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p53 is extensively posttranslationally modified in response to various types of cellular stress. Such modifi-
cations have been implicated in the regulation of p53 protein levels as well as its DNA binding and transcrip-
tional activities. Treatment of cells with doxorubicin causes phosphorylation and acetylation of p53, transcrip-
tional upregulation of p21 and other target genes, and growth arrest. In contrast, downregulation of Mdm2 by
a small interfering RNA (siRNA) approach led to increased levels of p53 lacking phosphorylation at serine 15
and acetylation at lysine 382. Levels of binding of p53 to the p21 promoter were comparable following treatment
with doxorubicin or Mdm2 siRNA. Moreover, p53 was transcriptionally active and capable of inducing or
repressing a variety of its target genes. Surprisingly, p53 upregulated by Mdm2 siRNA had no effect on cell
cycle progression. Although comparable in level to that achieved by treatment with the p53 activators actino-
mycin D and nutlin-3, the increases in p53 and p21 after downregulation of Mdm2 were not sufficient to trigger
cell cycle arrest. This version of p21 was capable of interacting with cyclin-dependent kinase 2 (Cdk2) but failed
to inhibit its activity. Taken together, these results argue that Mdm2 is needed for full inhibition of Cdk2
activity by p21, thereby positively contributing to p53-dependent cell cycle arrest.

The tumor suppressor p53 is maintained at low levels in
unstressed cells due to continuous degradation through the
proteasome pathway (30). Mdm2, the product of a p53-in-
duced target gene, mediates this process by ubiquitinating p53,
thereby creating a negative-feedback loop (27, 37). In response
to numerous stimuli, p53 becomes stabilized, accumulates in
the nucleus, and regulates gene expression (2). Stabilization of
p53 is thought to be triggered primarily through posttransla-
tional modifications that affect its interaction with Mdm2 (10,
41). Activation of multiple pathways by different stimuli leads
to p53 modification on at least 20 residues, including phosphor-
ylation, acetylation, sumoylation, and glycosylation (1). Phos-
phorylation of Mdm2 following cellular stress has also been
shown to inhibit its interaction with p53 and to play a role in
p53 accumulation (31). In addition to its role in protein stabi-
lization, posttranslational modification of p53 has also been
implicated in the regulation of its transcriptional activity. The
C terminus of p53 has been suggested to be a regulator of
DNA binding (21). Modifications within this domain, including
phosphorylation at serines 315, 378, and 392 or acetylation at
lysines 373 and 382, have been shown to enhance the sequence-
specific DNA binding of p53 (17, 21, 29, 43). Phosphorylation
of serine 15 has been reported to stimulate the interaction of
p53 with the acetyltransferases p300 and CBP (28).

Following cellular stress, p53 induces the expression of the
cyclin-dependent kinase (cdk) inhibitor p21, among other tar-
get genes. p21 is a key mediator of arrest at the G1 phase of the
cell cycle and contributes to the G2 arrest (6, 47). Moreover,
p21 has been shown to be both sufficient and required for

proper G1 arrest (5, 12, 38, 47) through binding and inhibition
of cdk complexes (6, 18).

Here, the activities of p53 stabilized by downregulation of
Mdm2 were investigated using a small interfering RNA
(siRNA) approach. Mdm2 ablation caused an upregulation of
p53 lacking a subset of posttranslational modifications. Never-
theless, this p53 was competent for specific DNA binding and
transcriptional regulation. Intriguingly, p21 expression was in-
duced but cells failed to become arrested. This p21 interacted
with cyclin-dependent kinase 2 but failed to inhibit its activity.
This suggests a role for Mdm2 in the ability of p53 and p21 to
induce cell cycle arrest.

MATERIALS AND METHODS

Cell lines and drug treatments. U2OS, HT1080, G361, WI-38, and HCT116
cell lines were purchased from ATCC. Cells were grown in Dulbecco’s modified
Eagle’s medium containing 10% heat-inactivated fetal bovine serum, 100
units/ml penicillin, and 100 �g/ml streptomycin. Control and p53 short hairpin
RNA (shRNA) stable cell lines were generated by cotransfection of either
TranSilent control or p53 shRNA vectors (Panomics) and pBabe-Puro (D. J.
Lukin and J. J. Manfredi, unpublished data). A p21 shRNA stable cell line,
p53�/� mouse embryonic fibroblasts (MEFs), and 293T cells were generous gifts
from A.W. Lin, G. Lozano, and P. Frenette, respectively. Doxorubicin and
actinomycin D were purchased from Sigma. Nutlin-3 (racemic mix) was pur-
chased from Calbiochem.

siRNA transfections and immunoblotting. An Mdm2 pool of RNA oligonu-
cleotides was purchased from Dharmacon and used according to the manufac-
turer’s instructions at a final concentration of 100 nM. Control siRNA r(AUG
AACGUGAAUUGCUCAAUU) was purchased from QIAGEN. U2OS,
HT1080, and WI-38 cells were transfected using Oligofectamine and G361 cells
using Lipofectamine 2000 (Invitrogen). When indicated, drugs were added to
cells 5 h after transfection, at the time when complete growth medium was
added.

Cells were washed and harvested in phosphate-buffered saline (PBS) and then
lysed in 50 mM HEPES (pH 7.5)–1% Triton X-100–150 mM NaCl–1 mM
MgCl2–1 mM phenylmethylsulfonyl fluoride–5 �g/ml leupeptin–50 �g/ml apro-
tinin. Equal amounts of proteins, typically 50 �g, were electrophoresed by use of
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, transferred to
nitrocellulose membranes (Bio-Rad), and blotted with anti-p53 (DO-1), anti-p21
(C-19), and anti-cyclin-dependent kinase 2 (anti-Cdk2) (M2) from Santa Cruz
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Biotechnology Inc. Anti-Mdm2 (Ab1) and antiactin (Ab-1) were from Calbio-
chem. Anti-pRb (4H1) was purchased from Cell Signaling Technology. Anti-p21
(SMX30; BD PharMingen) was used for detection of mouse and human p21. To
analyze p53 phosphorylation and acetylation status, cells were treated and lysed
as described in the presence of the following phosphatase and acetylase inhibi-
tors: 0.1 mM sodium orthovanadate, 1 mM sodium fluoride, 15 mM p-nitrophe-
nylphosphate (PNPP), and 5 �M trichostatin A. p53 polyclonal phosphospecific
antibodies Ser6, Ser15, and Ser37 were from Cell Signaling Technology. Anti-p53
acetylated Lys382 was from Trevigen, Inc. Anti-mouse and -rabbit antibodies
were from ICN Biomedicals Inc. The signal was detected using enhanced chemi-
luminescence (ECL) detection reagent from Amersham Life Sciences.

