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Inhibitors of the MDM2-p53 interaction are actively being 
developed as anti-cancer agents. Drug-induced interference with 
the MDM2 E3 ligase function or with MDM2 protein-protein 
interactions abrogates tonic suppression and destruction of the p53 
protein; consequently, p53 steady state levels rise resulting in the 
induction of p53-dependent anti-proliferative and pro-apoptotic 
genes. Some cancerous cells harboring wild type p53 respond to 
MDM2 inhibitor-induced elevated p53 protein levels with apop-
totic cell death while non-malignant cells, for poorly understood 
reasons, appear relatively resistant. Deciphering the mechanisms 
of resistance or susceptibility to MDM2 inhibitor-induced cancer 
cell death is of significant importance for the clinical development 
and applications of MDM2 inhibitory compounds and serves to 
illuminate aspects of MDM2 and p53 biology. Using data from ex 
vivo MDM2 inhibitor treatment of a large cohort of molecularly 
highly characterized CLL cases, we were able to demonstrate the 
central role of p53 status as a determinant of resistance in this 
common leukemia. In the context of these experimental findings, 
we summarize pertinent knowledge of the biology of p53, MDM2, 
p53 target genes and MDM2 binding proteins. Finally, using data 
from a large SNP-array-based high-density genomic profiling study 
in CLL, we summarize the genomic copy number and allele status 
for important p53 effector genes as well as for MDM2 binding/
target proteins, thus demonstrating the power of high resolution 
genomic analysis in support of targeted drug development.

Selected Aspects of p53 Biology and Pathobiology

The p53 tumor suppressor protein is a critical regulator of cell cycle 
progression, apoptosis and senescence. Various cellular stress signals 
converge on p53 resulting in p53-mediated transcriptional activation 

or repression of target genes.1 p53 also possesses transcription-inde-
pendent activities resulting in apoptosis, for which the mechanisms 
and degree of relative importance are less well understood.2-4 In 
addition to p53’s established role as a tumor suppressor, emerging 
data suggests it also has cellular metabolic activities involving glucose 
metabolism, autophagy and antioxidant properties with the overall 
goal of promoting survival.5,6 p53 activity is tightly controlled 
through changes in steady-state levels and post-translational modifi-
cations. In unstressed cells, p53 protein levels are tonically suppressed 
by the E3 ligase activity of MDM2. Inhibition of the MDM2 E3 
ligase function or interference with the MDM2-p53 protein-protein 
interaction results in elevated steady state p53 levels and in some 
cancer cells promotes apoptosis. Consequently, the MDM2-p53 
interaction has been identified as a target for drug development in 
cancer. Given the strict dependence of MDM2 inhibitor-induced cell 
death on functional p53 as recently demonstrated, it is rational to 
assume that preexisting or acquired mutations in p53, or dysfunction 
of p53 and downstream p53 regulatory network components pose 
limits to MDM2 inhibitor efficacy in the clinical setting.7

The p53 gene is located on the short arm of chromosome 17 at 
position 17p13.1 and mono allelic deletions of p53 occur in human 
cancers at various frequencies. Furthermore, missense mutations in 
exons 5–8 of p53 are common in sporadic human cancers albeit with 
substantially different frequencies depending on tumor type, stage 
and etiology.8 Various other somatic mutations in p53 including non-
sense mutations and absent expression due to unidentified epigenetic 
molecular mechanisms have also been described. Germline muta-
tions of p53 are associated with Li-Fraumeni and Li-Fraumeni-like 
syndrome and predispose individuals to the development of multiple 
tumor types at an early age.9

In addition to p53 dysfunction intrinsic to p53 gene defects, 
human cancers display p53 deregulation as a consequence of (i) 
abnormalities involving activation pathways of p53 and (ii) muta-
tions/aberrations of downstream p53 effectors and upregulation of 
the expression of MDM2.2

Incidence and Anatomy of p53 Mutations in Human Cancers

Somatic mutations of p53 occur in over 50% of human cancers. 
Epithelial cancers, like ovarian, colorectal, esophageal, head and 
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neck, lung and skin cancers have the highest mutation rates, ranging 
anywhere from 35–50% (based on data from IARC TP53 database 
version R12, November 2007). Other cancer types, including leuke-
mias and lymphomas, cancer of the cervix, bone or prostate and 
sarcomas have p53 mutation rates of less than 20%.10

p53 tumor-associated mutations are predominantly point muta-
tions, resulting in single amino acid substitutions, thus commonly 
preserving the ability of p53 to express the mutant protein. Missense 
mutations account for ~75% of p53 mutations, with frameshift 
mutations, nonsense mutations, silent mutations and deletions 
occurring less frequently. The bulk of p53 mutations cluster within 
the DNA binding domain in exons 5 to 8 leading to disruption of 
p53’s critical transcriptional activities.11 There appear to be clear 
“hotspots” in particular tumors, whereby certain p53 codons show an 
unexpectedly high mutation frequency.10 Mutations can also occur, 
albeit less frequently, in the amino-terminal transactivation and 
carboxy-terminal regions, that can impact degradation of p53, oligo-
merization and trafficking of p53 into and out of the nucleus.12,13

