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Abstract

For more than 25 years, MDM2 and its homolog MDMX (also known as
MDM4) have been shown to exert oncogenic activity. These two proteins
are best understood as negative regulators of the p53 tumor suppressor, al-
though they may have additional p53-independent roles. Understanding the
dysregulation of MDM2 and MDMX in human cancers and how they func-
tion either together or separately in tumorigenesis may improve methods of
diagnosis and for assessing prognosis. Targeting the proteins themselves, or
their regulators, may be a promising therapeutic approach to treating some
forms of cancer.
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INTRODUCTION

Elucidating the molecular changes that have a role in both transformation and tumor progression
remains an essential aspect of cancer diagnosis, the assessment of prognosis, and treatment. In this
review, we discuss findings related to the roles that MDM2 and MDMX have in tumorigenesis,
their expression in human cancers, their uses as biomarkers, and the therapeutic agents that target
these proteins. We note that the major roles of MDM2 and MDMX are in regulating p53, the
most extensively studied human tumor suppressor. Largely through its function as a sequence-
specific transcriptional activator, p53 regulates a plethora of genes whose products mediate a
variety of cellular pathways, including different forms of cell-cycle arrest, cell death, metabolic
processes, DNA repair, and others (1, 2). The TP53 gene is mutated in approximately one-half
of all sporadic human cancers, although mutation frequency varies greatly with tumor type (3).
Cancer-prone Li-Fraumeni families bear germ-line mutations in one of their p53 alleles, further
demonstrating the critical role of p53 in tumor suppression (4). Extensive evidence for the role of
p53 also comes from mouse studies, and p53-null mice acquire tumors (lymphomas and sarcomas)
with 100% frequency, from which they succumb by about 6 months of age (5). Importantly, many
human tumors express wild-type p53 (overall 50%, but the frequency varies with tumor type), and
some of these overexpress MDM2 or MDMX, or both, as a result of gene amplification or other
mechanisms. Due to the diversity of human tumors that harbor wild-type p53, targeting these two
important regulators of p53 has considerable therapeutic potential. Alternatively, harnessing the
potential of MDM2 to repress mutant forms of p53 is another worthy goal. We start this review
with a brief outline of the history of key discoveries related to MDM2 and MDMX.

HIGHLIGHTS IN THE HISTORY OF MDM2 AND MDMX

Originally cloned by Donna George and colleagues (6) from a double-minute amplicon present
within a spontaneously transformed murine cell line, Mdm2 was then shown to function as an
oncogene (7). The first hint about the molecular mechanism of the function of Mdm2 came when
it was shown that it can bind to, and inhibit transactivation by, p53 (8, 9). Mdm2 (whose human
homolog is occasionally referred to as HDM2) was then shown to be a transcriptional target of p53,
thereby forming a negative-feedback loop—i.e., an autoregulatory cycle (10, 11). What cemented
the central importance of MDM2 as a p53 regulator were studies demonstrating that the very early
embryonic lethality of Mdm2-null mice was fully rescued in a p53-null background (12, 13). These
findings, now confirmed and extended in multiple mouse-model studies discussed below, reveal the
critical importance of keeping p53 in check, not only in the developing embryo but also in somatic
tissues in mice. Furthermore, it was demonstrated that MDM2 not only inhibits p53 transactivation
of its target genes but also mediates degradation of p53 (14, 15) by serving as an E3 ubiquitin
ligase (16). Relatedly, it was discovered that phosphorylation of key sites in the p53 N terminus
weakens the p53–MDM2 association, and such sites are phosphorylated in cells in response to
DNA damage (17). The discovery that MDM2 targets p53 for proteasome-mediated degradation
provided a plausible explanation as to why and how basal p53 protein levels are normally kept low
until cells are subjected to numerous stresses, including DNA damage, hypoxia, and ribosomal
stresses, each of which disables the interaction between MDM2 and p53 (18). Relevantly, the
discovery that the p19ARF protein product of the INK4a locus binds to and disables the E3 ligase
activity of MDM2 in response to various oncogenic stresses provided the explanation for how
hyperproliferative signals activate p53 (19). When the MDM2 homolog MDMX (also known as
MDM4; human MDMX is also known as HDMX or HDM4) was discovered, this added another
level of complexity to the already dense p53–MDM2 field (20–22). MdmX was then shown to be
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as important as Mdm2 in embryonic development because both Mdm2- and MdmX-knockout
mice result in p53-dependent embryonic lethality that is rescued by p53 loss (23, 24).

MDM2 AND MDMX: PLAYERS AND PATHWAYS

Structural Features

Two decades of research on human MDM2 have revealed a complicated and highly regulated
protein whose 491 residues comprise multiple functional domains, signal sequences, and sites
of modification (Figure 1b). It is also expressed as different isoforms generated by alternative
splicing (reviewed in 25 and described below). The domain architecture of MDM2 illuminates its

a   p53 

b   MDM2

c   MDMX

NH2 COOH

NH2 COOH

TAD
1

p53  binding Acidic Zinc RING

1

NESI NLSI NESII NLSII NLSIII

20 41 61 94 102 292 325 355 363 393

1 18 101 237192178 288/9 331 436 482 491485

TAD
2

PP Specific DBD Tet CTD

NoLS (466–473)

NH2 COOHp53  binding AcidicW Zinc RING

1 19 102 215210190 255 290 332 437 483 485 490

Trp200/201

NESNLS

Figure 1
Landmarks of p53, MDM2, and MDMX proteins. (a) The N-terminal region of p53 (residues 1–101) contains two distinct
transactivation domains, TAD 1 and TAD 2; a proline-rich region (PP) with five PXXP sequence motifs that are essential for its ability
to induce apoptosis; and a nuclear export signal (NES) between residues 11 and 27. The central core domain (amino acids 102–292)
spans the sequence-specific DNA-binding domain (DBD). The majority of missense mutations in the p53 gene are located within this
domain with highly conserved subregions. The carboxyl terminus of p53 (residues 292–393) contains a flexible linker region (residues
292–324) that connects the core domain to the tetramerization domain (Tet, residues 325–355) and a basic regulatory domain (CTD,
residues 363–393). The carboxyl terminus also encompasses both NES and nuclear localization signal (NLS) sequences. (b) MDM2
landmarks include the N-terminal p53-binding domain (residues 18–101); the centrally located acidic domain that binds ARF and also
has a role in the ubiquitination of p53 (residues 237–288); and the zinc-finger motif, where ribosomal proteins interact (residues
289–330). The MDM2 carboxyl terminus contains a RING domain that displays E3 ubiquitin ligase activity (residues 436–482), and
the carboxyl terminus tail (residues 485–491) regulates the RING motif via MDM2 homodimer formation as well as MDM2 and
MDMX heterodimerization. MDM2 has NLS, nucleolar localization signal (NoLS), and NES sequences. (c) MDMX has structural
domain similarity to MDM2, with an N-terminal p53 binding region (residues 19–102), central acidic (residues 215–255) and
zinc-finger (residues 290–331) regions, and a carboxyl-terminally located RING domain (residues 437–483). MDMX lacks NLS, NES,
or NoLS sequences but has a unique WWW motif (W, residues 190–210), which inhibits interaction with p53. In contrast to the
MDM2 RING E3 ligase domain, the MDMX RING domain lacks E3 ligase activity. The carboxyl-terminal tail (residues 485–490) of
MDMX is required for formation of MDM2–MDMX heterodimers.
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Figure 2
MDM2–p53 interactions involve three regions of each protein. (�) The primary interaction regions are
within the MDM2 N-terminal domain and the p53 N-terminal transactivation domain, TAD 1. (�) The
central regions of MDM2 (acidic domain) interact with the sequence-specific DNA-binding domain (DBD)
of p53. (�) The MDM2 N-terminal domain interacts with the p53 carboxyl-terminal domain, which
harbors lysines whose ubiquitination requires the MDM2 RING domain (red dashed arrow). Abbreviations:
C′, carboxyl terminus; F, phenylalanine; L, leucine; N′, N terminus; W, tryptophan.

