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REVIEW

The Mdm2-p53 relationship evolves:
Mdm?2 swings both ways as an oncogene
and a tumor suppressor

James J. Manfredi'

Department of Oncological Sciences, Mount Sinai School of Medicine, New York, New York 10029, USA

Mdm?2 has been well characterized as a negative regulator
of the tumor suppressor p53. Recent studies have shown
that Mdm?2 is activated in response to a variety of oncogenic
pathways independent of p53. Although its role as an on-
cogene via suppression of p53 function remains clear, grow-
ing evidence argues for p53-independent effects, as well as
the remarkable possibility that Mdm?2 has tumor suppressor
functions in the appropriate context. Hence, Mdm2 is prov-
ing to be a key player in human cancer in its own right, and
thus an important target for therapeutic intervention.

Mdm?2 was originally identified as being gene-amplified
on double-minute chromosomes in transformed mouse
fibroblasts (Fakharzadeh et al. 1991). It subsequently was
shown to interact with the tumor suppressor protein
P53, and to negatively regulate its function. This occurs
through two main mechanisms. First, the direct binding
of Mdm?2 to the N-terminal end of p53 inhibits the tran-
scriptional activation function of p53 (Momand et al.
1992; Oliner et al. 1993). Second, Mdm2 possesses E3
ubiquitin ligase activity that targets p53 for modification
and subsequent degradation through the 26S proteasome
(Haupt et al. 1997; Honda et al. 1997; Kubbutat et al.
1997). Human Mdm?2 is a protein of 491 amino acids. Four
regions of Mdm?2 have been defined (Fig. 1; see Marine
et al. 2007; Wade et al. 2010). At the N terminus is the
main binding site for p53. In the central part of the protein
are an acidic region and a zinc finger, whereas the C ter-
minus contains a RING finger. A number of proteins have
been shown to interact with Mdm2 in the middle of the
protein, and these will be described in detail below. The
RING finger is responsible for the ubiquitin ligase activ-
ity of Mdm2, and also serves as a binding site for a closely
related partner, MdmX (Tanimura et al. 1999).

The intimate relationship between Mdm2 and p53 was
clearly revealed in studies in which Mdm2 was knocked
out in the mouse germline. Homozygous deletion of Mdm2
results in lethality at the blastocyst stage, due to inappro-
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priate apoptosis. Remarkably, deletion of p53 completely
rescues this phenotype (Jones et al. 1995; Montes de Oca
Luna et al. 1995). It should be noted that loss of MdmX
likewise results in a p53-dependent embryonic-lethal phe-
notype, albeit at a later stage of development, and, in this
case, because of loss of cellular proliferation (Parant et al.
2001; Finch et al. 2002). Mdm?2 itself is in turn regulated
by p53, as there are p53 response elements located in the
promoter of the Mdm2 gene (Barak et al. 1993; Juven et al.
1993; Perry et al. 1993). Thus, a negative feedback loop
exists between p53 and Mdm?2 that has been confirmed
by elegant studies at the single-cell level (see Lahav 2008).
In contrast, the evidence to date suggests that MdmX does
not appear to be transcriptionally regulated by p53 (see
Marine et al. 2007).

The focus of the current discussion is the role of Mdm2
in regulating cell proliferation as it relates to tumorigen-
esis. To address this, some brief background into Mdm?2
and its biochemical functions is needed. The role of
Mdm?2 in regulating p53 by ubiquitination, as well as its
interaction with MdmX, has been summarized recently
in several excellent reviews (see Brooks and Gu 2006;
Marine et al. 2006; Toledo and Wahl 2007; Kruse and Gu
2009; Marine and Lozano 2010; Wade et al. 2010). By its
very nature, this discussion can only highlight a subset of
the important observations that have been published
recently. I apologize for the need to be selective, and wish
to emphasize that this review should by no means be
considered exhaustive of the current literature.

