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Abstract: Ubiquitination is a key enzymatic post-translational modification that influences p53 stability and function. 
p53 protein regulates the expression of MDM2 (mouse double-minute 2 protein) E3 ligase and MDMX (double-min-
ute 4 protein), through proteasome-based degradation. Exploration of targeting the ubiquitination pathway offers a 
potentially promising strategy for precision therapy in a variety of cancers. The p53-MDM2-MDMX pathway provides 
multiple molecular targets for small molecule screening as potential therapies for wild-type p53. As a result of its 
effect on molecular carcinogenesis, a personalized therapeutic approach based on the wild-type and mutant p53 
protein is desirable. We highlighted the implications of p53 mutations in cancer, p53 ubiquitination mechanistic 
details, targeting p53-MDM2/MDMX interactions, significant discoveries related to MDM2 inhibitor drug develop-
ment, MDM2 and MDMX dual target inhibitors, and clinical trials with p53-MDM2/MDMX-targeted drugs. We also 
investigated potential therapeutic repurposing of selective estrogen receptor modulators (SERMs) in targeting p53-
MDM2/MDMX interactions. Molecular docking studies of SERMs were performed utilizing the solved structures of 
the p53/MDM2/MDMX proteins. These studies identified ormeloxifene as a potential dual inhibitor of p53/MDM2/
MDMX interaction, suggesting that repurposing SERMs for dual targeting of p53/MDM2 and p53/MDMX interac-
tions is an attractive strategy for targeting wild-type p53 tumors and warrants further preclinical research.
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Introduction

The incidence and mortality associated with 
cancer worldwide, were estimated to be 18.1 
million new cases and 9.6 million cancer  
deaths respectively in 2018 [1]. Tumor hetero-
geneity, acquired resistance, lack of specific 
molecular targeted drugs, difficulties in target-
ing cancer stem cells, the dearth of infor- 
mation on the epigenetic profile of cancers, as 
well as lack of specificity of existing chemother-
apeutic drugs, and their toxicities, represent 
the major challenges [2-4]. Further, a large pro-
portion of investigational cancer drugs fail dur-
ing phase III clinical trials and the lack of a bio-
marker-driven strategy, has been identified to 

be one the prime factors for such late-stage 
drug development failures [5]. Precision medi-
cine has marked a new revolution in cancer 
management by focusing on developing inno- 
vative drug candidates and novel biomarkers  
to treat patients, primarily by delineation of 
molecular signaling pathways involved in tumor 
biology [6, 7]. As the ubiquitin system plays an 
important role in the coordination of various 
cellular processes via regulation of both pro- 
tein degradation and nonproteolytic signaling 
functions, the enzymes involved in this system 
are implicated as either oncogenes or tumor 
suppressors in numerous cancers [8]. With in- 
creased understanding of ubiquitination mech-
anisms over the past decades, exploration of 
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targeting this pathway offers a new promising 
strategy for precision medicine in numerous 
cancers [9-12].

Role of p53 mutation in cancer

The TP53 gene located on chromosome 
17p13.1, encodes the p53 tumor suppressor 
protein. TP53 is the most commonly mutated 
gene in human cancer. The p53 protein is a 
transcriptional factor regulating the expression 
through proteasome based degradation by 
MDM2 (mouse double-minute 2 protein) E3 
ligase and MDMX (Double minute 4 protein), 
also known as MDM4 [13]. The structure of  
p53 consists of multiple domains such as the 
N-terminal domain [transactivation domain 
(TA), proline-rich domain (TAD-II/PRD)], core 
domain [central sequence-specific DNA bind- 
ing domain (DBD)] and C-terminal domain 
[nuclear localization sequences (NLS), tetra-
merization domain, nuclear export signal (NES) 
area, basic domain], that enable its transcrip-
tional activities [14-16]. Upon activation as a 
tetramer, it binds to p53 response elements 
(TP53 RE) on the promoter region to transacti-