In cancer cells, p53 mutations can be associated with loss of hetero-
zygosity (LOH) at 17p, resulting in cells with only one p53 (mutant) 
allele. Mono-allelic p53 states with absent p53 expression from the 
retained allele have been identified as well, resulting in cells with 
absent p53 protein.7,14 In cells with two p53 alleles and heterozygous 
p53 mutations, mutant p53 can act as dominant negative inhibitors 
of the remaining wild-type protein.15 In addition, p53 mutants have 
been described that interfere with ATM or p63/p73 function.16-18 
Importantly, mutations within the p53 gene do not necessarily equate 
to complete loss of p53 activity implying that the functional outcome 
from individual mutations may have a unique impact on the p53 
regulatory network.19 Additional investigations into the significance 
of partial loss of function or gain of function p53 mutants are impor-
tant to understanding the biology of individual mutations.

Clinical Significance of p53 Mutations

The clinical course of cancer patients with and without p53 
mutations differs in chemo therapy response rates, time to disease 
relapse and survival. The association between p53 mutational status 
and prognosis appears to be variable across the spectrum of affected 
tumor types. In hematologic malignancies, p53 is infrequently 
mutated at the time of diagnosis, although studies have shown an 
increase in p53 mutational prevalence with progression of disease.20-

23 Studies involving patients with chronic lymphocytic leukemia, 
aggressive B-cell lymphomas, myelodysplastic syndrome and acute 
myeloid leukemia have suggested an association between p53 muta-
tions, resistance to therapy and shortened survival.24 In chronic 
myeloid leukemia, T-cell acute lymphoblastic leukemia, and multiple 
myeloma, p53 mutations have been associated with disease progres-
sion and relapse.21,25,26

In solid tumors, the potential link between p53 mutations and 
prognosis appears to be more complex. Much of the difficulty in 
interpreting published prognostic studies stems from the limited 
study power due to small numbers of included patients with p53 
mutations, differences in disease management and the varying 
methods by which p53 mutational status was determined (many 
of these studies relied upon p53 immunohistochemistry; a method 
that does not comprehensively interrogate p53 mutational status and 
functional activity).27

p53 Activation and Destruction Pathways

The p53 network, depending on cellular context, can be trig-
gered by a number of different pathways facilitating either repair or 
apoptosis of the damaged cell.1 Several kinases serve as crucial DNA 
damage sensors signal in part through phosphorylation of the amino-
terminal domain of p53, which prevents the binding of MDM2.1,28 
Moreover, increased expression of the p14ARF protein, which binds 
directly to MDM2 and inhibits its p53-degradation activity, has been 
observed in various tumors as a consequence of oncogene activation, 
and it has been proposed that ARF is responsible in part for p53’s 
tumor suppressor activity.

P53 destruction occurs primarily through interactions with 
MDM2. In addition to MDM2, there have been several other E3 
ligases identified that are thought to modulate p53 levels.29

Covalent Modifications of p53

In addition to gene mutations, p53 is subject to a number of post-
translational modifications that can up/downregulate p53 function; 
these include phosphorylation, acetylation, sumoylation and glyco-
sylation and little is known about how these affect the p53 network. 
For example, phosphorylation of p53 on residue serine 46 is needed 
for p53-induced expression of certain pro-apoptotic genes, but is 
unnecessary for activation of cell cycle arrest mediators. Therefore, 
it has been proposed that phosphorylation of p53 at certain residues 
may be important in modulating the choice of response to p53 acti-
vation.30 Acetylation of lysine residues at the carboxy terminus of 
p53 has been shown to occur, but there have been conflicting reports 
about the importance of these changes in affecting p53 cellular local-
ization and transcriptional activation.31

Mutations of Important Downstream Effectors of p53

The complexity of the p53 network is partly reflected in the many 
downstream effectors believed to be altered by p53. Over 4,000 puta-
tive p53 DNA binding sites have been identified via bioinformatics 
and microarray approaches, although it remains unknown how 
many of these sites actually are physiologically important.32 In the 
context of cancer biology and cancer therapies, PUMA deficiency 
inhibits p53-induced apoptosis in various experimental systems, 
thus identifying this gene as an important p53 effector.33-36 For the 
various other p53 targets, it appears more plausible that groups of 
target genes are integrally involved in executing specific functions, 
and the group of genes can vary based on tissue type, tissue insult 
and desired effect. Pertinent to the clinical setting, chronic changes 
in the p53 network that will occur with the ongoing administration 
of MDM2 inhibitors may thus gain importance and focused study of 
such changes warrants incorporation into clinical trial designs.

