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We have shown previously that MDM2 promotes the degradation of the cyclin-dependent kinase inhibitor
p21 through a ubiquitin-independent proteolytic pathway. Here we report that the MDM2 analog, MDMX, also
displays a similar activity. MDMX directly bound to p21 and mediated its proteasomal degradation. Although
the MDMX effect was independent of MDM2, they synergistically promoted p21 degradation when coexpressed
in cells. This degradation appears to be mediated by the 26S proteasome, as MDMX and p21 bound to S2, one
of the subunits of the 19S component of the 26S proteasome, in vivo. Conversely, knockdown of MDMX induced
the level of endogenous p21 proteins that no longer cofractionated with 26S proteasome, resulting in G1 arrest.
The level of p21 was low at early S phase but markedly induced by knocking down either MDMX or MDM2
in human cells. Ablation of p21 rescued the G1 arrest caused by double depletion of MDM2 and MDMX in
p53-null cells. These results demonstrate that MDMX and MDM2 independently and cooperatively regulate
the proteasome-mediated degradation of p21 at the G1 and early S phases.

Proteolysis maintains normal homeostasis of cell cycle-reg-
ulated proteins and is crucial for the progression of the cell
cycle. These proteins include cyclins and cyclin-dependent ki-
nase inhibitors, such as p27 or p21 (9, 45, 51). Proteolytic
pathways have been identified and well characterized for many
of these cell cycle proteins (34, 36, 38). For instance, ubiqui-
tylation and turnover of cyclin E are implemented by the
SCFFbw7 complex during the cell cycle (23, 54). Also, it has
been demonstrated that p27 degradation is facilitated by the
SCFSkp2 complex-mediated ubiquitylation and ubiquitin-de-
pendent proteasomal system (6, 50). In contrast, the molecular
mechanisms by which p21 is degraded during the cell cycle are
still under debate (4, 8, 21, 44).

While it is indisputable that p21 is degraded through the
proteasome system (3, 12), argument still remains as to
whether p21 degradation is mediated through a ubiquitin-de-
pendent or -independent proteasome system (4, 8, 21, 44). It is
clear that p21 is ubiquitylated in cells (30, 35). Several studies
have suggested that Skp2 may target p21’s N terminus for
ubiquitylation and p21 degradation (4, 5, 10, 53). However,
these notions have been challenged by other studies (2, 7, 21,
28, 44), showing that p21 ubiquitylation is dispensable for its
proteasomal degradation in vitro and in vivo (19, 29, 44). Also,
the N terminus of p21 was shown to be acetylated and there-
fore less likely to be ubiquitylated (7). In addition, knocking
out Skp2 had no effect on p21 turnover (7). Recently, we found

that UV-induced p21 turnover was also independent of ubiq-
uitin and Skp2 (27). Hence, it appears that Skp2 would not be
a major player in regulating p21 stability during the cell cycle.

So, the question remains which protein(s) regulates p21’s
proteasomal degradation during the cell cycle. It is possible
that p21 may be degraded directly by the 20S proteasome
during the cell cycle, as it has been shown that the 20S pro-
teasome binds to and directly degrades p21 in vitro (29, 49).
However, this notion has not been verified in vivo using syn-
chronized cells. Also, one study showed that endogenous p21
cofractionated with the 26S proteasome (43), suggesting that
the 26S proteasome may participate in the proteolysis of p21.
Thus, it is still uncertain which proteasome complex is in
charge of p21 turnover during the cell cycle. The other possible
candidate would be MDM2 (also called HDM2 in humans;
MDM2 used here for simplicity). MDM2 was originally dis-
covered as an E3 ubiquitin ligase that specifically mediates
p53’s ubiquitylation and degradation (11, 15, 16, 24). Later
studies by others and us have shown that MDM2 also mediates
p21 degradation by a ubiquitin-independent mechanism (21,
58). However, whether MDM2 exerts this p21 degradation
activity during the cell cycle and whether there are other pro-
teins that may regulate this MDM2 activity remain to be ad-
dressed.

In our initial experiments to address these questions, we
have observed that knocking down the endogenous MDM2
level partially rescued the low level of p21 at early S phase
during the cell cycle. In addition, we have explored the possi-
bility of whether MDMX (also called HDMX or MDM4;
MDMX used here for simplicity), an MDM2 analog that has
been shown to assist MDM2 in suppressing p53 function in
cells and animals (18, 25, 33, 39, 41, 46), also works with
MDM2 in degrading p21. Indeed, we found that MDMX not
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only cooperated with MDM2 in degrading p21 in cells but also
mediated p21’s degradation independently of MDM2. Like
MDM2, MDMX was also an important player in p21 degra-
dation at the G1 and early S phases, as depletion of MDMX by
small interfering RNA (siRNA) markedly induced the p21
level specifically at the G1 and early S phases. Interestingly,
MDMX cofractionated with p21 and S2, one of the 19S com-
ponents of 26S proteasome, in the 26S-containing fractions.
Also, both MDMX and p21 bound to S2 in cells. Hence, our
studies demonstrate that MDMX can, independently of and in
cooperation with MDM2, mediate the 26S proteasomal turn-
over of p21 at the G1 and early S phases of the cell cycle.

MATERIALS AND METHODS

Cell culture. Human embryonic kidney (HEK) epithelial 293 cells, human lung
non-small cell carcinoma H1299 cells, and mouse embryonic fibroblast (MEF)
cells were cultured as described previously (22, 55).

Buffers. Lysis buffer consisted of 50 mM Tris-HCl (pH 8.0), 0.5% NP-40, 1 mM
EDTA, 150 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride (PMSF).
SNNTE buffer consisted of 50 mM Tris-HCl (pH 8.0), 1% NP-40, 5% sucrose, 5
mM EDTA, 500 mM NaCl, and 1 mM PMSF. Buffer C 100 (BC100) included 20
mM Tris-HCl (pH 7.9), 0.1 mM EDTA, 10% glycerol, 100 mM KCl, 4 mM
MgCl2, 0.2 mM PMSF, 1 mM dithiothreitol, and 0.25 �g/ml of pepstatin A.

