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Abstract

The p53 tumor suppressor is a key transcription factor regulating cellular pathways such as DNA repair, cell
cycle, apoptosis, angiogenesis, and senescence. It acts as an important defense mechanism against cancer onset
and progression, and is negatively regulated by interaction with the oncoprotein MDM2. In human cancers, the
TP53 gene is frequently mutated or deleted, or the wild-type p53 function is inhibited by high levels of MDM2,
leading to downregulation of tumor suppressive p53 pathways. Thus, the inhibition of MDM2-p53 interaction
presents an appealing therapeutic strategy for the treatment of cancer. However, recent studies have revealed the
MDM2-p53 interaction to be more complex involving multiple levels of regulation by numerous cellular proteins
and epigenetic mechanisms, making it imperative to reexamine this intricate interplay from a holistic viewpoint.
This review aims to highlight the multifaceted network of molecules regulating the MDM2-p53 axis to better un—
derstand the pathway and exploit it for anticancer therapy.
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INTRODUCTION

Malignant transformation of a cell is attributed to
a series of genetic and epigenetic events involving
alterations in several oncogenes, tumor-suppressor
genes, or microRNA genes, typically, in somatic
cells'"™. The genomic instability resulting from the
accumulation of multiple lesions leads to changes in
cell signaling, gene expression and cell cycle progres—
sion culminating in the malignant phenotype which
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is characterized by sustained proliferative potential,
evasion of growth suppressors, resistance to cell death
and replicative mortality, increased angiogenesis, and
activation of invasion and metastasis'".

Oncogene activation and tumor suppressor gene
inactivation are the most widely studied mechanisms
for cancer development and progression (Fig. 1), and
as such, oncogenes and tumor suppressor genes have
been identified and validated as viable therapeutic

targets' . Oncogenes typically encode cell prolifera—
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tion and apoptosis controlling proteins, and are usually
activated by mutation or gene fusion, by association
with enhancer elements, or by amplification. On the
other hand, tumor suppressor genes typically activate
antiproliferative and pro-apoptotic pathways, thus pro—
tecting the cell from advancing on the path to cancer.
When such a gene is mutated causing a partial or total
loss of function, the cell can progress to cancer, usually
in combination with other genetic changes"”". Typi-
cally, hematopoietic tumors or soft tissue sarcomas
are initiated by oncogene activation followed by tu—
mor suppressor inactivation and other genetic changes
while the reverse sequence is seen in carcinomas'".
Oncogenes, as compared to tumor suppressor
genes, present a more viable therapeutic target since
it is easier to inhibit an increased activity than to re—
store one which is lost. Oncogenic proteins in cancer
cells can be targeted by small molecules and, when
the oncogenic protein is expressed on the cell surface,
by monoclonal antibodies" . Several small molecules
targeting oncogenes have been developed such as
imatinib (targeting ABL/PDGFR in chronic myelog—
enous leukemia), erltotinib (targeting EGFR in non-—
small lung cancer), sorafenib (targeting FLT3 kinase
in renal cell carcinoma), lapatinib (targeting Her2/
neu in breast cancer) and sunitinib (targeting VEGFR/
FLT3 kinase in gastrointestinal tumors) which are

Oncogenes

Genomic
Instability

presently in the clinic'"™. Monoclonal antibodies such
as trastuzumab (against Her2 in breast cancer) and
bevacizumab (against VEGF) also are routinely used
in cancer therapy'".

The most widely studied tumor suppressor is p5>3
and nearly sixty-thousand articles have been published
in the past thirty-three years since its discovery'”. The
protein p53 is a potent transcription factor that is acti—
vated in response to diverse stresses and environmen—
tal insults, leading to induction of cell-cycle arrest,
apoptosis or senescence. Thus, the main function of
p53 is to restrain the emergence of transformed cells
with genetic instabilities, acting as the 'guardian of the
genome'. In normal cells, p53 is kept at low levels by
murine double minute 2 (MDM2), an ubiquitin ligase.
MDM2 and p53 form a negative-feedback loop, in
which p53 induces the expression of MDM2, which
in turn promotes the degradation of p53 and quenches
cellular p53 activity'”. Around 50% of human cancers
possess a mutated form of p53 while more than 17%
of tumors exhibit mdm2 gene amplification; with
these alterations, separately or concomitantly, lead—
ing to poor prognosis and treatment failure™'"""". For
these reasons, the MDM2-p53 interaction seems to be
a major target for cancer therapy, and indeed has been
focal point of research in both academia and the in—
dustry to develop better targeted cancer therapeutics.
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Fig. 1 Oncogenes, tumor suppressor, and cancer. Genomic instability caused by various factors such as viruses, cytotoxic drugs, and ionizing

radiation triggers mutations in oncogenes or tumor suppressor genes and perpetuates the unstable genome on the way to malignancy. Besides muta—

tions, other genetic alterations responsible for oncogene activation include amplification (egfr, mdm2, myc), translocation (bcr/abl), protein overex—

pression (MDMZ2, Ras) and increased protein stability (Ras). Alterations leading to tumor suppressor inactivation include loss-of-function mutations

(Rb, p53), deletions (p53, DCC). Epigenetic changes such as promoter methylation can also lead to tumor suppressor inactivation (IL-2Ry).
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p53 BIOLOGY

The p53 tumor suppressor gene was reported in
1979 as a cellular partner of simian virus 40 large
T-antigen and the first human cDNA clones of p53
were isolated in the early 1980s™'". The p53 protein
consists of 393 amino acids and is named so because
it migrates as a 53 kD band in gel electrophoresis™'".
Early studies demonstrated the importance of p53 as
a tumor suppressor in both tissue culture as well as
animal models. Both the alleles of the p53 gene are
mutated or deleted in human cancers while, in mice,
deletion of the p53 gene predisposes the animals to
cancer™". In fact, p53 mutations are seen in more
than 50% of all human cancers, being highly prevalent
in cancers of the breast and the prostate, and melano—
mas wherein these mutations correlate with poor
prognosis and increased chemoresistance'™""