vate the canonical target gene. TP53 known as 
“guardian of the genome”, modulates an array 
of cellular processes-angiogenesis, apoptosis, 
autophagy, differentiation, DNA repair, ferrop-
tosis, metabolism, proliferation, and senes-
cence [1, 13]. Acquisition of TP53 mutation 
leads to early-onset breast cancer, soft tissue, 
and bone sarcoma, adrenocortical carcinoma, 
brain tumors, and Li-Fraumeni and Li-Fraumeni 
like syndromes [17]. Data extracted from the 
International Agency for Research on Cancer 
(IARC) TP53 database on TP53 mutation distri-
bution for 16 cancer types and the expression 
of mutation effects in somatic and germline 
mutations [18] are depicted in Figure 1.

TP53 mutations

Tumor Suppressor Genes (TSGs) exhibit loss of 
protein expression by frameshift mutations 
(the majority are insertion mutations) or non-
sense mutations in the DNA-binding domain 
(DBD). Unlike other TSGs, missense mutations 
comprise more than 80% of somatic and germ-
line TP53 alterations promoting the accumula-
tion of a stable mutant protein in the nucleus  

Figure 1. TP53 mutation distribution for 16 
cancer types. A and B: Pie chart graphical rep-
resentation of the tumor site distribution (in 
percentage) of the somatic and germline mu-
tation frequency in humans. C: A grouped bar 
graph representing the expression of mutation 
effects in somatic and germline mutations, 
respectively. The data was extracted from the 
International Agency for Research on Cancer 
(IARC) TP53 database [18].
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of tumor cells. These mutations are predomi-
nantly clustered around 4-9 exons of p53 with 
86% of the mutations clustered between 
codons 125 and 300 [13]. These mutations 
cause single residue modifications in the DNA-
binding core domain of the protein leading to 
dominant, gain-of-function activities genera- 
ting genomic instability. Thus, the progression 
of cancer cells by TP53 mutation occurs by the 
absence of tumor suppressor activities and  
the presence of activity promoting genomic 
instability [19].

Mechanisms of mutant p53 functions

Alterations in DNA binding ability, enhance-
ment/aversion of transcription factors, and 
direct change of function of certain proteins 
takes place through several molecular mecha-
nism models. Mutant p53 couples with various 
regions of DNA (centrosome/p53 site/matrix 
attachment region) using mutant p53 binding 
elements to regulate transcription involving 
proteins (PML, EGR1, TOP1) and transcriptional 
cofactors (p300). It enhances transcription by 
complexing with TFs (ETS1, p63, p73, NF-kB, 
SP1, SREBP, ETS2, NF-Y, E2F1), which can 
involve proteins (EGR1, TopBP1, PIN1, VDR) 
and transcriptional cofactors (p300, HDAC, 
CBP). A stimulus can activate target gene 
expression when mutant p53 interacts with 
transcription regulatory complex-transcription 
factors (NF-Y, SP1), cofactor (VDR, PLK2) and 
proteins (p300). Mutant p53 decreases tran-
scription by preventing the binding of transcrip-
tion regulatory complex transcription factors 
(p63, p73, SP1), cofactors (p300), proteins 
(TopBP1, ANKRD11, VDR, SMAD2) to DNA. It 
also interacts with proteins (NRD1, EFEMP2, 
TOP1, BTG2, MRE11) which are not involved in 
transcriptional regulation resulting in the block-
ing of their function [16].

