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Introduction

The evolutionary conservation of p53 across invertebrate 
and vertebrate species underscores its prominence 
in preserving cellular fitness and tissue function in 
multicellular organisms. p53 contributes to the maintenance 
of cellular homeostasis chiefly by controlling the expression 
of numerous genes in response to intra- and extra-cellular 
stress cues, hence representing a central element of the 
stress-response and cell fate decision process. In order to 
preserve their fitness in an energetically sensible way, cells 
have to constantly make cost-effective decisions that range 
between survival and death. To prevent and repair damages 

that can threaten their genome stability and the integrity of 
other essential structures, cells must sense cellular damage 
and promptly activate an appropriate response, such as cell 
cycle arrest, DNA repair or, if the damage is more severe, 
apoptosis. However, living cells are constantly exposed to 
an intrinsic level of stress caused by normal processes like 
cycling and division. Arresting the cell cycle or inducing 
programmed cell death in response to these transient and 
mild stresses would be energetically insensible. Therefore, 
to maintain their homeostasis and fitness, cells have to size 
their stress response to the perturbation that triggered it. 
Similarly, cells exposed to growth promoting stimuli need 
to be able to ignore fortuitous growth factors and undergo 
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proliferation only in response to consistent mitogenic 
signals. In order to do this, one of the restriction points 
they have to bypass is represented by p53-controlled anti-
proliferative genes, which need to be downregulated in 
order for the cells to commit to cell cycle progression (1). 
In this context, it is essential for the cells and especially for 
actively proliferating cells to modulate the function and 
stability of p53, given its role as guardian of the cellular 
homeostasis.

The two major essential negative regulators of p53 are 
MDMX and MDM2, two homolog proteins that control 
p53 activity and turnover, hence keeping it in check during 
normal cell cycling. Loss of MDMX and MDM2 leads to 
activation of p53 in most tissues, though only radiosensitive 
tissues such as spleen and thymus display the onset of 
p53-dependent apoptosis (2). Thus, MDM proteins 
probably evolved to buffer unwanted p53 activation (3). 
Highly proliferative cells, such as embryonic tissues or the 
proliferative compartments of the intestinal epithelium 
and of the adult brain, are generally more sensitive to p53 
activation and therefore need an effective MDM proteins 
system to keep it in check (4,5). For example, MDMX and 
MDM2 are preferentially expressed in the subventricular 
zone of the adult brain, which is the putative site of 
adult neurogenesis, and where depletion of either MDM 
gene leads to p53-dependent apoptosis (2,6,7). A high 
frequency of over expression or amplification of MDMX 
and MDM2 is also observed in glioblastoma (8), which is 
derived from stem cells in the subventricular zone of the 
brain, underscoring the importance of MDM proteins in 
safeguarding the homeostasis of proliferating cells.

p53, MDMX and MDM2 form a highly dynamic 
regulatory node that contains positive and negative feedback 
loops (9). MDM2 can target p53 for degradation, but is also 
a p53 transcriptional target gene itself, creating a negative 
loop controlling p53 turnover. MDM2 protein stability and 
E3 ligase activity are increased by MDMX interaction, but 
MDMX can also be targeted for degradation by MDM2 
upon DNA damage stress, when MDM2 activity is diverted 
from p53 to MDMX, generating another negative feedback 
loop that buffers MDM2 activity (10). This complex 
regulatory core ensures an effective buffering of p53 in non-
stress conditions and its prompt activation under conditions 
of stress, i.e., in response to DNA damage (9). As the 
essential upstream modulator of p53, the MDMX-MDM2 
complex integrates multiple intra- and extra-cellular 
signaling pathways regulating p53 response to perturbations 
of cellular homeostasis (9,11).

Since it harbors both a nuclear localization signal (NLS) 
and a nuclear export signal (NES), MDM2 can be found 
both in the nucleus and in the cytoplasm, whilst MDMX is 
predominantly cytoplasmic and depends on MDM2 binding 
to translocate into the nucleus. Given its localization, it is 
plausible to hypothesize that MDMX, rather than MDM2, 
is the first recipient of signaling cues directed towards the 
MDMX-MDM2 complex and aimed at either suppressing 
or activating p53. Although ultimately both MDM proteins 
are required for an effective modulation of p53, they 
have been shown to display non-overlapping functions, 
which could also include their role in mediating upstream 
signaling pathways targeted at the p53 core. We propose 
that MDMX represents a “signaling hub” transducing 
mitogenic signals as well as stress signals to the MDMX-
MDM2 complex and therefore to p53. In a cancer context, 
our lab has shown that at least two receptor tyrosine kinases 
can inhibit p53 activation via modulation of the MDMX-
MDM2 complex stability and, specifically, through post-
translational modifications of MDMX (12,13). These and 
other studies (14) suggest that MDMX could be a promising 
and rather safe therapeutic target for pharmacological 
restoration of p53 in tumors harboring wild-type p53.