Indirect immunofluorescence. Cells were grown on glass coverslips and trans-
fected or treated as indicated. Coverslips were washed with PBS, and cells were
fixed in ice-cold 100% methanol for 20 min at �20°C followed by cold 100%
acetone for 15 to 20 s. Coverslips were then stored at 4°C in 50% glycerol–PBS
until processed. Coverslips were washed three times with PBS, blocked for 10
min at room temperature in 5% normal goat serum (NGS) in PBS, washed with
PBS, and incubated with primary antibodies in 5% NGS–PBS for 1 h at room
temperature. After three washes in PBS, coverslips were incubated for 30 min at
room temperature with secondary antibodies in 5% NGS–PBS, washed three
times for 5 min in PBS, and mounted in 50% glycerol–0.1 mg/ml p-phenylene-
diamine–0.1 �g/ml DAPI (4�,6�-diamidino-2-phenylindole). The following pri-
mary and secondary antibodies were used: anti-p53 (DO-1 or FL393; Santa
Cruz) (1:500), anti-phosphoserine 15 (polyclonal; Cell Signaling) (1:750), anti-
phosphorylated H2AX (�H2AX; UPSTATE) (1:500), anti-Mdm2 (Ab-1; Cal-
biochem) (1:500), anti-p21 (SMX30; BD PharMingen) (1:500), and Alexa 594- or
488-conjugated anti-mouse and -rabbit antibodies (Molecular Probes) (1:500).
Fluorescence was captured with a Nikon E-700 epifluorescence photomicroscope
(Tokyo, Japan) using a Diagnostic Instruments Inc. RT-SE SPOT digital camera
and Adobe Photoshop 5.0 software.

Oligonucleotide pull-down assay. Cells were lysed in the presence of phos-
phatase and acetylase inhibitors as described for immunoblotting. The lysates
were centrifuged for 3 min at 14,000 rpm, and NaCl, dithiothreitol (DTT),
EDTA, MgCl2, and glycerol were added to the supernatants to achieve final
concentrations of 500 mM, 1 mM, 0.2 mM, 1.5 mM, and 20%, respectively.
Extracts were aliquoted, frozen in a dry ice-ethanol bath, and stored at �70°C.
Cell extracts (150 to 300 �g) were incubated with 0.5 to 2 �g of biotinylated p21
5� or control oligonucleotides (QIAGEN) in a total volume of 600 �l of DNA
binding buffer (20 mM HEPES [pH 7.5], 83 mM NaCl, 0.1 mM EDTA, 12%
glycerol, 2 mM MgCl2, 2 mM spermidine, 0.7 mM DTT, and 10 �g salmon sperm
DNA). Protein levels were normalized by the addition of bovine serum albumin
(Sigma). After a 20-min incubation at room temperature, 30 to 50 �l of strepta-
vidin-conjugated beads (ImmunoPure streptavidin; Pierce Chemical) was added,
and samples were rocked for 1 h at 4°C. Beads were washed three times with
DNA binding buffer without DNA, resuspended in 1� Laemmli sample buffer,
heated to 95°C for 3 min, and analyzed by immunoblotting.

The sequences of the biotinylated oligonucleotides (Operon Biotechnologies,
Inc.) were as follows: for p21 5�, 5�-AATTCGGTACCGAACATGTCCCAAC
ATGTTGGCTAGCG-3� (where the underlined sequence corresponds to the
p53 response element); and for the control, 5�-AATTCGGTACCTCGAAGAA
GACGTGCAGGGACCCGCTAGCG-3�.

Chromatin immunoprecipitation (ChIP) assay. Assays were performed essen-
tially as described by Espinosa et al. (14) using anti-p53 antibody (DO-1; Santa
Cruz). Primers for radioactive PCR amplification were as described by St. Clair
et al. (42).

RNA extraction, RT-PCR, and real-time PCR. RNA was extracted using an
RNeasy kit (QIAGEN). Immediately after extraction, 1 to 2 �g of RNA was used
for cDNA synthesis with SuperScript II (Invitrogen) according to the manufac-
turer’s instructions. Reverse transcription-PCR (RT-PCR) analysis was per-
formed as described by St. Clair et al. (42).

Quantitative real-time PCR was performed using the following PCR primers
(Operon Biotechnologies, Inc.) and an ABI PRISM 7900HT sequence de-
tection system (Applied Biosystems, Foster City, CA): for p21, 5�-ACTCTCA
GGGTCGAAAACGG-3�–5�-CCTCGCGCTTCCAGGACTG-3�; for Mdm2, 5�-CTG
TGTTCAGTGGCGATTGG-3�–5�-AGGGTCTCTTGTTCCGAAGC-3�; for 14 3 3�,
5�-TCTGATCCAGAAGGCCAAGC-3�–5�-GCCCACCACGTTCTTATAGG-3�; for
Survivin, 5�-TCCGGTTGCGCTTTCCT-3�–5�-TCTTCTTATTGTTGGTTTCCTTT
GC-3�; for PUMA, 5�-AGAGGGAGGAGTCTGGGAGTG-3�–5�-GCAGCGCATA
TACAGTATCTTACAGG-3�; for Noxa, 5�-TGGAAGTCGAGTGTGCTACTCAAC
T-3�–5�-AGATTCAGAAGTTTCTGCCGGAA-3�; for PIG3, 5�-CAAATGGCA
GAAAAGCTTGGAG-3�–5�-GGCAGTTGACGTTCTTCTCC-3�; and for GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), 5�-CAATGACCCCTTCATTGAC
C-3�–5�-GATCTCGCTCCTGGAAGATG-3�.

