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Most well studied as proteins that restrain the p53 tumor
suppressor protein, MDM2 and MDMX have rich lives
outside of their relationship to p53. There ismuch to learn
about how these two proteins are regulated and how they
can function in cells that lack p53. Regulation of MDM2
and MDMX, which takes place at the level of transcrip-
tion, post-transcription, and protein modification, can be
very intricate and is context-dependent. Equally complex
are the myriad roles that these two proteins play in cells
that lack wild-type p53; while many of these independent
outcomes are consistent with oncogenic transformation,
in some settings their functions could also be tumor sup-
pressive. Since numerous small molecules that affect
MDM2 and MDMX have been developed for therapeutic
outcomes, most if not all designed to prevent their re-
straint of p53, it will be essential to understand how these
diversemoleculesmight affect the p53-independent activ-
ities of MDM2 and MDMX.

Mouse double minute 2 (MDM2/HDM2) was first re-
ported in a study identifying potential oncogenes present
in a derivative of the NIH3T3 cell line that had acquired
numerous double minutes (Fakharzadeh et al. 1991).
MDM2 soon rose to some prominence when it was dis-
covered to bind to p53, which prior to that had been re-
vealed to function as a major tumor suppressor when
present in its wild-type form.What follows is a very abbre-
viated description of the highlights of the profound rela-
tionship between p53 and MDM2. These findings have
been brought into extraordinary detail and focus by tens
of thousands of studies so it would not be possible to
cite all of the key findings here. Fortunately, they have
been summarized and discussed in numerous reviews
(Iwakuma and Lozano 2003; Moll and Petrenko 2003;
Manfredi 2010; Wade et al. 2013; Karni-Schmidt et al.
2016; Tackmann and Zhang 2017). Perhaps most compel-
ling have been studies in mice, where it was discovered

that loss of MDM2 causes lethality in embryos at a very
early stage unless the mice lack expression of p53, in
which case mice develop normally and display a similar
tumor spectrum as mice withMDM2. Several other mile-
stones have been reached that inform our present view of
MDM2 as the prime regulator of p53. The discoveries that
MDM2 negatively regulates p53 by preventing it from ac-
tivating transcription, by targeting it for proteasomal deg-
radation, as well as by evicting it from the nucleus were
illuminating. They went hand in hand with findings
that releasing p53 to do itsworkwhen needed requires dis-
ruption ofMDM2 fromp53, which occurs throughmyriad
signaling pathways extending from DNA damage, elicit-
ing modifications that prevent their interactions, to onco-
gene activation via ARF, a protein that interacts with
MDM2 and thereby stabilizes p53. Adding complexity
and depth to these revelations was the discovery that
there is a homolog of MDM2, namely, MDMX (also
known as HDMX/MDM4/HDM4) that works in concert
with MDM2 to degrade p53. Indeed, loss of MDMX is
also a lethal event in mouse embryos, thereby highlight-
ing its comparable importance in p53 biology with
MDM2. Finally, given the potency of p53 as a tumor sup-
pressor and the potential of harnessing it for therapeutic
purposes, a key motivation stemming from these discov-
eries has been to identify molecules that can disrupt the
interactions between wild-type p53 and MDM2, thereby
releasing p53 to arrest or kill tumor cells.
Despite their profound relationship to p53, it is now be-

coming clear thatMDM2andMDMXmay have quite rich
and complex lives outside of p53, and that is the focus of
this review. First, we review structural and functional fea-
tures of MDM2 and MDMX proteins (separately and to-
gether) that could be relevant to their p53-independent
activities. We then describe how they are each regulated
at multiple levels in cells. Following this, we summarize
the many roles they can play in cells in the absence of
wild-type p53. Finally, we discuss molecules that interact
with them and regulate their activities with themain goal
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of directing attention toward how they might be useful in
cells that lackwild-type p53. Since this is certainly not the
first article to focus on the topic of p53-independent regu-
lation and functions of MDM2 and MDMX, we focus
where possible on findings that have been made over the
past 10 yr, although we reach back earlier to cite key find-
ings that inform themore recent discoveries. In particular,
in addition to MDM2, we focus on the p53-independent
functions of MDMX and the MDM2–MDMX E3 ligase
complex, which are relatively less studied in comparison
with those of MDM2. We complete this review by posing
some questions thatmight point theway toward future re-
search on this fascinating subject.

MDM2 and MDMX separately and together: the basics

The MDMs—MDM2 and MDMX—are structural homo-
logs, sharing the following key motifs: a p53 binding
domain in the N terminus, a relatively unstructured acid-
ic domain, a zinc finger motif, and a RING domain within
the C-terminal portion of the protein (Fig. 1). Both pro-
teins also possess short basic regions that can function
as cryptic nucleolar signal sequences within their RING
domains, as well asWalker A/P loopmotifs. MDM2 alone
has a nuclear localization signal and a nuclear export sig-
nal in the region between the p53 binding domain and the
acidic domain. Therefore, in nonstressed situations,
MDM2 is often localized in the nucleus, while MDMX,
lacking these motifs, is usually found in the cytoplasm
(Shadfan et al. 2012). Most studies dealing with these
two proteins tend to emphasize one or the other, with
the vast majority centering on MDM2 rather than
MDMX. Very few deal with their function together as a
complex, although one excellent review does focus on
this subject (Leslie and Zhang 2016). Note as well that
at least some findings about the structure and function
of MDM2 and MDMX have been derived from cells that
express wild-type p53. Nevertheless, such information is
useful in considering whether and how such observations
could be relevant in p53-independent settings.

It is well known that MDM2 functions as an E3 ligase
that can polyubiquitinate and monoubiquitinate its tar-
gets. It can also add ubiquitin-like moieties such as

SUMO and NEDD8 to certain substrates. Mouse models
harboring aMDM2mutant deficient in E3 ligase function
are similarly embryonic lethal as a fully MDM2-deficient
mouse, thereby effectively demonstrating the necessity of
this function for MDM2 to effectively inhibit one of its
main targets, p53 (Tackmann and Zhang 2017). Interest-
ingly, in some settings p53 is monoubiquitinated by
MDM2 and is then polyubiquitinated by other E3 ligases
such as Cul4/DDB1 (Banks et al. 2006), UBE4B (Wu
et al. 2011), or the histone acetyl transferases (HATs)
p300 and CBP (Shi et al. 2009), in which CBP polyubiqui-
tination of p53 requires DBC1 (Akande et al. 2019).
WhetherMDM2 cooperateswith these or different factors
to achieve polyubiquitination of targets other than p53 re-
mains to be seen. TheRINGdomain ofMDM2 is essential
for this E3 ligase activity through chelation of zinc, which
is required forMDM2 to transfer ubiquitin from the E2 en-
zyme onto its target protein (Fang et al. 2000). TheMDMX
RING domain has no E3 ligase activity of its own, al-
though through mutational swapping of key residues
from theMDM2RINGdomain, theMDMXRING can ac-
quire E3 ligase activity (Iyappan et al. 2010). The MDM2
acidic and zinc finger domains are also important for its
E3 ligase activity, as well as for multiple protein–protein
interactions outside of p53 (Bohlman and Manfredi 2014).

Residues within the MDM2 and MDMX RING do-
mains are crucial for their respective abilities to form
homodimers and heterodimers (Kawai et al. 2007; Oka-
moto et al. 2009). There are also five residues at the ex-
treme C termini of both proteins (outside of their
RINGs) that are essential for these complexes to be stably
formed (Poyurovsky et al. 2007; Uldrijan et al. 2007;
Huang et al. 2011). The structures of the MDM2 and
MDMXRING domains have been solved by NMR (Kostic
et al. 2006) and X-ray crystallography (Linke et al. 2008).
The crystal structure revealed the role of their respective
extreme C-terminal sequences in stabilizing the forma-
tion of heterodimers. Mutations in one of these two re-
gions in either protein can block the formation of the
heterocomplex. While in MDM2 alone these mutations
can also block its E3 ligase activity, the extreme C termi-
nus of MDMX can rescue the E3 ligase ability of such C-
terminal mutant forms of MDM2 (Poyurovsky et al.
2007; Singh et al. 2007; Uldrijan et al. 2007). Relatedly, a
patient with segmental progeria syndrome was reported
to harbor an antiterminationmutation inMDM2, extend-
ing the protein by five amino acids (Lessel et al. 2017).
This extension likely mimics mutations within the
above-mentioned short C-terminal region, as it lacks full
E3 ligase activity but can be at least partially rescued by
the presence of MDMX (Dolezelova et al. 2012).

The roles ofMDMXoutside of its regulation of p53 have
not been well studied, although by forming a heterocom-
plex with MDM2, MDMX has the potential to regulate
the stability of many proteins via the E3 ligase activity
of this complex. It is, however, unclear which of the
known E3 ligase targets of MDM2 may also require the
presence ofMDMX for effective degradation. One hypoth-
esis is that MDMX blocks the ability of MDM2 to ubiqui-
tinate itself and hence stabilizes it (Stad et al. 2001).