Antibodies and plasmids. Monoclonal anti-Flag, anti-�-tubulin antibodies and
polyclonal anti-V5 antibody were purchased from Sigma. Polyclonal anti-green
fluorescent protein (GFP) and anti-p21 antibodies were purchased from Santa
Cruz Biotech. Monoclonal anti-MDM2 antibodies 4B11 and 2A10 were de-
scribed previously (56). Monoclonal anti-p21 antibody (Ab11) was purchased
from Neomarker Biotech. Monoclonal anti-myc tag (9E10) and monoclonal
anti-His4 antibodies were purchased from Upstate and Qiagen, respectively.
pCDNA3-HA-MDM2 and pCMV-p53 plasmids were previously described (22).
The monoclonal anti-MDMX antibody (8C6) and pcDNA3-c-myc-MDMX plas-
mids were kind gifts from Jiandong Chen (H. Lee Moffitt Comprehensive Cancer
Center, Florida). pCEP4-p21 and the p21-6KR mutant were described previously
(21). The pCDNA3-2X FLAG-p21 and pCDNA3-2X FLAG-p21 6KR plasmids
were cloned using BamHI and EcoRI sites. The mammalian expression vectors
for Myc-tagged MDMX deletion mutants and V5-tagged 19S subunits were
provided by Zhixiong Xiao (Department of Biochemistry and Molecular Biology,
Boston University, Boston, MA) and Christine Blattner (Forschungszentrum
Karlsruhe, Institute of Toxicology & Genetics, Karlsruhe, Germany), respec-
tively.

Transient transfection and Western blot analyses. HEK 293, H1299, or MEF
cells (70% confluence) were transfected with combinations of plasmids (see
figure legends for detail) with TransFectin lipid reagent (Bio-Rad). Forty-eight
hours posttransfection, cells were harvested and lysed in lysis buffer. The clarified
whole-cell lysates were loaded directly onto a sodium dodecyl sulfate (SDS) gel
for Western blot (WB) analysis with antibodies as indicated in each figure.

GST fusion protein-protein association assay. The fusion proteins were ex-
pressed in Escherichia coli and purified on a glutathione S-transferase (GST)-
Sepharose 12B column. Protein-protein association assays were conducted as
reported previously (56).

siRNA transfection. siRNA duplexes specific to human MDMX or MDM2
were synthesized by Dharmacon. p21 siRNA (h2) was purchased from Santa
Cruz Biotechnology, Inc. (sc-44214). siRNA duplexes were transfected using
oligofectAMINE reagent (Invitrogen) as described previously (13, 21). Cells
were harvested 48 h posttransfection and lysed for SDS-polyacrylamide gel
electrophoresis (PAGE) and WB. Some transfected cells were synchronized by a
double-thymidine block and harvested for cell cycle analysis and WB.

FACS analysis. H1299 cells were transfected with siRNA or siRNA against
human MDMX and treated with 150 ng/ml nocodazole for 16 h prior to harvest.
Forty hours posttransfection, cells were harvested and resuspended in 100 �l of
phosphate-buffered saline (PBS) and transferred to a polystyrene tube for fluo-
rescence-activated cell sorter (FACS) analysis. The cells were stained in staining
buffer (100 �g/ml propidium iodide [PI], 30 �g/ml polyethylene glycol 8000, 200
�g/ml RNase A, 0.1% Triton X-100, 0.38 M NaCl) with 200 �l of PI (Sigma) and
incubated for at 37°C for 30 min and analyzed for DNA content using a Becton
Dickinson FACScan flow cytometer. Data were analyzed with the multicycle
software program using a polynomial S-phase algorithm.

In vivo ubiquitylation assay. In vivo ubiquitylation assays were conducted as
described previously (21). Briefly, H1299 or p53�/� MDMX�/� MEF cells in
100-mm plates were transfected with combinations of His6-ubiquitin (2 �g), p21
(2 �g), p21 6KR (2 �g), and MDMX (2 �g) expression plasmids. Prior to
harvest, cells were treated with 10 mM MG132 for 8 h and harvested at 48 h after
transfection. Each sample was split into two aliquots: one for WB and the other
for ubiquitylation assays using Ni-nitrilotriacetic acid (NTA) beads (Qiagen).
Cell pellets were lysed in buffer A (6 M guanidinium-HCl, 0.1 M Na2HPO4-
NaH2PO4, 10 mM Tris-HCl [pH 8.0], 10 mM �-mercaptoethanol) and incubated
with Ni-NTA beads at room temperature for 4 h. Beads were washed once with
each of buffer A, buffer B (8 M urea, 0.1 M Na2HPO4-NaH2PO4, 10 mM
Tris-HCl [pH 8.0], 10 mM �-mercaptoethanol), and buffer C (8 M urea, 0.1 M
Na2HPO4-NaH2PO4, 10 mM Tris-HCl [pH 6.3], 10 mM �-mercaptoethanol).
Proteins were eluted from beads with buffer D (200 mM imidazole, 0.15 M
Tris-HCl [pH 6.7], 30% glycerol, 0.72 M �-mercaptoethanol, and 5% SDS). The
eluted proteins were analyzed by WB for polyubiquitylation of p21 with mono-
clonal p21 antibodies (Neomarker; Ab11).

Analysis of p21 half-life in cells. To measure exogenous p21 half-life, H1299
cells were transfected with the p21 plasmid alone or together with Flag-MDMX
expression plasmid in 100-mm plates. Forty-eight hours posttransfection, cells
were labeled with 100 �Ci/ml Easy Expression (PerkinElmer Life Sciences) in 4
ml Dulbecco’s modified Eagle’s medium with 2% dialyzed methionine-free calf
serum at 37°C for 45 min. Cells were then washed with PBS and incubated in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum and
harvested at different time points. Cell lysates were prepared for immunopre-
cipitation (IP). Clarified whole-cell lysates with equal counts of 35S were pre-
bound for 2 h using 2 �g antibody (NeoMarker; Ab11) at 4°C, and then 20 �l
protein G-agarose bead slurry (Santa Cruz) was added and the samples contin-
ued to rotate at 4°C for 2 more h. The samples were then washed once with lysis
buffer), twice with SNNTE buffer, and a second time with lysis buffer. The
samples were then analyzed by SDS-PAGE followed by autoradiography. To
determine how MDMX affects endogenous p21 stability, human retinal pigment
epithelial (RPE) cells were transiently transfected with empty vector or plasmid
encoding human MDMX. Cycloheximide (CHX; 100 �g/ml) was added to the
cultured cells at 40 h posttransfection. Cells were harvested at the indicated time
of CHX treatment. Cells were lysed, and 50 �g protein of each sample was used
for WB. The level of p21 from the transfected cells was quantified by the
intensities of the bands using the Adobe Photoshop program and plotted with
Microsoft Excel.