Studies in lower organisms with no obvious need
for cancer suppression have established the impor—
tant role which p53 plays in normal development and
growth, acting as a protector of the germline. As a
tumor suppressor p53 protects cells from transforma—
tion and tumorigenesis by activating the transcrip—
tional expression of downstream target genes whose
protein products induce cell growth arrest, apoptosis
or senescence in response to stress signals' >, The p53
protein activates genes regulating normal cell cycle
progression (especially the cell cycle checkpoint re—
lated genes) as well as genes maintaining genomic
integrity. Thus, by coordinating with elements of the
DNA damage response, p53 induces cell cycle arrest
and/or apoptosis. Genotoxic stresses, as a result of
ionizing radiation or chemotherapeutic drugs, increase
p53 levels, leading to G1 or G2/M phase arrest and
subsequent apoptosis, if DNA repair cannot restore the
normalcy of the cell. This is due to the ability of p53
to upregulate cell cycle proteins such as GADD45,
p21, as also pro-apoptotic proteins such as BAX and
PUMA"?. CDC2/cyclin E activity is essential for en—
try into mitosis, and this activity can be inhibited by
p21 or GADDA4S5 resulting in G2/M phase arrest'”’.
Induction of cellular senescence via the p21-Rb-E2F
pathway in response to DNA damage, oxidative stress
or telomere erosion is yet another mechanism whereby
p53 activation curbs the tumorigenic processes™'>'"*"

Fig. 2 illustrates the simplified structure and basic
functions of p53 (Fig. 2A) and selected representa—
tive p53-interactive proteins (Fig. ZB). The p53 tumor
suppressor plays a role in almost all types of DNA
repair systems and is known to interact with Ape/ref-
1, OGG1, and Polf (base excision repair components).
It also is involved in the ATM mediated induction

of Ku70, a protein involved in non-homologous end
joining; Ku70 interacts with BAX to inhibit its mito—
chondrial translocation and oligomerization leading to
cell survival. The components of the mismatch repair
system and the nucleotide excision repair are also up—
regulated by p53 in response to DNA damage"*. The
nature of the phenotypic responses to p53 activation
is, at least partially, proportionate to the severity and
nature of the activating signal. As shown in Fig. 24,
severe stresses induce more extreme and irreversible
responses such as apoptosis and senescence, whereas
milder stresses lead to a transient growth arrest cou—
pled with an attempt to repair the damage caused."”

Additionally, p53 can also act as a transcriptional
repressor, notably in the case of c-fos, myc, VEGF-A,
and survivin gene expression-all of which modulate
proliferation, survival, and angiogenesis pathways in
a positive manner' """, Many studies have also identi—
fied several microRNAs, most notably members of
the miR-34 family, as being subject to transcriptional
regulation by p53. Increased miR-34a activity due to
induction or transactivation by p53 triggers enhanced
apoptosis and changes in the expression of genes re—
lated to cell cycle, apoptosis, DNA repair, and angio—
genesis' . Thus, we believe that p53 acts as a master
regulator that functions as a node in numerous cel—
lular signaling pathways and is involved in functions
as diverse as embryo implantation, DNA metabolism,
apoptosis, cell cycle regulation, senescence, energy
metabolism, angiogenesis, immune response, cell
differentiation, motility and migration, and cell-cell
communication (Fig. 2B)""*"".

Evidence suggests that proteins such as MDM2",
PIRH2"*", COP1"", and ARF-BP1"" can bind to
p53 and act as p5>3 ubiquitin ligases, thus resulting
in its degradation”'”. However, the most important
negative regulator of p53 is MDM2, which inhibits
its biochemical activity through a negative feedback
control. In the following sections, we further discuss
MDM2 and the MDM2-p53 interaction.

MDM?2 BIOIOGY

The mdm2 gene was first identified as the gene re—
sponsible for the spontaneous transformation of an im—
mortalized murine cell line, BALB/c 3T3""*. Early cell
culture studies demonstrated that mdm?2 overexpression
rendered rodent fibroblasts tumorigenic in nude mice,
thus establishing it as an oncogene'". The mdm2 gene
was subsequently cloned and mapped to chromosome
12q13-14"" and found to contain two transcriptional
promoter elements termed P1 and P2 with the latter be—
ing p53-dependent. The mdm?2 gene is expressed as dif-
ferent isoforms™™*” with the full-length transcript of this
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Fig. 2 p53, a tumor suppressor. A: Selective Impact of p53 Modifications. Exemplary post-translational notifications via phosphorylation (P),

acetylation (Ac), or ubiquitination (Ub) are depicted, which result in a specific cellular outcome in response to p53 activation and preferential activa—

tion of indicated target genes. E4F1 is an atypical ubiquitin ligase that modulates the p53 functions independently of degradation. E4F1-dependent

Ub-p53 conjugates are associated with chromatin, and this induces a p53-dependent transcriptional program eliciting cell cycle arrest but not apopto—

sis. Following ATM activation, 14-3-3-6 is induced, and this causes dephosphorylation of p53 at S-376. HIPK2 induced S46 phosphorylation in p53

is essential for mediating its apoptotic functions. B: p53 contributes to multiple cellular processes in response to various cellular stresses via regulation

of downstream targets and/or signaling pathways.

