
Review

Mdm2-mediated ubiquitylation: p53 and beyond

J-C Marine*,1 and G Lozano2

The really interesting genes (RING)-finger-containing oncoprotein, Mdm2, is a promising drug target for cancer therapy. A key
Mdm2 function is to promote ubiquitylation and proteasomal-dependent degradation of the tumor suppressor protein p53.
Recent reports provide novel important insights into Mdm2-mediated regulation of p53 and how the physical and functional
interactions between these two proteins are regulated. Moreover, a p53-independent role of Mdm2 has recently been confirmed
by genetic data. These advances and their potential implications for the development of new cancer therapeutic strategies form
the focus of this review.
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Mdm2 is a key regulator of a variety of fundamental cellular
processes and a very promising drug target for cancer
therapy. It belongs to a large family of (really interesting
gene) RING-finger-containing proteins and, as most of its
other members, Mdm2 functions mainly, if not exclusively, as
an E3 ligase.1 It targets various substrates for mono- and/or
poly-ubiquitylation thereby regulating their activities; for
instance by controlling their localization, and/or levels by
proteasome-dependent degradation.
The widespread focus on Mdm2 can be attributed to its

ability to bind and quench the activity of the tumor suppressor
protein p53.2 Transfection studies show that Mdm2 antag-
onizes p53 by promoting ubiquitylation and proteasome-
dependent degradation of p53.3–5 MDM2 (also known as
Hdm2) is amplified in about a third of human sarcomas that
retained wild-type p536 suggesting that overexpression of
Mdm2 represents one way by which the cell inactivates p53 in
the process of tumor formation. Little is known regarding other
mechanisms that upregulate Mdm2 in tumors; high Mdm2
levels are indeed seen in many tumors that do not show gene
amplification (Evans et al.7 and references therein).
Moreover, ample evidence suggests that Mdm2 is engaged

in a complex network of regulatory interactions and thus
exerts multiple p53-independent functions. Among its putative
targets are several proteins playing fundamental roles in the
control of cell proliferation, cell fate determination, DNA repair
and other processes that may also contribute to its oncogenic
potential.8

New biochemical and genetic data have recently provided
important insights into Mdm2-mediated control of p53 and
how the physical and functional interactions between these
two proteins are regulated in response to various signals.
Additional evidence for p53-independent function of Mdm2

has also emerged from recent genetic studies. These
advances and their potential implications for the development
of new cancer therapeutic strategies form the focus of this
review. For a more detailed discussion of Mdm2 and its
various functions an interested reader should also consult
references9–12.

The p53–Mdm2 Regulatory Feedback Loop

p53 is a transcription factor that is activated by diverse
genotoxic and cytotoxic stresses. Upon activation, p53
prevents the proliferation of genetically compromised cells
by regulating the expression of a battery of genes that initiate
cell cycle arrest, apoptosis and DNA repair. p53 also binds to
two adjacent p53-responsive elements located within the
Mdm2 gene to promote its transcription.13,14 Because of the
antagonistic action of Mdm2 toward p53, a negative feedback
loop is set up, whereby p53 transcriptionally activates Mdm2,
which in turn targets p53 for degradation (Figure 1). This
feedback loop is likely the key mechanism for restraining p53
activity in normal cells, in the absence of stress.
In response to stress, a decrease in Mdm2 protein levels

and/or its activity and the interaction between Mdm2 and
p53 lead to p53 stabilization. The mechanisms by which
p53 escapes the detrimental effects of Mdm2 binding (see
below for more details) vary depending on the type of stress
signals. The increase in p53 levels and in transcriptional
activity of p53 leads in turn to increased production of
Mdm2 (Figure 1). Elegant quantitative studies of p53 show
that while an individual cell may have only one pulse of p53
activity, its neighbor might have several repeated pulses.15

As the amount of radiation increases, the percentage of
cells showing a high number of p53 pulses also increases.
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Interestingly, the mean height and width of a pulse is constant
and independent of the damage level. Sister cells continue to
oscillate in a correlated way even after cell division.16 These
intriguing observations open new questions regarding the
mechanism and function of p53 oscillatory dynamics, including
the reason for the observed variation between cells.17 Under-
standingwhy some cells respond poorly is of critical importance
as these genetically unstable cells will continue to proliferate
and eventually become the target of additional oncogenic
mutations and the cell-of-origin of tumor development.
In addition to its ability to degrade p53, Mdm2 can also