functions. The N-terminal region is essential for interacting with, and inhibiting the ability of,
p53 to be transcriptionally active. The linker region that follows the N-terminal domain spans a
nuclear localization signal (NLS) at position 178 and a nuclear export signal (NES) at position
192. The central acidic domain has a crucial auxiliary role in the degradation of p53 (26, 27) and is
followed by the zinc-finger domain, which is thought to aid in interactions with various proteins,
including ribosomal and nucleolar proteins, as well as the tumor suppressor p14ARF (reviewed in
28). The MDM2 C terminus comprises a RING domain (Really Interesting New Gene; amino
acids 436–482) that harbors a cryptic nucleolar localization signal (NoLS; residues 466–473) and
residues at the extreme C terminus (amino acids 485–491) that play a part in interactions among
RING domains (29, 30). The MDM2 RING domain is responsible for the E3 ligase activity of the
protein, and this activity is, in turn, critical for MDM2 to restrain p53 during early embryogenesis.
This is supported by the finding that point mutations in the MDM2 RING domain promote p53-
dependent mortality at a level comparable to that of the deletion of the entire gene (31).

To date, there are three identified regions of interaction between MDM2 and p53 (Figure 2).
The initial documented interaction occurs between the MDM2 N-terminal domain and the p53
N-terminal transactivation domain 1, TAD 1 (amino acids 20–40). This interaction inhibits the
binding of p53 to the transcriptional machinery (32). A crystal structure analysis of the MDM2
N terminus bound to a p53 peptide, encompassing amino acids 15–29, identified a specific hy-
drophobic pocket in MDM2, encompassing the amino acids phenylalanine 19, tryptophan (Trp)
23, and leucine 26 in p53 (33). Subsequent studies have demonstrated an interaction between
the central acidic domain of MDM2 and the specific DNA-binding domain of p53 (34–37). This
interaction is essential for efficient p53 ubiquitination. In addition, the MDM2 acidic region has
been reported to promote a conformational change in p53 and to inhibit p53 interaction with
DNA (38). A third interaction between the MDM2 N terminus and the p53 C terminus was
described in 2010, demonstrating that p53–MDM2 interaction is decreased upon deletion of this
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p53 region and that modifications of the p53 C terminus can regulate the interaction between p53
and MDM2 (39).

The human MDMX protein consists of 490 amino acids (Figure 1c, although multiple isoforms
have been described) and, when overexpressed, inhibits p53-activated transcription. This effect
depends on the p53-binding domain of MDMX (40). MDMX does not contain NLS, NoLS,
or NES sequences and localizes primarily to the cytoplasm. That said, upon association with
different partners (MDM2 in particular), or in response to DNA damage, MDMX can localize
to the nucleus. Intriguingly, the precise amino acids that are essential for interaction with both
MDM2 and MDMX in the p53 N terminus are identical (41). Yet although MDM2 and MDMX
share high homology in their p53-binding domains, structural analysis has revealed significant
differences in their p53-binding pockets, with two residues moderately blocking the binding pocket
of MDMX (42). MDMX does not exhibit E3 ligase activity in its RING domain and does not
directly promote degradation of p53, but it interacts with MDM2 via its RING motif, and this
interaction affects levels of both p53 and MDM2 (21, 22; reviewed in 43). Both MDM2 and
MDMX have P-loop regions within their respective RING domains that allow them to bind
specifically to ATP (adenosine triphosphate) (29, 44–47).

An MDMX autoinhibitory sequence motif has been described near residues Trp 200 and Trp
201, called the WWW element (48). The lack of this domain increases 32-fold the interaction with
p53. The WWW motif binds to MDMX’s own N-terminal domain and prevents its interaction
with p53. This element may rationalize the existence, as well as the oncogenic impact, of alterna-
tively spliced MDMX proteins lacking this motif that are present in some aggressive tumors, and
raises the possibility of an additional level of regulation.

Consequences of the MDM2–p53 Interaction

MDM2 has an essential role in regulating levels of p53 protein, both in unstressed cells and follow-
ing genotoxic stress (49–51). The p53 protein is degraded by the 26S proteasome after undergoing
ubiquitination at several C-terminally located lysine amino acids in a manner that requires the
MDM2 E3 ubiquitin-ligase function. MDM2 also has a postubiquitination role in enabling direct
p53 interaction with the proteasome (52). Finally, MDM2 is essential for regulating p53 function
by mediating the export of p53 from the nucleus in a manner that involves monoubiquitination
and sumoylation (53).

The MDM2 gene contains two promoters: P1 and P2. P1 is constitutively active in many cells
at low levels. The p53-responsive P2 promoter contains two p53 binding sites and is stimulated in
response to cellular stress in a p53-dependent manner (54, 55). It is through interaction with these
sites that p53 mediates transcription of the MDM2 gene and thereby forms the p53 component
of the p53–MDM2 negative-feedback loop. The autoregulatory circuit formed between p53 and
MDM2 is critical for both keeping p53 in check in unstressed cells and restoring low levels of
p53 after milder forms of stress. This relationship results in oscillation of the cellular levels of
the two proteins, and this has been studied both in populations of cells (56) and at the single-cell
level (57). This oscillation is altered in cells that express relatively high levels of MDM2 due to a
single-nucleotide polymorphism (SNP) in the MDM2 promoter (discussed below) (58).

Intriguingly, it recently has been demonstrated in vivo that in the hematopoietic system,
this feedback loop is important in regulating p53 activity, mainly in response to DNA damage,
but it is not essential for homeostasis, development, or longevity (59). Specifically, in mice,
point mutations in the two p53-binding sites of the Mdm2 promoter that were introduced into
the endogenous Mdm2 locus resulted in increased response to DNA damage, although p53
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degradation kinetics in various tissues remained similar to the wild-type control. This highlights
the importance of understanding the distinct roles of MDM2 in different tissues.

Adding further complexity to the understanding of p53 regulation, a functional p53-response el-
ement has been identified in the MDMX promoter, potentially forming another negative-feedback
loop (60). The p53-responsive promoter, named P2, produces a longer human MDMX transcript,
HDMX-L, in which 18 residues are added at the N terminus. HDMX-L plays an essential part
in MDM2-mediated p53 ubiquitination by reducing p53 levels to normal following stress activa-
tion (40). There is still work to be done to determine when, and under what circumstances, p53
regulates MDMX via its P2 promoter.

