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Abstract

The MDM2 oncogene is overexpressed in various human cancers. Its expression correlates with 

the phenotypes of high-grade, late-stage, and more resistant tumors. The auto-regulatory loop 

between MDM2 and the tumor suppressor p53 has long been considered the epitome of a rational 

target for cancer therapy. As such, many novel agents have been generated to interfere with the 

interaction of the two proteins, which results in the activation of p53. Among these agents are 

several small molecule inhibitors synthesized based upon the crystal structures of the MDM2-p53 

complex. With use of high-throughput screening, several specific and effective agents for 

inhibition of the protein-protein interaction were discovered. Recent investigations, however, have 

demonstrated that many proteins regulate the MDM2-p53 interaction, and that MDM2 may have 

p53-independent oncogenic functions. In order for novel MDM2 inhibitors to be translated to the 

clinic, it is necessary to obtain a better understanding of the regulation of MDM2 and of the 

MDM2-p53 interaction. In particular, the implications of various interactions between certain 

regulator(s) and MDM2/p53 under different circumstances need to be elucidated to determine 

which pathway(s) represent the best targets for therapy. Targeting both MDM2 itself and 

regulators of MDM2 and the MDM2-p53 interaction, or use of MDM2 inhibitors in combination 

with conventional treatments, may improve prospects for tumor eradication.
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1. INTRODUCTION

1.1. Oncogene Addiction is a Key Feature of Human Cancers

Oncogenes and tumor suppressor genes are involved in carcinogenesis and tumor 

progression. Although loss of a tumor suppressor can lead to oncogenesis, many human 

tumors possess at least one activated oncogene. The activation of one or more oncogenes, 

along with environmental stress or another cellular “hit,” is sufficient to initiate 

carcinogenesis [1, 2]. There is a long and still-growing list of gene products implicated in 

initiating and stimulating carcinogenesis and cancer progression [2–6]. These oncoproteins 

can be grouped into several categories: growth factors (e.g., EGFR), transcription factors (c-
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Myc), tyrosine kinases (Her2/neu), serine/threonine kinases (Raf), other intermediate 

signaling molecules (PI3K), and cell-cycle or apoptosis-related proteins (Bcl-2).

Continuous expression of at least one oncogene is often necessary and sufficient for cells to 

attain unchecked growth and proliferation under conditions normally incompatible with 

survival. Numerous oncogenes have been examined as targets for therapy, and inhibiting 

their expression or activity is often sufficient to inhibit tumor growth, demonstrating that 

breaking the addiction can end cancer development and progression. Overcoming the 

addiction of cells to these oncogenic proteins results in a reversion to a normal phenotype or, 

more frequently, to apoptosis of transformed cells [2, 7].

1.2. Targeting Oncogenes for Cancer Prevention and Therapy

Given the extent of oncogene addiction and the number of oncogenes that have been 

identified, developing strategies to inhibit their expression or activity in the clinic has been a 

major research priority for more than a decade. Considerable progress has been made, 

especially for oncogenes within the tyrosine kinase category. Several agents targeting 

tyrosine kinases are currently being used to treat human cancer, including Herceptin® 

against Her2/neu expressing cells, Gleevec® against cells expressing bcr/abl, and Iressa® 

against cells over-expressing EGFR. Development of these agents was a major 

breakthrough, and they have served as a proof-of-principle that targeted therapy is a novel 

and effective anti-cancer strategy. This is especially true in the case of Gleevec, which 

significantly improved the survival of CML (chronic myelogenous leukemia) patients [8]. 

Other categories of oncogenes, including the cell cycle-related and apoptosis-related 

oncogenes, have proved more difficult to target with small molecules, but studies are 

progressing.

In fact, a variety of agents, ranging from antisense oligonucleotides to antibodies to 

rationally targeted small molecules, are being investigated for their potential to inhibit 

oncogene expression. Other cancer prevention strategies make use of natural products or 

synthetic agents with low toxicity profiles to inhibit the expression of oncogenes in the hope 

of preventing oncogenesis and cancer progression. In particular, genistein, a soy isoflavone, 

inhibits tyrosine kinase and decreases the expression of various growth factors and their 

receptors [9]. Other anti-oncogenic functions of genistein have been discovered [10], and 

other natural products have demonstrated similar effects [11]. There is hope that these 

agents, which have little or no apparent toxicity, can be used to prevent cancer initiation or to 

inhibit tumor growth in early stages.

1.3. The MDM2 Oncogene

History—The MDM2 (mouse double-minute 2, the human homologue is also called 

HDM2) oncogene was first identified in the early 1990’s following the observation that its 

overexpression in 3T3DM cells was sufficient to confer tumorigenicity in mice [12]. MDM2 

is overexpressed in most human cancers, including 56% of breast cancers, 65% of colon 

cancers, 41% of prostate cancers, and 39% of lung cancers, as well as 80% of lymphomas 

and 70% of leukemias [13]. MDM2 overexpression is associated with tumors that are more 

invasive, in higher/later stages, with greater metastatic potential, and with resistance to 
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chemotherapeutic agents and radiation [13]. These factors implicate MDM2 as an oncogene, 

and indicate that it represents a target for therapy.

The human MDM2 gene is located on chromosome 12q13–15 [14]. The protein contains 

491 amino acids, and migrates as a 90–95 kD band when separated by SDS-denaturing gel 

electrophoresis. MDM2 has a nuclear localization signal (NLS), a nuclear export signal 

(NES), a central acidic domain, a C-terminal zinc-finger domain, and a RING finger domain 

possessing E3 ligase activity [15, 16]. Under normal conditions, MDM2 is expressed in the 

nucleus, but it translocates to the cytoplasm to allow the degradation of some of its targets 

by the proteasome [17–19].

The MDM2-p53 Interaction—Not long after discovering the oncogenic potential of 

MDM2, the oncoprotein was established as a negative regulator of the tumor suppressor p53 

[17]. The p53 protein maintains genomic stability and, under normal conditions, is present at 

low levels. In response of stresses, p53 is activated and induces cell cycle arrest, apoptosis, 

senescence, and cell differentiation [20, 21]. MDM2 binds to p53, masking its 

transactivation domain, and makes use of its intrinsic E3 ligase activity to ubiquitinate p53 

and target it to the proteasome for degradation [22, 23]. Completing an elegant regulatory 

system, p53 in turn regulates MDM2 by promoting its transcription [15]. MDM2 has an 

intronic p53-dependent promoter (P2), which is highly conserved between humans and 

mice. The P2 structure has two tandem p53-binding elements, and promoter activation 

requires simultaneous binding of p53 to both [14]. Thus, the tumor suppressor and oncogene 

participate in an auto-regulatory feedback loop. Under normal homeostatic conditions, the 

two proteins regulate each other and prevent both extensive apoptosis and unnecessary cell 

growth. On the other hand, when MDM2 is overexpressed, the activity of p53 is inhibited. 

Thus, the extent of activation of p53 in response to DNA-damaging chemotherapeutic agents 

or radiation is compromised when MDM2 is overexpressed, allowing cancer cells to escape 

treatment-related arrest or death [24].

Based on its role in p53 regulation and its effects on the response to cancer therapies, 

MDM2 has been considered as a target for therapy for the past decade. Major research 

efforts have been directed toward the MDM2-p53 interaction and toward inhibition of the 

interaction. Although there are extensive new findings about MDM2, p53, and their 

interaction, this review is focused on the cofactors and co-regulators involved in regulating 

the proteins and their interaction and on agents developed to target the interaction. Although 

other topics related to MDM2 and p53 regulation are not covered, interested readers can 

refer to the several excellent reviews published in the past few years [25–30].

2. REGULATION OF THE MDM2-p53 INTERACTION

MDM2 and p53 are components of an elegant auto-regulatory feedback loop. The 

interaction involves a large number of factors, and the extent of regulation of the expression 

and activity of MDM2 and p53 is more extensive than was originally thought. Accumulating 

evidence indicates that, in order to achieve the subtle differences in activity that are 

necessary to cause the various changes in cell cycle progression and arrest, apoptosis, 
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angiogenesis, and other processes (under both homeostatic and stressed conditions and in 

different cell types), other molecules must regulate MDM2, p53, and their interaction.

In support of this concept, there is a diverse and growing group of proteins known to 

regulate the MDM2-p53 interaction and the activities of the two proteins. These co-factors 

alter MDM2 or p53 conformation, binding, localization, and expression, and modulate the 

E3 ligase activity of MDM2 toward itself, p53, and other substrates. The MDM2-p53 

interaction regulates a variety of different processes, with some overlap between the 

different molecule in their activity. The following describes some of the more recent 

discoveries of how the interaction is regulated. Table 1 presents many of the MDM2-binding 

proteins and the outcome of their interactions with MDM2 and p53.

2.1. Regulation of the MDM2-p53 Interaction with Respect to the Cell Cycle and 
Apoptosis

14-3-3-σ—The 14-3-3-σ protein is a downstream target of p53 that is expressed following 

cell stress, such as exposure to radiation [31]. 14-3-3-σ negatively regulates cell cycle 

progression via interactions with CDK2/4 and CDC2, preventing the cyclin-CDK/CDC 

interaction and arresting cells in the G2 phase [32, 33]. The protein has further effects on the 

cell cycle by decreasing p53 degradation via an increase in MDM2 auto-ubiquitination and 

degradation, as well as by causing the translocation of MDM2 to the cytoplasm [34]. 