antagonize p53 by concealing its transactivation domain. It
achieves this by binding to anN-terminal region of p53 thereby
blocking its ability to associate with the transcriptional
machinery.18,19 A chromatin-associated and transcriptionally
incompetent p53–Mdm2 complex has been detected in
cancer cell lines.20,21 Mdm2 association with p53-responsive
elements is reduced when p53-induced transcription is
activated by DNA damage, suggesting that Mdm2 transiently
localizes to p53-target genes and that a pool of latent p53 is a
consequence of the recruitment of Mdm2 to chromatin.
Further data in support of a role for Mdm2 in transcriptional
repression was recently presented by Tang et al.22 who
showed that acetylation of p53 blocks the recruitment of
Mdm2 to p53-responsive promoters, a step that is critical
for p53 activation of function. Mdm2 was also reported to
mediate NEDD8 conjugation of p53. NEDD8 is a ubiquitin-like
molecule that when attached to p53 inhibits its transcriptional
activity.23 It should be noted, however, that the contribution of
Mdm2 to the regulation of p53 transcriptional activity per se
remains highly controversial, in particular, in light of recent
genetic data that will be discussed below.

Genetic Evidence for a Key Role of Mdm2 in Regulating
p53 Levels

The critical nature of the relationship between p53 and Mdm2
was determined genetically. Mdm2-null mice are lethal early in

embryogenesis, but survive upon concomitant deletion of p53
suggesting constitutive activation of p53 in the absence of
Mdm2.24,25 The p53–mdm2 double null mice however
succumb to a tumor phenotype because of the absence of
p53. In fact, p53–Mdm2 double null mice have indistinguish-
able survival curves and tumor spectra as p53-null mice
further underscoring the importance of the p53–Mdm2
relationship.26

Cell type and tissue specificity of the p53–Mdm2 interaction
was subsequently examined using conditional alleles of
Mdm2.27 Loss of Mdm2 in neuronal and erythroid progenitor
cells, post-mitotic neurons, smooth muscle cells and in the
heart bring about cell death which is rescued by deletion of
p53.28–32 Even cells that no longer have the capacity to
proliferate die, and this cell death becomes catastrophic to the
organism. Deletion ofMdm2 in the intestine also brings about
cell death, although the dynamic and highly proliferative
nature of the intestine compensates to allow survival of cells
that retained Mdm2.33 Finally in all cases,Mdm2 loss resulted
in readily detectable levels of p53 suggesting stabilization and
activation of p53. Activation of p53 was further defined in
some cases by measuring the levels of p21 mRNA and other
p53 targets.28,29,31,33 Thus, genetic studies show that Mdm2
is required to maintain the p53 protein in check at low levels
in embryonic and adult tissues consistent with its ability to
promote p53 degradation.
Independent studies using a p53–ERTAM fusion protein

show that the induction of p53 activity with 4-OH tamoxifen
in an Mdm2-null background yielded lethal pathologies within
5–6 days.34 Radiosensitive tissues such as bone marrow,
thymus, spleen, small intestine and colon were ablated
because of apoptosis. Instead, cell cycle arrest was induced
in the liver and testes, exemplifying the tissue-specific nature
of the p53 response. Interestingly, this model provided
evidence for Mdm2-independent degradation of p53. p53–
ER stability was examined in the extracts derived from the
spleens of these knock-in mice with and without Mdm2. Upon
functional restoration of p53–ER, its levels decreased,
demonstrating a functional negative feedback loop even in
the absence of Mdm2. However, the delay in degradation of
p53 in the absence of Mdm2 further supports the key
contribution of Mdm2 to p53 degradation in vivo. The
observed downregulation of p53–ER levels in the absence
of Mdm2 might be under the control of other p53-regulated E3
ubiquitin ligases. Candidates for this activity include Cop1,
Pirh2 and ARF-BP1,35 Topors,36 CARPs37 or Synoviolin,38

although the role for these proteins in the regulation of
p53 levels requires further genetic confirmation in vivo.
The contribution of Mdm2 to the regulation of p53

transcriptional activity is controversial. In contrast to several
transfection studies, genetic studies fail to support its role in
the regulation of p53 transcriptional activity per se (27,29,39 for
a detailed discussion). More recently, homozygous mice
bearing a single-residue substitution (C462A) abolishing the
E3 function without affecting p53-binding have been gener-
ated. Thesemice die before E7.5, and deletion of p53 rescued
this lethality40 suggesting that the Mdm2–p53 physical
interaction, without Mdm2-mediated p53 ubiquitylation, can-
not control p53 activity sufficiently to allow early mouse
embryonic development. Together, these genetic data