Figure 1. Structural landmarks of MDM2 and MDMX proteins.
Schematic representation of the key domains found in MDM2
andMDMX proteins fromN terminus (left) to C terminus (right).
Shown are their conserved p53 binding domains, acidic domains,
and zinc finger regions, as well as their RING domains, which
contain anNoLS;MDM2 alone hasNLS andNES signal sequenc-
es. (NLS) Nuclear localization signal, (NES) nuclear export signal,
(NoLS) nucleolar localization signal.
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Instead, MDMXmight then focus the E3 ligase activity of
MDM2 against its other targets, which has been support-
ed experimentally (Linares et al. 2003; Kawai et al. 2007;
Linke et al. 2008; Okamoto et al. 2009), thereby making
the MDM2–MDMX heterocomplex a better E3 ligase. In
support of this theory, there are several smallmolecule in-
hibitors of MDM2 that have been shown to enhance its
autoubiquitination ability, and these are described in de-
tail later in this review. There is some controversy, how-
ever, as to whether and when MDM2 serves an E3 ligase
for itself. In amouse knock-inmodel, a RINGdomainmu-
tant of MDM2 (C462A) that lacks the E3 ligase activity
does not have increased stability when compared with
wild-type MDM2 (Itahana et al. 2007; He et al. 2014).
However, the human counterpart of this mutation
(C464A), when ectopically expressed, is more stable
than the wild-type human MDM2 both basally (Gu et al.
2003; Inuzuka et al. 2010; Leslie et al. 2015; Xu et al.
2015; Giono et al. 2017; Zhao et al. 2018) and in response
to stress (Stommel and Wahl 2004). However, even in the
context of stress, there is not a clear consensus among var-
ious studies regarding the ability of MDM2 to self-ubiqui-
tinate, and this could be based on the differing methods
used (Li and Kurokawa 2015). Taken together, these re-
ports suggest that the extent of difference in stability of
the E3 ligase mutant ofMDM2 and its wild-type counter-
part depends on the context—physiological versus stress-
induced conditions and perhaps mouse versus human
cells. Therefore, in some settings, the autoubiquitination
activity may not be crucial to the stability of MDM2. Fur-
thermore, MDMX may be able to protect MDM2 from
ubiquitination by other E3 ligases as well (Li and Kuro-
kawa 2015). A detailed and systematic evaluation of the
stability of the E3 ligase-deficient MDM2 under various
stresses in different cellular contexts would shed more
light on this aspect of regulation. As documented in the
next section, several E3 ligases have been reported to be
able to target MDM2 for degradation.

MDM2 and MDMX upstream: regulation occurs at every
level

Although best studied as a transcriptional target of p53,
abundant information has also accrued as to how
MDM2 expression and activity are modulated at virtually
all stages that have been documented for other proteins.
To a much lesser extent, there are also examples of varied
forms of regulation of MDMX. In addition to genomic al-
terations such as copy number variations, mutations, and
polymorphisms, regulation of MDM2 (Fig. 2) and MDMX
(Fig. 3) has been documented atmultiple levels, extending
from transcription all the way to innumerable post-trans-
lational modifications.
Clinical studies have revealed that MDM2 gene ampli-

fication occurs in several tumor types (see https://www
.cbioportal.org/results/cancerTypesSummary?case_set_
id=all&gene_list=MDM2&cancer_study_list=5c8a7d55e4
b046111fee2296).MDM2 amplification tends to correlate
with the presence of wild-type p53, suggesting that this

mode of MDM2 overexpression is relevant primarily due
to its function in restraining p53 (Oliner et al. 2016). Nev-
ertheless, there are multiple modes other than gene am-
plification by which MDM2 and MDMX and their
products are regulated; the challenge we face here is that
oftentimes studies dealing with this topic have been car-
ried out in cells that express wild-type p53. While the
studies we mention have not described an active role for
p53, we cannot rule out a possible effect of its presence
in these cells. In some cases, however, similar results
have been documented in cell lines that either lack p53
or express cancer-related mutant forms of p53, which
can mitigate such concerns. Regardless of the context,
studies on upstream regulation of MDM2 and MDMX
are intriguing and may direct future questions and exper-
imental examination.

Regulation at the DNA level: a dance of promoters
and transcription factors

Promoters Transcription ofMDM2 is controlled primari-
ly via twopromoters, termedP1andP2; the former is linked
to basal, constitutive MDM2 expression, while expression
from the latter is induced by various transcription factors
in response to stimuli, most notably p53 (Zhao et al.
2014). A third MDM2 promoter, P3, which has not been
widely studied, is also activated independently of p53 and
is actually repressed by p53 binding (Liang and Lunec
2005). Transcripts generated from the P1 promoter (located
upstream of exon 1) lack exon 2, while transcripts from P2
(locatedwithinexon1) includeexon2,butnotexon1.While
the transcript regulatedbyP1canbeprocessed to createvar-
ious isoforms including MDM2A (Alt2), MDM2B (Alt1),
and MDM2C (Alt3), as well as full-length MDM2 (Rosso
et al. 2014), activation at P2 mostly produces full-length
MDM2 (Cheng and Cohen 2007).
The P1 promoter does not possess a p53 response ele-

ment (RE) and is considered to be virtually p53-indepen-
dent (Juven et al. 1993). P1 is inhibited by PTEN
working through its lipid phosphatase domain (Chang
et al. 2004); relatedly, the P1 promoter transcript is mod-
ulated by rapamycin (Kao et al. 2009). NF-κB had been
shown previously to induce MDM2 expression at the P1
promoter, but it was unclear whether such induction
was caused directly or indirectly (Busuttil et al. 2010).
However, more recently, a TGF-β family ligand, activin,
was reported to induce MDM2 expression and enhance
cell migration in colorectal cancer cells by activating the
PI3K pathway and promoting the binding of the NF-κB
component p65 to the MDM2 promoter (Jana et al. 2017).
Furthering the complexity, transcripts from the P1 pro-

moter can suppress transcription from the P2 promoter in-
dependently of p53 via H3K36 trimethylation; this
toggling occurs in different cell lines and also as a natural
event during human embryonic stem cell differentiation
(Hollerer et al. 2019).MDM2 transcripts that are expressed
from the P1 or P2 promoters may be regulated differently.
For example, the rapamycin-sensitive eukaryotic transla-
tion initiation factor 4E (eIF4E) regulates translation of
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MDM2mRNA produced from the P1 but not from the P2
promoter (Kao et al. 2009).

A number of transcription factors can regulate tran-
scription from P2. Besides the classic p53, these include
N-myc (Slack et al. 2005), NFAT1 (Zhang et al. 2012),
IRF8 (Zhou et al. 2009), T3R (Qi et al. 1999), AP-1 (Pikkar-
ainen et al. 2009), Ets (Truong et al. 2005; Sashida et al.
2009), and Sp1 (Bond et al. 2004). Activity at P2 by these
other transcription factors can be independent of wild-
type p53. For example, N-myc was found to form a com-
plex with the WRD5 subunit of a histone H3K4 methyl-
transferase complex and activate MDM2 transcription.
Furthermore, expression of WRD5 is necessary for cell
proliferation and survival in mutant p53-expressing neu-
roblastoma cells, although it remains unclear whether
this phenotype is due to WRD5 modulation of MDM2
(Sun et al. 2015). These studies provide a tantalizing
glimpse of the intricate process through whichMDM2 ex-
pression is regulated at the promoter level. While tran-
scriptional regulation of MDM2 may likely have an
impact on cancer outcomes such as proliferation and mi-
gration of malignant cells, the field is still evolving, and
these findings raise several questions about MDM2 tran-
scription that merit future study.

As with all other aspects of MDMX, its promoter has
not been as well studied as that of MDM2. Interestingly,
MDMX also possesses a main promoter (P1) as well as a
second promoter (P2) within the first intron that can be
regulated by p53 and that generates a novel transcript
(HDMX-L) whose product cooperates with MDM2 to effi-
ciently degrade p53 (Phillips et al. 2010). Among the few
transcription factors known to regulate the MDMX P1
promoter are c-Ets-1 and Elk-1 (Gilkes et al. 2008).

SNPs Coupled with discoveries of transcription factors
that can regulate the gene have been reports of naturally
occurring genetic MDM2 variants in the form of single-
nucleotide polymorphisms (SNPs) that regulate its gene
expression (for review, see Oliner et al. 2016). The first re-
port of such anMDM2 variant, SNP309, revealed that one
variant (GG) creates a strong Sp1 binding site that is corre-
lated with increased predisposition to certain cancers
(Bond et al. 2004). The oncogenic outcome of the GG var-
iant was subsequently confirmed in an elegant mouse
model (Post et al. 2010). Since then, more recent studies
have further examined the role of SNPs in the regulation
of MDM2 and MDMX. Although many of these studies
used wild-type p53-expressing cells or patient samples

Figure 2. Regulation of MDM2. Different factors are involved in the regulation of MDM2 at the DNA, RNA, and protein levels in eu-
karyotic cells. Listed are the most important or most recently described processes and biomolecules regulating MDM2. (Top) Polymor-
phisms (SNPs) in the MDM2 gene that have been characterized, as well as transcription factors reported to regulate transcription from
the two well-studied MDM2 promoters 1 and 2 and regulation of P2 by P1. (Middle) Factors, including numerous listed microRNAs,
that interact with and regulateMDM2mRNA levels, splicing, and translation. (Bottom)MDM2 protein is extensively modified by ubiq-
uitination (Ub), acetylation (A), phosphorylation (P), SUMOylation (S), and NEDDylation (N).
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that did not stratify p53 status, they nevertheless indicate
that sequence variants in MDM2 and MDMX could con-
tribute to p53-independent effects on their expression in
cancer. For example, analogous to SNP309, a SNP in the
P2 promoter (SNP55C>T; rs2870820) enhances Sp1 bind-
ing and increases MDM2 expression (Okamoto et al.
2015). SNP55C>T is associated with an increased risk
of colon cancer but not lung, breast, or prostate cancer. In-
terestingly, neither healthy nor cancerous tissue samples
heterozygous for SNP55C>T showed increased MDM2
(Helwa et al. 2016). Another SNP also located in the P2
promoter, SNP344T>A (rs1196333), is similarly capable
of altering the affinity of various transcription factors for
the MDM2 promoter. The presence of SNP344T>A does
not enhance MDM2 expression, nor is it correlated with
age of onset, response to therapy, rate of relapse, or overall
survival in ovarian, endometrial, breast, or prostate can-
cers (Knappskog et al. 2012).
The indel del1518 (rs3730485) polymorphism in the