gene encoding a protein of 491 amino acids””. Under
normal conditions, MDM2 is expressed in the nucleus,
but it translocates to the cytoplasm to mediate the deg—
radation of some of its targets by the proteasome'"**.
Studies have shown that the mdm2 gene was ampli—
fied in over a third of 47 sarcomas including common
bone and soft tissue cancers''”. A variety of mecha—
nisms, such as amplification of the mdm2 gene",
single nucleotide polymorphism at nucleotide 309
(SNP309) in its gene promoter™ ™, increased tran—

scription and translation'”", account for MDM2

overexpression. In human cancers, MDM2 has been
associated with poor prognosis (especially in solid
tumors of the breast, lung, stomach and esophagus;
liposarcomas, glioblastomas, and leukemias)"'™""*"".
MDM2 overexpression also correlates with metastasis
and advanced forms of the disease in osteosarcomas,
and cancers of the colon, breast and prostate, and is of—
ten associated with more treatment resistant tumors"”.
Fig. 3 depicts the basic structure and active domains
(Fig. 3A) as well as its major cell functions and in—
teractive partners (Fig. 3B). The activity and cellular
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localization of the evolutionarily conserved MDM2
oncoprotein is controlled by several known mecha—
nisms*”. The most widely studied mechanism being
the p53-induced mdm2 transcription which is mediated
via the P2 promoter, whereas basal transcription is ini—
tiated from the P1 promoter™. Additional transcription
factors (such as NF-kB"", Fli-ETS", IRF-8"", SP1*",
and NFAT1"") as well as the Ras-Raf-MEK-MAPK""
pathway can positively modulate the expression of
MDM2 from either or both the P1 and the P2 promot—
ers. On the other hand, the tumor suppressor PTEN
decreases MDM2 expression, independent of p53™*".
Several microRNAs (miRNAs) such as miR-143, miR-
145, miR-29 (through PI3K/Akt pathway) and miR-
18b (upregulation of p53) have been proposed to block
translation of MDM2 mRNA""*.

Another facet of MDM2 regulation involves post-
translational modifications™*” including phosphoryla—
tion of the MDM2 protein by upstream molecules

such as ATM (decreases MDM?2 stability)[43'45] and
Akt (increases MDM2 translocation from the cyto—
plasm into the nucleus, allowing p53 degradation)"*"".
Other enzymes, such as CK2 and DNA-PK, as well as
members of the Ras-Raf-MEK-MAPK pathway, also
regulate MDM2 phosphorylation™”.

An increasing body of clinical and preclinical evi—
dence suggests that MDM2 has important roles in
the cell, independent of p53 (Fig. 3B). For example,
MDM2 is able to affect processes such as DNA syn—
thesis and repair by interaction with DNA polymerase
e DHFR", centrosome amplification™ and the
MRN DNA complex containing Nbs1™**!, etc. Simi—
larly, MDM?2 interacts with several proteins such as
Rb/E2F-1 complex™", the DNA methyltransferase
DNMT3A™, p107"", MTBP'***Y, the cyclin kinase
inhibitor p21, independently of p53, and drives cell
cycle progression (typically S-phase)**’. In an analo—
gous fashion, the MDM2 oncoprotein interacts with
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Fig. 3 MDM2 as an oncogene. A: MDM2 structure and binding sites for various interactive proteins. MDM2 protein domains and the cellular

proteins interacting with different domains are listed. Blue region: p53 binding domain (aa 19-220); Teal blue region-Nuclear localization signal (NLS);

Purple region: Nuclear export signal (NES); Orange region: Acidic domain (aa 223-274); Green region: Zinc finger domain (aa 305-322); Red region:

RING finger domain (aa 438-478); Yellow region: Nucleolar localization signal (NOLS). B: MDM2 contributes to multiple processes leading to and

promoting the development of cancer phenotype.
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the E2F1/Rb pathway to inhibit apoptosis”™. MDM2"s
anti-apoptotic roles also include its interaction with
well-known apoptosis mediators such as p73 (MDM2
mediates p73 NEDDylation and prevents p53 transac—
tivation)”**" and FOXO3a (MDM2 decreases FOXO3a
protein stability)'*”. MDM2 upregulates the transla—
tion of anti-apoptotic XIAP, thus inactivating caspase-
mediated apoptosis' ™. Therefore, MDM2 affects both
pro-apoptotic as well as anti-apoptotic proteins.

Therefore, MDM2, in addition to being a negative
regulator of p53, also affects the functions of other
cellular proteins, which participate in pathways rang—
ing from DNA repair to apoptosis to cell motility and
invasion”"******. However, most of the MDM2-pro—
tein interactions affect the steady-state levels of p53
in the cell, either directly or indirectly. Thus, it is evi—
dent that the MDM2-p53 interaction is at the heart of
normal cell regulation, and has been studied minutely
over the past few years.

MDM2-P53 AUTOREGULATORY FEED-
BACK PATHWAY

As aforementioned, though MDM2 does have sev—
eral p53-independent functions, the ability of MDM2
to act as an oncogene mainly stems from its capacity
to bind the tumor suppressor p53 and to inhibit p53-
mediated gene transactivation''"”. The proteasomal
degradation of the p53 protein by MDM2 is essential to
its repression of the tumor suppressor functions of p53,
and many proteins intrude upon this activity, either
enhancing or inhibiting it. Figure 4 shows the basic
concept of the MDM2-p53 interaction, which was first
established when the MDM2 protein was found to be
physically associated with the tumor suppressor p53.
Subsequent studies indicated that MDM2 overexpres—
sion decreased p53 levels in the cell, leading to the
speculation that MDM2 is a negative regulator of p53.
Furthermore, observations that MDM?2 gene amplifica—

Autoregulatory
feedback Loop

' Nuclearimport
[ ,,IA —

tion is seen in several human sarcomas with wild-type
P53 have established the validity of the hypothesis'”

MDM2 targets p53 for ubiquitination and degrada—
tion by the proteasome'™ ", shuttles p53 out of the
nucleus™™, prevents p53 from interacting with tran—
scriptional co-activators'™, and recruits transcriptional
co-repressors to p53'” . On the other hand, p53 reg—
ulates MDM2 oncoprotein expression by binding to its
promoter“z’lg‘%]. The increased MDM?2 levels cause it,
in turn, to bind and inactivate p53 by directly blocking
the p53 transactivational domain and by targeting the
p53 protein for ubiquitin-dependent degradation by
the proteasome'>™' (Fig. 4). This elegant autoregula—
tory loop helps to maintain low cellular levels of p53
in normal cells. The levels of p53 must be tightly con—
trolled in unstressed cells since high levels of the anti-
proliferative and pro-apoptotic p53 can be detrimental
to normal cell growth and development'”’.