Mdm?2 regulates p53

A variety of stress signals results in a disruption of the
Mdm2-p53 interaction, leading to activation of p53-
dependent cellular responses. The best-characterized of
these is the effect of damage to cellular DNA (Fig. 2).
Post-translational modification of both p53 and Mdm2
disrupt their interaction and lead to p53-dependent ef-
fects on cellular gene expression (see Kruse and Gu 2009;
Vousden and Prives 2009; Marine and Lozano 2010).
Phosphorylation of Mdm?2 has been shown to inhibit its
activity as an E3 ligase toward p53 (see Marine and
Lozano 2010; Wade et al. 2010). It has been proposed that
this is due to a disruption of higher-order oligomers of
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Figure 1. Mdm2 contains multiple protein-binding regions.
Human Mdm?2 consists of 491 amino acids. There are four
previously characterized regions of the protein. At the N termi-
nus, residues 18-101 are the main p53-binding region, and are the
site that is targeted by several known Mdm?2 inhibitors, including
nutlin-3. In the central region is an acidic domain adjacent to a
zinc finger (residues 237-331). This part of the protein interacts
with a variety of regulatory factors, including the tumor suppres-
sor pl4*%F as well as multiple ribosomal or nucleolar proteins.
The C terminus contains a RING finger that has been shown to
be responsible for the E3 ubiquitin ligase activity, as well as the
binding of the closely related MdmX.

Mdm?2 that are necessary for this activity (Cheng et al.
2009). In a similar manner, p53 itself is both phosphory-
lated and acetylated on specific residues in response to
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genotoxic stress (see Kruse and Gu 2009). It was originally
assumed that these modifications also played an obliga-
tory role in p53 function. More recently, it has been
shown that mere disruption of the p53-Mdm2 interaction
using chemical inhibitors is sufficient for p53 to act as a
transcription factor (Vassilev et al. 2004). This apparently
occurs in the absence of phosphorylation on many of the
known sites on p53 (Thompson et al. 2004). Likewise,
ablation of Mdm?2 levels using an RNAi approach resulted
in p53-dependent transcriptional activity in the absence
of either phosphorylation or acetylation on specific rele-
vant sites (Giono and Manfredi 2007). An elegant study
from the Gu laboratory (Tang et al. 2008) has since clearly
shown that acetylation is absolutely required for p53
activation, but only in the presence of Mdm2. Thus, the
main function of modification of p53 is a disruption of the
interaction with Mdm2, thereby preventing the ability of
Mdm2 to repress p53 activity.

Mdm?2 has also been shown to affect translation of p53
by two mechanisms. First, it has been shown to interact
directly with the messenger RNA (mRNA) encoding p53
itself and to suppress its translation (Candeias et al. 2008).
Second, the ribosomal protein RPL26 has been shown to
play an obligate role in p53 translation in response to
genotoxic stress (Takagi et al. 2005). Mdm2 is capable of
targeting RPL26 for ubiquitin targeted degradation (Ofir-
Rosenfeld et al. 2008). Upon DNA damage, this effect of
Mdm?2 on RPL26 is inhibited, leading to enhanced asso-
ciation of RPL26 with p53 mRNA and increased expres-
sion of p53 protein (Takagi et al. 2005).

In contrast to DNA damage signaling, two other means
for up-regulation of p53 activity rely on direct protein—
protein interactions with Mdm2 (Fig. 3). In response to
oncogenic signaling, the pl4*RF protein is increased
transcriptionally. The pl4*FF protein binds to the central
domain of Mdm?2, including the acidic region, leading to

Figure 2. Mdm?2 regulates the p53-dependent response
to DNA damage. Prior to DNA damage, Mdm?2 interacts
with both p53 and the ribosomal protein RPL26, leading
to their ubiquitination and targeting for proteasomal

:f;;ﬁg:m degradation. Mdm?2 bound to p53 has been localized to
" regulatory regions of a number of p53 target genes, leading
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to repression of their expression. Upon DNA damage,
both Mdm2 and p53 become post-translationally modi-
fied such that they no longer interact. p53 is now capable
of influencing gene expression. Recently, an additional
mechanism for regulation of p53 expression by Mdm2 has
been elucidated. It has been suggested that Mdm?2 inter-
acts with the mRNA encoding p53 itself and suppresses
its translation. In addition, the ribosomal protein RPL26
has been shown to be an obligate effector of p53 trans-
lation as well. Thus, upon DNA damage, the interaction
of RPL26 with Mdm2 is also disrupted, leading to in-
creased levels and its association with p53 mRNA,
facilitating its translation and increasing p53 levels.