MDMX-MDM2 complex

Few year after its discovery, an unbiased screen for MDM2-
interacting proteins identified MDMX as binding partner of 
MDM2. However, despite overexpression studies showing 
that MDMX could suppress p53 transcriptional function, 
the p53 community remained skeptical about its biological 
relevance in the regulation of p53. It was unclear why 
another protein would be required to keep p53 in check, 
when MDM2 could already do the job. Several structural 
studied stressed the importance of RING:RING interaction 
between MDMX and MDM2 for MDM2 stability and 
optimal E3 ligase activity (15,16). It was also reported that 
the binding of MDMX and MDM2 is required for the E3 
ligase to target p53 (17). However, the key findings that led 
to the establishment of MDMX as a key player in the p53 
regulatory core came from mouse genetic studies. Loss-of-
function studies confirmed the role of MDMX an essential 
negative regulator of p53 during embryonic development. 
The embryonic lethality of the MDMX mouse model could 
be rescued by p53 knockout, confirming the functional 
dependency of the observed embryonic defect (18-20). 
MDMX or MDM2 knockout in neuronal progenitor cells 
and postmitotic cells displayed different phenotypes but, 
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importantly, both phenotypes could be fully rescued by 
p53 ablation, showing that both MDMX and MDM2 are 
required for p53 inhibition and confirming that MDM2 
cannot compensate for MDMX loss (2). However, loss 
of both MDMX and MDM2 did not cause any further 
increase in p53 levels, compared to MDM2 alone, leaving 
unclear whether MDMX could regulate p53 independently 
of MDM2.

The most convincing data in supporting the importance 
of the MDMX-MDM2 complex have been produced by 
Huang et al. (21) and Pant et al. (22), who investigated 
the role of MDMX and MDM2 during embryonic 
development. Pant’s model was an MDMX mutant mouse 
with a deletion of the RING domain, which prevented the 
interaction between MDMX and MDM2. Huang et al. 
adopted a less invasive genetic approach, using a knockin 
mouse model with a single base substitution in the MDMX 
RING domain, MDMXC462A. In this model, MDMX and 
MDM2 could not bind together to form a complex, but 
would otherwise retain their normal functions, including 
their ability to independently inhibit p53. Both models 
were shown to be embryonic lethal and, importantly, their 
lethality could be rescued by concomitant p53 knockout. 
These studies showed that MDMX and MDM2 function 
together as a complex and that their interaction is required 
for an effective control of p53.

Structure and function of MDMX

The MDMX protein shows a strong similarity to MDM2 
and display four main conserved regions: (I) the amino-
terminal hydrophobic region important for interaction with 
p53; (II) the carboxyl-terminal RING domain involved 
in heterodimerization with MDM2; (III) the zinc-finger 
domain and (IV) the acidic domain (AD) (Figure 1).

The p53 binding domain

The p53 binding domain is best conserved between MDM2 
and MDMX. It interacts with the p53 transactivation domain 
(TAD) and inhibits its ability to induce transcription of 

its various targets (23,24). Although in vitro studies have 
reported similar affinities of the amino-terminal domains of 
MDMX and MDM2 for the p53 TAD (25), we should be 
careful in directly extrapolating these in vitro observations 
to live cells. For instance, Nutlin-3, which is a very potent 
inhibitor of MDM2-p53 interaction, is not very effective 
at inhibiting the MDMX-p53 interaction (26). This could 
be due to the fact that the p53-MDM protein interaction is 
affected by other domains within MDMX and MDM2. For 
instance, MDMX contains an internal motif, structurally 
similar to the interaction domain of p53, which can result 
in an internal interaction within MDMX protein, leading to 
diminished binding to p53. Furthermore, post-translational 
modifications or interactions with other proteins can 
modulate MDMX affinity with p53. For instance, MDMX 
p53-binding domain can be phosphorylated by c-Abl, at Tyr-
99 and Tyr-55, interfering with p53 binding (27).