The MDM2-p53 interaction was initially thought to
result solely from the mutual binding of MDM2 and
p53 via their N-terminal domains'. Recently, Poy—
urovsky et al. have discovered that alterations in the
p53 C terminus (such as deletion, mutation or acetyla—
tion) can also affect the MDM2-p53 interaction'™. In
addition, the C-terminal RING finger domain MDM2
serves as an E3 ubiquitin ligase for p53 proteolysis
and ubiquitinates p53 at several lysine residues' .
Low levels of MDM2 activity induce the mono-ubiq—
uitination and nuclear export of p53, whereas higher
levels promote the poly-ubiquitination and nuclear
degradation of p53'*™"™*"!. MDM2s role in p53 reg—
ulation and in maintenance of life is further supported
by the fact that targeted deletion of the mdm2 gene in
mice is embryonically lethal®™. These observations
emphasize that the MDM2 interaction involves more
than simple protein binding.

As can be envisaged, the MDM2-p53 interplay
is a particularly attractive target for therapeutic in—
tervention in cancer. Increasing the expression and
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—— (s )—
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Fig. 4 The traditional MDM?2-p53 regulatory pathway. The feedback regulation involving the p53 and MDM2 is shown.
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sequester the MDM2 in the nucleolus, inhibiting MDM2 from binding and degrading p53. CK1 phosphorylates p53 at Thrl8 in response to stress

and DNA damage and, along with p53, localizes to the PML nuclear bodies. MDMX forms heteroligomers with MDM2 and induces p53 degrada—

tion. PA28y protein interacts with both MDM2 and p53 proteins and promotes the MDM2-p53 interaction, leading to enhanced MDM2-mediated p53

ubiquitination and degradation. RYBP interacts with MDM2 to decrease MDM2-mediated p53 ubiquitination while RNF2 promotes p53 degradation.

HIPK2, tumor suppressor (Ts) protein phosphorylates MDM2, promoting its proteasomal degradation while the Rb Ts forms a ternary complex with

p53 and MDM2.

activity of wild-type p53 is the ultimate goal in most
treatment strategies, and therefore p53 gene therapy
approaches have been enthusiastically pursued for
several years. These include an adenovirus vector
based p53 delivery system gaining approval in China
in 2004 for the treatment of head and neck cancer'.
Other strategies to restore wild-type p53 in the cell
have been vaccines against mutant p53, small mol—
ecules that bind to mutant p53 to restore normal con—
formation and/or activity (e.g. ellipticine)"®”. Since
MDM2 overexpression is seen in tumors containing
wild-type p53, it has been postulated that attacking
the MDM2-p53 interaction will help restore p53 lev—
els and activity in the cancer cells, and an entire field
of synthetic chemistry and pharmacology is dedicat—
ed to developing strategies to target this interaction
for therapy'"”’.

MODULATORS OF THE MDM2-p53
PATHWAY

The MDM2-p53 feedback loop is crucial for re—
stricting p53 levels and activity during normal cell
physiology, and is tightly regulated by several other
factors. These co-factors alter MDM2 or p53 confor—
mation, binding, localization, expression, and modu—
late the E3 ligase activity of MDM2 towards itself,

p53, and other substrates; consequently, regulating a
variety of different cellular processes (Fig. 5). In the
following section, we discuss exemplary cellular mol—
ecules that play a part in this interaction (Table 1).

MDMX

MDMX, a splice variant of MDM2, possesses a
high degree of homology to MDM2, especially in its
N-terminal p53 binding domain and both proteins are
believed to have non-redundant roles in maintaining
low levels of p53 in the normal cell®™. MDMX also
directly binds to the transactivation domain of p53 and
inhibits p53 activity, but does not induce p53 degra—
dation. MDMX is overexpressed in several cancers
and it heterodimerizes to MDM2 via its RING finger
domain at its C-terminus'**”"”, thereby modulating its
E3 ligase activity. MDM2 and MDMX are proposed
to form a complex that is more effective at inhibiting
p53 transactivation or enhancing p53 turnover™*>*"!1.
MDM2 can also directly ubiquitinate and degrade
MDMX upon DNA-damage stimuli®’.

ARF

One of the first proteins discovered to interact with
the MDM2-p53 loop was ARF, an alternate reading
frame protein expressed from the INK4a locus. The
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Table 1 MDM2-interactive proteins and the biological effects of the interaction
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Protein name