Figure 1 The p53–Mdm2 negative feedback loop
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strongly argue that the primary physiological function ofMdm2
is to promote p53 degradation. However, interpretation of
these data is complicated by the observation that the E3 ligase
activity of Mdm2 is broadly required for its ability to enforce
transcriptional repression, presumably by ubiquitylation of
other proteins beyond p53.41 This report indeed suggests
that, when recruited to chromatin by p53-binding, Mdm2might
ubiquitylate adjacent chromatin proteins to elicit transcrip-
tional repression, an activity that is expected to be lost in the
C462A mutant.
The above genetic experiments also clearly defined p53

as an important target of Mdm2 in cell survival and in
development. The importance of the p53–Mdm2 relationship
to a tumor phenotype has also been demonstrated gene-
tically. Mice with approximately 30% the levels of Mdm2 and
mice haploinsufficient for Mdm2 are exquisitely sensitive to
ionizing radiation (IR).42,43 These mice die within 2 weeks
after treatment with a sub-lethal dose of IR. This phenotype is
p53-dependent and indicates that the balance between p53
and Mdm2 levels is also critical for cell survival in response to
DNA damage.
More importantly, decreased levels of Mdm2 alter the rate

of tumor formation. The development of Em-myc-driven B-cell
lymphomas and intestinal adenomas as a result of APC loss
are delayed in mice with decreased levels of Mdm2.44,45

These data frommousemodels are consistent with the human
genetic data. Patients with p53 mutations that also inherit an
Mdm2 polymorphism slightly increasing Mdm2 levels show a
statistically significant earlier age of tumor onset.46–48 These
data indicate that even modest changes in Mdm2 levels, as
the result of polymorphisms for example, cause measurable
perturbation of p53 function and eventually cancer-related
phenotypical manifestations (reviewed byWhibley et al.49). All
in all, the balance between p53 and Mdm2 levels determines
cell survival or tumorigenesis: too little Mdm2 in a wild-type
p53 background kills the cell, whereas too much Mdm2
inhibits tumor suppressive functions of p53.

Mdm2-Mediated p53 Ubiquitylation

Deletion and mutational analyses have established the
importance of a cluster of lysine residues within the
C-terminus of p53 for Mdm2-mediated degradation.50,51

However, homozygous mice in which seven C-terminal
lysines have been changed to arginine (p53(7KR)) are viable
and phenotypically normal.52 The p53(7KR) protein has a
normal half-life and functions by and large similar to wild-type
p53 in cell cycle arrest and apoptosis. Ubiquitylation of the
7KRmutant can be detected upon co-transfection with Mdm2;
however, the ubiquitylation pattern of p53(7KR) is reduced
and qualitatively different from wild-type p53.52 These data
are consistent with the view that the C-terminal lysines
are preferred or more accessible to ubiquitylation but that
additional and/or alternative ubiquitin acceptor lysines might
be present. Given that Mdm2 is itself ubiquitylated (see
below), another intriguing possibility is that amere association
of ubiquitylated Mdm2 with p53 may be sufficient for the
degradation of the entire complex by the proteasome. Some
proteins can indeed be degraded by the proteasome without
a requirement for their own ubiquitylation.53,54 Along these

lines, Mdm2 may also simply shuttle p53 to the proteasome,
acting as a bridging molecule between p53 and the protea-
some. This notion is supported by recent observations
suggesting that Mdm2 directly interacts with several compo-
nents of the 26S proteasome.
The ability of Mdm2 to promote p53 degradation largely

depends on the integrity of the N-terminal p53-binding
domain, central acidic domain55–57 and C-terminal RING-
finger domain.58 The extreme C-terminal tail of Mdm2, which
is critical for Mdm2 oligomerization, is also crucial for p53
degradation.59,60 Deletion and mutational studies, together
with conformational analysis of the solution structure of the
Mdm2 RING domain61 are consistent with a model in which
Mdm2 forms an oligomeric complex in which theC-terminus of
one molecule is brought into close proximity with the RING
domain of another Mdm2. The cross-interaction between the
RING and tail domains of MDM2 is required to activate the
E3 activity and degradation of p53, possibly by allowing
E2 binding.59,60 In addition, the C-terminal oligomerization
domain of p53 is necessary for Mdm2 binding and efficient
Mdm2-mediated ubiquitylation and degradation.62,63 It there-
fore appears that Mdm2-mediated ubiquitylation of p53
requires the formation of high molecular weight complexes
containing several Mdm2 and p53 molecules. Mdmx (also
known as Mdm4), a protein closely related to Mdm2, is likely
another important functional component of these complexes.
The RING domain of Mdmx does not possess intrinsic E3-
ligase activity. Instead, Mdmx may regulate p53 abundance
by modulating the levels and activity of Mdm2. Dimerization,
mediated by the conserved C-terminal RING domains of both
Mdm2 and Mdmx, is critical to this activity. The recent crystal
structure of the Mdm2/Mdmx RING domain heterodimer
mapped residues required for functional interaction with the
E2, UbcH5b. In both Mdm2 and Mdmx, residues C-terminal to
the RING domain have a key role in dimer formation. In
addition, these residues are part of an extended surface that is
essential for ubiquitylation in trans. This study, therefore,
provides a molecular basis for understanding how hetero-
dimer formation leads to the stabilization of Mdm2, yet
degradation of p53.64

