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p53-Independent Activities of MDM2 and Their Relevance to Cancer
Therapy

Zhuo Zhang and Ruiwen Zhang”*

Department of Pharmacology and Toxicology, Division of Clinical Pharmacology, Comprehensive Cancer Center,
University of Alabama at Birmingham, Birmingham, AL 35294, USA

Abstract: The feed-back auto-regulatory loop between p53 and MDM2 has been extensively investigated.
MDM?2 is under the transcriptional control of p53, and MDM2 acts as a negative regulator of p53. There is
increasing evidence, however, supporting the notion that MDM2 has activities independent of p53. In the
absence of p53, MDM2 may retain its role in cell cycle control, differentiation, cell fate determination, DNA
repair, transcription regulation, signal transduction of steroid receptors, cellular response to hypoxia,
internalization of surface receptors, and other processes. MDM2 also has oncogenic transformational activities
independent of p53. Moreover, anti-MDM2 antisense oligonucleotides have in vitro and in vivo antitumor
activity and chemosensitizing and radiosensitizing effects in several human cancer models, regardless of their
p53 status. In this article, the p53 independent activities of MDM2 and its interactions with various cellular
proteins are considered. The studies reviewed provide a basis for developing novel MDM2 inhibitors as a

therapy against human malignancies.

INTRODUCTION

MDM2 was initially identified as a protein overexpressed
in the murine 3T3DM cell line, and was found to be
tumorigenic when the NIH3T3 cells harboring amplified
MDM2 were injected into nude mice [1]. Overexpression of
the MDM2 protein occurs in many human tumors including
sarcomas and cancers of brain, breast, ovarian, cervical, lung,
, colon, and prostate [2]. Moreover, transgenic mice with
overexpression of MDM2 are predisposed to spontaneous
tumor formation and demonstrate both the p53-dependent
and -independent tumorigenicity of MDM2 [3]. In human
cancers, overexpression of MDM2 correlates with a poor
prognosis.

The human MDM2 gene is localized to chromosome
12q13-15 [4]. Like the mouse MDMZ2 gene, the human gene
also contains an intronic p53-dependent promoter (P2) [5],
which is highly conserved between mouse and human. The
P2 structure has two tandem p53 binding elements, and
promoter activation requires simultaneous binding of p53 to
both of them. This mechanism may prevent premature
triggering of the promoter by p53 [4]. The murine full-length
MDM2 protein contains 490 amino acids (the human protein
contains 491), and migrates as a 90-95 kDa band in SDS-
denaturing gel electrophoresis. The MDM2 protein contains
a p53 binding domain, a nuclear localization signal (NLS), a
nuclear export signal (NES), a central acidic domain, and a
C-terminal zinc-finger and RING finger domain [2]. Fig. (1)
shows a map of these domains. The major function of
MDM2 is believed to be negative regulation of tumor
suppressor p53.

The TP53 gene product, p53, was identified from SV40
transformed rodent cells [6], and murine and human cDNA
clones were isolated in the early 1980°s [7]. Early studies
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demonstrated that p53 was a tumor suppressor [8]. In a wide
spectrum of human malignancies, both alleles of the p53
gene were mutated or deleted [9]. Many environmental
insults and cancer treatments, including g-irradiation and
chemotherapy, increase the level of p53, leading to G1 arrest
or apoptosis [6, 10, 11]. Modulating the p53 induction of
cell cycle arrest and apoptosis may lead to the sensitization
of tumor cells to DNA damaging treatments like
chemotherapy and radiation [3, 12].

A major advancement in understanding the p53 pathway
was the discovery of MDM2 and its role in controlling p53
levels. Many reports document the MDM2-p53
autoregulatory loop. MDM2 and p53 regulate each other,
and expression of MDMZ2 is controlled via a p53-responsive
promoter (P2 promoter). In many studies, the p53-
dependence of MDM2 expression is evident and is seen in
response to various stress signals, including DNA damage
from radiation and cytotoxic agents [13]. MDM2 acts as a
negative regulator of p53 by binding to the protein, masking
its transcription domain, and keeping it functionally inactive
[14]. MDM2 binds p53 through a binding domain contained
within its N-terminal region and shuttles the p53 protein out
of the nucleus and into the cytoplasm, where it is degraded
by the proteasome [15-17]. This degradation is brought
about through p53 ubiquitination by the E3 ligase activity of
the MDM2 RING-finger domain, which has been mapped to
the C-terminal [18]. In cell culture studies, overexpression of
MDM2 eliminated the capacity of p53 to induce cell cycle
arrest and apoptosis [19], stressing the importance of the
p53-MDM2 auto-regulatory loop. Furthermore, knocking
out the MDMZ2 gene in mice led to embryonic lethality that
was rescued by deletion of the p53 gene [20]. This
observation supports the idea that regulation of p53 is an
important function of MDM2.

© 2005 Bentham Science Publishers Ltd.
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Fig. (1). MDM2 interacting proteins and the binding sites on MDM2.