The RING domain

It is the second-best conserved domain between MDMX 
and MDM2. Whilst in MDM2 the RING-finger domain 
is essential for its ubiquitin ligase activity, allowing MDM2 
to target p53 and other proteins for ubiquitination and 
degradation, in MDMX the RING domain does not display 
intrinsic ubiquitin ligase activity itself (28-30). Instead, the 
main functions of the RING domain of MDMX appear to 
be related to its interaction with MDM2. MDMX binding 
to MDM2 occurs via a RING:RING interaction that 
leads to the formation of a heterodimer that is both more 
stable and more effective in keeping p53 in check during 
embryonic development. Besides increasing MDM2 protein 
stability, MDMX biding can also stimulate its E3 ligase 
activity, providing an extended interaction domain for the 
E2 ubiquitin-conjugating enzyme (31,32).

The RING:RING interaction between MDMX 
and MDM2 is also required for the MDM2-mediated 
ubiquitination of MDMX upon stress, leading to a 
destabilization of the heterodimer and consequent activation 
of p53 (27-29). Post-translational modifications can affect this 
interaction, promoting ubiquitination by MDM2. Proteomic 
studies have identified several phosphorylation sites near 
the C-terminal RING domain of MDMX, including S342, 
S367 and S403. S342 and S367 are phosphorylated by Chk2, 
whilst S403 is modified by ATM. Phosphorylation of these 
sites promotes MDM2-targeting of MDMX for degradation, 
leading to decreased MDMX stability in response to DNA 
damage. Of note is that Ser367 is also phosphorylated by 
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Figure 1 Phosphorylation map of MDMX, indicating the main 
known sites. AD, acidic domain.
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oncogenic kinase Akt, resulting in MDMX stabilization 
rather than degradation (33).

The MDMX RING domain also contains a cryptic NLS 
that is hidden by the intramolecular interaction. DNA 
damage can lead to phosphorylation of MDMX on several 
residues, including S367, which becomes a docking site for 
14-3-3. The interaction of 14-3-3 with MDMX promotes 
a conformational change that disrupts the intramolecular 
interaction, exposes the cryptic NLS and leads to nuclear 
accumulation (34,35). Although on one side it may 
promotes MDMX degradation, since most MDM2 is in 
the nucleus, hence leading to p53 activation, it may on the 
other side be an active mechanism to suppress p53 activity.

The AD and zinc finger domain

Both MDM2 and MDMX contain an AD and zinc-finger 
domain, but their functionality is still poorly understood. 
MDM2 zinc-finger domain is involved in regulation of 
the retinoblastoma protein pRb (36), whereas the role of 
MDMX zinc-finger domain has not been fully elucidated, 
although also MDMX has been reported to interact with 
pRb (37,38).

MDM2 AD is required for its E3 ligase activity 
(29,30) and is involved in its interaction with p14ARF 
and ribosomal proteins. MDMX AD is involved in the 
intramolecular interactions with the p53-binding domain 
and the RING domain, but does not seem to interact with 
either p14ARF or ribosomal proteins, although p14ARF 
can affect the stability of MDMX through their interaction 
with MDM2 (39-41).

The identified phosphorylation sites in MDMX 
(Table 1)

 
Phosphosites in the p53 binding domain: Tyr55, Tyr99 
and Tyr96

The Tyr99 site is located in the p53 binding domain of 
MDMX and has been identified as a target phosphorylation 
site of the stress-activated kinase c-Abl. Upon DNA 
damage, the activation of c-Abl leads to the phosphorylation 
of MDMX, and also MDM2, causing p53 to be relieved 
from its major inhibitors and therefore activated (42). More 
recent modeling studies reveal that the phosphate group of 
pTyr99 imposes extensive steric clashes with the C-terminus 
of p53, contributing to the dramatic decrease in the binding 
affinity of MDMX for p53. This study shows how stress-
induced MDMX phosphorylation dislodges p53 from the 
inhibitory complex and activates it in response to DNA 
damage (27). Another site that is phosphorylated by c-Abl 
upon DNA damage is the Tyr55. Phosphorylation on Tyr-99 
is required at least partially for an efficient phosphorylation 
of Tyr-55. The Tyr96 site is phosphorylated by CDK2/p34, 
which is usually active in non-stress conditions, leading to 
an increase in the cytoplasmic localization of MDMX and 
promoting nuclear export of MDM2 (43).