translation
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Figure 3. The interaction of Mdm2 and p53 is disrupted in
response to oncogenic activation as well as ribosomal stress. The
interaction of Mdm?2 with p53 is also disrupted via the binding of
specific regulatory proteins. In response to oncogenic activation,
pl14ARE interacts with the central region of Mdm?2, thereby inhibit-
ing its activity toward p53. Nucleolar or ribosomal stress has been
suggested to lead to the release of several proteins that also interact
with Mdm?2, preventing it from negatively regulating p53.

inhibition of the ability of Mdm2 to act on p53 (see Sherr
2006). In a similar manner, ribosomal or nucleosomal
stress leads to the binding of a select group of proteins to
the similar region on Mdm?2, and likewise prevents its
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functions toward p53. These include the ribosomal pro-
teins RPL5, RPL11, RPL23, and RPS7 (Lohrum et al. 2003;
Zhang et al. 2003; Dai et al. 2004; Zhu et al. 2009), as well
as nucleophosmin (NPM) (Colombo et al. 2002) and nu-
cleostemin (NS) (Dai et al. 2008). In each of these cases,
their binding to Mdm2 appears to be sufficient for p53 to
function as a transcription factor, and affect its downstream
target genes. The interested reader is directed to a recent ex-
cellent review on this topic (Zhang and Lu 2009).

Mdm2 levels are transcriptionally up-regulated
in response to a variety of oncogenic
and tumor suppressor pathways

Transcription of the Mdm?2 gene is controlled by two
distinct promoters, referred to as P1 and P2 (Barak et al.
1994; Zauberman et al. 1995). The P1 promoter controls
basal expression of Mdm?2, and is situated upstream of
the first exon of the Mdm2 gene. The P2 promoter is
highly regulated, is responsible for inducible expression
of Mdm?2, and is found in the first intron (Fig. 4A). As
the start site for translation is contained in exon 2, the
transcripts expressed from both the P1 and P2 promoters
encode identical full-length Mdm2 proteins. However,
there are differences in the 5’ untranslated regions of
these transcripts that allow them to be distinguished
experimentally (Fig. 4B). The p53 response elements are
located upstream of the P2 promoter, and hence the p53-
inducible expression of Mdm2 can be monitored by ex-
pression levels of this specific transcript (Fig. 4A). There
is also evidence that these two transcripts may differ in
their propensity for alternative splicing as well as in their
translatability (Brown et al. 1999; Cheng and Cohen 2007).

A number of other signaling pathways lead to the in-
teraction of specific transcription factors with sequences
contained within the first intron of the Mdm2 gene,
leading to the activation of transcription via the P2 pro-
moter in addition to p53 (Fig. 4A). Signaling via Ras and

Figure 4. Mdm? is transcriptionally regulated

by multiple pathways. (A) There are two pro-

ATG moters that function in the regulation of Mdm2
ez expression. The P1 promoter controls basal
EXON 2 expression of Mdm2 and is upstream of exon
la. The P2 promoter is further downstream and
uses a start site at an alternate first exon, 1b.
The P2 promoter is inducible, and is regulated
by response elements for a variety of transcrip-
tion factors, including RXR, AP-1, the Ets
family, Smad2, and Smad3, as well as p53 itself.
A cluster of nGGGGC boxes act downstream
from the Erk pathway. Three GC boxes control
expression of Mdm2, with one of these con-
taining the site of a single-nucleotide polymor-
phism (SNP309) that influences the binding of

+1019 +1101

the Sp-1 transcription factor. (B) The two transcripts from the P1 and P2 promoters have distinct 5’ untranslated regions (encoded by
either exon 1a or exon 1b) and are different lengths. It should be noted that sequences corresponding to exon 1b are not present in the
mature P1 transcript. Nevertheless, the start site of translation is contained in a shared exon 2. Thus, the Mdm2 protein that is
expressed is identical between the two transcripts. There has been a suggestion, however, that further splicing of the transcript may be

