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The MDMX protein was identified as a p53-interacting protein with a strong similarity to
MDM2. Like Mdm2, Mdmx expression is essential for curbing p53 activity during embryonic
development, indicating nonredundant functions of Mdmx and Mdm?2. There is now a
large body of evidence indicating that cancers frequently up-regulate MDMX expression
as a means to dampen p53 tumor-suppressor function. Importantly, MDMX also shows p53-
independent oncogenic functions. These data make MDMX an attractive therapeutic target
for cancer therapy. Here, we summarize the mechanisms used by cancer cells to increase
MDMX expression and promising pharmacological strategies to target MDMX in cancer—in
particular, the recent findings that antisense oligonucleotides (ASOs) can be used to effi-
ciently modulate MDMX messenger RNA (mRNA) splicing.

he identification of MDMX (also known as

MDM4) was first reported almost 20 years
ago. It was discovered as a p53-binding protein
and showed high structural similarity to MDM2,
hence its name. A few years later, MDMX was
independently identified in an unbiased screen
for MDM2-interacting proteins placing MDMX
in the center of the p53—MDM2 network. Al-
though overexpression studies established the
ability of MDMX to inhibit the p53 transcrip-
tional activation function, the p53 community
remained skeptical about its biological impor-
tance. “Why do we need MDMX when MDM?2
can do the job,” appeared to be the consensus at
the time.

The key genetic finding that Mdmx, like
Mdm?2, is essential to keep p53 activity in check

during embryonic development changed this
sentiment. This observation clearly indicated
that Mdmx and Mdm?2 have nonredundant
functions in regulation of p53 activity. Since
then, MDMX has attracted more attention in
the p53 community and the MDM proteins
earned their own international workshop.
Much more insight into the regulation of
MDMX abundance and function under physi-
ological and pathological conditions has been
obtained. It has especially become clear that
MDMX is highly expressed in great numbers
of rather rare (retinoblastoma, ocular melano-
ma) but also more common tumor types like
cutaneous melanoma and breast cancer. There
is also increasing recognition that MDMX is a
promising and rather safe therapeutic target for
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P53 reactivation therapy. Although most efforts
aimed at pharmacological reactivation of p53
in tumors harboring wild-type p53 focused on
the MDM2—p53 interaction, recent data argue
that targeting specifically MDMX as a means
to liberate p53 is likely to be more effective, at
least in some specific cases, and less toxic for the
patients.

In this work, we will primarily review what
we have learned about the mechanisms that
drive high MDMX expression in cancer and
the opportunities that this creates for develop-
ing new, promising anticancer therapeutic strat-
egies.

FROM DISCOVERY TO STRUCTURE AND
BIOCHEMICAL FUNCTIONS

The Mdmx protein was discovered as a p53-
binding protein and shows a strong similarity
to MDM2 in its primary amino acid sequence
(Fig. 1) (Shvarts et al. 1996).

Four main conserved regions can be identi-
fied: the amino-terminal hydrophobic region
important for interaction with p53 and p73,
the carboxy-terminal RING domain involved
in heterodimerization with MDM2, and possi-
bly other RING domain—containing proteins,
the zinc-finger domain and the acidic domain
(AD).

The Amino-Terminal p53-Associating
Domain

The amino-terminal hydrophobic region or
“pocket” is best conserved between MDM2
and MDMX. In vitro studies have indicated sim-
ilar affinities of the amino-terminal domains of

MDMX and MDM2 for the p53 transactivation
domain (TAD) (Bottger et al. 1999). However,
it should be emphasized that the affinity of the
MDMX and MDM2 hydrophobic pockets for
p53-TAD invitro cannot be directly extrapolated
to the affinity in living cells. The interaction is
affected by other domains within MDM2/
MDMX and will be affected by additional fac-
tors. First, it has been shown that the very ami-
no-terminal “lid” of MDM2 is involved in the
interaction of the hydrophobic pocket with p53-
TAD; because the lid of MDM?2 appears to be
much more flexible than the MDMX lid and it
can be affected by modification, this distinction
between MDM2 and MDMX will affect their
affinity to the p53-TAD (McCoyet al. 2003; Wor-
rall et al. 2009, 2010). In addition, and very in-
terestingly, MDMX contains an internal motif,
which is structurally analogous to the interac-
tion domain within p53, leading to an intramo-
lecular interaction within the MDMX protein,
strongly diminishing the binding of MDMX to
p53. Interaction with other proteins or post-
translational modifications within this intramo-
lecular motif, as has been so clearly shown for
CKla, will modulate the affinity of MDMX for
p53 and the functional inhibition (Chen et al.
2005b, 2015; Wu et al. 2012; Bista et al. 2013).
Even so, it has been shown that swapping the
MDM?2 and MDMX amino-terminal domains
does not affect the efficiency of p53 ubiquitina-
tion in transfection experiments (Kawai et al.
2003b; Meulmeester et al. 2003), indicating a
functional similarity.