A covalent attachment of a polyubiquitin chain composed of
at least four ubiquitin molecules onto a target lysine residue is
a prerequisite of efficient proteasomal-dependent degrada-
tion.65 In contrast monoubiquitylation is involved in a number
of degradation-independent processes, including endocyto-
sis, virus budding, DNA repair and transcriptional regulation.66

Transfection studies suggest that Mdm2 promotes polyubi-
quitination and degradation of p53 when expressed at high
levels and monoubiquitylation and nuclear export of p53 when
expressed at low levels.67 Monoubiquitylation would favor
nuclear export by unmasking an intrinsic nuclear export signal
(NES) as a result of dissociation of oligomerized p53.68

This model has however been challenged by recent data
suggesting that ubiquitylation has no significant effect on
the tetramerization/oligomerization of p53.69 The authors also
propose that ubiquitylation-mediated repression of p53 by
Mdm2 acts at least in part by inhibiting the sequence-specific
DNA-binding activity of p53. A p53–ubiquitin fusion protein
was recently used in an elegant study to show that ubiqui-
tylation actually contributes to two steps before export:
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exposure of a C-terminal NES and dissociation of Mdm2.70

Monoubiquitylation directly promotes further modifications of
p53 with ubiquitin-like proteins, and Mdm2 promotes the
interaction of the SUMO E3 ligase PIASy with p53, enhancing
both sumoylation and nuclear export.70

Mdm2 may also function as a chaperone-like molecule
for p53 and this function appears essential for ubiquitylation
and export of p53. Recent data suggest that wild-type
p53 undergoes an Mdm2-dependent conformational change
before it is degraded by the proteasome. Notably, this
conformational change was opposed by the heat-shock
protein HSP90 and did not require the Mdm2-RING domain
and p53 ubiquitination.71 The conformational change pre-
cedes p53 ubiquitylation and the addition of ubiquitin to the
C-terminal lysines and DNA-binding domain of p53 would
then promote the nuclear export of p53.72

Polyubiquitin chains can be conjugated to the same lysines
of p53 either by Mdm2, when it is expressed at high levels,
for example, as it occurs in response to activation of p53
(see below and Figure 1) and in some tumor cells, or by
another E4-like enzyme. One report indicates that p300
shows intrinsic ubiquitin ligase activity and cooperates with
Mdm2 in catalyzing p53 polyubiquitylation and subsequent
proteasomal-dependent degradation73 (Figure 1). Surpris-
ingly, however, p300 does not posses an E3 ligase domain.
It therefore remains to be firmly established whether the
reported intrinsic ubiquitin ligase activity is mediated by p300
itself or by another coimmunoprecipitating protein.

Regulation of Mdm2-Mediated p53 Ubiquitylation

Numerous mechanisms regulate Mdm2-directed p53 ubiqui-
tylation (reviewed by Michael and Oren10; Brooks and Gu35).
For example, DNA damaging agents, such as ionizing
radiation or ultra violet, bring about posttranslational mod-
ifications of both Mdm2 and p53, in some cases leading to a
reduction of the affinity of p53 to Mdm2. Some modifications,
such as phosphorylation or acetylation, directly reduce the
ability of Mdm2 to promote p53 ubiquitylation. The simplest
and perhaps the most efficient way to regulate Mdm2-
mediated ubiquitylation involves downregulation of its expres-
sion, for example through the regulation of transcriptional rate
or half-lives of the transcript and/or the protein. Interaction
with other cellular factors can also play a regulatory role. The
tumor suppressor ARF and oncoprotein Mdmx are the two
best-studied examples (reviewed by Sherr74 and Marine
et al.75) (Figure 2). Both proteins bind Mdm2 tightly and affect
its cellular localization, stability and activity through a variety
of mechanisms that are yet to be fully elucidated.
All thesemechanisms likely cooperate to impose a tight and

fine-tuned regulation on p53 activity. Moreover, the list of new
mechanisms and regulators reported to affect the Mdm2–p53
loop is growing rapidly. However, as the p53–Mdm2 loop is
exquisitely sensitive to a variety of small experimental
parameters that are often difficult to control, such as oxygen
concentrations, growth factor exposure and extent of DNA
damage, great care should be taken when interpreting this
flurry of data, especially those from tissue culture work. Owing
to space limitation, we only focus below on a handful of
examples that illustrate the complexity of this regulation.

