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Abstract
Genomic and proteomic profiling of human tumor

samples and tumor-derived cell lines are essential for

the realization of personalized therapy in oncology.

Identification of the changes required for tumor initiation

or maintenance will likely provide new targets for

small-molecule and biological therapeutics. For

example, inactivation of the p53 tumor suppressor

pathway occurs in most human cancers. Although this

can be due to frank p53 gene mutation, almost half of all

cancers retain the wild-type p53 allele, indicating that

the pathway is disabled by other means. Alternate

mechanisms include deletion or epigenetic inactivation

of the p53-positive regulator arf, methylation of the p53

promoter, or elevated expression of the p53 regulators

Mdm2 and Mdmx. This review discusses current models

of p53 regulation by Mdm2 and Mdmx and presents the

rationale for design of future Mdmx-specific therapeutics

based on our knowledge of its structure and biological

functions. (Mol Cancer Res 2009;7(1):1–11)

Models for Mdmx/Mdm2-Mediated Inhibition of
p53

Genetic studies indicate that Mdm2 and Mdmx do

nonredundant functions to keep p53 inactive during embryo-

genesis and throughout development (1, 2). There are currently

two main models to explain why Mdm2 and Mdmx are unable

to compensate for each other in vivo . In the first model, Mdm2

and Mdmx work independently to inhibit p53 activity. This

could be due to a tissue- or temporal-specific requirement for

either Mdm2 or Mdmx, as reported in hematopoietic and

neuronal compartments, and might require biochemically

distinct functions of the two proteins. For example, Mdm2

may be the primary determinant of p53 stability and abundance,

whereas Mdmx may be needed to antagonize p53-dependent

transcriptional control. Two recent reviews provide a more

complete discussion of these alternatives (3, 4).

In the second model, Mdm2 and Mdmx are proposed to form

a complex that is more effective at inhibiting p53 transactiva-

tion or enhancing p53 turnover. Although the former possibility

has not been excluded, several studies indicate that Mdm2

and Mdmx function as a heterodimeric pair to augment p53

degradation. Mdm2 is a member of the RING E3 ubiquitin

ligase family and promotes proteasome-dependent degradation

of p53. By binding to the target substrate and to an E2 ubiquitin-

conjugating enzyme, RING E3s facilitate E2-to-substrate

ubiquitin transfer (5). Similar to other RING E3s, it does not

seem that Mdm2 forms a covalent link with ubiquitin during

the reaction. Thus, Mdm2 does not have a ‘‘classic’’ catalytic

site but acts as a molecular scaffold that presumably positions

p53 for E2-dependent ubiquitination (Fig. 1). Specifically, the

RING domain of Mdm2 is the primary binding site for E2s,

whereas the Mdm2 NH2 terminus and central domain are the

contact sites for p53 (6-8). Interestingly, mouse p53 mutants

lacking the major COOH-terminal ubiquitination sites exhibit

normal half-lives in vivo (9, 10). This suggests that in their

absence, alternative ubiquitination sites may suffice or that p53

ubiquitination is not required for p53 degradation.

The Mdm2 RING domain mediates Mdm2 homodimeriza-

tion, and also heterodimerization with Mdmx. To date, Mdmx

homodimers have not been found in vitro or in vivo , suggesting

that free Mdmx may be monomeric. In quantitative analyses of

normal human fibroblasts and mammary epithelial cells, total

cellular Mdmx abundance was 1/5 to 1/10 that of Mdm2 (11).

Because the binding affinity of the RING domains of Mdm2

and Mdmx seems to be higher than that of Mdm2 homodimers

(12), we suggest that most Mdmx may be heterodimerized with

Mdm2 in normal cells. The breast carcinoma cell line MCF7

produces copious amounts of Mdmx due to amplification and

overexpression of its gene (13), and immunoprecipitation

studies indicate that the Mdm2/Mdmx heterodimer is also the

predominant form in these cells (14). Together, these data

suggest that Mdm2:Mdmx stoichiometry is regulated such that

formation of Mdm2/Mdmx heterodimers is favored. Intrigu-

ingly, although Mdmx also has a RING domain, it has no

intrinsic ubiquitin ligase activity and binds poorly, if at all, to

the E2s examined to date. Strikingly, although Mdmx cannot

directly induce p53 ubiquitination, it can enhance Mdm2-

dependent p53 ubiquitination and degradation (15, 16). The

modulation of RING E3 ligase activity via heterodimerization

seems to be a common mechanism of control. For example,

activity of the RING E3 ligase Brca1 is stimulated following

binding of BARD1, another RING domain protein with no

intrinsic ubiquitin ligase activity (17). Similarly, the histone
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ubiquitin ligase Ring1b is stimulated by Bmi1 following RING-

mediated heterodimerization (18).

Mdm2 requires only ubiquitin and E1/E2 enzymes to

catalyze RING-dependent autoubiquitylation and p53 ubiqui-

tylation in vitro (19). However, p53 inactivation by Mdm2 is

inefficient in the absence of Mdmx because embryonic lethality

or tissue-specific induction of cell cycle arrest or apoptosis

occurs postnatally. We presume that these phenotypes result

from inefficient p53 degradation when Mdmx is not expressed.