Moreover, 14-3-3-σ inhibits MDM2-mediated degradation of Rb and NEDDylation of p53 

[34]. 14-3-3-σ is down-regulated in breast and other cancers, possibly as a result of 

decreased p53 transcriptional activity [35]. These findings suggest that 14-3-3-σ could 

represent a target for gene therapy or that a 14-3-3-σ mimetic might have anti-cancer effects.

ARF(p14/p19) and Nucleophosmin (B23)—p14ARF (p19 in mice) forms a ternary 

complex with MDM2 and p53, leading to antagonism of the MDM2-mediated ubiquitination 

of p53 [36]. The protein also changes the conformation of MDM2, leading to its association 

with nucleoli [37, 38]. ARF may inhibit the E3 ligase activity of MDM2, although this has 

not been demonstrated in vivo [39]. Regardless of which mechanism(s) it uses, 

overexpression of p14 by an adenoviral vector leads to anti-tumor effects and potentiates the 

effects of chemotherapy in tumor-bearing mice [40]. Moreover, mice with ARF knocked out 

demonstrate increased susceptibility to cancer [41]. However, ARF has other, p53-

independent activities, suggesting that the effects of knockdown may not be exclusively due 

to its effects on p53 [42].

Another MDM2-interactive protein, nucleophosmin (NPM, B23, NO38, numatrin), is 

involved in the MDM2-p14ARF interaction [43], stabilizing ARF and increasing its 

concentration in the nucleolus. NPM also apparently competes for binding of MDM2 with 

p53, resulting in decreased p53 ubiquitination, because both proteins (NPM and p53) bind to 

the same region of MDM2 [44]. NPM mutations and overexpression have been observed in 

human cancers [45]. Nevertheless, it appears that wild-type NPM decreases tumor initiation, 

likely via a p53-independent role in preserving genomic integrity. Moreover, the protein may 

also interact with p53 to activate its transcriptional activity [46]. Thus, there may be several 
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layers of regulation to the MDM2-ARF-NPM-p53 pathway. Thus, it seems likely that still 

another regulator is involved in the process that serves to release ARF from NPM.

Targeting NPM for cancer therapy is controversial since eliminating its expression leads to 

genomic instability. More information is needed to determine whether the protein can serve 

as a therapeutic target. While overexpression of ARF via an adenovirus leads to anti-tumor 

effects [40], the effects of ARF on the MDM2-p53 interaction are not its only activities. It 

appears that ARF also regulates cell growth via additional pathways and interacts with 

numerous other proteins [47]. Therefore, if ARF and/or nucleophosmin are targeted, care 

must be taken so that these pathways are not affected.

CSN5—CSN5 (Jab1, COPS5, COP9), a component of the COP9 signalosome, may regulate 

a variety of processes, including cell cycle progression. It was found by yeast-2-hybrid 

assays to interact with p27, which it translocates from the nucleus to the cytoplasm [48]. The 

protein is also involved in regulating SCF ubiquitin ligases, possibly by decreasing their 

NEDDylation [49]. Since many cell cycle regulating proteins are subject to ubiquitination by 

SCF li-gases, it is likely that CSN5 contributes to their regulation, adding another layer by 

which CSN5 regulates the cell cycle.

Moreover, CSN5 promotes p53 phosphorylation and increases its proteasomal degradation 

[50]; it also promotes p53 nuclear export [51]. The protein also decreases MDM2 

degradation by decreasing MDM2 auto-ubiquitination [52]. While no p53-independent/

MDM2-dependent functions are known for CSN5, the CSN complex is involved in the 

degradation of a variety of other cell cycle regulating proteins [52], and their degradation 

may also be dependent upon MDM2. In particular, it seems likely that the protein may 

function in MDM2-mediated regulation of E2F1, which is accomplished via interruption of 

E2F1’s interaction with SCF [53]. More research is needed into the MDM2-CSN5-p53 

interaction before it can be considered a target, but the present data indicate that the protein 

is associated with regulation of the cell cycle.

Gankyrin—Gankyrin, also known as PSM10, is a protein commonly over-expressed in 

early hepatocarcinogenesis and in hepatocellular carcinomas [54, 55]. This seven-repeat 

protein is associated with the 19S regulatory complex of the 26S proteasome. Data derived 

in vitro and in vivo suggest that gankyrin facilitates the p53-MDM2 interaction by binding 

to MDM2 [56]. This association results in increased ubiquitination of p53 and increases its 

degradation, possibly through both the greater extent of ubiquitination and enhanced 

interaction with the 26S proteasome [56]. Even in the absence of p53, however, the protein 

enhances the auto-ubiquitination of MDM2. Gankyrin also forms complexes with other 

proteins, such as CDK4 and pRb [57, 58], supporting the idea that it functions in cell cycle 

regulation. Since inhibition of gankyrin leads to apoptosis in cancer cells, it is a possible 

target for cancer therapy [56].

HAUSP—HAUSP (herpes virus-associated ubiquitin-specific protease, also known as 

USP7- ubiquitin specific protease 7) was initially identified as a p53-interactive protein that 

stabilizes p53 [59]. HAUSP was later found to bind to MDM2 as well [60]. Binding of 

HAUSP to either p53 or MDM2 leads to their de-ubiquitination, and binding to MDM2 
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leads to p53 destabilization due to increased MDM2 stability [60]. Exactly how these 

apparently divergent activities of HAUSP are accomplished is unknown, but HAUSP may 

act differently under different conditions (e.g., its activity under homeostatic conditions may 

differ from its activity following DNA damage). Such a premise gained support following 

mathematical modeling, which led to the suggestion that HAUSP acts as a switch to change 

the specificity of MDM2’s E3 ligase from auto-ubiquitination to predominantly p53 

ubiquitination [61].

In support of this, recent studies have identified Daxx as another interactive protein involved 

in regulating the effects of HAUSP on MDM2 and p53. Binding of Daxx apparently 

decreases the auto-ubiquitination of MDM2, leading to increased p53 ubiquitination [62]. 

Other molecules, including ATM kinase and MDMX, are also involved in this protein 

complex and are likely regulate MDM2 and p53 [63]. Further investigations are needed to 

elucidate the identities of the proteins involved in the HAUSP-MDM2-p53 complex and to 

determine their roles in cancer initiation and progression. Nevertheless, targeting of HAUSP 

and reducing its activity may result in anti-cancer effects.

JMY—DNA damage increases the accumulation of JMY, a p53 co-transcription factor 

responsible for augmentation of the p53 response to damage [64]. Consistent with its 

regulation of the p53-MDM2 regulatory loop, the MDM2 RING domain is required for the 

ubiquitin-dependent degradation of JMY [65]. Complicating interpretation of the interaction, 

however, are the facts that JMY functions as a transcriptional target of E2F1, and over-

expression of both wild-type p53 and E2F1 increases apoptosis [66]. This may explain the 

apparently dual roles of E2F1 in its interactions with MDM2 versus p53 (cell growth versus 

apoptosis). More investigations are needed to evaluate the potential of overexpressing or 

knocking down JMY for therapy, but it appears to be involved in the p53-MDM2-E2F1 

interaction.

KAP1—KAP1, also known as TRIM28, mediates transcriptional control by associating with 

specific regions of chromatin. KAP1 cooperates with MDM2 in the ubiquitination of p53 by 

binding to the central acidic domain of MDM2 [67]. This interaction stimulates the 

formation of the p53-HDAC complex and inhibits the protective acetylation of p53. RNA 

interference (RNAi)-mediated inhibition of KAP1 increased p53 transcriptional activity and 

apoptosis in HT1080 (wt p53) cells. Following exposure of MCF-7 cells to actinomycin D or 

gamma-radiation, there is a reduction in KAP1 that correlates with an induction of p21, a 

p53 gene product [68]. This decrease in KAP1 is also associated with cell cycle arrest and 

inhibition of clonal cell growth. Thus, it appears that KAP1 helps regulate the apoptotic 

response following DNA damage as well as cell cycle progression under both normal and 

stressed conditions. More work is needed to determine the exact role of KAP1 in the 

MDM2-p53 (and possibly other proteins) interaction.

MDMX/MDM4—Since the discovery of MDMX (also called MDM4) in 1996 [69], major 

advances have been made in understanding its structural and functional relevance and its 

interaction with MDM2. These proteins form hetero-complexes and regulate each other’s 

stability and activity. The interaction of MDMX with MDM2 may be required for the effects 

of MDM2 on p53. Recent studies in vitro suggest that wild-type MDMX regulates p53 
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abundance by modulating the levels of “free” MDM2 [70]; thus, the degree of p53 

degradation is determined by the balance between MDM2 and MDMX. Although MDM2 

regulates the stability of p53, MDMX may regulate its activity. In cell culture studies, 

MDMX overexpression prevents p53 activation and cell cycle arrest; further, decreased 

tumor formation is observed in MDMX-knockout xenograft models [71]. Over-expression of 

MDMX in vivo decreases sensitivity to 5-FU but does not accelerate tumor growth [70]. 

