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Abstract

MDM2 oncogenic protein is the principal cellular antagonist of the p53 tumor suppresser gene. p53 activity needs exquisite control to elicit appropriate 
responses to differential cellular stress conditions. p53 becomes stabilized and active upon various types of stresses. However, too much p53 is not 
beneficial to cells and causes lethality. At the steady state, p53 activity needs to be leashed for cell survival. Early studies suggested that the MDM2 
oncoprotein negatively regulates p53 activity through the induction of p53 protein degradation. MDM2 serves as an E3 ubiquitin ligase of p53; it 
catalyzes polyubiquitination and subsequently induces proteasome degradation to downregulate p53 protein level. However, the mechanism by 
which MDM2 represses p53 is not a single mode. Emerging evidence reveals another cellular location of MDM2-p53 interaction. MDM2 is recruited 
to chromatin, specifically the p53 responsive promoter regions, in a p53 dependent manner. MDM2 is proposed to directly inhibit p53 transactivity 
at chromatin. This article provides an overview of the mechanism by which p53 is repressed by MDM2 in both ubiquitination dependent and 
ubiquitination independent pathways.
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The Story of p53

The discovery of p53 as a tumor suppres-
sor gene. p53 has been the most promi-
nent and intensively studied tumor 
suppressor gene over the last 30 years of 
cancer research. In 1979, David Lane and 
Arnold Levine simultaneously discov-
ered a 53,000 Da protein in the immuno-
precipitated complex of the simian virus 
40 (SV-40) T antigen protein.1,2 This pro-
tein was later named p53 and designated 
as an oncogene. By using the p53 cDNA 
clone, together with the Ras oncogene, 3 
groups successfully either immortalized 
or fully transformed cells.3-5 This first 
cloned p53 cDNA was actually a domi-
nant negative allele, with a mutation at 
codon 135 (valine to alanine), which led 
“p53” to act as an oncogene. The Levine 
group subsequently showed that the wild-
type p53 protein can actively inhibit 
oncogene transformation,6 and the Vogel-
stein lab found that the p53 gene  
frequently mutated in human colon carci-
nomas,7 consistent with native p53 acting 
as a tumor suppressor gene. Following 
this pioneering work, many more lines of 

evidence pointed to the tumor suppressor 
function of p53 in human carcinogenesis. 
For example, the p53 mutations were 
found in very diversified human tumor 
types,8 and the Li-Fraumeni syndrome of 
multiple cancers at an early age was dis-
covered to be due to inherited p53 
mutations.9

p53 is a sequence specific transcription 
factor. The sequences of the p53 locus 
from more than 16,000 tumor samples 
have been collected and analyzed. Strik-
ingly, 97% of the mutations fall into the 
DNA binding domain of p53.10,11 This 
sequence specific DNA binding domain 
plays an undoubtedly crucial role in  
the tumor suppressor function of p53. 
Besides the evolutionarily conserved 
DNA binding domain between amino 
acid 108 and 298, p53 also contains  
a transactivation domain in the N- 
terminus that is extensively modified at 
the post-translational level. Therefore, 
p53 is able to bind and transactivate its 
target genes. The consensus sequence 
for p53 binding has 2 copies of the 

inverted pentameric sequence PuPuPuC 
(A/T)(T/A)GPyPyPy separated by a 0 to 
13 base-pair long intervening fragment. 
There are 300 to 1,600 predicted binding 
sites for p53 throughout the human 
genome, according to microarray and 
computational analysis.12,13 So far, about 
one hundred genes have been shown to 
contain p53 responsive elements and 
have been experimentally demonstrated 
to be transcriptional targets of p53. As a 
transcription factor that regulates a 
broad range of target genes falling into 
different functional groups, p53 is able 
to coordinate diverse cellular responses 
to a variety of cell stress factors.
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p53 responds to a broad range of cel-
lular stresses. Sitting at the nexus of a 
complicated network, p53 senses and 
integrates diverse signals and converts 
them into highly coordinated gene 
expression patterns. The transactivation 
activity of p53 is kept silent or extremely 
low in normal cells and is activated 
when cells are exposed to stresses like 
DNA damage, oncogene activation, and 
hypoxia. Once activated, depending on 
the stress type and the microenviron-
ment, p53 selectively turns on its tran-
scriptional target genes that function in 
cell cycle arrest, DNA damage repair, or 
apoptosis to generate different cellular 
adaptive responses. It is not clear how 
the information is integrated to selec-
tively target p53 to different sets of tar-
get gene promoters. p53 chooses to 
either pause cell growth to allow time 
for DNA repair or kill cells bearing non-
repairable lesions. Since the active p53 
can inhibit cell growth or even kill cells, 
a stringent regulatory mechanism is 
required to prevent the errant activation 
of p53.

p53 function is controlled by post- 
translational modifications. p53 modifica-
tions, including phosphorylation, ubiq-
uitination, acetylation, methylation, su- 
moylation, and neddylation, make up a 
very complex epigenetic code that intri-
cately modulates p53 functions. Among 
these modifications, ubiquitination, 
phosphorylation, and acetylation are the 
most extensively studied modifications 
on the p53 protein. They are involved in 
the regulation of all 3 steps required for 
p53 activation: (1) p53 stabilization, (2) 
DNA binding, and (3) transcriptional 
activation. Ubiquitination largely con-
tributes to the control of p53 stability, 
and this modification is mainly medi-
ated by oncoprotein MDM2.