Consistent with this view, p53 degradation in the absence of

Mdmx seems to require high Mdm2 concentrations to

maximize formation of homodimers that can interact with E2s

(e.g., see refs. 8, 20). In addition, Mdm2 overexpression is

required to rescue the embryonic lethality engendered by loss of

Mdmx (21). Monomeric forms of Mdm2 are relatively

ineffective E3 ligases (22, 23), and Mdmx seems to lower the

concentration at which Mdm2 autoubiquitylation and p53

ubiquitylation and degradation occur (15). These data indicate

that whereas Mdm2 alone can ubiquitylate p53 and induce p53

degradation, the process is more efficient after heterodimeriza-

tion with Mdmx. This effect is lost when residues close to the

Mdmx RING domain (but which are dispensable for dimeriza-

tion) are mutated. Structural analysis of the heterodimer

suggests that these residues are part of an extended surface

that is formed on dimerization. As these sites are distal to the E2

binding site, it has been proposed that structural requirements

beyond dimerization and E2 recruitment are required for

optimal E3 ligase function (see Fig. 1; ref. 8).

As attractive as this model is, there are observations

suggesting that it is still incomplete. For example, if Mdmx

is stoichiometrically limiting for p53 degradation, increasing

its abundance should lead to lower p53 levels, yet this is not

always observed (24, 25). Thus, it is possible that other

factors needed for p53 degradation are limiting, such as the

biologically relevant E2, or factors needed to deliver p53 to

the proteasome. Although various E2 enzymes are used in

in vitro assays, the true constellation of E2s used by Mdm2

in vivo is unknown. It is possible that different E2 enzymes

may be recruited to Mdm2 homodimers compared with

Mdm2/Mdmx heterodimers. Thus, depending on the E2 that

is bound, either Mdm2 or p53 may be preferentially

ubiquitylated and degraded. It is also possible that ‘‘presen-

tation’’ of p53 to the recruited E2 is more effective in an

Mdm2/Mdmx heterodimer compared with an Mdm2 homo-

dimer. An intriguing possibility is that the ability of Mdmx

to enhance Mdm2 autoubiquitylation is actually required for

effective p53 ubiquitylation. This would explain the para-

doxical observation that Mdmx enhances Mdm2 autoubiqui-

tylation and p53 ubiquitylation. Although this may be

difficult to prove, there are indications that increased Brca1

autoubiquitylation enhances its activity toward substrates

(26). On the other hand, it is challenging to explain how

Mdm2 and p53 exhibit similar half-lives in unstressed cells,

whereas Mdmx is far more stable (27, 28). It is tempting to

speculate that the relative stability of Mdmx derives from its

preferential deubiquitylation by the ubiquitin-specific protease

HAUSP in unstressed cells. Phosphorylation of Mdm2 and

Mdmx after DNA damage induces HAUSP dissociation,

which increases Mdm2 autoubiquitination and transubiquiti-

nation of Mdmx and accelerates the turnover of both (28-31).

Determining the functional importance of the Mdm2/

Mdmx heterodimer requires the development of in vivo

mouse models, where stoichiometry is preserved and in

which tissue-specific effects can be evaluated. Recently, a

knock-in mouse expressing Mdm2 with a mutant RING

domain was reported. Although this mutant can bind p53, it

cannot target p53 for degradation. Consistent with previous

reports, the authors concluded that the major function of

Mdm2 in vivo is to control p53 level rather than suppress

p53-dependent transactivation (32). However, the RING

mutation that was generated causes profound structural

changes to the Mdm2 RING domain, and this might prevent

effective heterodimerization with Mdmx. This lends support

to the idea that Mdm2/Mdmx is critical for suppression of

p53 during development and in adult somatic tissues. It is

also possible that the substantial structural perturbations in

this RING domain mutant lead to its degradation mediated

by the unfolded protein response, which could explain why it

does not effectively antagonize p53. Greater insight into the

contribution of heterodimerization and E3 ligase activity

should come from studies of more subtle mutations that

preserve the RING structure but disable the ability of Mdm2

to homodimerize or heterodimerize or mutations that preserve

dimerization but prevent ligase function.

FIGURE 1. Mdm2/Mdmx heterodimers are more
effective p53 ubiquitin ligases than Mdm2 homodimers.
Mdm2 can homodimerize or heterodimerize with Mdmx
via RING/RING interaction (Mdm2 and Mdmx RING
depicted; the remainder of the protein is omitted for
clarity). It is proposed that the Mdm2/Mdmx heterodimer
(upper scheme ) provides the optimal structure for
E2-dependent p53 ubiquitination, whereas Mdm2 homo-
dimerization (lower scheme ) creates a suboptimal
structure for p53 ubiquitination. In this schematic, the
structural differences in homodimers versus hetero-
dimers lead to different positioning of the E2 enzyme
relative to p53. However, alternative explanations up-
stream of E2 recruitment, such as optimal p53 binding in
the heterodimer, or downstream of E2 recruitment, such
as more effective targeting of p53 to the proteasome by
the heterodimer, cannot be excluded.
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Modulating Mdm2 and Mdmx Levels Profoundly
Affects p53 Activity In vivo

The expression levels of Mdm2 and Mdmx are critical for

maintaining appropriate p53 activity to enable normal devel-

opment. Indeed, too little Mdm2 or Mdmx elicits lethality,

whereas an excess of either protein can be oncogenic. For

example, mice heterozygous for either Mdm2 or Mdmx are

viable, but all double heterozygous mice die within 3 weeks

postpartum (33). Deletion of one p53 allele rescues the lethality

of Mdm2/Mdmx compound heterozygotes, illustrating the

importance of gene dosage in the p53 pathway during

development.