influenced by promoter selection.
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the Erk pathway results in the binding of both AP-1 and
Ets family members to a response element that is im-
mediately adjacent to that of p53 (Figs. 4A, 5; Ries et al.
2000; Phelps et al. 2003). A cluster of GC boxes lie further
upstream, and have been implicated in the differential
expression of Mdm2 due to an interesting polymorphism,
SNP309 (Bond et al. 2004). When this polymorphism is
a guanine, it results in the ability of Sp1 to regulate Mdm2
expression. In contrast, a thymine in this position abro-
gates this, with a concomitant reduction in Mdm?2 lev-
els. It has been shown that SNP309 correlates with the
incidence of tumorigenesis in certain patient popula-
tions, thereby emphasizing the role of Mdm2 as an
oncogenic modifier in human cancer (Bond et al. 2005).
TGEFB has been shown to regulate Mdm2 expression via
the interaction of Smad2 and Smad3 with an element in
this intron as well (Figs. 4A, 5; Araki et al. 2010). Finally,
levels of Mdm2 appear to be elevated in retinal cone cells
due to expression of a tissue-specific RXR that can
activate expression of the Mdm2 gene through the P2
promoter (Xu et al. 2009).
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Figure 5. Oncogenic pathways enhance Mdm2 activity.
Growth factor signaling via tyrosine kinase receptors and Ras
lead to the activation of AP-1 and Ets family members, which
have been shown to transcriptionally up-regulate Mdm2. TGFg
signaling has also been shown to increase Mdm?2 via the Smad
transcription factors. Phosphatidyl-3 kinase (PI3K) signaling
through the Akt kinase leads to phosphorylation of Mdm2 on
sites distinct from those modified in response to DNA damage.
This results in nuclear import of Mdm2 and enhancement of its
ability to inhibit p53 (Zhou et al. 2001).

Mdm2 in tumorigenesis

Mdm2 as an oncogene: inactivation of the wild-type
tumor suppressor function of p53

The initial identification of Mdm?2 as the protein product of
a gene that was amplified on double-minute chromosomes
hinted at a possible role in oncogenesis. This was validated
after the demonstration that Mdm?2 interacts directly with
P53 and inhibits its ability to function as a transcriptional
activator. In early studies, Mdm2 was shown to be overex-
pressed in soft tissue sarcomas, and its increased level
was found to be mutually exclusive with mutation of p53
(Oliner et al. 1992). Mdm2 has since been shown to be
overexpressed by either gene amplification or other as-yet-
uncharacterized mechanisms in a variety of human tumors
(see Rayburn et al. 2005). Targeted expression of Mdm2 in
specific tissues in the mouse leads to increased tumorigen-
esis, consistent with a role as an oncogene (Jones et al.
1998). Likewise, in mouse models in which p53 inactiva-
tion has been shown to play a role, there is evidence that
this can also occur through enhanced expression of
Mdm?2 (Eischen et al. 1999). Given its well-studied role in
inhibiting p53 function through multiple mechanisms, it is
reasonable that the basis for its oncogenic activity is via
P53, a notion that is consistent with correlative studies in
human tumors. It nevertheless remains unclear how this
may occur. It is generally thought that basal levels of p53
are indeed controlled by Mdm2. However, upon p53 acti-
vation by DNA damage and subsequent post-translational
modification of both partners, the interaction between p53
and Mdm?2 is disrupted (see Kruse and Gu 2009; Vousden
and Prives 2009; Marine and Lozano 2010; Wade et al.
2010). Thus, the notion that mere overexpression of Mdm2
under such conditions would disable p53 is difficult to
reconcile with such a model. It has been speculated that an
initiating event in oncogenesis triggers a response similar,
if not identical, to genotoxic stress (see Halazonetis et al.
2008). One possibility is that high levels of Mdm2 may
saturate the protein-modifying cascades. Alternatively, the
DNA damage response during cancer development may
have aspects, yet to be elucidated, that are distinct from the
well-characterized genotoxic response pathways.

The ability of Mdm?2 to target p53 for proteolytic deg-
radation has also been shown to be inhibited by p142RF as
well as a subset of ribosomal proteins (Fig. 3; see Sherr
2006; Zhang and Lu 2009). If these latter regulators are
limiting in the cell, it can readily be hypothesized that high
levels of Mdm2 can overcome their effects. Thus, if the
initiating event involves up-regulation of pl4**f as has
been shown in some settings, overexpression of Mdm2
could easily account for the blocking of this signal and
the prevention of p53 activation. A role for ribosomal
proteins as tumor suppressors has been found in zebrafish
(Amsterdam et al. 2004). Furthermore, in the tumors that
arise due to mutation of certain ribosomal proteins in
zebrafish, there is decreased p53 expression (Maclnnes
et al. 2008). This is all consistent with the idea that both
p142%F and ribosomal proteins may be the relevant targets
for the overexpressed Mdm2 found in certain tumor types.