MDM2 P1 promoter is correlatedwith risk of hepatocellu-
lar carcinoma (Dong et al. 2012) but not breast or lung can-
cers (Hu et al. 2006; Ma et al. 2006). This polymorphism
was discovered in a small population of Chinese patients
and has been predominantly studied in that group. How-

ever, a broader study of other populations determined
that del1518 is associatedwith increased risk of colon can-
cer, but not lung, breast, or prostate cancer, in other eth-
nicities as well (Gansmo et al. 2016b).
MDMX expression is also affected by sequence variants

such as SNP34091C>A (rs4245739) in its 3′ UTR. This
SNP decreases the affinity of microRNAs (miRNAs) for
the MDMX transcript, which in turn increases MDMX
protein expression, and this is correlated with increased
cancer risk in ovary, prostate, and lung carcinomas (Gao
et al. 2015; Stegeman et al. 2015; Gansmo et al. 2016a)
but not in thyroid or endometrial cancers (Gansmo et al.
2016a; Mohammad Khanlou et al. 2017). In breast cancer,
the presence of SNP34091 alone does not correlate with
cancer risk (Pedram et al. 2016); however, in combination
with the miRNA expression profile, it predicts tumor size
and lymph node infiltration (Anwar et al. 2017). Other
SNPs in MDMX are associated with an increased risk of
glioma (rs4252707) (Sun et al. 2018), prostate, and gastric
cancer (rs1380576) (Sun et al. 2010; Wang et al. 2017b)
and Parkinson’s disease (rs16854023) (Cha et al. 2020).
Future studies will hopefully reveal how SNPs in the

MDM2 and MDMX genes that correlate with different as-
pects of tumorigenesis work at the molecular level. The

Figure 3. Regulation of MDMX. Different factors are involved in the regulation of MDMX at the DNA, RNA, and protein levels in eu-
karyotic cells. Listed are the most important or most recently described processes and biomolecules regulating MDMX. (Top) Polymor-
phisms in theMDMX gene that have been characterized, as well as factors reported to regulate transcription from theMDMX promoters 1
and 2. (Middle) Factors, including numerous listed microRNAs, that interact with and regulateMDMXmRNA levels, splicing, and trans-
lation. (Bottom) MDM2 protein is modified by ubiquitination (Ub) and phosphorylation (P).
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discovery that SNP309 and SNP55 each affect the binding
affinity of the Sp1 transcription factor to their respective re-
gions in the MDM2 promoter provides a model for how
suchmechanistic information could be obtained.Taken to-
gether,MDM2 andMDMX SNPsmay provide usefulmark-
ers for detecting increased risk of certain cancers.

Regulation of RNA processing: MDM2 comes in many
forms

HumanMDM2 can generate at least 72 alternative and ab-
errant spliced isoforms, although not all result in protein
products (for review, see Okoro et al. 2012). A subset of
such isoforms creates MDM2 polypeptides that lack the
p53 binding domain and thus have p53-independent func-
tions—including the three main isoforms: MDM2A,
MDM2B, and MDM2C (Okoro et al. 2012).

The serine arginine (SR) family of proteins regulates
bothMDM2 andMDMX RNA splicing. SRSF2, a member
of the SR family, suppresses expression of the MDM2B
(ALT1) splice variant (Comiskey et al. 2020) whereas
SRSF1, another member of the SR family, promotes and
is necessary for MDM2B (ALT1) splicing (Comiskey
et al. 2015). Interestingly, there is cross talk between these
family members; mutation of SRSF1 binding sites is res-
cued by concurrent mutation of SRSF2 binding sites
(Comiskey et al. 2020). FUBP1, an RNA binding protein,
also suppresses production of the MDM2B (ALT1) spliced
form (Jacob et al. 2014). We note that all of these processes
were studied with ectopically expressed protein, and in
cells harboring wild-type p53. The behavior of the endog-
enous splicing factors and their impact on generating dif-
ferent RNA isoforms remain to be explored.

The splicing protein survival of motor neuron (SMN) is
necessary for assembly of small nuclear ribonucleopro-
teins (snRNPs) in the spliceosome and, consequently,
for proper splicing of exon 3 of MDM2 and exon 7 of
MDMX in motor neurons. Defective snRNP biogenesis
caused by deficient SMN results in increased alternative
splicing of MDM2 and MDMX (Van Alstyne et al. 2018),
although the role of SMN in cells lackingwild-type p53 re-
mains to be examined.

MDMX pre-mRNA generates six variant isoforms be-
side the full-length protein—MDMX-S, MDMX-211,
MDMX-G, MDMX-A, MDMX-XAlt1, and MDMX-
XAlt2, although regulatorymechanisms for howthese iso-
forms are produced have not yet been well examined (for
review, see Mancini et al. 2009). Among these, the best-
studied splice variant is MDMX-S, which lacks exon
6. The modulation of MDMX pre-mRNA splicing to
MDMX-S is partially controlled by SRSF3 and PRMT5,
which are necessary for sustained expression of full-length
MDMX, although, again, these have only been studied in
cells expressing wild-type p53, leaving open the question
of whether alternative splicing of MDMX depends on p53
activity (Bezzi et al. 2013; Dewaele et al. 2016).

Regulation at the mRNA level: stability is the key

Post-transcriptional control of MDM2 and MDMX at the
mRNA level has been a topic of considerable interest, in

particular the modulation of transcript stability bymicro-
RNAs (miRNAs). By 2015, at least 15 miRNAs were
known negative regulators of MDM2 and six of MDMX;
most miRNAs work by destabilizing MDM2 or MDMX
transcripts (for review, see Vijayakumaran et al. 2015).
Among thesemiRNAs, themajority are p53-independent.
Subsequently reportedmiRNAs function the sameway to
regulate MDM2 expression. For example, miR-194 down-
regulatesMDM2 expression through its direct interaction
withMDM2 transcripts in p53-null cells (Nakamura et al.
2019). Additionally, miR-1827 lowers MDM2 expression
through direct interaction with MDM2 mRNA in the
presence or absence of p53 (Zhang et al. 2016). Other
miRNAs—miR-26a (Zhou et al. 2019), miR-1305 (Cai
et al. 2019b),miR-4486 (Liu et al. 2019b),miR-1244 (Yan-
bin and Jing 2019), and miR-363-3p (Rong et al. 2020)—
behave similarly.

More recently reported miRNAs that regulate MDMX
through direct binding with its mRNA include miR-23b
(Zhao et al. 2019), miR1205 (Yan et al. 2019), miR-301a
(Wang et al. 2017a), miR-766 (Wang et al. 2017c; Chen
et al. 2019b), miR-1307 (Wang and Zhu 2018), miR-150
(Cai et al. 2019a), miR-33a (Jiang et al. 2019), miR-370
(Shen et al. 2018), andmiR-126 (Tian et al. 2020). Of these,
miR-1205,miR-33a, andmiR-370were tested in cell lines
expressing mutant p53, and miR-1205 was tested in p53-
null cells. Since other studies used wild-type p53-express-
ing cell lines, they do not specifically address whether reg-
ulation by the respective miRNAs is p53-dependent.

Long noncoding RNAs (lncRNAs) and circular RNAs
(circRNAs) can also affect MDM2 through modulation
of miRNA activity. The lncRNA XIST targets miR-363-
3p, acting as a “sponge” and preventingmiR-363-3p activ-
ity againstMDM2 transcripts, independently of p53 (Rong
et al. 2020). The lncRNA SNHG20 also acts as a sponge for
miR-4486, preventing it from destabilizing MDM2 tran-
scripts (Liu et al. 2019b). Similarly, circSMAD4A seques-
ters miR-1244 in cells with wild-type or mutated p53
and in p53-null cells (Yanbin and Jing 2019). circRNAs,
such as hsa_circ_0000263 (Cai et al. 2019a) and circ9119
(Tian et al. 2020), can also inhibit miRNAs that destabi-
lize MDMX, although, so far, this has only been tested
in cells that express wild-type p53.

RNA binding proteins also regulate MDM2 mRNA
stability. For example, RNPC1 binds to the MDM2 3′

UTRand reduces its half-life (Xu et al. 2013). Interestingly,
IRP2, an iron-responsive protein that is degraded at high
levels of iron, can stabilize MDM2 mRNA by binding at
the 3′ UTR, yet this factor can also destabilize MDM2
RNAbybindingatthe5′UTR(Zhangetal.2020).HBXIP,an
oncoprotein from the hepatitis B virus, promotes MDM2
expression by methylation of the promoter of miR-18b,
thereby reducing expression ofmiR-18b and up-regulating
MDM2 protein, independently of p53 (Li et al. 2018b).