Phosphosites in the AD and zinc domain: Ser289 and 
Ser314

The Ser289 site, when phosphorylated by its upstream 
kinase CK1A, has been shown to suppress MDMX 
interaction with p53, despite being located in the AD and 
not in the p53 binding domain. The ability of MDMX to 

Table 1 List of the main MDMX sites, their putative upstream kinases and main downstream functions. From www.phosphosite.org

Protein domain Sites Upstream kinases Downstream regulation

p53 binding domain Tyr55 c-Abl Molecular association, phosphorylation

Tyr99 c-Abl Molecular association, phosphorylation

Ser96 CDK1 Intracellular localization

Acidic/zinc domain Ser289 CK1A Molecular association

Ser314 CDK4/6, p38 Molecular association, intracellular localization

RING domain Ser342 PPM1D, Chk1, Chk2, ATM Intracellular localization, protein degradation, ubiquitination

Ser367 Akt, Chk1, Vhk2 Cell growth, intracellular localization, molecular association, protein 
degradation, protein stabilization, ubiquitination

Ser403 ATM Intracellular localization, molecular association, protein degradation, 
ubiquitination

http://www.phosphosite.org
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inhibit the sequence-specific DNA binding activity of p53 
requires the cooperation between MDMX and CK1α, and 
the phosphorylation of S289 on MDMX. A proteolytic 
fragment release assay revealed that in the MDMX-p53 
complex, the MDMX AD and RING domain interact stably 
with the p53 DNA binding domain. These interactions 
are referred to as secondary interactions because they only 
occur after the canonical-specific binding between the 
MDMX and p53 N termini, but exhibit significant binding 
stability in the mature complex (44).

The Ser314 site has been recently identified by a 
phosphoproteomics screen as target of phosphorylation 
upon overexpression or ligand stimulation of the receptor 
tyrosine kinases Her4 and AXL, which were shown to 
promote its phosphorylation indirectly, through the 
mediation of the kinases CDK4/6 and p38. Phosphorylation 
of MDMX on Ser314 was able to favor MDMX nuclear 
import and increase its stability by protecting it from 
MDM2-mediated degradation (12,13). The identification 
of the Ser314 site as a target of multiple tyrosine kinases 
signaling point at a role of MDMX as the converging point, 
or “hub”, of oncogenic signaling aimed at suppressing p53, 
given the prosurvival role of tyrosine kinases in cancer 
development and the fact that p53 functional deactivation is 
required for tumorigenesis.

Phosphosites in the RING domain and proximal regions: 
Ser342, Ser367 and Ser403

Double strand-breaks (DSB) leads to ATM activation and 
phosphorylation of MDMX on three sites: S342, S367 and 
S403. S403 is a direct ATM target, whereas phosphorylation 
of S342 and S367 require the Chk2 kinase. Chk2 also 
stimulates MDMX ubiquitination and degradation by 
MDM2. Therefore, the E3 ligase activity of MDM2 is 
redirected to MDMX after DNA damage and contributes 
to p53 activation (45,46). Furthermore, DSB-induced 
phosphorylation of Ser-342 and Ser-367 was shown to be 
essential for creating a binding site for several isoforms 
of the 14-3-3 protein, leading to nuclear localization 
of MDMX, and promoting its degradation upon DNA 
damage (47). Another important component of the ATM-
MDMX-p53 loop is the kinase Wip1 (or PPM1D), which 
contributes to p53 regulation by dephosphorylation of 
MDM2 and MDMX. The ATM-target Ser403 is directly 
dephosphorylated by Wip1, whereas Wip1 indirectly 
suppresses phosphorylation of MDMX on Ser342 and 
Ser367. In this way Wip1 inhibits the DNA damage-
induced ubiquitination and degradation of MDMX, 

leading to the stabilization of MDMX and reduction of p53 
activities (48). Another upstream kinase of Ser342 is AMPK, 
which is activated by metabolic stress. AMPK-mediated 
phosphorylation of MDMX leads to enhanced association 
between MDMX and 14-3-3, resulting in inhibition of p53 
ubiquitination and p53 stabilization and activation (49).

