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MDM2 is an oncoprotein that controls tumorigenesis
through both p53-dependent and -independent mecha-
nisms. Mdm2 mRNA level is transcriptionally regulated
by p53 in response to stress such as DNA damage, and its
protein level and subcellular localization are post-trans-
lationally modulated by the AKT serine/threonine kinase.
Previous studies showed that PTEN, a dual specificity
phosphatase that antagonizes phosphatidylinositol 3-ki-
nase/AKT signaling, is capable of blocking MDM2 nuclear
translocation and destabilizing the MDM2 protein. Re-
sults from our current study demonstrate an additional
role for PTEN in regulating MDM2 functions; PTEN mod-
ulates Mdm2 transcription and isoform selection by neg-
atively regulating its P1 promoter. In Pten-null cell lines
and prostate cancer tissues, Mdm2 P1 promoter activity is
up-regulated, resulting in increased L-Mdm2 expression
and enhanced p90MDM2 isoform production. Furthermore,
PTEN controls Mdm2 P1 promoter activity through its
lipid phosphatase activity, independent of p53. Thus, our
results provide a novel mechanism for PTEN in control-
ling MDM2 oncoprotein functions.

The murine double minute 2 (Mdm2) was originally cloned
as an amplified gene present on double minute chromosomes in
the tumorigenic 3T3DM murine cell line (1). The human hom-
olog, HDM2, mapping to human chromosome 12q13–14, is
overexpressed in over 30% of soft tissue sarcomas due to am-
plification (2, 3). HDM2 expression is controlled by two differ-
ent promoters (6–8), leading to alternatively spliced tran-
scripts that differ in their 5�- untranslated regions.
Transcription from the first promoter P1 is independent of p53
and yields mRNA (L-HDM2) with exon 2 spliced out. Con-
versely, transcription from the second promoter P2 is p53-de-
pendent. p53 binds to the two p53-responsive elements in the
intron 1 and gives rise to a transcript (S-HDM2) lacking exon 1
but containing exon 2. Multiple gene products of MDM2 have
been identified in mammalian cells. The full-length p90MDM2

oncoprotein binds to and inactivates the p53 tumor suppressor
protein whereas a short p76MDM2 isoform that lacks the first 49
amino acids of p90MDM2 cannot bind p53 (4). A recent study

suggests that the ratio of the two MDM2 protein products,
p90MDM2 to p76MDM2, is determined by the relative abundance
of L-Mdm2 mRNA. The L-Mdm2 predominantly gives rise to
p90MDM2 whereas p76MDM2 appears to be the product of trans-
lational initiation at codon 50 (AUG) in exon 4 (5).

One of the major biological functions of MDM2 is to regulate
p53 level and activity. The p53 tumor suppressor is a short-
lived and non-abundant protein in normal cells (9, 10). p53
functions as a transcription factor that up-regulates gene prod-
ucts necessary for cell cycle arrest and apoptosis in response to
cell stress such as DNA damage (9). MDM2 regulates p53
activity by at least two mechanisms; MDM2 protein binds p53
in the nucleus and inhibits its transcriptional activity (11–13),
and the MDM2-p53 complex shuttles from the nucleus to the
cytoplasm (14–16) where MDM2 serves as an E3 ubiquitin
ligase and targets p53 to proteasomal degradation (17–19),
shortening the half-life of p53 (11–19). Thus, p53 and MDM2
form an autoregulatory feedback loop in which p53 positively
regulates MDM2 expression and MDM2 negatively regulates
p53 protein level and activity (7). Overexpression of HDM2 has
been observed in many primary human cancers. Increasing
evidence suggests that, besides regulating p53 levels and func-
tions, MDM2 can also participate in tumorigenesis independ-
ent of p53 (31, 33).