Gain-of-functions and dominant negative ef-
fect

Expression of mutant p53 occurs when a  
mutation in one TP53 allele in cancer cells 
occurs followed by loss of second wild type 
TP53 allele leading to loss of heterozygosity 
[13]. The mutation leads to three different phe-
notypes: loss of function (LOF), gain of function 
(GOF) and separation of function (SOF) muta-
tions. Loss of functions is one of the primary 
outcomes, where the mutant p53 results in 

loss of wild type p53 function. However, the 
stability of the p53 protein is controlled by 
MDM2 and MDMX interaction. Loss of sup- 
pressor functions of wild-type p53 occurs on 
protein accumulation in the nucleus of tumor 
cells. Uniform p53 accumulation is not found  
in all cancerous cells throughout the body. 
Unlike cancerous pancreatic tissues, liver 
metastasis and lymph node metastasis docu-
mented accumulation of p53. Hence, p53 
immunostaining may be used as a biomarker 
for identifying pre-cancerous cells, since p53 
accumulate in unstressed cells. The hotspot 
mutant codons 175, 245, 248, 249, 273 and 
282 often acquire novel oncogenic functions 
generating GOF. The oncogenic property arises 
due to: (i) induction of chromosomal instability 
by transactivating an isolated group of target 
genes in synergism, with transcription cofac-
tors such as peptidyl-prolyl cis-trans iso-mera- 
se (PIN1) and promyelocytic leukemia protein 
(PML) proteins, leading to tumor progression (ii) 
inhibition of DNA repair and epigenetic path-
ways: NF-kB, PDGFRβ, mevalonate, proteasom-
al integrins and (iii) stimulation of the Warburg 
Effect. Therapeutically, inhibition of GOF, reduc-
es cancer cell survival and metastasis [7, 19].

Alternatively, mutant p53 is a dominant-nega-
tive inhibitor of wild-type p53. Mediated by  
p21, wild-type p53 controls G1 checkpoint in 
cells lacking functional p53. Simultaneous 
expression of p53 in biochemical and cell-cul-
ture studies demonstrate that p53, binds to 
DNA as a tetramer comprising of the dimer of 
dimers [19]. Studies have concluded that a 
minimum of 3:1 ratio of DBD-mutant to wild 
type p53 is required for expression of p53 
activity [13]. Additionally, p63 and p73 are the 
family members of p53. These transcription 
factors have a similar functional organization 
as p53 comprising of (a) an N-terminal (b) a 
core domain (c) a C-terminal. The p63 and p73 
are found to induce senescence and maintain 
genetic stability. Therefore, a reduction in the 
activity of these proteins promotes cell prolif-
eration by inhibiting cell cycle checkpoints and 
apoptosis [19].

An experiment in mice with lung adenocarcino-
ma (p53R172H/+) showed that advanced 
tumors express elevated levels of p53. On 
determining its effects on tumorigenesis in 
mice, it was found that the allele p53R172H_g 
encodes R172H mutation. This mutation is 
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caused by a single nucleotide G deletion at the 
splice acceptor site resulting in decreased 
p53172H protein levels. The alteration further 
results in increased carcinoma and decreased 
lymphoma formation. On the contrary, allele 
p53R172H/R172H generates higher levels of 
p53 protein. This variant develops increased 
lymphomas followed by sarcomas, rather than 
carcinomas. Although experiments on mice 
concluded that the wild type and mutant p53 
function in a similar way but the mechanism by 
which it is stabilized in human tumors is un- 
known [19]. New therapeutic approaches have 
opened up due to their predominant expres- 
sion in several cancers as a therapeutic target, 
especially after the advent of precision medi-
cine. Therefore, a tailored therapeutic appro- 
ach based upon the wild-type and mutant p53 
protein, due to its effect on molecular carcino-
genesis is desirable.

p53 ubiquitination mechanistic details

Various post-translational modifications have a 
profound influence on the regulatory functions 
of a cell via their critical roles in stabilization of 
p53 and activation as a transcription factor. 
Ubiquitination is an important enzymatic post-
translational modification that regulates the 
stability and functions of p53 [20]. Protein  
ubiquitination involves the ligation of polypep-
tide-ubiquitin protein (~8500 Da), as mono-
mers or polymers to the lysine residue of the 
substrate protein [21, 22]. Protein ubiquitina-
tion is carried out by a three-step enzymatic 
cascade involving 3 enzymes: ubiquitin-activat-
ing enzymes (E1), ubiquitin-conjugating enzy- 
mes (E2), and ubiquitin ligases (E3). E3 en- 
zymes play a decisive role in the selection of 
the target lysine for ubiquitin attachment and 
determining the type of conjugation (lysine 
specificity) and ubiquitination (mono- and poly-
ubiquitination) [22-28]. The MDM2 gene is 
comprised of 12 exons and two p53 respon- 
sive elements in intron 1 and encodes for the 
489 amino acid oncoprotein MDM2. MDM2 
belongs to the RING family of E3 ubiquitin  
ligases [29].