The amino-terminal pocket of MDM?2
not only interacts well with p53-TAD, but also
with p73-TAD and affects its function, although
the literature is not consistent regarding the

NLS NES (NoLS)
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MDM2 — p53 BD e S— Zn RING — 491
NLS
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— — 4
MDMX p53 BD  — Zn RING 90

Figure 1. Schematic representation of the MDM2 and MDMX proteins. The main conserved domains are
shown. BD, Binding domain; NLS, nuclear localization signal; NES, nuclear export signal; NoLS, nucleolar

localization signal.
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biochemical consequences of the MDM2—p73-
TAD interaction (i.e., whether MDM2 leads to
ubiquitination of p73 or not) (Balint et al. 1999;
Dobbelstein et al. 1999; Zeng et al. 1999; Kubo
et al. 2010; Wu and Leng 2015). So far, only
transfection or in vitro studies have been pub-
lished showing the interaction between MDMX
and p73-TAD (Ongkeko et al. 1999; Wang et
al. 2001; Zdzalik et al. 2010). We have recently
been able to show endogenous interaction be-
tween MDMX and TA-p73a in cells highly ex-
pressing MDMX, which could be disrupted by
Nutlin-3 treatment. Indeed, the Nutlin-3-in-
duced growth arrest in these cells appeared to
be partly determined by up-regulation of TA-
P73« activity (J Burger, K Ahmed, and AG Jo-
chemsen, unpubl.).

Although the literature is more ambiguous
regarding putative interactions with p63-TAD
and a specific interaction with the amino-ter-
minal pockets of MDM2 and MDMX in vitro
with very low affinity has been shown, it is high-
ly questionable whether physiological condi-
tions will ever be encountered in which such
an interaction can occur (Zdzalik et al. 2010).

In conclusion, the amino-terminal hy-
drophobic pocket of MDMX interacts with
p53-TAD and p73-TAD, and thereby has the
potential to inhibit the tumor-suppressor func-
tions of these proteins.

The RING Domain

The second-best conserved domain between
MDM2 and MDMX is the carboxy-terminal
RING domain. MDM2 functions as an ubiqui-
tin ligase targeting p53 for ubiquitination and
degradation. The RING-finger domain is essen-
tial for this activity through its ability to inter-
act with the E2 ubiquitin-conjugating enzyme.
Despite the conservation, the RING domain
of MDMX has no detectable ubiquitin-ligase
activity itself (Kawai et al. 2003b; Meulmeester
et al. 2003). There is, however, biochemical ev-
idence indicating that the MDMX RING do-
main can stimulate the ubiquitin-ligase activity
of MDM2 through heterodimerization, thereby
providing an extended interaction domain for
the E2 ubiquitin-conjugating enzyme (Poyu-
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rovsky et al. 2007; Linke et al. 2008). In agree-
ment, the Mdm2—-Mdmx complex formation
appears to be essential to keep p53’s activity
under control during mouse embryonic devel-
opment (Huang et al. 2011; Pant et al. 2011).
However, interpretation of these data is compli-
cated by the fact that disruption/mutation of
the RING domain of Mdmx most likely will
have more profound consequences than just
preventing its interaction with Mdm?2. In addi-
tion, in contrast to Mdm2-null embryonic tis-
sues, the steady-state p53 levels are only very
moderately elevated in tissues from Mdmx-
null embryos (Francoz et al. 2006). This obser-
vation indicates that Mdm?2 is perfectly capable
of keeping p53 protein at low levels even in the
absence of Mdmx.

The RING-RING interaction between
MDM?2 and MDMX is also necessary for the
regulation of MDMX ubiquitination on DNA
damage, in that way diminishing the levels of
MDMX leading to full activation of p53 (Kawai
et al. 2003a; Chen et al. 2005a; Okamoto et al.
2005; Pereg et al. 2005). Intriguingly, 55 rRNA
binds to the Mdmx RING domain and inhibits
the MDM2-mediated degradation of MDMX;
the mechanism of action has not yet been re-
vealed (Li and Gu 2011). The RING of MDMX
is also involved in an intramolecular interaction
with the acidic middle domain, in that way af-
fecting the subcellular localization. The MDMX
RING domain contains a cryptic nuclear local-
ization signal (NLS) that is hidden by the intra-
molecular interaction. DNA damage leads to
phosphorylation of MDMX on several residues,
leading to 14-3-3 interaction, disruption of the
intramolecular RING—AD interaction, and nu-
clear localization and degradation (Okamoto et
al. 2005; Pereg et al. 2005, 2006; LeBron et al.
2006; Chen et al. 2015).