Similar to MDM2, MDMX is overexpressed in many cancers, including breast carcinoma, 

soft tissue sarcoma, lung carcinoma, and retinoblastoma [72]. However, despite their high 

level of structural conservation, the homologues have distinct functions.

For example, the C-terminal of the RING finger domain is essential for the E3 ligase activity 

of MDM2. Complete deletion of the C-terminal tail of MDM2 results in loss of E3 activity 

as well as the capacity to oligomerize with itself or MDMX [73]. Although MDMX does not 

possess any intrinsic E3 ligase activity, the MDM2-MDMX heterodimer is more stable, and 

has greater E3 ligase activity than the MDM2-homodimer, suggesting that MDMX is 

involved in the ubiquitination of p53 and other substrates, likely by modulating the stability 

and activity of MDM2.

Another study examined both the expression of MDMX and a splice variant, MDMX-S 

(HDMX-S). This transcript contains an internal deletion of 68 base pairs, which causes a 

frame shift and ultimately results in a premature stop codon. The truncated protein appears 

to bind and inactivate p53 better than MDM2 or full-length MDMX [74]. MDMX-S 

contains 13 novel C-terminal amino acids that are responsible for its high affinity to p53, and 

this spice variant is targeted more efficiently to the nucleus than MDMX [75]. When these 

amino acids are deleted, MDMX-S does not bind to and inactivate p53. New studies are now 

examining specific ways to target MDMX, its variants, or both MDMX and MDM2 

simultaneously [71].

MTBP—MDM2-binding protein (MTBP) was identified via a yeast two-hybrid screen [76]. 

Data derived in vitro suggest that MTBP differentially regulates both MDM2 auto-

ubiquitination and ubiquitination of p53 [77]. Knockdown of MTBP in non-stressed, p53-

transfected H1299 cells reveals an increase in p53 transcriptional activity, demonstrating that 

MTBP is a necessary cofactor for MDM2-mediated p53 regulation. Although gamma 

irradiation results in MTBP-mediated stabilization of MDM2, exposure to UV radiation 

down-regulates the expression of both MDM2 and MTBP. This suggests that, like HAUSP, 

the proteins have different functions under different conditions [77]. The protein also 

induces G1 cell cycle arrest in a p53-independent manner, but the arrest is blocked by 

MDM2 overexpression [76]. Further, homozygous disruption of MTBP results in early 

embryonic lethality that can not be rescued by additional knockout of p53 [78]. Taken 

together, these data support the role of MTBP as a cofactor for MDM2 stabilization and 

MDM2-mediated p53 degradation; they also indicate that the protein has p53-independent 

effects on the cell cycle [78]. Its effects under different conditions (homeostasis vs. stress) 

warrant further investigation.

Nucleolin—Nucleolin, a c-myc gene product [79], contributes to the inhibition of 

chromosomal DNA replication following cellular stress and is involved in ribosome 
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assembly [80]. An interaction between p53 and nucleolin was established in 2002 [81]. It 

has been suggested that nucleolin inhibits p53 translation [82], although this has not been 

confirmed. In contrast, there is an interaction between MDM2 and nucleolin, and data 

derived in vitro and in vivo suggest that nucleolin stimulates p53 activity by inhibiting its 

MDM2-mediated ubiquitination [83]. As would be expected, knockdown of nucleolin results 

in reduced levels of p53 [83]. Like several other proteins, the MDM2-nucleolin interaction 

also diminishes MDM2 expression (in addition to p53). This effect is observed both in the 

presence and absence of p53 [83].

NUMB—NUMB functions in the determination of cell fate during development. The 

interaction between the N-terminus of MDM2 and NUMB was discovered during a screen 

for MDM2-interactive partners [84], and MDM2 was subsequently demonstrated to regulate 

NUMB by ubiquitinating it [85]. Decreased p53 levels and increased chemoresistance in 

breast cancer may be due to the frequent loss of NUMB expression [86]. Loss of NUMB in 

human breast tumors correlates with a poorer prognosis [87].

Although MDM2 is responsible for the ubiquitination and degradation of NUMB [85], when 

NUMB simultaneously binds p53 and MDM2, p53 degradation is inhibited [87]. 

Furthermore, knockdown of NUMB in MCF10A cells enhances p53 ubiquitination, 

confirming the significance of NUMB in MDM2-mediated regulation of p53. In addition, 

MDM2 interacts with all four isoforms of NUMB [87]. Given its strong interaction with 

these isoforms and the association of NUMB expression with prognosis, it appears that the 

MDM2-NUMB complex represents a new target for therapy.

p21—While p21 has long been used as a marker of p53 (and therefore MDM2) activity, it 

was discovered a few years ago that MDM2 directly interacts with p21 and enhances its 

degradation in a p53-independent manner [88, 89]. More recent studies indicate that 

interaction with MDM2 is required for p21 to exert its effects on Cdk2 [90]. Further, p21 

may add an additional layer of regulation to the MDM2-p53 interaction by decreasing the 

transcription of p53 [91]. These various activities make p21 a molecular target, the inhibition 

of which would be particularly effective when combined with therapies targeting MDM2 or 

the MDM2-p53 interaction.

p73—p73, a homologue of the tumor suppressor gene p53, is involved in tumorigenesis 

[92]. Although p53 and p73 have similar structures and sequences, p73 is rarely mutated in 

human cancers [93]. Moreover, the interaction between p73 and MDM2 does not promote 

the ubiquitination and proteolytic degradation of p73 [94].

The p73 gene has distinct promoters allowing the translation of several protein isoforms, two 

of which are opposite in effect: the full-length transactivating (TA) p73, which is pro-

apoptotic, and DeltaNp73 (lacking the N-terminal transactivating domain), which is pro-

survival. The binding of TAp73 to the MDM2 promoter prevents p53 from increasing 

MDM2 transcription, allowing increased p53 stability and activity [95]. Knocking down p73 

expression by use of small interfering RNA (siRNA) decreased p53 activity, suggesting that 

the TAp73 activity predominates [95]. Perhaps the loss of p73-MDM2 binding allows 

MDM2 to interact with p53 and to promote its degradation. In agreement with this, loss of 
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p73 expression increases malignancy in vivo, and increases resistance to ionizing radiation 

in a clonal model of mouse epidermal carcinogenesis [96]. However, MDM2 mediates the 

NEDDylation of TAp73, a process that promotes the translocation of the p73 protein to the 

cytoplasm and attenuates its p53-transactivation function [97]. These discrepancies warrant 

further examination of the p73-MDM2 interaction and its biological consequences.

PA28γ—Although PA28γ(REGγ, PSME3, Ki antigen) affects proliferation and cell cycle 

progression, its mechanism is not known [98]. Adding another layer to the MDM2-mediated 

proteasomal degradation of p53, the proteasome activator PA28γ regulates the MDM2-p53 

interaction (independent of its proteasome-activator function) and serves as a necessary co-

factor for p53 degradation [99]. The PA28γ protein binds to MDM2 via its unique 

homologue-specific insert region, which differentiates it from other PA28 family members. 

Moreover, in addition to specifically binding and regulating the MDM2-p53 interaction, 

PA28γ knockdown enhances the sensitivity of cells to MDM2 knockdown, suggesting a 

potential new combination therapy [99]. Further, PA28γ binds p21 to regulate its 

degradation in an ubiquitin-independent manner; it also binds p14/p19ARF and 

p16(INK4A) [100]. Since PA28γ, p21, and p14ARF are MDM2-interactive proteins, they 

may form a complex to enhance proteasomal degradation of the various proteins.

PCAF—MDM2 mediates proteasomal degradation of PCAF (p300/CREB-binding protein 

associated factor), and PCAF is a factor in the regulation of MDM2 [101]. Newly published 

data suggest that PCAF is involved in the reversible acetylation of p53. This acetylation 

stabilizes the p53 protein and prevents p53-MDM2 binding by changing the conformation of 

p53 [101]. In addition to having his-tone acetyltransferase activity, PCAF also serves as a 

ubiquitination factor with intrinsic E3 activity toward MDM2. PCAF knockdown (in HeLa 

and U20S cells) induces stabilization of MDM2. Thus, the three proteins may constitute a 

large, auto-regulatory feedback loop.

PML—PML (promyelocytic leukemia protein) is responsible for the localization of proteins 

to the nucleus. PML protects p53 from MDM2-mediated ubiquitination [102]; this occurs 

because PML sequesters MDM2 in the nucleus [103]. The mechanism responsible for this 

inhibitory effect is now known. CK1 (casein kinase 1) phosphorylates p53 at Thr18. In 

response to stress and DNA damage, CK1 accumulates in the cell and, along with p53, 

localizes to the PML nuclear bodies [104]. This localization induces CK-1 mediated 

phosphorylation, which alters the conformation of p53, thus protecting it from MDM2-

mediated degradation.

pRb—The MDM2-pRb interaction modulates the inhibitory effects of the Rb protein on cell 

growth, preventing pRb-mediated G1 arrest. MDM2 suppresses Rb function by binding to 

the C-pocket of Rb via its central acidic domain and inhibits the formation of Rb-E2FDNA 

complexes. Rb then modulates the functions of MDM2 by forming an complex with it, 

altering its binding capabilities [105]. A ternary complex made up of MDM2, pRb, and p53 

inhibits the degradation of p53 and consequently rescues its pro-apoptotic functions [106]. 