Posttranslational modifications. In response to low dose
of IR, p53 activation often results in a transient cell cycle
arrest. When the damage has been repaired, restoration
of low, pre-stress levels of p53 must be achieved before the
cell cycle can resume. Phosphatase Wip1 (also known
as PPM1D) was recently identified as a key component of
the p53–Mdm2 negative feedback loop76 (Figure 2). Wip1 is
a transcriptional target of p5377,78 that catalyzes dephos-
phorylation of Mdm2 at Ser-395, resulting in Mdm2 stabili-
zation, enhanced Mdm2–p53 binding and subsequent
ubiquitylation.76 Ser-395 is a target of the DNA-damage-
induced kinase ATM, which participates in Mdm2 degra-
dation in response to IR.79 The data suggest that Wip1
facilitates Mdm2-mediated degradation of p53 by counter-
acting DNA-damage-induced Mdm2 degradation. When
overexpressed Wip1 may function as an oncogene; indeed,
it is amplified and overexpressed in breast cancers.80 The
involvement of Wip1 as a key gatekeeper in the p53/Mdm2
loop is further highlighted by its role in maintaining the
uniform shape of p53 pulses in response to persistent
DNA damage.81

The hedgehog (Hh) signaling pathway plays an important
role in organogenesis during normal development but the
pathway is also frequently activated in human cancers. Its role
in cancer development involves, at least partially, the Mdm2–
p53 hub.82 Constitutively active mutants of Smoothened
(Smo), a transducer of the Hh signaling pathway, inhibit the
accumulation of p53 in several human cancer cell lines by
facilitating the Mdm2–p53 physical interaction and promoting
p53 ubiquitylation. Hh signaling induces phosphorylation of
Mdm2 on Serines 166 and 186, known activating sites for
Mdm2. Importantly, mutations in Smo enhance the prolifera-
tion of mouse embryonic fibroblasts (MEFs), partially inhibit
p53-dependent apoptosis and reduce cell growth inhibition in
oncogene-expressingMEFs. Taken together, the Hh pathway

Figure 2 A non-comprehensive list of recently described regulators of Mdm2-
mediated p53 ubiquitylation and degradation
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seems to affect oncogenesis by enhancing Mdm2 activity and
thereby inhibiting p53 tumor suppression function (Figure 2).
Beside phosphorylation, Mdm2 is subject to other post-

translational modifications, including acetylation, ubiquitina-
tion (see below) and sumoylation.83 The SUMO-specific
protease 2 (SENP2) acts by removing the ubiquitin-like
molecule, SUMO, from its substrate. Recent genetic data
suggest that SENP2 targets Mdm2 sumoylation and thus
regulates its E3 ligase activity.84 Targeted disruption of
SENP2 in mice affects the expansion of trophoblast progeni-
tors and their maturation, a phenotype that is alleviated upon
p53 downregulation. Reintroduction of SENP2 into these
mutants reduces sumoylation of Mdm2, diminishes p53 levels
and rescues trophoblast development. These data therefore
suggest that sumoylation plays a key role in the control of
Mdm2 E3 ligase activity (Figure 2).

Direct binding to Mdm2 – trimeric complexes. Numb
controls cell fate choices by antagonizing the activity of the
plasma membrane receptor of the NOTCH family.85 Mdm2
had been shown to bind NUMB and promote its ubiquityl-
ation and degradation.86,87 The NUMB–Mdm2 physical and
functional interaction has more recently been revisited. The
physical interaction has been confirmed at endogenous
levels of protein expression.88 Sequential coimmuno-
precipitation assays further demonstrate the existence of a
p53–Mdm2–Numb trimeric complex in cells, whereby Numb
prevents Mdm2-mediated p53 ubiquitylation and subsequent
degradation (Figure 2). The ability of purified recombinant
NUMB to interfere with Mdm2-dependent p53 ubiquitylation
was confirmed in in vitro ubiquitylation assays. Moreover,
p53 half-life, steady-state protein levels and activity are
significantly reduced in NUMB knockdown cells.
Consistently, NUMB expression is frequently lost in breast
cancers and is associated with decreased p53 levels and
increased chemoresistance.88 Loss of NUMB expression
also enhances the activity of the oncogenic receptor NOTCH.
Hence, a single event – loss of NUMB expression – leads to
an activation of an oncogene and attenuation of the p53
tumor suppressor pathway. Biologically, this alteration
results in an aggressive tumor phenotype, as highlighted by
the observation that NUMB-defective breast cancers display
poor prognosis. The study raises a number of questions, one
of which is the issue of how NUMB a cytoplasmic protein,
mainly associated with biomembranes, can affect the actions
of p53 and Mdm2, most of which are nuclear. Nevertheless,
given the role of NUMB in binary cell fate decisions, this
study suggests a role for p53 in the control of asymmetric cell
division. Such a function for p53 has been suggested
earlier89 but this study may help revisit this important issue.
The proposed model predicts that inactivation of the p53–
Mdm2–NUMB axis, as the result of decreased NUMB
expression for instance, may cause the skewing of stem
cell division toward a symmetric pattern and thus favor tumor
development.
The Yin Yang 1 (YY1) transcription factor plays an essential