Additional mechanisms of resistance to MDM2-inhibitors in 
cancer cells with wt p53 is the deletion, mutation or epigenetic 
silencing of genes important for p53-mediated apoptosis. In the 
setting of work on MDM2 inhibitors in CLL, we analyzed the gene 
copy status of a selected group of p53 effectors and MDM2 binding 
proteins and have summarized the data in table 1. One important 
conclusion from this unique dataset is that most of these genes are 
unaltered in CLL. None of the genes are ever bi-allelically deleted, 
and in some instances they are present in three copies due to triso-
mies (usually trisomy 12).
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MDM2 Function and Biology

MDM2 and p53. MDM2 (mouse double minute 2), and its 
human homologue human double-minute 2 oncoprotein (HDM2) 
(Ch 12q13-14), have been identified as potentially the most critical 
regulators of p53.37-39 The critical balance of these two proteins is 
reflected by the fact that a knockout of the MDM2 gene is embry-
onically lethal in mice, but that the phenotype can be rescued by 
concurrent deletion of p53.40,41

The HDM2 protein is comprised of several conserved domains, 
including an N-terminal protein binding domain, nuclear import 
and export sequences, an acidic domain, a zinc-finger region, and 
a RING finger region containing the E3-ligase activity.42,43 The 
crystal structure of the amino-terminus of MDM2 in complex with 
a short peptide from the N-terminus of p53 revealed the key struc-
tural interactions between these two proteins.44 Amino acids Phe19, 
Trp23 and Leu26 form the core element of p53 that interacts with the 
hydrophobic binding pocket of MDM2.42,45

Numerous studies have established a delicately balanced MDM2-
p53 autoregulatory system where MDM2 and p53 closely regulate 
the activity of each other in response to cellular stressors. In fact, 
binding of MDM2 to p53 affects the transcriptional activity, stability 
and subcellular localization of p53.46 After binding to p53, MDM2 
shuttles the heterodimeric complex to the cytoplasm for ubiquitin-
mediated proteosomal degradation.47,48 In addition, MDM2 binding 
to p53 sterically blocks the transactivation domain of p53.39,42

MDM2 is prevented from interacting with p53 through two 
principle and distinct mechanisms. First, p53 is phosphorylated 
by a number of serine/threonine kinases within its N-terminus, 
thus preventing intercalation of key residues between p53 and 
MDM2.49,50 Alternatively, p14ARF binds MDM2 and prevents 
interactions with p53.51,52

While MDM2 principally functions to repress the activity of p53, 
the transcription of MDM2 is partially activated by p53.53 Thus in 
response to environmental cues, p53 is activated and stabilized, and 
the resultant accumulation allows it to bind to the P2 promoter 

Table 1  Display of genomic copy number of selected genes with importance to p53 and MDM2 biology in CLL