Although f50% of human cancers retain the wild-type

p53 allele, many express increased levels of either Mdm2 or

Mdmx (see ref. 3 for review). These data suggest that, in

addition to genetic mutation, p53 can be functionally

inactivated by either Mdm2 or Mdmx overexpression.

Consistent with the observation that Mdm2 and Mdmx are

overexpressed in cancer, several studies indicate that both

proteins are bona fide oncogenes. For example, a 2-fold

increase in Mdm2 expression in transgenic mice is tumori-

genic and leads to a similar spectrum of tumors as those found

in human tumors with amplified Mdm2 (34, 35). Although we

await data from murine models of Mdmx overexpression,

xenograft studies indicate that elevated Mdmx cooperates with

oncogenic ras to transform cells (13). These observations

underscore the effect of subtle changes in Mdm2 and Mdmx

levels on tumorigenesis. Indeed, a single nucleotide polymor-

phism (SNP) in the Mdm2 promoter increases Mdm2 mRNA

and protein levels 2- to 4-fold and is associated with poor

prognosis in some human tumors (36). This SNP is associated

with early onset of diverse tumor types in premenopausal

women, suggesting a role for both gender and estrogen

signaling in Mdm2-dependent cancer susceptibility (37, 38).

This extends previous observations of elevated Mdm2

expression in estrogen receptor a–positive breast carcinoma

lines (39). Corresponding SNPs in the Mdmx promoter have

not been found to date, but there is some evidence that

mitogenic signaling can increase Mdmx mRNA levels (40).

However, additional studies are required to determine whether

response elements and/or SNPs in the Mdmx gene contribute

to aberrant Mdmx expression in cancer. Regardless of the

mechanism, increased Mdmx mRNA and protein have been

described across a wide spectrum of tumors (see Table 1). In

cases of Mdmx gene amplification, a comparison with

neighboring loci indicates that Mdmx is most likely the

selected oncogene (41). In general, elevated Mdmx mRNA

occurs in tumors with wild-type p53, and Mdmx knockdown

leads to p53-dependent growth arrest or apoptosis in both

breast carcinoma and retinoblastoma cell lines (13, 42, 43).

These data suggest that, in the absence of changes in other

p53 regulatory proteins such as Mdm2 or arf, Mdmx-

dependent inhibition of p53 is critical for tumorigenesis.

Genetic inactivation of Mdm2 and Mdmx can also profoundly

affect tumorigenesis. For example, decreasing Mdm2 expres-

sion by as little as 20% reduces adenoma formation in

APC min/+ mice, whereas a 70% decrease dramatically sup-

presses spontaneous tumor formation (44). Deleting one allele

of either Mdm2 or Mdmx also suppresses c-myc–induced

lymphomagenesis in mice (33, 45). These data provide

encouragement for efforts to develop antagonists of both

Mdm2 and Mdmx for therapeutic purposes.

Understanding the mechanism by which Mdm2 and Mdmx

inhibit p53 function is critical for the development of novel

chemotherapeutic agents. Many aspects of basic research into

p53 regulation, including in vivo mouse models, structural

biology, biochemistry, and cell biology, provide a wealth of

data, which will guide the design of small-molecule activators

of p53. The following sections present findings from such

studies that provide a rationale for targeting both Mdm2 and

Mdmx to activate p53.

Inhibition of Mdmx in Cancer
There are at least three strategies to inhibit the oncogenic

activity of Mdmx in cancer. First, reducing Mdmx protein

levels should increase p53 activity to mitigate Mdmx

oncogenicity. Second, development of small molecules that

relieve Mdmx-dependent inhibition of p53 would restore p53-

dependent cell cycle arrest and/or apoptosis. In the absence of

optimal Mdmx antagonists, we envisage an alternative

approach using existing Mdm2 antagonists in combination

with agents that sensitize cells to p53-dependent apoptosis.

Below, we describe all three strategies in more detail and

highlight areas that require further investigation.

Reduction of Mdmx Protein Levels
Down-regulation of Mdmx mRNA using RNA interference

in vitro can activate p53, induce cell cycle arrest, and suppress

colony outgrowth (13). Because lentiviral-mediated Mdmx

knockdown can reduce tumor xenograft growth in vivo ,

targeting Mdmx mRNA in human cancers may be a valid

therapeutic approach (25). However, improving small interfer-

ing RNA–mediated therapy, particularly in the delivery of such

agents to deep-seated tumors, will be required to make this

approach feasible (46). An alternative approach is to target the

transcription or translation of the Mdmx mRNA. To develop

specific inhibitors of Mdmx transcription, a detailed analysis of

the promoter region and associated transcriptional activators is

required. Recent studies indicate the Ets and Elk transcription

factors are putative regulators of Mdmx expression (40).

Table 1. Tumors with Either Increased Mdmx Copy Number
or Increased Mdmx mRNA

Tumor Type % of Cases Reference

Retinoblastoma 60% (42)
Glioblastoma 4% (41)
Colon 19% (13)
Lung 18% (13)
Breast 19% (13)
Melanoma 14% (13)
Hepatocellular carcinoma 50% (104)
Head and neck 50% (105)
Sarcoma 22% (43)
Bladder cancer 25% (106)
All cell lines 40% (107)

NOTE: Percentages indicate the overall frequency of changes, irrespective of
mechanism.
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However, because these are general transcriptional coactivators,

directly targeting them will likely generate many off-target

effects (see Fig. 2 for potential strategies to target Mdmx

synthesis in tumor cells).