The reactions were performed in quadruplicates. For each gene, the median
was considered and normalized using the median of the GAPDH replicates.
Severalfold induction values were calculated using the following equation:
2[(GAPDH � gene X)treatment � (gene X � GAPDH)control].

Luciferase reporter assay. U2OS and HCT116 cells were seeded in 24-well
dishes and transfected using Lipofectamine 2000 (Invitrogen) with 200 ng of
luciferase reporter plasmid (the p21 5� response element cloned upstream of the
minimal E1b-TATA promoter in the pGL3 reporter vector), 5 ng of pRL-
Renilla, and control or Mdm2 siRNA oligonucleotides (100 nM). At 24 h after
transfection, cells were treated with 0.5 �g/ml doxorubicin when indicated. At
48 h after transfection, luciferase and Renilla activities were measured using a
dual-luciferase reporter assay system (Promega) according to the manufacturer’s
instructions.

Flow cytometry and BrdU incorporation assay. Cells were pulsed with bro-
modeoxyuridine (BrdU) that was added to the culture medium at a 10 �M final
concentration for 1 h before harvesting. Cells were trypsinized, collected by
centrifugation, and fixed in 70% ethanol at �20°C. DNA was denatured by
incubation for 30 min with 2 N HCl–0.5% Triton X-100 followed by neutraliza-
tion with 0.1 M Na2B4O7·10 H2O (pH 8.5). Cells were then stained with fluo-
rescein isothiocyanate-conjugated anti-BrdU antibody (catalog no. 347583;
Becton Dickinson) for 1 h at room temperature in the dark, centrifuged, resus-
pended in PBS with 20 �g/ml propidium iodide and 1 mg/ml RNase A, and kept
in the dark for 30 min. Cell cycle distribution and BrdU incorporation were
analyzed using a FACSCalibur flow cytometer (Becton Dickinson) and
CellQuest software (BD Biosciences).

Cdk2-p21 coimmunoprecipitation. Following treatments as indicated, cells
were washed and harvested in PBS and then lysed as described for immuno-
blotting with protease and phosphatase inhibitors. A 500-�g volume of pro-
teins was mixed with 3 �l of anti-Cdk2 polyclonal antibody (M2; Santa Cruz)
and 30 �l of a 50% slurry of protein A-Sepharose (Amersham Biosciences)
and rocked at 4°C for 2 h. The beads were washed three times with RIPA (50
mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1%
SDS, 5 mM EDTA), resuspended in 30 �l of 2� sample buffer, and heated to
95°C for 5 min. Proteins were resolved in 12% to 15% polyacrylamide gels
and analyzed by immunoblotting using anti-Cdk2 (M2) and anti-p21
(SMX30) antibodies (BD PharMingen).

Cdk2 kinase assay. Cells were washed with PBS and lysed in HB buffer (25
mM MOPS [morpholinepropanesulfonic acid] [pH 7.2], 15 mM MgCl2, 15 mM
EGTA, 1 mM DTT, 1% Triton X-100) with protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 5 �g/ml leupeptin, and 50 �g/ml aprotinin) and phos-
phatase inhibitors (60 mM �-glycerophosphate, 15 mM PNPP, and 0.1 mM
sodium orthovanadate). After centrifugation, proteins were quantitated using a
Bradford assay (Bio-Rad). Proteins (400 to 1,000 �g) were immunoprecipitated
with 5 to 10 �l of anti-Cdk2 antibodies (M2) and 40 to 50 �l of a 50% slurry of
protein A-Sepharose (Amersham Biosciences) and rocked at 4°C for 1 to 2 h.
The beads were washed three times with 1 ml of HB buffer with protease and
phosphatase inhibitors followed by a brief spin and were resuspended in 15 �l of
HB buffer. To each sample was added 15 �l of 2� kinase reaction buffer (HB
buffer containing 200 �M ATP, 1 mg/ml H1 histone, and 1 �l of [�-32P]ATP
[Perkin-Elmer]) (6,000 Ci/mmol [10 �Ci/�l] per 10 �l of 2� reaction buffer).
Samples were incubated for 15 to 20 min at 37°C in a block with agitation. The
reaction was stopped by addition of 7.5 �l of 5� sample buffer (60 mM Tris-HCl
[pH 6.8], 25% glycerol, 2% SDS, 14.4 mM �-mercaptoethanol, 0.1% bromophe-
nol blue) and 5 min incubation at 95°C. Samples were electrophoresed on 12%
denaturing gels. Gels were Coomassie stained, dried on Whatman paper, and
exposed to Kodak XAR film. Quantification was performed using Kodak phos-
phorimager screens and Personal Molecular Imager FX and Quantity One soft-
ware (Bio-Rad).

Retroviral infection. Ecotropic retroviruses were generated by transient trans-
fection of 293T cells with 5 �g of pCL-Eco and 5 �g of pBabe-puro (pBP) or pBP
expressing human p53 (pBP53) or mouse p21 (pBP21) by use of a standard
calcium phosphate precipitation protocol. Retroviral supernatants were col-
lected 48 h after transfection and filtered through a 0.45 �m filter. p53�/� MEFs
were incubated with 2 ml of freshly prepared retroviral supernatants in the
presence of 8 �g/ml Polybrene at 37°C for 2 h followed by addition of growth
medium to achieve a final volume of 7 ml. The infection was repeated the
following day. The cells were harvested 48 h after the initial infection and
processed as described for the immunoblotting and cdk2 kinase assays. pCL-Eco
and pBP21 were generous gifts from M. O’Connell and S. A. Aaronson, respec-
tively.
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RESULTS