p53-MDM2 Network

p53 function is highly controlled by pro-
tein stability. It is well accepted that p53 
function is tightly controlled by its pro-
tein stability. p53 has very short half-life 

in normal cells, whereas its half-life is 
dramatically prolonged in human tumor 
cells.14 Other evidence that proved the 
importance of the regulation of p53 sta-
bility lies in the fact that the quickly 
increased p53 protein level is the prim-
ing step for full activation of p53 when 
cells are facing diverse cellular stresses 
like DNA damage and hypoxia condi-
tions. There is long-lasting interest in 
the search for a gene capable of degrad-
ing p53. Biochemical studies identified 
a 90-kDa protein in p53 immunoprecipi-
tated complex, and it was identified as 
MDM2.

MDM2 is the primary negative regula-
tor of p53. MDM2, a gene isolated from 
a highly amplified chromosome locus in 
a murine tumor cell line 3T3-DM, was 
designated with great tumorigenic prop-
erties.15 Later, the tumorigenic potential 
of MDM2 was closely linked to its 
repressive function of p53 tumor sup-
pressor gene. First, physical association 
was detected between p53 and MDM2 
proteins through immunoprecipitation 
studies.16 Second, overexpression of the 
MDM2 protein confers tumorigenic 
properties on murine tumor cells, and 
cells carrying an inactive p53 mutant 
exhibit similar transforming potentials.15 
Moreover, MDM2 gene amplification, 
frequently detected in human tumors, 
was only coupled with wild-type p53 but 
not the inactive p53 mutant.17 These 
observations led to the hypothesis that 
overexpression of MDM2 might serve 
as the molecular mechanism by which 
the cell can inactivate p53 to transform a 
normal cell into a cancer cell. This 
hypothesis was then validated by the 
Levine group. They showed that MDM2 
indeed inhibits p53 transactivity by 
forming a tight complex with p53.18,19 
Mouse genetic work strengthens the 
prominence of MDM2 as the repressive 
regulator of p53. MDM2 deficient mice 
showed very early embryonic lethality, 
due to the overactive p53 whereas the 
concomitant deletion of both alleles of 
MDM2 and p53 rescued the embryonic 
lethality of MDM2 knockout mice.20,21 

Taken together, these observations sup-
port the notion that MDM2 is the pri-
mary negative regulator of p53.

Ubiquitination Dependent 
Function of MDM2

MDM2 is an E3 ubiquitin ligase toward 
p53. Biochemical studies were carried 
out to explore the underlying molecular 
mechanism of MDM2 as a repressive 
regulator of p53. Since the change in 
p53 protein level seems to be closely 
related to the p53 function, the initial 
effort was to test whether MDM2 influ-
enced the protein degradation of p53. 
The transient transfection experiment 
showed that MDM2 greatly reduced p53 
protein level by inducing proteasome 
degradation of p53.22 In contrast, a 
MDM2 mutant, defective in p53 interac-
tion, was not effective in the induction 
of p53 protein degradation.22 Therefore, 
MDM2 causes a dramatic reduction of 
p53 protein level through proteasome 
mediated degradation, and this function 
of MDM2 relies on the association 
between p53 and MDM2.

The protein degradation of p53 main-
tains a high rate under steady state. p53 
protein is almost nondetectable in normal 
cells because of a very short half-life, 
ranging from 5 to 30 minutes in various 
cell types.23,24 The degradation of p53 is 
ubiquitination dependent and mediated 
by the proteasome, as is the degradation 
of more than 70% of cellular proteins. 
Ubiquitination requires the sequential 
actions of 3 enzymes.25 E1 activating 
enzyme forms a thioester between the 
C-terminal glycine of ubiquitin and its 
own active site cysteine.25 Ubiquitin is 
then transferred to the active site cysteine 
of an E2 conjugating enzyme.25 An E3 
ubiquitin ligase facilitates the transfer of 
ubiquitin to the protein substrate, result-
ing in rapid proteasome degradation of 
the protein substrate.25 The E3 ubiquitin 
ligase, unlike E1 and E2, is specific to  
the protein substrate. E3s cooperate with 
E1 and E2 to catalyze the conjugation  
of polyubiquitin chains onto protein  
substrates so the ubiquitin conjugated 
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substrate can be recognized by the 26 S 
proteasome for proteolysis. E3s provide 
substrate selectivity through a specific 
self-containing substrate recognition 
domain or via other cofactors in the E3 
ubiquitin complex.