EVIDENCE FOR THE
ACTIVITIES OF MDM2

Evidence from in vitro Investigations

While the p53-dependent activities of MDM2 are
important for a number of cellular processes, MDM2 has
p53-independent  functions as well. For example,
rhabdomyosarcoma cell lines have a recessive or dominant
nondifferentiating phenotype, and amplification of MDM2,
which interferes with the activities of MyoD, inhibits overt
muscle cell differentiation when transferred into C2C12
myoblasts [21]. Whether the cell differentiates or not is
decided by the complex interaction of sets of tissue-specific
and ubiquitously expressed transcription factors and cell
cycle regulatory proteins. The lack of differentiation is a
general phenotype of cancer cells. The inhibition of MyoD
function is removed by the expression of pRb or Spl.
Recently, the cyclic regulation of MDM2, Sp1, and pRb was
demonstrated [22]. MDM2 binds to Spl and inhibits Spl-
dependent transcription, which is reversed by pRb displacing

P53-INDEPENDENT

MDM?2 from Spl. These studies indicate that MDM2 has
activity in modulating normal muscle cell differentiation,
independent of p53.

MDM2 also confers a growth advantage to cells without
p53 and pRb, overcoming the G1-cell cycle arrest induced
by p107 [23]. The p107 binding region maps to the p53
binding domain, and transfection of p53 inhibits the
transformation induced by MDM2. Therefore, p53 also
serves as an inhibitor of MDM2, which is under the
transcriptional control of p53. During tumorigenesis,
mutated p53 results in the unmasking of the transformational
activities of MDM2, which promotes tumor formation and
progression. Another line of evidence comes from a recent
study which found that expression of mutant MDM2 without
E3 ligase function did not reactivate p53 but promoted
MCF7 cell growth through p53-independent mechanisms
[24].

Apart from its oncogenic functions, overexpression of
MDM2 causes cell cycle arrest in normal cells, and can be
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stably expressed only for a few generations in cells with
genetic defects [25, 26]. There are three growth-arrest
domains on MDMZ2, and cancer cell lines are resistant to the
arrest induced by MDMZ2, suggesting that inactivation of
cell-cycle arrest might contribute to tumorigenesis.
Therefore, MDM2 may have cell cycle arrest activities
independent of p53.

Evidence from Investigations with Animal Models

Several lines of evidence supporting the existence of p53-
independent activities of MDM2 have come from studies
involving transgenic animals. Overexpression of MDM2
inhibits differentiation in a p53-independent manner when it
is expressed in the differentiating compartment in the
epidermis, but does not predispose the tissue to
carcinogenesis [27]. When MDM2 is under the control of the
K14 promoter targeted to the basal layer, however, mice
develop hyperplastic lesions that progress to papillomas and
squamous cell carcinomas [28]. In contrast, targeted
expression of MDM2 to mammary tissue in mice inhibits
the development of the mammary gland and uncouples the S
phase from mitosis through a p53-independent mechanism
[29]. Transgenic mice with the entire MDM2 gene and a
p537- background are predisposed to spontaneous tumor
formation and have a high incidence of lymphoma and
sarcoma [30]. MDM2 overexpression in mice with a p14Art-
I- background display accelerated tumorigenesis, suggesting
either that MDM2 promotes tumor formation in ways
independent of its facilitating p53 degradation, or that
MDM?2 attenuates p1l4-independent pathways of p53 stability
[31].

Splice Variants of MDM2

In 1999 Pinkas and colleagues identified three MDM2
mMRNA transcripts of 6.7, 4.7 and 1.9 kb in breast cancer
cells [32], and Bueso-Ramos and colleagues reported several
truncated MDM2 protein isoforms of 85, 76 and 57 kDa
with full-length 90 kDa protein in a panel of human breast
cancers [33]. To date, more than forty alternative and
aberrant splicing variants of MDM2 have been detected in a
wide spectrum of human cancers; most of them lack at least
part of the p53 binding domain, the NLS, or the acidic
domain [34, also see review by Harris in this issue]. Some
of these variants transform NIH3T3 cells and are associated
with high-grade and late-stage human cancer, suggesting that
these variants may play a role in tumorigenesis, independent
of p53 [35]. This concept is supported by the observation
that MDM2-B, the most prevalent isoform identified in
human cancers, causes tumorigenesis in transgenic mice
[36]. Moreover, the murine equivalents of the human
variants MDM2-B, -D, and -E, but not -A, facilitate
lymphomagenesis in an Emmyc transgenic mouse model
[37]. These tumors are aggressive and display pathology
comparable to those produced by full-length MDM2. The
data suggest that at least some of the variants contribute to
tumorigenesis in mouse models in a p53-independent
manner. Several variants, including MDM2-B, however, can
be identified in normal tissues, indicating that these variants
do not always display oncogenic activities. It is important to
clarify under what circumstances the variants, including
MDMZ2-B, may be tumorigenic.
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Evidence from Investigations with Human Tumors

Although the incidence of human cancers with both
nonfunctional p53 and amplification of MDM2 are low, the
two genetic changes do occur in some malignancies, for
example, soft tissue sarcoma and bladder cancer, and are
associated with poorer prognosis compared with tumors with
either mutation alone [38]. The existence of amplified
MDM2, without it being required for p53 feedback control,
suggests that MDM2 has p53-independent functions, which
may be important for tumorigenesis.