Downregulation of Mdm2 increases p53 levels comparably
to treatment with doxorubicin but without inducing posttrans-
lational modifications. Transient transfection of U2OS cells
with a pool of siRNA oligonucleotides targeting Mdm2
caused downregulation of Mdm2 protein levels that was
detected by immunoblotting (Fig. 1A). Abrogation of Mdm2
expression led to upregulation of both p53 and p21 proteins
(Fig. 1A). This siRNA approach resulted in a 50% to 80%
reduction in the mRNA levels of Mdm2 (Fig. 1B). The level
of p53 achieved following Mdm2 siRNA treatment closely
resembled that obtained after DNA damage of the cells with
doxorubicin (Fig. 1C). However, a comparison of similar
levels of p53 showed that, in contrast to cells treated with

doxorubicin, p53 upregulation by Mdm2 siRNA did not
result in significant phosphorylation at serine 15 or acetyla-
tion at lysine 382 (Fig. 1C and D). A time course analysis
showed that although the transfection procedure might be
sensed by the cells as a type of cellular stress, this was not
sufficient to induce modification of p53, not even at early
time points (Fig. 1C). These findings were confirmed by
immunohistochemistry (Fig. 1E). The siRNA approach
downregulated Mdm2 protein levels, leading to an increase
in p53 expression comparable to that seen upon treatment
with doxorubicin but lacking the phosphorylation on serine
15 (Fig. 1E). In addition, the siRNA transfection did not
seem to cause DNA damage, as suggested by the absence of
phosphorylation of histone H2AX, although it was readily

FIG. 1. Downregulation of Mdm2 by siRNA causes p53 and p21 upregulation in the absence of DNA damage and posttranslational modifi-
cations. Mdm2 protein levels were downregulated in U2OS cells by use of siRNA oligonucleotides. (A and B) At 48 h after transfection, Mdm2,
p53, p21, and actin levels in the cellular extracts were assayed by immunoblotting (A) and Mdm2 mRNA levels were quantitated by quantitative
RT-PCR (B). (C and D) p53 stabilized by Mdm2 downregulation or 0.1 �g/ml doxorubicin (DOX) was analyzed for posttranslational modifications
by immunoblotting. (E) At 48 h after transfection with control or Mdm2 siRNA or treatment with 0.1 �g/ml doxorubicin, U2OS cells were fixed
and p53, Mdm2, �H2AX, and phosphorylated p53 (p-ser15) were localized by indirect immunofluorescence.
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detectable by immunofluorescence after treatment with
doxorubicin (Fig. 1E).

Posttranslational modifications are not required for bind-
ing of p53 to its response elements in the p21 promoter in vitro
and in cells. To determine whether the absence of posttrans-
lational modifications affected p53 sequence-specific binding,
p53 proteins from U2OS cells transfected with Mdm2 siRNA
or treated with doxorubicin were compared with respect to
their DNA binding activities. Cell extracts were incubated with
a biotinylated probe containing the p21 5� response element
(�2262 to �2281 of the human p21 promoter) or a nonrelated
control sequence. The oligonucleotides were pulled down with
streptavidin beads, and the presence of p53 in the precipitated
complexes was assayed by immunoblotting. The binding to the
probe of p53 from Mdm2 siRNA-transfected cells was indis-
tinguishable from that of p53 from doxorubicin-treated cells
(Fig. 2A). This result suggested that DNA damage-associated
posttranslational modification of p53 does not contribute to in
vitro DNA binding.

p53 binding to DNA was next compared in the cellular
context by use of a ChIP assay. Immunoprecipitation of p53
from cells transfected with Mdm2 siRNA or treated with doxo-
rubicin followed by PCR analysis showed a strong and similar
association of p53 to both response elements in the p21 pro-
moter that was not affected by DNA damage and p53 modifi-
cation (Fig. 2B). p53 was present in the p21 promoter before
treatment (control siRNA), and the increase in its binding
following stabilization by Mdm2 siRNA or doxorubicin was
comparable to that previously seen, as was the increase in p53
protein levels (Fig. 2C). This result further supported the idea

FIG. 2. p53 upregulated by Mdm2 siRNA binds to the response
elements in the p21 promoter both in vitro and in cells. U2OS cells
were transfected with Mdm2 siRNA oligonucleotides or treated with
0.1 �g/ml doxorubicin (DOX) for 24 h. (A) Volumes of the different
extracts containing similar amounts of p53 were used in oligonucleo-
tide pull-down assays to measure binding to the p21 5� biotinylated
probe or a control probe (cont.). 1x and 2x represent two levels of
whole cell extracts (wce), and “input” corresponds to 10% of those
amounts. The presence of p53 in the precipitated complexes was de-
tected by immunoblotting. (B) Cells were cross-linked, and extracts
were subjected to ChIP analysis. Radioactive PCR was performed to
detect the occupancy by p53 of the response elements in the p21
promoter. A nonrelated genomic region was amplified as a control.
(C) p53 levels in the extracts used for ChIP were assayed by immuno-
blotting.

FIG. 3. Upregulation of p53 by Mdm2 siRNA induces expression of p21 protein and mRNA to a level comparable to that seen with treatment
with doxorubicin. (A) Clones of U2OS cells stably transfected with control (cont.) or p53 shRNA were transiently transfected with control or Mdm2
siRNA or treated with 0.1 �g/ml doxorubicin as indicated. Cell lysates were immunoblotted (left panel), and corresponding dishes were subjected
to RT-PCR analysis (right panel). (B) HCT116 and U2OS cells were cotransfected with 200 ng of a luciferase reporter construct containing the
p21 5� response element, control or Mdm2 siRNA, and 5 ng of pRL-Renilla for internal control. At 24 h after transfection, cells were treated with
0.5 �g/ml doxorubicin when indicated. At 48 h after transfection, cells were lysed and assayed for luciferase and Renilla activities. The indicated
values represent the averages of data obtained in three independent experiments, each performed in duplicate. Error bars represent standard
errors of the means.

VOL. 27, 2007 ROLE OF Mdm2 IN p21 INHIBITION OF Cdk2 4169



that posttranslational modification of p53 does not affect its
sequence-specific DNA binding to the p21 promoter.