The analysis of amino acid sequence 
identified a RING (Really Interesting 
New Gene) finger domain in the car-
boxyl terminal end of MDM2, and this 
domain was characterized with E3 ubiq-
uitin ligase activity. When incubated 
with E1, the ubiquitin activating enzyme, 
and E2, the ubiquitin conjugating 
enzyme, MDM2 was able to catalyze 
ubiquitin-protein adduct on both itself 
and p53.26 The ubiquitinated p53 then 
translocates to 26S proteasome for pro-
teolysis. The RING finger domain in the 
carboxyl terminus of MDM2 contains 
cysteine-rich consensus sequences that 
form 2 interleaved zinc-binding sites 
with a total of 8 cysteines and histidines 
comprising the sites for zinc coordina-
tion.27,28 The structure of RING finger 
domain brings together the E2 active site 
and the acceptor lysines on the sub-
strate.29 Mutation of putative zinc coor-
dination sites in key cysteine or histidine 
residues abrogates the intrinsic E3 ubiq-
uitin ligase activity of MDM2. In accor-
dance, the same mutations abolish the 
capability of MDM2 to function as ubiq-
uitination enzyme of p53.28 The combi-
nation of both in vivo and in vitro 
biochemical evidence shows that MDM2 
encloses E3 ubiquitin ligase activity tar-
geting both p53 protein and itself for 
polyubiquitination and subsequent prote-
asome degradation.27 The ubiquitination 
activity of MDM2 is dependent on the 
C-terminal RING finger domain, and this 
RING finger domain confers substrate 
specificity with unclear mechanism.27

MDM2 was discovered as the princi-
pal physiological E3 ubiquitin ligase of 
p53, but it was not the first identified E3 
ubiquitin ligase specific for p53. E6-AP 
(E6-Associated Protein) was the first dis-
covered E3 ubiquitin ligase of p53. 
E6-AP targets p53 within a complex  
of high-risk human papillomavirus E6 
proteins.30,31 Since E6-AP negatively  
regulates p53 activity, high-risk HPV 

infected cells are released from cell cycle 
arrest allowing viral genome replica-
tion.31 E6-AP contains a HECT (Homo-
log of E6-AP C Terminus) domain 
involved in catalyzing ubiquitination.31 
E6-AP, as the first known E3 ubiquitin 
ligase of p53, is outshone by MDM2 
because mouse genetic studies fail to 
offer encouraging data. The genetic abla-
tion of E6-AP in mice caused only mod-
est increases of cytoplasmic p53 protein 
level, and this phenotype is restricted to 
neurons.32 In addition to E6-AP, Arf-BP1 
(Arf Binding Protein 1), COP1, Pirh2, 
and synoviolin have been characterized 
as E3 ubiquitin ligases of p53 in various 
contexts.33-36 Their physiological signifi-
cance, however, remains to be deter-
mined. The pivotal and indispensable 
role of MDM2 as the key negative regu-
lator of p53 is underscored by mouse 
genetic studies.37

MDM2 is required but might not be 
sufficient for p53 ubiquitination and 
degradation. The ubiquitination of p53 
seems not to be a simple 1-step event, as 
once thought, and appears to entail other 
players. The distinction between monou-
biquitination and polyubiquitination of 
p53 adds additional complexity to its 
regulation.38 MDM2 possess E3 ligase 
activity and prefers to catalyze monou-
biquitination of p53 when the amount of 
MDM2 protein is limited in cells.38 The 
monoubiquitin conjugated p53 specie 
has preference to undergo nuclear 
export. In turn, p53 is polyubiquitinated 
and degraded by the proteasome in the 
absence of stress.38 Recently, CBP and 
p300 have been proposed to mediate this 
polyubiquitination step of p53, and they 
are defined as E4 ubiquitin ligase. CBP 
and p300, harboring a conserved Zn2+-
binding Cys-His-rich region within the 
first 595 aa,39,40 seemingly bear E4 ubiq-
uitin ligase activity through this putative 
atypical ligase domain.41,42 CBP and 
p300 require the priming step of monou-
biquitination of p53 driven by MDM2 
and then act as a ubiquitin chain extend-
ing factor to add ubiquitin monomers to 
form polyubiquitin chains on p53.41,42 In 
summary, MDM2 coordinates with CBP 
and p300, named as E4 ubiquitin ligase, 

to catalyze polyubiquitination of p53 
and induce proteasome mediated degra-
dation of p53 protein.

Furthermore, ubiquitination is a revers-
ible process. HAUSP, the first recognized 
deubiquitinating enzyme with substrate 
specificity, chops off the ubiquitin  
moiety from ubiquitin conjugated p53 to 
induce p53 stabilization. Deubiquitinat-
ing enzyme provides another layer of 
regulation of p53 ubiquitination mediated 
by MDM2 and antagonizes the degrada-
tion function of MDM2 toward p53.43

The relationship between MDM2 and 
p53 is not unidirectional. Despite the 
negative regulation of p53 by MDM2, 
p53 positively regulates MDM2 by act-
ing as the transcription factor of the 
mdm2 gene. Therefore, the 2-way rela-
tionship between MDM2 and p53 forms 
an autoregulatory negative feedback 
loop. Keeping the balance between 2 
proteins maintains a low cellular level of 
p53 and limits the duration and potency 
of the p53 response upon stresses. This 
core feedback loop illustrates the sim-
plest version of the relationship between 
MDM2 and p53, which is embedded 
inside an intricate network composed of 
additional molecules and linkages to 
MDM2-p53 pathway. Other proteins 
converge onto the MDM2-p53 axis and 
provide additional layers of MDM2 reg-
ulation to fine-tune p53 activity.