Regulation at the protein level: small changes canmake a
big difference

Given their central importance in restraining p53 and the
burgeoning evidence that they play myriad other roles in
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cells, it is not surprising that the MDM2 andMDMX pro-
teins are themselves heavily regulated. This is reflected
both in their various post-translational modifications
and the plethora of partners with which they interact.
Among others, one excellent review on this subject was
published a few years ago (Fåhraeus and Olivares-Illana
2014). Herewe focus largely onmore recent discoveries re-
lated to the many kinds and numbers of modifications of
the MDMs along with a smaller number of more recently
discovered protein partners.

Ubiquitination TheMDM2 E3 ligase ubiquitinates sev-
eral targets, including itself and its partnerMDMX (for re-
view, see Leslie and Zhang 2016). Previously, a number of
other E3 ligases—such as PCAF, SCFβ-TrCP complex, APC/
C, and NEDD4-1—were shown to target MDM2 for ubiq-
uitination (for review, see Li and Kurokawa 2015). More
recently NAT10, typically an acetyltransferase of the
GNAT family, was found to have p53-independent E3 li-
gase activity against MDM2 (Liu et al. 2016), while
RNF12 was shown to interact with and ubiquitinated
MDM2 in both wild-type p53-expressing and p53-null
cell lines (Gao et al. 2016). Interestingly, although polyu-
biquitination of MDM2 typically results in proteasomal
degradation, its polyubiquitination via the lys63 linkage
stabilizes the protein, in contrast to the more well studied
lys48 linkage, which targets MDM2 for proteasomal deg-
radation. E3 ligases that have been shown to catalyze
lys63 ubiquitination of MDM2 are NEDD4-1 (Xu et al.
2015) and MARCH7 (Zhao et al. 2018), although both
studies were performed in a wild-type p53 background.
Deubiquitinating enzymes (DUBs)—such as USP7 (or
HAUSP), USP2a, and USP15—cleave ubiquitin from
MDM2 and MDMX (for review, see Li and Kurokawa
2015), andUSP26, a testis-specific DUB,was shown to tar-
get MDM2 in wild-type p53-expressing cells (Lahav-Bar-
atz et al. 2017).
Ubiquitination of MDMX has not been studied as ex-

tensively; nevertheless, in addition to the established
MDM2-mediated ubiquitination of MDMX at K442
(Linke et al. 2008), Peli1, another E3 ligase, binds and pol-
yubiquitinates MDMX, resulting in translocation of
MDMX to the cytoplasm in a p53-independent manner
(Li et al. 2018a).

SUMOylation SUMOylation, theadditionof small ubiq-
uitin-like modifier (SUMO) to lysine residues, is also per-
formed by E3 ligases through interaction with E2 ligases
carrying SUMO and the target protein. SUMOylation of
MDM2 has been previously reviewed (Li and Kurokawa
2015). In brief, MDM2 (which itself can SUMOylate other
substrates) can be SUMOylated at K446; thismodification
inhibits ubiquitination ofMDM2, including autoubiquiti-
nation, and stabilizes the protein (Chen and Chen 2003;
Stindt et al. 2011; Li and Kurokawa 2015). MDMX is also
SUMOylated at K254 and K379, although these modifica-
tions do not regulate stability, ubiquitination, or subcellu-
lar localization of the protein (Ghosh et al. 2005; Pan and
Chen 2005).

NEDDylation NEDDylation is the addition of the small
ubiquitin-like peptideNEDD8 to lysine residues, which is
performed by E3 ligases. As with ubiquitination and
SUMOylation, MDM2 is both NEDDylated and NEDDy-
lates other proteins, such as PPARγ andHBx (Watson et al.
2010; Park et al. 2016; Liu et al. 2017a). NEDDylation sta-
bilizes MDM2 protein and decreases MDMX protein lev-
els, while deNEDDylation byNEDP1 destabilizesMDM2
(Watson et al. 2010; Xu et al. 2015).
Interestingly, phosphorylation of MDM2 at Y281 and

Y302 by c-Src enhances MDM2 stability independently
of p53 and enhancesMDM2NEDDylating activity by pro-
moting binding to the NEDD8 E2-ligase Ubc12 (Batuello
et al. 2015). MDM2 also NEDDylates MDMX, which pro-
motes MDMX stability; correspondingly, the loss of c-Src
leads to increased degradation of MDMX (Hauck et al.
2017). This study, which also found that MDM2NEDDy-
lation is enhanced by the presence of MDMX, specifically
examined enhanced NEDDylation of p53, and NEDDyla-
tion of other targets remains to be explored.

Phosphorylation Of all proteinmodifications, phosphor-
ylation of MDM2 and MDMX residues has been studied
the most extensively, with MDM2 possessing >20 known
phosphorylation sites and MDMX having six such sites.
Because of the importance of phosphorylation to MDM2
functions, especially during DNA damage, this subject
has been comprehensively reviewed (Meek and Knipps-
child 2003; Meulmeester et al. 2005; Meek and Hupp
2010; Wade et al. 2010; Markey 2011; Li and Kurokawa
2015; Carr and Jones 2016). Phosphorylation of MDM2
regulates its enzymatic activity, subcellular localization,
protein stability, and both protein–protein and protein–
mRNA interactions.
Within the last few years, several new phosphorylation

sites have been discovered. Mps1 kinase was found to
phosphorylateMDM2 at T4, T306, and S307 duringmito-
sis in response to oxidative stress; these result in its in-
creased ability to ubiquitinate histones (Yu et al. 2016).
As previously described, c-Src also phosphorylates
MDM2 at Y281 and Y302, leading to increased stability
of MDM2 (Batuello et al. 2015). Bruton’s tyrosine kinase
(Btk) was found to interact with and to phosphorylate
MDM2, leading to inhibition of its autoubiquitination
(Rada et al. 2017). At one of the best-knownMDM2 phos-
phorylation sites, S166, several new pathways and stimuli
have been described, including elevated glucose and
modulation of intracellular glycosylation (Barzalobre-Ge-
rónimo et al. 2015; de Queiroz et al. 2016), the proinflam-
matory cytokine MIF (Costa et al. 2016), nicotine (Chen
and Wang 2019), and CD44 through activation of EGFR
(Dhar et al. 2018). The Robo2-Baiap cascade, involved in
axon guidance and neuron migration, is required to main-
tainMDM2-S166 phosphorylation in kidney cells (Li et al.
2019). DNA damage induces phosphorylation at S429 by
ATM, thereby enhancing the E3 ligase activity of the
MDM2–MDM2 homodimer, but interestingly not the
MDM2–MDMX heterodimer (Magnussen et al. 2020).
As the MDM2 homodimer preferentially autoubiquiti-
nates (Linke et al. 2008), it is unsurprising that
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phosphorylation at S429 also promotes MDM2 degrada-
tion, but the work byMagnussen et al. (2020) is especially
notable for examining the role of theMDM2–MDMXhet-
erodimer, which is generally overlooked in MDM2 stud-
ies. Additionally, phosphorylation sites and activity in
the absence of wild-type p53 are mostly unexplored since
all of the above-mentioned studies except those of
Batuello et al. (2015) and de Queiroz et al. (2016) were per-
formed in wild-type p53-expressing cells.

Phosphorylation of MDMX has also not been widely
studied in p53-null settings; however, in cell lines with
wild-type or mutant p53, the tyrosine kinase receptor
AXL stimulates phosphorylation of MDMX by CDK4/6
and p38 at S314, leading to MDMX nuclear localization
and increased affinity between MDMX and MDM2 (de
Polo et al. 2017).

Acetylation Compared with other modifications, acety-
lation of MDM2 has not been widely explored. Over 15 yr
ago, p300 and CBP were shown to acetylate MDM2 at
K466/467 and K469/470 and thereby inhibit MDM2 E3 li-
gase activity (Wang et al. 2004). More recently, it was re-
ported that p300 can also acetylate MDM2 at K182 and
K185, leading to its stabilization by both inhibiting its
autoubiquitination and enhancing its interaction with
USP7 (Nihira et al. 2017). Additionally, SIRT1 deacety-
lates K182 and K185 (Nihira et al. 2017) while HDAC1
andHDAC2 deacetylateMDM2 at K469 and K470, restor-
ingMDM2 binding affinity for theMCL-1 ubiquitin ligase
E3 (MULE), resulting in its degradation (Patel et al. 2019).
The SIRT7 NAD+-dependent deacetylase removes the
acetyl group from PCAF (K720), thereby stimulating
PCAF binding to MDM2 and leading to MDM2 degrada-
tion (Lu et al. 2020). Note that under certain conditions,
HATs such as Tip60, p300, and NAT10 can interact
with but do not acetylate MDM2 (Zeng et al. 2003; Doh-
mesen et al. 2008; Liu et al. 2016). Thus, the conditions
under whichMDM2 is acetylated and the functional rele-
vance of these modifications—as well as whether and
when MDMX is acetylated under any physiologically rel-
evant conditions—pose several interesting questions for
future studies.