PTEN1 tumor suppressor protein is a dual-specificity phos-
phatase that recognizes both lipid and peptide substrates (21).
PTEN dephosphorylates phosphatidylinositol (3,4,5)P3, the
product of phosphatidylinositol 3-kinase (PI3K). PTEN mu-
tants that retain protein- tyrosine phosphatase activity but
lose the ability to dephosphorylate phosphatidylinositol
(3,4,5)P3 are found in tumors, indicating that the lipid phos-
phatase activity of PTEN is required for its tumor suppressor
activity (22, 23). PTEN has been shown to physically interact
with p53 and prevent its degradation by excluding a portion
of the p53 from the p53-MDM2 complex (24, 29). The PTEN-
p53 complex also enhances p53 DNA binding and transcrip-
tional activity (24). Additionally, PTEN inhibits AKT, a key
kinase responsible for phosphorylation of MDM2 and its sub-
sequent nuclear translocation (25), destabilizes MDM2, and
augments both the level and function of p53 (25–28). In this
study, we provided a novel mechanism by which PTEN mod-
ulates Mdm2 expression. Our finding suggests that PTEN
regulates Mdm2 transcription by suppressing its P1 pro-
moter. PTEN exerts this function indirectly by modulating
the activity of unknown transcription factor(s) through its
lipid phosphatase activity. Thus, besides the aforementioned
mechanisms, PTEN can also up-regulate p53 level and activ-
ity by down-regulating Mdm2 transcription and controlling
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MDM2 isoform expression. Additionally, PTEN may have a
role in suppressing MDM2-mediated tumorigenesis inde-
pendent of p53 activity.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—MEF cells were cultured in Dulbec-
co’s modified Eagle’s medium (Invitrogen) supplemented with 10% fetal
calf serum (Hyclone), 100 units/ml penicillin and streptomycin (Invitro-
gen). To reintroduce PTEN-WT, C124S (CS) and G129E (GE) mutants,
the above plasmids were cotransfected with a CMV-EGFP vector. Green
fluorescent protein-positive cells were then sorted by a fluorescence-
activated cell sorter and analyzed as described. PC3 cells were cultured
in Roswell Park Memorial Institute medium supplemented with 10%
fetal calf serum (Hyclone), 100 units/ml penicillin and streptomycin
(Invitrogen). Cell transfection was performed using LipofectAMINE
(Invitrogen). Cells were lysed 24 h post-transfection for protein and
luciferase activity measurements.

Plasmid Constructs—The various 5�-truncated Mdm2 luciferase
reporter gene plasmids were created by PCR from mouse genomic DNA
and cloned into the pGL3Basic luciferase vector (Promega) (28, 29). A
common 3� primer was used for all the constructs except P1. The prim-
ers used were: 5�-AAGCTTCGCCCAGCAGACGGCTGC-3� and 5� prim-
ers were 5�-GCTAGCGGCGGCCGCTAAGCCCCG-3� for P1-P2, 5�-GC-
TAGCGGCGTTCTCTCCGCGGAC-3� for T1, 5�-GCTAGCGTACCCGC-
TCCGTGGGCG-3� for T2, 5�-GCTAGCACGAGGCTGGGCGACCGT-3�
for T3, 5�-GCTAGCGGGCCCGCTCCGGGGTCG-3� for T4, and 5�-GC-
TAGCACTGGGCTGGGCCGAGTT-3� for T5. Primers for the P1
promoter alone were 5�-GCTAGCGGCGGCCGCTAAGCCCCG-3� and
5�-CTCGAGACCGGCCGCTCCTAGGCT-3�. The identity of all Mdm2
promoter constructs was confirmed by sequencing prior to use. Reporter
assays were performed according to the manufacturer’s instructions
with the dual luciferase system from Promega. Firefly luciferase act-
ivity was normalized to Renilla luciferase activity. -Fold activation was
calculated by dividing the normalized luciferase activity by the norm-
alized activity obtained in the presence of the vector and reporter pla-
smid alone.

Western Blot Analysis—Whole-cell extract was prepared by lysing
the cells in a buffer containing 50 mM Tris-HCl (pH 8.0), 120 mM NaCl,
0.5% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM dithiothreitol, 2
�g/ml aprotinin, and 2 �g/ml leupeptin. Cell lysates from each trans-
fection were subjected to SDS-PAGE followed by Western blot analysis
using anti-p53 (DO.1, Pab-240, FL-393-G, Santa Cruz Biotechnology,
Inc.), PTEN (9552, Cell Signaling Technologies), MDM2 (Ab-2, Ab-3
Oncogene Research Products), or vinculin (VIN-11–5, Sigma) or actin (A
4700, Sigma) antibodies. To evaluate the role of the PI 3-kinase path-
way in PTEN-controlled MDM2 protein levels, cells were pretreated
with 20 �M LY294002 for 24 h, and then Western analysis was per-
formed as described above.