Upregulated p53 in response to Mdm2 siRNA induces ex-
pression of p21 protein and mRNA levels. p21 has been re-
ported to be degraded by both ubiquitin-dependent and -inde-
pendent mechanisms. Mdm2 has been implicated in this
pathway and shown to interact with p21 and negatively regu-
late its turnover (24, 56). Consistent with this, downregulation
of Mdm2 by siRNA caused an increase in p21 protein levels.
The upregulation was not observed in U2OS cells stably trans-
fected with a plasmid expressing a p53 shRNA compared to
the results seen with a control shRNA clone (Fig. 3A, left
panel). This result suggested that p21 upregulation was at least
in part dependent on the presence of p53. To determine
whether the increase in p21 levels was a consequence of Mdm2
regulation of p21 stability or a direct transcriptional effect of
p53, cells were transfected with control or Mdm2 siRNA or
treated with doxorubicin and p21 mRNA levels were exam-
ined. RT-PCR analysis showed that p21 transcription was in-
duced to similar extents in the control cells following both
Mdm2 siRNA and doxorubicin treatment but was absent in the
p53 shRNA clone (Fig. 3A, right panel). This result indicated
that p53 upregulated by Mdm2 siRNA is transcriptionally ac-
tive on the p21 promoter, leading to an increase in p21 protein
levels. In addition, a reporter plasmid containing the p21 5�
response element upstream of the minimal adenovirus E1b
promoter was activated in cells transfected with Mdm2, but not
in those transfected with control siRNA, as well as in cells
treated with doxorubicin (Fig. 3B). Finally, more careful ex-
amination of p53 transcriptional activity by use of quantitative
real-time PCR revealed a similar ability of p53 to transactivate
or repress multiple target genes (Fig. 4B). This demonstrated
that p53 upregulated by ablation of Mdm2 was transcription-
ally active. Despite the different mRNA levels, p21 protein
levels were nearly identical following either treatment, suggest-
ing that these might be the result of the combined effects on
transcription and protein stability (Fig. 4A).

Taken together, these results supported the notion that
downregulation of Mdm2 by siRNA causes an increase in p53
levels that, devoid of significant modification, is capable of
resulting in the binding of p53 to the p21 promoter in cells.
Further, p21 is transcriptionally upregulated by p53 and the
induced p21 protein level is comparable to that observed fol-
lowing treatment with doxorubicin.

Despite induction of p21, upregulation of p53 by Mdm2
siRNA fails to trigger cell cycle arrest compared to treatment
with doxorubicin. The biological effect of the upregulation of
p53 by Mdm2 siRNA was next examined. U2OS cells were
transfected with control or Mdm2 siRNA or treated with doxo-
rubicin for 24 and 48 h, and cell cycle profiles and BrdU
incorporation were analyzed. Treatment of cells with doxoru-
bicin caused a cell cycle arrest predominantly at the G2 phase,
and the percentage of cells in the S phase incorporating BrdU
was reduced from 39% to 11% and 2% at 24 and 48 h, respec-
tively. Surprisingly, a comparison of cells transfected with con-
trol or Mdm2 siRNA showed that, despite upregulation of p53
and p21, there were no substantial changes in their cell cycle
profiles or in the fraction of cells incorporating BrdU (Fig. 5).

To further explore this result, similar experiments were per-
formed using two other cancer cell lines (HT1080 fibrosarcoma

cells and G361 melanoma cells) and primary lung fibroblasts
(WI-38 cells). In all cell lines examined, downregulation of
Mdm2 by siRNA transfection led to upregulation of p53 and
p21 at levels that were similar to those achieved following
treatment with doxorubicin (Fig. 6, right panels). However,
consistent with the result obtained using U2OS cells, Mdm2
downregulation had no or a modest effect on the cell cycle
profile of these cells compared to doxorubicin treatment.
HT1080 showed no differences in the cell cycle distribution
results between cells transfected with control or Mdm2 siRNA.
G361 and WI-38 showed a slight arrest in the G1 phase of the
cell cycle following Mdm2 downregulation, with only a 35%
reduction in the fraction of cells incorporating BrdU, in con-
trast to a greater than 90% reduction when the cells were
treated with doxorubicin (Fig. 6, left panels). These results
suggested that an increase in p53 and p21 levels is not sufficient
to induce growth arrest in these cells.

Induction of p53 and p21 to levels comparable to those seen
with actinomycin D or nutlin is not sufficient to trigger cell
cycle arrest in U2OS cells following Mdm2 siRNA treatment.
The cellular response to doxorubicin is known to have both

FIG. 4. p53 upregulated by Mdm2 siRNA regulates transcription of
various target genes. U2OS cells were transfected with control or Mdm2
siRNA or treated with doxorubicin (DOX) as indicated. At 48 h after
treatment, cell lysates were immunoblotted (A) and mRNA levels from
corresponding dishes were measured by quantitative RT-PCR (B).
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FIG. 5. p53 upregulated by Mdm2 siRNA fails to induce cell cycle arrest in U2OS cells. U2OS cells were transfected with control or Mdm2
siRNA or treated with doxorubicin (DOX) as indicated. At 24 and 48 h after transfection, cell lysates were immunoblotted (A) and corresponding
dishes were pulsed with BrdU and subjected to staining and flow cytometry (B). The percentages of BrdU-positive cells are indicated at the top
right corner of the panels.
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FIG. 6. p53 upregulated by Mdm2 siRNA fails to induce cell cycle arrest in HT1080, G361, and WI-38 cells. HT1080, G361, and WI-38 cells
were transfected with control or Mdm2 siRNA or treated with 0.1 �g/ml doxorubicin (DOX) as indicated. At 24 and 48 h after transfection, cell
lysates were immunoblotted, and at 24 h, corresponding dishes were pulsed with BrdU and subjected to staining and flow cytometry.
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p53-dependent and p53-independent components (36). It re-
mained then formally possible that the cell cycle arrest induced
by doxorubicin did not involve p53. To better address the
ability of p53 and p21 to induce growth arrest when upregu-
lated following ablation of Mdm2, transfection of cells with
Mdm2 siRNA was compared to treatment with actinomycin D
and nutlin-3. Low doses of actinomycin D have been shown to
induce p53-dependent growth arrest (7). Nutlin-3 is a low-
molecular-weight compound that activates p53 by disrupting
its interaction with Mdm2 (45). U2OS stable clones expressing
control shRNA were treated with actinomycin D and nutlin-3,
and their response was compared to that of p53 or p21 shRNA

clones (Fig. 7A). The G1 and G2 arrest caused by actinomycin
D or nutlin-3 was severely impaired when p53 and p21 were
downregulated, confirming their requirement (Fig. 7B). Next,
p53 and p21 levels achieved by siRNA-mediated ablation of
Mdm2 were compared to those obtained following treatment
with actinomycin D and nutlin-3. Under all three sets of con-
ditions, nearly identical p53 and p21 protein levels were ob-
served (Fig. 7C). Surprisingly, in contrast to the drug-treated
cells, those transfected with Mdm2 siRNA failed to undergo
cell cycle arrest (Fig. 7D and E). These results showed that p53
and p21 levels that are capable of, and required for, triggering
growth arrest in cells treated with actinomycin D or nutlin-3