MDM2 overexpression was reported in a wide 
range of cancers and is also associated with 
decreased level and function of p53 protein, 
leading to an increased risk of cancer deve- 
lopment and/or progression of tumors [30]. 
MDM2 can abrogate the apoptotic functions of 

p53 by targeting p53 for ubiquitin-mediated 
degradation, p53 export from the nucleus to 
the cytoplasm and negatively regulating p53 
transcriptional activity via binding of MDM2 to 
p53 transactivation domain [30-37]. MDM2 
ubiquitinates p53 at six major lysine residues-
K370, K372, K373, K381, K382, and K386, 
located in the C-terminus of the p53 protein 
[38]. Genetic amplification and inheritance of 
the single nucleotide polymorphism (SNP) 
found in the MDM2 promoter have been as- 
sociated with up-regulated MDM2 activity. 
MDM2 gene amplification elevated MDM2 
expression leading to MDM2 pathway attenua-
tion and consequent promotion of tumor pro-
gression. SNP309 found in the MDM2 promot-
er increased MDM2 RNA and protein levels  
and subsequently led to p53 pathway attenua-
tion. The MDM2 SNP309 was associated with 
accelerated tumor formation in hereditary as 
well as sporadic cancers [39, 40]. The antago-
nistic action of MDM2 toward p53, sets up a 
negative regulatory feed-back loop, where p53 
binds to p53-responsive elements located 
within the P2 promoter of MDM2 gene as a 
response to stress signals, to promote its tran-
scriptional activation that leads to p53 degra-
dation. This feedback loop explains a possible 
mechanism for maintaining the activity of  
p53 activity in normal cells, in absence of any 
stress [41, 42]. There is an elevated produc- 
tion of MDM2 with an increase in p53 levels 
and p53 transcriptional activity. A decrease in 
the interaction between MDM2 and p53 with a 
decrease in MDM2 protein levels and/or its ac- 
tivity in response to stress, stabilizes the p53 
protein [43]. MDM2 and p53 levels oscillate in 
this p53-MDM2 feedback loop, especially in 
response to stress [44, 45].

MDMX, is a structural homolog of MDM2 [46, 
47]. The MDMX gene is located on chromo-
some 1q32 encodes for the 490 amino acid 
MDMX [48, 49]. MDMX is a critical regulator of 
the expression and functions of the MDM2. 
MDMX hetero-oligomerizes with MDM2 via 
their C-terminal RING finger domains [50]. The 
interactions between these proteins can in- 
crease the MDM2 levels by interfering with 
MDM2 degradation [51]. Similar to MDM2, 
MDMX can bind to the p53 transactivation 
domain located in N-terminal region and cause 
inhibition of p53 transcriptional activity [46]. 
The MDMX protein, structurally homologous to 
MDM2, does not target p53 for degradation, 
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but stabilizes both p53 and MDM2 [52]. MDMX 
along with MDM2, synergistically inhibited the 
transactivation activity of p53 [50].

Therefore, drugs that target MDM2 and MDMX 
could be employed as a potential direct app- 
roach for activating the wild-type p53 through 
the following mechanisms:

1. Reducing the levels of MDM2 and MDMX in 
cancer cells.

2. MDM2 E3 ubiquitin ligase activity inhibition.

3. Selectively disrupting p53-MDM2 or p53-
MDMX N-terminal interaction [53].

A schematic representation of the MDMX inter-
action and transcriptional inhibition of p53 is 
shown in Figure 2.