MDM2 ligase activity is regulated  
by post-translational modifications.MDM2 
function is tightly controlled by post-
translational protein modifications. 
Among all kinds of modifications, phos-
phorylation is the most prevalent one 
occurring on the MDM2 protein. MDM2 
was initially discovered as a 90-kDa 
phosphonucleus protein.18 MDM2 is 
composed of 491 amino acids, and 20% 
are either serine or threonine residues.44 
Phosphorylation happens on multiple 
sites in MDM2, and the phosphorylated 
residues cluster into 2 functional 
domains: (1) the N-terminal domain  
that interacts with p53 and inhibits  
p53 transactivity and (2) the highly dis-
ordered acidic domain in the central  
part of MDM2 that serves as  
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the docking site for many binding  
partners.44 Phosphorylation of MDM2 
modulates MDM2 function in p53 ubiq-
uitination in many ways. Phosphoryla-
tion of MDM2 could directly affect E3 
ligase activity of MDM2, interfere with 
the physical association between MDM2 
and p53, or restrain MDM2 in certain 
subcellular compartments to protect p53 
from MDM2-driven degradation.

The DNA-PK (DNA-activated pro-
tein kinase) phosphorylates MDM2 in 
the p53 binding domain at Serine17, and 
the phosphorylation on this site has been 
reported to have significant impact on 
the ability of MDM2 to ubiquitinate 
p53. The analysis of MDM2 Ser17Ala 
mutant supports a model that DNA-PK 
induces phosphorylation of Mdm2 on 
Ser17, which in turn renders the associa-
tion of MDM2 with p53 to ensure p53 
activation.45

ATM (ataxia telangiectasia-mutated), 
another phosphatidylinositol 3-kinase 
(PI3-K) family member, phosphorylates 
both p53 and MDM2, contributing to 
p53 induction upon genotoxic stress. 
ATM is able to phosphorylate MDM2 at 
Ser395, close to the RING finger E3 
ligase domain.46 The phosphorylation on 
Ser395 of MDM2 does not affect the 
binding affinity with p53 but instead 
makes MDM2 less capable of promot-
ing nuclear export of p53 into cyto-
plasm. Cytoplasm is the major 
compartment of p53 degradation; there-
fore, p53 degradation is slowed down 
and p53 protein accumulates.47 The 
reverse reaction of phosphorylation on 
MDM2 Ser395 is catalyzed by the Wip1 
phosphatases, also known as PPM1D.48 
The downregulation of MDM2 Ser395 
phosphorylation is predicted to inhibit 
p53 function, and the data on Wip1 stud-
ies suggest that this is the case. Wip1 
mediated dephosphorylation results in 
stabilization of MDM2, enhances 
Mdm2-p53 binding affinity, and subse-
quently augments p53 ubiquitination.48 
Thus, Wip1 antagonizes ATM to facili-
tate MDM2 directed p53 degradation.48 
The inhibitory role of Wip1 in the  
control of p53 function implies an 

oncogenic role of Wip1, and Wip1 
indeed is amplified and overexpressed 
in a number of human cancers.48

Tyr394, an adjacent site of Ser395 on 
MDM2, was shown as a c-Ab1 depen-
dent phosphorylation site in response to 
DNA damage.49 In the nucleus, c-Ab1 
stimulation induces apoptosis partly 
through its control of the MDM2-p53 
pathway. C-Ab1 induced MDM2 phos-
phorylation protects p53 from degrada-
tion by weakening the interaction 
between MDM2 and p53.50 In contrast, 
the substitution of Tyrosine 394 by the 
phosphorylation dead Phenylalanine 
promotes p53 degradation mediated by 
MDM2.49 Altogether, c-Ab1 neutralizes 
the inhibitory effect of MDM2 toward 
p53 activity and provokes p53 induced 
apoptosis.

The central acidic domain of MDM2 
is highly disordered and requires protein 
modifications to adopt fixed structures 
to favor binding with other proteins. 
Multiple phosphorylation sites have 
been identified in this domain. Glycogen 
synthase kinase-3β (GSK-3β), a serine/
threonine kinase, targets Serine240 and 
Serine254 of MDM2 for phosphoryla-
tion.51 Unlike other protein kinases men-
tioned above, GSK-3β mediated 
phosphorylation enhances MDM2 activ-
ity for efficient degradation of p53.51 
The inhibitor of GSK-3β rescued  
p53 from degradation in an Mdm2-
dependent manner.51 In a search for the 
mechanism of increased degradation 
ability of MDM2, both the binding affin-
ity of p53-MDM2 complex and the sub-
cellular location of MDM2 were 
examined, and neither of them was 
altered upon GSK-3β phosphorylation.51 
Later, a novel mechanism was proposed 
and verified. MDM2 interacts with mul-
tiple proteasome subunits, and the GSK-
3β phosphorylated MDM2 exhibited 
stronger binding affinity to make p53 
more accessible to the proteasome for 
degradation.52 At steady state, GSK-3β 
is active and assists mdm2 in efficiently 
degrading p53 by maintaining the phos-
phorylation level of MDM2 central 
domain. GSK-3β becomes inactive upon 

stress, such as ionizing radiation, and 
results in hypophosphorylation of the 
central domain of Mdm2.52 p53 degra-
dation is halted and p53 stability is 
increased. GSK-3β is not the only kinase 
targeting MDM2 acidic domain. Casein 
kinase (CK1) phosphorylates another 
cluster of serine residues ranging from 
240 to 250 amino acid on MDM2.53 
CK1 mediated phosphorylation of 
MDM2 attenuates MDM2 mediated p53 
proteolysis. Inactivation of CK1 results 
in accumulation of MDM2 and 
decreased p53 activity.54 Taken together, 
CK1 and GSK-3β exert opposing effects 
on p53 activity by modulating the phos-
phorylation status of MDM2 central 
domain.