The MDM2–MDMX–p53 Axis

The best-understood, and likely the most important, role of MDM2 and MDMX in oncogenesis is
via their interaction with p53. So far, two primary models have been proposed for this interaction
(43). The first model proposes that MDM2 and MDMX independently regulate specific activities
of p53, whereby MDM2 controls the cellular levels of p53, and MDMX solely modulates p53
transcriptional activity. Alternatively, the interaction between MDMX and MDM2 could regulate
the activity of these two proteins, and they could collaboratively modulate p53 function. Although
the evidence largely supports the second model—for example, the p53 degrading function of
MDM2 has been shown to be enhanced by interaction with MDMX (reviewed in 61)—the situation
is complex, especially as revealed by mouse models. MDMX has been shown to be as important
as MDM2 in embryonic development because both Mdm2- and MdmX-knockout mice exhibit
p53-dependent embryonic lethality that is rescued by p53 loss, although Mdm2-null mice die
at the preimplantation stage and MdmX-null embryos succumb later, at embryonic day 7.5–9.5
(62; reviewed in 63). That embryonic lethality results from the loss of either Mdm2 or MdmX
individually suggests that they are not functionally redundant. Yet p53 and MdmX double-null
mice that overexpress Mdm2 are viable, suggesting that when expressed at high enough levels
Mdm2 can compensate for the phenotype seen with the loss of MdmX (64). In aggregate, the
literature on these two proteins provides strong evidence that they work together to restrain
p53.

The RING-finger motifs of both MDM2 and MDMX are essential for their activity toward
each other as well as toward p53. MDM2 and MDMX interact through their RING-finger motifs
to form a complex (21, 22). Quantitative assays have indicated that there is 5–10 times more cel-
lular MDM2 than MDMX in normal human fibroblasts and mammary epithelial cells, suggesting
that most MDMX binds to MDM2 because the binding affinity for establishing a heterodimer
is higher than for forming MDM2 homodimers (22, 65). It has been reported that heterodimer-
ization of the RING domains of MDM2 and MDMX results in a complex that can mediate p53
polyubiquitination by MDM2, which alone mainly monoubiquitinates p53 (66). According to this
study, previous observations that MDM2 alone can polyubiquitinate p53 were due to artificial
activation caused by the use of GST (glutathione S-transferase)-tagged MDM2 used in in vitro
assays. Further evaluation of this important issue will shed more light on the mechanism of mono-
and polyubiquitination, and the potential intervention point it brings for the design of suitable
inhibitors.

In several reports, the binding of MDM2 and MDMX through their RING domains has also
been demonstrated to be crucial in adult tissues for efficient p53 degradation (67, 68). Additionally
MDM2 has been proposed to have an indirect role in regulating stress-induced levels of p53, by
downregulating MDMX protein levels; specifically, MDM2 can induce nuclear localization and
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E3-dependent degradation of MDMX following γ irradiation of cancer cell lines, and downreg-
ulation of MDMX contributes to p53 activation by irradiation (69–71).

Furthermore, the extreme C-terminal five residues of MDM2 have been reported to be crucial
for E3 ligase function both in vivo and in vitro (29, 30). The formation of the Mdm2–MdmX
heterodimer would appear to be crucial for embryonic development as shown in mouse models
in which either deletion of, or a single missense mutation within, the MdmX RING domain,
which prevents interaction with Mdm2, results in early embryonic lethality (72, 73). Despite the
requirements for RING-domain interactions, the requirement of MDM2 E3 ligase activity for
regulating p53 function during embryogenesis has recently been brought into question. Using a
mouse model with an Mdm2 that lacked E3 ligase activity but retained its ability to bind MdmX
(Y487A knockin), it was shown that in the absence of stress, the development of these mice was nor-
mal into adulthood (74). The discrepancy between this and earlier reports remains to be resolved.

Although MDM2 and MDMX show a high degree of homology, there are some distinct func-
tions for the two RING-finger proteins. MDM2 inhibits the interactions between p53 and DNA
via its acidic domain, but MDMX only slightly mitigates this interaction (38). MDMX can stimulate
a conformational change in p53 and protect it from proteasomal degradation after DNA damage in
an MDM2- and ubiquitin-independent manner, but MDM2 lacks this activity (75). Furthermore,
the MDM2- and MDMX-binding pockets for p53 are not identical, despite the high similarity
between them, which has been shown using structural analysis of these domains bound to a p53
N-terminal peptide (42). The WWW inhibitory sequence in MDMX but not in MDM2, men-
tioned above, suggests there is a new mechanism of regulation in which it competes with p53 TAD
1 for binding with the MDMX N-terminal domain. This highlights the potential oncogenic role
of MDMX splice variants that lack this inhibitory sequence and are present in some aggressive tu-
mors. In addition, functional deactivation occurring as a result of overexpression and amplification
of either MDM2 or MDMX has been demonstrated in many human cancers that do not have a
p53 mutation. Tumors overexpressing MDM2 (for example, liver tumors) are distinct from those
that overexpress MDMX (for example, colon tumors), implying distinct functions for MDM2 and
MDMX in cancer (reviewed in 76, 77). Despite these differences, and the fact that they cannot com-
plement each other in mouse knockout models, there is strong evidence that they work together,
and their codependence is what likely accounts for the requirement for both to restrain p53 during
embryogenesis.

It should be noted that many tumors exhibit either a p53 mutation or MDM2 and MDMX am-
plification. For example, in a 2014 study analyzing samples of infiltrating ductal breast carcinoma,
overexpression of MDM2 or MDMX was observed in more than half of cases, but was rarely
present in the samples with p53 dysfunction (78). Interestingly, overexpression of MDMX has
been detected in a wide spectrum of human cancers and can preclude tumor suppression mediated
by p53 (79).

Paradoxically, a role for MDMX as a potential tumor suppressor has been reported and may
either be p53 dependent or p53 independent, in different experimental settings. MDMX can
suppress tumorigenesis in a p53-independent manner by promoting centrosome clustering and
bipolar mitosis (80, 81). The p53 and MdmX double-null mice that overexpress MDM2 exhibit
accelerated rates of tumor formation that are not detected in mice having both MDMX alleles,
suggesting a context-dependent tumor-suppressive function for MDMX (64). In response to DNA
damage, MDMX has been shown to translocate to the mitochondria and, thereby, enhance phos-
phorylation of p53 serine 46 to facilitate p53-mediated apoptosis in cisplatin-treated cells (82) in
a manner that requires the activity of TAB1 (83). Whether these unanticipated roles of MDMX
are relevant to human cancer remains to be determined.
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MDM2 AND MDMX IN HUMAN CANCER

Deregulated Expression of MDM2 and MDMX in Cancer

Several aspects of the biology of MDM2 and MDMX are particularly relevant to human cancer. In
this section, we highlight recent evidence from human cancers that largely supports the description
of MDM2 and MDMX as oncogenes, and describe the alterations in expression in specific cancers.

Although MDM2 is rarely lost or mutated in human cancers, it is often amplified or overex-
pressed, or both (reviewed in 84). One review found the overall rate of MDM2 gene amplification
to be 7%, with the highest amplification frequency observed in soft tissue tumors (reviewed in
85). Overexpression of MDM2 and MDMX has been shown to correlate with both tumor grade
and prognosis. For example, one study reported that high levels of MDM2 expression correlated
with poor survival in mesothelioma patients (86). Significantly, in a 2015 study, MDM2 has been
shown to be an important prognostic and predictive marker for response to platin–pemetrexed
therapy (antifolates and platin derivatives) in patients with malignant pleural mesothelioma (87).

The role of MDM2 in tumorigenesis is further supported by mouse models: For instance, in
an early study, transgenic mice overexpressing Mdm2 exhibited spontaneous tumorigenesis, with
a spectrum of tumors similar to that seen in p53-knockout mice (88). More recent models have
shown that Mdm2 overexpression can lead to tumorigenesis via a loss of p53 activity, as well as by
induction of p53-independent tumorigenesis pathways (reviewed in 89).