Cell cycle synchronization. Cells were synchronized by a double-thymidine
block. H1299 cells or MEF cells were plated and treated with 2 mM thymidine
at about 40% cell confluence. The cells were released by washing with PBS twice
at 37°C 16 h later and cultured in fresh medium for 9 h followed by a second
arrest-release process. The cells were harvested at the indicated time points after
the second release.

RESULTS

MDMX decreased p21 levels in cooperation with and inde-
pendently of MDM2. We have reported previously that MDM2
mediates p21 protein turnover independent of both p21 ubiq-
uitylation and MDM2 E3 ligase activity (21). Because MDMX,
an MDM2 homolog without demonstrable E3 ubiquitin ligase
activity (18, 47), has been shown to assist MDM2 in suppress-
ing p53 activity in vitro and in vivo (31, 32), we wanted to test
if MDMX also helps MDM2 degrade p21 in cells by perform-
ing transient transfection in HEK 293 cells followed by WB
analysis. As expected (21), when coexpressed with MDM2, p21
levels decreased (Fig. 1A). Interestingly, p21 levels further
declined when MDMX was coexpressed with MDM2. This
result suggests that MDMX may work with MDM2 in down-
regulating p21 protein levels in cells.

Our previous report showed that endogenous p21 increased
in p53�/� mdm2�/� MEF cells in comparison with p53 single-
knockout MEF cells (21). Hence, we wanted to learn whether
this would be the case for p53�/� mdmx�/� MEF cells by
conducting a straight WB analysis. Indeed, the protein level of
p21 in p53�/� mdmx�/� MEF cells was clearly higher than that
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in p53�/� MEF cells (Fig. 1B). The low level of p21 in p53�/�

MEF cells was rescued by the proteasome inhibitor MG132
(lanes 3 and 4), as expected (21). This result suggests that
MDMX may also regulate the p21 protein level in cells. To test
this idea, we introduced exogenous MDMX and p21 into
p53�/� mdm2�/� MEF cells and conducted WB analysis. As
shown in Fig. 1C, ectopic MDMX reduced p21 levels in a
dose-dependent manner, but independent of MDM2, since
these MEF cells are MDM2 deficient. Immunofluorescent
staining of p53�/� mdm2�/� MEF cells using an MDMX-
specific antibody showed that MDMX resided in both the
cytoplasm and the nucleus in the absence of MDM2 (see Fig.
S1A in the supplemental material), suggesting that MDMX
may regulate p21 levels in the nucleus independent of MDM2.

To address whether MDMX lowered p21 protein levels
through inhibition of gene transcription, we tested relative p21
mRNA levels after overexpression or depletion of MDMX by
quantitative PCR. As shown in Fig. S1B and S1C in the sup-
plemental material, the MDMX levels had no significant effect
on the p21 mRNA level.

Taken together, our results suggest that MDMX also regu-
lates the abundance of p21. This regulation appears to be
independent of MDM2, although these two proteins can syn-
ergistically reduce p21 levels in cells when coexpressed.

MDMX reduces p21 half-life in cells. To determine whether
MDMX affects the half-life of p21 in cells, we conducted a
pulse-chase assay in the p53-deficient human non-small cell
lung carcinoma H1299 cells transiently transfected with p21
and/or MDMX. As expected (21), the half-life of p21 was
about one and a half hours (Fig. 2A). In striking contrast, this
half-life was markedly shortened to less than 40 min in the
presence of exogenous MDMX (Fig. 2A). To further confirm
this result, we also tested if exogenous MDMX would affect the
half-life of endogenous p21 by introducing MDMX into hu-
man RPE cells which contain high levels of p21 (27). Protein
syntheses in the cells were inhibited by CHX, a protein syn-
thesis inhibitor, to measure the half-life of p21. Again, exoge-
nous MDMX reduced the half-life of endogenous p21 from
�90 min to �45 min (Fig. 2B). These results indicate that
MDMX indeed plays a role in destabilizing p21 protein in
mammalian cells.

MDMX associates with p21 in vitro and in cells. To inves-
tigate whether MDMX promotes p21 turnover by associating
with the latter, we performed a co-IP–WB analysis following
transient transfection of a plasmid encoding Myc-MDMX (Fig.
3A) or GFP-MDMX (Fig. 3B) together with a Flag-p21 ex-
pression vector in H1299 cells. Proteins were pulled down by
either anti-Myc (Fig. 3A) or anti-Flag antibodies followed by
WB, as indicated in the figure legends. As shown in Fig. 3A and
B, ectopic p21 and MDMX were reciprocally coimmunopre-
cipitated with either of these antibodies. Interestingly, MDMX
was also coimmunoprecipitated with the p21 mutant (p21-
6KR) harboring six lysine-to-arginine mutations by anti-Flag
antibodies (lanes 4 and 5 of Fig. 3B). Consistently, endogenous
MDMX and p21 also coimmunoprecipitated with anti-p21 an-
tibodies (Fig. 3C) and vice versa with anti-MDMX antibodies
(see Fig. S2A in the supplemental material). These results
demonstrate that MDMX associates with p21 in cells.

To determine if MDMX associated with p21 directly or
through other factors, we conducted a set of GST-fusion pro-
tein-protein interaction assays using purified proteins. As
shown in Fig. 3D, MDMX bound to the GST-p21 fusion pro-
tein (lane 3), but not to GST alone (lane 2). MDMX appeared
to specifically bind to the C terminus of p21, as MDMX was
pulled down by GST-C-p2187–164 and GST-C-p21120–164, but
not by GST-N-p211–90 and GST-N-p2170–120. In a reciprocal
pull-down assay, purified His-p21 was also specifically pulled
down by GST-MDMX in vitro (see Fig. S2B in the supplemen-
tal material).