The PI-3K/Akt signaling pathway 
plays a critical role in tumorigenesis by 
promoting cell proliferation and cell sur-
vival. MDM2 was identified as a bona 
fide substrate of Akt. The phosphoryla-
tion of MDM2 was detected on serine 
residue 166 and 186 once Akt was stim-
ulated by cell survival signals.55 Serine 
166 and 186 are located in the vicinity of 
MDM2 NLS (nucleus localization 
sequence). In turn, the phosphorylation 
of MDM2 at these 2 sites promotes the 
nucleus entrance of MDM2; enhances 
the interaction with p300, an E4 ubiqui-
tin ligase of p53; and inhibits its interac-
tion with p19ARF, an inhibitor of 
MDM2 E3 ligase activity.44 This hetero-
geneous complex favors proteasome 
degradation of p53 and results in reduced 
p53 protein level. Therefore, cells with 
Akt activation can circumvent p53 to 
gain tumorigenicity. Collectively, upon 
cell survival signals, Akt induces phos-
phorylation of MDM2 and enhances the 
MDM2 mediated degradation of p53. 
The activation of Akt endows cells with 
growth and survival advantages at least 
in part by repressing p53 activity.

MDM2 itself is subjected to ubiquiti-
nation and degradation, just like its ligase 
substrate p53. In fact, MDM2 also has a 
short half-life.56 The intrinsic E3 ligase 
activity of MDM2 drives its own ubiqui-
tination.57 However, data from the RING 
mutant knock in mice do not support the 
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notion that the endogenous Mdm2 regu-
lates its own stability by autoubiquitina-
tion.58 Only recently has a putative 
candidate of E3 ubiquitin ligase of 
MDM2 been proposed. Surprisingly, it is 
the classic histone acetyltransferase 
PCAF (p300-CBP-associated factor) 
involved in the acetylation of diverse 
transcription factors including p53.59 
PCAF bears a zinc-finger like domain 
that has been characterized as an atypical 
E3 ligase domain.59 The inactivation of 
PCAF abrogates the ubiquitination of 
MDM2, thus stabilizing MDM2 protein 
and weakening p53 function.59 PCAF 
brings additional complexity to the 
already elaborate p53 network by its 
2-fold regulatory roles in modulating p53 
activity: direct acetylation of p53 and 
indirect control of p53 ubiquitination 
level through MDM2. SUMO, the small 
ubiquitin-like modifier, tags to proteins to 
control multiple cellular functions like 
protein stability, nucleus localization, and 
protein trafficking. Sumoylation happens 
on lysine 182 on MDM2 and has been 
proposed to control the switch of sub-
strate specificity of MDM2.60,61 Further 
validation of this hypothesis will be nec-
essary due to very limited information of 
MDM2 sumoylation.

Other MDM2 Interacting 
Proteins Acting in the p53 
Pathway
It is widely accepted that MDM2 medi-
ated ubiquitination is the primary mech-
anism to induce p53 degradation. The 
post-translational modifications, mainly 
phosphorylation, fine-tune this regula-
tory function of MDM2. In addition, a 
large array of MDM2 interacting pro-
teins converge onto the MDM2-p53 axis 
to compose additional layers of regula-
tion of MDM2. These interacting pro-
teins can both positively and negatively 
modify the degradation capability of 
MDM2 toward p53.

Negative Regulators of MDM2
ARF (Alternative reading frame), 1 of 
the 3 proteins encoded by INK4a/ARF/

INK4b locus, is proven a tumor suppres-
sor gene, and mice depleted of both 
alleles of ARF are prone to spontaneous 
cancers.62 The tumor suppressor func-
tion of ARF is largely ascribed to its 
regulation of the p53-MDM2 pathway 
in response to oncogenic signals like 
Ras, MYC, and E1A.63 Upon oncogenic 
stress, ARF expression is dramatically 
increased. In turn, ARF forms a complex 
with MDM2 and exhibits an inhibitory 
effect on MDM2 mediated p53 ubiquiti-
nation. p53 therefore is derepressed 
from MDM2 inhibition and impedes the 
aberrant cell growth induced by onco-
gene activation. More than 1 mechanism 
has been presented by which ARF inhib-
its MDM2 activity. Elegant biochemical 
studies established a model showing that 
ARF sequesters MDM2 by forming an 
ARF-MDM2 complex in the nucleolus 
to prevent p53 from degradation.64 
Alternatively, ARF could directly impair 
the E3 ubiquitin ligase activity of 
MDM2, presumably by altering the 
appropriate conformation of MDM2 
functional domain, and block p53 degra-
dation.65 Besides MDM2, ARF also 
stimulates p53 activity by modulating 
other E3 ubiquitin ligases of p53 like 
ARF-BP1.33 Although the mechanism 
by which ARF acts as a stimulator of 
p53 needs further exploration, MDM2 
continues to be the primary mediator in 
ARF regulated p53 activation.