One line of research into the regulation of MDM2 transcriptional levels, and the consequent
biological outcome, has focused on SNPs. Two opposing MDM2 SNPs, SNP 309 and SNP 285,
have been identified and shown to affect cancer risk through differential Sp1 transcription- factor
binding. In 2004, Bond and colleagues (90) demonstrated that a polymorphism in MDM2, an A
to G change at nucleotide 309 in intron 1 of the second MDM2 promoter P2 (SNP 309T > G),
affected the binding affinity of the Sp1 regulatory transcription factor. SNP 309G causes enhanced
Sp1 binding to the MDM2 promoter, leading to increased MDM2 transcription. Mouse models
bearing the tumor-associated SNP were generated; these had higher levels of Mdm2 expression,
and exhibited a decrease in p53 function and an increase in tumorigenesis compared with mice
bearing the noncancer associated SNP (SNP 309T) (91).

Demonstrating its tumorigenic potential, the 309G allele has been shown to be associated
with early-onset cancer diagnosis in individuals with the hereditary Li-Fraumeni syndrome. The
309G allele has also been associated with early-onset diagnosis of sporadic cancers, such as soft
tissue sarcoma, large B cell lymphoma, and colorectal cancer, as well as with the early diagnosis of
estrogen receptor–positive breast cancer. However, the results from subsequent studies aimed at
evaluating the association between SNP 309G and either cancer risk or early cancer diagnosis in
other cancer types have been conflicting. Initially, there appeared to be an ethnic link between the
309G variant allele and increased cancer risk or early-onset diagnosis. Most of the studies in which
the G-variant alleles showed an association with cancer risk or early-onset diagnosis had evaluated
Asian or Ashkenazi Jewish populations. Assessing the role of SNP 309G in Caucasian populations
provided mixed results. One group found no effect of this allele on cancer risk in Caucasian
participants (92). This was proposed to be related to a second MDM2 polymorphism, SNP 285C,
which was identified in a study of Norwegian patients with breast cancer (92). This polymorphism
results from a G to C transversion, and is located 24 base pairs upstream of SNP 309 in the MDM2
promoter, near a predicted Sp1-binding site. The 285C and 309G polymorphisms could interact
to form the 285C/309G haplotype. In vitro (in silico and surface plasmon resonance) analysis of
different 285/309 haplotype combinations revealed that the enhanced transcription caused by the
309G allele was reduced in the presence of the 285C allele. In vivo analysis of the distribution of
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the two SNPs revealed that the presence of the 285C allele correlated with a decreased cancer
risk for breast, ovarian, and endometrial cancer in patients who harbored at least one 309G allele
(309GG or 309TG). Notably, Sp1 is not the only transcription factor that has a role in MDM2
expression in cancer. RXR γ-mediated MDM2 expression plays a part in cone-precursor-derived
retinoblastoma (93).

To date, many meta-analyses (too numerous to cite here) have documented that there is an
increased risk of several cancers, including hepatocellular carcinoma, leukemia, and colorectal,
gastric, cervical, endometrial, breast, and other cancers. This was seen with the T309G variation,
but was even more pronounced with the homozygous G/G genotype. Yet, as is often the case, there
are exceptions: In one meta-analysis, which included studies of 5,151 cases and 1,003 controls,
there was a decreased risk of prostate cancer in Caucasian patients harboring the 309G allele (94).
In this same meta-analysis, no association with cancer risk was observed in an Asian ethnic group
(94). And another study looking at the effect of SNPs 285 and 309 in a cohort including both
Caucasians and African-Americans showed no association for either SNP with the risk of lung
cancer or with survival (95). These disparate findings suggest that there are ethnic, and possibly
tumor-type, variations in the SNP 309 and 285 phenotypes.

MDM2 levels are also regulated posttranscriptionally by microRNAs (miRNAs). In fact, multi-
ple miRNAs that target MDM2 have been described, including miR-143/145, miR-605, miR-25,
miR-32, miR-18b, and miR-661 (reviewed in 25). Some of these miRNAs are regulated by p53, and
their modulation of MDM2 levels upregulates p53 levels and activity, effectively making this part
of the negative-feedback loop. Due to their role in stabilizing p53, MDM2-regulating miRNAs
function as tumor suppressors, and, indeed, a decrease in their expression levels has been observed
in human cancers. Interestingly, the tumor-suppressor function of these miRNAs depends on p53
status: for example, one study found that in tumors with mutant p53, high expression levels of
miR-661 correlated with a more aggressive cancer (96). In this study, miR-661 was also shown to
modulate MDMX levels. In another study, published in 2010, miR-191 has been shown to play a
part in the downregulation of MDM4 expression in tumors bearing MDM4-C but not MDM4-A
splice variants (described below). The miR-191 target site is generated by SNP 34091, and the
MDM4-A variant that lacks this SNP is associated with higher-grade carcinomas. It should be
noted that the effect of miR-191 appears to be p53 independent (97). Other miRNAs that specif-
ically target MDMX have been identified (98). The detection of these miRNAs can provide an
invaluable diagnostic tool, as well as a therapeutic target.

Similarly to MDM2, MDMX is rarely mutated in cancer, but is frequently overexpressed. In
fact, many tumors harboring MDM2 gene amplification, such as soft tissue sarcomas, hepatoblas-
tomas, and urothelial cell carcinomas, have been shown to have MDMX gene deregulation as well
(99–101). In addition, several MDMX-specific gene amplifications have been demonstrated: for
example, in retinoblastoma, where the mechanism of p53 inactivation occurs via MDMX over-
expression (102). There is a paucity of information on the upregulation of MDMX transcription.
One study found that MDMX was overexpressed in approximately 50% of human colon tumors
analyzed and was correlated with extracellular signal-regulated kinase phosphorylation, indicat-
ing regulation by mitogenic signaling that may promote p53 inactivation (103). As with MDM2,
specific SNPs in MDMX (SNPs 1, 9, 7, and 12) may affect p53 tumor-suppression activity (104).
In Ashkenazi Jewish and European cohorts, the presence of these SNPs has been associated with
an increased risk of early-onset breast and ovarian cancers. It remains to be determined how these
variants contribute to tumorigenesis. In 2012, it was reported that MDMX rs116197192G expres-
sion was elevated in retinoblastoma patients; however, the mechanism remains to be elucidated
(105).
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The role of MDMX overexpression in tumorigenesis has been explored in mouse models,
with variable results. A conditional MdmX overexpression model demonstrated an increase in
tumorigenesis, predominantly of sarcomas (106). However, a second model reported embryonic
lethality for the homozygous mice, and there was no increase in tumorigenesis in hemizygous mice
(107). Several explanations for the discrepancy are possible, including a difference in expression
levels. Thus, the role of MDMX overexpression in tumorigenesis remains to be conclusively
resolved.

In aggressive melanomas harboring wild-type p53 expression, a study found that upregulation
of MDMX protein levels had significant clinical relevance (108). In this study, MDMX overexpres-
sion was reported in approximately 65% of stage I–IV human melanomas. MDMX deregulation
has also been observed in acute lymphocytic leukemias (80%) and head and neck squamous cell
carcinomas (50%) (109, 110). These studies highlight the importance of therapeutically targeting
MDMX, at least in melanoma and other human cancers where p53 is rarely mutated.

Alternatively Spliced Isoforms of MDM2 and MDMX in Cancer

Although missense mutations in MDM2 and MDMX have been only rarely observed in human
tumors, sequence changes due to alternative splicing have been reported, in both tumors and cell
lines. Multiple isoforms of the resulting proteins are generated by use of an alternative promoter
and alternative splicing, adding further complexity.