To map the p21-binding domain(s) of MDMX, H1299 cells
were cotransfected with the p21 plasmid and a series of plas-
mids encoding different MDMX fragments, followed by a co-
IP–WB assay. Consistent with our previous mapping of p21-
binding domains in MDM2 (21), the central acidic and

FIG. 1. MDMX decreased p21 levels in cooperation with and in-
dependently of MDM2. (A) Ectopically expressed MDMX further
decreased p21 levels in addition to MDM2 overexpression. HEK 293
cells were transiently transfected with plasmids encoding human p21,
HA-MDM2, or Flag-MDMX, as indicated. The transfected cells were
harvested 48 h posttransfection and lysed, and the cell lysates (70 �g)
were subjected to SDS-PAGE followed by WB with the indicated
antibodies. (B) Endogenous p21 level was higher in p53�/� MDMX�/�

(DX) MEF cells than in p53�/� (SK) MEF cells. p53�/� MDMX�/�

and p53�/� MEF cells were treated with dimethyl sulfoxide (DMSO)
or 10 �M MG132 in DMSO for 16 h and harvested at 80% confluence.
After lysis, the cell lysates (100 �g) were subjected to SDS-PAGE
followed by WB with the indicated antibodies. (C) MDMX decreased
the p21 level independently of MDM2. p53�/� MDM2�/� MEF cells
were transiently transfected with plasmids encoding human p21 or
Flag-MDMX as indicated. The transfected cells were harvested 48 h
posttransfection and lysed. The cell lysates (70 �g/sample) were sub-
jected to SDS-PAGE followed by WB with the indicated antibodies.
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C-terminal Ring domains were found to be essential for
MDMX-p21 binding in cells (Fig. 3E). In addition, we found
that the N terminus of MDMX was also likely involved in p21
binding (lane 1 of Fig. 3E), which is different from MDM2
(21). These results demonstrate that MDMX requires three
major domains for binding to the C terminus of p21. These
p21-binding domains appear to be important for MDMX-me-
diated p21 degradation, as MDMX mutants that are missing
some of these domains were either less potent or unable to
degrade p21 in cells (Fig. 3F).

MDMX does not affect p21 ubiquitylation in cells. It has
been shown that the proteasomal degradation of p21 is medi-
ated through ubiquitin-dependent or -independent mecha-
nisms. Previous studies by our laboratory and others showed
that MDM2 mediates the ubiquitin-independent degradation
of p21 (21, 58). It would be interesting to determine whether
ubiquitylation played a role in MDMX-mediated p21 degra-
dation, although MDMX has not yet been shown to possess an
intrinsic E3 ubiquitin ligase activity (18, 47). To address this
question, we performed in vivo p21 ubiquitylation assays using
p53�/� MDMX�/� MEF or H1299 cells. As shown in Fig. 4A
and B, coexpression of Myc-MDMX with p21 did not signifi-
cantly enhance p21 ubiquitylation in either cell line. This result
suggests that MDMX displays no E3 ubiquitin ligase activity
toward p21. However, surprisingly, increasing amounts of
MDMX further reduced p21 ubiquitylation in either H1299 or
p53�/� mdmx�/� MEF cells (see Fig. S2C and S2D in the
supplemental material), suggesting that MDMX may block p21
ubiquitylation by binding to it or MDMX may compete with
p21 for His-ubiquitin substrates in cells, as MDMX can also be
ubiquitinated. Nevertheless, these data show that like MDM2

(21, 58), MDMX may mediate p21 degradation in a ubiquitin-
independent fashion.

To further address the above possibility, we tested whether
MDMX also affects the protein level of the p21-6KR mutant,
which is lysine free and ubiquitylation deficient (21, 44). As
expected, p21-6KR was not polyubiquitylated in cells (Fig. 4B),
but its levels were reduced by ectopic MDMX (Fig. 4C), indi-
cating that MDMX also mediates the degradation of p21-6KR
independently of ubiquitylation. This degradation was inde-
pendent of MDM2 because the assay was conducted in p53�/�

MDM2�/� MEF cells. Altogether, these results indicate that
ubiquitylation is not required for MDMX-mediated p21 pro-
teasomal turnover.

MDMX and MDM2 associate with the 19S component S2
subunit. Previous studies showed that p21 could be degraded
directly by the 20S proteasome (29, 49). However, p21 was also
shown to cofractionate with the 26S proteasome when cells
were treated with a proteasome inhibitor (43). To understand
whether MDMX mediates p21 degradation through the 20S or
26S proteasome, we conducted molecular size exclusion chro-
matography analyses for the cell lysates from H1299 cells
transfected with scramble or MDMX siRNA or treated with
MG132. This experiment was to examine if p21 cofractionates
with the 20S or 26S proteasome after knocking down endoge-
nous MDMX by siRNA or inhibiting the proteasome activity
by MG132. In the absence of MG132, p21 was only detected in
the fractions that comigrated with the 600-kDa molecular mass
marker while the 26S proteasome eluted with the 2,000-kDa
molecular mass marker (upper panel of Fig. 5A). In contrast,
in the presence of MG132, p21 cofractionated both with the
26S complex in the high-molecular-weight range and with

FIG. 2. Overexpressed MDMX accelerates the turnover of exogenous and endogenous p21. (A) Overexpressed MDMX accelerates the
turnover of exogenous p21 in H1299 cells. H1299 cells were transfected with the p21 plasmid alone or together with Flag-MDMX plasmid in
100-mm plates. Forty-eight hours posttransfection, the cells were pulse-chase labeled and harvested at different time points. Cell lysates were
prepared for IP with monoclonal anti-p21 antibody. The levels of p21 were quantified from the autoradiograph by Adobe Photoshop software and
plotted with Microsoft Excel. (B) MDMX destabilized endogenous p21 in RPE cells. RPE cells were transiently transfected with empty vector or
plasmid encoding human MDMX and treated with 100 �g/ml CHX at 40 h posttransfection. The cells were harvested at the indicated time
post-CHX treatment. The cell lysates (50 �g/sample) were used for WB. The levels of p21 were quantified as described above.