FIG. 7. Induction of p53 and p21 to levels comparable to those seen with actinomycin D (Act.D) or nutlin-3 is not sufficient to trigger cell cycle
arrest in U2OS cells following Mdm2 siRNA treatment. (A) Stable U2OS clones expressing control, p53, or p21 shRNA were treated with 5 nM
actinomycin D or 2.5 �M nutlin-3. At 48 h after treatment, cell lysates were immunoblotted. untr., untreated. (B) Cells were treated as described
above, and cell cycle profiles were analyzed by flow cytometry. The histogram shows the ratio of the percentage of cells in G1 phase to that of cells
in S phase. (C) U2OS cells were transfected with control or Mdm2 siRNA oligonucleotides or were treated with actinomycin D or nutlin-3. At 48 h
after treatment, cell lysates were immunoblotted. (D and E) Cells from corresponding dishes were stained with propidium iodide and analyzed by
flow cytometry (D); the results are represented in panel E.
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fail to do so when they are induced by downregulation of
Mdm2.

p21 upregulated following Mdm2 siRNA localizes to the
nucleus and binds to Cdk2 but does not inhibit Cdk2 kinase
activity. Among the several target genes induced by p53 upon
cellular stress, p21 is the best-characterized mediator of the G1

arrest and, to a lesser extent, the G2 arrest. To try to under-

stand its inability to induce cell cycle arrest following Mdm2
downregulation, the cellular localization of p21 was first exam-
ined. U2OS cells were treated with control or Mdm2 siRNA or
with doxorubicin, and the p21 protein was visualized by indi-
rect immunofluorescence. p21 was upregulated and localized
to the nucleus in cells treated with Mdm2 siRNA or doxoru-
bicin, indicating that cellular localization was not the cause for

FIG. 8. p21 upregulated following Mdm2 siRNA treatment localizes to the nucleus and binds to Cdk2 but does not inhibit Cdk2 kinase activity.
(A) U2OS cells were grown on coverslips and transfected with control or Mdm2 siRNA or treated with doxorubicin as indicated. At 48 h after
treatment, p21 was localized by indirect immunofluorescence. (B) U2OS cells were transfected with control or Mdm2 siRNA or treated with 5 nM
actinomycin D (Act.D) or 2.5 �M nutlin-3. At 48 h after treatment, cell extracts were immunoprecipitated with anti-Cdk2 antibody. p21 and Cdk2
were detected in the immunoprecipitates (IP) by immunoblotting (WB). Cdk2 in cell extracts from corresponding dishes was immunoprecipitated
and assayed for histone H1 kinase activity. (C) Protein levels in extracts used as described for panel B were assayed by immunoblotting. (D) U2OS
cells were treated as described for panel B, and Mdm2, p21, pRb, and actin levels in the cellular extracts were assayed by immunoblotting.
(E) p53�/� MEFs were infected with control or p53- or p21-encoding retroviruses. At 48 h after infection, cell lysates were immunoblotted. Cdk2
kinase activity from corresponding dishes was assayed as described, and the results are quantitated in panel F.
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its dysfunctionality (Fig. 8A). Next, the ability of p21 to bind to
the cyclin-dependent kinase Cdk2 was investigated. Compara-
ble amounts of p21 were found associated with Cdk2 in coim-
munoprecipitation assays using extracts from cells treated with
Mdm2 siRNA, actinomycin D, or nutlin-3 (Fig. 8B). This ob-
servation suggested that the inability of p21 to induce growth
arrest in cells following Mdm2 downregulation could not be
explained by an impaired association with Cdk2. However,
when the Cdk2 kinase activity in the same extracts was assayed,
it was found to be significantly decreased in extracts from cells
treated with actinomycin D or nutlin-3 compared to that seen
with extracts from cells treated with Mdm2 siRNA (Fig. 8B).
Consistent with this, there was a reduction of the phosphory-
lated form of pRb in the extracts from the drug-treated cells
(Fig. 8D). These results would argue that p21 upregulated by
ablation of Mdm2 seems to require some additional activation
in order to efficiently inhibit Cdk2 kinase activity once they are
associated. Whether this activation involves posttranslational
modification or interacting protein(s) remains to be explored.

Finally, ectopic expression of p21 in p53-null mouse embryo
fibroblasts by retroviral infection produced p21 levels that were
higher than those obtained by induction of endogenous p21
upon retroviral expression of p53. However, a greater reduc-

tion of Cdk2 kinase activity was observed in response to the
p53-expressing retrovirus. This is consistent with the notion
that that other downstream effectors of the p53 response con-
tribute to Cdk2 inhibition (Fig. 8E and F).

Cellular stress induces cell cycle arrest despite downregu-
lation of Mdm2. The role of Mdm2 in the p53 response to
cellular stress was examined next. U2OS cells were simulta-
neously transfected with control or Mdm2 siRNA oligonucle-
otides and treated with doxorubicin or actinomycin D. As a
result of p53 activation, both drugs caused an upregulation of
Mdm2 that was significantly reduced in the cells transfected
with Mdm2 siRNA (Fig. 9A and B). The ablation of the in-
duced Mdm2, however, was not complete. The p53 levels
achieved by treatment with doxorubicin or actinomycin D were
slightly greater in the cells transfected with Mdm2 siRNA than
in the control cells. The induction of p21 was significantly more
pronounced in the Mdm2-ablated cells. Mdm2 has been shown
to modulate p21 levels, but little is know concerning whether
this regulation is maintained or affected during the cellular
response to stress. It is therefore possible that the combination
of Mdm2 downregulation and treatment with p53-activating
drugs could trigger a more robust induction of p21 due to both
increased transcription and protein stability. Doxorubicin and