In general, MDM2 isoforms generated by alternative splicing lack the full N-terminal p53-
binding domain and varying extents of the central acidic domain but, with only a few exceptions,
retain the C-terminal RING domain (111). The loss of these p53-interacting regions suggests
p53-independent function (or functions) for these MDM2 splice variants. An oncogenic role for
these proteins has been proposed, and it is supported by the finding that human cancers, such
as invasive breast cancer and soft tissue sarcoma, often express high levels of alternatively spliced
MDM2 variants (reviewed in 112). In mice, the expression of Mdm2 isoforms lacking the p53-
interacting domain has also been shown to predispose them to form tumors and thus further
suggests a p53-independent function (113). Interestingly, although the MDM2-A variant has a
protective function in the p53 wild-type background, it can contribute to tumor progression in
a p53-null background (114). In one study from 2013, similar p53-independent transforming
activity has been found in another MDM2 splice variant, MDM2-C (115).

As discussed above, genotoxic stress has a role in regulating isoform expression. Under these
conditions, the alternative P2 promoter of MDM2 is utilized [and activated by p53, Sp1, and
estrogen receptor (ER)], which leads to increased expression and possibly a greater variability in
splicing. Emerging evidence has suggested that in cells harboring wild-type p53, these MDM2
isoforms may activate p53 by competing with full-length MDM2, but in cells lacking functional
p53, these splice variants may take on pro-oncogenic functions (reviewed in 112). The putative
role of MDM2 splice variants lacking p53-binding sites in tumorigenesis is supported by mouse
models: When overexpressed, these splice variants can lead to increased tumor formation (113,
116). The aberrant expression of MDM2 splice variants has been identified in several human
cancers, including colorectal cancer (117) and oral squamous cell carcinoma (118).

The existence of MDMX splice variants has also been documented, primarily in tumors and
cancer cell lines; at least six variants have been reported, with differing functions. For example, the
MDMX-B splice variant has been described in human glioma (119), and its expression levels are
associated with cancer stage. In terms of mechanism, the S splice variant, which is characterized
by the loss of exon 6 and which contains 26 unique residues, has been shown to be a more potent
inhibitor of p53 function (120, 121). MDMX-S is overexpressed in some carcinomas and sarcomas
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(99, 122, 123). The overexpression of MDMX and MDMX-S has also been demonstrated in mantle
cell lymphoma, in which it has been suggested that it suppresses p21 and therefore promotes cell-
cycle progression (124).

Challenges remain in detecting the protein isoforms, not just mRNA (messenger RNA), which
leaves many unanswered questions about the presence and level of expression of MDM2 and
MDMX splice variants in tumors. Improving their detection may enhance the use of MDM2
and MDMX as biomarkers, and contribute to developing a better choice of chemotherapeutic
agents, such as Nutlins (also referred to as imidazolines), which target the p53-dependent activity
of MDM2 and would not be useful in targeting the shorter splice variants (125).

MDM2 and Regulation of Ribosomal Stress

The interaction of MDM2 with p53 is extensively regulated by posttranslation modifications and
protein–protein interactions, which can modulate p53 function in response to a number of cellular
stressors (Figure 3) (126). Among the myriad binding partners of MDM2 are a growing number
of ribosomal proteins (RPs) (127). Cancer-derived mutations of MDM2 (mainly in the zinc-
finger motif) have been reported to disrupt binding to RPL11 (128). In addition, heterozygous
mutations in RPs, some of which have been shown to interact with MDM2, are associated with
the human disorder Diamond–Blackfan syndrome, the symptoms of which include congenital
anomalies, anemia, and a predisposition to developing leukemia and other malignancies. Several
additional human ribosomopathies associated with increased cancer risk have been described, and
these highlight the importance of better defining the mechanisms involved in impaired ribosome
biogenesis in order to design suitable therapeutic approaches (reviewed in 129–132). Information
about the link between MDM2 and such ribosomopathies, although still scarce, is intriguing.

Ribosomal stress—caused by the disruption of ribosome biosynthesis—and treatments that
affect nucleolar function—such as serum starvation, experimental reduction of RPS6 levels, or
drugs such as 5-fluorouracil or actinomycin D—are major sources of activation of p53 (reviewed
in 127). Increasing numbers of RPs have been shown to play a part in regulating the p53–MDM2
pathway upon ribosomal stress (reviewed in 133). Several ribosomal proteins, including RPL5,
RPL11, and RPL23, have been shown to interact with the MDM2 central acidic motif in a similar,
yet distinct, manner. These interactions limit MDM2 E3 ubiquitin ligase activity and, hence,
activate p53 function. Additional RPs, including RPL26 and RPS7, have also been reported to
interact with MDM2 and to serve as substrates for its E3 ligase activity (134, 135). It is not fully
understood why multiple RPs regulate MDM2 upon stress, but some work has suggested that the
RP–MDM–p53 pathway may function as a more general response to various stress signals caused
by different forms of DNA damage (127, 134, 136).

It has been suggested in one study that only the 60S RPs (RPL5 and RPL11) are crucial for
p53 activation upon impaired ribosomal biogenesis (137). Highlighting the critical role of these
RPs, it was reported that as a result of ribosomal stress, RPL5 and RPL11 exclusively accumulate
in the nonribosomal fraction due to their mutual protection from proteasomal degradation and
interaction with MDM2, while the other RPs are degraded by the proteasome (138). These
observations, however, are not in full agreement with several previous studies showing there is
a requirement for other RPs. In addition, it has been demonstrated that 5S rRNA (ribosomal
RNA) is part of the RPL5–RPL11 complex (139). Intriguingly, 5S rRNA has a significant role in
regulating MDMX stability (140). Further research needs to be done in order to fully comprehend
the impact of RPs on the MDM2–MDMX–p53 circuit.

The role of MDM2 and ribosomal subunit interaction in oncogenesis is supported by mouse
models. A disruption of the ribosome-interacting domain of MDM2 (C305F substitution) showed
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Figure 3
Regulation of the MDM2– and MDMX–p53 axis. In clockwise order from top: (�) DNA damage signaling
leads to posttranslational modifications of MDM2 that inhibit its interaction with and degradation of p53.
Some forms of DNA damage also lead to MDM2 degradation of MDMX, thereby further activating p53.
(�) Numerous proteins interact with MDM2 and regulate its E3 ligase ability to activate or repress p53 (red
dashed lines). (�) MDM2 is degraded by as yet unidentified E3 ligases as well as by MDM2 itself in some
settings. (�) Ribosomal and other stresses cause the release of ribosomal proteins that bind and inhibit
MDM2. (�) Oncogenic stressors (including c-Myc and Ras) cause induction of ARF, which binds MDM2
and can either inhibit its E3 ligase activity or facilitate its translocation to the nucleolus.

a reduction in response to ribosomal stress, although there was no change in the p53 DNA-damage
response (141). Accelerated lymphomagenesis was observed in mice bearing this mutation in an
Eμ-Myc background. Another recent mouse model described an interesting mode of action for
the ribosomal protein S27-like (Rps27l), a physiological regulator of p53. In contrast to what has
been reported for other RPs, and for Rps27l in cell lines (142), in vivo Rps27l stabilizes MDM2 and
MDMX, and enhances p53 ubiquitination and degradation. Intriguingly, the study reported that in
the same mouse model, Rps27l acts as a tumor suppressor by maintaining genomic integrity (143).

