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Abstract
The function and regulation of MDM2 as a component of a p53-dependent negative feedback loop has formed a core paradigm in the p53 field. This 
concept, now 20 years old, has been solidified by fields of protein science, transgenic technology, and drug discovery in human cancer. However, it 
has been noted that a simple negative feedback loop between p53 and MDM2 lacks an intrinsic “activating” step that counteracts this inhibition and 
permits oscillation of the feedback to occur as p53 is switched on and off. More recent work has identified a solution to the missing piece of the picture 
that counters the negative feedback loop, which is MDM2 itself. Under conditions of genotoxic stress, MDM2 helps to activate p53 by increasing its 
rate of protein synthesis. This simple observation makes certain aspects of the p53 response more comprehensible such as why MDM2 is upregulated 
by p53 early on following DNA damage and how phosphorylation of MDM2 at the C-terminal Ser395 by ATM translates into p53 activation. The 
latter acts by inducing allosteric changes in the RING domain of MDM2 that expose its RNA binding pocket, support p53 synthesis, and suppress 
its degradation. This allosteric nature of MDM2 in the C-terminus mirrors the allosteric effects of the binding of small molecules to the p53 interacting 
pocket at the N-terminus of MDM2, which opens the core domain of MDM2 to central domains of p53, which controls p53 ubiquitination. Thus, the 
highly allosteric nature of MDM2 provides the basis for dynamic protein-protein interactions and protein-RNA interactions through which MDM2’s 
activity is regulated in p53 protein destruction or in p53 protein synthesis. We discuss these mechanisms and how this information can be exploited 
for drug development programs aimed at activating p53 via targeting MDM2.
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The p53-MDM2 feedback loop is 
proving to be important not only 
for cancer control but also for tis-

sue injury associated with aging. These 
diverse biological outcomes depend on 
the inputs whereby p53 can be activated 
and affirm that relatively modest 
changes in the levels of p53 have impor-
tant consequences for cell biology and 
animal physiology, underlining the 
importance of controlling p53 expres-
sion levels under normal conditions as 
well as under conditions of cellular 
stress. For example, pharmacological 
activation of p53 in murine transgenes 
using the C-terminal peptide domain 
induces a pro-aging phenotype such as 
reduced longevity, osteoporosis, gener-
alized organ atrophy, and a diminished 
stress tolerance osteoporosis.1 Enhanced 
pro-aging is also seen from p53-induced 
senescence in murine skin after reducing 
MDM2 gene dosage.2 A second trans-
genic study showing that enhanced p53 

function promotes aging used another 
truncated form of p53 with mutations in 
the MDM2-binding domain.3 An addi-
tional transgenic model displaying a 
pro-aging phenotype had a BRCA1 
mutation that constitutively activates 
p53 via the enhanced endogenous DNA 
damage signals.4 Furthermore, chronic 
adrenaline stress through β-androgenic 
receptors mediates MDM2 suppression 
and activates p53 to accelerate DNA 
damaging and aging in mice.5 These 
data together suggest that “activation” 
of p53 can be linked to tissue injury 
linked to aging. This might seem in con-
trast to the esteemed guardian of the 
genome function of p53; indeed, murine 
transgenes in which p53 gene dosage is 
elevated (“triploid” p53) are cancer 
resistant and, interestingly, show no 
signs of rapid aging seen by the “phar-
macological” activation of p53.6 Fur-
thermore, the creation of a transgenic 
animal with elevated ARF and elevated 

p53 gene dosage is not only cancer resis-
tant but lives longer,7 thus showing that 
p53 can either induce tissue aging or be 
involved in reducing tissue aging 
depending on the “input” signal. This 
highlights the interest in the scientific 
community for understanding how the 
specific activity of p53 is regulated by 
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MDM2 and how this might lead to quite 
diverse biological outcomes.