Given the difficulty and limitations of targeting a specific

mRNA to reduce Mdmx protein level, an alternative method is

to destabilize the Mdmx protein itself. Activating pathways that

promote Mdmx proteolysis, or conversely inhibiting those that

prevent Mdmx degradation, may achieve this. Most studies

have focused on the degradation of Mdmx following DNA

damage. The emerging view is that damage-induced phosphor-

ylation of the Mdmx COOH terminus, and a p53-dependent

increase in Mdm2 levels, triggers Mdmx degradation (30, 31,

47). The COOH-terminal modifications lead to dissociation of

HAUSP, a deubiquitylating enzyme that normally stabilizes

Mdmx (38). Thus, targeting the HAUSP/Mdmx interaction

might be expected to destabilize Mdmx. Whether this would

translate into a favorable response in tumors with high Mdmx

levels remains unclear because HAUSP has other cellular

targets, including Mdm2 and p53 (48, 49).

Mdmx can also be down-regulated via nongenotoxic

mechanisms. For example, Nutlin-3a (a small-molecule

antagonist of Mdm2 that activates p53; see below and ref.

50) leads to down-regulation of Mdmx in the absence of

damage-associated modifications (51). The down-regulation

occurs concomitantly with increases in Mdm2 levels in

normal human fibroblasts and is inhibited by p53 knock-

down, suggesting that increased levels of Mdm2 can lead to

Mdmx degradation (24, 51). Interestingly, however, Nutlin-

induced Mdmx degradation is attenuated in a subset of

cancer cells despite robust induction of Mdm2 (51, 52), and

Nutlin does not significantly down-regulate Mdmx in mouse

embryonic fibroblasts.1 These data indicate that factors in

addition to Mdm2 levels may determine the stability of

Mdmx. Regardless of the initial stimulus, the mechanism by

which Mdmx is actually targeted to the proteasome for

degradation is unknown. Identification of factors that

facilitate or inhibit Nutlin- or genotoxin-induced Mdmx

degradation might therefore provide additional targets for

small-molecule destabilization of Mdmx.

Small-Molecule Inhibition of the Mdmx/p53 or Mdm2/
Mdmx Interaction

Mdm2 was identified as a p53-negative regulator 4 years

before the discovery of Mdmx (6, 34, 53). Thus, more is known

about structure-function studies for Mdm2/p53 than for Mdmx/

p53. Because Mdm2 and Mdmx are highly homologous

proteins, it is not surprising that many findings about Mdm2

also apply to Mdmx. Nonetheless, there is an emerging

appreciation that subtle structural differences between the

structures of Mdm2 and Mdmx necessitate changes in the

design of small molecules to create potent inhibitors of

the Mdmx/p53 interaction.

Crystallographic studies show that the NH2 terminus of p53

inserts into a hydrophobic cleft in the Mdm2 NH2 terminus and

that three p53 residues (F19, L22, and L26, the ‘‘FWL’’ motif)

are critical for this interaction (54). These data constitute the

basis of numerous structure-based studies designed to identify

inhibitors of the Mdm2/p53 interaction. Naturally, peptides

based on the amino acid sequence around the FWL motif were

among the first tested and have been used with varying success

(55, 56). Many peptide iterations have been explored, with

modification and substitution of noncritical amino acids in the

p53 peptide sequence for those that improve solubility, cell

permeability, and stability. The p53 peptides adopt an a-helical

conformation when bound to Mdm2 but are unstructured in

solution, which effectively decreases binding affinity (57).

Recently, ‘‘peptide stapling’’ to increase a-helicity and enhance

affinity for Mdm2 has been successfully shown for a new

FIGURE 2. Blockade of Mdmx at the level of transcription or
translation. Inhibition of mitogen-activated signaling pathways (1)
may prevent transcription factor recruitment to the Mdmx
promoter, thereby lowering Mdmx mRNA. Disruption of transcrip-
tion factor complexes (2) on the DNA could also reduce Mdmx
transcription. Degradation or reduced translation of Mdmx mRNA
following small interfering RNA strategies (3) will also lead to
decreased Mdmx protein.

1 M. Wade, unpublished observations.
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generation of p53 peptidomimetics (57). Whether the in vitro

potency of these p53-activating peptides can be translated to

in vivo efficacy remains to be determined.

Perhaps the most promising developments for p53 reactiva-

tion are from the nonpeptide small-molecule inhibitor class of

compounds. These molecules have been identified both by

high-throughput screening of compound libraries and by

computer-assisted, structure-based drug design. A previous

review by Patrick Chene on this topic ominously implied that

the patience of pharmaceutical companies might run thin should

results not be forthcoming (58). Ironically, data from the first

potent Mdm2 antagonists, the cis-imdazoline Nutlins, were

published just 1 month later (50). Nutlins occupy the

hydrophobic p53-binding pocket of Mdm2 and inhibit the

Mdm2/p53 interaction, which stabilizes and activates p53. A

combination of high-throughput screening and medicinal

chemistry was used to optimize the efficacy of Nutlin-related

molecules, and these drugs are now finding broad application in

many academic and preclinical studies. More recently, spiro-

oxindole Mdm2 antagonists (‘‘MI’’ compounds) were devel-

oped following computer-assisted screening of small-molecule

libraries (59, 60). Other screening efforts have identified

additional small-molecule antagonists of the Mdm2/p53

interaction, although these do not exhibit the potency of

Nutlins or MI compounds. We refer the reader to other recent

articles that discuss these molecules in detail (61-67).