Targeting p53-MDM2/MDMX interaction

The tumor suppressor gene TP53, is mutated  
in approximately 50% of all human cancers 
[54]. Under stress and physiological condi- 
tions, p53s tumor suppressor function is con-

trolled by physical interaction with MDM2 and 
MDMX that are negative modulators that weak-
ens or inhibits p53 [55]. MDM2 and MDMX 
oncoproteins exert their negative tumor sup-
pressor activity on p53, by various pathways:  
(i) reduced p53 transcriptional function th- 
rough physical interaction with the p53 NH2-
terminal domain [56]; (ii) MDM2 facilitates 
translocation of p53 from the nucleus to the 
cytoplasm through the MDM2 RING domain, 
inhibiting p53 transcription activity [57]; (iii) 
MDM2 ubiquitin E3 activity facilitates p53 
ubiquitination and proteasomal degradation 
[58]; (iv) the autoregulatory feedback loop 
between MDM2 and p53 plays an important 
role in reducing the presence of physiologi- 
cal p53 and suppressing cumulative p53 on 
stress stimuli [59]; (v) MDMX is strongly homol-
ogous to MDM2 [46, 47] and a negative p53 
regulator owing to its sequence similarity to 
MDM2 and its ability to inhibit overexpress- 
ed p53-induced transcription [60]. Therefore, 
MDM2 and MDMX are critical targets for the 
development of potential cancer therapy 
agents that reactivate p53. About half of all 
cancers have mutated TP53 types and 50% of 

Figure 2. Schematic diagram representing MDMX interaction and transcriptional inhibition of p53.
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tumors expressing wild-type p53 are potential 
candidates for p53 reactivation therapies. The 
most direct way to accomplish these goals  
is to develop potent inhibitors against MDM2 
and MDMX’s p53-binding pockets to avoid 
interaction with p53. There are currently sever-
al MDM2-p53 interaction small-molecule inhib-
itors in clinic. Studies reported that mutant 
reconfiguration to normal, i.e. active wild-type 
p53 conformation restores apoptosis and 
enhances tumor regression [61-63]. Identify- 
ing strategies to restore the homeostasis of 
MDM2 and MDMX functions in tumorigenesis 
can improve diagnostic and prognostic appro- 
aches in treating certain cancers.

Past literature or important discoveries related 
to drug development

Because of the p53-MDM2-MDMX feedback 
loop function in initiating and developing wild-
type p53-containing tumors, substantial rese- 
arch has been carried over the past decade to 

ular strategies of MDM2 inhibition aim at  
controlling the E3 ubiquitin ligase activity of 
MDM2 or by targeting the MDM2-p53 protein 
complex. Indeed, several molecules have been 
developed to target the MDM2-p53 axis in 
order to free p53 from MDM2 regulation and 
restore its onco-suppressor property [68-70].

A non-peptide small-molecule inhibitor with a 
1,2,4,5-tetrasubstituted-4,5-imidazoline struc-
ture known as nutlins, was reported by Vas- 
silev and coworkers in 2004 [71]. The nutlins 
(Nutlin-1, -2, and -3) were the first selective  
and potent MDM2 inhibitors, capable of inter-
rupting p53-MDM2 binding. Nutlin compounds 
induce stabilization of p53, stimulate p21 tar-
get genes, cell cycle arrest, and apoptosis [72]. 
Nutlin-3 (1, Figure 3), the most potent first- 
generation cis-imidazolines, is considered as 
the proof-of-concept molecule for demonstrat-
ing the pharmacological reactivation of p53 by 
antagonizing MDM2 protein. Further optimiza-
tion of the nutlin-3 structure led to the discov-

Figure 3. Chemical structure of nutlin-3a highlighting its p53 mimicking 
chemical features and the chemical structures of SERMs. Vicinal diphenyl 
structure of some SERMs is highlighted in blue.

identify small molecules or 
peptides that could precise- 
ly target individual protein 
molecules of this pathway to 
enhance anticancer therapy. 
The p53-MDM2-MDMX path-
way provides numerous mo- 
lecular targets for screening 
small molecules as potential 
therapies for wild type p53- 
harboring cancers [64]. Late- 
ly, many compounds, target- 
ing MDM2 and MDMX pro- 
teins have been identified to 
reactivate the wild-type p53 
form. Some of the identified 
molecules with promising pre-
clinical results have entered 
clinical trials [65-67].