Northern Blot Analysis—Total RNA was purified from 1 � 106

Pten�loxp/�loxp or Ptenloxp/loxp cells using an RNeasy kit (Qiagen).
Fifteen micrograms of total RNA was loaded onto a 1% agarose gel
plate containing 5.4% formaldehyde. RNA was transferred to a Hy-
bond-N� nitrocellulose membrane (Amersham Biosciences) and
probed using standard methods. Quantitation was performed with
Image Quant (Molecular Dynamics). A 110-bp cDNA fragment of
Mdm2 exon 1 and Mdm2 exon 3–4 was used to make radioactive
probes for hybridization. The membrane was probed with a fragment
of actin RNA as control.

RT-PCR—RNA was isolated using RNAqueous kit (Ambion). Five �g
of total RNA was reverse-transcribed using oligo(dT) (Promega) as a
primer, and the cDNA product of this reaction was amplified by PCR.
The amount of cDNA added to each PCR was normalized using actin
cDNA as the standard. Actin amounts were measured by limited PCR
using the primer pair 5�-CGGTTGGCCTTAGGGTTCAGGGGGG-3�
and 5�-GTGGGCCGCTCTACGCACCA-3�. Two primer sets were used to
amplify Mdm2. One set (5�-AGCCGCCGCCTTCTCGTC-3� and 5�-CT-
GCTACTTCCCGCGCAT-3�) amplifies only RNAs initiated at the cons-
titutive promoter (exon 1), and the second set (5�-TGGGCGAGCGGG-
AGACCGAC-3� and 5�-ACAACAACACACACGATA-3�) amplifies RNAs
initiated at both the constitutive and p53-responsive promoters
(exon 2).

FIG. 1. PTEN down-regulates Mdm2
at both mRNA and protein levels
in MEF cells. Pten�loxp/�loxp and
Ptenloxp/loxp cells were untreated (�) or
pretreated with actinomycin D (5 �g/ml)
(�) for 12 h and then subjected to North-
ern blot or RT-PCR analyses for Mdm2
mRNA levels (A) and Western blot analy-
sis for MDM2 and PTEN protein levels
(B). Actin was used as a loading control.
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Generation of Tet-inducible Pten Cell Line—Pten�loxp/�loxp cells were
infected with the supernatant from Phoenix cells that had been trans-
fected (as per Gary Nolan’s protocol from his web page) with the pRe-
vTet-On vector. The infected Pten�loxp/�loxp cells were selected with 400
�g/ml G418 for 10 days, and then colonies were allowed to grow out
under 200 �g/ml G418 selection. Then Pten�loxp/�loxp cells were infected
with a pMSCV-IRES/EGFP-TRE PTEN vector. The pMSCV-IRES/
EGFP-TRE PTEN vector is a modified pMSCV-IRES/EGFP vector. The
PhCMV*-1 promoter and the PTEN cDNA were cut out of the pTRE2
vector with XhoI/SalI and inserted into the SalI site 3� of the IRES
EGFP in the pMSCV-IRES/EGFP vector. The double positive
Pten�loxp/�loxp cells were selected by G418 resistance and GFP expres-
sion by a fluorescence-activated cell sorter. Dose response curve and

time courses of response calculations were performed to optimize
conditions (data not shown).

RESULTS

PTEN Negatively Regulates Mdm2 mRNA and Protein Lev-
els—Our previous study, together with others, indicates that
PTEN negatively controls MDM2 phosphorylation and nuclear
translocation by antagonizing the PI 3-kinase/AKT signaling
pathway (25–28). We also found that both Mdm2 mRNA and
protein levels were increased in Pten-null (Pten�loxp/�loxp, �/�)
cells, when compared with its isogenic WT controls