Alternately, there may be functions of p53 in the
basal setting that are relevant for its ability to suppress
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tumorigenesis. In this case, pathologically high levels of
Mdm?2 would be involved in preventing these activities. It
has been shown that overexpression of p53 in the absence
of a specific activating signal results in altered target gene
expression, yet this has generally been found in cell cul-
ture. It has been argued that the growth of cells in culture
results in oxidative stress or some other mechanism that
sends a signal to p53 to be active. Thus, p53 regulation of
basal target gene expression in the absence of an up-
stream signal may not occur in vivo. Comparison of p53
target gene expression in wild-type and p53-null mice
confirms this (Macleod et al. 1995; Parker et al. 1995;
Leveillard et al. 1998; Burns et al. 2001), although there
are exceptions (Miyashita et al. 1994; Macleod et al.
1995). Further, Perry’s laboratory (Mendrysa and Perry
2000) showed that p53 controls Mdm2 gene expression
only after cells are established in vitro, and not in vivo or
at the initial introduction of cells in culture. There are
isolated examples of p53 targets that do not conform to
this. For example, the expression of LIF (leukemia in-
hibitory factor), a cytokine involved in early embryo
implantation, has been shown to be controlled by p53.
In vivo, it was shown that p53-null mice lack sufficient
levels of LIF, leading to defects in maternal reproduction
(Hu et al. 2007). The challenge is to determine whether
there are other such targets of p53 that play key roles in
the basal setting in vivo, and thereby contribute to the
tumor suppressor activity of p53 in the organism.

Mdm?2 as an oncogene: p53-independent activities
that control proliferation, apoptosis, and the
epithelial-to-mesenchymal transition

As already noted, targeted ectopic expression of Mdm2
to specific tissues in the mouse leads to cellular pro-
liferation and tumor development. Intriguingly, in some
cases, these effects were seen even in the absence of p53.
Indeed, several oncogenic pathways lead to up-regulation
of Mdm2 levels (Fig. 5) that can result in both p53-
dependent and -independent effects. It should be noted
that these pathways may also impact p53 directly as well.
In an early study of a transgenic mouse in which ectopic
Mdm2 was expressed ubiquitously, survival was not
affected by p53 status. However, the spectrum of tumors
that was observed was different in wild-type and p53-null
backgrounds (Jones et al. 1998). Targeted expression of
Mdm?2 in the mammary gland gave the fascinating phe-
notype of increased ploidy, suggesting that Mdm2 regu-
lates cell cycle progression. This latter finding was seen in
p53 knockout mice as well (Lundgren et al. 1997). Splice
variants that fail to bind p53 can also be shown to pro-
mote tumorigenesis (Fridman et al. 2003; Steinman et al.
2004). Although early studies suggested that p53 mutation
and Mdm2 overexpression were not found in the same
cancer sample, tumor types have since been identified in
which overexpression of Mdm2 is not mutually exclusive
with mutation of p53 (Cordon-Cardo et al. 1994). Intrigu-
ingly, tumor latency was shorter in Mdm?2/p53 double-
knockout mice as compared with p53-null mice that are
heterozygous for the Mdm? deletion. In addition, homozy-
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gous deletion of Mdm? led to a change in tumor spectrum
with an increased incidence of sarcomas (McDonnell
et al. 1999). Taken together, such findings support a role
for Mdm2 in tumorigenesis that is independent of its
effects on p53.