p53-Independent MDM2 and MDMX Tumorigenesis Pathways

Although the role of MDM2 overexpression in tumorigenesis via the inhibition of p53 has been
extensively investigated, multiple lines of evidence also point to a p53-independent function of
MDM2 in tumorigenesis and cancer progression. A clear hint of this comes from mouse models,
where, in some cases, overexpression of Mdm2 leads to tumor development even in the absence of
p53, and a different spectrum of tumor types and decreased tumor latency is observed. The finding
that MDM2 splice variants that cannot bind p53 can still promote tumorigenesis further supports
the p53-independent role for MDM2 (113, 116). Several other emerging p53-independent roles
for MDM2 and MDMX in tumorigenesis and cancer progression are discussed below.
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Although the role of p53 in cell-cycle arrest has been extensively studied, MDM2 also appears
to have a p53-independent role in cell-cycle progression, as seen in the increased ploidy occurring
in a targeted MDM2 overexpression model (144). Through ubiquitination and degradation of
cell-cycle regulators, such as Rb, p21, and FoxO3A, MDM2 can directly impact the cell cycle
(reviewed in 28). MDM2 has also been shown to have a p53-independent role in suppressing
apoptosis: MDM2 enhances the expression of the antiapoptotic protein XIAP by enhancing its
translation (145). MDMX has been demonstrated to bind with and inhibit members of the E2F
and SMAD transcription-factor families (80, 146, 147).

MDM2 and MDMX have also been implicated in the induction of chromosomal instabil-
ity in a p53-independent manner. Both proteins can interact with the DNA damage-response
MRN complex (specifically Nsb1), as well as with ATM. Interaction with ATM slows the DNA-
damage response, causing genomic instability, to an extent, when either MDM2 or MDMX
is overexpressed (reviewed in 148). Interestingly, MDMX exerts this function in both a p53-
and MDM2-independent manner (149). The molecular mechanism of this function, however, is
unclear.

MDM2 may also play a part in the epithelial–mesenchymal transition (EMT), an essential step
in the progression to metastatic cancer. MDM2 has been shown to ubiquitinate E-cadherin, tar-
geting it for degradation (150). Because the loss of E-cadherin expression is associated with EMT
and tumor grade, this finding may explain the observation that in some cancers, MDM2 amplifi-
cation may correlate with poor prognosis (151). In tumor specimens from patients with metastatic
breast cancer, a significant correlation has been observed between high levels of MDM2 and low
levels of E-cadherin protein. This is supported by in vitro data, showing that overexpression of
MDM2 in breast cancer cells can disrupt cell–cell contacts and enhance cell motility and invasive
potential (150).

INTO THE CLINIC: MDM2 AND MDMX AS DIAGNOSTIC TOOLS
AND THERAPEUTIC TARGETS

MDM2 and MDMX as Biomarkers

Variations in levels of MDM2 and MDMX expression (due to gene amplification and polymor-
phisms), and the expression of different isoforms, have been extensively described in tumors. Thus,
the use of MDM2 and MDMX as both diagnostic and prognostic biomarkers has been proposed.
Challenges remain in the method of detection and the identification of relevant alterations in
MDM2 and MDMX: For example, MDM2 overexpression can correlate with either shorter or
longer survival, depending on the tumor type (reviewed in 151). However, given the roles of these
proteins in the p53 pathway, as well as their p53-independent oncogenic functions, MDM2 and
MDMX may be useful biomarkers for detecting cancer earlier and ensuring more precise staging,
for more accurately determining prognosis, and for improving treatment approaches.

Increased levels of MDM2 have been reported in a wide range of cancers, such as sarcomas,
gliomas, melanomas, carcinomas, and hematologic malignancies (reviewed in 151). These are
frequently, but not always, a result of gene amplification. In the case of MDMX as well, upreg-
ulation is most frequently due to gene amplification, and has been described in cancers such as
melanoma, retinoblastoma, breast cancer, head and neck squamous cell carcinoma, glioma, and
soft tissue sarcoma (reviewed in 152). In some of these tumor types, the prognostic value of alter-
ations in MDM2 and MDMX expression has been assessed. Several research articles have assessed
the use of MDM2 status in the diagnosis of liposarcomas (153–155). For example, in one study
using fluorescence in situ hybridization to assess MDM2 gene amplification in well-differentiated
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versus dedifferentiated liposarcoma, a significant difference in amplification levels was reported,
suggesting that MDM2 copy number could be used as a biomarker for tumor type (153). MDMX
copy number may also have prognostic value: analyses of data from The Cancer Genome Atlas
revealed lower survival rates in patients with uterine carcinoma who had amplified MDMX. A
similar, although not statistically significant trend, has been observed in glioblastoma (154, 155).

The presence of specific MDM2 polymorphisms is also being investigated for use as a prog-
nostic biomarker. There is an extensive literature elucidating the prognostic value of SNP 309 in
different ethnic groups and across different cancers, as well as its value in predicting the response to
treatment. For example, in a study of patients with diffuse large B cell lymphoma, those who were
homozygous for the SNP 309T allele had longer overall and disease-free survival compared with
those carrying the SNP 309G allele. Interestingly, SNP 309 had no effect on survival following
rituximab treatment (156). In another article, the differential effects of both MDM2 and MDMX
polymorphisms in hereditary pediatric retinoblastoma were assessed in relation to tumor develop-
ment and survival (105). MDM2 SNP 309G (versus T) was seen significantly more frequently in
controls, as was MDM4 rs4252668C (versus G). However, in patients with a constitutional RB1
mutation, longer survival correlated with the MDM2 SNP 309GG and GT genotypes.

Stress-induced isoforms of MDM2 and MDMX have been shown to correlate with high-
grade disease in rhabdomyosarcoma (157), making them potentially useful as biomarkers. Relative
expression of MDMX isoforms has also been reported as a prognostic marker. In osteosarcoma,
a higher ratio of the S (short-form) to the FL (full-length) isoforms of MDMX correlated with
less MDMX expression, and, more importantly, faster metastatic progression and overall shorter
survival time. The authors postulated that this isoform ratio was associated with a perturbation of
the p53 pathway (158).

A less-investigated approach to utilizing an overexpressed oncogene as a biomarker relies on
detecting autoantibodies generated to it, a method that could allow for early tumor diagnosis. A
study that assessed the prevalence of anti-MDM2 autoantibodies in samples from hepatocellular
carcinoma tumors reported significantly higher levels compared with controls (159). Increases
in MDM2 and p53 autoantibodies have also been reported in serum samples from patients with
esophageal squamous cell carcinoma (160). The success of this approach in the early diagnosis of
cancer remains to be determined.

MDM2 and MDMX status have also been assessed for use as predictors of responses to common
therapeutic agents. For example, in tumor-derived cell lines, MDM2 copy number has been re-
ported to be a predictor of increased sensitivity to alkylating agents and topoisomerase inhibitors,
as has the MDM2 SNP 309GG genotype in a wild-type p53 background (161). MDM2 status has
also been linked to radiosensitivity: The SNP 309GG genotype correlated with shorter disease-
free survival times in oral squamous cell carcinoma patients undergoing postoperative radiotherapy
(162). These patients were also shown to be less sensitive to radiotherapy. Conversely, in patients
undergoing platinum-based chemotherapy for bladder cancer, the GG or GT SNP 309 genotype
correlated with a higher survival rate (163). In gastric cancer, high expression of MDM2 corre-
lated with shorter overall survival time without adjuvant treatment, but following treatment with
fluorouracil–leucovorin–oxaliplatin, high expression of MDM2 correlated with higher overall sur-
vival (164). Increased MDM2 and MDMX levels in liposarcomas have been shown to correlate
with enhanced sensitivity to Nutlin 3a, a well-studied molecule that disrupts the p53–MDM2
interaction in vivo (165). This underscores the importance of MDM2 and MDMX as biomarkers
in human cancer and as predictors of therapeutic response.