FIG. 2. PTEN negatively regulates the Mdm2 promoter P1 independent of p53. A, schematic illustration of Mdm2 promoter and reporter
constructs. P1, promoter 1, P2, promoter 2; E1, exon 1; P1-P2, Mdm2 full-length promoter region including both promoters; T1-T5, serial 5�
truncated Mdm2 promoter constructs. B, PC3 cells were cotransfected with 2 �g of P1-P2-Mdm2 luciferase reporter construct, 0.2 �g of p53, and
0.1–1 �g of PTEN expression vector. Mdm2 transcription was measured 24 h post-transfection. For comparison, luciferase activity from each
experiment was normalized to the mock transfection and presented as -fold changes. Transfection efficiency was normalized to thymidine kinase-
driven Renilla luciferase activity. Three independent tests were performed for each experiment, and the mean � S.D. was presented here. C, PC3
cells were cotransfected with 2 �g of truncated Mdm2 reporter constructs, 0.2 �g of p53, and 1 �g of PTEN expression vectors. Luciferase activity
was assayed as described previously. D, p53�/� MEF cells were cotransfected with 1 �g of PTEN expression constructs and 2 �g of Mdm2 reporter
constructs, P1-P2, P1, and T1, and assayed for relative -fold luciferase activation.
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(Ptenloxp/loxp, L/L) (Fig. 1, A and B). To determine the mech-
anism involved, we pretreated cells with actinomycin D, an
inhibitor of transcription, and found that it completely abol-
ished the differences between Pten WT and Pten null cells
(Fig. 1, A and B, right panels). This result suggests that
PTEN controls not only MDM2 phosphorylation and subcel-
lular localization but also negatively regulates Mdm2
transcription.

PTEN Negatively Regulates Mdm2 Promoter P1 Independent
of p53—To further study the cis acting elements required for
PTEN-regulated Mdm2 transcription, a genomic DNA frag-
ment consisting of both basal (P1) and p53-responsible (P2)
promoter regions of the Mdm2 gene was isolated and ligated to
luciferase reporter gene (Fig. 2A, P1-P2). The reporter con-
struct was then cotransfected with a fixed amount of p53 but a
variable amount of PTEN into PC3 cells, a human prostate
cancer cell line lacking both p53 and PTEN. As shown in Fig.

2B, PTEN negatively regulated p53-induced Mdm2 expression
in a dosage- dependent manner.

Mechanistically, PTEN may regulate Mdm2 promoter ac-
tivity by either interfering with p53 binding to the P2 pro-
moter or through a mechanism independent of p53 binding.
To distinguish between these two possibilities, a series of
truncation mutations were generated containing different
regions of the Mdm2 promoter (see diagram in Fig. 2A) and
cotransfected into PC3 cells with PTEN and p53. We found
that the first 100 nucleotides in the P1 promoter were abso-
lutely required for PTEN regulation because the reporter
construct lacking this fragment failed to respond to the sup-
pression effect of PTEN (Fig. 2C, compare P1-P2 with T1). To
further determine whether the activity of PTEN depends on
the transcription activation of p53 on the P2 promoter, PTEN
was cotransfected with the full-length P1 promoter alone or
the truncated promoter lacking the first 100 nucleotides in

FIG. 3. PTEN negatively regulates Mdm2 through its lipid phosphatase activity. A, PC3 cells were cotransfected with 2 �g of truncated
Mdm2 reporter constructs, 0.2 �g of p53, and 1 �g of WT, CS, and GE PTEN-EGFP expression vectors or treated with 20 �M LY294002. Luciferase
activity was assayed as described previously. B, p53�/�Mdm2�/� MEF cells were cotransfected with 2 �g of truncated Mdm2 reporter
constructs and 1 �g of dominant negative AKT (DN AKT) or treated with 20 �M LY294002. Luciferase activity was assayed as described.
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the P1 promoter region into primary p53- null embryonic
fibroblasts (Fig. 2D). PTEN was able to down-regulate Mdm2
expression to the same level in the absence of p53 and p53-
responsible promoter P2 but not with truncated promoter P1
(Fig. 2D). Taken together, these results suggest that PTEN
negatively regulates Mdm2 transcription by modulating the
P1 promoter independent of the p53 protein or the p53 con-
trol element.

PTEN Negatively Regulates Mdm2 through Its Lipid Phos-
phatase Activity—To determine whether down-regulation of
the Mdm2 P1 promoter is because of the lack of PTEN phos-
phatase activity or because of other structural motifs within
PTEN, the Mdm2 reporter constructs, P1-P2 and T1, were
cotransfected with either WT Pten or Pten C124S (CS), a
catalytically inactive mutant, into PC3 cells. As shown in Fig.
3A, WT PTEN, but not the C124S mutant, could significantly
down-regulate P1-P2 promoter, confirming that regulation of
Mdm2 expression is dependent on the phosphatase activity of
PTEN.