Regulation at the protein level: partners in crime

While protein–protein interactions that regulate MDM2
have been extensively reviewed (Fåhraeus and Olivares-
Illana 2014), several binding partners have been recently
described. It has been established for some time that
MDM2 binds to an extraordinary number of ribosomal
proteins (RPs) (Zhang and Lu 2009; Deisenroth et al.
2016). More recently, ribosomal protein RPL4 was shown
to interact with MDM2, leading to decreased ubiquitina-
tion of MDM2 targets, and also to promote binding to
MDM2 of two well-studied RPs, namely, RPL5 and
RPL11, in p53-null cells (He et al. 2016). PHLDB2 directly
interacts with MDM2 to inhibit E-cadherin degradation
and the epithelial–mesenchymal transition (EMT) in a
p53-independent fashion (Chen et al. 2019a). FKBP12, a
cytoplasmic binding protein, binds the MDM2 RING

domain and stabilizes MDM2, but does not interact
withMDMX, in the setting of both wild-type p53 andmu-
tant p53 (Liu et al. 2017b). In wild-type p53-expressing
cells, XBP-1 (a transcription factor involved in endoplas-
mic reticulum stress response) binds MDM2 and impairs
its autoubiquitination but does not interact with MDMX;
XBP-1 silencing also inhibits MDM2 transcription at the
P2 promoter in cells lacking wild-type p53 (Huang et al.
2017). Similarly, XIAP IRES, an mRNA molecule from
the XIAP gene, binds to MDM2 and prevents its homodi-
merization and subsequent autoubiquitination in wild-
type p53-expressing cells (Liu et al. 2015).

A number of reports have described p53-independent
regulation of MDM2 in the context of different viral strat-
egies for overcoming host resistance. The hepatitis B virus
X protein (HBx) regulates MDM2 gene expression and in-
hibitsMDM2 autoubiquitination (Wang et al. 2017d). The
HIV trans-activator of transcription regulatory protein
(Tat) also blocksMDM2 autoubiquitination and increases
MDM2 protein levels (Raja et al. 2017). Last, infection by
influenza A can alsomodulateMDM2 protein levels inde-
pendently of p53; in the initial stages of infection, MDM2
protein decreases, and in the later stages, MDM2 protein
is highly stabilized (Pizzorno et al. 2018).

That MDM2 and its less well studied partner MDMX
are so extensively regulated at virtually every known level
attests to their relevance not only as inhibitors of p53 but
of myriad other cellular activities and outcomes on their
own that are described in the next section.

Getting out of p53’s shadow: p53-independent roles
of MDM2 and MDMX

Since the MDMs were discovered, aside from their exten-
sively probed relationship to wild-type p53, numerous
studies have examined how these two proteins function
independently of that famous tumor suppressor. Indeed,
an impressively large number of cellular outcomes are af-
fected by these two proteins on their own. At the present
time, most reports in this regard deal largely with MDM2
(the majority) or MDMX (far fewer), rather than consider-
ing them together. Studying these two proteins as p53-in-
dependent entities is not an empty exercise: p53 is
mutated or lost in ∼50% of all tumors (albeit with wide
variation across tumor types), which makes understand-
ing their functions separately or together highly relevant.
We focus here on their roles in cancer as well as in other
pathologies. Figure 4 outlines the many regulatory path-
ways, functions, and drugs that are relevant to MDM2
andMDMX activity that can be considered to function in-
dependently of p53.

MDM2 and MDMX play myriad roles in cancer

MDM2 and MDMX as mediators of cell life and death
MDM2 has been known for some time to be able to target
several well-known regulators of the cell cycle (for review,
see Karni-Schmidt et al. 2016). This has been confirmed
and extended in more recent years; ablation or inhibition
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of MDM2 reduces mitosis (Kundu et al. 2017) and causes
G2 arrest (Feeley et al. 2017) in p53-negative or mutant
p53-expressing mouse lymphoma and sarcoma cell lines,
and human breast cancer cell lines. However, the mecha-
nisms by which MDM2 promotes cell cycle progression
have not yet been fully elucidated. In the above-men-
tioned studies, Kundu et al. (2017) place MDM2 activity
within an estrogen-MDM2-Rb-E2F1 pathway, while
Feeley et al. (2017) report thatMDM2 acts through inhibi-
tion of p73. Separately, MDM2 was also shown to be nec-
essary for proliferation of mutant p53-expressing
retinoblastoma cells through promotion ofMYCNexpres-
sion (Qi and Cobrinik 2017). Knockdown of MDM2 also
reduces primary tumor volumes, although specifically
with estrogen receptor α-positive, luminal A subtype
breast cancer, but there is no effect on proliferation in tri-
ple-negative breast cancer (Gao et al. 2019).
Besides promoting cell growth, MDM2 may also help

cells avoid death. The roles of MDM2 in protection from
cell cycle arrest and cell death, however, are not straight-
forward. MDM2may also inhibit cell cycle progression or
promote cell death pathways under certain circumstanc-
es. For example, MDM2 promotes proteasome-mediated
degradation of Cdc25C in a p53- and ubiquitin-indepen-
dent manner, and Cdc25C degradation mediated by over-
expression of MDM2 delays cell cycle progression
through G2/M, although the latter finding has primarily
been shown in p53-expressing U2OS cells (Giono et al.
2017). Following inhibition of MEK/ERK signaling in
mammary tumor cancer stem cells (CSCs), MDM2 also
triggers oncogene-induced senescence and depletion of
CSC populations independently of p53 (McGrail et al.
2018). Interestingly, while one study reported that
MDM2 promotes cell cycle progression by inhibiting
p73 (Feeley et al. 2017), another found that Bruton’s tyro-

sine kinase (BTK) up-regulates MDM2 and induces apo-
ptosis in the absence of p53 and that BTK-induced
apoptosis is mediated through p73 activity (Rada et al.
2018).
While MDMX, like MDM2, is typically considered an

oncogene and is amplified in many cancers, basal expres-
sion ofMDMXhas numerous antitumor effects in thymus
and breast cancers lacking p53: MDMX suppresses prolif-
eration in p53-null thymic tumors (Matijasevic et al.
2008). The central zinc finger domain of MDMX specifi-
cally inhibits mitosis, prevents chromosome loss in hy-
perploid, p53-null tumors, and suppresses growth of
mutant p53-expressing breast tumors, while the RING
domain of MDMX inhibits proliferation in p53-null can-
cer cells (Matijasevic et al. 2016). MDMX also blocks pro-
liferation through inhibition of mTORC1, thereby
reducing phosphorylation of the mTORC1 target
p70S6K1 (Mancini et al. 2017).
Finally, in considering the roles of MDM2 and MDMX

in this complex regulatory network of cellular life and
death, comparatively little work has focused on the role
of the MDM2–MDMX heterocomplex as a unique entity
rather than simply a combination of two homologs. Re-
cently, our group demonstrated that ferroptotic cell death
is facilitated by MDM2 and MDMX working at least in
part as a heterocomplex in select cancer cell lines; they
do so through PPARα and lipid peroxidation pathways
(Venkatesh et al. 2020). Studied under this new light,
the MDM2–MDMX heterocomplex may become an in-
triguing new target for further research.

Activity at DNA and chromatin The participation of
MDM2 and MDMX in chromatin modification and gene
expression has been an intriguing topic of study for
some time now (Biderman et al. 2012; Wienken et al.

Figure 4. Clinically relevant functions of MDM2 and MDMX. MDM2 and MDMX affect several clinical pathologies in a p53-indepen-
dent fashion, including nonmalignant disease and cancer-related functions. p53-independent activities of MDM2 and MDMX that have
been studied in a clinical context are summarized in this figure. Nonmalignant physiological processes and pathologies are separated by
organ system at the left. Cancer-related activities mediated by MDM2 and MDMX are represented graphically at the right.
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2017). At the histone level, MDM2 activity recently has
been linked to promoting both DNA compaction and
DNA relaxation. MDM2 promotes DNA compaction
through stabilization of histone deacetylase (Choi et al.
2019) and through association with polycomb repressive
complex 2 (PRC), resulting in both histone trimethylation
and monoubiquitination (Wienken et al. 2016). However,
MDM2 can increase DNA accessibility via degradation of
the major methyltransferase suppressor of variegation 3-9
homolog 1 (SUV39H1), which is opposed by USP7 deubi-
quitination of SUV39H1 (Mungamuri et al. 2016).
MDM2 via its RING domain promotes genomic stability
by limiting R loop formation (Klusmann et al. 2018). Inter-
estingly, MDMX also interacts with members of the PRC
complex and thereby supports histone ubiquitination
(Wohlberedt et al. 2020).

MDM2 andMDMXalsomodulate the cellular response
to DNA damage (for reviews, see Lehman andMayo 2012;
Eischen 2017); in that regard, it seems that they engender
greater genome instability. MDM2 ubiquitination of the
HBP1 transcription factor targets it for degradation, there-
by delaying DNA damage repair and enhancing tumori-
genesis (Cao et al. 2019). Additionally, MDMX both
plays a role in genome instability via association with
Nbs1 (Carrillo et al. 2015) and also potentially plays a cru-
cial role in DNA replication; its loss delays replication
fork progression and sensitizes tumor cells to gemcita-
bine, suggesting that it may play a role in malignancy
(Wohlberedt et al. 2020).

Invasion and metastasis MDM2 has been linked to the
EMT, a crucial step in metastasis, and in a p53-indepen-
dent fashion and as mentioned previously, MDM2 regu-
lates E-cadherin, one of the core markers of the EMT
(Yang et al. 2006; for review, see Sun and Tang 2016). Fur-
ther work supports the role of MDM2 in additional steps
in the complex process of metastasis and investigates an
emerging role for MDMX. Knockdown of MDM2 or
MDMX reduces circulating tumor cells in triple-negative
breast cancer without affecting proliferation; however,
only MDMX is necessary for maintaining levels of meta-
static factor CXCR4 (Gao et al. 2019). MDM2 also drives
the EMT through the TGF-β–Smad pathway in ovarian
cancer by promoting Snail/Slug expression and activating
Smad2/3 (Chen et al. 2017).MA242, a smallmolecule that
degrades MDM2 and is discussed in detail in the next sec-
tion, reducesmetastasis of hepatocellular carcinoma cells
in vitro and in vivo (Wang et al. 2019).