Evidence from Experimental Therapeutic Applications

Recently, our laboratory developed second-generation
antisense oligonucleotides specifically targeting human
MDM2. In a wide spectrum of human cancer models, the
oligonucleotides have antitumor activity and sensitize
tumors to the effects of classical cytotoxic therapies both in
vitro and in vivo [39]. The effectiveness of the MDM2
antisense oligonucleotide in human cancers with both wild
type and nonfunctional p53 shows the p53-independent
tumorigenicity of MDM2. Data from a different group using
the same oligonucleotides indicates that inhibition of
MDM2 has a synergistic effect with the specific EGFR
inhibitor, gefitinib, on the destruction of hormone-
independent prostate cancer, which has nonfunctional p53,
further supporting our hypothesis [40].

MDM2 INTERACTS WITH MANY PROTEINS
OTHER THAN P53

pRb Family Members

In support of its p53-independent functions, MDM2
interacts with a number of other proteins. One of these, pRb,
is a tumor suppressor that, when activated, induces cell cycle
arrest and cell death. MDM2 interacts physically with pRb
and functionally modulates its inhibitory effects on cell
growth [41]. MDM2 binds to pRb in vivo, and eliminates
the G1 arrest induced by pRb. pRb in turn modulates the
functions of MDM2 by forming an in vivo complex with it.
The tertiary complex of MDM2, pRB and p53 inhibits the
degradation of p53, and consequently rescues its pro-
apoptotic functions [42]. Binding of pRb with MDM2 also
regulates the activity of transcription factor Spl [22]. MDM2
binds to Spl and inhibits Spl-dependent transcription,
which is reversed by pRb displacing MDM2 from Spl.
MDM2 also confers a growth advantage to cells without p53
and pRb, and overcomes the G1-cell cycle arrest induced by
pl107 [23].

E2F1/DP1

There is physical binding between MDM2 and
E2F1/DP1, a transcription factor promoting G1/S phase
transition [43]. The binding of MDM2 to E2F1/DP1
stimulates the activities of the E2F-specific promoter and
increases DNA synthesis. E2F1 induces apoptosis, but
MDM2 promotes the degradation of E2F1/DP1, thus
overcoming apoptosis [44]. Collectively, these data indicate
that MDM2 has tumorigenic properties independent of p53.
In contrast, other data show that the effects of MDM2 on
E2F1 activities depend on p53. E2F1 is induced after DNA
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damage in a p53-dependent manner [45], and MDM2
inhibits E2F1-induced apoptosis by inhibition of p53 [46].
In a separate study, overexpression of MDM2 stimulated
E2F1 transactivation in a p53-dependent manner [47]. The
increased activities of E2F1/DP1 seem to result from the
p53-dependent induction of p21, which inhibits the activities
of the cyclin-CDK complex. Therefore, the p53-dependent
and -independent mechanisms may vary depending on the
different cell background and p53 expression level.

MDM4

MDM4 (MDMX), identified in 1996 as a p53-binding
protein, is structurally and functionally related to MDM2
[48]. Like MDM2, MDM4 has a p53-binding domain in the
N-terminus and a central zinc-finger domain and RING-finger
domain in the C-terminus [49]. The embryonic lethality of
MDM4 knockout mice can be prevented by p53 deletion,
suggesting that MDM4 may also play a role as another
negative regulator of p53 [50, 51]. Recent in vitro studies
suggested that the balance between MDM2 and MDM4
determines the amount of degradation of p53 by MDM2. In
non-stressed cells, MDM4 forms a heterocomplex with
MDM2, which is stabilized by the binding [52]. Under
conditions of stress, however, high levels of MDM4
antagonize the MDM2-dependent degradation of p53 [53,
54]. Although the most recent studies related to MDM4
have focused on its effects on p53, it is possible that MDM4
modulates the p53-independent activities of MDM2.

TGF-p1

During the early steps of carcinogenesis, TGF-bl has a
negative regulatory role on cell growth and tumor
progression. Resistance to cell cycle arrest induced by
TGFbl correlates with tumorigenesis. MDM2 indirectly
rescues the sensitivity of mink lung epithelial cells to TGF-
bl. The effects are mediated through MDM2 promotion of
the activities of E2F1/DP1, independent of p53 [55].
Another study demonstrates that MDMZ inhibits the
transactivation activity of SMAD4 [56]. Nevertheless,
increased expression of MDM2 is associated with resistance
of human breast tumor cells to TGF-bl [57]. Thus, the level
and timing of MDM2 expression may be vital to its
function.

MTBP

MTBP (MDM2 binding protein) binds to MDM2, as
determined by two-hybrid screens. MTBP induces G1 arrest
and inhibits cell proliferation in U20S cells with wild-type
p53 and in H1299 cells without p53. These effects were
reversed by MDMZ2 [58]. Further studies are needed to clarify
the underlying mechanisms and physiological significance of
the MTBP-MDM?2 interaction.