The Acidic Domain and Zinc-Finger Domain

MDM?2 and MDMX also contain a conserved
zinc-finger domain, of which less is known re-
garding functionality. The MDM2 zinc-finger
domain is involved in the interaction with and
regulation of the retinoblastoma protein and in
its regulation by at least some of the ribosomal
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proteins (Hsieh et al. 1999; Liu et al. 2014).
Although MDMX also has been reported to in-
teract with the retinoblastoma protein, the
domain involved in this interaction and the pu-
tative functional consequences have not been
unequivocally elucidated (Uchida et al. 2006;
Zhang et al. 2015).

Although not conserved as primary amino
acid sequences, both MDM2 and MDMX con-
tain an AD in the middle of the protein. In
MDMX, this domain is involved in the intramo-
lecular interactions with the p53-binding do-
main and the RING domain mentioned above.
In MDM2, the AD is essential for ubiquitination
of p53, a function that cannot be fulfilled by
the analogous domain of MDMX (Kawai et al.
2003b; Meulmeester et al. 2003). The AD in
MDM?2 is also involved in the interaction with
ribosomal proteins and with pl14ARF; none
of these proteins were found to interact strong-
ly with MDMX. However, both p14ARF and
some ribosomal proteins affect the stability of
MDMX through their interaction with MDM?2
(Gilkes et al. 2006; Li et al. 2012; Daftuar et al.
2013).

Lessons from Mice

Loss-of-function studies in mice confirmed that
Mdmx acts as an essential negative regulator
of p53, at least during embryonic development.
The functional relationship between Mdmx and
P53 was clearly genetically established by the
observation that inactivation of p53 rescued the
embryonic developmental defects in Mdmx-de-
ficient mice (Parant et al. 2001; Finch et al. 2002;
Migliorini et al. 2002).

Early embryonic lethality associated with
Mdm2 and Mdmx-null mutations has made it
difficult to assess the physiological contribu-
tions of Mdm2 and Mdmx to the regulation of
p53 levels and activity. This was overcome by the
generation of Mdmx- and Mdm2-conditional
knockout (KO) alleles (Grier et al. 2002, 2006;
Steinman and Jones 2002; Mendrysa et al.
2003). For example, both Mdm2 and Mdmx
were conditionally inactivated in neuronal pro-
genitors (Xiong et al. 2006). Similarly, condi-
tional expression of p53 was restored specifically

in neuronal progenitor cells or in postmitotic
cells of mice lacking Mdm2 and/or Mdmx
(Francoz et al. 2006). Loss of Mdmx or Mdm2
led to distinct phenotypes but, importantly, all
phenotypes disappear in the absence of p53.
These observations showed that both Mdm2
and Mdmx are required to inhibit p53 activity
in the same cell type and confirmed that Mdm2
cannot compensate for Mdmx loss in vivo, at
least in these cell types.

As discussed above, the precise role of
Mdmx in the control of p53 stability remains
somewhat unclear. p53 levels were below the
detection limit in progenitor and in postmitotic
neuronal cells lacking Mdmx (Francoz et al.
2006). Similarly, p53 could not be detected at
E10.5 in Mdmx-KO neural progenitor cells. In
contrast, p53 is clearly detectable in Mdm2-de-
ficient cells at the same stage of development
(Xiong et al. 2006). Loss of both Mdm2 and
Mdmx does not lead to any further increase in
p53 levels compared with loss of Mdm?2 alone,
suggesting that Mdmx does not participate in
the regulation of p53 stability independently of
Mdm?2 (Francoz et al. 2006). However, whether
it does so in an Mdm2-dependent manner re-
mains a matter of debate.

Important insights into Mdmx function
also came from the analysis of the hypomorphic
p53*F mouse model, in which Mdmx-deficiency
can be fully rescued (Toledo et al. 2006). In this
model, the consequences of Mdmx loss were
studied in acompromised p53 context. Together
with the genetic models described above, these
studies provided the first genetic evidence
that Mdmx can inhibit p53 transcriptional ac-
tivity independent of Mdm?2. This is further il-
lustrated by the observation that loss of Mdmx
led to an increase in p53 activity in cultured
MEFs even in the absence of Mdm2 (Francoz
et al. 2006).