Gene	 Chromosome	 Physical position	 Range of informative		  Gene copy number state in CLL based on 
		  (megabases)	 SNPs		  SNP-arrays
PUMA	 19	 52.415–52.427	 rs8101091 (52.292)–rs2037735 (52.704)	 2/178 (3N)	 176/178 (2N)
NOXA	 18	 55.718–55.721	 rs952785 (55.624)–rs10515981 (55.744)	 5/178 (3N)	 173/178 (2N)
BAX	 19	 54.150–54.157	 rs4802507 (53.996)–rs10500301 (54.6)	 2/178 (3N)	 176/178 (2N)
PIDD	 11	 0.79–0.794	 rs217238 (1.947)	 1/178 (3N)	 177/178 (2N)
GADD45A	 1	 67.863–67.866	 rs4655769 (67.847)–rs2820473 (68.084)		  178/178 (2N)
14-3-3 σ	 1	 26.874–26.875	 rs595725 (28.86)		  177/178 (2N)	 1/178 (1N)
REPRIMO	 2	 154.159–154.160	 rs10497123 (154.122)–rs1369256 (154.196)		  178/178 (2N)
B99	 22	 45.013–45.050	 rs136012 (44.473)–rs4823554 (45.084)		  178/178 (2N)
MDM2	 12	 67.488–67.520	 rs10492299 (67.202)–rs3730504 (67.492)	 35/178 (3N)	 143/178 (2N)
NANOG	 12	 7.833–7.840	 rs7969455 (7.757)–rs2110067 (8.16)	 1/178 (5N)	 143/178 (2N) 
				    34/178 (3N)
MDMX	 1	 201.217–201.251	 rs3911890 (201.208)–rs16776 (201.249)		  178/178 (2N)
TIGAR	 12	 4.3–4.34	 rs3217824 (4.26)–rs7309402 (4.33)	 1/178 (5N)	 143/178 (2N) 
				    34/178 (3N)
DRAM	 12	 100.774–100.820	 rs10492087 (100.748)–rs10507136  (100.854)	 35/178 (3N)	 142/178 (2N)	 1/178 (1N)
NPM	 5	 170.747–170.770	 rs10516082 (170.738)–rs1382902 (171.017)	 1/178 (3N)	 177/178 (2N)
NUMB	 14	 72.812–72.995	 rs1708809 (72.627)–rs10483861 (73.269)		  169/178 (2N)	 9/178 (1N)
DR5	 8	 23.105–23.139	 rs10503721 (22.802)–rs7834641 (23.176)		  175/178 (2N)	 3/178 (1N)
SCOTIN	 3	 48.484–48.516	 rs2034330 (48.0)–rs3905330 (48.510)		  176/178 (2N)	 2/178 (1N)
APAF1	 12	 97.542–97.632	 rs1468832 (97.321)–rs1477237 (97.698)	 35/178 (3N)	 142/178 (2N)	 1/178 (1N)
p53AIP1	 11	 128.310–128.318	 rs10488706 (128.218)–rs2155177 (128.449)		  177/178 (2N)	 1/178 (1N)
PERP	 6	 138.454–138.470	 rs9321637 (138.247)–rs2235561 (138.482)		  174/178 (2N)	 4/178 (1N)
CD95/FAS	 10	 90.740–90.766	 rs951647 (90.657)–rs10509572 (90.784)		  176/178 (2N)	 2/178 (1N)
CDKN1A	 6	 36.754–36.763	 rs2007741 (36.531)–rs236374 (36.84)		  176/178 (2N)	 2/178 (1N) 
(p21WAF1)
BTG2	 1	 200.006–200.010	 rs10494836 (200.007)–rs2185781 (200.195)		  178/178 (2N)
PCAF	 3	 20.057–20.171	 rs1051497 (20.008)–rs10510499 (20.170)	 2/178 (3N)	 176/178 (2N)
E2F1	 20	 31.727–31.737	 rs10485498 (31.531)–rs10485499 (31.959)		  178/178 (2N)
p73	 1	 3.592–3.673	 rs2072493 (3.596)–rs3935559 (3.737)		  178/178 (2N)

Genomic profiling of 178 CLL cases compared with paired buccal DNA was performed using 50K SNP-arrays as described.7 DChipSNP-based heatmap displays were analyzed for SNP positions flanking genes of interest 
and copy numbers recorded. Tabulated are from left to right, gene name, chromosome on which the gene resides, physical span of the gene on the respective chromosome, informative SNP positions immediately flanking 
the gene of interest and location of those SNPs and gene copy state.
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of MDM2, enhancing the expression of MDM2.53,54 The accu-
mulation of MDM2 subsequently suppresses p53, completing the 
negative regulatory loop.

Protein Variables in MDM2 Function with Theoretical 
Importance to MDM2 Inhibitor Mechanism of Action and 
Clinical Development

MDMX. MDMX (Ch 1q32) was identified through a screen of p53 
binding proteins with a strong sequence homology to MDM2.55,56 
Many of the N-terminal amino acids in MDM2 responsible for p53 
binding are conserved in MDMX and the C-terminal Zinc finger 
and RING finger motifs are also identified in MDMX, suggesting a 
similar structural makeup.56,57 It has been demonstrated that MDMX 
is capable of binding to the transactivation domain within p53, thus 
inhibiting p53 transactivation activity.55,58,59 Importantly however, 
MDMX is incapable of inducing the ubiquitination of p53 and 
unlike MDM2, transcription of MDMX is not induced by p53, due 
to a lack of p53 responsive elements within its promoter region.59 
Despite their similar sequences, MDM2 and MDMX appear to func-
tion as non-redundant proteins, reflected by the inability of either 
protein to compensate for the embryonic lethality of the loss of the 
other protein, yet both losses may be functionally rescued by the 
knockout of p53.59,60

Despite similar p53 interactive domains, there is conflicting data 
on the effects of small molecule MDM2 inhibitors on MDMX 
binding to p53. Laurie and colleagues demonstrated that although 
Nutlin-3 had an approximately 40-fold higher Ki for inhibiting the 
p53/MDMX interaction compared with p53/MDM2, the small 
molecule inhibitor was still able to block co-immunoprecipitation 
of p53 and MDMX.61 However, Hu et al., was unable to confirm 
the inhibition of MDMX and p53 interactions with Nutlin. 
Furthermore, anticipating the cellular effects of small molecule 
inhibitors on MDMX/p53 interactions is complicated by highly 
variable levels of cellular MDMX, as the level of MDMX appears 
to affect the responsiveness of the MDM2/p53 complex to small 
molecule inhibitors.62,63 Ultimately given the disparity of Nutlin 
concentrations required for MDM2 and MDMX inhibition, there 
may be little MDMX inhibition seen in-vivo. However, newer 
MDM2 inhibitors may have altered binding affinities for these two 
proteins, potentially making effects on the p53/MDMX complex 
more important.64

Non-p53 Mediated MDM2 Protein Interactions

MDM2 also contributes to various non-p53 mediated cellular 
signaling events.65 The critical MDM2 N-terminal domain involved 
in interactions with p53 is also important for binding several addi-
tional proteins and these interactions may be subject to perturbations 
by small-molecule based MDM2 inhibitors.