There are multiple levels at which 
MDM2 and p53 can be regulated, from 
their birth (mRNA production and pro-
tein synthesis), to their life (protein traf-
ficking to quite distinct compartments 
where they interact with hundreds of 
distinct binding proteins), to their death 
(protein destruction). The spatiotempo-
ral regulation of the hundreds of pro-
tein-protein interactions within a hub8 
remains undefined; indeed, how even 2 
or 3 different hubs such as the “early” 
identified ATM-p539 are trafficked or 
the latest ATG7-p53 hub10 remains 
undefined. Understanding how the dif-
ferent p53 protein-protein interactions 
are integrated with p53 modifications 
and which protein-protein interactions 
depend on one another or are mutually 
exclusive forms a daunting task. What is 
clear, however, is that the levels of p53 
mRNA generally do not change during 
p53 activation, and the important regula-
tory mechanisms of p53 expression lev-
els are on the p53 protein turnover and 
its rate and synthesis. This allows for the 
cells to rapidly control the levels of p53 
and reduces the number of steps required 
to activate p53 that can be affected by 
cellular DNA damage or physiological 
inputs such as immune system signaling 
through virus infection. In addition to 
change in the levels of expression, p53 is 
also subject to a vast number of different 
modifications that regulate its activity as 
a transcription factor, allowing the cells 
to induce cellular responses that best 
match the type of cellular damage that 
leads to p53 activation. Simplified, p53 
activation is a 2-step process in which its 
expression is first stabilized whereupon 
its activity can be modified. The latter 
has been extensively reviewed else-
where, and here we instead focus on 
some more recent advances in our under-
standing of the complex but elegant 
mechanism of how MDM2’s activities 
toward p53 expression are regulated  
by conformational changes in MDM2, 
and we discuss how this information can 
open alternative drug development 

strategies aimed at controlling p53 lev-
els and activity.

How MDM2 Inhibits p53: A 
Negative Feedback Loop 
Operating at the Level of 
Protein Degradation

MDM2 has emerged as the key regulator 
of p53 expression based on mice and 
 in cellulo models and from clinical sam-
ples showing it is amplified in several 
human cancers, most notably sarcomas. 
Mice lacking MDM2 die early during 
embryogenesis in a p53-dependent man-
ner, and the MDM2-p53 interaction  
is conserved during evolution, suggest-
ing an interesting coevolutionary pro-
cess that might not only control p53  
but equally well regulate MDM2 activ-
ity.11 MDM2 is best characterized for  
its capacity to promote its degradation,  
but MDM2 can also suppress p53 activ-
ity by direct interference with p53’s  
N-terminal transactivation domain. This 
aspect is somewhat less studied and 
could be restricted to affect some, but 
not all, of p53’s transactivity as p53 har-
bors at least 2 domains that can affect 
gene regulation, one of which includes 
the MDM2 binding to a motif in the 
transactivation domain of p53.12,13

Mechanistic studies have shown key 
events in how MDM2 can promote p53 
ubiquitination in vitro, and the general 
consensus is that MDM2 also directly 
promotes p53 ubiquitination in vivo. It 
is, however, not yet known if MDM2 
can cooperate with other ubiquitin 
ligases known to interact with p53, such 
as TRIM25 or PirH2, or if each ligase 
acts independently. Whether MDM2 
promotes p53 polyubiquitination or 
monoubiquitination or, indeed, if these 
are options can be regulated or whether 
they have distinct signaling functions is 
also less clear. A fact that makes this 
trickier is that monoubiquitination of 
p53 can take place on several lysine resi-
dues in the p53 C-terminus as defined by 
mutagenesis studies, making it some-
times difficult to distinguish one event 
from the other.14 In addition, more recent 

research using mass spectrometry has 
also shown that the central domain of 
p53, not the C-terminus, contains the 
dominant acceptor sites for ubiquitina-
tion by MDM2 or PirH2 E3 ubiquitin 
ligases,15 and thus the actual site of ubiq-
uitination in vivo remains to be defined 
accurately and might depend on the 
input signal and protein complexes 
assembled to drive combinatorial modi-
fications on p53.