Binding of pRb with MDM2 also regulates the activity of transcription factor Sp1 [107], 

which has implications for muscle function. Reports have indicated that pRb and MDM2 
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interact via amino acid residues 273–321 [107] or that residues 254–264 are essential for 

this interaction [105]. MDM2 deletion mutants are unable to interact with and suppress Rb 

function, whereas wild-type MDM2 stimulates E2F transactivation activity and represses the 

growth inhibitory functions of Rb [105].

Ribosomal Proteins—Proteins from the large subunit of the ribosome, L5, L11, and L23, 

are established MDM2-interacting proteins [108–110]. However, unlike L5 and L23, L11 

differentially regulates the levels of ubiquitinated p53 and MDM2 [109]. This L11-mediated 

post-ubiquitination mechanism also inhibits 26S proteasome degradation of MDM2 and 

extends the half-life of L11 in cells. Mycophenolic acid, an immunosuppressive agent that 

activates p53, requires L5 and L11 in order to exert its effect on p53 [111]. Another 

ribosomal protein, L26, also increases p53 synthesis by binding to p53 mRNA and protects 

p53 by binding to MDM2. In turn, MDM2 ubiquitinates L26 and decreases its capacity to 

increase p53 synthesis [112].

Our group recently discovered another novel MDM2-interacting ribosomal protein, S7. This 

protein, from the small subunit, was identified using yeast two-hybrid screening, and was 

shown to bind MDM2 in vitro and in vivo [113]. The interaction induces p53 stabilization 

by forming a ternary complex of MDM2-p53-S7, thus preventing the ubiquitination of p53 

by MDM2. Additionally, over-expression of S7 inhibits cell proliferation, induces apoptosis, 

and increases p53 transactivation activity. S7 re-localizes MDM2 to the nucleolus and 

inhibits MDM2 auto-ubiquitination in addition to p53 ubiquitination. S7 may itself serve as 

an MDM2 substrate, completing the regulatory loop [114].

Tip60—HIV-1 Tat-interacting 60kDa protein, known as Tip60, is involved in DNA repair 

and apoptosis and is believed to participate in signal transduction [115]. MDM2 interacts 

with Tip60 and promotes its proteasomal degradation [116]. Whereas the MDM2 antagonist, 

p14ARF, selectively blocks all MDM2-mediated ubiquitin conjugation, Tip60 preferentially 

inhibits the MDM2-mediated conjugation of NEDD8 to p53 [117]. Upon binding, Tip60 and 

MDM2 re-localize to the polymorphonuclear leukocyte (PMNL) bodies, nuclear 

compartments that contribute to the phosphorylation and acetylation of p53. However, Tip60 

mutants do not re-localize, despite the fact that they retain the ability to bind MDM2 [117]. 

Tip60 also apparently interacts with MDM2 and HDAC to regulate the activity and stability 

of the androgen receptor (AR) [118]. Further studies are needed to fully elucidate the 

biological consequences of this interaction.

TSG101—Tumor susceptibility gene 101, initially identified in a genetic screen of mouse 

fibroblasts undergoing neoplastic transformation, affects genomic stability and cell cycle 

regulation. This protein is tightly regulated, as both TSG101 deficiency and TSG101 

overexpression can result in neoplastic transformation and the formation of metastatic 

tumors in nude mice [119]. TSG101 binds to MDM2 via the ubiquitin enzyme variant 

(UEV) domain [120]. This interaction prevents MDM2 auto-ubiquitination, thus prolonging 

its half-life and facilitating MDM2-mediated p53 inhibition [120]. Moreover, MDM2 

elevation may correlate with increased proteolysis of both TSG101 and p53. However, this 

activity is controversial, as another group found no role for TSG101 in stabilizing MDM2 

[121]. Nevertheless, TSG101 stabilizes p75MDM2 and p90MDM2, the two predominant 
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MDM2 isoforms in both human and murine cells [122]. Although TSG101 prevents the 

degradation of both isoforms, only p90MDM2 promotes the proteolysis of TSG101 and p53. 

More information is needed about the TSG101-MDM2-p53 interaction and its relevance for 

the proteins involved.

2.2. Regulation of the MDM2-p53 Interaction with Respect to Cell Growth and 
Differentiation

β-Arrestins—β-Arrestins act as adapters for G-protein coupled receptors (GPCRs). GPCR 

signaling leads to binding between β-arrestin 2 and MDM2. This results in translocation of 

MDM2 to the cytoplasm, decreasing both MDM2 auto-ubiquitination and its ubiquitination 

of p53 [123]. Further, overexpression of β-arrestin 2 leads to increased p53 activity, and 

knockdown of the protein with siRNA decreases p53 protein and activity levels [123]. It 

appears that another β-arrestin (β-arrestin 1) also brings together MDM2 in a ternary 

complex with IGF-1R and that IGF-1 stimulation leads to the ubiquitination of both IGF-R1 

and β-arrestin 1 by MDM2’s E3 ligase [124, 125]. While these interactions (with IGFR) 

affect p53, they would still be operative even in p53 null/mutant cells, implicating MDM2 in 

another growth pathway, and possibly presenting a new area for therapeutic intervention.

HIF-1—MDM2 has been implicated in the regulation of hypoxia inducible factor-1 (HIF1) 

by inducing its ubiquitination and degradation [126]. However, in studies with HCT116 

cells, MDM2 overexpression results in an increase in HIF-1 expression levels and a 

subsequent increase in VEGF [127]. Similarly, studies conducted in renal carcinoma cells 

reveal that HIF-1 expression levels decrease following HDM2 knockdown via siRNA [128]. 

Following this knockdown, there is an increase in the levels of VEGF and PAI-1 [128]. In 

addition, decreased p53 expression (which frequently occurs when MDM2 is overexpressed) 

results in increased HIF-1 and an increase in VEGF transcription. Another study, involving 

“normal” astrocytes, indicated that MDM2 and p53 do not regulate HIF-1, even in response 

to DNA damage [129]. Further, the phosphorylation state of HIF-1 may affect MDM2 and 

p53, with the de-phosphorylated form of the protein leading to greater MDM2-mediated p53 

degradation [130]. These findings suggest that the effects of the HIF-1-MDM2-p53 

interaction may be cell-type- and cell-condition-specific. Further investigation is needed to 

determine their role in cancer and other diseases.

Heat Shock Proteins—Given the variety of co-factors and binding proteins with which it 

interacts, as well as its translocation between different cellular compartments, it is not 

surprising that MDM2 binds to heat shock proteins (Hsps). In fact, mutant p53 leads to the 

formation of a complex between MDM2-p53 and Hsp90. This interaction may inhibit the E3 

ligase activity of MDM2, decreasing both MDM2 auto-ubiquitination and p53 ubiquitination 

[131]. The interaction, which seems to prefer mutant p53, shifts the conformation of wild-

type p53 toward a more mutant-like conformation to prevent the ubiquitination of p53 [132]. 

In the absence of Hsp90, p53 instead interacts with Hsp70 and CHIP (carboxy terminus of 

Hsp70-interacting protein) to achieve similar effects [133]. Additionally, it appears that 

MDM2 itself may act as a type of chaperone for p53, altering its conformation, thus leading 

to changes in its stability [132] and activity (mediated by MDM2’s ATP binding region) 
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[134]. Moreover, the Hsps also interact with a variety of MDM2-interactive/regulatory 

proteins, including the AR [135], PA28γ [136], and HIF-1α [137].

IGFR—As mentioned in the β-arrestin section above, MDM2 is involved in regulation of 

IGFR [138]. Decreasing expression of either p53 or MDM2 in p53 wild-type cells leads to a 

decrease in IGFR, but decreasing both simultaneously abrogates the effect. This suggests 

that wt p53 prevents MDM2 from binding to the IGFR, resulting in decreased IGFR 

ubiquitination and degradation [138]. β-Arrestin is apparently also involved in this process 

[124, 125]. Moreover, a new study demonstrates that IGF signaling likely regulates p53 

transcriptional activity [139]. These findings suggest that the IGFR-MDM2 interaction is 

associated with p53 regulation.

Nuclear Receptors (AR, ER, GR)—Interactions between MDM2 and the androgen, 

estrogen, and glucocorticoid receptors have been suggested [140, 141]. For example, MDM2 

is necessary for efficient ubiquitination of the AR; it also acts in opposition to the Tip60 co-

factor to decrease the transcription factor activity of the AR [118, 142]. Further, the 

expression level of p53 also regulates AR stability and sensitivity, with decreases in p53 

leading to decreases in the AR [143]. Similarly, the glucocorticoid receptor (GR), p53, and 

MDM2 form a ternary complex that leads to the ubiquitination of the GR and p53 [144]. 

Despite their homology, p73 does not cause a similar effect [92]. However, interactions 

between the GR, the estrogen receptor (ER), and MDM2 lead to an increase in GR 

ubiquitination [145].