Ribosome biogenesis is highly related 
to tumor progression since vigorous ribo-
some production is requisite to fulfill the 
needs of uncontrolled cancer cell growth. 
For example, mutagenesis screening in 
zebrafish identified several ribosome 
proteins involved in tumorigenesis.66 The 
p53-MDM2 pathway, as the major defen-
sive line of tumorigenesis, has been 
linked to ribosome proteins (RPs). The 
extensive studies of RPs offer multiple 
candidates as MDM2 partners.67 L5, L11, 
and L23, the large subunit RPs in 60S 
ribosome, are among these candidates. 
These 3 RPs interact with MDM2, block 
the ubiquitin ligase activity of MDM2, 
and lead to p53 accumulation. On the 
basis of these observations, one working 

model was proposed to connect ribosome 
stress, one kind of outcome caused by 
aberrant ribosome biogenesis, and the 
MDM2-p53 pathway. Ribosome stress 
may generate the free form of RPs to dis-
perse in the nucleus, in turn activating 
p53 to induce cell cycle arrest and allow 
for the quality control of impaired ribo-
some.67 L5, L11, and L23 are not the only 
MDM2 interacting PRs. A broader range 
of RPs have been identified to intervene 
with the MDM2-p53 pathway, and these 
RPs can either upregulate or downregu-
late p53 activity. Our immature under-
standing of this extremely elaborate 
RP-MDM2-p53 network will need to be 
advanced by further investigation.

One inhibitory factor of cell growth 
is known as 14-3-3 sigma; its inactiva-
tion via hypermethylation has been well 
documented in breast cancer samples.68 
The prospective tumor suppression 
properties of 14-3-3 sigma have been 
connected to its regulation of the p53-
MDM2 pathway. 14-3-3 sigma activates 
p53 mainly through the adverse effect 
on MDM2 ligase activity and the block-
age of nuclear export of p53.69 14-3-3 
sigma functions as an anchor to seques-
ter MDM2 in the cytoplasm and to retain 
p53 in the nucleus.69 The final outcome 
of 14-3-3 sigma activation is decreased 
p53 ubiquitination and increased p53 
protein level. 14-3-3 sigma was initially 
described as an induced protein of p53 
in response to DNA damage signal. 
Together with the reciprocal activation 
of 14-3-3 sigma toward p53, a positive 
regulatory loop is constructed to link 
14-3-3 sigma and p53, and the loop is 
tied up by MDM2. That 14-3-3 sigma 
elicits positive regulation of p53 by 
inhibiting MDM2 upon stress might 
explain the loss of 14-3-3 sigma in sev-
eral type of carcinomas.

Positive Regulators of MDM2
Yin Yang 1 (YY1) is a multifunctional 
transcription factor and an essential gene 
for development.70 YY1 targets the 
MDM2-p53 pathway through a transcrip-
tion independent mechanism. YY1 forms 



245Mechanisms of p53 regulation by Mdm2 / Shi and Gu MMonographs

a ternary complex with MDM2-p53 and 
strengthens the association between 
MDM2 and p53.70 YY1 induces polyu-
biquitination of p53 by facilitating 
MDM2 ligase activity.70 In addition, YY1 
interferes with the ARF-MDM2 inter-
face, and MDM2 is released from the 
sequestration of ARF.70 YY1 is a positive 
cofactor for MDM2 E3 ubiquitin ligase 
and enhances the ubiquitination and  
degradation of p53. KAP1, a nuclear  
co-repressor gene, is another positive 
regulator of MDM2 and causes p53 
reduction.71 KAP1 was identified as a 
novel MDM2 binding partner and func-
tions in the same mode as YY1.71 KAP1 
is proposed to be involved in tumor pro-
gression due to its communication with 
the MDM2-p53 pathway.

HAUSP also serves as a positive reg-
ulator of MDM2; however, it leads to a 
complicated outcome in the regulation 
of the p53-MDM2 pathway. The deubiq-
uitinating enzyme HAUSP functions as 
a double-edged sword in regulating p53 
stability.72 HAUSP has dual and direct 
roles in deubiquitinating and stabilizing 
both MDM2 and p53 proteins. The over-
all effect on p53 will be determined by 
the homeostatic level of HAUSP under 
certain conditions.72 The complete loss 
of HAUSP leads to p53 induced apopto-
sis due to the elevated p53 protein level 
since MDM2 deubiquitination and deg-
radation are completely abolished. In 
contrast, the partial impairment of 
HAUSP exhibits a greater stabilization 
effect toward MDM2 over p53, and p53 
becomes destabilized.72

MDM2 has a structurally related bind-
ing partner MDMX, also called MDM4. 
Like MDM2, MDMX interacts with the 
N-terminal transactivation domain of p53 
to crowd out co-transcriptional factors of 
p53 like p300. Unlike MDM2, the C- 
terminal RING finger domain in MDMX 
does not perform E3 ubiquitin ligase 
activity against p53. MDMX could stim-
ulate MDM2 activity to degrade p53. 
Transfection of MDMX stabilized 
MDM2 protein by inhibiting its self-
ubiquitination.73 MDMX may optimize 
E3 ligase activity of MDM2 by forming 
heterodimer through their RING finger 

domains when the ratio of MDMX: 
MDM2 is low in cells.74

Acting as a positive regulator of 
MDM2 is only one side of the story of 
MDMX. MDMX is another essential 
repression factor of p53 and is as impor-
tant as MDM2. MDMX was discovered 
in 1996 and did not raise much attention 
in relation to p53 until mice studies estab-
lished an essential and nonredundant role 
of MDMX as a p53 negative regulator. 
Similar to MDM2, MDMX knockout 
mice is embryonically lethal and can be 
rescued by p53 inactivation.75 The lack of 
intrinsic E3 ligase activity of MDMX 
raises a long-standing question: How 
does MDMX repress p53 activity? The 
assumption is that a p53 degradation-
independent mechanism is involved in 
the molecular basis of MDMX repressive 
function, as discussed in more detail in 
the following session.