PML

The PML gene product is a tumor suppressor involved in
the tumorigenesis of acute promyelocytic leukemia; it
localizes to multi-protein sub-nuclear structures, PML-NBs
[59]. The binding of PML (promyelocytic leukemia protein)
to MDM2 stabilizes the p53 protein by sequestering MDM2
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in the nucleus [60]. PML binds to MDM2 directly in vitro
and promotes MDM2 accumulation through the inhibition of
MDM2 self-ubiquitination. Moreover, there is in vivo
binding between PML and MDM2, and this binding
facilitates the translocation of PML from the nucleus to the
cytoplasm [61]. Additionally, the transcriptional activity of a
GAL4-CBP protein stimulated by PML is inhibited by
MDM2. Further studies of the consequences of MDM2-PML
interactions in carcinogenesis are warranted.

p21Wafl/CIP1

Wafl/CIP1 is a p53 target gene, and its product mediates
p53-dependent cell cycle arrest and senescence. A role for
p21WAF1 in p53-mediated tumor suppression was
supported by the capacity of p21WAF1 to block tumor cell
growth in vitro and in vivo [62]. Although initial data on
p21 null mice suggested that the loss of p21 did not increase
spontaneous tumor frequency [63], a recent study evaluating
tumor formation found that p21-null mice do demonstrate an
increased incidence of tumor formation when evaluated over
two years [64]. In addition to the transcriptional control by
p53 and other transcription factors, post-translational
turnover is also important for its regulation. Recently, we
have found that MDM2 acts as a direct negative regulator of
p21 protein, independent of p53, by binding to it and
promoting its proteasomal degradation [65]. MDM2
facilitates p21 protein recognition by the proteasome C8
subunit  directly, without the prerequisite of being
ubiquitinated. The consequences of these activities of
MDM2 are important to its tumorigenicity in p53-null
cancer cells, and p21 induction is essential for the p53-
independent antitumor and sensitization effects induced by
MDM2 knockdown in cancer cells. Our results are supported
by another group’s study, which also demonstrated that the
degradative effects of MDM2 on p21 are inhibited by p14Arf
[66].

NPM

Nucleophosmin (NPM) is a nucleolar phosphoprotein
that acts as a molecular chaperone for ribosome assembly and
protein transport and is essential for centrosome duplication
[67]. NPM shuttles between the nucleolus and cytoplasm in
response to cytotoxic drugs and genotoxic stress [68]. Kurita
and colleagues recently demonstrated the p53-independent
physical binding between MDM2 and NPM in vitro and in
vivo, and mapped the binding regions on MDM2 to amino
acids 1-110, corresponding to the p53-binding domain, and
276-491, which includes the RING-finger domain [69]. As a
result, the increased formation of the MDM2-NPM complex
after UV stress induces p53 sumoylation, and thus has
stabilizing effects on p53 protein. In the same study, NPM
increased MDM?2 expression in SaOS cells, which do not
express p53. NPM interacts with multiple cellular proteins
and acts as molecular chaperone, suggesting that it may
function as a platform for protein interactions and
modifications. It may also modulate other p53-independent
activities of MDM2 in cells. Therefore, further studies
regarding the interaction between NPM and MDMZ2 in cancer
cells without p53 in the presence/absence of stress are
needed.
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Merlin

Merlin, the protein product of the NF2 gene, is involved
in regulation of cell growth and proliferation [70]. Germ line
heterozygous NF2 mutant mice develop a variety of
aggressive malignancies with metastatic  properties,
suggesting that the protein is a suppressor of both
tumorigenesis and metastasis [71]. Its tumor suppressor
function is mediated through inhibition of MDM2-facilitated
p53 degradation [71]. The binding between the N-terminal
130 amino acids and MDM2 induces MDM2 degradation,
and consequently augments cell death induced by
doxorubicin in lung cancer cells with wild-type p53. The
possibility that this interaction also modulates the p53-
independent activities of MDMZ2, however, cannot be
excluded. In the same study, the cancer cell line H460 (p53-
negative) also showed an increased response to doxorubicin
after transfection with merlin, compared to an empty control
vector.

PCAF

The p300/CREB-binding  protein-associated  factor
(PCAF) is a coactivator that enhances the activity of
numerous other activators and proteins involved in
transcription. It can function alone or together with p300
CBP coactivators, depending on target promoters [72].
PCAF has an intrinsic histone acetyltransferase that
acetylates p53 at lysine 320 after DNA damage, leading to
enhanced p53 activity [73]. Based on their initial
observation that MDM2 interacts with PCAF and inhibits
its acetyltransferase activities, Jin and colleagues found that
MDM2 promoted PCAF ubiquitination through its E3
ligase activity [74]. They also observed that ubiquitination
of PCAF occurs in the nucleus, because mutant MDM2
lacking the NLS loses this activity. Given the fact that
PCAF can form large complexes with more than 20 different
proteins to modulate their functions, it is not surprising that
MDM2 regulates the expression of genes related to the
PCAF-associated complexes through decreasing the PCAF
level or facilitating its ubiquitination, even while it is in the
protein complex. Moreover, since PCAF is a tissue- and
cell-specific protein, the regulation of PCAF by MDM2 may
also be tissue- and cell-specific, and depend on certain
pathological and physiological conditions. It would be
interesting to determine the changes in the PCAF-protein
interactions and gene expression during tumorigenesis and
progression.