MDM2 forms a ternary complex with ERα and p53, and estrogen signaling impacts p53 

stability and activity [146]. Apparently, the interaction with the ER contributes to decreased 

MDM2-mediated p53 ubiquitination, and MDM2-ER binding leads to the degradation of the 

ER, independent of estrogen exposure [147]. Moreover, p53 induction by DNA damage 

leads to a decrease in MDM2-mediated ER turnover, suggesting that p53 enhances the 

effects of MDM2 on the ER. The various nuclear receptor complexes and their interactions 

with MDM2 and p53 need to be investigated further. These could present novel targets for 

cancer therapy, especially for breast and prostate cancers.

TGF-β Signaling—The regulatory role of transforming growth factor beta (TGF-β) on 

apoptosis (via the SMAD or Daxx pathways), cell cycle progression, proliferation, and cell 

differentiation processes is well-established [148]. MDM2 may confer TGF-β resistance 

(overcoming G1 arrest) by directly interacting with the cellular machinery involved in cell 

cycle arrest. This resistance is associated with dys-regulated cell growth and tumor 

progression [149, 150]. Nevertheless, other studies suggest that the regulation of TGF-β 
signaling by MDM2 may be cell-specific [151]. Recent functional studies in mink lung 

epithelial and human mammary cells have identified three structural elements that are 

essential for MDM2-mediated TGF-β resistance: the C-terminal end of the p53-binding 

domain, the NLS, and the RING finger domain of MDM2 [152]. These regions of MDM2, 

while not yet confirmed as having a functional interaction with TGF-β, may represent 

potential targets for inhibiting resistance.

Rayburn et al. Page 12

Anticancer Agents Med Chem. Author manuscript; available in PMC 2019 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Other Interactive Proteins—Numerous other proteins also interact with p53 and/or 

MDM2 to affect their interaction, stability, and activities. For example, among the proteins 

that increase the stability or activity of MDM2 are AAA ATPase p97 (VCP, CDC48, UBX-

domain-containing adaptor) [153], G3BP2 (Ras-GTPase activating protein-SH3-domain-

binding protein 2) [154], Nbs1 [155], nucleostemin [156], Plk1 [157], USP2a (ubiquitin-

specific protease 2a) [158], Wip1 phosphatase (PPM1D) [159], and YY1 [160]. Similarly, 

PACT (p53-associated cellular protein-testes derived, P2P-R, RBBP6) interacts with both 

p53 and MDM2 to cause an increase in their binding affinity (and subsequent degradation of 

p53) [161]. Other proteins, including IFIXalpha1 hematopoeitic interferon (IFN)-inducible 

nuclear protein [162], Merlin [163], and p300 [164] decrease MDM2 activity and increase 

p53. (Fig. 1) depicts various proteins that regulate MDM2 and the MDM2-p53 interaction.

3. TARGETING THE MDM2-p53 INTERACTION FOR THERAPY

In view of its numerous activities, MDM2 has been implicated in a variety of other diseases 

in addition to cancer. Among these are diabetes, cardiovascular disease, and various 

infectious diseases [165–167]. As would be expected, the MDM2-p53 interaction is a target 

for therapeutic intervention, particularly for cancer. Since increasing the expression and 

activity of wild-type p53 is the ultimate goal, a major push toward p53 gene therapy has 

been underway for many years [168, 169]. Although the overall enthusiasm for gene therapy 

has subsided following several highly publicized failures, it still offers a way to induce long-

lasting expression of p53. Other investigators have proposed the use of vaccines against 

mutant p53 [170, 171] in the hope that any remaining wild-type protein will have enough 

function to prevent tumor formation and sensitize tumors to chemotherapy and radiation. 

Still others have generated small molecules or antibodies that bind to mutant p53 to restore 

normal conformation and/or activity (e.g., ellipticine) [172, 173].

Although the agents aimed at increasing wild-type p53 expression or restoring p53 function 

to mutants have demonstrated utility in pre-clinical and clinical trials, none has addressed 

the root problem associated with many cancers and other diseases: MDM2 over-expression. 

Even if cells express wild-type p53 or have functional p53 restored, if MDM2 is 

overexpressed, it will outweigh the benefits of such therapies. For these reasons, numerous 

other molecules have been developed to target either MDM2 itself or the MDM2-p53 

interaction.

3.1. Antisense Oligonucleotides

Antisense oligonucleotides (ASOs) were among the first compounds used to inhibit MDM2 

[174]. The antisense strategy has a fairly long history, and ASOs have been used to target a 

variety of cancer-related molecules, including oncogenes [175, 176]. Pre-clinical studies of 

ASOs have demonstrated that they inhibit the expression of a variety of gene products and 

produce anti-tumor effects in cancer models. There have been numerous clinical trials of 

ASOs, several involving advanced (phase II/III) trials [177].

The ASOs are theorized to work via several mechanisms [178, 179], but most of the anti-

MDM2 ASOs likely exert their effects via translation arrest (interfering with protein 

synthesis from mRNA) or RNase-mediated mRNA degradation. In brief, cells are 
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transfected with the nucleotides along with a cationic lipid, or the ASOs are administered to 

animals (typically “naked”), where they enter the cytoplasm of cells and interact with 

complementary MDM2 mRNA [178, 179]. This interaction prevents the formation of the 

protein product, decreasing expression of MDM2.

Decreasing MDM2 expression by exposure of cultured cells to ASOs leads to decreased cell 

survival and proliferation, increased apoptosis, and cell cycle arrest [140, 180, 181]. 

Moreover, it also sensitizes cells to treatment with a variety of conventional anti-cancer 

agents, including hormones, radiation, and chemotherapeutics [182, 183]. Accompanying 

the decrease in MDM2 expression is an increase and/or stabilization of wild-type p53 

protein, increased Bax and p21, and decreased E2F1 and Bcl-2 expression [140, 183].

Similar effects are noted when MDM2 is knocked down by ASOs in tumor models in vivo. 

In animal cancer models, administration of anti-MDM2 ASOs leads to decreased tumor 

growth, increased animal survival, increased sensitivity to conventional cancer therapies 

(radiation and various chemotherapeutic agents) and a reversal, to some extent, of the 

androgen-independent phenotype [183]. The changes in protein expression are also found in 
vivo [184]. These results suggest that the anti-MDM2 ASOs represent an effective, novel 

anti-cancer strategy. However, given the relatively poor performance of ASOs in the clinic 

(only a single ASO has been approved by the FDA for clinical use), research into these 

molecules is barely progressing. No anti-MDM2 ASOs have been examined in the clinic, but 

it is possible that, if better ways to evaluate ASOs clinically are determined or if there is an 

increased interest in ASO-based therapies, these molecules may undergo further 

development.

3.2. Other Gene Silencing Strategies

Other nucleic-acid-based therapies, including use of ribozymes and RNAi, are also being 

explored. Ribozymes are catalytic molecules based on intron-splicing enzymes of 

Tetrahymena [185]. The enzymes have been modified to splice exogenous sequences, and, 

like ASOs, have been used to decrease expression of a variety of oncogenes and other targets 

[186, 187]. Ribozymes act by binding and catalytically degrading complementary mRNA, 

preventing expression of the target protein. Therefore, while they act by different 

mechanisms, ribozymes and ASOs produce the same end result.

An anti-MDM2 ribozyme led to decreased proliferation and increased apoptosis of cells, 

although this agent was apparently not evaluated in animals [188]. Given their catalytic 

nature, ribozymes are more difficult to design and synthesize than ASOs, which is perhaps 

responsible for the limited number of studies. Additionally, like ASOs, ribozymes have 

largely fallen out of favor as therapeutic agents. Although there were a few recent clinical 

studies of ribozymes, none are currently active [177].

The newer gene silencing strategy, RNAi, is being used for similar purposes as the ASOs 

and ribozymes. Like these strategies, RNAi makes use of short sequences of nucleotides to 

bring about enzymatic destruction of the target mRNA sequence. However, in the case of 

RNAi (small interfering RNA-siRNA, short hairpin RNA-shRNA or micro RNA-miRNA), 

double-stranded sequences of RNA enter the RISC (RNA-induced silencing complex) 
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enzyme complex, where the RNA binds to complementary mRNA, leading to the destruction 

of the target.

Studies have primarily made use of RNAi-mediated knockdown of MDM2 to examine its 

activities and to evaluate novel regulatory mechanisms [189, 190]. However, exposure to 

RNAi leads to similar effects on proliferation, survival, apoptosis, and cell cycle progression 

as were observed following treatment with ASOs or ribozymes targeting MDM2 [191, 192].

Each of the gene silencing strategies has its advantages and disadvantages [187], but none 

has produced an MDM2-targeting agent for clinical trials. Nevertheless, numerous agents 

from each class have been examined, and several, targeting other molecules, are in current 

clinical trials. As the information about MDM2 becomes clearer, there may eventually be a 

gene silencing strategy aimed toward reduction of MDM2 in humans.

3.3. Small Molecule Inhibitors

Numerous other rationally designed agents specifically targeting MDM2’s interaction with 

p53 or its capacity to mediate p53 degradation are in development. While the gene silencing 

strategies have demonstrated some efficacy, their development is essentially static. The 

various small molecule inhibitors promise better specificity, greater efficacy, and fewer off-

target effects than the gene silencing strategies or p53-increasing strategies. Nevertheless, 

the rationally designed small molecules described below have had varying degrees of 

success, leaving room for improvement.