E2F1/DP1. E2F1/DP1 (Ch 20a11.2 / Ch 13q34) is a heterodi-
meric transcription factor involved in both the regulation of S-phase 
cell cycle progression as well as apoptosis.66-68 MDM2 increases the 
transcription of E2F1 and potentiates the transactivation capabilities 
of E2F1, possibly through the binding of the N-terminus of MDM2 
to the transactivation domain of the E2F1 protein as well as the 
C-terminus of DP1 and participates as a co-activator of transcrip-
tion in a trimeric complex.69 Currently available data imply that the 

pro-growth versus pro-apoptotic nature of the E2F and DP families of 
proteins may be dependent on the specific family member involved, 
gene dosage, as well as p53 and pRb status.70,71 Recently, Ambrosini 
et al., demonstrated that in p53 expressing cell lines, treatment with 
Nutlin-3 resulted in decreased levels of E2F1.72 Interestingly, even in 
cells lacking p53, Nutlin-3 enhanced apoptotic activity of genotoxic 
chemotherapy potentially by stabilizing E2F1 levels resulting in 
elevations of the levels of the proapoptotic genes p73 and NOXA. 
In summary, current data do not allow for definitive conclusions 
regarding the anticipated cellular effects of inhibiting MDM2 inter-
actions with the E2F/ DP heterodimeric family.

NPM. Nucleophosmin (NPM) (Ch 5q35) is a nucleolar phos-
phoprotein with multiple cellular activities.73 Recently, evidence has 
been advanced that after cellular stress or genotoxic chemotherapy 
exposure, NPM undergoes nucleoplasmic redistribution, allowing 
NPM to interact with p53 as well as MDM2.74,75 Binding of NPM 
to MDM2 occurs at the N-terminus of MDM2 (amino acid residues 
1–110) as well as the C-terminal RING domain, preventing MDM2 
interaction with p53, and stabilizing p53 levels.74,76 Importantly, 
a high frequency of NPM exon-12 mutations resulting in aberrant 
cytoplasmic localization of NPM have been described in AML, 
although the exact mechanism whereby the altered localization of 
NPM contributes to the malignant phenotype has yet to be fully 
elucidated.77 Given that multiple domains are involved in MDM2 
binding to NPM, it is unclear how small molecule inhibitors directed 
only at the N-terminal NPM1/MDM2 interactive domain will affect 
various NPM function. Therefore, results of ongoing pre-clinical 
experiments on MDM2 inhibitor treatment of well-characterized 
AML cases (with and without NPM mutations) are eagerly awaited 
and expected to shed light on this important question.

PCAF. The p300/CREB-binding protein-associated factor 
(PCAF) (Ch 3p24), a histone acetyltransferase (HAT), functions 
as a transcriptional coactivator. After genotoxic stress, PCAF can 
acetylate p53, which increases its cellular activity.78 Recently, Kobet 
and colleagues demonstrated that MDM2 prevented p53 acteyla-
tion by p300, thus limiting p53 activity.79 Subsequently, Jin et al., 
demonstrated that MDM2 also induced PCAF ubiquitination and 
subsequent degradation.80 MDM2 appears to interact with PCAF 
through its N-terminal domain. However, PCAF expression is highly 
tissue-dependent and therefore, the physiologic effects of inhibiting 
MDM2/PCAF interactions may be cell specific.65

NUMB. NUMB (Ch 14q24.3) is a lineage specific protein that 
acts to antagonize Notch signaling in stem cells and somatic cells 
and is critical in cell fate determination.81,82 Previous research has 
demonstrated that the N-terminus of MDM2 can bind NUMB.83 
Changes in cellular levels of MDM2 may affect the ability of 
NUMB to alter cell fate decisions.84 NUMB also interacts with p53, 
preventing MDM2-mediated ubiquitination and degradation, and 
reductions in NUMB levels have been shown to reduce steady-state 
levels of p53 thus resulting in lower levels of apoptosis.