Consequence of interaction on p53/MDM2

Ubiquitination by Biological consequence of the Reference

MDM2 interaction with MDM2 or p53
14-3-3-c MDM2 stability decreased, translocation to  None P53 activation induces 14-3-3-c  [100]
cytoplasm; p53 stability increased causing G2/M phase arrest
pl4 (ARF) MDM2 activity decreased, MDM2 local- Not reported AREF localizes MDM2 to the nu—  [94-96]
ized to the nucleolus; p53 stability in— cleus preventing MDM2-p53 in—
creased. teractions while promoting rapid
MDM2 degradation.
P73 Increased stability and transcription of p53  No; MDM2 promotes Increased apoptosis and cell cycle
p73 NEDDylation arrest due to increase in p53 sta—
bility
Caspase-2 Cleaves MDM2 at asp 367 leading to loss None Upon DNA damage, p53 induces [126]
of C-terminal RING domain and increases the caspase-2-PIDDosome creat—
po3 stability ing a positive feedback loop that
inhibits MDM2 and reinforces p53
stability and activity, contributing
to cell survival and drug resistance.
Gankyrin E3 ligase activity of MDM2 increased; en— None Increased cell proliferation and  [122]
(PSM10) hanced ubiquitination and degradation of decreased apoptosis due to de—
po3 crease in p53 stability
HAUSP/ MDM2 stability increased due to de-ubig— MDM2 is deubiquiti— Increased cell proliferation and [123,124]
USP7 uitination p53. Stability decreased due to natedby HAUSP decreased apoptosis
increased MDM2-mediated ubiquitination
HIPK2 HIPK2 and p53 co-localize with PML-3 Monoubiquitination Increased apoptosis and cell cycle [103-106]
into the nuclear bodies and cooperate in the  at lysine 1182 arrest due to p53 activation
activation of p53-dependent transcription
and induction of apoptosis
IGF-1R IGF-1R loss reduces translational synthesis  Polyubiquitination Increased apoptosis and cell cycle [127]
of p53 and MDM2 protein. IGF-1R in— arrest on IGF-1R overexpression
hibition increases p53 protein stability by
reducing p53 ubiquitination, decreases p53
synthesis, Z thus rendering p53 insensitive
to stabilization after DNA damage
IMY Augments p53 response to DNA damage. Polyubiquitination Induces p53 mediated cell cycle [101,102]
arrest and apoptosis; affects cell
motility
Merlin Induces MDM2 degradation through its N- Not reported Decreased cell proliferation due [128]
terminal and stabilizes p53 to increase in p53 stability
MDMX Hetero-oligomerization of MDM2 and Polyubiquitination Increased cell proliferation and  [85-87]
MDMX via their RING domains sup— decreased apoptosis
presses p53 activity
NUMB MDM2 increases its degradation and in— Monoubiquitination ~ Not well understood [120]
creases po3 activity
Nucleosteo- Nucleoplasmic mobilization of nucle— Not reported Decreased apoptosis and cell cy—  [129]
min ostemin stabilizes MDM2; decreases p53 cle arrest due to decreased p53
transcriptional activity transcription
Nucleophos- NPM inhibits binding of p53 with MDM2  Not reported Increased apoptosis and cell cycle  [97]
min arrest due to p5>3 activation
(NPM,B23)
PA28y Decreases stability of p53 Increased ubiquitina— Enhanced the proteasomal deg— [125]
tion of p53 radation of various proteins in—
volved in the cell cycle, leading
to cell proliferation
PML Decreases ubiquitinating ability. protects None Increased apoptosis and cell cycle  [99]

p53 from MDM2-mediated inhibition and
degradation.

arrest due to increased accumula—
tion of p53 in the cell
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Table 1 MDM2-interactive proteins and the biological effects of the interaction (continued)

PCAF Inhibits binding of MDM2 with p53;
stimulates MDM2 auto-ubiquitination;
Acetylates p53 in response to DNA dam—
age; MDM2 increases its proteasomal
degradation

Retinoblas— Decreased expression and/or inhibition;

Monoubiquitination

None (some studies MDM2 overexpression inhibits

Increased apoptosis and cell cycle  [130]
arrest due to activated p53

[55- 57]

toma protein P53-MDM2-Rb trimeric complex modu— report poly-ubiquiti—- Rb causing increased cell prolif—

(Rb) lates pro-apoptotic function of p53 nation of Rb) eration and decreased apoptosis;
Siva-1 Increases MDM2-mediated p53 degrada— None Increased cell proliferation and [131]
tion. decreased apoptosis due to de—
crease in p53 stability
Tip60 Localization to PML bodies; decreased Polyubiquitination Increased apoptosis and cell cycle  [55,132]

MDM2-mediated NEDDylation of p53;
p53 acetylation promoted

YY1 YY1 promotes the assembly of the p53- None

Mdm2 complex. disrupts the interaction
between p53 and the coactivator p300,
blocks p300-dependent acetylation and
stabilization of p53.

arrest due to activated p53

Increased cell proliferation and  [133]
decreased apoptosis

ability of MDM2 to target p53 for proteolytic deg—
radation is inhibited by ARF“**". This ARF-MDM2
interaction blocks MDM2 from shuttling between the
nucleus and cytoplasm and sequesters MDM2 in the
nucleolus; preventing it from degrading p53 resulting
in the indirect activation of p53'”™. Conversely, ARF
dysregulation may cause malignant transformation
by increasing MDM2 levels'™'. The ARF (p14/p19)
protein also increases MDM2 SUMOylation in a p53-
independent manner””. While the SUMOylation of
MDM?2 by ARF does not appear to affect the MDM2-
p53 loop, it may affect the p53-independent activities
of MDM2"”!.

Nucleophosmin (NPM)

The protein nucleophosmin (NPM) competes for
the binding of MDM2 with p53 and can stabilize
AREF, increasing its concentration in the nucleolus
and resulting in decreased p53 degradation””. NPM
and MDM2 have been shown to bind to the same
region of p53, resulting in decreased p53 ubiquitina—
tion””. However, NPM also has several other p53
independent effects, and studies show that over—
expression of NPM can enhance proliferation and
oncogene-mediated transformation by c-Myc modu—
lation; therefore, targeting NPM for cancer therapy
may be controversial”".

Promyelocytic Leukemia (PML)

The protein Promyelocytic leukemia protein (PML)
mediates the localization of proteins to the nucleus. It
is responsible for protecting p53 from MDM2-medi—

ated ubiquitination by sequestering MDM2 in the nu—
cleus”™ . Casein kinase 1 (CK1) also plays a role in
PML-mediated p53 protection by phosphorylating p53
at Thr18 in response to DNA damage and causing its
localization to the PML nuclear bodies, thus protect—
ing it from MDM2-mediated degradation'™”.