Nutlins—Perhaps the best-known small-molecule MDM2 inhibitors are the nutlins, which 

were developed by Roche. The compounds were synthesized following extensive analysis of 

the MDM2 crystal structure, which indicated the presence of a hydrophobic pocket, which 

binds a peptide simulating the transactivational domain of p53 [193]. A library screening 

yielded hits with nutlins, which are cis-imidazole derivatives. Nutlins exert their activity by 

binding to MDM2, releasing p53, and preventing the binding between the two proteins, 

resulting in decreased degradation of p53.

The nutlins (particularly nutlin-3) have potent activities against cancer cells. Not 

surprisingly, given the frequency of MDM2 over-expression, a variety of cancer types are 

sensitive to the nutlins. For example, exposure to nutlin-3 led to an increase in p53 and 

subsequent apoptosis in acute myelogenous leukemia cells and increased their sensitivity to 

chemotherapy [194]. Similar effects were noted in multiple myeloma cells [195]. Nutlin-3 

also leads to enhanced sensitivity to radiation [196]. Nutlin-3 causes apoptosis of cancer 

cells, but it does not have the same effect in normal hematopoeitic progenitor cells [194]. 

Although they exert some activity in cells lacking p53 or with mutant p53, the nutlins are 

most effective in p53 wild-type cells. Although nutlin-3 is not being developed clinically due 

to its poor “drug-like” properties, its activity demonstrated proof-of-principle that protein-

protein interactions, including that between MDM2 and p53, can be inhibited, at least in 
vitro.

Other Small Molecule Inhibitors—To prevent the binding of p53 and MDM2, a variety 

of other peptide-based and non-peptidic agents have been designed, again based upon crystal 
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structures and computer modeling of the interaction. With their physical properties and the 

associated difficulties in delivering them to target cells, peptide-based mimics are relatively 

poor drug candidates, even though they demonstrate anti-proliferative and pro-apoptotic 

effects in human cancer cell lines [197, 198]. Better delivery methods (e.g., encapsulation in 

nanoparticles) might improve the outlook for such molecules.

Following library screens or structural chemistry studies, numerous non-peptide compounds 

have been generated to target the MDM2-p53 interaction. For example, compounds based on 

a terphenyl scaffold were synthesized following computational modeling to mimic the face 

of an α-helical peptide [199]. These compounds inhibit MDM2-p53 binding and increase 

p53 expression and activity in cancer cells [200]. Similarly, a series of 2-alkyl-3-aryl-3-

alkoxyisoindolinone-based compounds increases p53 transcriptional activity in SJSA cells, 

as evidenced by increased MDM2 and p21 [201]. A spiro-oxindole (MI-63) decreases the 

growth of LNCaP cells and leads to increases in p53, MDM2, and p21 protein [202]. Yet 

another class of compounds, benzodiazepine diones (specifically TDP521252 and 

TDP665759), increase p53 activity, and decrease the growth of both cancer cells in vitro and 

xenograft tumors [203, 204].

While most of the compounds mentioned above function by mimicking Phe19, Trp23, and 

Leu26 of p53 in order to compete for MDM2 binding, another set of compounds (HLI98L-

E) was designed to target the RING finger domain of MDM2 to prevent its E3 ligase activity 

[205]. The HLI98 compounds increase expression of both p53 and MDM2 in fibroblasts, but 

demonstrate off-target/non-specific effects, decreasing interest in their further development 

due to predicted high toxicity to host cells [205]. A screen of more than 100,000 natural 

product extracts identified sempervirine as another inhibitor of the E3 ligase of MDM2. In 

p53 wild-type cells, the compound leads to inhibition of the ubiquitination of p53 and 

MDM2, accumulation of p53, and apoptosis, apparently with better specificity for MDM2 

than the HLI98 compounds [206]. Despite their promising activity, none of these small 

molecule compounds have been examined in human clinical trials, and many have not 

progressed even to animal studies. This is due in part to their non-specific cytotoxicity and 

the lack of successful delivery of the compounds to target tissues in animals. More work is 

needed to improve the solubility, stability, delivery, bioavailability, and safety of molecules 

that inhibit the MDM2-p53 interaction.

Natural Product Inhibitors of MDM2—A variety of compounds with anti-cancer 

activity (with previously uncharacterized mechanisms) may act via inhibition of MDM2. In 

particular, natural compounds may be a source of novel MDM2 inhibitors (as they were for 

sempervirine). For example, another series of compounds developed by Roche, the 

chalcones (1,3-diphenyl-2-propen-1-ones), derived from compounds found in licorice, also 

interfere with the interaction between MDM2 and p53 [207]. While the original chalcones 

are too toxic to be considered for further development and have relatively weak binding to 

MDM2, boronic chalcone derivatives exhibit potent activity against human breast cancer 

cells with lower toxicity to normal human breast epithelial cells [208]. These agents may 

exert their effects through non-MDM2 mechanisms of action, including inhibition of the 

proteasome [209]. While an agent having more than one type of anti-cancer activity may be 
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attractive, a well-defined (and solitary) mechanism of action is generally necessary for an 

agent to move into clinical trials.

Chlorofusin, a natural product derived from a fungus (fusarium species), also inhibits the 

MDM2-p53 interaction due to direct binding to the MDM2 N-terminal [210, 211]. Synthetic 

portions of the compound are not effective inhibitors of MDM2 [212, 213], but there is 

contention about the stereochemistry of the molecule. Further studies are needed to 

determine the activity of the compound and its derivatives. Still another natural compound, 

apigenin, also inhibits MDM2 expression, and this activity (along with inhibition of HIF1 

and other molecules) is postulated to be responsible for the decrease in angiogenesis 

following its administration [214].

In our laboratory, we have seen that several chemopreventive and therapeutic natural 

products, including genistein, curcumin, and ginsenosides [10, 11, 215, 216] inhibit MDM2 

expression at the mRNA and/or protein level. While the mechanisms by which the 

downregulation occurs differ, with genistein affecting the NFAT transcription site on the 

MDM2 promoter [10], curcumin acting on MDM2 transcription via the PI3K/mTOR/ETS2 

pathway [11], and the ginsenosides acting by yet-uncharacterized mechanisms [215, 216], 

all lead to significant decreases in MDM2 expression, increased cellular apoptosis, and 

decreased proliferation. All are also effective in vivo, inhibiting tumor growth. It is possible, 

however, that these compounds exert their effects via other mechanisms of action (e.g., 
inhibition of tyrosine kinases in the case of genistein and downregulation of the AR in the 

case of ginsenosides) [215]. Thus, further investigations are needed to determine the 

efficacy, safety, and primary mechanisms of action of the compounds for treating MDM2-

related cancer and other diseases. Table 2 shows the structures of various small molecule 

inhibitors of MDM2.

4. FURTHER CHARACTERIZATION OF MDM2

4.1. Evidence of p53-Independent Effects of MDM2

Increasing evidence suggests that MDM2 has p53-independent activities, including p53-

independent oncogenic effects. For example, when MDM2 is specifically targeted (via a 

K14 promoter) to the epidermis in both normal and p53-null mice, they develop lesions that 

frequently progress to squamous cell carcinomas, indicating that the MDM2-mediated 

development of cancer occurs in a p53-independent manner [217]. This theory is supported 

by the existence of numerous naturally occurring MDM2 variants, some of which lack the 

p53-binding domain but still transform NIH3T3 cells [218]. MDM2 regulates muscle 

differentiation via interactions with Sp1 and Rb in a p53-independent manner [107]. In 

addition, numerous other proteins, including several discussed above for their p53-

dependent effects, interact with MDM2 independently of p53 to achieve oncogenic effects.

4.2. p53-Independent Protein-Protein Interactions with MDM2

Our laboratory has previously reviewed numerous proteins that interact with MDM2 in the 

absence of p53 [140]. These include many of those described above (which have additional 
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activities in the absence of p53), as well as several not discussed in this review, including 

DNA polymerase ε, NF-κB, PSD-95, and the β-adrenergic receptor [140].

Recent investigations have brought to light numerous p53-independent functions and 

interactions for several other MDM2 interactive proteins. For example, while the effects of 

the 14-3-3-σ-MDM2 interaction are important for p53, it appears that this interaction also 

determines the stability or activity of other proteins, including Rb. MDM2 also regulates 

JMY independent of its p53-binding domain and the p53 status of cells [65]. This is in 

contrast to previous studies suggesting that the major function of JMY is to regulate the p53 

response.

The E2F transcription factor 1 (E2F1) regulates cell cycle progression, DNA synthesis, and 

the activity of tumor suppressor proteins. As mentioned under CSN5 in the MDM2-p53 

regulation section above, MDM2 stabilizes E2F1 by directly binding to the protein and 

preventing E2F1-mediated cell cycle arrest and apoptosis [53]. This occurs because MDM2 

prevents the interaction between E2F1 and SCF (SKP2), the E2F1 E3 ligase necessary for 

E2F1 ubiquitination [53, 219]. Although the MDM2 NLS overlaps the binding domain of 

E2F1, deletion of the MDM2 NLS does not reduce E2F1 binding and stabilization.