Regardless of the actual sites of ubiq-
uitination of p53, the initial step in 
MDM2-dependent ubiquitination of p53 
is the binding of the conserved peptide 
motif in the N-terminus of p53 (named 
the BOX-I domain) to a hydrophobic 
pocket in the N-terminus of MDM2. This 
interaction has been thoroughly studied, 
and numerous molecules have been 
developed that can compete for this 
interphase in the hope of preventing 
MDM2-mediated suppression of p53 
and thereby activate p53 in cancers that 
express high levels of MDM2 and wild-
type p53.16 Interestingly, however, is that 
this was thought to be the sole interaction 
between p53 and MDM2 required to  
promote p53 ubiquitination. But in fact, 
using molecules such as the nutlins that 
mimic the p53 BOX-I binding to MDM2 
has revealed that this interaction is the 
first of a series of dynamic, transient  
protein-protein interactions that lead up 
to p53 ubiquitination. p53 or its mimet-
ics, which bind the hydrophobic pocket 
of MDM2, alter the conformation of 
MDM2 allosterically so that more cen-
tral domains of MDM2 are exposed to 
the core domain of p53,17 and this second 
interphase is required for the C-terminal 
RING domains of MDM2 to promote the 
E2 interaction18 and the ubiquitination  
of p53. These results demonstrate an ele-
gant example of how disordered domains 
in both proteins act together to generate a 
diversified and dynamic regulation of 
p53 stability. Hence, these observations 
show how domains throughout the 2 
oligomeric proteins are involved in a 
click-clack series of events that start in 
the N-termini and finish by bringing mul-
tidomains from both proteins in correct 
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positions to recruit the E2 and promote 
ubiquitination on selected lysine residues 
(Fig. 1). This concept is further under-
lined by the stabilizing pseudo-substrate 
motif (i.e., “lid”) near the N-terminal 
hydrophobic pocket of MDM2 that can 
regulate the extent of allosteric activa-
tion of MDM2 toward p53 as well as a 
C-terminal tail that can sit in the RING 
domain and stabilize RING domain 
oligomers, including hetero-oligomers, 
with its homologue and MDMX.19 This 
highlights the allosteric nature of MDM2 
and how modifications or interactions in 
one domain of MDM2 can bring about 
intramolecular alterations in separate 
domains. Nevertheless, how the N- and 
C-termini of MDM2 in conjunction with 
p53 domains are assembled into an “ubiq-
uitination machine” that can shape a scaf-
fold that bridges the E2-ubiquitin 
conjugate, as well as whether any stereo-
chemistry orchestrates recognition of 
this tetravalent substrate, remains unde-
fined. This lack of knowledge, relative to 
the cullin-ubiquitin machine as an exam-
ple,20 is mainly due to the difficulty  
in crystallizing full-length MDM2 with 
tetrameric p53 due to the large degrees  
of intrinsically disordered domains 
required for their function. Nevertheless, 
these multiple, allosteric, and dynamic 

protein-protein interactions between 
MDM2-p53 and MDM2-E2 are a chal-
lenge to understand, but at the same time, 
they provide novel opportunities for ther-
apeutic intervention in human disease.

How MDM2 Activates p53:  
A Positive Feedback in Protein 
Synthesis

It is intuitive that controlling the levels 
of p53 expression should involve both 
regulation of synthesis and degradation 
as both are equally important to reach a 
functional steady-state level. But it is, 
however, surprising to see how inti-
mately linked these 2 events are and how 
a signaling pathway can tip the balance 
between synthesis and degradation to 
increase, or decrease, p53 expression 
levels. The BOX-1 of p53 is highly con-
served also on a nucleotide level. The 
sequence of the p53 mRNA that encodes 
the BOX-1 and the MDM2-interacting 
amino acids also interacts directly with 
the C-terminal RING domain of MDM2 
and promotes MDM2-mediated transla-
tion of the p53 mRNA.21 Thus, from the 
same genomic sequence of p53 has 
evolved 2 MDM2-interacting motifs—1 
protein and 1 RNA—but, interestingly, 
with opposite functions toward p53 as 