role in development (as demonstrated by the consequence of
genetic ablation of its expression in the mouse), possibly as
the result of decreased p53 ubiquitylation, p53 protein
accumulation and activation of its function.90 Overexpression

of YY1 stimulated p53 ubiquitylation and degradation, and the
recombinant YY1 was sufficient to induce Mdm2-mediated
p53 polyubiquitination in vitro. Direct physical interactions
between YY1 with Mdm2 and p53 have been demonstrated
suggesting that YY1 regulates p53 ubiquitylation by facilitating
the p53–Mdm2 interaction. The data therefore point to YY1 as
a potential cofactor for Mdm2 in the regulation of p53
homeostasis (Figure 2).
In contrast, the protein RYBP (RING1- and YY1-binding

protein), a member of the polycomb group (PcG) decreases
Mdm2-mediated p53 ubiquitylation upon binding to Mdm2.91

RYBP induces cell cycle arrest by stabilizing and activating
p53. Accordingly, RYBP expression is decreased in human
cancers, suggesting that it exhibits tumor suppressor activity
owing to its ability to regulate the p53–Mdm2 loop (Figure 2).

Regulation of Mdm2 stability. Mdm2 is a very short-lived
protein, whose rapid degradation is due to ubiquitin-
dependent proteolysis.92 In fact, in addition to ubiquitylating
p53, Mdm2 can also drive its own ubiquitination.58,93 This
auto-ubiquitylation ability can be separated from its ability to
ubiquitylate p53; in fact, some forms of genotoxic damage
stabilize p53 by promoting the auto-degradation of Mdm2,
thereby shifting the balance between the levels of the two
proteins.94 Recent genetic data suggest, however, that
endogenous Mdm2 does not regulate its own stability by
self-ubiquitylation.95 Mdm2 steady-state levels observed in
mice in which the RING E3 ubiquitin ligase activity of Mdm2
was abrogated by a single-point mutation were comparable
with the levels in wild-type mice, implying that Mdm2 stability
is controlled by another E3 ubiquitin ligase in vivo. The
histone acetyltransferase PCAF (p300-CBP-associated
factor) has recently been proposed as a putative
candidate96 as knockdown of PCAF in U2OS and HeLa
cancer cell lines stabilized Mdm2. PCAF possesses an
intrinsic ubiquitylation activity that is critical for controlling
Mdm2 stability, and thus p53 function.

Regulation of Mdm2 localization. Mdm2-mediated p53
ubiquitylation and degradation can also be regulated by
disrupting p53 binding and sequestration of Mdm2 to a
specific cellular compartment. ARF-dependent sequestration
of Mdm2 to the nucleoli is one of the proposed mechanisms
through which ARF stabilizes p53.97 Another nucleolar
protein, NPM (or B23), interacts with Mdm2 and protects
p53 from Mdm2-mediated degradation.98 The PML protein
interacts with Mdm299 and, similar to ARF, enhances p53
stability by sequestering Mdm2 to the nucleolus.100 The data
convincingly show that, following DNA damage, both PML
and Mdm2 accumulate in the nucleoli in an ARF-independent
manner. The nucleolar localization of Mdm2 was impaired in
PML-deficient cells, as was p53 stabilization and the
induction of apoptosis. Moreover, PML physically asso-
ciates with the ribosomal protein L11 and this interaction is
largely responsible for the recruitment of PML to the nucleoli
after DNA damage. Importantly, L11, as well as other ribo-
somal proteins including L5, directly interacts with Mdm2 and
inhibits its E3 function.101 L5 and L11 may cooperate to
ensure robust inhibition of the E3 activity of Mdm2, and
stabilization and activation of p53.102 The interaction
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between the ribosomal proteins and Mdm2 may be induced
under conditions of ribosomal biogenesis stress, and thus
lead to a p53-dependent appropriate cellular response.
Together these data further confirm a previously recog-
nized important role for the nucleolus in the regulation of the
Mdm2–p53 feedback loop.103

Other Mdm2-binding proteins acting in the p53
pathway. Mdm2 targets a number of other proteins,
including Mdmx another key player in the p53 pathway.
Mdmx and its role in the regulation of the p53–Mdm2
pathway have recently been discussed elsewhere.104,105

Another Mdm2-interacting protein that can no longer be
ignored is mutant p53. Knock-in mice expressing p53R175H,
amutant form of p53 frequently found in human cancers, have
recently been generated and have provided in vivo evidence
for the importance of the Mdm2–mutant p53 interaction.106

Cells from mice homozygous for the p53R172H mutation
have normal levels of mutant p53. In the absence of Mdm2,
however, p53R172H becomes stable in normal cells and
leads to its gain-of-function activities in vivo. Thus, constitutive
levels of Mdm2 regulate the normal levels of p53 whether it
contains a mutation or not. The tissue-specific nature of
mutant p53 stabilization indicates that either p53 is not
important in some cell types or that other negative regulators
of p53 take precedence over Mdm2 in specific cell types.106