Here we summarize the classic model 
of MDM2 as a repressor of p53 (Fig. 1). 
MDM2 associates with p53, and the 
RING finger E3 ligase domain in MDM2 
conjugates polyubiquitin chains onto 
p53 for proteasome degradation; there-
fore, p53 is kept at a low level in normal 
cells. Upon stress, a series of post-trans-
lational modifications occurring on 
MDM2 and many other MDM2 interact-
ing proteins, directly inhibit the E3 
ligase function of MDM2, or restrain 
MDM2 in certain subcellular locations 
to release p53 from the degradation 
mediated by MDM2. MDM2 loses the 
ability to ubiquitinate p53, and p53 
becomes stabilized in response to 
stresses. In this classic model, MDM2 
directed p53 ubiquitination and degrada-
tion play the central role. However, 
emerging evidence suggests dual roles 
of MDM2 as a repressor of p53 activity. 
Ubiquitination dependent and ubiquiti-
nation independent mechanisms are 
jointly present to control p53 activity.

Ubiquitination Independent 
Function of MDM2
The evidence of a ubiquitin independent 
function of MDM2 existed even before 
MDM2 was defined as an E3 ubiquitin 

ligase. In 1993, researchers from the 
Vogelstein laboratory reported their 
observations that MDM2 overexpres-
sion could conceal the activation domain 
of p53 without changing the homeosta-
sis of p53.19 More direct proof comes 
from another independent study. A trun-
cated fragment of MDM2, containing 
the N-terminal 130 amino acids but not 
the C-terminal RING finger ligase 
domain, is sufficient to inhibit p53-medi-
ated transcriptional activation.76 These 
observations suggest that MDM2 uses 
both ubiquitination dependent and inde-
pendent mechanisms to repress p53 
transactivity.

It is challenging to study the ubiquiti-
nation independent mechanism of 
MDM2 repression of p53. This is because 
the potent E3 ligase domain of MDM2 
easily induces up- or downregulation of 
the p53 protein level and shadows the 
effect of this potential degradation inde-
pendent mechanism when MDM2 gene 
is being manipulated under experimental 

Figure 1.  Ubiquitination dependent function 
of MDM2: the classic model of MDM2 as a re-
pressor of p53. In the nucleus, MDM2 associ-
ates with p53 and conjugates monoubiquitin 
onto p53. MDM2 facilitates p53 translocation 
from nucleus into cytoplasm, where MDM2, 
together with other co-factor, presumably E4 
ubiquitin ligase of p53, catalyzes polyubiquitin 
chains onto p53 to induce proteasome degra-
dation. Simultaneously, p53 ubiquitination and 
degradation take place in the nucleus. Upon 
cellular stresses, a series of post-translational 
modifications occur on MDM2. The modified 
MDM2 dissociates from p53, and p53 is pre-
vented from MDM2 mediated ubiquitination 
and degradation. p53 therefore becomes sta-
bilized. P = phosphorylation; Ub = ubiquitin; 
Poly-Ub = polyubiquitination.
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conditions. Thus, an in vitro and reconsti-
tutive system was used as the starting 
point to gain insight into this nontradi-
tional mechanism through which much 
more advanced understanding has been 
achieved.

By using a reconstituted in vitro tran-
scription system, the additional inhibitory 
effect of MDM2 other than degradation 
was revealed to lie in a central region in 
MDM2 encompassing amino acids 
50-222.77 By using a fusion protein of 
this fragment of MDM2 sticky to a DNA-
binding domain to allow p53 independent 
promoter recruitment, it was clarified that 
this inhibitory domain of MDM2 directly 
represses basal transcription machinery.77 
The inhibitory domain of MDM2 binds 
to TFIIE, a subunit in the basal transcrip-
tion complex, and probably stops the for-
mation of preinitiation complex to 
synthesize mRNA.77 This is a comple-
mentary mechanism for the blockage of 
p53 from the basal transcription machin-
ery due to the masking of the p53 transac-
tivation domain by MDM2 binding.77

Not only the essential transcription 
factors but also the p53 specific transcrip-
tion co-activators, CBP and p300, are 
shielded from p53 by MDM2.78 CBP and 
its homolog, p300, are required to stimu-
late the transactivity of p53. p53 interacts 
with both MDM2 and CBP/p300 through 
its N-terminal transactivation domain.78 
MDM2 compromises the interaction 
between p53 and CBP/p300 to hinder the 
further activation of p53 transcription 
activity directed by these co-activators. 
Taken together, on the p53 responsive 
promoters, MDM2 restrains p53 function 
by disengaging p53 from its transcription 
machinery, an event not dependent on 
MDM2 ubiquitin ligase activity.