Tip60

Tip60, a histone acetyltransferase (HAT), was identified
as a cellular protein that interacts with the HIV Tat protein
and is involved in DNA repair and apoptosis after DNA
damage [75]. Tip60 can regulate gene transcription
positively or negatively, depending on the cell type and the
promoter. Tip60 also acts as the HAT subunit of a large
complex that readily acetylates histone H4 and H2A
assembled in nucleosomes. Tip60 is another ubiquitination
target of the MDM2 E3 ligase [76]. Legube and colleagues
observed physical binding between Tip60 and MDMZ2,
which is required for the ubiquitination of Tip60 in vitro and
in vivo. The E3 ligase activity of MDM2 is essential for
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Tip60 degradation, but the process does not require the
presence of p53. These data thus further support the p53-
independent tumorigenicity of MDM2, because Tip60 is
important for the response to DNA damage. Therefore, it is
possible that during the process of tumorigenesis certain
transformed cells evade the Tip60-induced apoptosis by
overexpressing MDM2.

Ribosomal Proteins

MDM2, which has a NLS, resides in the nucleus, where
ribosomes are biosynthesized and assembled. The
interactions of ribosomal proteins L5, L11 and L23 with
MDM2 [77-79] suggest that it plays a role in the regulation
of ribosome assembly or transport, or in RNA synthesis.
The physical binding of L5/L11/L23 inhibits the
ubiquitination and degradation of p53 induced by MDM2,
which binds to these ribosome proteins by its central part: aa
221-274 for L5, aa 284-374 for L11 and aa 384 -425 for
L23. Because it consumes 80% of the energy in proliferating
cells, ribosome assembly is tightly regulated and readily
responds to environmental and intracellular stresses [79]. L5,
L11 and L23 form complexes with MDM2, independent of
the 80S ribosome and polysome, suggesting that inhibition
of ribosome biogenesis, which results in the release of these
proteins, may alleviate the negative regulation of p53 by
MDM2. Releasing the proteins consequently stabilizes p53,
which induces cell cycle arrest. Increasingly, the data
demonstrate that alterations of ribosome biogenesis may lead
to tumorigenesis, and overexpression of ribosome proteins
induces cell cycle arrest. Given the p53-independent
tumorigenicity of MDM2, it would be useful to determine
whether the disturbance of ribosome biogenesis would have
consequences in p53-mutant cancer cells.

Numb

Numb was discovered and cloned through use of a yeast
two-hybrid system searching for MDMZ2 binding factors [80].
Numb acts as an antagonist for Notch signaling and is
involved in differentiation of neural cells and determination
of cell fate. MDM2 binds to Numb by its N-terminal
domain, which corresponds to its p53 binding region, and
promotes its ubiquitination [81]. The E3 ubiquitin ligase of
MDM2 is necessary for the in vivo degradation of Numb.
Based on the important role of Numb in cellular
differentiation, the degradation-promoting activity of MDM2
likely contributes to its p53-independent oncogenicity.

DNA Polymerase &

There is convincing evidence supporting the physical
binding of MDM2 and DNA polymerase e [82]. The
essential binding region on MDM?2 is between aa 1 and 166,
and on the C-terminal domain of DNA polymerase e [83].
MDM2 expressed and purified from E coli or insect cells
stimulates the activity of DNA polymerase e in vitro. In
view of the function of DNA polymerase e in DNA repair,
recombination, replication and remodeling, it is conceivable
that MDM2 may mediate a configuration process responding
to DNA damage that promotes DNA polymerase e
association with repair/recombination proteins.
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TSG101

Tumor susceptibility gene 101 (TSG101) encodes a
multidomain protein having functions in a variety of
biological processes such as protein ubiquitination,
regulation of transcription, endosomal trafficking, cell
proliferation and cell survival [84]. TSG101 initially was
considered a tumor suppressor because its loss in fibroblasts
results in transformation, and because of its capacity to form
tumors in nude mice [57]. The embryonic lethality of
TSG101, accompanied by p53 accumulation, is rescued by
the concurrent deletion of p53, suggesting the existence of a
functional loop between TSG101 and the p53 pathway [85].
In vitro studies have demonstrated that TSG101 modulates
MDM2 protein stability and thus indirectly controls the p53
expression level [86]. TSG101 decreases MDM2
ubiquitination, and the stabilized MDM2 in turn promotes
p53 and TSG101 degradation. Given the physical binding
between MDM2 and TSG101, it is conceivable that this
interaction may modulate the activities of MDMZ2,
independent of p53.

In contrast to the previous data, however, Marissa and
colleagues observed that the deletion of TSG101 in both
mouse fibroblasts and mammary glands results in cell cycle
arrest in G1 and cell death, and that the deletion of p53 or
p21 reverses the cell cycle arrest, but not cell death [84]. In
addition, deletion of TSG101 does not alter the negative
regulation of p53 by activated MDM2 resulting from p19Arf
knockdown in mouse fibroblasts. Further, there were no
changes in the MDM2 stability or the physical binding
between MDM2 and TSG101. This discrepancy might be
due to the differences in cell types, experimental conditions
or cell states. Therefore, the interaction and the biological
consequences of the binding between TSG101 and MDM2
need to be re-examined.