Although it is established that direct physi-
cal interaction is required, the molecular mech-
anisms underlying attenuation of p53 tran-
scriptional activity by Mdmx remain unclear.
However, there is evidence that Mdmx binding
to p53 interferes with the recruitment and/or
activity of the p53 cofactor p300 (Sabbatini and
McCormick 2002; Danovi et al. 2004).

4 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Med doi: 10.1101 /cshperspect.a026237



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

Importantly, the genetic model systems de-
scribed above provide clear evidence that Mdmx
and Mdm?2 cooperate to antagonize p53, at least
in some specific embryonic cell types. For in-
stance, ablation of Mdm2 and Mdmx specifi-
cally in the central nervous system (CNS) led
to a phenotype that was more severe and ap-
peared earlier than the phenotype seen on loss
of Mdm2 alone (Xiong et al. 2006). Similarly, the
extent of p53-mediated apoptosis was signifi-
cantly greater in the neuroepithelium of mice
lacking both Mdm2 and Mdmx than in mice
lacking Mdm2 alone (Francoz et al. 2006). These
data indicate that to achieve full p53 reactivation
in cells expressing both Mdm2 and Mdmx one
needs to target both Mdm proteins.

Another key observation originating from
these genetic studies is that, in contrast to
Mdm?2, inhibition of p53 by Mdmx is only re-
quired in a restricted number of cell types and/
or under certain physiological conditions. For
example, in contrast to Mdm?2, conditional in-
activation of Mdmx in cardiomyocytes (Grier
et al. 2006) and smooth muscle cells of the gas-
trointestinal (GI) tract (Boesten et al. 2006) led
to only minor defects, if any, in histogenesis and
tissue homeostasis. Similarly, although transient
restoration of the activity of a p53 variant ( p53-
ER [TAM]) in mice deficient for Mdm?2 is in-
eluctably lethal (Ringshausen et al. 2006), the
same genetic manipulation was well tolerated
on the Mdmax-deficient background (Garcia et
al. 2011).

Consistently, Mdmx protein, in contrast to
Mdm?2, is preferentially expressed in brain,
and to a lesser extent in spleen and thymus
(De Clercq et al. 2010). Its expression was ex-
tremely low to undetectable in all other adult
tissues analyzed. One reasonable interpretation
of these data is that, whereas Mdm?2 functions in
both proliferating and terminally differentiated
cells, Mdmx assists Mdm?2 in keeping p53 in
check only in highly proliferating cells, such as
embryonic tissues or in the proliferative com-
partment of the intestinal epithelium (Valentin-
Vega et al. 2009).

These observations have important im-
plications when it comes to p53 reactivation
therapeutic strategies. Indeed, whereas systemic
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exposure to potent MDM2-inhibitors is pre-
dicted to be toxic in patients, MDMX inhibition
is likely to be well-tolerated.

MDMX UP-REGULATION IN CANCER

Cancers that retain wild-type p53 often find
alternative ways to subvert p53 function,
through either deregulation of upstream mod-
ulators and/or inactivation of downstream ef-
fectors (Vogelstein et al. 2000). An increasing
body of evidence indicates that p53 inactivation
in these cancers is often a consequence of up-
regulation of MDMX protein levels.

The overexpression of MDMX affects a wide
range of tumor types, including sarcomas, car-
cinomas, melanomas, and even leukemias.

MDMX up-regulation in cancer can be driv-
en by different mechanisms, such as gene am-
plification, increased transcription, and protein
stabilization.

Riemenschneider and colleagues were the
first to report aberrant MDMX expression in
tumors; they reported MDMX gene amplifica-
tion correlating with high MDMX messenger
RNA (mRNA) levels in ~4% of wild-type
P53 malignant gliomas (Riemenschneider et al.
1999). A few years later, we showed by in situ
hybridization that MDMX mRNA levels are in-
creased in ~20% of breast, lung, and colon can-
cer samples (Danovi et al. 2004). In breast car-
cinomas, the overexpression could be explained
by gene amplification in 5% of the cases. Togeth-
er these studies identified gene amplification as
one key mechanism that contributes to MDMX
up-regulation in human cancers (Fig. 2).

Amplification of the MDMX gene was re-
ported subsequently in a subset of soft-tissue
sarcomas (17%). Interestingly, amplification
of MDMX correlated with poor prognosis (Bar-
tel et al. 2005). MDMX mRNA was detected in
all tumor samples, but whether mRNA levels
correlated with gene copy number was not de-
termined.