Recently, Colaluca and colleagues demonstrated that Nutlin failed 
to interfere with the NUMB/MDM2 as well as NUMB/p53 inter-
actions, thus reflecting subtle differences in the interactive domains 
compared with MDM2/p53.85 However, the combination of cyto-
toxic chemotherapy combined with Nutlin diminished NUMB/
MDM2 interactions.
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p73. p73 (Ch 1p36.33) belongs to the p53 superfamily of 
proteins.86,87 Each family member shares both structural as well 
as functional similarities, including transcriptional activation capa-
bilities. Multiple isoforms of p73 are known, and the N-terminal 
truncated isoform of p73 (ΔNp73) can inhibit wild-type p73 
(TAp73) dependant p53-mediated apoptosis.88 The N-terminus of 
MDM2 binds to the N-terminus of p73 resulting in the inhibition of 
p73-dependent transcription, potentially by abrogating p300/CBP/
p73 interactions and reducing the transactivational capabilities of the 
complex.89 Recently, Lau and colleagues demonstrated that Nutlin-3 
interfered with p73/MDM2 binding in a number of cancer cell 
lines, resulting in increased p73 transcriptional activity and increased 
levels of apoptosis in a p53 independant fashion.90 Similar to the 
effects of Nutlin inhibition on MDMX/p53 interactions, at least 
20-fold higher concentrations of Nutlin are required for inhibition 
of p73/MDM2 interactions compared with p53/MDM2. Therefore, 
the clinical effect, if any, of small molecule MDM2 inhibitors on 
p73-dependant apoptosis remains unpredictable.

Preclinical Application of MDM2 Inhibitors

Proteins and peptides. Initial preclinical experiments evaluating 
the functional importance of the MDM2-p53 interaction relied 
on antibodies or peptides that interfered with the intermolecular 
interactions between these two proteins.91,92 By blocking the critical 
interactions between these proteins, researchers established that p53 
can be relieved of MDM2-mediated repression. Chen and colleagues 
developed an MDM2 sequence-based antisense deoxyoligonucleotide 
that inhibited MDM2 expression, resulting in increased p53- induced 
signaling and subsequent apoptosis in a number of cancer cell lines. 
This work has been substantiated by a number of additional observa-
tions.93-95

Small Molecule E3-Ligase Inhibitors

Lai and colleagues identified 3 different chemical structures that 
were able to inhibit the E3 ligase activity of MDM2.96 Interestingly, 
these compounds did not inhibit other ubiquinating enzymes or 
autoubiquination of MDM2 itself. Yang and colleagues have also 
identified a class of small molecule E3 ligase inhibitors.97 These 
HLI98-based compounds have a relatively restricted activity toward 
the MDM2 E3 ligase activity, but do demonstrate activity against 
the HECT E3 ligase as well. Exposure of cell lines to these inhibi-
tors resulted in an increase in p53 levels, the upregulation of the 
biomarker p21WAF1/CIP1 and the pro-apoptotic protein PUMA 
leading to an increased rate of apoptosis. Further modifications 
to improve the specificity and affinity of these compounds will be 
required before further clinical evaluations can proceed.

Small Molecule Inhibitors of MDM2/p53 Binding

Inhibiting protein/protein intermolecular interactions with small 
molecules are typically limited due to the large surface areas involved 
in the binding.98 However, X-ray crystallography has demonstrated 
that three hydrophobic amino acid residues in the N-terminus of p53 
(Phe19, Trp23 and Leu26) critically interact with the N-terminus of 
the MDM2 protein.44,99 Because MDM2 is unable to modulate p53 
activity if it is prevented from binding p53, researchers have begun 
development of small molecule inhibitors to disrupt the MDM2/
p53 interface.

Vassilev and colleagues were the first to identify a potent class 
of small molecules able to disrupt the MDM2/p53 interaction.100 
Three chemical derivatives termed the Nutlins were characterized 
and were found to efficiently displace p53 from MDM2 in the 
nanomolar range. Crystalography demonstrated that the Nutlins 
bind to the hydrophobic pocket of the N-terminus of MDM2 in a 
reminiscent manner to the three hydrophobic amino acid residues 
in the N-terminus of p53. These researchers have demonstrated that 
the Nutlins stabilize p53, leading to the activation p53 dependent 
signaling pathways, cell cycle arrest and apoptosis of a number of 
cancer cell lines.100 Importantly, cells with mutated or deleted p53 
were insensitive to the antiproliferative effects of the Nutlins.100,101 
Xenographic models have also demonstrated tumor control with 
Nutlin-3 and Nutlin-3a, the active stereoisomer.100-102

Recently, a second class of MDM2 antagonists representing a 
Benzodiazepinedion-based series of compounds has been developed 
and has demonstrated an ability to disrupt the MDM2/p53 interac-
tion.103,104 Further chemical modifications enhanced the IC50 of the 
compound with submicromolar efficacy in vitro and demonstrated 
inhibitory activity in a xenographic melanoma model.105

Ding et al., published a series of spiro(oxindole-3,3'-pyrrolidine) 
based small molecules that can inhibit MDM2-p53 binding in the 
nanomolar range.106 In-vitro studies demonstrated submicromolar 
antiproliferative IC50 values for a number of cancer cell lines with 
an approximately 30-fold selectivity for cells expressing wild-type 
p53.107,108 Hardcastle and collegues published a series of isoindolinone-
based chemical compounds that demonstrated an increase in p21WAF1/

CIP1 levels using micromolar concentrations of the compounds.109 
Recently, Bowman and colleagues identified five unique chemical 
moieties with MDM2 binding properties using a computer algorithm 
to identify small molecule interactions with MDM2 while allowing 
for multiple protein conformations.110 However, little in-vitro data 
exists on the activity of these compounds.