Roles of MDM2 andMDMX in tumorigenesis Given the
amplification of MDM2 and MDMX in cancers spanning
the spectrum of p53 expression, their role in tumorigene-
sis has been an understandable topic of interest. In the
context of p53-independent tumorigenesis,MDM2 induc-
tion, along with NRF2-signaling, is linked to transforma-
tion of acinar cells and promotes conversion of
premalignant pancreatic intraepithelial neoplasia lesions
into pancreatic ductal adenocarcinoma (Todoric et al.
2017). In breast cancer cell lines, MDM2 was also shown

to be necessary for colony formation in soft agar (Kundu
et al. 2017).

MDMX activity is also linked to tumorigenesis: Over-
expression of theMDMX gene in p53-null mice decreases
survival, increases the number of tumors, and alters the
spectrum of tumors in male mice (Xiong et al. 2017). Ad-
ditionally, previous work identified an MDMX splice
variant (MDMX-S) as a possible target of interest in tumor-
igenesis, due to notable overexpression and concomitant
poor prognosis in several cancers (Bartel et al. 2005; Lenos
et al. 2012; Liu et al. 2012; Grawenda et al. 2015; Dewaele
et al. 2016). However, while MDMX-S is also overex-
pressed in B-cell chronic lymphocytic leukemia (B-CLL),
it does not cause tumor formation and does not contribute
to tumor aggressiveness; instead, MDMX-S overexpres-
sion in B-CLL is a result of tumorigenesis (Pant et al.
2017). Nevertheless, MDMX may still have potential as
a prognostic biomarker.

MDM2 and chemotherapeutic responses MDM2 con-
fers resistance to the HER2 inhibitor, lapatinib, in HER2+
breast cancer cell lines through ubiquitin-mediated degra-
dation of HUWE1 (Kurokawa et al. 2013). This finding has
been expanded subsequently to demonstrate an inverse re-
lationship between MDM2 and HUWE1 protein, but not
mRNA, levels in vivo, which may help further establish
a mechanism through which HER2+ breast cancers
develop drug resistance (Canfield et al. 2016). Additional-
ly, various cancer cell lines with overexpressed MDM2
also have shown resistance to topoisomerase II inhibitors,
but not other DNA damaging agents, and this resistance
requires intact MDM2 ubiquitin ligase function (Senturk
et al. 2017).

MDM2 has been identified as a potentially druggable
target in other cancers. In hepatocellular carcinomas,
MA242, the inhibitor of MDM2 that can also inhibit
NFAT1 as discussed in the next section, inhibits growth
and metastasis (Wang et al. 2019). Cotreatment with in-
terferon-α (IFNα) and nutlin (more commonly used to
block MDM2-mediated inhibition of p53 but exhibits
some inhibitory effects on MDM2 even in the absence
of p53 as described in the next section) in p53-null non-
small-cell lung carcinoma cells synergistically inhibits
proliferation (Shuvalov et al. 2018).

MDM2 and MDMX have clinical roles outside of cancer

While MDM2 and MDMX have been most broadly stud-
ied for their cancer-related functions, they have also
been linked to a range of nonmalignant diseases, including
inflammatory and autoimmune disease, neurodegenera-
tion, kidney disease, diabetes, and cardiovascular disease
(Thomasova et al. 2012; Wang et al. 2020). MDM2 in par-
ticular has risen as a topic of interest in various other or-
gan systems, including adipocyte conversion mediated
through STAT activation (Hallenborg et al. 2016), cardiac
responsiveness to β-adrenergic receptor stimulation (Jean-
Charles et al. 2017), enhanced HIV-1 Tat protein-mediat-
ed viral replication (Raja et al. 2017), control of circadian
period length through degradation of PER2 (Liu et al.
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2018a), cellular senescence in the premature aging condi-
tion, Werner syndrome (Liu et al. 2019a), and the patho-
genesis of idiopathic pulmonary arterial hypertension
through destabilization of angiotensin-converting en-
zyme 2 (ACE2) (Shen et al. 2020)
We discuss below additional discoveries of p53-inde-

pendent activities of MDM2 and MDMX outside of
cancer.

Metabolism While p53 is a well-known regulator of cel-
lular metabolism, MDM2 and MDMX can also indepen-
dently modulate metabolic pathways. MDM2 was
shown to be recruited to chromatin in response to starva-
tion and oxidative stress in a post-transcriptional manner,
and chromatin-bound MDM2 cooperates with transcrip-
tion factors ATF3 and ATF4 to control genes involved in
serine metabolism (Riscal et al. 2016). This transcription-
al role is independent of MDM2’s E3 ligase activity but is
negatively regulated by its central acidic domain. Such
regulation serves to restore cellular oxidative homeosta-
sis. MDM2 is also able to regulate mitochondrial dynam-
ics to alter the energy homeostasis of cells (Rubio-Patiño
et al. 2019). In two recent studies, MDM2 was shown to
inhibit the activity of mitochondrial complex 1 to pro-
mote oxidative stress (Arena et al. 2018; Elkholi et al.
2019). MDM2 prevents mitochondrial localization of
NDUFS1 to cause the destabilization of complex 1
(Elkholi et al. 2019). On the other hand, in response to ox-
idative stress,MDM2was shown to be recruited to themi-
tochondria to down-regulate NADH dehydrogenase 6
(MT-ND6) in order to reduce the activity of complex 1
(Arena et al. 2018).
Additionally, in a mouse model of lipodystrophy,

MDM2was shown to control certain aspects of adipocyte
differentiation independently of p53. The absence of this
control led to various metabolic disorders, many of which
are related to dysfunctional lipid metabolism (Liu et al.
2018b). MDM2 has also been shown to regulate certain
members of the PPAR family that are well-known master
regulators of lipid homeostasis (Kersten 2008; Gopinathan
et al. 2009). By controlling the transcriptional activity of
PPARα through ubiquitination (Gopinathan et al. 2009)
and the stability of PPARγ through NEDDylation (Park
et al. 2016), MDM2 can have a diverse influence on the
global lipidmetabolism of cells. In fact, during ferroptosis,
theMDM2–MDMX heterocomplex canmodulate the lip-
id profile of cells under stress through mediating the tran-
scriptional activity of PPARα (Venkatesh et al. 2020).
MDMX has also been reported to promote the excessive
accumulation of fat in mice (Kon et al. 2018). These re-
ports therefore suggest that MDM2 and MDMX might
have the potential of being targeted to treat metabolic
disorders.

Inflammation MDM2 has a complex relationship with
thewell-studied inflammatory factor NF-κB, serving to ei-
ther induce or suppress NF-κB signaling (Thomasova et al.
2012). p53-independent MDM2 regulation of NF-κB sig-
naling has been demonstrated to attenuate ocular inflam-
mation, although since some of the pathological uveitis

findings were performed on p53-expressing mice, the ex-
tent to which MDM2may influence uveitis independent-
ly of p53 remains to be seen (Fan et al. 2018). MDM2 also
promotes progression of inflammatory kidney disease in a
two-pronged attack: It stimulates glomerular inflamma-
tion through NF-κB-mediated cytokine induction in a
p53-independent fashion while also promoting prolifera-
tion in parietal epithelial cells and crescent formation
where, in this case, p53 is now required (Mulay et al.
2016).

MDM2 and Notch The Notch signaling pathway, most
well studied as a regulator of cell fate in development
and as being dysregulated in cancer, has been connected
to MDM2 in several interesting ways. Notch1 stimulates
MDM2activity, and throughMDM2binding at theNotch
intracellular domain (NICD), Notch1 is also ubiquiti-
nated and activated by MDM2 (Wade et al. 2010; Petters-
son et al. 2013). Numb, a negative regulator of Notch1,
also binds and inhibits MDM2 (Juven-Gershon et al.
1998; Wade et al. 2010).
Clinically, MDM2 is further implicated in kidney

disease beyond the previously described inflammatory
pathways. In particular, MDM2 is up-regulated in tubu-
lointerstitial fibrosis and unilateral urethral obstruction
and is necessary for activation of collagen-producing fibro-
blasts by ubiquitinating Notch1, leading to proteasome
degradation (Ye et al. 2017). In contrast to previous find-
ings that MDM2 activates Notch via ubiquitination in
cancer cells, Ye et al. (2017) suggest thatMDM2-mediated
ubiquitination of Notch1 specifically in fibroblasts leads
to proteasome-mediated degradation. However, other
work indicates thatMDM2 is necessary forNotch1 activa-
tion in glomerular mesangial cells in the setting of hyper-
glycemia and diabetic kidney disease (Lei et al. 2017).
Outside of the kidney, MDM2 activates Notch1 signal-

ing in lung club and alveolar cells and induces DNA repli-
cation and proliferation in lung progenitor cells in
response to chemical- or radiation-induced injury (Singh
et al. 2019). These varied findings suggest that MDM2
may have a wide range of effects on Notch1 signaling
and physiological activity, depending on disease, organ,
and cell type.
In summary, the p53-independent roles of MDM2 and

MDMX are myriad and complex. This suggests that com-
pounds that can affect their activities separately or togeth-
er may be harnessed to combat their deleterious roles in
cancer or other pathologies. Indeed, to date a plethora of
small molecules have been shown to affect the MDMs
that are described in the next part of our review.