Increased MDMX copy number was also
found in ~65% of retinoblastomas. MDMX
protein was found highly expressed in retino-
blastoma samples and to be essential for retino-
blastoma tumor cell proliferation and survival
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Figure 2. Gene amplification and enhanced exon 6 inclusion are two important mechanisms that drive MDMX
overexpression in human cancers. CNV, Copy number variation; mRNA, messenger RNA; FL, full length.

(Laurie et al. 2006). MDMX mRNA was also
found highly expressed in all investigated tu-
mors. Surprisingly, however, total mRNA levels
did not correlate with MDMX gene copy
numbers and total mRNA levels were not sig-
nificantly higher in retinoblastomas compared
with fetal retina (McEvoy et al. 2012). These
results strongly indicate that posttranscriptional
and/or posttranslational mechanisms contrib-
ute to the regulation of MDMX protein levels in
tumors.

It actually remains unclear whether en-
hanced MDMX promoter activity/transcrip-
tion per se can contribute, at least to some
extent, to increased expression in tumors. Jian-
dong Chen and colleagues show that the MDMX
promoter contains, among others, Ets-family
transcription-factor binding sites and that tran-
scription of MDMX could be increased by mi-
togenic signaling activating the mitogen-acti-
vated protein kinase (MAPK) pathway (e.g., by
insulin-like growth factor [IGF]-I stimulation of
serum-starved cells) (Gilkes et al. 2008). Their

data also indicate that transient BRAF-V600E
expression into H1299 cells increases endoge-
nous Mdmx levels. However, the relevance of
these transfection data is not clear as we found
no correlation among Mdmx protein levels in
the BRAF or NRAS status in melanoma, and
inhibition of BRAF-V600E did not cause any
significant decrease in MDMX mRNA or pro-
tein levels (Marine Laboratory, unpubl.). In the
same study, Chen and colleagues reported that
~50% of colon cancer samples express high
MDMX protein levels, correlating with high
phospho-ERK staining. Unfortunately, mRNA
levels were not determined in these samples.
It is, therefore, still unclear whether high ERK
activity is causatively involved in up-regulation
of MDMX transcription. High MDMX protein
or mRNA levels were also reported in some types
of leukemias (Han et al. 2007; Bo et al. 2010;
Lietal. 2014). However, because expression lev-
els in healthy control tissues were partly missing
and protein data were not always available, in-
terpretation of these data is complicated.
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Recently, we showed that the MDMX pro-
tein is highly expressed in a very substan-
tial fraction (>65%) of cutaneous melanoma
(Gembarska et al. 2012). Strikingly, there was
no correlation between MDMX protein levels
and total MDMX mRNA levels. This obser-
vation is again in favor of a model in which
up-regulation of MDMX expression in these
samples relies on posttranscriptional mecha-
nisms.

Alternative splicing (AS) is one posttran-
scriptional mechanism that modulates gene
expression by adding or removing protein do-
mains, affecting protein activity, or altering the
stability of the mRNA transcripts (Kornblihtt
etal. 2013; Perez-Ortin et al. 2013). Interesting-
ly, both in normal tissues and tumor cells, the
MDMX gene produces two main isoforms, the
protein-coding full-length MDMX transcript
and a shorter transcript referred to as MDMX-
S, an abbreviation for MDMX-Short. The
MDMX-S isoform lacks exon 6, resulting in a
frameshift and a premature stop codon, thereby
directing the potential synthesis of a carboxy-
terminal truncated protein, which essentially
only retains its p53-binding domain (Rallapalli
et al. 1999). Overexpression in cancer cell lines
initially identified the MDMX-S protein as a
more potent inhibitor of p53 than full-length
MDMX. In contrast to MDMX, ectopically ex-
pressed MDMX-S protein primarily localized
to the nucleus and showed higher affinity for
p53 (Rallapalli et al. 1999, 2003). However, to
date, there is no conclusive evidence supporting
detectable expression of endogenous MDMX-S
protein in any normal or cancer cell lines. Con-
comitant to p53 activation, several types of
DNA damage induce a clear splicing switch
from MDMX-FL (FL [full length]) to MDMX-
SmRNA (Lenos and Jochemsen 2011). Yet, even
in these experimental conditions, only the full-
length MDMX protein could be detected.
Similarly, in tumor cell lines expressing higher
levels of MDMX-S mRNA compared with
MDMX-FL mRNA, only the full-length protein
was detected. We conclude from these data that
endogenous MDMX-S is possibly a very unsta-
ble protein and that the switch from MDMX-FL
to MDMX-S is one mechanism that cells under-