To further test whether PTEN controls Mdm2 transcription
through its lipid or protein phosphatase activity, we conducted
a similar experiment using the PTEN G129E (GE) mutant.
PTEN G129E is a mutation isolated from human cancer that is
deficient in lipid phosphatase activity but is functional with
synthetic peptide substrates. As shown in Fig. 3A, the PTEN
G129E mutant behaved similarly to the C124S as they were
both unable to down-regulate Mdm2 expression to the same
extent as the WT PTEN. On the other hand, there is no differ-
ence between WT and mutant PTEN on the truncated Mdm2
promoter lacking the 100 nucleotides in promoter P1. Cells
treated with the PI3K inhibitor LY294002 behaved similarly to
cells overexpressing WT PTEN (Fig. 3A). These results further
demonstrated the importance of the lipid phosphatase activity
of PTEN or the PI 3-kinase pathway in PTEN-controlled Mdm2
expression.

FIG. 4. PTEN regulates transcrip-
tion of L-Mdm2. A, schematic illu-
stration of Mdm2 genomic organization
and major transcripts induced by differ-
ent promoters. B, Pten�loxp/�loxpand
Ptenloxp/loxp MEF cells. Total mRNA was
extracted with a RNAqueous kit (Am-
bion), and Mdm2 transcription was meas-
ured by RT-PCR (left) and Northern blot
analysis (right) 24 h post-transfection us-
ing primers or probes specific to Mdm2
exon 1 and exon 2. Actin was used as a
loading control. C, Pten-null (left,
Pten�loxp/�loxp) and p53�/� MEF cells
(right) were transfected with 2 �g of
empty vector (VEC), wild-type (WT), and
CS mutation (CS) PTEN-EGFP expres-
sion constructs, sorted for eGFP� cells,
and then subjected to RT-PCR analysis.
D, Pten�loxp/�loxp and Ptenloxp/loxp cells
were pretreated with cycloheximide
(CHX) (50 mg/ml) for 2 h and subjected to
RT-PCR analysis.

FIG. 5. PTEN regulates ratio of MDM2 (p76/p90) isoform ex-
pression. Tet-On Pten�loxp/�loxp cells were pretreated with 4 and 10
�g/ml tetracycline or 20 �M LY294002. Together with Ptenloxp/loxp,
Pten�loxp/�loxp cells were subjected to Western blot analysis using
MDM2 Ab-2 antibody (Oncogene), and the ratios of p90MDM2/p76MDM2

between each group were compared, using actin as a control.

PTEN Regulates Mdm2 Expression 29845



Because PTEN-MDM2-p53 forms a self-reinforced circuit in
regulating each other’s level and activity, it would be interest-
ing to know whether MDM2 could participate in PTEN- regu-
lated transcription of its own promoter. For this, a p53�/�

Mdm2�/� MEF cell line was used. As demonstrated in Fig. 3B,
LY294002 or a dominant negative form of AKT could dramat-
ically inhibit transcription activities of full-length (P1-P2)
and P1 promoters to the same extent in the absence of both
endogenous p53 and MDM2. Again, deletion of the first 100
nucleotides in the promoter P2 region (T1) significantly abol-
ished the aforementioned effects. Thus, PTEN controls
Mdm2 transcription by negatively regulating its P1 pro-
moter. PTEN exerts this function through its lipid phospha-
tase activity by antagonizing the PI 3-kinase pathway inde-
pendent of p53 and MDM2.

The Biological Consequences of PTEN-Regulated Mdm2
Transcription—In human, P1 is a constitutive promoter inde-
pendent of p53 and yields a long mRNA (L-HDM2) with exon 2
spliced out. Conversely, transcription from the second pro-
moter P2 depends on p53 binding and gives rise to a short
transcript (S-HDM2) lacking exon 1 (see diagram in Fig. 4A).
To test whether PTEN regulation of the P1 promoter would
lead to alteration of the L-Mdm2/S-Mdm2 ratio, the endoge-
nous Mdm2 transcripts in the presence and absence of PTEN
were investigated. RT-PCR and Northern blot analyses dem-
onstrated that PTEN loss dramatically increased the expres-
sion of Mdm2 transcripts containing exon 1 (Fig. 4B, Mdm2

Exon 1) but not exon 2. Conversely, reintroducing WT Pten but
not mutant Pten lacking lipid phosphatase activity into
Pten�loxp/�loxp cells dramatically suppressed L-Mdm2 expres-
sion (Fig. 4C, left). Again, overexpression of PTEN in p53-null
fibroblasts led to down-regulated L-Mdm2 mRNA but not S-
Mdm2 mRNA (Fig. 4C, right).