As demonstrated in other studies, MDM2 promotes cell transformation and inhibits pRb 

activity via ubiquitination in a p53-independent manner [220]. Furthermore, small-cell lung 

cancers that overexpress MDM2 exhibit a correlative decrease in pRb expression, regardless 

of their p53 status.

Co-immunoprecipitation of endogenous HIF-1 and MDM2 in lysates of hypoxic HCT116 

cells (p53WT and p53 −/−) suggest that the association between MDM2 and HIF-1 is also 

p53-independent. More studies are needed to clarify the underlying mechanism and 

physiological significance of the MDM2-HIF-1 interaction, but since hypoxia is a frequent 

condition within tumors, particularly large tumors, the interaction will likely have 

implications for cancer therapy.

While the ribosomal proteins may function as sensors of biogenic stress that activate p53, 

the L11 ribosomal protein is believed to promote the accumulation of ubiquitinated and 

native MDM2 in a p53-independent manner [109]. p14 also interacts with MDM2 

independent of p53 to allow a response to DNA damage [221]. These findings indicate that, 

in the absence of functional p53, cellular stress still elicits a response that affects cell cycle 

progression.

It is likely that many proteins that interact with MDM2 and/or regulate the MDM2-p53 

interaction are yet to be discovered. Both MDM2 and p53 are central to diverse biological 

processes, including embryonic development and the response to cytotoxic stresses. (Fig. 2) 

provides a summary of the numerous MDM2-interactive proteins (p53-dependent and –

independent) and their primary activities. The interactions of these proteins shed new light 

on how MDM2 is regulated, how MDM2 functions in various processes under different 

conditions, and provide information relative to the tumorigenesis process. However, this 

multitude of proteins also adds to the confusion surrounding the regulation of MDM2 and 

Rayburn et al. Page 18

Anticancer Agents Med Chem. Author manuscript; available in PMC 2019 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



p53 and indicates that extensive work that must be accomplished to ascertain their functional 

relevance.

4.3. p53-Independent Regulation of MDM2

MDM2 Transcription—Although MDM2 regulates the activity and stability of a variety of 

proteins (and is regulated by a variety of proteins) independent of its interaction with p53, 

the transcription of MDM2 can be p53-independent. For example, PTEN both decreases 

MDM2 stability and decreases its transcription [222]. MDM2 has two promoters (P1 and 

P2) that regulate its transcription. While p53 activates MDM2 transcription by binding to P2, 

leading to transcription of a short MDM2 lacking exon 1 (p75), activation of P1 activates 

transcription of a longer p90 MDM2 transcript, which lacks exon 2, in [223]. PTEN disrupts 

activation of the P1 promoter, thereby decreasing MDM2 expression, independent of p53 

[222]. In contrast, the p72 RNA helicase cooperates with PCAF and CBP/p300 to enhance 

both p53-dependent and –independent transcription of MDM2 [224].

To increase MDM2 expression, the ER increases p53-dependent transcription of MDM2 and 

binds to the MDM2 promoter itself in a p53-independent manner [145]. MDM2 is also a 

target of MYCN, and its induction of MDM2 transcription leads to down-regulation of p53 

[225]. The Fli-1 Ets transcription factor acts in a similar manner, increasing its transcription 

and further decreasing p53 stability and activity [226]. The Ras-Raf-MEK-MAPK pathway 

also increases MDM2 transcription [227], and MEK-mediated phosphorylation of MDM2 

enhances its export from the nucleus [228].

Polymorphisms in the MDM2 Promoter—There are also MDM2 mutations that affect 

its expression, but a complete discussion of this topic warrants a full-length review. 

However, in brief, several SNPs (single nucleotide polymorphisms) of MDM2 have been 

identified, the most important being SNP309/G2580T [229]. This SNP increases MDM2 
transcription by Sp1, which subsequently leads to increased degradation of p53 by MDM2 

[229]. While some studies have suggested that SNP309 increases the risk of developing 

cancer and for developing more aggressive cancer [230–232], its impact is still controversial, 

with other studies finding no effect of SNP309 on cancer risk or aggressiveness [233, 234]. 

It is possible that the effects are cell/tissue-specific and may depend on additional factors, 

such as hormone status [231] or mutations to other genes [232]. More intensive studies of 

the different mutations and their effects on different cells/tissues under diverse conditions 

are needed.

MDM2 Post-Translational Modifications—Again, a full description of the number and 

functions of the various known MDM2 post-translational modifications would constitute a 

review in itself. However, it bears mentioning that there are numerous MDM2 post-

translational modifications that alter its stability, activity, localization, and interactions with 

other proteins. These modifications, including ubiquitination, phosphorylation, acetylation, 

and SUMOylation, are mediated by diverse proteins [30]. The effects of MDM2 

ubiquitination and the resulting activity against p53 are known [235]; other modifications 

affect MDM2 stability and activity. For example, cyclin G interacts with both PP2A and 

MDM2, leading to de-phosphorylation of MDM2 on T216/S166 (murine/human), increasing 
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MDM2’s binding with p53 (and subsequently its ubiquitination of p53) [236]. In fact, it 

appears that MDM2 must be hyper-phosphorylated in order to down-regulate p53 expression 

efficiently. Regarding the activity of various mutants of MDM2 (Ser-Ala), the non-

phosphorylated proteins retain E3 ligase activity but do not lead to efficient p53 degradation 

[237].

Further indicating that MDM2 phosphorylation controls its regulation of p53, irradiation 

leads to lower levels of hyper-phosphorylated MDM2 and greater p53 stability [237]. In 

contrast, phosphorylation of MDM2 by Akt inhibits HAUSP-mediated MDM2 de-

ubiquitination. This results in a decrease in MDM2 stability and a subsequent increase in 

p53 stability [238]. Other enzymes, such as CK2, PI3K/Akt, and DNA PK, as well as 

members of the Ras-Raf-MEK-MAPK pathway, also regulate MDM2 phosphorylation [30]. 

Thus, the affected MDM2 residues and the localization of the protein when it is 

phosphorylated/de-phosphorylated determine its activity and stability.

MDM2 can be SUMOylated within its RING finger domain. This leads to a decrease in 

MDM2 auto-ubiquitination but to an increase in the ubiquitination of p53 [239]. MDM2 is 

SUMOylated within its NLS via RanBP2 and PIASxβ/PIAS1 [240]. The ARF (p14/p19) 

protein also leads to increased SUMOylation of MDM2, independent of p53 [241]. While 

the SUMOylation of MDM2 by ARF does not appear to affect the p53-MDM2 loop, it may 

affect the p53-independent activities of MDM2 [241].

Acetylation of MDM2 also occurs. Both p300 and CEBP lead to acetylation of MDM2’s 

RING finger domain, decreasing its activity against both p53 and itself [242]. It is likely that 

there are also other acetylation sites and that acetylation of p53 is necessary for its 

interaction with MDM2 [243]. Targeting these regulators of MDM2 may be useful for 

restoring p53, decreasing the oncogenic activity of MDM2 in p53 null/mutant cells, or for 

modifying the activities of the various proteins to accomplish desired cellular effects.

5. THE NEXT CHAPTER: TARGETING THE p53-INDEPENDENT ACTIVITIES 

OF MDM2

Although none of the existing anti-MDM2 or anti-MDM2/p53 agents were developed to 

target specifically the p53-independent activities of MDM2, several of these would be 

effective for this purpose. In fact, ASOs and RNAi were used to discover many of the p53-

independent interactions [e.g., see 53, 89].

The gene silencing strategies (ASOs, RNAi, and ribozymes) can be used to target MDM2 

specifically, regardless of the cell type or status. Silencing of MDM2 expression leads to an 

increase in p53 expression and activity and decreases tumor growth in p53-null models 

[184].

Although the nutlins were rationally designed to target the MDM2-p53 interaction, their 

effects (even in p53 wild-type cells) may depend on other cellular factors. For example, the 

outcome of treatment with nutlin-3 (cell cycle arrest or apoptosis) depends on expression of 

Rb [244]. Since MDM2 interacts with both E2F1 and Rb regardless of the p53 status of 
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cells, this reflects anti-tumor effects of an interaction with MDM2 itself. Nutlins may also 

disrupt the interaction of MDM2 with other molecules that bind within or near the p53-

binding domain.

The natural product inhibitors of MDM2 could target the p53-independent activities of 

MDM2. Their mechanisms need to be more clearly defined before conclusions are made, but 

the compounds (sempervirine, apigenin, genistein, curcumin, ginsenosides) appear to 

decrease MDM2 expression and/or activity in animal models, suggesting that they could be 

effective therapeutic or preventive agents.

It is likely that targeting individual interactive molecules or the interaction of MDM2 with 

specific co-factors or regulators (dependent or independent of p53) will be an effective 

strategy. However, more research is needed to elucidate the role of each of these interactions, 

and to define the circumstances under which the interaction can be successfully targeted.

6. MOVING MDM2 INHIBITION TO THE CLINIC

6.1. Problems with the Current Generation of MDM2 Inhibitors

Although there are numerous agents in pre-clinical development, no anti-MDM2 compounds 

are being examined in clinical trials. There have been several trials of agents targeting p53, 

and many p53-targeting strategies are being clinically investigated, including an anti-p53 

ASO and an adenoviral vector for delivery of wild-type p53 [168, 177, 245]. The lack of 

MDM2-targeting agents in clinical trials can be partially explained by the pace of research. 