MDMX as a stress signals hub

DNA damage

Whilst MDM2 undergoes self-ubiquitination and has a very 
short half-life in cell culture (15–30 min), MDMX half-
life is much longer (3–6 hours) and its stability is controlled 
by MDM2-dependent ubiquitination in a stress-dependent 
manner (50). Following DNA damage by ionizing radiation, 
MDMX is rapidly degraded by MDM2, reliving p53 from 
the heterocomplex suppression and allowing its activation. 
Candidate approach and mass spectrometry have identified 
several phosphorylation sites (i.e., Ser342, Ser367 and 
Ser403) near the C-terminal RING domain of MDMX that 
are involved in MDMX degradation upon DNA damage 
(45,46). ATM phosphorylates MDMX at Ser403, causing 
MDM2 to target MDMX for ubiquitination. The Ser367 site 
has been shown to be phosphorylated upon ionizing radiation 
or DNA damaging treatment with camptothecin, leading to 
MDMX binding to 14-3-3 and translocating into the nucleus 
(34,35). Also, phosphorylation of MDMX at Tyr99 disrupt its 
interaction with p53, leading to p53 activation (14).

Ribosomal stress

MDMX has also been shown to be involved in the response 
to ribosomal stress. Ribosomal stress resulting from inhibition 
of rRNA transcription promotes MDMX degradation 
through L11-MDM2 interaction, which promotes MDM2-
dependent ubiquitination of MDMX (39). Ribosomal subunit 
S7 has been shown to inhibit MDM2 and stabilize p53 in a 
MDMX-dependent fashion (51). Another study showed that 
the ribosomal noncoding 5S rRNA can stabilize MDMX 
under non-stress conditions (39).

Oncogenic stress

MDMX can also be modulated by oncogenic stress. ARF 
expression and interaction with MDM2 stimulates MDMX 
ubiquitination and degradation. K-Ras and insulin-like 
growth factor-1 (IGF-1) can increase MDMX transcript 
and protein levels (52). Another study by Li et al. showed 
that ARF can promote MDMX-MDM2 complex stability 
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by mediating a second site interaction between MDM2 and 
MDMX (40). Also Akt was found to stabilize both MDM2 
and MDMX, leading to stabilization of the heterocomplex 
and p53 suppression (33). These results underscore the 
importance of the MDMX-MDM2 heterocomplex as a 
common central hub of multiple stress signals aimed at 
modulating p53 function and stability.

MDMX-MDM2 complex as therapeutic target

Wild-type p53 expressing cancers have a high frequency 
of MDMX and/or MDM2 overexpression, either at 
protein or at transcript levels (3). For instance, in wild-
type p53-expressing cutaneous melanoma, the frequency of 
MDM2 and MDMX protein alterations is 46% and 85%,  
respectively (3), second only to breast cancer, pointing at 
a major oncogenic role of MDM proteins in melanoma. 
However, Nutlin3 treatment in melanoma cells only caused 
modest reactivation of p53 (53,54), suggesting that targeting 
only MDM2-p53 interaction may not be sufficient to 
effectively restore p53 pathway. A specific inhibitor of the 
MDMX-p53 interaction has been reported, but its clinical 
application is limited by its complex mechanism of action 
(55,56). As an alternative, Bernal et al. developed a stabilized 
α-helical peptide, SAH-p53-8, able to bind MDMX and 
disrupt the interaction between MDMX and p53 in vitro 
and in vivo (57). Gembarska et al. (14) demonstrated that this 
peptide could induce p53-dependent apoptosis in cultured 
melanoma cells and, importantly, sensitize melanoma cells 
to conventional chemotherapy and BRAF-V600E inhibitors. 
One limitation of this approach, however, is the p53-
independent oncogenic function of MDMX (58,59). An 
alternative approach that would overcome this limitation is 
targeting MDMX protein abundance by using alternative 
splice-switching antisense oligonucleotides (ASOs) of 
exon-intron boundaries of exon 6. Treatment of cultured 
melanoma cells to these agents led to exon 6 skipping 
and decrease of MDMX protein abundance, resulting in 
increased p53 activity (60). In vivo, these agents were able to 
suppress the growth of patient-derived xenografts (PDX) and 
sensitize them to MAPK-targeting inhibitors. Although these 
results are very encouraging, genetic studies (21,22) have 
shown that MDMX and MDM2 exert their control on p53 
more efficiently when working together as a complex, rather 
than singularly. These observations suggest that targeting the 
stability of the MDMX-MDM2 complex could potentially 
provide a more effective strategy to rescue p53 than therapies 
targeted only on MDMX or MDM2. For instance, the design 
of peptides able to bind MDMX and disrupt its interaction 

with MDM2 could potentially prove more effective, although 
these peptides are expensive to produce and have to be 
delivered intravenously by trained professionals, making their 
use in the clinic logistically difficult. An alternative method 
of disassociating the MDMX-MDM2 complex needs to be 
explored for therapeutics.
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