Assays to determine MDM2 and MDMX amplification status, the SNP genotype, the expression
level overall, and the expression of specific isoforms are under investigation in cancer patients.
Given the important role these genes have in oncogenesis and cancer progression, identifying
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Table 1 Several approaches to generate antagonists to MDM2 and MDMX and to their interaction with p53 as well as their
resultant products

Strategy Compound

Interruption of p53 interaction with MDM2 Small molecules that bind the MDM2 N′ pocket: Nutlin 3a (RG7112), MI-219,
MI-63, MI-319, MI-773, AM-8553, AMG 232, benzodiazepinediones, MK-8242

Small molecules that bind the p53 N-terminal domain: RITA

Interruption of p53 interaction with MDMX Small molecules: WK 298, SJ-172550

Interruption of p53 interactions with both
MDM2 and MDMX

Peptidic compounds: SAH-p53s, PMI peptide, pDI peptide
Small molecules: RO-5963, CGM097

Inhibition of MDM2 ubiquitin ligase function Small molecules: HLI98, MPD, MEL23, MEL24

Inhibition of MDM2 E3 function Small molecule: JNJ-26854165

Inhibition of MDMX transcription Small molecule: NSC 207895

their specific expression patterns may be useful in enabling better diagnosis of tumor types, in
more precisely tailoring treatment, and in determining overall prognosis.

MDM2 and MDMX as Therapeutic Targets

Deciphering the properties and functions of p53 and its two main inhibitors, MDM2 and MDMX,
as well as their interactions, has proved essential to developing potential agents for cancer therapy.
Roughly one-half of all cancers (with varying frequencies depending on tumor type) harbor mutant
forms of p53. The approximately 50% of tumors that express wild-type p53 are potential targets
for therapies aimed at reactivating p53 function. Some wild-type p53 tumors overexpress MDM2
or MDMX, or both, mainly by gene amplification or mutations (reviewed in 166). These tumors
are potential targets for MDM2- and MDMX-based therapies, with the goal of restoring the
tumor-suppression function of the p53 protein or enhancing its therapeutic response, or both.
To achieve these goals, the most direct approach is to develop potent inhibitors against the p53-
binding pockets of MDM2 and MDMX to prevent their interaction with p53. Other strategies
that involve p53 itself have been described, including gene therapy, adenovirus-based therapy, p53
vaccines, and antisense and synthetic RNA approaches; these have been summarized recently and
are not discussed in our review (167, 168). Currently, there are multiple small-molecule inhibitors
of the MDM2–p53 interaction, and some advanced compounds are already in Phase I clinical
trials. In this section we summarize progress in the field.

Targeting protein–protein interactions with small-molecule inhibitors is extremely compli-
cated on many levels, but mainly due to the fact that their binding surfaces are usually too large or
flat, or both, for effective interference by small molecules. That said, a success for this strategy has
been reported and additional proof that it can be achieved has been demonstrated by the generation
of efficient inhibitors for the interaction between p53 and MDM2, which is based on their structure
and high-throughput screening methods (Table 1) (reviewed in 84, 169). What makes the p53–
MDM2 interaction unique and targetable are the features of the deep pocket in MDM2 and the
three residues in p53 that play a major part in this binding, which have been well defined by struc-
tural biology assays. In 2004, a group of small-molecule antagonists known as Nutlins, which target
the MDM2 N-terminal p53-binding pocket and, hence, displace p53, were generated and shown
to interfere with the interaction between p53 and MDM2, and to activate p53 function (170, 171).
Indeed, the success of Nutlin 3a in disrupting the p53–MDM2 interaction has been something of
a poster child for being able to efficiently disrupt interactions between two proteins. An improved
derivative of Nutlin 3a, RG7112 (RO5045337, Hoffmann-La Roche), is currently in Phase I clin-
ical trials and its use has been reported in patients (ClinicalTrials.gov numbers: NCT01677780,
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NCT01143740, NCT01164033, NCT00559533, and NCT00623870). The outcome of the first
preliminary biomarker studies of RG7112 in a group of 20 patients has been published, and it
proved the potency of RG7112 in activating p53 function (172). In patients with liposarcomas, a
tumor type that frequently has amplified MDM2 and wild-type p53, RG7112 reached the tumor
site, but the effect on p53 was inconclusive. Additional studies with more participants will be nec-
essary in order to draw more solid conclusions about this drug. Some of the other compounds that
target the MDM2 pocket include other small molecules, such as MI-219 (173), MI-63, MI-319
(174), the improved analog MI-773 that has entered Phase I clinical trials (Sanofi-Aventis) (175),
benzodiazepinediones, AM-8553 (reported by Amgen) (176, 177), MK-8242 (reported by Merck
in two Phase I trials; ClinicalTrials.gov numbers: NCT01451437 and NCT01463696), and AMG
232 (178, 179), which is currently in clinical trial. The use of some of these small-molecule in-
hibitors resulted in a partial decrease in the size of tumors in SJSA-1 xenograft models in mice
and in human tumors (reviewed in 180). Although MI-219 and Nutlin 3a activate p53 in cancer
cells that overexpress MDM2, they do not always have an effect on cancer cells expressing high
levels of MDMX due to differences in MDM2 and MDMX p53-binding pockets (181–183).

A compound termed RITA (reactivation of p53 and induction of tumor cell apoptosis, also
known as NSC 652287) binds the p53 N-terminal domain and disrupts the interaction between
p53 and MDM2 without binding MDM2 (184). Treatment with RITA leads to an effect similar
to that of molecules that bind the MDM2 pocket; however, RITA has also been shown to disrupt
the interaction between MDM2 and iASPP. Yet another class of peptides that blocks MDM2 and,
in some cases, MDMX function are the stapled peptides that compete for MDM2 and MDMX
binding. Peptides such as SAH-p53s can bind MDM2 and inhibit its ability to bind p53 (185–192).

MDM2 E3 ligase activity has also been assessed as a therapeutic target. The rationale and
importance of developing compounds that target this activity is supported by the fact that com-
pounds that disrupt the interaction between p53 and MDM2 do not inhibit MDM2 E3 ligase
function and, hence, do not halt the p53-independent activity of MDM2. MDM2 E3 ubiquitin
ligase inhibitors, such as HLI98 (193), MPD (194), or MEL23 and MEL24 (195), have been
shown to inhibit the ubiquitination of p53 and to stabilize the protein. Another small molecule,
JNJ-26854165, inhibits both MDM2 E3 activity and proteasome binding, thus activating p53 func-
tion. This molecule from Forschungszentrum Karlsruhe and Janssen Pharmaceuticals entered a
Phase I clinical study of use in cancer patients (ClinicalTrials.gov number: NCT00676910), but
reportedly caused cardiotoxicity and exhibited off-target effects (196–198).

Recent research has highlighted the importance of generating inhibitors against MDMX for
anticancer therapy. In melanoma, in which the majority of cases express wild-type p53, MDMX
is abnormally upregulated (108, 199). Importantly, inhibition of the interaction between p53 and
MDMX has been shown to restore the function of p53, suggesting that, at least in melanoma, p53
is the prime target of MDMX. The melanoma studies are of particular clinical relevance due to
the fact that MDMX overexpression seems to be predominant in these tumors, with infrequent
p53 mutations.