the protein-protein interaction controls 
p53 turnover rate and the RNA-MDM2 
interaction regulates, primarily, its rate 
of synthesis. The conserved nature of 
this sequence of p53 and the fact that it 
appears early during evolution together 
with MDM2 implies that the capacity to 
control the levels of p53 expression by 
coregulating synthesis and degradation 
has evolved together and that both func-
tions might be equally important. An 
interesting aspect would be to know 
which, if so, of these interactions evolved 
first? Was the origin of this intimate rela-
tionship between MDM2 and p53 to pro-
mote or to suppress p53 expression?

p53 activation in response to geno-
toxic stress is critical for maintaining 
genomic integrity and for p53 tumor 
suppressor activity, and the first evi-
dence that this involves an increase in 
p53 synthesis rate came from irradiation 
treatment of ML-1 cells in which the 
presence of cycloheximide prevented 
p53 accumulation.22 Supporting this 
notion, several groups using metabolic 
labeling with 35S-methionine and subse-
quent immunoprecipitation of p53 pro-
tein could show that newly synthesized 
p53 accumulates quickly in the cell fol-
lowing DNA damage caused by infrared 
radiation (IR),23-25 short ultraviolet (UVC) 

Figure 1. (Upper part) Allosteric changes in Mdm2, mediated by ligand binding to the N-terminal hydrophobic pocket mimicking the BOX-I of p53, 
promote interaction between core domains of MDM2 and the conserved BOX-V domain of p53, which recruits the E2 ligase to the C-terminal RING 
domain and p53 ubiquitination and suppression of p53 activity. (Lower part) Phosphorylation of MDM2 at Ser 395 has the opposite effect on p53 
expression as it opens up the RING domain for p53 mRNA binding, which suppresses MDM2 ligase activity and promotes p53 synthesis. Domains 
and localization sequences are indicated (localization sequences: NLS = nuclear; NES = nuclear export; NoLS = nucleolar).
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light irradiation,26 or etoposide.27 Thus, 
p53 accumulates in the cell mainly as a 
result of decreased p53 degradation by 
the E3 ubiquitin ligase MDM2 in 
response to genotoxic stress but also by 
increased p53 mRNA translation.

A more detailed model for how the 
DNA damage response controls p53 syn-
thesis and degradation came from recent 
observations that the binding of MDM2 
to the p53 mRNA is regulated and re-
quires phosphorylation on MDM2 serine 
395 by the ATM kinase22,28,29 (Fig. 2). 
But this site does not appear to be part of 
the direct interphase of the protein-RNA 
interaction as an MDM2 construct, 
which starts at 396 and thus does not 
include 395, still binds RNA with high 
affinity in a nonmodified fashion. Instead, 
it appears that phosphorylation on 395 
opens up the RNA binding pocket of 
MDM2 (Fig. 1). Interestingly, small 
unspecific RNA oligonucleotides bind 
MDM2, but at the same time MDM2 
binds larger mRNAs with high specific-
ity. Together with the observation that a 
single silent point mutation in codon 22 
(leucine) of the p53 mRNA is sufficient 
to severely weaken the interaction with 

MDM2, this implies that MDM2 has an 
RNA binding pocket with little specific-
ity but that access to this pocket is highly 
specific and that RNAs with only the 
correct structure will be allowed access. 
This might reflect that the RNA interac-
tion constitutes more than 1 site in the 
MDM2 RING domain and that the fold-
ing of the p53 mRNA plays an equally 
important role in MDM2-dependent 
synthesis of p53 and that this can be 
subject to regulation. In support of such 
a notion is the observation that the RNA 
sequence that binds to MDM2 includes 
a structure that has been shown to  
promote cap-independent translation, 
and such internal ribosome entry  
sites (IRESs) are known to constitute 
3-dimensional structures to promote a 
regulated interaction with various fac-
tors of the translation machinery.30-32 It 
is likely that the MDM2-RNA interac-
tion is not restricted to the p53 mRNA 
and includes other RNAs, and it was 
reported that MDM2 also binds the IRES 
of the XIAP mRNA.33