However, as p53 can no longer activate transcription of the
Mdm2, the negative feedback loop cannot be established;
hence, upon DNA damage, mutant p53 is stabilized.106 In
heterozygous mice with one mutant and one wild-type p53
allele, the increased stability of mutant p53 in response to
DNA damage functions as a dominant negative and dampens
wild-type p53 activity. Proliferating cells with mutant p53 that
receive DNA damage signals therefore do not need to lose the
wild-type p53 allele to accumulate additional alterations
during tumor development.
Various transfection studies have provided existence of

additional targets for Mdm2.8 Below we focus on the most
recent additions to this list. Among the new putative targets
are a number of proteins that act as modulators and/or
downstream effectors of the p53 pathway. The JMY protein
belongs to this category and functions as an essential p53
cofactor.107 Mdm2 binds JMY and catalyze its ubiquitin-
dependent proteasomal degradation, thereby overcoming the
ability of JMY to augment p53 response.108 Similarly, Mdm2
promotes ubiquitin-dependent proteasomal degradation of
hnRNP K, another p53 cofactor.109 p53 and hnRNP K are
recruited to p53-responsive promoters in a mutually depen-
dent manner in response to DNA damage. hnRNP K protein
rapidly accumulates in response to DNA damage and
facilitates induction of p53-target genes and cell-cycle
checkpoint arrest. hnRNP K depletion strikingly impairs p53
transcriptional activity.
HIPK2 is a kinase that phosphorylates p53 at ser-46 to

promote its proapoptotic activity upon severe, non-reparable,
DNA damage.110,111 Recent data suggest that HIPK2 under-
goes Mdm2-mediated ubiquitylation and subsequent degra-
dation.112 This finding suggests that p53 represses its own
phosphorylation at Ser-46 as the result of its ability to induce
Mdm2 expression. Thus, in cells exposed to low dose of

radiation, the p53–Mdm2–HIPK2 pathway favors cell survival
by inhibiting p53 proapoptotic activities.

p53-Independent Functions of Mdm2

Not all Mdm2 targets function in the p53 pathway. For
instance, Mdm2-dependent ubiquitylation contributes to Ras–
ERK-mediated degradation of the transcription factor Fork-
head box O 3a (FOXO3a) to promote cell proliferation.113 But
the ability of Mdm2 to regulate the activity of its targets need
not in all cases be through the induction of their proteasomal-
dependent destruction. Mdm2 promotes monoubiquitination
of histones H2A and H2B by directly interacting with them.41

Endogenous Mdm2 is recruited to the p53-responsive p21
(waf1) promoter, while overexpressed Mdm2 enhances
histone ubiquitylation in the vicinity of the p53-binding site
within that promoter.41 Moreover, when recruited to a
promoter in the absence of p53, Mdm2 represses transcrip-
tion in a manner that requires its RING domain. Hence,
histone monoubiquitylation may constitute a new mechanism
through which Mdm2 represses transcription. Another link
between Mdm2 and epigenetic regulation and DNA metabo-
lism is suggested by a recent report of Mdm2’s ability to
promote monoubiquitylation of dihydrofolate reductase.114

Mdm2, in this context, inhibits the activity of its target without
affecting its steady-state level.
Tumor studies provide further evidence for the importance

of p53-independent functions of Mdm2. The relationship
between p53 and Mdm2 suggests that as an alternative to
mutation of p53, tumor cells may increase Mdm2 levels to
inactivate p53.115 Many tumors including sarcomas and head
and neck squamous carcinomas indeed have high levels of
Mdm2 and retain a wild-type p53 gene.116,117 However, this is
not always the case as some tumors have high levels of Mdm2
and mutations in p53.118,119 These tumor data suggest that
cells expressing high levels of Mdm2 have additional growth
advantages that fuel tumorigenesis. Numerous data suggest
that increased levels of Mdm2 provide a growth advantage in
a p53-independent manner. For example, overexpression of
Mdm2 predisposes mice to spontaneous tumor formation.120

Importantly, when also deficient for p53, these mice had an
increased incidence of sarcoma formation relative to p53-null
mice, suggesting p53-independent contributions to tumor-
igenesis. High levels of Mdm2 in the mammary gland lead to
genomic instability independently of p53.121 Perhaps newly
discovered interactions of Mdm2 with Nbs1 account for the
genomic instability.122 In the Em-myc model, tumors that
harbor p53 mutations also have increased levels of Mdm2.44