YY1

YY1 (Yin Yang 1) is a multifunctional transcription
factor that acts as an activator, repressor, or initiator element
binding protein [87]. MDM2 binds to YY1 using a region
between aa 150-290 [88]. This binding occurs both in vitro
and in vivo, and the interaction promotes the ubiquitination
of p53 induced by MDM2 [88, 89]. Therefore, YY1 is an
indirect negative regulator of p53 through MDM2. Blocking
the expression of p53 cannot rescue the YY1 deletion
phenotype (unpublished data of Y. Shi and colleagues),
suggesting that YY1 fulfills multiple, complex functions.
Knocking out MDM2 could have an effect on Y'Y1-induced
cell cycle arrest or cell death, particularly upon p53 deletion.
Such information may provide insight regarding a
mechanism for the p53-independent oncogenicity of MDM2.

IGF-1R

The insulin-like growth factor 1 receptor (IGF-1R) is
overexpressed in human cancers and is important for tumor
transformation, maintenance, promotion of proliferation and
prevention of apoptosis [90]. A possible link between the
p53 pathway and IGF-1R is suggested by the observation
that p53 represses the transcription of the IGF-1R gene, and
mutant p53 has the opposite activity [91]. Girnita and
colleagues found that MDM2 promotes IGF-1R
ubiquitination and proteasomal degradation in vitro and in
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vivo through both its E3 ubiquitin ligase activity and by
directly binding to IGF-IR [92]. Wild type and mutant p53
(hot spot mutation) retaining the MDM2 binding capacity
can inhibit IGF-1R degradation by sequestering MDM2 in
the nucleus. To increase IGF-1R expression, this post-
transcription activity is exaggerated in cancer cells with high
levels of p53, which in turn favors cancer cell survival and
proliferation. Because these data are observed in cancer cells
with high levels of p53, it would be appropriate to determine
the consequences of this activity in normal cells and in
cancer cells without p53.

GR/ER

Glucocorticoids and estrogens regulate a variety of
physiological activities through the glucocorticoid receptor
(GR) and estrogen receptor (ER), respectively. In tissues
expressing both receptors, glucocorticoids and estrogens
have opposing functions [93], which suggests the possibility
of crosstalk between these two pathways. Estrogen agonists,
but not antagonists inhibit GR transcriptional activity and
GR-dependent chromatin remodeling in the breast cancer cell
line MCF-7 [94]. GR protein stability is decreased after
exposure of cells to estrogen, and the GR protein is targeted
to proteasomal degradation by MDM2. Moreover, ERa is
recruited to the MDM2 promoter upon E2 stimulation.
Given the important roles of the ER in breast cancer
tumorigenesis and the activities of the GR in anti-tumor
therapy, it is essential to understand the mechanisms of
interplay between the ER and GR pathways, including the
role of MDM2, especially in the 50% of tumors with non-
functional p53.

AR

Upon binding to its ligand, the androgen receptor (AR)
translocates to the nucleus, where it binds to an AR response
element and activates target gene expression to regulate
diverse cellular functions including cell growth and
apoptosis [95]. The possible interaction of MDM2 with the
AR was suggested by the observation that MDM2 is
upregulated during the development of androgen
independence [96]. More recently, it was found that MDM2
forms a complex with the AR in vitro and in vivo, which
facilitates AR ubiquitination and proteasomal degradation
[97]. Phosphorylation of the AR and MDM2 by Akt seems
essential for its degradation. In the PC-3 prostate cancer cell
line, which has no p53 expression, the transcriptional
activities of the AR are decreased, and cell death induced by
the AR is reversed in the presence of MDM2. These data
indicate that the p53-independent oncogenic properties of
MDM2 may have selective pressure on prostate cancer cells
during the development of androgen independence. Human
prostate cancer initially responds to androgen ablation, but
then develops androgen independence, making the tumor
resistant to further treatment. MDM2 may have an important
role in this transition, and only cells that have developed
alternative mechanisms to fulfill the functions of the AR can
survive.

HIF-1

Hypoxia-inducible factor 1 (HIF-1) is a transcription
complex that links hypoxia with tumor angiogenesis and
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progression [98]. HIF-1, which is overexpressed in human
malignancies, correlates with a poor prognosis [98]. Growth
factor stimulation, overexpression of Akt, or loss of PTEN
result in enhanced expression of MDM2 and HIF-1 [99].
Transient expression of MDM2 induces HIF-1 expression,
with no observed change in the half-life of the protein. The
induction of HIF-1 and MDM2 in p537 HCT116 cells
indicates that this occurs in a p53-independent manner. This
effect is largely impaired in p53- and MDM2-double-deletion
cancer cells, emphasizing the essential role of MDM2.
Adaptation to hypoxia provides cancer cells with the
capacity to form hypoxic vascular solid tumors, which are
aggressive and respond poorly to therapy [100]. When
MDM2 is upregulated by hypoxia, there is an increase in the
metastatic efficiency of murine KHT fibrosarcoma cells [101].
Further studies of the p53-independent activities of MDM2
in cancer progression and metastasis could provide a basis
for the development of novel therapies.