14-3-3-c

DNA damage activates several proteins, some of
which are p53 downstream targets. The 14-3-3-c
protein is one such downstream target of p53 that is
expressed following exposure to radiation”"”. It nega—
tively regulates cell cycle progression through inter—
actions with CDK2/4 and CDC2, preventing the cyc—
lin-CDK interaction and causing G2 phase cell cycle
arrest' ™. This protein can also decrease p53 degrada—
tion via an increase in MDM2 auto-ubiquitination and
degradation, as well as by causing the translocation of
MDM2 to the cytoplasm' .

JMY

DNA damage also increases the accumulation of
JMY, a p53 co-transcription factor. During DNA
damage induced p53 response, JMY forms a DNA
damage-dependent complex in the nucleus with the
p300 co-activator and the MDM2 oncoprotein[101].
JMY and p300 are recruited to p53 in a protein com—
plex subsequent to DNA damage and cooperate in
boosting the p53 response. IMY is degraded following
ubiquitination by the MDM2 RING domain""". In—
triguingly, JMY has been recently reported to control
cadherin expression and actin nucleation, thus influ—
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219, etc.
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p53 gene delivery,
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Antisense

Oligonucleotides,

Ribozymes, siRNA,
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shRNA, small
molecules that
p53-independently
block MDM2, etc.

Proteasomal
degradation

Affecting MDM2-p53
interaction modulators
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Fig. 6 General strategies to inhibit the MDM2-p53 interaction. RITA= Reactivation of p53 and induction of tumor apoptosis. Ellipticine

binds to mutant p53 to restore normal conformation and/or activity; PRIMA-1 reactivates mutp53 by covalent binding to the core domain.

encing cell motility and invasion, finally integrating
cytoskeletal events and cellular motility with the DNA
damage response''"”.

HIPK2

HIPKZ2 is a tumor suppressor that promotes ap—
optosis by modulating factors, directly or indirectly
related to p53, such as the antiapoptotic transcrip—
tional corepressor CtBP, the p53 inhibitor MDM2 and
ANp630"'*™. HIPK2 phosphorylates MDM2 for pro—
teasomal degradation, and may overcome the MDM2-
induced p53 inactivation restoring p53 apoptotic
activity. On the other hand, an interesting regulatory
circuitry between MDM2 and HIPK2/p53 axis reveals
that sub-lethal DNA damage leads to HIPK2 inhibition
by a protein degradation mechanism which involves
p53-induced MDM2 activity. These findings indicate a
role for MDM2 to fine-tune the p53-mediated biologi—
cal outcomes (that is, cell cycle arrest vs apoptosis),
according to the requirements. This may also explain
P53 inactivation in tumors overexpressing MDM2, re—
gardless of the presence of wild-type p53"""".

Ribosomal Proteins

MDM2 is also prevented from targeting p53 for
proteolytic degradation by a subset of ribosomal pro—
teins. MDM2 is involved in the ribosome biogenesis
occurring in both the cell cytoplasm and in the nucle—
olus of eukaryotic cells""”. Several ribosomal proteins
(both from the large as well as the small subunits),

such as RPL5"", RPL11""”, RPL23""", RPS7!"""'™,
RPS14"", RPS25"'" and RPS 27/RPS27L""™""" have
been shown to have a role in the regulation of the
MDM2-p53 feedback loop in response to ribosomal
stress. RPL5, RPL11, RPL23, and RPS14 have been
shown to bind to the central acidic domain of MDM2
to inhibit its E3 ubiquitin ligase activity toward
p53"'°. Furthermore, the S7 and S25 proteins bind
MDM2 as well as p53, forming a ternary complex of
MDM2-p53-ribosomal protein, which prevents p53
ubiquitination. Furthermore, the S7 protein has been
demonstrated as a substrate for MDM2 E3 ligase in
addition to it being a regulator of MDM2 mediated
p53 degradation'""'”. Overexpression of these ribos—
omal proteins elevates p53 levels and transcriptional
activity, leading to G1 or G2 arrest, reduced cell pro—
liferation, and increased apoptosis.

Polycomb Proteins

Another tumor suppressor that activates p53 by
destabilizing MDM2 is the pro-apoptotic polycomb
group (PcG) RYBP (RINGI1-and YY1-binding pro—
tein), an ubiquitin-binding protein''”. RYBP in—
teracts with MDM2 to decrease MDM2-mediated
p53 ubiquitination, leading to stabilization of p53
and an increase in p53 activity, leading to cell cycle
arrest!"'”!. Contrastingly, another polycomb com—
plex protein RNF2, also known as RinglB/Ring2
is seen to bind with both p53 and MDM2 in colon
cancer cell lines and promote MDM2-mediated p53
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ubiquitination. RNF2 overexpression also increases
the half-life of MDM2 and inhibits its ubiquitina—
tion"'™""”!. These observations indicate that polycomb
proteins play important roles in p53/MDM2 regula—
tion and may present novel targets for cancer therapy
or prevention.

Proteasome-associated Proteins

From our earlier discussions, it is evident that
MDM2’s role as a p53 negative regulator stems from
its ubiquitin ligase activity. MDM2 functions as an
E3 ligase that ubiquitinates p53 at several lysine resi—
dues™ ™™™ In addition to ubiquitinating p53, it also
has the ability to ubiquitinate itself*"’ and various other
substrates, such as NUMB"*", prlSSJ, and MDMX"™',
The protein CSN5, a part of the COP9 signalosome
and a regulator of cell cycle proteins such as p27, has
been shown to increase p53 proteasomal degrada—
tion by promoting p53 nuclear export and decreasing
MDM2 auto-ubiquitination and degradation'". The
property of MDM2 to ubiquitinate varied substrates as
well as auto-ubiquitinate itself seems to be an attrac—
tive approach for developing targeted therapy.