MDM2 inhibitors

MDM2 oncogene is the prin- 
cipal downstream target of 
p53. It binds to the active 
transcriptional sites of p53, 
which leads to p53 re- 
pressive function. MDM2 in- 
hibitors are aimed at either 
blocking the expression of 
MDM2 or by hindering the 
physical interaction between 
MDM2 and p53. Other molec-
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Table 1. p53-MDM2 and p53-MDMX inhibitors in clinical trials

Class Compounds 
Nature Compound Status NCT  

Identifier
Small molecule MDM2 inhibitors Cis-imidazoline

Cis-pyrrolidine
RG7112 Phase I study in advanced  

solid, hematological cancers, and 
liposarcoma (completed)

NCT00559533

RG7388 (or RO5503781 or 
idasanutlin)

Phase I study in advanced solid cancers 
(completed)

NCT01462175

RG7388 (or RO5503781 
idasanutlin)

Phase I study in polycythemia vera and 
essential thrombocythemia (completed)

NCT02407080

RG7388 (or RO5503781 
idasanutlin) with cytarabine

Phase I study in acute myelogenous 
leukemia (completed)

NCT01773408

Spiro-oxindole SAR405838 (or MI-77301) Phase I study neoplasm malignant 
(completed)

NCT01636479

Piperidinone AMG232 Phase I study in advanced solid cancers 
and multiple myeloma (completed)

NCT01723020

AMG-232 (KRT-232) Phase I study in radiation therapy in 
treating patients with soft tissue  
sarcoma (recruiting)

NCT03217266

MDM2/X inhibitors Peptide ALRN-6924 Phase I study in advanced solid tumors 
and lymphoma (completed)

NCT02264613

Dual target MDM2/MDMX Inhibitors Peptide ALRN-6924 with cytarabine Phase I study-resistant (refractory) 
solid tumor, brain tumor, lymphoma or 
leukemia (recruiting)

NCT03654716

ALRN-6924 with paclitaxel A Phase Ib study in wild-type TP53 
advanced or metastatic solid tumors 
including estrogen-receptor positive 
breast cancer (recruiting)

NCT03725436

ALRN-6924 with topotecan A Phase Ib/2 study in small cell lung 
cancer (recruiting)

NCT04022876

Source: http://www.clinicaltrials.gov, accessed 2nd May 2021.

ery of RG7112, Table 1), [73]. Nutlin-3a shows 
efficacy in many tumor models including acute 
myeloid leukemia [74], chemoresistant neuro-
blastoma [75], and multiple myeloma [76]. 
RG7112, a potent and selective p53-MDM2 
interaction inhibitor with promising oral bio-

availability, was identified from the nutlin  
family [77]. The first MDM2 inhibitor RG7112 
(or RO5045337), entered human clinical trials 
and showed superior cellular potency, pharma-
cokinetic parameters, chemical stability and 
MDM2 affinity compared to nutlin-3a [77].  
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The findings on the therapeutic potential of 
RG7112 in patients with MDM2-amplified lipo-
sarcoma were obtained in a trial of the Eur- 
opean Community (EudraCT number: 2009-
015522-10). Although the study found that the 
drug was effective in inhibiting MDM2 and p53 
activation in this form of tumor in vivo, many 
clinical adverse drug-related events, including 
haematological toxicity, were highlighted in the 
study, rendering long-term treatment with 
RG7112 a major challenge [78].