Expression of the wild-type p53 pro-
tein from an mRNA with low affinity for 
MDM2 fails to stabilize p53 expression 

following treatment with DNA damage-
inducing drugs. This is due to both a 
reduction in p53 synthesis and to a sup-
pression of MDM2-mediated degrada-
tion of p53.21 Thus, the p53 mRNA 
interaction serves to switch MDM2 from 
a negative to a positive regulator of p53 
via a double mechanism that includes  
an increase in p53 synthesis and the pre-
vention of MDM2-dependent ubiquiti-
nation of p53. How the regulation of 
MDM2 E3 ligase activity is controlled 
by the p53 mRNA is not clear, but it is 
likely to mimic that previously observed 
for small nucleotides binding MDM2.

Within this switch from a negative to 
a positive regulator of p53 during stress 
lies also the localization of MDM2 to 
the nucleolus.28,34 Although the canoni-
cal roles of the nucleolus being rRNA 
transcription, pre-rRNA processing and 
nascent ribosome subunit assembly, it is 
evident that other nonribosomal matura-
tion functions also take place.35,36 Both 
the p53 mRNA and nucleotide binding 
can promote MDM2 nucleolar localiza-
tion, and it is likely that both ligands act 
on the same mechanism, and RNA inter-
actions as signals for nucleolar targeting 

Figure 2. The switch of MDM2 from a negative to a positive regulator of p53 is controlled by ATM kinase activity. Under normal conditions, p53 activity 
leads to an induction of MDM2 gene expression that targets p53 for polyubiquitination and degradation, keeping p53 activity low. Simplified, following 
DNA damage, ATM phosphorylates MDM2 at Ser395, which allows MDM2 to bind the p53 mRNA and promote p53 synthesis, switching the negative 
feedback loop to a positive. At the same time, modifications on p53 either direct or indirectly via ATM help to modify p53 activity. Depending on the 
nature and severity of the damage and cell type, the cell can either repair the damage or enter senescence or apoptosis.
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are also observed for other proteins such 
as NRF and nucleolin.37-39 The role of 
MDM2 nucleolar targeting might still be 
under debate, but these observations 
suggest that p53 mRNA bound to 
MDM2 can initiate an mRNP complex 
in or close to the nucleoli that will be 
transported to the cytoplasm for transla-
tion during DNA damage. However, 
nucleolar accumulation of MDM2 can 
also be mediated by the interaction with 
the p14Arf, which binds the central 
acidic domain of MDM2 and seems to 
have little effect on p53 synthesis, indi-
cating that the accumulation of MDM2 
in this compartment likely serves  
more than one function.40,41 The core 
MDM2 interactome appears to involve 
several ribosomal factors (L5, L11, 
L23, L26, S7, S3, 5S rRNA),42-44 which 
have an inhibitory interaction for ubiq-
uitin ligase activity to stabilize p53, and 
it will be interesting to see how these 
interactions in conjunction with MDM2 
nucleolar localization play a role in 
determining the rate of p53 of 
synthesis.

Perspectives
Recent years have seen the emergence 
of the MDM2-p53 interaction as highly 
dynamic and subject to regulation in 
order to control the outcome of p53 
activity. The binding to ligands or the 
modifications by phosphorylation result 
in profound allosteric changes in MDM2 
that span from one end of the protein to 
the other. The effect of these changes in 
structure has so far mainly been studied 
in terms of changes in p53 activity, but it 
is important to keep in mind that MDM2 
also interacts with over 100 other pro-
teins45 as to perhaps function as an oncop-
rotein in its own right. Some of these 
MDM2 binding proteins affect cell cycle 
control, including pRb and E2F, or tran-
scription regulators such as p300 or tran-
scription factors, or they regulate ageing 
via the β-adrenergic signaling axis as 
well as ribosomal biogenesis via interac-
tion with ribosomal factors. All these 