Several proteasome-associated proteins other than
MDM2 also associate with p53, affecting the MDM2-
p53 interaction. For example, gankyrin, a seven-repeat
protein associated with the 19S regulatory complex
of the 26S proteasome and commonly overexpressed
in early hepatocarcinogenesis facilitates the MDM2-
p53 interaction by binding to MDM2, resulting in
increased p53 ubiquitination and degradation'*’.
Gankyrin also enhances the auto-ubiquitination of
MDM?2 in the absence of p53'**. A de-ubiquitinating
protein, HAUSP (herpes virus-associated ubiquitin-
specific protease, also known as USP7; ubiquitin
specific protease 7), cleaves ubiquitin from p53, thus
stabilizing it""*”. Interestingly, it was later found to
bind to MDM2 as well and increase MDM2 levels and
stability by rescuing it from ubiquitination, resulting
in p53 destabilization'*". The dual control of p53 and
MDM2 by HAUSP indicates a complex p53-MDM2-
HAUSP regulatory pathway.

The proteasome activator PA28y also regulates the
MDM2-p53 interaction (independent of its proteas—
ome-activator function) and serves as a co-factor for
p53 degradation'””. In addition, PA28y binds p21 to
regulate its degradation in an ubiquitin-independent
manner. It also binds to the cell cycle control proteins
pl4/p19ARF and pl6 (INK4A)"*'. These observa—
tions suggest that the MDM2-interactive proteins,
such as PA28y, p21, and pl4ARF, may form a com—
plex to enhance the proteasomal degradation of the
various proteins involved in the cell cycle.

TARGETING THE MDM2-P53 PATH-
WAY FOR CANCER THERAPY: MORE
THAN BINDING SITES

Our discussion, so far, has established that the tu—
mor suppressor p53, in response to cellular stress,
is activated and mediates responses such as cell cy—
cle arrest, apoptosis, senescence and differentiation,
thereby limiting malignant progression. The main reg—
ulator of p53 is the E3 ubiquitin ligase MDM2, which
binds to p537s transactivation domain and functions
by both preventing p53°s transcriptional activity and
targeting it for degradation. Activation of p53 in a tu—
mor cell by antagonizing its negative regulator MDM2
or targeting the MDM2 oncogene itself offers a viable
therapeutic strategy, and proof-of-concept experi—
ments have already demonstrated the feasibility of this
approach in vitro"*"*".

Strategies to target MDM?2

The major strategies (Fig. 6) that have been used for
targeting the MDM2-p53 interaction are as follows:

Blocking MDM?2 expression. Inhibition of the
MDM2 oncoprotein can limit its interaction with
p53, thus preventing p53 degradation and resulting in
higher levels of p53 in cells. Several gene silencing
techniques (discussed later in this section) have al-
ready proved the effectiveness of such an approach.

Inhibiting MDM2-p53 binding. Inhibition of
MDM2-p53 binding appears to be a desirable strategy
for p53 stabilization and activation. However, target—
ing protein-protein interactions by small molecules is
a challenging task. Protein-protein interactions usu-—
ally involve large and flat surfaces that are difficult to
disturb by low molecular weight compounds'*"""*".
However, in the case of the p53-MDMZ2 interaction,
it has been demonstrated that only three amino acid
residues, Phel9, Trp23 and Leu26 of p53, are crucial
for the binding of the two proteins, and these are in—
serted into a deep hydrophobic pocket on the surface
of the MDM2 molecule!>""*'*"". This protein architec—
ture provides a framework to design small molecules
that mimic this interaction. Several small molecule
inhibitors such as nutlins'"*""*, spiroxindolesmgj, iso—
lindones""", and chalcone derivatives have been de—
veloped via combinatorial library screening, are based
on this principle"*""*",

Curtailing the E3 ubiquitin ligase activity of
MDM?2. MDM2 negatively regulates p53 by target—
ing the ubiquitin ligase activity of MDM2. A com-—
plementary approach to prevent p53 degradation by
MDM2 is to develop agents designed to inhibit the
E3 ligase activity of MDM2 directly so as to mimic
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the effects of ARF or the ribosomal protein L11. Re—
cently, small-molecule inhibitors have been identi—
fied that specifically target the E3 ligase activity of
MDM2"*. The efficacy and molecular effects of
these inhibitors on the biochemical functions of p53
still remain to be defined.

Gene Silencing Methods to Eliminate MDM?2
Expression

Several early studies by our group using antisense
oligonucleotides (ASOs) to inhibit MDM2 expression
have established the proof-of-principle for the gene
silencing approach for MDM2 inhibition in cells and
mouse models of human cancer'*"™"**'*". These ASOs
cause p53 stabilization and activation of the p53
pathway in cancer cells in tumor xenograft as well as
cell culture in both p53 wild-type and mutant cells,
possibly via the resulting p21 upregulation due to
MDMS2 inhibition*"". Other gene targeting strategies
include the use of MDM2 ribozymes, MDM2 aptam—
ers, and RNA interference techniquesm’m’m]. All
these techniques had antiproliferative and pro-apop—
totic effects in the in vitro systems tested. However,
none of the above approaches have subsequently pro—
gressed into preclinical or clinical development. Very
recently in the past year, several groups have suc—
cessfully used smart delivery approaches to deliver
MDM2-siRNA for anticancer therapy. Reports from
the Shizuoka University and Chinese Academy of
Sciences indicate a successful delivery and accumu—
lation of MDM2 siRNA into tumors by cationic li—
posomes and nanoparticles, respectively' ">, These
data suggest that targeted delivery of siRNAs by use
of novel delivery approaches may have considerable
potential for cancer treatment.

Small Molecule Inhibitors to Inhibit MDM?2
Activity

Several different approaches have been taken to
develop small molecule MDM2 inhibitors, with most
efforts focused on the development of agents designed
to inhibit the interaction between MDM2 and p53
(e.g. Nutlins, spiro-oxindoles, benzodiazepines and
RITA-reactivation of p53 and induction of tumor cell
apoptosis)' 71! Most of these chemical entities
possess the capability to displace p53 from MDM2
in vitro with nanomolar potency (IC;, = 90 nM for
nutlin-3a). Crystal-structure studies demonstrate that
nutlins bind to the p53 pocket of MDM2 in a way that
remarkably mimics the molecular interactions of the
three crucial amino acid residues from p53 (Phel9,
Trp23 and Leu26)"*'*".