Consistent with these results, Mdm2 has been shown
to regulate the expression of certain proteins that con-
tribute to key aspects of cell proliferation, apoptosis, and
tumor invasion and metastasis independent of its in-
teraction with p53. For example, Mdm2 has been shown
to target the product of the retinoblastoma susceptibility
gene (pRB), as well as the transcription factor E2F-1 and
its binding partner, DP-1, among others (see Ganguli and
Wasylyk 2003; Zhang and Zhang 2005). More recently,
several novel targets for Mdm2 have been identified. In
response to signaling via the Erk pathway, the transcrip-
tion factor Foxo3a is phosphorylated. In this modified
form, Foxo3A is a target for Mdm2-dependent ubiquiti-
nation and degradation. As Foxo3A regulates expression
of genes that encode cell cycle regulators such as p27, this
leads to an Mdm2-mediated control of cell cycle pro-
gression in response to oncogenic growth factor signal-
ing or Ras activation (Yang et al. 2008; Fu et al. 2009).
Mdm?2 has also been shown to regulate the expression of
the anti-apoptotic protein XIAP by a novel mechanism.
Binding of Mdm?2 to the mRNA that encodes XIAP en-
hances its translation, leading to the increased expres-
sion of XIAP. This leads to an Mdm2-dependent pre-
vention of cell death via caspase-mediated apoptosis (Gu
et al. 2009).

Most notably, Mdm2 has been shown recently to target
E-cadherin for degradation via the 26S proteasome (Yang
et al. 2006). E-cadherin has a well-characterized role in
the epithelial-to-mesenchymal transition that is a critical
step on the way to the metastasis of solid tumors of
epithelial origin (see Thiery et al. 2009). Previous studies
have shown that transcriptional repression of E-cadherin
expression via regulators such as Slug or Twist contrib-
uted to the loss of cell polarity and cell-cell adhesion, as
well as enhanced motility of epithelial tumor cells (see
Polyak and Weinberg 2009; Thiery et al. 2009). Although
transcriptional repression is a means for down-regulation
of specific targets, levels of expression are also deter-
mined by mRNA stability as well as the half-life of the
protein of interest. This recent study indicates that Mdm2
may play a critical role in loss of E-cadherin protein
expression during the epithelial-to-mesenchymal tran-
sition that reinforces the effects of transcriptional re-
pression (Yang et al. 2006). Thus, full down-regulation of
E-cadherin could be achieved via a cooperation between
Mdm?2 and transcriptional repressors such as Slug and
Twist. However, whether Mdm2 plays any obligate role
in the epithelial-to-mesenchymal transition still needs to
be directly tested.

Transcriptional regulation of pl14%F lies downstream
from the RB pathway (Fig. 6). Inactivation of this pathway
increases pl4“®F expression and can suppress Mdm2
activity toward p53 (see Gil and Peters 2006; Sherr 2006;
Kruse and Gu 2009). It remains to be determined whether
pl142RF influences p53-independent effects of Mdm?2.
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Figure 6. Tumor suppressor pathways control Mdm2 function.
The p14*%F protein is a negative regulator of Mdm?2 function and
is transcriptionally controlled by the E2F family. The RB pathway
regulates E2F function. Multiple components of this pathway have
been shown to play a role in human cancer as either oncogenes
(Cyclin D, Cdk4, and Cdk6) or tumor suppressors (pl6™E44 and
pRB). TGFB signaling can also exert a suppressor effect via
transcriptional up-regulation of the cyclin-dependent kinase in-
hibitor p15™ 4B 1t should also be noted that TGFp signaling has
been implicated in regulating p14°RF expression more directly via
the direct interaction of Smad proteins with the ARF genomic
locus (Freeman-Anderson et al. 2009).

The finding that homozygous deletion of Mdm? results
in an early embryonic lethality that is completely rescued
by loss of p53 (Jones et al. 1995; Montes de Oca Luna et al.
1995) has been used to argue against the importance of
p53-independent effects of Mdm2. Nevertheless, it is
unclear whether the physiological role of basal levels
of Mdm?2 in development is relevant to its pathological
effects when overexpressed during tumorigenesis.