To determine whether the effect of PTEN on Mdm2 mRNA
expression requires de novo protein synthesis, Pten�loxp/�loxp

and Ptenloxp/loxp cells were pretreated with cycloheximide, a
protein synthesis inhibitor, and L-Mdm2 levels were measured
by RT-PCR analysis and compared with untreated cells. Cyclo-
heximide could completely abolish the negative regulation of
PTEN on Mdm2 L-Mdm2 mRNA expression (Fig. 4D), suggest-
ing that PTEN controls transcription of Mdm2 by modulating
the production or activity of currently unknown transcription
factor(s) (see “Discussion”).

PTEN Controls MDM2 Isoform Production—The Mdm2 lo-
cus encodes the p90MDM2 oncoprotein that binds to and inacti-
vates the p53 tumor suppressor protein. A short p76MDM2 iso-
form of MDM2 has recently been identified that lacks the first
49 amino acids of p90MDM2 and cannot bind p53. Interestingly,
p76MDM2 can antagonize the p90MDM2-mediated degradation of
p53 and lead to increased level and activity of p53 (4). Using
epitope mapping and site-directed mutagenesis, Saucedo et al.
(5) showed that the ratio of the two MDM2 protein products,
p90MDM2 to p76MDM2, is determined by the relative abundance
of L-Mdm2 mRNA; L-Mdm2 predominantly gives rise to
p90MDM2 whereas p76MDM2 appears to be the product of trans-
lational initiation at codon 50 (AUG) in exon 4. To test whether
PTEN will alter the ratio of p90MDM2 to p76MDM2, we measured
the endogenous MDM2 protein products in the isogenic
Ptenloxp/loxp and Pten�loxp/�loxp cells, using an antibody against
both p90MDM2 and p76MDM2. As shown in Fig. 5, PTEN nega-
tively regulates the p90MDM2 isoform and enhances the ratio
differences between p76MDM2 and p90MDM2 (Fig. 5, lanes 1
and 2).

To test whether the isoform regulation is directly correlated
with PTEN protein levels, an inducible system was generated
in which Pten expression can be controlled in a tet-dependent
manner in Pten�loxp/�loxp cells. Re-expression of Pten led to
suppression of the p90MDM2 isoform without significant change
in p76MDM2 (Fig. 5, lanes 3 and 4), resulting in an increased
p76MDM2/p90MDM2 ratio as compared with untreated
Pten�loxp/�loxp cells (Fig. 5). Similarly, inhibiting PI 3-kinase
activity by LY294002 treatment also increased the p76MDM2/
p90MDM2 ratio (Fig. 5, lane 5). This result suggests that PTEN
functions by regulating not only the PI 3-kinase pathway or

FIG. 6. PTEN regulates MDM2 in murine prostate tissues in
vivo. A, cDNAs were prepared from individual prostate ventral lobes
of 9-week-old WT (Ptenloxp/loxp;PB-Cre4�) and Pten homozygous de-
leted MUT (Ptenloxp/loxp;PB-Cre4�) male mice and subjected to RT-
PCR analysis. B, total protein lysate was prepared by sonicating
prostate tissues of WT (Ptenloxp/loxp;PB-Cre4�) and Pten homozygous
deleted MUT (Ptenloxp/loxp;PB-Cre4�) mice and subjected to Western
blot analysis.

FIG. 7. Model of regulation of Mdm2 expression by PTEN. PTEN
can modulate MDM2 functions by two mechanisms, and both depend on
its lipid phosphatase activity. By inhibiting PI3K/AKT activity, PTEN
negatively regulates phosphorylation of MDM2 and its subsequent nu-
clear translocation, thus augmenting both the level and function of p53. In
addition, PI3K, via a currently unknown transcription factor, down-reg-
ulates the Mdm2 P1 promoter, reduces L-Mdm2 production, and effects a
change in p76MDM2/p90MDM2 ratio and activities.
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p53 protein level and activity but also by regulating Mdm2
expression and isoform production.