VOL. 28, 2008 p21 DEGRADATION BY MDMX AND MDM2 IN EARLY S PHASE 1221



FIG. 3. p21 and MDMX interact in cells and in vitro. (A) p21 interacts with MDMX in cells. H1299 cells were transfected with the p21 plasmid
alone or together with c-myc-MDMX plasmid. The transfected cells were treated with 10 �M MG132 for 16 h and harvested at 48 h posttrans-
fection and lysed. The cell lysates were immunoprecipitated using monoclonal anti-myc (9E10) antibody (300 �g/for each sample) or directly
loaded for straight WB (50 �g/sample). The detected proteins are indicated on the right. HC, heavy chain. (B) Reciprocally, MDMX interacts with
both wild-type and lysine mutant p21. The Flag-tagged wild-type p21 (wt) or p21-6KR (a p21 mutant in which all lysine residues of p21 were
replaced by arginines) was transfected alone or together with GFP-MDMX, in H1299 cells, and treated as in panel A. The cell lysates were
immunoprecipitated with monoclonal anti-Flag antibody followed by WB analyses, as indicated on the right. (C) Endogenous p21 complexes with
MDMX. H1299 cell lysate (400 �g) was immunoprecipitated with polyclonal anti-p21 antibody or control immunoglobulin G (IgG) and probed
for p21 and MDMX. An aliquot of the same cell lysate (80 �g) was used for input. (D) MDMX physically associates with the C terminus of p21
in vitro. Preparation of GST-fusion protein beads and purification of His-MDMX were described previously (20). His-MDMX (100 ng) was
incubated with beads conjugating 500 ng GST-0 (GST only) or GST-fused full-length p21 or fragments of p21 in lysis buffer. Thirty minutes after
incubation at room temperature, the mixtures were washed with lysis buffer once, SNNTE buffer twice, and lysis buffer again. The samples, together
with 10% His-MDMX input, were resolved by SDS-PAGE, followed by straight WB (SWB) against MDMX (8C6). (E) Mapping of p21-binding
domains on MDMX in cells. H1299 cells were transfected with Flag-p21 alone or together with myc-tagged wild-type MDMX or MDMX deletion
mutants. The cells were treated and lysed as in panel A. The lysates were immunoprecipitated with monoclonal anti-myc antibody (9E10), followed
by WB analyses, as indicated on the right. (F) The MDMX deletion mutants that do not bind to p21 lack the ability to decrease p21 levels in cells.
H1299 cells were transfected with Flag-p21 alone or together with myc-tagged wild-type MDMX or MDMX deletion mutants. The transfected cells
were harvested at 48 h posttransfection and lysed. The cell lysates (50 �g/sample) were used for straight WB, as indicated on the left.
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PCNA in lower-molecular-weight fractions (lower panels of
Fig. 5A). The lower-molecular-weight p21 complex contained
PCNA, a previously identified p21-interacting protein (52),
indicating that p21 in this complex may be functional. Inter-
estingly, unlike the case of MG132 treatment, p21 was only
detectable in the 600-kDa fractions, but not in the 26S protea-
some fractions, when MDMX was knocked down by siRNA
(Fig. 5A). Of note, siRNA appeared to cause the more appar-
ent reduction of MDMX that cofractioned with the 26S pro-
teasome (Fig. 5A). These results suggest two possibilities.
First, depletion of endogenous MDMX may prevent the asso-
ciation of p21 with the 19S complex of the 26S proteasome so
that p21 no longer associates with this complex, for further
degradation. Alternatively, depletion of MDMX may dissoci-
ate p21 from the 20S proteasome, which partially comigrated
with the 600-kDa complex (43), so that the 20S proteasome is
no longer able to degrade p21, perhaps leaving p21 to associate
with other proteins such as PNCA in the 600-kDa fractions.

Next, we investigated if MDMX interacts with some of 19S
components by conducting transient transfection-IP-WB and
GST-pull-down assays. As shown in Fig. 5B, when it was co-
transfected with the S2 or the S9 subunit of the 19S complex in
H1299 cells, MDMX bound to the S2, but not the S9, subunit.
The in vitro GST-fusion protein pull-down assay in Fig. 5C
showed the physical interaction between MDMX and the S2
subunit. Interestingly, both C and N termini of MDMX, but
not its central domains, were essential for S2 binding (see Fig.
S3 in the supplemental material). Similarly, MDM2 bound to
the S2, but not the S9, subunit (Fig. 5D). Further transient-
transfection studies showed that MDMX also interacted with

several other subunits of the 19S complex (data not shown).
These results suggest that by associating with some subunits of
the 19S complex, MDMX and MDM2 may mediate the re-
cruitment of p21 to the 26S proteasome and promote p21
degradation.

MDMX or MDM2 forms a complex with p21 and the S2
subunit in the 26S proteasome. The analyses similar to that in
Fig. 5B were conducted to test if p21 complexes with the 19S
components, except plasmids encoding p21 or S2 as well as
other 19S subunits were used for transfection. As shown in Fig.
6A and B, exogenously, p21 bound to S2, but not S9, in cells.
p21 appeared to bind to S2 more strongly than to the other
subunits of the 19S component (see Fig. S4A in the supple-
mental material). Consistent with the result in Fig. 4C, p21-
6KR was able to associate with S2 in cells as well (see Fig. S4B
in the supplemental material).