Mdm?2 as a tumor suppressor: mutant p53 protein
stability and a role in nuclear export of wild-type p53

Given its role as a negative regulator of p53, as well as its
overexpression in human tumors, the notion of Mdm2 as
an oncogene is quite reasonable. Nevertheless, there is
a growing body of evidence to suggest that Mdm2 may
also exert effects that suppress cell proliferation (see Deb
2003). Targeting Mdm2. to the mouse mammary gland did
not lead to tumor formation, but rather a hyperplasia that
was associated with multiple rounds of DNA synthesis in
the absence of cell division (Lundgren et al. 1997). This
finding is consistent with the idea that Mdm2 somehow
suppresses mitotic progression. Studies in cell culture
have indicated a growth-suppressing function of Mdm2,
but the molecular basis for this remains unclear (Brown
et al. 1998; Dang et al. 2002). In one study, overexpression
of Mdm?2 altered the percent of cells arrested in the Gl
versus the G2/M phases of the cell cycle in response to
p53 (Ohkubo et al. 2006). A requirement for Mdm?2 in
p53-dependent cell cycle arrest via the cyclin-dependent
kinase inhibitor p21 has also been suggested (Giono and

Mdm2 in tumorigenesis

Manfredi 2007). Recently, it was shown that Mdm2
targets Slug for proteolytic degradation (Wang et al.
2009). As Slug has been implicated as a key transcrip-
tional regulator in the epithelial-to-mesenchymal transi-
tion (see Polyak and Weinberg 2009; Thiery et al. 2009),
this is more consistent with a tumor suppressor role for
Mdm?2. Although full-length Mdm?2 was used for expres-
sion in certain transgenic models, examination of Mdm?2
in resulting tumors showed that the Mdm2 can be
truncated (Steinman et al. 2004). This is consistent with
the notion that there may be selective pressure to lose
some function of Mdm2 during tumorigenesis. Remark-
ably, in some cases, these forms of Mdm2 lack the p53-
binding region at the N terminus.

Recently, the Lozano laboratory (Lang et al. 2004) de-
scribed the generation of a mutant mouse model in which
there is expression of the mouse equivalent of a tumor-
derived mutant p53. Previous studies had argued that
mutant p53 is stabilized and expressed at higher levels
than the wild-type p53 protein (see Prives and White 2008).
In this mouse model, it was found that only in tumor
tissue was the mutant p53 overexpressed, whereas, in the
normal tissues, its level was kept low (Lang et al. 2004). To
determine the molecular basis for this finding, a role for
Mdm2 was explored, and it was shown that loss of Mdm2
leads to stabilization of mutant p53 (Terzian et al. 2008).
Intriguingly, loss of Mdm2 enhanced tumor formation in
these mice. This clearly demonstrates that, at least under
these conditions, Mdm2 functions as a tumor suppressor,
and this is likely due to reduced mutant p53 expression.
Whether similar situations can be identified in human
cancers remains to be seen.

Several laboratories have argued that Mdm2 also plays
a role in nuclear export of p53 (Boyd et al. 2000, Geyer
et al. 2000). The resulting inhibition of p53 transcriptional
activity is consistent with an oncogenic role for Mdm2.
More recently, a cytoplasmic function for p53 has been
established (see Manfredi 2003; Vaseva and Moll 2009). It
has been shown that p53 can interact functionally with the
Bcl-2 family of proteins in the cytoplasm, thereby activat-
ing the mitochondrial apoptotic pathway, leading to cell
death (Dumont et al. 2003; Mihara et al. 2003; Chipuk
et al. 2004, 2005). In this context, the ability of Mdm?2
to facilitate nuclear exclusion of p53, in part through ef-
fects on ubiquitination, facilitates an apoptotic response
and would contribute to the tumor suppressor activity of
p53 (Dumont et al. 2003; Marchenko et al. 2007).

Future directions

While it is clear that Mdm2 plays an important role
in oncogenesis, the ability to translate these laboratory
findings into clinically relevant outcomes will require that
a full understanding of the underlying molecular mecha-
nisms be elucidated. The notion that Mdm2 may act as an
oncogene or tumor suppressor, depending on the experi-
mental conditions, is intriguing from a research perspec-
tive. However, the benefit of this knowledge to prognosis
and treatment of human disease will be limited without
clear determination of its basis. Given what is currently
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known, there are several avenues of study that are likely
to shed further light. These include an appreciation of the
possibly distinct biology of various isoforms of Mdm2 (see
Bartel et al. 2002; Harris 2005); its interplay with its closely
related partner, MdmX (see Marine et al. 2007; Marine and
Lozano 2010; Wade et al. 2010); and a more detailed anal-
ysis of the alterations in Mdm2 that are found in human
disease (see Rayburn et al. 2005).