Potential Pitfalls Towards the Efficacy of Small Molecule 
Inhibitors in Human Tumors Inferred from Data Using Various 
Experimental Systems

Signaling cascades rarely function in isolation, with cross-talk 
occurring at multiple levels. Additionally, redundancy in critical 
pathways is often seen. As previously described, MDMX is also 
a known antagonist of p53 activity.55,59 Optimal p53 activation 
might require inhibition of both MDM2 and MDMX and recent 
studies have shown that failure to inhibit MDMX binding can limit 
the apoptotic response of cancer cell lines to Nutlin-3.63 Likewise, 
numerous additional proteins including p73 interact with both 
MDM2 as well as MDMX. The effect of small molecule MDM2 
inhibitors on the interplay of pathways involving these molecules 
remains essentially unknown.111,112

Despite wild-type p53 expression, the capacity of cancer cells to 
efficiently undergo apoptosis may still be limited. After exposing 
a series of 10 cell lines with wild-type p53 to Nutlin-3a, Tovar 
and colleagues noted a varied level of apoptosis after 72 hours.102 
Utilizing a gene array-based expression analysis, they revealed an up 
regulation of early p53 induced genes, including p21Waf1/Cip1 in all 
cell lines, but numerous downstream apoptotic proteins showed a 
marked differential expression. Fourteen of the differentially regu-
lated genes in cells with altered apoptotic potential to Nutlin-3a 
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were associated with downstream p53 signaling, including PUMA 
and BAX.

Toxicity of p53 Activation to Normal Tissues

p53 levels are tightly regulated to limit activation only after cellular 
recognition of stressors which trigger cell cycle arrest and potentially 
apoptosis. Given the embryonic lethality of unregulated p53 in 
MDM2 deficient animals, one concern over MDM2 inhibitors is 
their potential toxicity, especially with chronic utilizations. This 
may be especially relevant in tissues with a high sensitivity to p53 
mediated activity, including hematopoietic tissues.113 However, early 
indications are that normal human fibroblasts as well as mice treated 
with small molecule MDM2 inhibitors do not display the degree of 
apoptotic induction that malignant cells do.100,113 The fibroblasts 
enter cell cycle arrest but retain their viability for prolonged periods 
despite persistent exposure. Interestingly, studies by Coll-Mulet and 
Secchiero indicate a relative selectivity of p53-mediated apoptosis to 
B-CLL samples over patient derived T cells or even clonogenic bone 
marrow progenitor cells.114,115 Bone marrow stem cells undergo 
morphologic changes ex-vivo after exposure to Nutlin, but do not 
display increased levels of apoptosis and the effects are reversible after 
discontinuation of the drug.116

Recent evidence indicates that the embryonic lethality seen in 
MDM2 knockout animals may not extend into adulthood. Mendrysa 
and colleagues created a conditional hypomorphic MDM2 mouse 
under the control of the Cre-LoxP system.117,118 In this system, the 
heterozygous animals, expressing MDM2 from the loxP containing 
allele, expressed only 30% of the MDM2 compared with their wild-
type litermates. Lifespan was apparently unaffected in these mice.118 
These mice also demonstrated a marginal anemia and lymphopenia 
as well as an increased level of apoptosis seen in the small bowel. 
There was an approximately threefold decrease in spontaneous 
tumors in the MDM2 under expressing animals, and when crossed 
into an adenomatous polyposis coli (Apc) background, the hypo-
morphic MDM2 mice had a lower level of polyps and subsequent 
malignancies.118

Lessons Learned from ex vivo Treatment of Primary Human 
Tumor Cells with MDM2 Inhibitors

The pre-clinical and early phase clinical development of targeted 
therapeutic compounds is greatly aided through studies of the 
compound effects on primary human cancer cells. It is in this 
setting that hypotheses formulated based on in vitro or cell line data 
are tested, and subsequently validated or refuted. One of the limita-
tions to streamlined pre-clinical to clinical compound transitions 
is access to well-annotated and well-characterized primary human 
tumor specimens. Given these constraints, hematological malignan-
cies offer easy access to tumor tissue and tumor cells can be purified 
to almost homogeneity thus reducing confounding effects of non-
malignant cells.