p73

p73, a homologue of p53, also has apoptotic activities
and can activate p53 target genes [102]. MDM2 associates
with p73a in vitro and in vivo [103]. The physical binding
between the two involves the N-terminal domains of both
proteins and does not lead to p73 degradation. Instead,
MDM2 inhibits p73a transactivation by acting as a
competitor for p300/CBP binding, which is necessary for
p73 transactivational activity. Given the fact that p73 is
rarely mutated in human cancers, further studies to examine
the effects of MDM2 inhibition of p73 and the effect on cell
cycle arrest and apoptosis in cancer cells lacking p53 may be
instrumental for elucidating the mechanisms of p53-
independent tumorigenicity and for developing novel
therapies against tumors.

p300

There is evidence for physical binding between the
MDM2 protein and p300 [104]. The data regarding the
biological consequences of this binding are mostly related to
the p53-MDM2 regulatory loop. p300, a transcriptional co-
activator, is essential for MDM2 gene induction by p53, and
inhibition of p300 leads to p53 stability and increased
apoptosis [105]. Overexpression of p300 results in the
stabilization of MDMZ2, perhaps due to the binding, which
protects MDM2 from degradation by the proteasome [106].
Given the role that p300 plays in cellular activities, it will
be important to examine the consequences of its binding to
MDM2, especially in a p53-null background.

NF«B

MDM2 has positive effects on the expression of the p65
subunit of NF-kB [107], which is involved in the regulation
of apoptosis, including inhibiting the apoptosis of cancer
cells in response to chemotherapy. Overexpression of MDM2
in leukemic bone marrow cells of BCP-ALL patients or in
the EU-4 ALL cell line is associated with p65 induction and
resistance to doxorubicin. These effects seem to be mediated
by the binding of MDM2 to the Sp1 site. Thus, this appears
to be another p53-independent function of MDM2. Further
studies are needed to clarify whether this activity of MDM2
is important to its oncogenicity.
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PSD-95

PSD-95 is a scaffolding protein of the postsynaptic
density, which couples the NMDA- and AMPA-type
glutamate receptors to signaling molecules and the neuronal
cytoskeleton. PSD-95 is regulated through the proteasome
pathway mediated by MDM2 [108]. MDM2 binds to PSD-
95 and facilitates its ubiquitination and consequent
proteasomal degradation. These data indicate that, by
promoting PSD-95 degradation, MDM2 is involved in
regulating AMPA receptor surface expression during synaptic
plasticity.

B2-Adrenergic Receptor and p-Arrestin

b-Arrestin is a key molecule involved in regulating the
recycling of G protein-coupled receptors (GPCRs).
Internalized receptors are either recycled back to the cell
surface or degraded. MDM2 has inhibitory effects on the
internalization of the GPCRs through direct binding to b-
arrestin  [109]. Moreover, MDM2 promotes b-arrestin
ubiquitination through its E3 ligase activity. Therefore,
MDM2 may be involved in b2-adrenergicreceptortrafficking
by affecting decay of the b-arrestin protein.

CONCLUSION

In our laboratory, MDMZ2, a potential target for human
cancer therapy, has been extensively studied by the use of
MDM2-specific antisense oligonucleotides. We have
observed that in a variety of human cancer models in vitro
and in vivo, MDM2 knockdown results in inhibitory effects
on tumor growth and progression. These anti-tumor effects
and the sensitization to cytotoxic therapy are comparable in
p53 wild-type and mutant/null cells, indicating that the
oligonucleotides are effective against both the p53-dependent
and -independent tumorigenic effects of MDM2. These data
have raised several questions, such as: What are the
mechanisms for the p53-independent anti-tumor effects of
MDM2 knockdown? Are these effects specifically from the
MDM2 knockdown? Can these effects be confirmed in other
cancer models, including transgenic mice? Can these
mechanisms be employed to develop novel therapies against
human cancers?

There is a large body of evidence supporting MDM2
binding to a number of cellular proteins, besides p53, to
target them for proteasomal degradation. Because at least
50% of human cancers harbor p53 mutations, the possibility
of using MDM2 as a novel therapeutic agent is appealing.
Perhaps more importantly, in light of its many p53-
independent activities, MDM2 may prove to be a valuable
target in tumors, regardless of the p53 status. In order to
facilitate the process of developing novel MDM2 therapies,
mechanistic studies will be necessary. Although the exact
mechanisms and tumorigenic consequences of MDM?2 are
not yet clear, some studies have already been accomplished.
For example, when we inhibited MDM2 expression, we
initially observed p53-independent induction of p21 in
human cancer cell lines and in vivo, accompanied by
antitumor activity and chemosensitization effects. Recently,
we elucidated a negative regulatory role for MDM2 in the
degradation of p21 protein. MDMZ2 directly binds to p21 and
facilitates its degradation by promoting its interaction with
the proteasome. Further, because p21 knockdown cells are
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resistant to the inhibition of proliferation and are
unresponsive to chemotherapy, we have clarified that the
MDM2-induced down-regulation of p21 is independent of
p53, and is important for the anti-tumor and
chemosensitization effects in p53-null prostate cancer cells.
Therefore, future studies aiming to resolve the crystal
structure of the binding sites between MDM2 and p21 would
be helpful to develop novel small molecule inhibitors that
might be useful in human cancers without p53, which are
usually in advanced stages and resistant to therapy.
Similarly, other mechanistic studies would be instrumental
for the development of novel therapies.