To date, most transgenic models have examined ec-
topic expression of Mdm2 that relies on the use of a cDNA
that encodes the full-length protein. It will be important
to examine the relative effects of targeting distinct splice
variants of Mdm2 to specific tissues to elucidate their
respective abilities to affect tumorigenesis. Recent stud-
ies have indicated that Mdm?2 is likely to have different
effects, depending on the tissue and cell type that is
examined (Grier et al. 2006; Xiong et al. 2006; Maetens
et al. 2007). While adding to the complexity of the anal-
ysis, these findings argue that comparison of splice forms
needs to be done with care under similar conditions and
cell types. The role of splicing of Mdm?2 itself during on-
cogenesis remains an intriguing area as well. This is es-
pecially true given the detection in human tumors of
Mdm?2 variants that fail to interact with p53 (Sigalas
et al. 1996; Sanchez-Aguilera et al. 2006). In vivo models
in which Mdm?2 is expressed from vectors that preserve
genomic structure will likewise be key.

The interplay between MdmX and Mdm?2 remains a
fascinating and important area of study. There is growing
evidence, summarized elsewhere in several excellent
recent reviews, that Mdm2 homo-oligomers are likely
to have distinct biochemical functions from those that
involve Mdm2-MdmX heterodimers (see Kruse and Gu
2009; Vousden and Prives 2009; Wade et al. 2010). Com-
parison of mouse models in which either Mdm2 or MdmX
has been deleted reveal both overlapping and nonoverlap-
ping roles in tumorigenesis, as well as in normal develop-
ment (see Marine and Lozano 2010). A complete under-
standing of Mdm2 biology and its role in cancer certainly
will need to be fully integrated with MdmX.

Although Mdm?2 has been shown to be overexpressed
in human tumors through either gene amplification or
other means, a more careful analysis is needed. Reliance
on the use of immunohistochemistry or even determina-
tion of mRNA levels is of limited utility given the ex-
istence of distinct isoforms of Mdm2 in human tumors.
Reagents to address this important question in clinical
samples will need to be developed so that it can be
rigorously determined which isoforms—and in what rela-
tive amounts—are being expressed in specific cancer
types. There have been limited reports on the frequency
and nature of missense mutations in Mdm?2 in human
tumors (Schlott et al. 1997). Importantly, characterization
of some of these mutants has revealed quite interesting
insights into Mdm2 function involving the zinc finger
(Lindstrom et al. 2007). These mutants retain the ability
to inhibit the transcriptional activity of p53, but are
defective at directing the nuclear export and proteolytic
degradation of p53. This suggests the need for further
genomic analysis of Mdm?2 in human tumors as well.
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Whether overexpression of Mdm?2 is associated with better
or worse prognosis appears to vary depending on the tumor
type (Onel and Cordon-Cardo 2004). Many of these studies
relied on the use of assay methods that would not have
distinguished between splice forms. It will be important
to revisit this in the future to gain molecular insight into
the basis for the varying prognostic outcomes.

As Mdm2 has been characterized extensively for its
interaction with p53, it is not surprising that an emphasis
has been placed on its role in tumorigenesis in that context.
Nevertheless, the increasing numbers of p53-independent
effects that have been ascribed to Mdm?2 suggest that it has
relevance in human cancer on its own. Given the exciting
and sometimes confusing findings that are emerging from
laboratory studies, placing these recent developments in an
integrated context will be critical. This is especially true as
Mdm?2 emerges from the shadow of its relationship with
p53. Whether Mdm2 proves to be an oncogene or tumor
suppressor, and under which conditions, remains to be
determined. Either way, this pursuit will certainly have an
impact on human disease.
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Erratum

Genes & Development 24: 1580-1589 (2010)

The Mdm2-p53 relationship evolves: Mdm2 swings both ways as an oncogene and a tumor suppressor
James J. Manfredi

The study by Candeias et al. (2008) cited in the above-mentioned paper demonstrated an interaction between Mdm2 and
the messenger RNA encoding p53 that led to its enhanced translation. In the Manfredi (2010) review published in the
August 1 issue of Genes & Development, the text, Figure 2, and the legend for Figure 2 are misleading in that they indicate
the binding of Mdm2 led to a reduced translation of the p53 mRNA. A corrected figure is shown below. The author
apologizes for any confusion this may have caused.
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