Chronic lymphocytic leukemia (CLL), the most common 
leukemia in the Western world, has been studied extensively and 
is very suitable for translational research analysis. Our group has 
characterized a large cohort of CLL patients for all clinically relevant 
biomarkers, including ZAP70 expression, immunoglobulin heavy 
chain variable region mutation status, p53 mutations, CD38 expres-
sion and interphase FISH. Further, we have obtained high density 

genomic profiling data of sub chromosomal copy number and allele 
status for 178 patients using SNP-array technology.

To understand determinants of sensitivity or resistance to MDM2 
inhibitors in CLL cells and to assess target (MDM2-p53) specificity, 
we analyzed apoptosis induction after treatment of highly pure CLL 
tumor cells ex vivo with 2 MDM2 inhibitors, Nutlin-3 and MI-63. 
Upon comparative analysis of MDM2-inhibitor IC50 kill data of 
primary CLL cells with p53 mutational status and p53 immunoblot-
ting data both pre- and post-MDM2 inhibitor treatment, it became 
evident that p53 status was the overriding molecular determinant 
of response; all 18 CLL cases with aberrant p53 (mutant or absent 
expression) displayed relative resistance to MDM2 inhibitor-medi-
ated apoptosis when compared with results from 88 CLL cases with 
wild type p53 function. Only very few (~3%) of CLL cases with wild 
type p53 displayed relative resistance to MDM2 inhibitor-induced 
apoptosis that was comparable in magnitude to cases with p53 aber-
rations.

This data, which represents by far the largest collection of experi-
ments using MDM2 inhibitors on primary human tumors, allowed 
us to conclude that the effect of MDM2 inhibitors on MDM2 
binding proteins other than p53 is not sufficient for cell death induc-
tion in this tumor type. Further, defects in p53 transcriptional and 
non-transcriptional targets are decidedly uncommon in CLL, a state-
ment supported through genomic copy number analysis of various 
important p53 target genes (Table 1).

Within the group of CLL cases with wild type p53 (88 cases), the 
vast majority displayed a narrow range of IC50 values for MDM2 
inhibitor-mediated apoptosis. This data suggest that molecular vari-
ables other than p53 status (MDM2 levels, MDMX levels, others) do 
not have a strong quantitative influence on MDM2 inhibitor-medi-
ated cell kill in CLL.

Using our clinical database, we detected an inverse correlation 
between ex vivo sensitivity to MDM2 inhibitor treatment and 
disease progression in CLL with the cases displaying high ex vivo 
sensitivity needing therapy sooner than relatively less sensitive cases. 
This analysis therefore uncovers a CLL target group with wt p53 
that may benefit most from MDM2 inhibitor therapy. Interestingly, 
no association between the allele status of MDM2-SNP309 (GG, 
TG or TT) and ex vivo sensitivity to MDM2 inhibitors was found 
suggesting that the differences in disease progression may not be due 
to differences in baseline MDM2 levels.

Selected Aspects of the Design of Early Phase Clinical Trials of 
MDM2 Inhibitors in Humans

Despite animal data suggesting acceptable toxicity of MDM2 
inhibitors in vivo, caution is advised during planned early phase 
clinical trials of these compounds in cancer patients. In particular, 
the interplay of intermittent or low level cellular stressors due to 
environmental factors and p53 elevations due to therapeutic MDM2 
blockade may induce unanticipated acute or chronic toxicities.

Given the importance of intact p53 to the apoptotic cellular 
response to MDM2 inhibitors, it may prove necessary from an ethical 
standpoint to interrogate p53 status pre trial enrollment for prospec-
tive patients. Such analysis may need coordination between various 
specialists to secure access to primary tumor tissue or analysis of previ-
ously stored and archived tumor biopsies. Data from our work on CLL 
suggest that the most comprehensive assessment (100% sensitivity 
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and 100% specificity) of p53 status is achieved using p53 immunob-
lotting pre- and post Mdm2 inhibitor treatment of tumor cells.

Given the strong dependence of MDM2 inhibitor-mediated 
cell kill on wild type p53 status, the emergence of resistance due 
to acquired p53 mutations is of significant concern. This potential 
problem is worsened by the clinical observation that the salvage 
of patients with acquired p53 mutations may be more difficult or 
impossible using conventional genotoxic drugs. It is therefore of 
great importance to monitor p53 mutation status serially in patients 
treated with MDM2 inhibitors in early phase clinical trials and to 
devise rational combination therapy approaches aimed at suppres-
sion of emergence of p53 mutants. It may also become important 
to measure p53 mutations in subclones of tumors prior to MDM2 
inhibitor treatment and methods may need to be devised to detect 
mutations occurring in fractions of a percent of tumor cells or less. 
Finally, in the setting of CLL, combinations using MDM2 inhibitors 
with drugs less sensitive to p53 mutation status, like alemtuzumab 
(anti-CD52 directed antibody) or flavipiridol, may be advanced early 
in the disease-specific development of these compounds. In other 
cancer types, additional non-genotoxic drugs may be utilized.
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