Individually overexpressed p21, MDMX, or MDM2 ap-
peared in a wide range of molecular weight fractions following
size exclusion chromatography, including the high-molecular-
weight fractions that contain the 26S proteasome (see Fig. S5
in the supplemental material). To determine if p21, MDMX,
and S2 associate with one another in the 26S complex, we
conducted size exclusion chromatography followed by WB or
IP-WB analyses using H1299 cells that expressed exogenous
proteins. As shown in Fig. 6C, exogenous p21 and MDMX or
MDM2 cofractionated with S2 in the 26S proteasome fractions
as well as the 600-kDa fractions. We pooled the high-molecu-
lar-weight fractions (H, containing the 26S proteasome) and
low-molecular-weight fractions (L) for co-IP–WB analyses.
More p21 and MDMX or MDM2 were pulled down by the

FIG. 4. Overexpression of MDMX does not change p21 ubiquitylation in cells. (A and B) Coexpression of MDMX with p21 does not change
the p21 ubiquitylation pattern in cells. p53�/� MDMX�/� MEF cells (A) or H1299 cells (B) were transfected with a combination of plasmids
encoding His6-ubiquitin (His-Ub), human p21, p21-6KR, or c-myc-MDMX, as indicated. The cells were treated with 10 �M MG132 for 6 h prior
to harvest. Cell lysates were incubated with Ni-NTA beads and washed intensively for SDS-PAGE and WB analyses using antibodies against p21
or MDMX. The cell lysates (50 �g/sample) were used for straight WB, as indicated. (C) MDMX mediates the degradation of the ubiquitylation-
deficient p21 mutant independent of MDM2. p53�/� MDM2�/� MEF cells were transiently transfected with plasmids encoding p21-6KR or
GFP-MDMX. The transfected cells were harvested 48 h posttransfection and lysed. The cell lysates (70 �g/sample) were subjected to SDS-PAGE,
followed by WB, as indicated.
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antibody against V5, which was tagged with S2, along with S2
in the 26S fractions than that in the 600-kDa fractions (Fig.
6D). This result indicates that p21 indeed complexes with
MDMX or MDM2 and S2 in the 26S proteasome, although

our result does not appear to exclude the possibility that p21
may also associate with MDMX or MDM2 in the 20S complex.

In the H1299 cells transiently transfected with MDMX and
S2, synchronized in G1 to early S phase and treated with

FIG. 5. MDMX and MDM2 interact with the 19S component of the 26S proteasome. (A) After the size exclusion chromatography, the
molecular mass (MW) distribution profile of p21 in the depletion of MDMX by siRNA differs from that in the inhibition of proteasomal activity
by MG132. H1299 cells were transfected as indicated or treated with 10 �M MG132 for 16 h and harvested. The cell pellets were lysed and cleared
by centrifugation at 13,200 rpm for 15 min. The supernatants were transferred to fresh centrifugation tubes and subjected to a second
centrifugation under the same conditions. The clarified cell lysates (300 mg/sample) were applied to a Superose 6 size exclusion chromatographic
column (GE Biosience) on a SMART analytical high-performance liquid chromatography system (GE Bioscience) under the following conditions:
temperature, 4°C; loading buffer, BC150; flow rate, 50 ml/min; and fraction size, 50 ml/fraction. The column was calibrated under the same
conditions, and molecular mass markers (kDa) are shown on the top of all WB lanes. Thirty milliliters of each selected fraction was resolved by
12% SDS-PAGE followed by WB, as indicated on the right. The S8 subunit of the 19S particle was detected for the marker of both the 19S particle
and the 26S proteasome. The C2 subunit was used as the marker for the 20S proteasome. (B) MDMX associates with subunit S2 of the 19S particle
when ectopically expressed. H1299 cells were transfected as indicated. The transfected cells were treated with 10 mM MG132 for 16 h and
harvested at 48 h posttransfection. The cell lysates were used for IP-WB (300 �g/sample) and straight WB (50 �g/sample). (C) Purified His-MDMX
binds to S2 in vitro. GST-0 (GST only), GST-S2, GST-S9 beads, and His-MDMX were prepared as described above. One hundred nanograms of
His-MDMX was incubated with beads conjugating 500 ng GST-0 or GST fusion proteins in lysis buffer. Thirty minutes after incubation at room
temperature, mixtures were washed with lysis buffer once, SNNTE buffer twice, and lysis buffer again. The samples, together with 10% His-MDMX
input, were resolved by SDS-PAGE followed by WB against MDMX (8C6). (D) Overexpressed MDM2 and S2 associate in cells. H1299 cells were
transfected as indicated and treated as in panel A. The cell lysates were used for IP-WB (300 �g/sample) and straight WB (50 �g/sample), as
indicated.
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FIG. 6. p21 complexes with the 19S subunit together with MDMX or MDM2 in cells. (A and B) p21 interacts with S2 in cells. H1299 cells were
transfected as indicated. Two micrograms of each plasmid was used. The transfected cells were treated with 10 �� MG132 for 16 h and harvested
at 48 h posttransfection. The cell lysates (300 �g/sample) were immunoprecipitated with polyclonal anti-V5 antibody (A) or monoclonal anti-Flag
antibody (B). The cell lysates (50 �g/sample) were also used for WB, as indicated on the right. (C) Molecular mass distribution profiles of
overexpressed p21, S2, and MDMX or MDM2 after size exclusion chromatography. H1299 cells were transfected as indicated and treated with 10
�� MG132 for 16 h. The size exclusion chromatography was carried out as in Fig. 5A. The selected fractions (Frac; 30 �l/fraction) were revolved
by 12% SDS-PAGE followed by WB, as indicated on the right. (D) p21 preferentially associates with S2 in the high-molecular-weight fractions of
the Superose 6 column. As indicated in panel C, the Superose 6 column fractions were combined as the high-molecular-weight pool (H, fractions
6 to 12) and the low-molecular-weight pool (L, fractions 18 to 24). One hundred micrograms of proteins per pool was immunoprecipitated with
polyclonal anti-V5 antibody and analyzed by WB, as shown on the right. (E) Exogenous MDMX and S2 are cofractionated with p21 in
double-thymidine-arrested cells. GFP-MDMX and V5-S2 were ectopically expressed in H1299 cells. The transfected cells were synchronized in
G1/S phase by a double-thymidine arrest. A 10 �M concentration of MG132 was added to the culture in the second arrest. The cells were harvested
and lysed. The cell lysate (300 �g) was subjected to size exclusion chromatography after clarification as described for Fig. 5A. The selected fractions
(30 �l/fraction) were revolved by 12% SDS-PAGE followed by WB, as indicated on the right.
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FIG. 7. Depletion of MDMX and/or MDM2 by siRNA increases the protein level of p21 and causes G1/early S-phase accumulation. (A) siRNA
specifically for human MDMX (siMDMX) inhibits MDMX expression and induces p21 in p53-null H1299 cells. H1299 cells were transfected with
300 nM of a scrambled RNA duplex or the anti-MDMX siRNA duplex and harvested 48 h posttransfection. The cell lysates (100 �g/sample) were
used to detect MDMX, p21, and tubulin (loading control) by WB, as indicated. (B) Depletion of MDMX by siRNA results in G1 cell accumulation.
H1299 cells were transfected as indicated and treated with 150 nM nocodazole for 16 h before harvest. The cells were harvested at 40 h
posttransfection and analyzed for DNA content. A total of 50,000 cells were counted for each sample. The error bars represent the standard
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MG132 (Fig. 6E), similar to that in nonsynchronized cells in
Fig. 6C, the exogenous MDMX and S2 cofractionated with p21
in size exclusion chromatography. This implies that MDMX or
MDM2 may complex with p21 and the 26S proteasome in this
stage of the cell cycle to mediate p21 degradation.