MDMYX, a Promising Target for Cancer Therapy

going stress use to lower the amount of MDMX-
FL protein, and thereby activate p53 (Lenos and
Jochemsen 2011). In addition, there is recent
evidence that exon 6 functions as an “non-
sense-mediated decay (NMD) switch” exon
(Bezzi et al. 2013; Boutz et al. 2015). The in-
frame insertion of the premature termination
codon in exon 7, which is located far more
than 50 nucleotides away from the poly(A) sig-
nal, creates a recognition site for the NMD
machinery (for review, see Popp and Maquat
2013). Consequently, exon 6 skipping might re-
sult in a relatively unstable MDMX-S transcript.
Consistent with all of the above, heterozygous
mice engineered for an obligatory Mdmx exon
6 skipping showed a decrease in Mdmx-FL pro-
tein expression and a concomitant increase in
p53 activity (Bardot et al. 2015). Importantly,
the MDMX-FL/MDMX-S ratio correlated with
overall levels of full-length MDMX protein in
panels of several tumor cell lines, including
breast cancer cells, osteosarcomas, and uveal
melanoma (Lenos and Jochemsen 2011; de
Lange et al. 2012; Bezzi et al. 2013). Together,
these data raise the possibility that high levels of
MDMX protein expression in cancer cells may
be a result, at least in part, of their ability to
affect the balance between skipping and inclu-
sion of exon 6 (Fig. 2).

Consistent with this possibility, we have
recently shown that mouse Mdmx mRNA is
unproductively spliced in most normal adult
tissues (Dewaele et al. 2015). As discussed
above, whereas Mdmx protein is detectable in
embryonic tissues, it is undetectable in most
adult tissues, except brain and thymus. Remark-
ably, we observed a striking correlation between
Mdmx protein levels and the ratio between
Mdmx-FL and Mdmx-S mRNA. Importantly,
we also obtained evidence that enhanced exon
6 inclusion correlated with high MDMX pro-
tein expression levels in the vast majority
(>90%) of melanoma clinical samples and
cell lines analyzed (n = 30). These data indicate
that MDMX protein expression is primarily
controlled by a splicing switch and that the
MDMX-FL/MDMX-S ratio is a reliable predic-
tor of MDMX protein abundance in melanoma
(Fig. 2) (Dewaele et al. 2015).
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Interestingly, we identified the splicing en-
hancer SRSF3 as necessary, but not sufficient,
to promote inclusion of exon 6 in MDMX
mRNA in melanoma cells. This observation
is consistent with the previously recognized on-
cogenic role of SRSF3 (Corbo et al. 2013). It
is also consistent with previous findings that
inhibition of SR protein kinase CLKs, by the
small molecule TG003, resulted in a similar de-
crease in MDMX-FL/MDMX-S ratio and pro-
tein abundance, both in neural stem/progeni-
tors and several other cancer cell lines (Bezzi
etal. 2013). Indeed, TGO0O03 led to similar effects
in all melanoma cell lines tested and reduced
their survival rates (Dewaele et al. 2015).

Note, however, that the correlation between
MDMX-FL/MDMX-S ratio and MDMX pro-
tein abundance is not strict as we identified a
few (<10%) melanoma samples in which this
correlation could not be established. This in-
dicates that other mechanisms—possibly post-
translational—may also account for MDMX
up-regulation in a small proportion of melano-
ma. Although, in contrast to MDM2, there is
so far no evidence for enhanced translation of
MDMX mRNA in tumors (Landers et al. 1994,
1997), a number of reports indicate that post-
translational events may contribute to MDMX
up-regulation by protein stabilization in human
cancers.

Phosphorylation by AKT was found to in-
duce 14-3-3 binding and stabilization of both
MDMX and MDM2 proteins and inhibition of
P53 activity (Lopez-Pajares et al. 2008). These
data are surprising, however, because the iden-
tified AKT phosphorylation site, Ser367, is
the same site that is phosphorylated by Chk2
to trigger MDMX degradation in response to
DNA damage (Chen et al. 2005a; LeBron et al.
2006; Pereg et al. 2006). It may mean that reg-
ulation of MDMX stability is more complex
than we previously anticipated. One possible
explanation for this apparent conundrum is
that MDMX levels are also under the control
of deubiquitination enzymes (DUBs), which,
depending on the cell context, might (or not)
counteract the ubiquitin ligase activity of
Mdm2. We have shown that USP7 is essential
to maintain normal MDMX levels in cells