Because the p53-binding regions of Mdm2 and Mdmx are

similar, our laboratory and others investigated whether

antagonists designed to target Mdm2 would also disrupt the

Mdmx/p53 interaction. This is likely to be clinically relevant

because overexpression of Mdm2 and Mdmx is a mutually

exclusive event in a significant fraction of human tumors (3).

Surprisingly, neither Nutlin nor MI-219 appreciably antago-

nizes the Mdmx/p53 interaction in cancer cell lines, and high

Mdmx reduces apoptosis and/or cell cycle arrest induced by

these drugs (24, 51, 68, 69). The binding data have

subsequently been confirmed by in vitro assays that show that

each compound binds more effectively to Mdm2 than to Mdmx

(42, 59). Differences in amino acid sequences and recent

nuclear magnetic resonance (NMR) studies may provide an

explanation for these observations. For example, Mdmx has a

Pro95-Ser96-Pro97 motif at the end of an a-helical section in the

p53-binding domain, which is absent in Mdm2. This was

speculated to cause structural differences between the Mdmx

and Mdm2 NH2 termini (70). Recently, Popowicz and

colleagues proposed that these proline residues shift the a-

helical domain in Mdmx relative to Mdm2 and cause two

residues to protrude into the p53-binding cleft of Mdmx,

making it shallower and less accessible to molecules such as

Nutlin (71, 72). Additional NMR data suggested that Nutlin

competes with p53 for binding to Mdm2 but not to Mdmx. This

may be because Nutlin is unable to stably interact with the

relatively shallow p53-binding pocket of Mdmx. Amino acids

16 to 24 of Mdm2, which are immediately adjacent to the p53-

binding site, are also implicated in control of ligand binding.

This region constitutes a ‘‘flexible lid’’ that makes contact with

the p53-binding site (73, 74). Although p53 peptides seem only

to bind efficiently to the ‘‘open’’ lid conformation, the small

size and chemical structure of Nutlin allow it to bind to the

‘‘closed’’ lid, which is the predominant form identified by

NMR (75). This may contribute to the efficacy of Nutlin

compared with p53 peptides. Notably, these lid residues are not

conserved in the Mdmx NH2 terminus, but it is presently

unclear whether this contributes to the relative insensitivity of

Mdmx to the Nutlins. However, structural studies of the Mdmx

lid should also be considered to design optimal Mdmx-specific

antagonists.

Despite these observations, Nutlin has been used

successfully in a murine model of retinoblastoma, where over-

expressed Mdmx inhibits p53 function (42). This may be due

to the achievement of high drug concentration at the site of

the tumor. However, development of either Mdmx-specific or

dual specificity Mdm2/Mdmx inhibitors will clearly be

beneficial. Experimental support that such an approach is

feasible has emerged from studies of phage-displayed peptides.

Extending results of previous studies (56), Hu and colleagues

FIGURE 3. Mdmx and Mdm2 may be functionally inhibited at multiple
steps to reactivate p53. Numbered circles indicate potential sites at which
small-molecule antagonists may be used. First, the interaction of the
Mdmx or Mdm2 NH2 termini with p53 can be antagonized using small
molecules such as Nutlin (1 and 2 ). Second, antagonism of the interaction
between the Mdm2 and Mdmx RING domains (3 ) may prevent the
formation of an optimal E3 ligase complex. Whether such antagonists
would interact with Mdm2/Mdmx monomers or with heterodimers remains
to be determined. Third, the recruitment of E2-conjugating enzyme
carrying activated ubiquitin to Mdm2/Mdmx is a potential target for
antagonists (4). Note that each heterodimer has the potential to bind at
least two p53 molecules via the NH2 termini of both Mdm2 and Mdmx.
However, no structural data are available for the NH2-terminal regions of
Mdm2/Mdmx heterodimers in complex with p53, and therefore, only one
p53 molecule is shown for simplicity.
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isolated a peptide that exhibits dual Mdm2/Mdmx specificity

(76). Using adenoviral delivery, this peptide was shown to

activate p53 in cell lines and tumor xenografts. Adenoviral

therapy may be limited to certain tumors in vivo , and

improvements to this new class of peptides that permit an

alternative delivery method will be required to increase the

range of treatable tumors. Notably, a stapled peptide that targets

both Mdm2 and Mdmx (57)2 may serve as a lead compound in

this regard.

Additional strategies to prevent Mdm2-dependent ubiqui-

tination of p53 have also been explored. In vitro chemical

screens have identified inhibitors of Mdm2 ubiquitin ligase

activity (77-79). Some of the identified compounds prefer-

entially target Mdm2 ubiquitination of p53 but not Mdm2

autoubiquitination, whereas others have no measurable

selectivity. Although both classes of compounds are prom-

ising leads for further development, several questions remain

related to efficacy, specificity, and mechanism of action. For

example, the HL198 series of Mdm2 ubiquitin ligase

inhibitors stabilize p53 as predicted yet also exhibit some

p53-independent effects. Furthermore, compounds selective

for Mdm2-dependent ubiquitination of p53 have not yet been

shown to stabilize p53 or induce p53-dependent cell death

in vivo (79).

