNA does produce smaller
MdmX proteins that correlate with sizes predicted from these
ATG sites. A second method could involve activation of the
conserved caspase 3 cleavage of the MdmX protein. This
would produce a C-terminal MdmX protein that lacked the
p53 interaction domain but retained a functional ring finger.

Finally, it did not escape our observation that MdmXDp53
was able to stabilize p53 protein in a transcriptionally compe-
tent conformation (Fig. 5B, lanes 6 and 10). This ability of
MdmXDp53 to increase p53 transactivation above the levels

seen when p53 was transfected alone suggested that the
MdmX-Mdm2 complex must be unable to block p53 transac-
tivation. Similar approaches have been used to create Mdm2
peptides capable of reactivating p53 function in vivo (4). In
addition to examining the effects of this mutant on p53 cell
cycle arrest and apoptosis, possible anticancer therapeutic uses
for MdmX mutants like MdmXDp53 may prove extremely
valuable in tumors harboring elevated Mdm2 and wild-type
p53 proteins.
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