Several small molecules that target MDMX have been reported, including a small molecule
called WK 298, which disrupts the interaction between p53 and MDMX by resembling the bind-
ing of a p53 peptide (200), and SJ-172550, which targets the MDMX N terminus–p53 interaction
pocket (201). Careful analysis of SJ-172550 has revealed that this compound affects the confor-
mation of MDMX instead of acting as a competitive inhibitor (202). The complex mechanism of
this compound could prevent its further development for therapeutic purposes. In addition, some
small molecules impede MDMX transcription—such as NSC 207895, a benzofuroxan derivative
(203)—or indirectly destabilize MDMX through the inhibition of heat shock protein 90—such as
17-AAG, also known as tanespimycin (204).
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Because many tumors overexpress MDMX, molecules that target solely MDM2 may be in-
sufficient. Several compounds that target both MDM2 and MDMX, and therefore disrupt both
p53–MDM2 binding and p53–MDMX binding, have been generated and are being tested. These
include the small molecule RO-5963, which interferes with the p53–MDM2–MDMX interac-
tion by promoting MDMX and MDM2 homo- and heterodimerization (205), and CGM097,
developed by Novartis, which also sponsored a Phase I clinical trial for this molecule (Clinical-
Trials.gov number: NCT01760525). Additional inhibitors of both MDM2 and MDMX include
some synthetic peptidic compounds, such as SAH-p53-8, PMI peptide, and pDI peptide (185,
206–208). Notably, one study showed that high levels of SAH-p53-8 were effective in a melanoma
mouse model expressing high levels of MDMX, in which applying SAH-p53-8 enhanced the ef-
fect of treatment with cisplatin and vemurafenib (a BRAF-V600E inhibitor) (108). This study
is an example of the potential of using treatments that combine compounds or approaches. Us-
ing combination therapy, as opposed to more focused, conventional treatment, may reduce the
problematic phenomenon of resistance and allow cancer treatment strategies to be tailored to
each patient (209). (For a review of combination therapies with an emphasis on the inhibitor
compounds, see 180.)

FUTURE DIRECTIONS

As the complexity of the roles that MDM2 and MDMX have in tumorigenesis becomes better
appreciated, there is the potential for developing new and better diagnostic and therapeutic uses
of these proteins in cancer. The MDM2 and MDMX research community can move forward in
both refining previously utilized approaches and designing new strategies for targeting MDM2
and MDMX.

MDM2

The amplification of MDM2 in cancer has been widely appreciated. However, the part that mu-
tations and polymorphisms, as well as posttranscriptional regulation, play in the expression of
MDM2 (and MDMX) has not yet been fully elucidated. Although research looking at the effect of
SNPs, such as SNP 309, has revealed their great potential as prognostic markers, further research
into the role of this and other polymorphisms in different populations, their interactions with one
another, and their involvement in the response to hormones such as estrogen will contribute to a
more complete picture of MDM2 genetics. The emerging work on mutations in the MDM2 gene,
and their effect on tumorigenesis, may lead to improved diagnostics.

Regulation at the posttranscriptional level has also been shown to have an important role in
modulating MDM2 levels and functions. Utilizing MDM2 and MDMX for diagnostic purposes
requires a clear understanding of the specific protein being expressed. Emerging data on MDM2
and MDMX isoforms makes it clear that such variants have distinct roles in oncogenesis. Better
tools to assay isoform expression at the protein level will be essential for using MDM2 and MDMX
as biomarkers. It will also be important to understand the stoichiometry of isoform expression in
normal tissues and in tumors to design therapeutics that do not disrupt the balance of isoform
expression. Finally, because some isoforms do not interact with p53, better tests for isoform
expression can lead to better predictions of responses to therapeutic agents.

The regulation of MDM2 expression by miRNAs also provides an avenue of research into
both better diagnostics and therapeutics. The correlation between specific miRNA expression
and tumor aggressiveness may provide an important prognostic tool. And miRNA-based cancer
therapies may offer an attractive alternative to small-molecule approaches to targeting MDM2
expression.
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The MDM2–MDMX Heterodimer

In recent years, MDMX has emerged as an important component in the regulation of p53 and
MDM2, and as a promising therapeutic target. Because the MDM2–MDMX heterodimer is likely
to be physiologically relevant to the p53 ubiquitin ligase, it is essential to understand the balance of
expression of these proteins and their roles in modulating p53 levels and oncogenesis. Indeed the
MEL compounds have been shown to specifically target the MDM2–MDMX heterodimer (195).
Promising research findings showing that disrupting the MDM2–MDMX interaction can lead to
stabilization of p53 in the clinic indicates that this could provide an alternative to Nutlins and
related molecules in the treatment of p53 wild-type cancers. In addition, targeting both MDM2
and MDMX may provide a more effective therapeutic strategy.

Interaction with Mutant p53

There is strong evidence that, at least in mice, Mdm2 may also play a part in modulating the activity
of mutant p53 (210). This important finding mandates careful consideration when evaluating
patients for MDM2-based therapeutics. Although targeting MDM2 in p53 wild-type tumors is
an established treatment strategy, the heterogeneity of tumors raises the risk of the presence of
p53-mutant tumor cells; therefore, this treatment may result in an undesired oncogenic effect.
Moreover, different p53 mutations may have different activities. A suitable, tailored treatment
needs to be considered in conjunction with genetic diagnosis. However, a promising line of attack
for some tumors, such as serous ovarian cancer, for which the frequency of p53 mutation is
extremely high (>95%), may be to find ways to stimulate the activity of MDM2.

Fully p53-Independent Functions

The rising appreciation of the p53-independent functions of MDM2 creates both new opportu-
nities and new challenges. The ability to target MDM2 in p53-null tumors may provide a novel
therapeutic strategy. However, in devising therapeutic approaches, it is essential to have a clearer
understanding of all pathways affected by MDM2 to avoid unwanted effects, even in p53 wild-type
tumors.

Developing New Detection Techniques

The existence of multiple isoforms of p53, MDM2, and MDMX adds additional levels of complex-
ity. We still only poorly understand the role and expression of the different isoforms in different
tumors, mainly due to the lack of good reagents, specifically isoform-specific antibodies. It will
be essential to develop new reagents that uniquely detect a given expressed variant while avoiding
cross-reactivity with other isoforms. Intriguingly, a promising new technique using nanobodies
has recently been described (211). Nanobodies, which derive from the variable regions of Camel-
idae atypical immunoglobulins, are single-domain antibodies that function similarly to regular
antibodies, but their small size (about one-tenth of an antibody), simple production in bacte-
ria factories, high affinity for their respective epitopes, and great diversity make them attractive
candidates for such reagents. We predict that nanobodies will be powerful general tools for diag-
nostic and therapeutic interventions involving p53, MDM2, and MDMX.

Understanding MDM2 and MDMX as Diagnostic and Prognostic Markers

Despite the wealth of knowledge that has already been accrued about MDM2 and MDMX, eval-
uating their respective or combined expression for use as a diagnostic tool will require a better
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understanding of the roles the two proteins have in different tissues, in different genetic back-
grounds, as well as with their interaction partners. To ensure their safety, it will also be important
to evaluate the impact of prolonged treatment with MDM2 or MDMX inhibitors, due to the
potential toxicity that may occur when p53 is being activated and upregulated.

In summary, our increasing knowledge about the parts that MDM2 and MDMX play in both
p53-dependent and -independent pathways may lead to exciting new approaches to treating cancer
in the clinic. Whether acting as oncogenes or tumor suppressors, a better understanding of these
proteins will set the stage for many new diagnostic and therapeutic advances.
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