Depletion of MDMX or/and MDM2 by siRNA induces p21
levels and G1 arrest in p53-null cells. Next, we wanted to know
if depletion of endogenous MDMX would stabilize p21 and in
turn stall the cell cycle. In doing so, MDMX was knocked down
in H1299 cells by an siRNA duplex specific to human MDMX
(Fig. 7A). Consistent with the observation in MEF cells (Fig.
1B), this treatment led to a drastic induction of p21 protein.
When analyzing the cell cycle of the cells from the same trans-
fection, we found that MDMX siRNA also caused cell cycle
arrest at the G1 phase in comparison with the control trans-
fection (Fig. 7B). Cell cycle analyses of MEF cells with differ-
ent genetic backgrounds indicated that mdmx knockout further
caused G1 arrest independently of MDM2 (Fig. 7C). For ex-
ample, the G1 cells increased from 22% in p53�/� MEF cells to
28% in p53�/� MDM2�/� MEF cells (Fig. 7C). Further knock-
out of mdmx (p53�/� MDM2�/� and MDMX�/�) (J. A.
Barboza, T. Iwakuma, T. Terzian, A. K. El-Naggar, and G.
Lozano, submitted for publication) resulted in additional in-
crease of the G1 population to 38% (Fig. 7C). These results
suggest that MDMX regulates cell cycle progression by directly
monitoring p21 levels independently of p53 and MDM2.

To determine at which phase of the cell cycle MDMX reg-
ulates p21 levels, we synchronized scramble, MDMX siRNA-,
MDM2 siRNA-, or double-siRNA-transfected H1299 cells and
conducted FACS and WB analyses. As shown in Fig. 7D to G,
the cells expressing scramble siRNA were well synchronized,
while the cells expressing MDMX siRNA and/or MDM2
siRNA were mostly arrested at G1/early S phase, consistent
with the results in Fig. 7B and C. Interestingly, p21 levels were
lower at the G1 and early S phases during the cell cycle of the
control cells when MDMX and MDM2 were expressed while
MDMX or MDM2 siRNA mainly depleted these two proteins
correspondingly and consequently rescued p21 levels at these
phases (see Fig. S6A and S6B in the supplemental material).
Consistent with this result, p21 levels were also considerably
lower at the G1 and S phases in p53-null MEF cells, but were
rescued in p53�/� MDMX�/� MEF cells (see the middle pan-
els of Fig. S6C in the supplemental material). Of note, the
reduction of p21 levels at the G2/M phase was also rescued in
p53�/� MDMX�/� MEF cells (see lane 6 of Fig. S6C in the

supplemental material). The lower level of p21 at the G2/M
phase was also observed in nontransfected H1299 cells (data
not shown), but not in siRNA-transfected H1299 cells (see Fig.
S6A and S6B in the supplemental material), implying that
siRNA transfection might induce the p21 level at the G2/M
phase by an unknown mechanism. Taken together, these re-
sults demonstrate that MDMX mainly monitors the p21 level
at the G1/S phase. Thus, depletion of MDMX or MDM2 can
partially rescue p21 and result in G1 arrest.

Knockdown of p21 by siRNA rescues G1 arrest by depletion
of MDMX and MDM2 in p53-null cells. The above results
show that depleting MDMX or MDM2 restores p21 levels at
the G1/S phase (see Fig. S6A and S6B in the supplemental
material) and leads to G1 arrest (Fig. 7D to G). We then asked
whether this G1 arrest depends on p21. To address this ques-
tion, we performed double- and triple-knockdown experiments
using siRNAs against each of the p21, MDM2, and MDMX
proteins in p53-deficient H1299 cells followed by FACS anal-
ysis. As shown in Fig. 7H, in comparison with the result of
depletion of MDMX alone (Fig. 7B), the G1 population fur-
ther increased when both MDMX and MDM2 were simulta-
neously depleted, with a net increase of �8% after subtracting
the control value in H1299 scramble siRNA cells. The increase
was remarkably eliminated by additional knockdown of p21
(Fig. 7H). These results demonstrate that p21 can be a target
of MDM2 and MDMX in regulating G1-to-S-phase progres-
sion in the cell cycle independently of p53.

DISCUSSION

Although several proteins have been identified to potentially
regulate p21 proteasomal turnover in cells (21, 28, 49, 53, 58,
59), it remains to be addressed how exactly p21 is degraded
during the cell cycle. Our study, as described here, not only
identifies MDMX as another regulator of p21 stability in a
mechanism similar to that for MDM2-mediated p21 degrada-
tion, which is independent of ubiquitylation and p53 (21, 58),
but also and more importantly demonstrates that MDMX and
MDM2 monitor the p21 level mainly at the G1 and early S
phases of the cell cycle. In addition, we provide evidence that
suggests that MDMX or MDM2 appears to mediate 26S-cat-
alyzed degradation of p21. Hence, our study uncovers a mo-
lecular mechanism underlying p21 turnover at a specific phase
of the cell cycle (Fig. 7I).