PTEN Negatively Regulates L-Mdm2 Expression and
p90MDM2 Isoform Production in Vivo—To further support the
function of PTEN in regulating Mdm2 transcription, we turned
our attention to the Pten-null prostate cancer models generated
recently in our laboratory (34) because PTEN loss has been
highly associated with both human and murine prostate cancer
development. cDNAs were prepared from individual prostate
ventral lobes of 9-week-old WT (Ptenloxp/loxp;PB-Cre4�) and
Pten homozygous deletion MUT (Ptenloxp/loxp;PB-Cre4�) male
mice. RT-PCR analysis showed complete Pten deletion (Pten
Exon 5) and the dramatic increase of Mdm2 exon 1 expression
in Pten-deleted prostate tissue (MUT, Fig. 6A), accompanied by
an �10-fold increase in p90MDM2 isoform production, as com-
pared with the WT prostate tissues (Fig. 6B). These results
provide strong evidence that PTEN down-regulates Mdm2 in
vivo in a manner similar to what we observed in cell lines and
suggest that altered Mdm2 level and activity may contribute to
tumor formation caused by PTEN loss.

DISCUSSION

In this study, we demonstrated a novel mechanism by which
PTEN controls the expression and function of the MDM2 on-
coprotein; PTEN, by antagonizing the PI 3-kinase pathway,
negatively regulates the P1 promoter on the 5� end of the
Mdm2 gene, leading to decreased L-Mdm2 expression and re-
duced p90MDM2 isoform production. Because the p90MDM2 iso-
form is capable of binding and inactivating p53, this novel
mechanism, together with AKT, controlled MDM2 phosphoryl-
ation, and nuclear translocation (25–28) may be critically im-
portant for controlling the basal levels as well as the activities
of p53 and MDM2 (Fig. 7).

A key issue that remains to be addressed is the identification
of the transcription factor(s) that binds to the P1 promoter.
Blocking de novo protein synthesis by cycloheximide would be
effective enough to even out the differences of L-Mdm2 expres-
sion caused by PTEN. This experiment suggests that PTEN
modulates Mdm2 exon 1 expression through cooperation with
the required newly synthesized protein(s), which are compo-
nents of transcriptional machinery that have been undergoing
continuous turnover.

Because transcriptional regulation of Mdm2 P1 promoter
activity by PTEN can be mimicked by blocking of the PI 3-ki-
nase activity and depends on de novo protein synthesis, the
production or activity of this transcription factor(s) is most
likely under the control of the PI 3- kinase pathway. Although
transcription factors, e.g. AP-1 and Ets (30), are able to modu-
late Mdm2 transcription, both of them have been characterized
to work through the p53 responsible promoter P2. Our prelim-
inary analysis on DNA sequences corresponding to either P1 or
the first 100 nucleotides of the P1 promoter did not identify
binding sites of any known transcription factors. Future work
is needed to identify such transcription factors and signaling
effectors downstream of PI3K responsible for the regulation of
the P1 promoter.

Our study suggests that differential promoter usage may
contribute to alternative splicing products that lead to prefer-
ential MDM2 isoform expression (4, 32). Many previous studies
have shown that alternative splicing and internal translational
initiation both contribute to the regulation of MDM2 function.
Overexpression of HDM2 has been observed in many primary
human cancers. Increasing evidence suggests that, besides reg-
ulating p53 levels and functions, MDM2 can also participate in
tumorigenesis independent of p53 (31, 33). In human prostate
carcinoma, overexpression of MDM2 has been frequently ob-
served (35). p21waf1/cip1, which is involved in the development

of androgen independent prostate cancer, is down-regulated by
MDM2 independently of p53 (20, 36). All these data support
our observation that, accompanied with Pten deletion in the
murine prostate tumor, Mdm2 mRNA and protein levels are
both increased, which may consequently lead to the develop-
ment of prostate cancer.

In conclusion, in the presence of p53, PTEN up-regulates the
p53 level as well as its activity by down-regulating Mdm2
transcription and p53 binding activity. However, in the absence
of p53, PTEN may have a role in suppressing MDM2-mediated
tumorigenesis through regulation of Mdm2 transcription as
well as isoform production. It is important to further inves-
tigate the functional linkage between PTEN and p76MDM2 or
other MDM2 isoforms that can be modulated by PTEN in
human cancer samples, and overexpression of MDM2 may
contribute to the tumorigenic process initiated by PTEN
mutation.
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