In addition to the effects on p21, we have observed that
MDM2 knockdown results in a shift of the balance of Bcl2
towards Bax in cancer cells without p53. In order to
continue growing, cancer cells must evade the apoptosis
induced by internal and external signals. During this
evasion, Bax is usually inactivated. From our observations,
it might be possible that, during tumorigenesis and cancer
progression, cancer cells develop mechanism(s) to down
regulate Bax via MDM2. These cells would have a growth
advantage over others. This would not be surprising,
considering that Bax is a substrate of the proteasome, and

Table 1. Cellular Proteins That Interact with MDM?2

Zhang and Zhang

MDM2 has E3 ubiquitin ligase activity that facilitates the
degradation of several proteins, perhaps including Bax.
Mechanistic studies to elucidate the possible mechanisms of
MDM2 down-regulation of Bax would be relevant for
developing new therapies.

It has also been noted that MDM2 has a functional link
with the AR. Prostate cancer, the second leading cause of
cancer death in North American men, initially responds to
androgen ablation. This treatment, however, is effective for
only 1-2 years, after which the cancer finally progresses to an
androgen-independent phenotype, which is resistant to the
currently available therapies. It is possible that MDM2 has a
role in the transition to androgen independence. MDM2 is
upregulated during the development of androgen
independence, and MDM2 inhibits AR signaling by
facilitating AR protein degradation through the proteasome,
independent of p53. If indeed MDM2 is involved in this
transition, knocking down MDM2 with specific inhibitors
might prevent the development of androgen-independence
and improve the prognosis for patients with prostate cancer.

In summary, specific inhibitors targeting MDM2 would
be promising for the treatment of human cancer. At least

Proteins Binding Sites on MDM2 (aa) Biological Consequences Reference
pRb 273-321 Regulates Sp1 activity [22]
E2F1/DP1 1-220 Increases E2F1 transcriptional activity [43]
MDM4 276-491 Unknown [50-52]
MTBP 167-304 Inhibits G1 Arrest Induced by MTBP [58]
PML 202-304/340-488 Shuttles PML to the cytoplasm [61]
p21WAF1/ CIPl 179-299 Promotes p21 degradation by the proteasome [65]
NPM 1-110/276-491 Unknown [69]
Merlin Unknown Unknown [71]
PCAF 1-150/294-384 Promotes PCAF degradation by the proteasome [74]
Tip60 Unknown Promotes Tip60 degradation by the proteasome [76]
L5 221-274 Unknown [77-79]
L11 284-374 Unknown [77-79]
L23 384 -425 Unknown [77-79]
Numb 1-134 Promotes Numb degradation by the proteasome [81]
DNA polymerase e 1-166 Stimulates the activity of DNA Polymerase e [83]
TSG101 Unknown Unknown [86]
YY1 150-290 Unknown [88]
IGF-1R Unknown Promotes IGF-1R degradation by the proteasome [92]
AR 341-491 Promotes AR degradation by the proteasome [97]
p73a 1-150 Inhibits p73a transactivational activity [103]
PSD-95 Unknown Promotes PSD-95 degradation by the proteasome [108]
b-Arrestin 161-321 Promotes b-arrestin degradation by the proteasome [109]
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50% of cancers have no functional p53, and these tumors are
usually of more advanced stages and are resistant to classical
cancer therapies. In tumors expressing functional p53,
knocking down MDM2 results in p53-dependent cell cycle
arrest and apoptosis. In light of the large number of proteins
that interact with MDM2, it is likely that the p53-
independent pathways of MDM?2 also influence initiation and
progression in tumors without functional p53. Table (1)
gives a listing of these molecules and a brief description of
their relationship with MDM2. If indeed the p53-
independent functions of MDM2 are important to
tumorigenesis and to determining the course of the disease,
knocking down MDM2 would effectively reduce tumor
formation, and perhaps prevent the progression of existing
tumors. Additionally, while most cytotoxic drugs rely on
the existence of functional p53 in order to be effective,
knocking down MDM2 could improve the prognosis for
patients, independent of the p53 status of their tumors. In
order to facilitate the process of developing MDM2
inhibitors for clinical use, mechanistic studies related to the
oncogenic MDM2 pathways are necessary.
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ABBREVIATIONS

AMPA = a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid

AR = Androgen receptor

CIP1 = Cyclin-dependent kinase inhibitor 1A

DP1 = Differentiation related transcription factor 1-
polypeptide-1

E2F1 = E2F transcription factor 1

ER = Estrogen receptor

GPCRs = G protein-coupled receptors

GR = Glucocorticoid receptor

HAT = Histone acetyltransferase

HIF-1 = Hypoxia-inducible factor 1

IGF-1R = Insulin-like growth factor 1 receptor

MDM2 = Mouse double minute 2

MTBP = MDM2 binding protein

NES = Nuclear export signal

NLS = Nuclear localization signal

NMDA = N-Methyl-D-aspartate

NPM = Nucleophosmin
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PCAF = P300/CREB-binding protein-associated factor
PML = Promyelocytic leukemia protein

pRb = Hypophosphorylated Rb

SDS = Sodium dodecyl sulfate

TGFbl = Transforming growth factor b 1

TSG101 = Tumor susceptibility gene 101

Wafl = Wild-type p53 activated fragment-1

YY1l = YinYang1l
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