Alternatively, the ubiquitin ligase activity inhibi—

tors such as deazaflavins have been shown to inhibit
the ubiquitination of p53 in vitro, with IC50 values in
the 20-50 uM range. In cancer cells, they activate p53
signaling and induce apoptosis in a p53-dependent
manner. They have no effect on the physical inter—
action between MDM2 and p53, suggesting that the
mode of inhibition may be allosteric, perhaps by
blocking a structural rearrangement of MDM2 neces—
sary for p53 ubiquitination but not for MDM2 autou—
biquitination" """,

Additionally, several chemopreventive agents such
as ginseng derived compounds, curcumin, and fla—
vonoids such as genistein have been demonstrated to
downregulate MDM2 oncoprotein expression. These
compounds influence MDM2 levels in tumors with
both wild-type p53 as well as mutant (non-functional)
p53, thus indicating that their MDM2 blocking activi—
ties are independent of p53. Several compounds in—
hibit MDM2 interaction with other molecules, such as
berberine which disrupts the MDM2-DAXX-HAUSP
complex'"”'. A comprehensive review on natural
product inhibitors of MDM2 has appeared recently!”"

FUTURE DIRECTIONS

The p53-MDM2 interactions provide a focal point
to improve cancer therapy. As MDM2 regulates p53
activity at the post-translational level, inhibition of the
MDM2-p53 interaction permits an immediate p53-
mediated response. Targeting the MDM2-p53 inter—
action directly and/or other cellular players that will
ultimately increase functional p53 levels in the cell or
decrease MDM2 levels are likely to offer viable ap—
proaches. The view that the MDM2-p53 interaction
just constitutes binding of two proteins and the mutual
regulation of one another is an extremely myopic view
of the subject. The prime goal of p53 based cancer
therapy has been to increase levels of functional p53
and/or inhibit MDM2 levels to prevent further p53
degradation. Compounds that mimic endogenous
signaling components such as ARF, the ribosomal
proteins which either sequester MDM2 preventing
its interaction with p53 or that negatively affect its
ubiquitinating capabilities present interesting strate—
gies to overcome p53 attenuation in the cancer cell.
In fact, the ubiquitin ligase modulators do exactly the
same. Several transcription factors such as NFAT1 are
known to upregulate MDM2 transcription; inhibition
of these transcription factors may provide yet another
strategy to inhibit MDM2 and increase p53 levels. A
possible drawback of such an approach would be the
undesired effects on other signaling pathways as tran—
scription factors are known to regulate a broad spec—
trum of regulatory proteins. The interplay between
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MDM2 and MDMX presents yet another fascinat—
ing area of study. Emerging evidence indicates that
MDM2 and MDMX possess both overlapping and
non-overlapping roles in tumorigenesis, and that in—
activation of only the MDM2-p53 interaction may not
be able to protect the cell against the p53-inhibiting
oncogenic activities of MDMX"**"*,

Disruption of the actual MDM2-p53 protein inter—
action with small molecule inhibitors is an attractive
cancer therapeutic strategy but there still exist con—
cerns as to how viable this concept would be thera—
peutically. For example, will it be possible to inhibit
a protein-protein interaction with a drug selectively
in human tumors? What are the consequences of in—
creasing the p53 levels in normal tissues? Although
clinical studies conducted on a nutlin series com—
pound (RG7112) indicate good tolerance with dose
escalation, long-term exposure to MDM2 inhibitors
and toxicity upon repeated exposure need to be yet
determined. Inhibitors of the MDM2-p53 interaction
also present the risk for acquired resistance to p53
activation. Because expression of wild-type p53 is
essential for the anti-cancer activity of MDM2 inhibi—
tors, resistant clones of cancer cells may emerge from
pre-existing microfoci of p53 mutant cells or through
acquired p53 mutation. Endeavors to develop small-
molecule inhibitors have addressed these issues and
in so doing have increased our understanding of the
MDM2-p53 protein-protein interaction and the effects
of inhibiting the same.

Though a number of the MDM2 inhibitors have
entered clinical trials, and have shown sufficient can—
cer selectivity, the ultimate proof of concept is yet to
come. However, nutlins, in particular, have proved to
be highly effective in the preclinical setup and may in—
hibit cancer growth by pathways other than MDM2 in—
hibition"”"*!. In order to critically evaluate the mech—
anism of action and therapeutic potential of a MDM2
inhibitor, the following properties are desirable: (a) a
high binding affinity and specificity to MDM2, (b) po—
tent cellular activity in cancer cells with wild-type p53,
and (c) a an appropriate pharmacokinetic (PK) profile.
Targeting individual interactive molecules or the in—
teraction of MDM2 with specific co-factors or regula—
tors (dependent or independent of p53) is also likely to
provide effective therapeutic avenues.

There is a huge ongoing research effort in this field
and medicinal chemists are actively generating novel
synthetic scaffolds to target the MDM2-p53 interac—
tion""*>'**'* However, it is imperative to remember
that, apart from the main actors, MDM2 and p53, there
is a strong 'supporting cast' that encroach upon this ap—
parently simplistic protein-protein interaction, subject—

ing it to multiple levels of regulation. More research is
needed to elucidate the role(s) of each of these interac—
tions, and to define the circumstances under which the
interaction(s) can be successfully targeted. The use of
modern combinatorial libraries and high throughput
screening techniques, coupled with an increasingly in-
depth understanding of the biochemistry and molecular
biology of MDMZ2 and its regulators will, hopefully en—
able the development of new and effective inhibitors.
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