Notably, MDM2 was demonstrated to 
interfere with the process of p53 acetyla-
tion, a protein modification indispensable 
for p53 transactivation.79 Both in vivo and 
in vitro data established a role of MDM2 
in preventing p300 stimulated p53 acety-
lation in a trimeric p53-MDM2-p300 
complex.80 Moreover, MDM2 lessens 
p53 acetylation signal by promoting the 
deacetylation process. MDM2 recruits 

HDAC1 containing complex in a p53 
independent manner.81 HDAC1 is a his-
tone deacetylase enzyme and is able to 
deacetylate p53. In turn, p53 deacety-
lation was promoted in the presence of 
the MDM2-HDAC1 complex. Since the 
acetyl group is removed from lysine resi-
due on p53, ubiquitination is now upreg-
ulated on the same lysines. p53 protein 
degradation is accelerated, resulting in 
reduced p53 protein level and activity. 
The MDM2-HDAC1 complex inhibits 
p53 activity through the acceleration of 
p53 protein degradation, the consequence 
of a reduced p53 acetylation level.81 
Overall, MDM2 does not favor p53 acet-
ylation reaction, which is a prerequisite 
condition for p53 transactivation.

This ubiquitination independent re- 
pressive function of MDM2 relies on its 
direct interference with the p53 tran-
scription apparatus. It is thus reasonable 
to hypothesize that MDM2 localizes  
to p53 responsive elements of its target 
genes. Under physiological conditions, 
chromatin immunoprecipitation studies 
identified MDM2 tethered to the  
p53 responsive p21 promoter region.82 
MDM2 conjugates ubiquitin monomer 
to histone protein H2B in the vicinity of 
the p53 binding site and constitutes a 
transcription repressive atmosphere in 
the local region on chromatin.82 The 
MDM2 mediated histone ubiquitination 
comprises a transcription repressive 
function in the context of p53 responsive 
genes. This function of MDM2 might be 
expanded to a p53 independent context 
as well.

The idea of MDM2 recruitment to the 
p53 responsive promoters has been 
gradually accepted as more supporting 
evidence has become available. It has 
been demonstrated that endogenous 
MDM2 protein localizes to p21 and 
MDM2 promoters at the steady state, 
and MDM2 localization to these DNA 
fragments is p53 dependent.83 In com-
parison, MDM2 decreases the associa-
tion with p53 on the chromatin once p53 
is activated.83 This phenomenon sug-
gests that the binding of MDM2 to chro-
matin sustains a dormant status of p53.

An Antirepression Model of p53 
Activation Including MDM2 and 
MDMX

Questions will be raised following the 
discussion of MDM2 recruitment onto 
the chromatin region. What is the func-
tional consequence of the chromatin 
associated MDM2? How does this por-
tion of MDM2 contribute to p53 activa-
tion? Studies from the Gu laboratory 
established the link between p53 acety-
lation and the motion of MDM2 recruit-
ment to the chromatin. A refined 
antirepression model was proposed to 
delineate the role of MDM2 recruitment 
in the process of p53 activation84 (Fig. 
2). MDMX, a MDM2-similar protein 
and another proven key repressor of 
p53, was also involved in this refined 
model. In the studies from this labora-
tory, MDM2 and MDMX were exam-
ined and proven present on the promoter 
of p53 responsive genes, p21, MDM2, 
and PIG3.79 p53 was kept in a preset 
repressed state when staying in the same 
complex with MDM2 and MDMX on 
chromatin. When p53 acetylation was 
fully activated, the recruitments of 
MDM2 and MDMX on those p53 target 
promoters were abrogated due to 
decreased association between acety-
lated form of p53 and MDM2/MDMX.79 
p53 was released from the originally 
repressed status, and this step was desig-
nated as an antirepression step in this 
modified p53 activation model. Con-
versely, an acetylation dead mutant of 
p53 showed no effect in stripping off 
MDM2 or MDMX from the tested p53 
target promoters, and p53 remained in 
the inactive form.79 The repressed status 
of p53 implies that p53 is intrinsically 
active at the steady state and that the 
inactivation of p53 is purely due to the 
binding of MDM2 or MDMX on p53 
associated chromatin. In fact, the func-
tional defects of inactive p53 mutant 
defective in acetylation can be rescued 
by removing MDM2 and MDMX from 
cells.79 This is the most critical piece  
of evidence to prove the existence of a 
preset repression state of p53 and the 
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necessity of an antirepression step in this 
refined p53 activation model.

Concluding Remarks
p53, MDM2, and MDMX studies have 
plentiful and valuable information that 
can be only partially covered in this 
review due to space limitations. We 
focus on the regulatory mechanism of 
MDM2 in the repression of p53 activity. 
Both ubiquitination dependent and ubiq-
uitination independent mechanisms of 
MDM2 mutually exist and are equally 
important. In particular, the ubiquitina-
tion independent mechanism is only at 
the initial stage of being unveiled. Many 
questions await elucidation. How many 
and to what extent are p53 transcription 
targets repressed by MDM2 and MDMX 
on chromatin? Does MDM2 or MDMX 
have promoter preference or tissue spec-
ificity? How does the chromatin associ-
ated portion of MDM2 or MDMX 
respond to various stress conditions? 
Additional exploration is expected to 
advance our understanding of this mech-
anism. Finally, the implications of cur-
rent knowledge and future investigation 

for cancer biology and therapy are 
potentially significant. As MDM2 is a 
bona fide, clinically relevant drug target 
for cancer therapy, better understanding 
of its working mechanism will offer 
more effective and less toxic cancer 
therapy design.
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