The requirement for both an E1 ubiquitin-activating enzyme

and an E2 ubiquitin-conjugating enzyme to mediate Mdm2-

dependent p53 ubiquitination and degradation suggests addi-

tional strategies for p53 activation (see Fig. 3). Indeed, E1 and

E2s are potentially druggable targets because they have

‘‘conventional’’ catalytic sites. For example, Yang and

colleagues recently described a small-molecule inhibitor of a

human E1 enzyme (80). However, numerous E2/E3 enzymes

can use ubiquitin activated by a particular E1. Consequently,

such drugs may affect multiple cellular processes, leading to

undesirable p53-independent effects.

Because the Mdm2/Mdmx heterodimer may be a more

effective ubiquitin ligase for p53 than homodimeric Mdm2

(refs. 14, 16, 22, 23 and see above), perturbing the functional

interaction between Mdm2 and Mdmx should activate p53.

Consistent with this hypothesis, Stad and colleagues showed

that overexpression of the Mdmx RING domain alone was

sufficient to stabilize both wild-type and mutant p53 (81). More

recently, Kawai and colleagues showed that wild-type p53 is

stabilized and activated following overexpression of the Mdmx

RING domain but not by an Mdm2 binding-deficient Mdmx

RING mutant (14). Together, these data suggest that antago-

nism of endogenous Mdm2/Mdmx heterodimers should

activate endogenous p53. The RING/RING interaction may

be difficult to ‘‘drug,’’ however, because it lacks a defined

catalytic site, or a hydrophobic pocket or groove to which small

molecules can bind. Whether the Mdm2 or Mdmx RING

domains have ligand binding pockets or grooves is not clear

from published crystal structures (8, 20). Furthermore, the

RING domain does not contain a typical catalytic site; rather,

Mdm2 acts as a molecular scaffold to promote ubiquitination.

Perhaps NMR-based screening efforts (82) using the Mdm2 or

Mdmx RING domain may identify ‘‘hotspots’’ for ligand

binding. Ligand binding sites can also be created during2 F. Bernal et al., unpublished data.

FIGURE 4. BH3-mediated sensitization to Mdm2
antagonists. In unstressed cells (1), proapoptotic BH3
proteins are attenuated by the activity of antiapoptotic
homologues (dark and light circles , respectively). Follow-
ing antagonism of Mdm2, three scenarios can be envi-
sioned. In 2 , activation of p53 induces sufficient Mdm2 to
decrease Mdmx levels and leads to sufficient proapoptotic
BH3 activation to induce apoptosis. If Mdmx is not
degraded or antagonized (3), the amount of p53-induced
BH3s may not reach the threshold required for apoptosis.
One potential mechanism to abrogate Mdmx-dependent
protection against apoptosis is to lower the threshold at
which BH3 activation will induce apoptosis by titrating
antiapoptotic proteins from the system. This can be
achieved using BH3 mimetic compounds (stars, 4 ).

Wade and Wahl

Mol Cancer Res 2009;7(1). January 2009

6



dimerization of E3 ligases with other proteins (83). It is possible

that Mdm2/Mdmx heterodimerization may create such sites,

although whether this would be accessible to small molecules

remains to be determined.

Combination Therapies in Cells with High Mdmx
Combination chemotherapy is widely used to treat cancer

patients because the probability that resistance will emerge is

decreased when multiple drugs targeting different pathways are

used simultaneously. Historically, the drug combinations were

determined empirically, but with the advent of genomics and

proteomics, this strategy may be tailored according to

individual patient profiles.

Although the current Mdm2 antagonists are not optimal for

targeting Mdmx, their efficacy may be improved using a

combination regimen. This has been shown in the mouse

retinoblastoma model, where the DNA-damaging agent top-

otecan is used in combination with Nutlin-3a (42). Although the

mechanism for this synergy is unclear, topotecan might

potentiate the effects of Nutlin by triggering down-regulation

of Mdmx. Indeed, other studies using DNA-damaging agents in

combination with Nutlin have yielded similar synergistic results

(24, 84, 85). Additionally, inducing Mdmx degradation using

doxorubicin can also sensitize Nutlin-resistant cells to undergo

apoptosis (52). Genotoxins likely also synergize with Mdm2

inhibitors through additional mechanisms. For example, Nutlin

and fludarabine synergize in cases of chronic lymphocytic

leukemia even in cases where ataxia-telangiectasia mutated (a

kinase that triggers Mdmx down-regulation) is mutated (86).

We have generated a knock-in mouse in which three serine

residues that are phosphorylated by damage kinases are mutated

to alanine.3 This in vivo model will provide a rigorous test of

the contribution of Mdmx down-regulation to genotoxin-based

combination chemotherapy.

Although combining Mdm2 antagonists with genotoxic

agents reduces tumor burden, collateral DNA damage may lead

to undesirable effects in nonmalignant tissues and could

increase the risk of secondary malignancies. Therefore, in

cancers where Mdmx is a determinant of sensitivity to Mdm2

antagonists, induction of DNA damage to down-regulate Mdmx

is not an optimal chemotherapeutic strategy. A more suitable

approach may be to activate damage-independent mechanism(s)

that abrogates Mdmx-dependent protection against apoptosis.