Inhibitors of MDM2 and MDMX: strength in numbers

Given the complex nature of MDM2 and MDMX roles in
many diseases, it follows that isolation or synthesis of
drugs that might mitigate these roles is worthy of signifi-
cant research and development. Fortunately, efforts to
produce MDM2 inhibitors (and to a lesser extent agents
that inhibit MDMX) have been underway for many years,

p53-independent roles of MDM2 and MDMX

GENES & DEVELOPMENT 585



albeit in the context of blocking the abilities of these two
proteins to inhibit p53, and by now, numerous pharmaco-
logical antagonists have been designed to reactivate p53
for cancer treatment (Qin et al. 2012; Tisato et al. 2017;
Fang et al. 2020).

Small molecules, often referred to as MDM2 or MDMX
inhibitors, are generally also shown to be either MDM2-
p53 or MDMX-p53 inhibitors. The first such agent to be
identified, nutlin, has been invaluable for the p53 research
community and has the added distinction of being one of
the first smallmolecules that canefficiently disrupt the in-
teraction between two full-length proteins (Vassilev et al.
2004). While nutlin and the many subsequent drugs that
were developed to specifically separate MDM2 (and more
rarely MDMX) from p53 have not generally been consid-
ered useful outside the context of p53, even nutlin can dis-
rupt MDM2 from binding the p53 homolog p73 (Lau et al.
2008), as well as E2F (Ambrosini et al. 2007). Note that an-
other quite commonly used inhibitor, RITA, separates p53
and MDM2 but does so by binding to p53 (Issaeva et al.
2004) andas suchwouldnot beuseful for studies onp53-in-
dependent regulation of MDM2 and MDMX.

SeveralMDM2 orMDMX inhibitors that do not disrupt
their interactions with p53 have also been discovered and
these are summarized in Table 1 along with those that
separate p53 fromMDM2 but can also disrupt the interac-
tions of MDM2 with other proteins. We have categorized
these into three main classes of MDM2 or MDMX antag-
onists that affect (1) the transcriptional regulation of
MDM2 orMDMX, (2) the protein stability or post-transla-
tional regulation of MDM2 or MDMX, and (3) the E3 li-
gase function of either the MDM2 homodimer or the
MDM2–MDMX heterodimer. The varying mechanisms
of action of these inhibitors provide different ways of tar-
geting MDM2 andMDMX, depending on the needs of the
biological question at hand.

There are some inhibitors that have been primarily cat-
egorized into any one of the above classes but are able to
inhibit multiple aspects of MDM2 or MDMX as well.
While some of these inhibitors truly have multiple inde-
pendent functions (such as SQ, MA242, CP1-7C, and ser-
demetan), there are others where the functions could be
interdependent. For example, adriamycin is reported to
lower the levels ofMDM2mRNA and to also cause a pro-
teasome-independent decrease in MDM2 protein (Ma
et al. 2000). Similarly, tanespimycin causes the destabili-
zation of MDMX, down-regulation of MDM2 protein, and
disruption of the MDM2–MDMX heterocomplex (Vaseva
et al. 2011). In these cases, the latter effect(s) could simply
be due to the ability of MDMX to regulate the stability of
MDM2 and the necessity of both binding partners to be
present in order to have a functional heterocomplex. As
another example, the MMRi compounds also cause the
degradation of bothMDM2 andMDMX apart from block-
ing their RING interactions (Wu et al. 2015). It is quite
possible that this is the main reason for prevention of
complex formation, but the exact sequence of events
and reasons behind the degradation are yet unknown.
This also suggests that the MMRi compounds may addi-
tionally affect functions of MDM2 and MDMX that are

independent of each other. The challenge in these situa-
tions lies in effectively decoupling the multiple effects
of these small molecules.

It is important to evaluate the effect of these com-
pounds in a truly p53-null setting in order to determine
the uniquely p53-independent roles of MDM2 or
MDMX.While CRISPR-Cas9 genetic ablation or RNA in-
terference-based depletion of protein levels are great tools
to experimentally create such contexts in cancer cell
lines, a series of available mouse embryonic fibroblast
lines with loss of MDM2 and p53, MDMX and p53, as
well as loss ofMDM2,MDMX, and p53 are also prominent
resources (Barboza et al. 2008). Usage of such tools has
proven to be very useful in the discovery of another class
of inhibitors that comprises compounds mainly known
for their ability to disrupt the interactions of MDM2 or
MDMX with p53 but can also inhibit some p53-indepen-
dent interactions of MDM2 or MDMX (such as nutlin
and LQFM030). This sparks the need to evaluate whether
other well-known and successful p53–MDM2/MDMX in-
hibitors can also have such multipronged effects on the
functions of MDM2 or MDMX. For example, azadiractin
is a natural product obtained from the neem tree that com-
petitively binds to the N-terminal p53 binding site of
MDM2 and has additionally been shown to induce p53-in-
dependent apoptosis through disrupted NF-κB signaling
(Gupta et al. 2018). Given the known roles of MDM2 in
regulating the NF-κB pathway (Thomasova et al. 2012),
it would be interesting to evaluate the potential of azadir-
actin to impede this p53-independent role of MDM2, akin
to the effect of nutlin (Mulay et al. 2012, 2016; Fan et al.
2018). DS-5272 is another inhibitor of p53–MDM2 inter-
action, which has also been shown to inhibit the regula-
tion of NF-κB by MDM2, likely in a p53-independent
manner (Fujikura et al. 2018). However, DS-5272 also
needs to be evaluated in the complete absence of p53 as
done in comparable studies with nutlin (Mulay et al.
2012, 2016) in order to confirm that this is indeed a p53-in-
dependent effect on the function of MDM2. In line with
this, it is important to note that a few of the small mole-
cules listed in Table 1 have not yet been tested in cells
devoid of p53, and instead, cells having mutant p53 were
used to determine their p53-independent roles, thus ne-
cessitating further evaluation of these inhibitors as well.

Apart from the biological question at hand, the choice
of these tools should also be based on their limitations.
Since the various antagonists can also have other effects
based on the system of use, they must be carefully as-
sessed before being used to infer the functions of MDM2
andMDMX. As listed in Table 1, while there are some in-
hibitors whose nonspecific off-target effects have come to
light (such as serdemetan, HLI, and NSC 207895), there
are others that are known to specifically target other pro-
teins apart from MDM2 or MDMX (such as adriamycin,
tanespimycin, SP141, and SQ). There are also some inhib-
itors whose exactmechanism of action is not yet fully elu-
cidated, and they could potentially have multiple effects
beyond what is reported, even if they only affect other in-
teractions of MDM2 or MDMX. Since the p53-indepen-
dent roles of MDMX and the MDM2–MDMX complex
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are yet largely unexplored, it would also be interesting to
test the effect of inhibitors that are only reported to affect
the functions of MDM2 alone on various aspects of
MDMX and the MDM2–MDMX heterocomplex.
These limitations highlight the need to use multiple

approaches that include numerous small molecules with
different mechanisms complemented with genetic tech-
niques in order to make robust conclusions. Even though
each method has its own drawbacks, if multiple methods
concur on the core observations, there would be higher
confidence in the conclusions.
Apart from the inhibitors listed here, we refer the reader

to two comprehensive reviews of various natural products
that are robust inhibitors of MDM2 and MDMX, both in
the context of p53 and otherwise (Qin et al. 2012, 2018a).
For example, JapA, gambogic acid, InuA, and berberine
can cause a down-regulation of the MDM2 transcript as
well as promote the degradation of MDM2 protein, thus
also effectively blocking the formation of the MDM2–
MDMX complex (Qin et al. 2018a). On the other hand,
sempervirine is another natural product that only inhibits
the E3 ligase activity ofMDM2 (Sasiela et al. 2008), and its
effect on the activity of the MDM2–MDMX heterocom-
plex is yet unknown.
Currently, there is no definitive proof of the clinical util-

ity of any of the MDM2-X inhibitors listed in Table 1, as
most of the MDM2/X inhibitors tested in the clinic are
those that primarily target the interaction of MDM2/X
with p53 (Tisato et al. 2017; Jiang and Zawacka-Pankau
2020). In support of a therapeutic advantage of targeting
the p53-independent roles of MDM2/X, some of these in-
hibitors have also shown an effect in certain patients’ tu-
mors harboring a mutation in p53 (Burgess et al. 2016).
For example, the clinical activity of RG7112, a molecule
that exert its effects via competitive binding to the p53
pocket ofMDM2 (Vu et al. 2013), inAML patients correlat-
ed with the expression levels of MDM2 but not the status
of p53 (Andreeff et al. 2016). In this study, two patients har-
boring different mutations of p53 did respond positively to
the drug. While it is possible that theMDM2 inhibitor was
somehow able to restore wild-type p53 activity in these pa-
tients, it is also suggestive of the involvement of p53-inde-
pendent roles of MDM2 in the malignancy of these cases.
Additionally, the MDM2 E3 ligase inhibitor serdemetan
has been tested in phase 1 clinical trials (ClinicalTrials.gov
no. NCT00676810). Although these trials also revealed is-
sues of toxicity and potential off-target effects (Karni-
Schmidt et al. 2016), it is possible that these off-target ef-
fects were simply dependent onMDM2 but not p53, as ser-
demtan is also reported to target the p53-independent
functions of MDM2 (these reports are listed in Table 1).
Taken together with the study where serdemetan elicited
an anticancerous response in multiple patient-derived xe-
nografts harboring either mutant or wild-type p53 (Char-
gari et al. 2011), there is a need for additional research
into its clinical effectiveness. Given the myriad p53-inde-
pendent functions of MDM2 and MDMX both in tumori-
genesis and in physiological maladies, as highlighted in
this review, we believe that targetingMDM2/X has signifi-
cant clinical potential outside of the context of p53. That

said, a lot more research is required before strong conclu-
sions can be drawn in this regard.
Wepropose that future research on the p53-independent

activities and interactions ofMDM2andMDMXwill ben-
efit fromwider use of the rather impressive tools that have
been described in this section. Figure 5 depicts both the
varied inhibitors and different points of attack that the
compounds tabulated in this section use to interfere
withMDM2 andMDMX and, in turn, how each might af-
fect the many distinct roles that these two proteins can
play in cells.