(Meulmeester et al. 2005). High USP7 expres-
sion in several tumor types has been reported,
and, recently, a small molecule inhibitor of
USP7 was found to inhibit the growth of mul-
tiple myeloma cells, partly through MDM?2
regulation (Chauhan et al. 2012). It is well pos-
sible that such a USP7 inhibitor also affects
the growth of tumor cells with high levels of
MDMX by reducing MDMX levels. Another
DUB, USP22, is highly expressed in many tumor
types and in general correlates with poor prog-
nosis in patients with lung or hepatocellular
carcinomas (Hu et al. 2015; Tang et al. 2015).
USP22 is also highly expressed in a high propor-
tion of non-small-cell-lung cancer samples and
cell lines (Ding et al. 2015). Targeting USP22
by shRNA inhibits tumor growth and induces
apoptosis by activating p53, correlating with
down-regulation of MDMX protein levels. In-
deed, the investigators show that the effect of
USP22 down-regulation could be rescued by
ectopic MDMX expression. It will be interesting
to further determine MDMX protein abun-
dance in tumors with high USP22 levels to de-
termine the generality of these observations.

Stabilization of MDMX by USP2a has also
been reported. Down-regulation of USP2a in
N-TERA2 and MCEF-7 cells, both expressing
high levels of MDMX protein, resulted in de-
creased MDMX levels and growth inhibition
(Allende-Vega et al. 2010). Interestingly, more
recently, the stabilization of MDMX by USP2a
was also described in glioblastoma (Wang et al.
2014). Unexpectedly, MDMX overexpression
correlated with good prognosis in this particu-
lar case. The investigators found higher levels of
MDMX and Ser46-phosphorylated p53 at the
mitochondria of MDMX overexpressing cells,
which sensitizes the cells to ultraviolet (UV)-
induced apoptosis. These data are in line with
data from Moretti’s group, which reported that
high levels of MDMX sensitize tumor types for
UV- and adriamycin-induced apoptosis (Man-
cini et al. 2004, 2009, 2015). Although most
studies so far indicate that reducing MDMX
levels in tumors with wild-type p53 sensitizes
these cells for treatments, these provocative re-
sults should be kept in mind when developing
MDMX-targeting strategies.
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MDMX AS A THERAPEUTIC TARGET

Several studies established a causative link be-
tween MDMX overexpression and cancer for-
mation in vivo and, importantly, underlined
the addiction of cancer cells to high levels of
MDMX. Depletion of MDMX decreased the
growth of a series of p53 wild-type cancer
cell lines, including breast cancer cells, retino-
blastoma, uveal, and cutaneous melanoma, in
a largely p53-dependent manner (Danovi et al.
2004; Laurie et al. 2006; de Lange et al. 2012;
Gembarska et al. 2012). Moreover, as discussed
above, mouse genetic data strongly argue that
MDMX inhibition is likely to be a less hazard-
ous strategy than MDM2 inhibition for restor-
ing p53 function in tumors. All of these data
designate MDMX as a promising target for
P53 reactivation therapy.

Unfortunately, potent and specific small
molecule inhibitors of the MDMX-p53 inter-
action with clinical perspective are still lacking.
A specific inhibitor of the MDMX-p53 inter-
action has been reported, but the very complex
mechanism of action prevents the further de-
velopment into a clinically relevant compound
(Reed et al. 2010; Bista et al. 2012).

As an alternative, Bernal and coworkers re-
ported the design, synthesis, and evaluation of
stabilized a-helical (SAH) peptides (Bernal et al.
2010). One of these compounds, SAH-p53-8,

A
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binds Mdmx with high affinity and disrupts
MDMX-p53 complexes in vitro and in vivo
(Bernal et al. 2010). Consistently, SAH-p53-8
was sufficient to induce p53-dependent apo-
ptosis in cultured melanoma cells (Gembarska
et al. 2012). Importantly, SAH-p53-8 sensitized
melanoma cells to conventional chemothera-
peutics and to inhibition of BRAF-V600E by
vemurafenib and inhibited growth of BRAF-
V600E-mutant melanoma cells that acquired
resistance to BRAF-V600E inhibitors (Fig. 3).
These data, therefore, established MDMX as a
promising target for antimelanoma combina-
tion therapy. Even so, although stapled peptides
targeting both MDM?2 and MDMX have recent-
ly been introduced into the clinic ( phase IT), it is
questionable whether these types of therapeu-
tics can make it as blockbuster-selling drugs.
These peptides are expensive to produce and
have to be delivered through intravenous injec-
tions by trained professionals, which very sig-
nificantly increases the logistic burden associat-
ed with their use in the clinic.