We have observed that Mdmx level is a determinant of

sensitivity to Mdm2 antagonists in several tumor cell lines (51,

68). In many cases, this is associated with reduced p53

transcriptional output or an inability to down-regulate Mdmx

protein. We hypothesized that the level of p53-induced

proapoptotic proteins in these cell lines fails to exceed the

buffering capacity of antiapoptotic family members. A

prediction from this hypothesis is that antagonism of anti-

apoptotic bcl-2 proteins would sensitize these resistant cell lines

to Nutlin-induced apoptosis. Indeed, combined treatment with

Nutlin and ABT-737 (a small-molecule BH3 mimetic; ref. 87)

significantly increased apoptosis compared with either agent

alone in cells with high levels of Mdmx (68). This particular

combination has also proven effective in primary isolates from

acute myelogenous leukemia patients (88), although whether

Mdmx is a determinant of sensitivity to Nutlin in this particular

tumor type is not known. As illustrated in Fig. 4, combined

treatment with Mdm2 antagonists and BH3 mimetics may

therefore be a novel strategy to induce regression of tumors

with wild-type p53.

Preferential Selection of Mdm2 andMdmxOverexpression
during Tumorigenesis

Basic research and profiling of clinical samples indicate the

importance of both Mdm2 and Mdmx as oncogenes in human

cancer, yet many questions remain. For example, what are the

selective pressures that lead to increased Mdm2 in some tumor

types but increased Mdmx in others? In tumors that retain both

arf and p53, Mdmx rather than Mdm2 may be selected for

because only Mdmx is refractory to arf inhibition (89).

Additionally, up-regulation of either Mdm2 or Mdmx may be

determined by additional oncogenic events, such as ras

activation (40, 90). Finally, selection for Mdm2 and Mdmx

overexpression may be more likely in tissues that have an

obligate requirement for these proteins in the nonneoplastic

state.

The Role of Heterodimerization in Restricting
p53 Activity

If the Mdm2/Mdmx heterodimer is the most effective p53

ubiquitin ligase, then an increase in either Mdm2 or Mdmx

might be selected for to keep p53 at a level compatible with

tumor progression. Whether Mdm2 or Mdmx is selected for

may depend on which protein is stoichiometrically limiting for

heterodimer formation in a particular tissue. The situation is

likely complex, however, because our preliminary studies

indicate that Mdmx is the stoichiometrically limiting compo-

nent in most cells studied, yet the overall frequency of Mdm2

and Mdmx amplification in tumors is similar (3, 11). Analysis

of the stoichiometric relationship between Mdm2, Mdmx, and

p53 across a large number of clinical samples and matched

normal tissues may provide further insight in this regard. Mouse

models represent an additional approach to determine whether

Mdm2/Mdmx heterodimerization is required for p53 regulation

in vivo . Generation of Mdm2 or Mdmx mutants that preclude

heterodimerization would be a direct test of this hypothesis.

Such a mutation should preserve as much of the structure of the

native protein as possible to avoid artifacts introduced by

conformational changes.

A Case for Mdmx-Specific Antagonists?
Sensitivity to current Mdm2 antagonists can be attenuated in

cells with high levels of Mdmx, particularly when Mdmx is not

down-regulated following treatment (51). This suggests that

designing Mdmx-specific antagonists may be of therapeutic

benefit. However, whether such drugs will be as effective as

current Mdm2 antagonists is presently unclear. For example,

Mdm2 retains its ubiquitin ligase activity when bound by

current antagonists, and this leads to down-regulation of other

Mdm2 targets on treatment (51, 91, 92). It is unknown whether3 Y. Wang and G.M. Wahl, in preparation.
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this is required for the cytotoxicity of Mdm2 antagonists,

but analogies may be drawn with the recent finding that E3

ligase activity is required for inhibitor of apoptosis protein

antagonist-induced apoptosis (93). The outcome of treatment

with Mdmx-specific antagonists remains to be determined.

Such compounds may be effective in tumor cells where the

majority of p53 is bound only to Mdmx, or in cells in which

Mdmx acts as molecular scaffold to bring Mdm2, E2 enzyme,

and p53 into contact. However, the ensuing activation of p53

will lead to an increase in Mdm2 levels, raising the possibility

that increased Mdm2/p53 interaction will negate the effect of

Mdmx-specific antagonists. Such a finding would support

the use of dual specificity Mdm2 and Mdmx inhibitors. Hu

and colleagues recently provided proof of principle for

efficacy of this type of inhibitor (76). However, this peptidic

compound worked efficiently only when delivered by

adenovirus and so may find limited application in therapy in

its present form. Nevertheless, this is a promising indication

that dual inhibition of Mdm2/Mdmx by small molecules will

be effective.

It is currently unclear whether inhibitors of the Mdm2/

Mdmx interaction will be as potent as Mdm2/p53 or Mdmx/p53

antagonists. If the cooperative model of p53 regulation by

Mdm2 and Mdmx is correct, such inhibitors may be extremely

potent. However, disruption of Mdm2/Mdmx interaction does

not prevent the individual proteins from interacting with the

p53 NH2 terminus and suppressing p53-dependent trans-

activation. Therefore, cell fate may be determined by the

degree to which p53 accumulates versus the ability of free

Mdm2 and Mdmx to inhibit it.