FIG. 9. Cellular stress induces cell cycle arrest despite downregulation of Mdm2. (A and B) U2OS cells were transfected with the indicated
siRNA oligonucleotides and treated with doxorubicin (DOX) (A) or actinomycin D (Act.D) (B) as described in Material and Methods. At 48 h
after treatment, cell lysates were immunoblotted. (C) U2OS cells from corresponding dishes were stained with propidium iodide and analyzed by
flow cytometry.
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actinomycin D caused growth arrest in the control cells, as
shown previously. Both drugs were also able to induce cell
cycle arrest in the cells in which Mdm2 was downregulated by
siRNA (Fig. 9C). Similar results were obtained using two in-
dependent Mdm2 siRNA duplexes, although the downregula-
tion was not as efficient as with the pool of oligonucleotides
(data not shown). One explanation for the results obtained
using combined treatments of Mdm2 siRNA and doxorubicin
or actinomycin is that residual amounts of Mdm2 were suffi-
cient to allow p21 to be fully active. Alternatively, it is possible
that the increased p21 levels in the Mdm2-ablated cells were
able to overcome a requirement for an additional activation.

DISCUSSION

The p53 pathway is inoperative in most cancer cells, with p53
being frequently inactivated by mutation. In tumor cells that
retain wild-type p53, the pathway is inactivated by other mech-
anisms, including Mdm2 overexpression or loss of p14ARF
(46). Because of this, restoration of the p53 pathway has been
the focus of intensive research. In the case of wild-type p53-
expressing tumors, disruption of the negative regulation of p53
by Mdm2 represents an attractive approach for therapeutic
treatment. Several strategies have been devised and investi-
gated to this purpose, including the use of small compounds
and p14ARF-derived peptides that disrupt the p53-Mdm2 in-
teraction and the use of antisense or siRNA oligonucleotides
that downregulate Mdm2 expression levels (32, 44, 55). In
addition, some of these tools have been used to investigate the
role of posttranslational modification in p53 activities. With
respect to Mdm2 downregulation, most published reports have
used an antisense approach with modified backbones, and
many of those studies presented conflicting results involving
nonspecific effects caused by oligonucleotides (48, 50), p53-
independent effects of Mdm2 (49, 53), or nonphysiological
levels of p53 (48, 51). The goal of the present study was to
evaluate the growth-suppressive ability of p53 and p21 when
they are upregulated at physiological levels by siRNA-medi-
ated downregulation of Mdm2 in the absence of DNA damage
or other types of cellular stress.

Abrogation of Mdm2 expression by siRNA oligonucleotides
led to stabilization of p53 without inducing DNA damage and
the associated modifications of p53 at serine 15 or lysine 382
(Fig. 1). p53 was nevertheless capable of binding to DNA in a
sequence-specific manner, both in vitro and in cells, in a man-
ner comparable to that of p53 activated by treatment with the
DNA-damaging agent doxorubicin (Fig. 2). Following Mdm2
downregulation, p21 was transcriptionally upregulated in p53-
expressing cells but not in cells in which p53 expression had
been ablated by shRNA (Fig. 4A). This observation is in con-
trast with some previously reported studies in which treatment
of cells with anti-Mdm2 antisense oligonucleotides induced
p21 mRNA levels in prostate cancer cells regardless of their
p53 status. This suggested that downregulation of Mdm2 af-
fected p21 transcriptional activation in a yet-unknown p53-
independent manner (55). Subsequent studies provided evi-
dence of an interaction between Mdm2 and p21 in cells and
resulted in reports that Mdm2 reduced p21 protein stability in
a ubiquitin- and p53-independent way (56). Although these
results can account for the upregulation of p21 protein levels in

p53 mutant-null cells, the mechanism(s) by which Mdm2
downregulation would lead to induction of p21 mRNA in these
cells still remains to be elucidated.

In multiple cancer and normal cell lines, downregulation of
Mdm2 protein levels caused accumulation of p53. The p53
target gene p21 was equally upregulated, presumably by a
combined effect of p53-mediated transcriptional induction and
increased stability in the absence of Mdm2 (Fig. 1, 5, and 6).
Surprisingly, cells treated with Mdm2 siRNA, in spite of at-
taining p53 and p21 levels similar to those obtained by treat-
ment with different drugs such as doxorubicin, actinomycin D,
or nutlin-3, failed to undergo cell cycle arrest (Fig. 5 to 7). It
has been reported that in the absence of Mdm2, the p53 re-
sponse can be switched from growth arrest to apoptosis (13).
Under these conditions, however, it is unlikely that the ob-
served impaired growth arrest could result from early apopto-
sis of the cells that were responsive to the upregulation of p53
following Mdm2 ablation. There were no indications of cell
death by microscopic examination of cell morphology or mea-
surements of cell number. Importantly, the absence of floating
cells and lack of a hypodiploid fraction detectable by flow
cytometric analysis at 24 and 48 h (Fig. 5 to 7 and 9 and data
not shown) also support the idea of the absence of apoptosis.
In fact, a slight increase in cells with 	2N DNA content was
observed only when Mdm2 siRNA treatment was combined
with doxorubicin or actinomycin D treatment (Fig. 9C).

Transfection of cells with Mdm2 siRNA oligonucleotides did
not appear to cause DNA damage or activate the ATM path-
way, since �H2AX reactivity was not detected (Fig. 1E). In
addition, p53 upregulated by Mdm2 siRNA showed no detect-
able phosphorylation at serine 15 or acetylation at lysine 382,
two of the best-characterized posttranslational modification
sites of p53 (Fig. 1C to E). Therefore, a possible explanation
for the impaired growth arrest could be that p53 requires
posttranscriptional modifications in order to be fully active.
Several reports, however, argue against this hypothesis, as the
use of nutlins or overexpression of p14ARF activates p53 with-
out inducing phosphorylation at several key residues (23, 44).
Another possible reason could be that a p53-independent
pathway cooperates with the p53 pathway to block cell cycle
progression. This could be the case in cells treated with doxo-
rubicin, but the cell cycle arrest observed following treatment
with nutlin-3 or low doses of actinomycin D proved to be
strictly p53 and p21 dependent (Fig. 7). Taken together, these
results would suggest that upregulation of p53 and p21 at
physiological levels is required but not sufficient to trigger
growth arrest. The possibility that p21 might be inoperative
due to mislocalization to the cytoplasm was ruled out, as it was
detected in the nucleus by immunofluorescence assays (Fig.
8A). In addition, p21 was able to interact with Cdk2, but for
reasons that remain to be explored, it appeared to be unable to
significantly inhibit its kinase activity (Fig. 8B and C). Inter-
estingly, downregulation of Mdm2 led to a reduction in Cdk2
activity that was intermediate between the activity levels seen
with control cells and those seen with cells treated with acti-
nomycin D or nutlin-3. Yet this partial inhibition of Cdk2 was
not sufficient to prevent cell cycle progression. This observa-
tion suggests that there is a threshold for the reduction in
kinase activity that is needed to cause growth arrest.