It is interesting to identify MDMX, like MDM2 (21, 58), as

deviation of results from three independent experiments. Data were analyzed for statistical significance using the Student’s t test. *, P � 0.05. (C)
Further knockout of MDMX in p53 and MDM2-double-knockout MEF cells leads to more G1 arrest. The cultured p53�/� p53�/� and MDM2�/�

or p53�/� MDM2�/� and MDMX�/� MEF cells (Barboza et al., submitted) were treated with 150 nM nocodazole for 16 h. The cells were harvested
analyzed for DNA content. A total of 50,000 cells were counted for each sample. (D to G) Depletion of MDMX or/and MDM2 by siRNA causes
the accumulation of cells in G1/early S phase accompanied by increased p21 levels. The H1299 cells transfected with scramble siRNA, MDMX
siRNA, or MDM2 siRNA were synchronized by a double-thymidine arrest and harvested 0, 2, 4, 6, and 8 h after the second release. The cell pellets
were split into two aliquots: one for the cell cycle by FACS analysis (C to E) and the other for WB to determine protein levels (see Fig. S6 in the
supplemental material). c, nonsynchronized cells used as a control in both WB and FACS analyses. (H) Depletion of p21 by siRNA (sip21) rescues
cells from G1 arrest caused by depletion of MDM2 and MDMX. H1299 cells were transfected as indicated and treated with 150 nM nocodazole
for 16 h before harvest. The cells were harvested at 40 h posttransfection and analyzed for DNA content. A total of 50,000 cells were counted for
each sample. siMX-M2, MDMX and MDM2 siRNAs. The error bars represent the standard deviations of results from three independent
experiments. Data were analyzed for statistical significance using Student’s t test. *, P � 0.05. (I) Model for MDMX/MDM2-mediated p21
proteasomal turnover during the cell cycle (see Discussion for details).
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another direct p21 regulator, because biochemical, cellular and
genetic studies over the past decade have demonstrated that
MDMX acts primarily as a partner of MDM2 in negatively
regulating p53 stability and activity (31, 32), although they may
have independent functions (17, 20, 26, 37, 40, 46, 47). Our
finding is congruent with genetic studies that show that
MDMX deficiency causes cell proliferation arrest, which is
partially rescued by further knocking out the p21 gene (48). In
terms of p21 regulation, MDMX can degrade this protein in
cooperation with MDM2 (Fig. 1A), while it can also do so
independently of MDM2 (Fig. 1B and C and Fig. 4C). Our
previous study showed that MDM2 also degraded p21 inde-
pendently of MDMX (21). These studies indicate that MDMX
and MDM2 can either independently or synergistically pro-
mote p21 degradation in cells, although whether the interac-
tion between the two oncoproteins is necessary for their coop-
eration in degrading p21 during the cell cycle remains to be
elucidated.

The role and regulation of MDM2 or MDMX during the cell
cycle have been suggested by previous studies (1, 14, 17, 33,
57). However, none of these studies links MDM2 or MDMX
directly with p21 regulation. Thus, it is also important to dem-
onstrate that MDMX- or MDM2-mediated p21 degradation
occurs in the G1 or early S phase during the cell cycle, as
mentioned above. As previously shown, p21 levels were lower
in G1 or early S phase than that in other phases of the cell
cycle, while MDM2 and MDMX were detected at these phases
(Fig. 7 and see Fig. S6 in the supplemental material). However,
when MDM2 or MDMX was individually knocked down by
siRNA, the level of p21 at G1 and early S phases was induced
partially (Fig. 7 and see Fig. S6 in the supplemental material).
This result suggests that either of these proteins is required for
monitoring p21 turnover at the G1 and early S phases. Conse-
quently cells were arrested at the G1 phase after knocking
down either MDM2 or MDMX (Fig. 7 and see Fig. S6 in the
supplemental material). In line with these siRNA-mediated
knockdown results, p21 levels were also induced specifically at
the G1 and early S phases in either p53�/� mdmx�/� or p53�/�

mdm2�/� MEF cells compared to p53-null MEF cells (see Fig.
S6C in the supplemental material). Consistent with these re-
sults, simultaneous deletion of MDM2 and MDMX further
increased the cell population at the G1 phase and additional
knockdown of p21 rescued this G1 arrest, leading to normal
cell proliferation (Fig. 7C and H). These results firmly confirm
the role of MDMX and MDM2 in regulating p21 turnover at
the G1 and early S phases during the cell cycle.

Then, how does MDMX or MDM2 mediate p21 degrada-
tion? Completely addressing this mechanistic question re-
quires more thorough and systematic dissection of the inter-
play between MDMX or MDM2 and the proteasome system in
vitro and in vivo. However, our current study offers some clues
that suggest that MDMX may mediate the recruitment of p21
to the 26S proteasome complex. First, we found that p21 co-
fractionated with the 19S components of the 26S proteasome
in the 2,000-kDa fractions when cells were treated with
MG132, whereas it disappeared in these fractions and mostly
appeared with the 600-kDa fractions in either untreated or
siRNA-treated cells (Fig. 5A). Although knocking down
MDMX induced p21 (Fig. 7), this induced p21 level appeared
merely at the 600-kDa fractions, but not the 2,000-kDa frac-

tions, unlike the case of MG132 treatment (Fig. 5A). This
intriguing result suggests that MDMX may play a role in re-
cruitment of p21 to the 26S proteasome, as the lack of MDMX
leads to the accumulation of p21 in the non-26S proteasome
fractions (Fig. 5A). In accordance with this assumption is the
finding that both MDM2 and p21 associate with S2, but not S9,
two components of the 19S lid complex of the 26S proteasome
(Fig. 5 and 6). Also, the MDM2-p21-S2 complex was detected
in the 2,000-kDa fractions when the three proteins were ec-
topically expressed in cells (Fig. 6C and D). These results
suggest that MDMX may mediate p21 turnover that is cata-
lyzed by the 26S proteasome in cells, while MDM2 was previ-
ously shown to possibly mediate p21 degradation through the
20S proteasome (58).

In summary, our study uncovers a previously unknown func-
tion for MDMX in regulating p21 proteasomal turnover at the
G1 and S phases of the cell cycle. This finding further empha-
sizes the direct role of this oncoprotein in controlling cell
proliferation in addition to through suppression of p53 activity.
As more evidence shows that MDMX is highly expressed in
several human cancers and plays a role in oncogenesis of dif-
ferent tissues (25, 31, 32, 42), our finding also offers one mo-
lecular mechanism underlying its oncogenic function. Future
studies are necessary to elucidate detailed biochemical mech-
anisms by which MDMX regulates p21 proteasomal turnover.
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