There are likely to be additional factors that can modulate

sensitivity to compounds such as the Nutlins. For example,

differential p53 target gene regulation and deregulated E2F-1

activity are also reported to determine cell fate after Nutlin

treatment (94-96). These data emphasize the need for multi-

parametric analyses of tumor biopsies to generate accurate

predictions of drug sensitivity for a particular tumor type. There

are also several alternate transcripts of both Mdm2 and Mdmx

that are found predominantly in tumor cells or are induced in

response to genotoxic stress (see Table 2). Given that the

proteins encoded by these mRNAs retain the ability to interact

with either full-length Mdm2, Mdmx, or p53, they may also

influence the response to Mdm2/Mdmx antagonists. Further

analyses of the various Mdm2 and Mdmx isoforms are required

to address this possibility.

Achieving a Favorable Therapeutic Index with Mdm2/
Mdmx Inhibitors

The therapeutic index of a drug is the ratio given by the dose

that causes toxicity in 50% of the patient population divided by

the minimal effective dose for 50% of the population. Thus, a

higher therapeutic index is more favorable because toxicity (in

this case) to tumor cells will be achieved at drug concentrations

much lower than those that would damage normal tissues.

Because Mdm2 and Mdmx are present in both normal and

tumor tissues, one concern is that targeting them would give a

prohibitively low therapeutic index. Indeed, murine models

indicate that complete loss of Mdm2 protein function in the

adult mouse is a lethal event, raising concerns about using such

drugs in human patients (32, 97). However, long-term (up to 3

weeks) systemic administration of both Nutlin and MI-219 in

mice resulted in surprisingly little toxicity in tissues that are

most sensitive to p53-induced apoptosis (50, 59, 94). A

plausible reason for this difference is that the genetic ablation

of Mdm2 function results in permanent and irreversible

production of high enough levels of p53 to exceed the buffering

capacity of Mdmx. By contrast, drugs such as Nutlins or MI do

not bind and inhibit Mdm2 irreversibly, and the Mdm2 gene is

continuously activated by p53 in the drug-treated tissues.

Therefore, Mdm2 antagonists may initially stabilize p53 and

produce a biological response, but p53 activation will persist

only as long as the drug is administered. It is possible that in

normal tissues the response may be acute and transient due to

clearance of the drug or activation of the p53-Mdm2 negative

feedback loop.

Other hypotheses have been put forward to explain the

differential sensitivity of tumor versus normal tissues to Mdm2

antagonists. For example, a short hairpin RNA screen identified

53BP1 as a critical mediator of Nutlin-induced senescence (98).

53BP1 transduces DNA damage signals to p53, and 53BP1 foci

(which are indicative of ongoing DNA damage) are present in

many tumor cells but not in their normal counterparts (103-

105). Thus, the combination of Nutlin-induced p53 and

damage-induced signaling may preferentially inhibit the growth

of tumor cells that experience ongoing genomic instability.

Additionally, deregulated E2F-1 activity may preferentially

sensitize tumor cells to Mdm2 antagonists (96). Specifically,

E2F-1–dependent gene transcription is postulated to cooperate

with Nutlin-induced p53 activity to induce apoptosis. Finally,

overexpression of Mdm2 itself may be a determinant of

sensitivity to Nutlin in some tumor types (94). In this case, the

tumor cells may be ‘‘addicted’’ to the high levels of Mdm2

needed to restrict p53 activity. Once Mdm2-p53 interaction is

prevented, and p53 activation occurs, the tumor cell may be

acutely sensitive to the effects of p53-induced gene products.

Although the future for Mdm2 inhibitors is promising, there

are additional concerns that require further investigation.

Because these antagonists are such potent activators of p53-

dependent cell cycle arrest and apoptosis, there may be a strong

selective pressure for loss of p53 function either by p53 gene

mutation or by epigenetic changes. Additionally, there are

reports that inhibition of Mdm2 can also lead to stabilization of

mutant forms of p53 (102, 103). Thus, it is conceivable that

treatment with Mdm2 inhibitors as single agents may lead to

tumor relapse or secondary tumor formation. This scenario may

Table 2. Variant Transcripts Expressed from the Mdmx
Locus

Transcript Notes Reference

Hdmx-A Deletion of the acidic domain (108)
Hdmx-G Deletion of the p53-BD (108)
Hdmx-211 Deletion of aa27-353 (109)
Mdmx-S/Hdmx-E Retains only the p53-BD (108, 110)

Binds p53 more effectively than FL-Mdmx
XALT1 Induced by DNA damage, retains only p53-BD (111)
XALT2 Induced by DNA damage, lacks p53-BD (111)

Abbreviations: H, human; M, mouse; p53-BD, p53-binding domain; FL, full-
length.
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be avoided if Mdm2 antagonists are given in combination with

agents that induce tumor cell apoptosis independently of p53 or

with agents that are able to reactivate mutant p53. As has been

the case with other rationally designed agents, the more we

understand about mechanism of action, the better we will be

prepared to develop strategies to deal with the inevitable

resistance that is likely to emerge. Given the rapid pace of

progress in this area, we are encouraged that p53 agonists will

provide powerful additions to the targeted therapeutic arma-

mentarium.
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