interactions can together, or individu-
ally, contribute to tumor development 
and growth. Even though the regulation 
of these interactions is less studied as 
compared with p53, there is no reason 
why these are not also affected by the 
dynamics in MDM2 structure. One 
interesting aspect is to exploit the allo-
steric nature of MDM2 for novel 
approaches for therapeutic drug devel-
opment aimed at controlling p53 activ-
ity. Traditionally, this has been restricted 
to interfere with the p53-MDM2 inter-
face, and drugs such as nutlins have 
been developed and tested in clinical 
trials aimed at activating wild-type  
p53 by releasing MDM2-mediated sup-
pression. However, targeting certain 
functions of MDM2 toward p53 and, for 
that matter, toward other interacting 
partners can alternatively be developed 
by taking advantage of the dynamics of 
MDM2 (Fig. 3). For example, mimick-
ing a conformation of MDM2 that re-
sembles its RNA-bound stage could 
potentially render MDM2 a positive 
regulator of p53 and not just prevent its 
degradation of p53. Similarly, drugs that 
fit into its ATP pocket within the RING 
domain might alter the specific activity 
of MDM2 as a protein foldase. It has 
been shown that zinc-bound forms of 
MDM2 are activated for binding to the 
oncoprotein HSP90,46 and this HSP90-
MDM2 “oncocomplex” might be linked 
in the myc-dependent tumorgenesis as-
sociated with the MDM2 allele with 
mutation in the zinc finger.47 Identifying 
inhibitors or mimetics of such protein-
protein interactions between HSP90: 
MDM2, MDM2:RNA, and other inter-
actions requires techniques that are under 
development and that will allow desired 
structural alterations to be monitored on 
a quantitative high-throughput basis. A 
current restriction in targeting protein-
protein interactions has been that “drug-
gable” targets are validated based on the 
interface of the 2 proteins in question 
and whether this is deemed sufficient to 
find small molecules that can compete. 
This has been a major concern and a  

frequent argument to prevent new pro-
grams from being launched that aim at 
modifying protein-protein interactions. 
But when targeting allosteric proteins 
like MDM2, other possibilities open up, 
and it might be worthwhile to keep  
an open mind and not restrict oneself to 
the PPI interface. However, it is diffi-
cult to predict how small molecules will 
give a desired effect via modifications 
of protein dynamics, and for this reason, 
new ideas and techniques need to be 
developed. For example, nanoparticle 
assays that measure oligomerization  
of MDM2 can identify novel types of 
ligands that are not possible using assays 
that do not sense the oligomerization 
state of MDM2.48 Thus, in-depth bio-
chemical and cellular analysis of the 
dynamics of 2 proteins interacting will 
not only identify mechanisms of how to 
identify keys to unlock interactions but 
also modify one function while retaining 
others. Such assays can help to identify 
compounds that can “fine-tune” the p53-
MDM2 axis and that can selectively and 
independently control the 3 key biologi-
cal outcomes linked to MDM2-mediated 
control of p53 activity: aging, cancer 
suppression, and longevity. One can also 
argue that allosteric protein-protein inter-
actions are best studied in their native 
environment in the cell. For this purpose, 
the Bioluminescence Resonance Energy 
Transfer (BRET) assay is an alternative.49 
This assay is not at the level where one 
can determine changes in certain domains 
but allows detection of the interaction 
between 2 proteins in live cells and has 
been used to look at the dynamics of the 
p53-MDM2 interphase using nutlins.50 
This assay also has been successfully 
applied in yeast, which might allow lar-
ger screening assays using compounds  
or peptide aptamers.51 Importantly, as the 
p53-MDM2 axis forms an attractive tar-
get for cancer therapies, this field will 
continue to attract industrial and aca-
demic scientists to develop new tech-
niques and concepts that will not only 
serve to modify the p53 pathway but will 
spill over to benefit other fields as well.
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