It is possible to speculate that following Mdm2 siRNA treat-
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ment, resultant differences, including posttranslational modi-
fication or levels of interacting proteins, might affect the ability
of p21 to inhibit Cdk2. To test this possibility, the p53 response
to cellular stress was tested in cells in which Mdm2 was down-
regulated by siRNA transfection. Doxorubicin or actinomycin
D treatment was able to cause cell cycle arrest even in the
presence of reduced Mdm2 levels (Fig. 9C). This result could
be due to residual amounts of Mdm2 exerting an effect or,
alternatively, to the enhanced upregulation of p21 that is ob-
served.

Early studies of p21 and cdk-cyclin complexes resulted in
reports that most of the active Cdk2/cyclin complexes found in
normal diploid fibroblasts contained p21 (19, 54). In vitro stud-
ies using recombinant proteins suggested that multiple p21
molecules bound to a Cdk2/cyclin complex and led the authors
to propose a model in which p21 could associate with the Cdk2
complex through noninhibitory and inhibitory binding sites
(19). In contrast to this result, analysis of the crystal structure
of a complex of an N-terminal peptide of p27, Cdk2, and cyclin
A suggested that the presence of a single p27 molecule should
be sufficient to inhibit Cdk2 activity (39). However, p21 differs
from the other cyclin-dependent kinase inhibitors p27 and p57
in that its C terminus contains a second Cy region and is
capable of binding to several factors (8). In addition, in vitro
studies using the N terminus of p21 indicated that the nature of
the interaction of p21 with the Cdk2/cyclin E or Cdk2/cyclin A
complexes is different. This was shown by detection of differ-
ential sensitivities to amino acid substitutions in p21, deletion
of its N-terminal Cy domain, and p21 monoclonal antibodies
(52). Several reports support the idea that p21 can associate
with Cdk2/cyclin complexes without inhibiting its activity and
that interacting proteins might modulate p21 function. A study
of growth inhibition caused by the presence of transforming
growth factor �1 showed that an increased association of p21
to Cdk2 correlated with inhibition of its kinase activity in
normal prostate cells but not cancer cells, making the latter
insensitive to the treatment (9). Two independent publications
reported that the human papillomavirus 16 E7 oncoprotein can
interact with the C terminus of p21 and, without displacing it
from the Cdk2/cyclin complex, block its ability to inhibit Cdk2
kinase activity (16, 25). A similar function was also attributed
to the SET/TAF-1/I2PP2A oncoprotein, which associated with
p21 through its C terminus and reversed the inhibition by p21
of Cdk2/cyclin E complexes but not Cdk2/cyclin A complexes
(15). Along the same line, but causing the opposite effect, the
p21-interacting protein TOK-1 was isolated in a two-hybrid
screening. One of the TOK-1-characterized isoforms colocal-
ized with p21 in nuclei, bound to its C terminus, and enhanced
the inhibition of Cdk2 by p21 (34). Examination of p21/Cdk2/
cyclin complexes in cells treated with Mdm2 siRNA or geno-
toxic drugs might provide some insight into the mechanisms
that modulate p21 activity in the absence and presence of
cellular stress.

Because it is overexpressed in several types of tumors and
also due to the fact that it is the main negative regulator of the
tumor suppressor p53, Mdm2 is considered to be an oncogene
(22). In addition to p53, Mdm2 promotes the degradation of
several growth-suppressive proteins, and multiple ways have
been reported by which Mdm2 can counteract both p53-de-
pendent and-independent pathways that trigger cell cycle ar-

rest (3, 24, 40). The Mdm2 protein, however, has another face.
In some cell lines, Mdm2 overexpression has been reported to
induce G1 arrest, an activity that appears to be impaired in
most cancer cell lines (4, 11, 57). Stable expression of excess
Mdm2 in H1299 cells that express tetracycline-regulated p53
led to an increase in the fraction of cells arrested in G2 upon
induction of p53 (33). Downregulation of Mdm2 by siRNA is
likely to affect numerous proteins in addition to p53 and p21.
In fact, whereas after DNA damage Mdm2 promotes MdmX
degradation (26, 35), downregulation of Mdm2 by siRNA
caused an upregulation of MdmX protein levels (data not
shown). Increased MdmX levels are expected to negatively
affect p53 transcriptional activity. This could account for the
different efficiencies of p53 in regulating transcription observed
in cells treated with Mdm2 siRNA compared to that resulting
from doxorubicin treatment. These differences were not of
great magnitude and, in the case of p21, were compensated by
its increased protein stability. However, with a continuously
growing number of p53 target genes involved in cell cycle
arrest, it is possible to imagine that increased MdmX levels
might have a more profound impact on the p53 transcriptional
regulation of some of them. Finally, it is also possible that, in
addition to MdmX, other targets of degradation by Mdm2 will
be identified that might contribute to cell cycle arrest. For
instance, a factor that modulates the ability of p21 to inhibit
Cdk2 kinase activity could be one of such Mdm2 targets.

The multiplicity and variety of Mdm2 functions are most
probably obscured by cell type-specific effects, most notably by
potential different functions of the many splice variants that
are generated from the mdm2 gene in different cell lines (20).
A more careful and detailed examination of Mdm2 multiple
activities in both its full-length and its spliced forms is required.
Finally, a detailed examination of p21, in terms of posttrans-
lational modifications and/or interacting partners, needs to be
undertaken. This will provide molecular details of the mecha-
nisms that allow p21 to trigger cell cycle arrest when upregu-
lated at physiological levels.
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