Interestingly, many other Mdm2-interacting proteins that have
been identified play a key role in the control of cell
proliferation, including Rb, E2F1 and Smads. These proteins
may therefore contribute at least to some extent to Mdm2
oncogenic function that is p53-independent.
What might be the physiological relevance of all these

putative interactions? There has been a great deal of skep-
ticism regarding the p53-independent functions of Mdm2,
mainly because p53–Mdm2 double knock out (KO) (DKO)
mice are indistinguishable from p53 KO mice.26 Some of
these interactions may only become effective and relevant
under conditions in which Mdm2 levels are elevated, such as
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under stress – in response to activation of the negative
feedback loop – and in human tumors. As mentioned above
Mdm2 expression is dramatically elevated in some tumors;
under these conditions, a pool of Mdm2 may become
available to target numerous other substrates, including
proteins that are not directly involved in the p53 pathway.
Moreover, we may simply have not compared the p53 KO

and p53-Mdm2 DKO mice in enough detail. A recently
published study supports this view.123 Mdm2 has previously
been shown to physically associate with IGF-1R and cause its
ubiquitylation in vitro.124 Consistent with the ability of Mdm2 to
promote ubiquitylation and proteasome-mediated destruction
of IGF-1R independently of p53, loss of Mdm2 leads to a
significant increase in IGF1-R protein levels both in cells
lacking and expressing p53.123 Interestingly, IGF-1R protects
cells from DNA-damage-induced apoptosis only in the
absence of Mdm2. These data therefore highlight a physio-
logical role for Mdm2 in the control of IGF1 signaling and
provide genetic evidence for a p53-independent proapoptotic
function of Mdm2.

Mdm2 as a Target for Cancer Therapy

Ample evidence suggests that transformed cells are more
sensitive to p53-induced apoptosis than their normal counter-
parts. Restoration of p53 activity in mice cause tumor-specific
cell killing or induction of senescence.125–127 Activation of the
p53 response becomes, therefore, an attractive therapeutic
goal. In particular, the physical interaction between p53 and
Mdm2 has recently become the target for the development of
new cancer therapeutic strategies (Figure 3).128–130

Nutlin 3a is a small molecule that binds Mdm2 in its p53-
binding domain and thereby disrupting the Mdm2–p53
interaction.129 A family of small molecules, HLI98, also binds
Mdm2, but their binding inhibits the E3 ligase activity at
the carboxyl terminus.130 Another small molecule – RITA

(reactivation of p53 and induction of tumor cell apoptosis)
– blocks the Mdm2–p53 interaction, but by direct interaction
with p53.128 As numerous studies in mice indicate that Mdm2
loss leads to p53-dependent pathologies in normal tissues,
the toxicity of thesemolecules in vivowill have to be assessed.
However, genetic ablation of Mdm2 is more drastic than the
use of small molecule inhibitors that have a limited half-life and
it is therefore possible that a therapeutic window can be found.
As mutations in p53 abolish p53 binding to DNA but leave

the Mdm2-interacting domain intact, the interaction of these
small molecules with mutant p53 and stabilization of the
mutant p53 protein cannot be ignored. The loss of Mdm2,
which mimics the inhibition of the Mdm2–p53 interaction, led
to a stabilization of mutant p53 and an increased incidence of
metastasis as compared with mice lacking p53.106 The model
predicts that patients with mutations in p53 will stabilize
mutant p53 upon treatment with small molecule inhibitors of
Mdm2, regardless of the length of small molecule adminis-
tration. In tumors with p53 loss of heterozygousity, the
stabilization of mutant p53 is likely to yield a worse outcome.
In tumors that retain a wild-type p53, wild-type p53 may
eventually overcome the stabilization of the mutant p53.
Whether the presence of one mutant p53 contributes to a
metastatic outcome remains unknown. However, in mutant
p53 heterozygous mice treated with IR, the mutant p53 half-
life is longer than that of wild-type p53; this overall decrease in
p53 activity might in turn lead to the acquisition of additional
mutations.106

In light of the observations described above, small
molecules inhibitors should be used in tumor cells that retain
wild-type p53 whether or not Mdm2 overexpression is
detected, as small differences in Mdm2 levels affect a tumor
phenotype.44,45 The small molecules that bind Mdm2 may
have additional efficacy as these may eliminate Mdm2-
dependent p53-independent activities. On the other hand,
they may stabilize Mdm2 and increase its oncogenic

Figure 3 (a) Schematic representation of the Mdm2 and p53 proteins. (b) Mechanisms of action of the small molecules HLI98; RITA and Nutlin
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functions. Although this possibility has not been directly
tested, HLI98, for example, was shown to stabilize bothMdm2
and p53 and result in p53-independent toxicity.130

Numerous activities of Mdm2 affect cell survival and tumor
growth, only some of which are p53-dependent. An under-
standing of the Mdm2-dependent mechanisms that contribute
to the maintenance of tumor growth and development are
crucial to making therapeutic decisions for individual patient
tumors.
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