Epilog: what the future of research onMDM2 andMDMX
may hold

The vast majority of studies published on the MDMs
have focused on their respective abilities to restrain
wild-type p53. However, as outlined in this review,
MDM2 and MDMX have a significant impact on cells
that lack wild-type p53. Here, in summary, we pose ques-
tions that might inform future research.

When does regulation of MDM2 differ in cells that
contain or lack p53?

One of the first discoveries concerning MDM2 was that it
is a transcriptional target of p53, thereby establishing the
negative feedback circuit that must be broken in order
for p53 to be unleashed. As we outline earlier in this re-
view, since then, there have been a multitude of studies
documenting the complex ways that these proteins are
controlled that do not directly involve p53, extending
from gene expression at several levels to proteinmodifica-
tion. We still do not understand the extent to which p53
regulates these many modes of regulation. Furthermore,
whenMDM2 is released from p53, its own levels rise dra-
matically due to activation of p53, and depending on the
stimulus, it canbecomemodified inmyriadways.Recipro-
cally,westill donotunderstandhowbasalMDM2gene ex-
pression is regulated, nor doweunderstand howMDMX is
expressed either in basal conditions or after different stim-
uli.At theprotein level, itwill be imperative tounderstand
the function (or lack thereof) of allMDM2andMDMX iso-
forms found in cells. Most relevant to this review, to what
extent do altered levels and modifications of MDM2mat-
terwhen cells lack p53? Is one of the functions of activated
p53 to alter the cellular response to having more or differ-
ently modified versions of MDM2? Experimentally, the
use of either knockout mice or the generation of human
cell lines via gene editing can begin to address this and is
highly relevant to the next question we pose.

When do p53-independent activities of MDM2 or MDMX
come into play?

Aside from experimentally (and therefore artificially) en-
gineered cells and animals that lack wild-type p53, likely
the only naturally occurring situations where cells have
lost wild-type p53 are those that occur as a result of
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oncogenic transformation. Since solid tumors lacking
wild-type p53 range from very high frequency (e.g., ovari-
an cancer) to very low (e.g., melanoma, testicular cancer,
sarcoma, and cervical cancer) (Olivier et al. 2010), the
question is highly context dependent. In many but not
all such cases, tumors express high levels of mutant p53,
and there is mounting evidence that in some settings,
suchmutant p53 proteins are eliciting protumorigenic ac-
tivities sometimes referred to as “gain of function” (Brosh
and Rotter 2009; Freed-Pastor and Prives 2012;Muller and
Vousden 2014). Do mutant p53 proteins cooperate with
the MDMs to elicit their gain-of-function activities? If
so, do different mutant p53 alleles differ in their ability
to do so? Do MDM2 or MDMX work similarly in cells
that lack any p53 protein compared with those that ex-
press mutant proteins with documented oncogenic activ-
ities? Conversely, do different MDM2 spliced isoforms
play critical roles in mutant p53 pro-oncogenic activities
as suggested in a previous study (Zheng et al. 2013)?

Furthermore, it has been speculated that wild-type p53-
mediated survival functions (such as promoting DNA re-
pair) may provide a survival advantage to those tumors
that harbor wild-type p53. In either setting, do the p53-in-
dependent activities of MDM2 and MDMX contribute to
the evolution of such tumors that harbor wild-type p53?
Questions such as these will require a combination of ex-
perimental and patients’ data sets, prior to reaching any
firm conclusions.

In a larger sense, we pose the question as to how these
p53-independent functions drive tumorigenesis. How do
the roles and regulation of MDM2 andMDMX drive their

functions separately and together in clinical pathology? It
will also be critical to link mechanisms that control ex-
pression and functions of MDM2 andMDMX to their reg-
ulation of pathophysiological processes. While numerous
upstream regulators and downstream effects of MDM2
and MDMX have been identified as described in this re-
view, it is not yet known which of such myriad processes
have more significant effects on disease

When do MDM2 and MDMXwork separately or together
in the absence of wild-type p53?

Answering this question is quite challenging. Despite a
number of elegant studies documenting how MDM2 and
MDMX interact with and influence each other’s activi-
ties, there are scant reports documenting their functions
as a heterocomplex in cells lacking wild-type p53. With
the possible exception of MEL23, most compounds that
inhibit MDM2 or MDMX activity do so by changing the
levels of one or the other. Searching for more compounds
that uniquely affect the heterocomplex without changing
the levels of either of the two proteinswill extend our abil-
ity to address this question. In themeantime, there are ex-
perimentally derived mutant forms of both proteins that
cannot form the heterocomplex; introducing these either
as ectopic proteins or perhaps using gene editing technol-
ogy to allow them to be endogenously expressed (under
conditions where the presence of such mutant proteins
is compatible with cell viability) would help to address
this query.

Figure 5. A look at MDM2 andMDMXwith p53-blind glasses. Several proteins other than p53 regulateMDM2 andMDMX at the tran-
scriptional, translational, and post-translational levels through distinct mechanisms. These mechanisms are summarized at the top. The
bottom depicts some of the most prominent p53-independent functions of MDM2 andMDMX, both individually and together as a com-
plex. In red are the different inhibitors of these two proteins that are capable of modifying the ability of MDM2 andMDMX to undertake
these p53-independent roles. The figure also briefly indicates the mechanism of action of these drugs; while some of them impair the reg-
ulation of MDM2 and/or MDMX (e.g., SQ, SP141, NSC 207895, and FL-118), others can directly affect their functionality (e.g., HLI,
MEL23, and Nutlin-3).
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Other questions as well need to be answered. What is
the extent of the E3 ligase activity of the MDM2–
MDMX complex, and importantly, what are the key tar-
gets in cells that lack p53? Does the complex also add oth-
er UBLs, such as ATGs or FAT10? What is the biological
relevance of the different post-translational modifications
that the complex canmediate?Wewill need as full a com-
pendium of MDM2/MDMX targets as current state of the
art proteomic screens and protocols can provide to ap-
proach these questions.
Another complicated aspect concerning the functional-

ity of the MDM2–MDMX complex resides in their ability
to both polyubiquitylate and monoubiquitylate their tar-
gets. As described earlier in this review, MDM2 is able
to regulate different aspects of its E3 ligase targets, includ-
ing p53, outside of mere degradation depending on wheth-
er it performs polyubiquitylation or monoubiquitylation
(Li et al. 2003; Marine and Lozano 2010). Since there are
only a few physiologically confirmed targets of the
MDM2–MDMX complex outside of p53, it is not clear
whether the complex can regulate the same proteins as
MDM2. A considerable undertaking for the future would
be to identify both ubiquitylation targets and binding part-
ners of the MDM2–MDMX heterocomplex.

Can MDM2 and MDMX be tumor suppressive?

The vast majority of studies on MDM2 and MDMX are
consistent with their functioning to promote oncogenesis,
either by suppressing p53 or, as we have reviewed herein,
on their own. However, since the first surprising report
that showed that overexpressedMDM2 can inhibit growth
(Brown et al. 1998), there have been ahandful of reports that
are consistentwithMDM2at least playing roles that are ac-
tually growth and tumor suppressive, which is discussed in
an earlier excellent review (Manfredi 2010). Our discovery
that MDM2 and MDMX promote ferroptosis (Venkatesh
et al. 2020), a potentially tumor-suppressive process (Stock-
well et al. 2017), supports the suggestion that the context-
dependent role of MDM2 and MDMX in tumor suppres-
sion is worth serious consideration. Indeed, a recent review
pointed out that MDM2 orMDMX overexpression is a rel-
atively rare and tumor type-restricted occurrence (Dobbel-
stein and Levine 2020) when compared with the extremely
frequent occurrence of p53 mutations across a wide swath
of cancers. The same trend applies to SNPs in MDM2 and
MDMX, which are only present in some specific tumor
types. Since, as we have outlined in this review, there are
a plethora of inhibitors of MDM2 and MDMX, it may be-
come important to define the context in which they may
function to prevent tumor formation when considering
whether or not to use such agents.
As MDM2 and MDMX continue to emerge from the

shadowof p53 in their own right, wehope that future stud-
ies will address these interesting questions. With the in-
creasing number of tools in hand that we present in
Table 1, it is hoped that harnessing the answers to such
questions can lead to better and more effective therapies
to alter the roles of these two proteins in disease.
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