The anti-MDM2 ASOs were developed in the mid-late 1990’s; most of the small molecule 

inhibitors and other anti-MDM2 molecules are more recent discoveries. It is the authors’ 

opinion that MDM2 is a valid target for therapy and that an agent targeting MDM2 will soon 

be evaluated in a clinical trial. Table 3 summarizes the current approaches being used to 

target MDM2 and the MDM2-p53 interaction and suggests areas that could be used for 

future investigations.

In order for an MDM2-targeting agent to enter human trials, several obstacles must be 

overcome. First, as discussed above, almost all of the existing agents specifically target the 

MDM2-p53 interaction. While the interaction is a valid target for cancer therapy, p53 is 

mutated or lacking in approximately half of human cancers [246], suggesting that these 

molecules may not be effective for tumors lacking p53 or with mutant p53. Moreover, a 

recent study indicated that the MDM2-p53 interaction is less important than its E3 ligase 

activity toward p53 (at least for development), indicating that the development of the 

complex protein-protein interaction inhibitors may be unnecessary [247]

For the various molecules targeting the MDM2-p53 interaction, there are a number of 

problems, including non-specific cytotoxicity (no difference in the toxicity to cancer versus 

normal cells). Modifications to the chemical structures, particularly the boron derivatization 

of the chalcones, have decreased the toxicity of some of the agents but improvements are 

still needed [248, 208]. Moreover, long-term toxicity studies of MDM2 inhibition in animal 

models (longer than a few weeks) are yet to be accomplished. Since complete loss of MDM2 

in transgenic mice results in embryonic death in p53wt animals [249, 250], the effects of 
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MDM2 inhibition on animal survival, cellular repair/recovery, and reproduction need to be 

assessed. In particular, the effects of the various molecules on MDM2 and p53-related 

proteins (MDMX, p63, p73, other E3 ligases) as well as the other MDM2-interactive 

proteins (p53-related and –independent) need to be examined.

Another factor is that MDM2 shuttles between the nucleus and the cytoplasm, and 

apparently has functions in both locations. Thus, delivery to appropriate sites is a concern 

for successful use of novel agents. Depending on which function or interaction is being 

targeted, it may be necessary to ensure nuclear delivery of the agent or to specifically target 

the cytoplasmic protein or modifications made to MDM2 in the cytoplasm. The gene 

silencing strategies would be useful for inhibiting the activities of MDM2 in both locations, 

but small molecules that cannot penetrate the nucleus will be effective for inhibiting only the 

cytoplasmic MDM2.

The successful translation of MDM2-targeting agents to human clinical trials will face the 

same problems as most new agents specificity, toxicity, delivery, and activity. Pre-clinical 

studies in animal cancer models have demonstrated that many of the agents are safe and 

active and that they can be delivered to tumors. However, due to the wide array of p53-

independent activities of MDM2, more work is needed to develop a successful MDM2 

inhibitor for use against human cancers. Nevertheless, other specific and rationally targeted 

drugs (Herceptin®, Gleevec®) have been successful; the future for MDM2 could be equally 

bright.

6.2. Combination Therapy with Agents Targeting MDM2

Although animal studies suggest that agents targeting MDM2 may be effective when used as 

monotherapy, combining MDM2-targeted agents with other anti-cancer agents or 

approaches may be a better course of action. In our studies with anti-MDM2 ASOs, there 

were increases in anti-cancer activity when the ASOs were used in combination with various 

chemotherapeutic agents or radiation therapy in animal models of cancer [182, 183]. Other 

agents (targeting either MDM2 alone or targeting the MDM2-p53 protein-protein 

interaction) have similar effects [208, 251, 252]. It is noteworthy that combination therapy is 

used in the clinic to overcome intrinsic and acquired resistance of tumors to single agents.

As mentioned above, with the large number of MDM2-interactive proteins being discovered, 

it may be beneficial to target specific MDM2-interactive proteins or to target both the 

MDM2-p53 interaction and another MDM2-protein interaction. Targeting two or more 

molecules or protein-protein interactions simultaneously could be used to tailor therapy to a 

specific cancer or to ensure more complete inhibition of a particular part of the p53 pathway. 

More work is needed to define the optimal combinations. The number of MDM2-p53 

interactive proteins will likely be large. Studies should now focus on determining the core 

proteins involved in regulating the MDM2-p53 interaction. Preliminary studies indicate that 

dual targeting of MDM2 and known MDM2-interactive proteins improves the therapeutic 

outcome. For example, targeting both MDM2 and PA28γ (a regulator of the MDM2-p53 

interaction) by an ASO and siRNA, respectively, increases the destruction of cancer cells 

and their sensitivity to radiation [99]. Similarly, targeting both the p53-dependent and p53-
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independent effects of MDM2 should increase the therapeutic response by affecting cells 

with both wild-type and mutant/null p53 phenotypes.

7. FUTURE DIRECTIONS

7.1. Areas that Need Further Investigation

Despite the many findings reviewed here, it is apparent that our current understanding of 

MDM2 is not sufficient. In addition to the large number of interactive proteins, links 

between them are also being established. While early investigations identifed proteins that 

bound MDM2, their complex interactions have not been sufficiently investigated. As an 

example, although E3 ligase activity of MDM2 was established early in the 1990’s, it was 

not known until 2004 that it could also mediate ubiquitin-independent proteasomal 

degradation of proteins [89]. Numerous interactive proteins that link MDM2 to the 

proteasome have now been identified; these include p53, gankyrin, MDMX, 14-3-3-σ, Rb, 

p21, PA28-γ, β-arrestins (1 & 2), and the IGFR. The interactions go beyond ubiquitination 

of proteins to target them for degradation. Links between some of these proteins have been 

established, but more research is needed to determine how and under what circumstances 

these pathways are involved.

Further investigation of MDM2 splicing variants is needed. More than forty alternative or 

aberrant splicing variants of MDM2 have been identified; most of these are localized in the 

nucleus [253]. The activities of the different variants are being investigated; several, 

including MDM2-B, are hypothesized to exert oncogenic effects [254]. Since most of the 

variants lack the p53-binding domain, their oncogenic effects are apparently p53-

independent. Despite some reports of oncogenic activity, the functions of the variants 

(particularly MDM2-B) remain controversial [255]. Like other activities of MDM2, the 

effects of the variants may be cell-type dependent. Nevertheless, the expression of variants 

that may or may not be affected by MDM2-targeting therapies should be taken into account.

Perhaps the most important investigations will be those that determine the effects of various 

challenges and stressors on MDM2 expression and those that determine how different cell 

types regulate this process. With more advanced molecular biology techniques and more 

powerful computers for data analysis, it should eventually be possible to model particular 

cells, organs, and organisms in order to predict the effects of various conditions. These 

results can then be used to achieve specific therapeutic outcomes, for example, to protect 

patients’ normal cells from the harmful effects of radiation, while enhancing the effects on 

tumors. These large-scale studies in silico are not yet possible, making it difficult to 

determine the number of p53-MDM2 interactive complexes. Research should now focus on 

determining which molecules are most important under different circumstances (such as 

development, carcinogenesis, and metastasis) and on evaluating these molecules as targets 

for therapy.

7.2. Other Properties of MDM2 that can be Targeted

MDM2 has several domains that can be targets for therapy, including its p53-binding 

domain, its NLS, its NES, and its C-terminal RING finger domain. The post-translational 
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modifications and splicing variants of MDM2 may also present novel objectives for 

inhibiting MDM2. The p53-binding domain has been extensively targeted, and a few agents 

have focused on the E3 ligase activity of the RING finger domain. Other regions of MDM2, 

including the binding domains for other proteins as well as its post-translational 

modifications and its variants, and have not been considered. Further, the numerous MDM2-

interactive (p53-dependent and –independent) proteins can also be targeted to improve the 

therapeutic response.

Although much of the focus on cancer is directed toward designing new therapeutic agents 

and improving the response to conventional agents, the MDM2 oncogene and its myriad 

interactive proteins also represent targets for cancer prevention. Since some of the small 

molecules and gene silencing techniques may be too toxic for long-term use, there may be a 

few agents (e.g., natural products such as curcumin or the ginsenosides) that can be used 

long-term without any adverse effects. Studies examining long-term down-regulation of 

MDM2 should be accomplished to determine the effects on oncogenesis and normal cellular 

processes.

8. CONCLUSIONS

In summary, the MDM2 protein and the MDM2-p53 auto-regulatory loop are part of a 

complex network that appears more complicated with each new discovery. However, the 

proteins are central to both apoptosis and cell cycle progression, two of the most important 

cellular processes. Considerable research is still needed, but the MDM2-p53-“other protein” 

interactions represent novel targets for therapy and present the opportunity to individualize 

treatments based upon a patient’s particular cancer type and expression status.
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Fig. (1). 
MDM2 interactive proteins and their localization.
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Fig. (2). 
The numerous p53-dependent and –independent MDM2 interactive proteins and their 

general functions.
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