One additional limitation of targeting the
MDMX-p53 interaction is that this will not
counteract p53-independent oncogenic activity
of MDMX. There is indeed an increasing body
of evidence that MDMX possesses p53-inde-
pendent oncogenic functions (De Clercq et al.
2010; de Lange et al. 2012; Carrillo et al. 2015).
Consistently, knocking down MDMX in most

Acquisition of
® \drug resistance

JN A

A

Figure 3. MDMX targeting sensitizes cells to BRAF-V600E inhibitors and reduces cell viability/growth of
melanoma cells that have acquired resistance to BRAF-V600E inhibitors.
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melanoma cells caused cell-cycle arrest, which
could not be rescued on concomitant inacti-
vation of p53 (Gembarska et al. 2012). Inhibi-
tion of melanoma growth on MDMX depletion
could also be observed in some melanoma cells
with mutant p53 (Marine Laboratory, unpubl.).
These data point to p53-independent onco-
genic functions of MDMX, in addition to its
known ability to suppress p53. As an alternative
approach, which could overcome this limita-
tion, methods that target MDMX protein abun-
dance should be explored.

The identification of the above-described
alternative splicing-dependent mechanism re-
sponsible for the high MDMX protein levels in
a large fraction of melanoma has offered novel
therapeutic opportunities. Accordingly, splice-
switching antisense oligonucleotides (ASOs)
flanking the exon—intron boundaries of exon
6 have been designed. Exposure of melanoma
cells to these agents leads to efficient exon 6
skipping and subsequent decrease in MDMX
protein abundance, accompanied by an increase
in p53 activity (Fig. 4). Importantly, ASO-me-
diated exon 6 skipping decreased the ability of
p53 wild-type melanoma cultures to grow in
vitro and in patient-derived xenograft (PDX)
mouse models and enhanced their sensitivity
to MAPK-targeting therapeutics (Dewaele et
al. 2015). In addition, we showed that target-
ing MDMX splicing with ASOs is also applica-
ble to other cancers that overexpress MDMX
(Dewaele et al. 2015). Moreover, because the
approach targets MDMX protein abundance
rather than its interaction with p53, it is expect-
ed to target the p53-independent oncogenic ac-
tivities of MDMX and is applicable to an even
broader spectrum of human tumors including
those harboring p53 mutations (Fig. 4).

Importantly, >100 different antisense drugs
have been enrolled into various phase II and III
clinical trials, and three of them (including an
oral ASO) have recently been approved by the
Food and Drug Administration (FDA) (Raal
et al. 2010; Hair et al. 2013; Monteleone et al.
2015). Given the recent surge of optimism
about ASO-based therapeutics, the targeting
of MDMX exon 6 splicing may be rapidly ap-
plicable to the clinic.

MDMYX, a Promising Target for Cancer Therapy

To increase the chance of success of such
clinical trials, it will be essential to stratify pa-
tients into MDMX-high and MDMX-low ex-
pressers. Because no correlation exists between
MDMX mRNA and protein levels, screening of
patient samples should be ideally performed at
the protein level. In this context, the develop-
ment of new molecular diagnostic tools, such as
the proximity ligation assay, may become an im-
portant priority. However, the implementation
of such assays in diagnostic laboratories is often
a challenge. Alternatively, because recent data
have indicated that the MDMX-FL/MDMX-S
ratio is a reliable predictor of MDMX protein
levels, this analysis, relatively easy to implement
from a low amount of starting materials, could
be used as a guide.

CONCLUDING REMARKS

Over the last 20 years, MDMX evolved from the
status of the little brother of its well-studied and
important “older” relative MDM2 to another
key negative regulator of p53 in embryonic and,
perhaps most importantly, cancer cells. A large
body of evidence indicates that up-regulation
of MDMX is a main mechanism that contri-
butes to p53 inactivation in tumors that retain
wild-type p53. MDMX has also become a very
attractive therapeutic target for p53 reactivation
therapy and to sensitize cancer cells to other
therapeutic strategies. While awaiting the devel-
opment of potent and specific small-molecule
inhibitors of the MDMX-p53 interaction, the
recent identification of one key mechanism that
controls MDMX abundance—namely, alterna-
tive splicing—has offered alternative routes for
its targeting. We sincerely hope that these find-
ings will help in translating > 30 years dedicated
to p53 research into clinical benefits for the
patients.
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