Furthermore, 4-benzodiazepine-2,5-dione (BDP) 
are another class of antagonists that block 
p53-MDM2 interaction [79]. For example, TDP- 
521252 and TDP665759 benzodi-azepinedi-
one derivatives, have been reported to stabi- 
lize and increase p53 transcriptional function, 
leading to a decrease in the proliferation of 
wild-type p53 expressing tumor cells [80]. 
Other compounds include spirooxindoles (or 
(MI compounds) such as MI-63 and MI-219 
that inhibit the p53-MDM2 interaction [81-84]. 
MI-219 has a high binding affinity, good oral 
bioavailability, and better pharmacokinetic 
parameters than MI-63 compound [83]. Spir- 
ooxindole MI-77301 (SAR405838, Table 1), 
from Sanofi exhibited good anti-tumor activity 
[85]. The isoquinolinones and piperidone bas- 
ed small molecules are also reported to tar- 
get MDM2 and MDMX [86-90]. Idasanutlin 
(RG7388, Table 1) was developed as a second 
generation MDM2 inhibitor through analyzing 
the structure of RG7112 [91]. In wild-type p53 
cell lines, RG7388 activates the p53 pathway 
which enhanced apoptosis of cells. Moreover, 
tumor proliferation was suppressed in xeno-
graft assays. Currently, RG7388 and cytara- 
bine in combination have entered a phase III 
clinical trial for patients with acute myeloid leu-
kemia [73].

MDM2 and MDMX dual target inhibitor

Many compounds are in the drug discovery 
pipeline which simultaneously target both 
MDM2 and MDMX by disrupting p53-MDM2 
and p53-MDMX interactions. RO-5963 is a 
dual inhibitor which interferes with p53- 
MDM2-MDMX interaction by heterodimerizing 
the target genes [92]. Studies showed IC50 
value of 17 nM and 25 nM for MDM2 and 
MDMX respectively [93]. However, very few 
dual inhibitors have been identified so far.  
The pyrrolopyrimidine-based compound report-

ed [94], binds to both MDMX and MDM2. The 
compound OXAZ-1 (a tryptophanol-derived oxa-
zolopiperidone lactam) and the compound 
DIMP53-1 (a tryptophanol-derived oxazolo-
isoindolinone) [95, 96] revealed in vitro, to  
have p53-dependent antitumor activity and 
DIMP53-1 showed in vivo antiproliferative, pro-
apoptotic and antiangiogenic p53-dependent 
properties.

Currently, there are three classes of MDM2 
small molecule inhibitors that have high (nM) 
affinity and specificity in disrupting MDM2-p53 
binding [71]. However, these compounds are 
weak inhibitors of the MDMX-p53 interaction 
(Ki values of 30-70 µM) [97]. Nutlin-3 is the  
first and most well studied compound in the 
p53-MDM2 domain [98]. Spiro-oxindole deriva-
tives constitute a second family of potent and 
highly selective inhibitors of the p53-MDM2 
interaction [99]. MI-219 and MI-63, the most 
optimised spirooxindoles derivatives, bind to 
MDM2 with >1,000-fold affinity than the p53 
wild-type peptide (Ki value of 5-6 nM). MI-219/
MI-63 and Nutlin-3 derivatives have demon-
strated necessary cellular downstream effects 
and are now in advanced preclinical develop-
ment or early phase clinical trials [100]. The 
third group of MDM2-p53 antagonists relies on 
a benzodiazepinedione core scaffold [79]. The 
optimized compounds in this series were able 
to suppress the development of wild-type p53 
cells with IC50s in the 7-30 µM range and 3-9-
fold selectivity for cells with functional p53 
[80]. Su et al., 2019, 2021 [101, 102] investi-
gated the inhibitory effect of nine bicyclic-β-
proline homo-oligomer derivatives on the p53-
MDM2/MDMX protein-protein interaction. Am- 
ong these compounds, C1-substituted bicyclic 
β-proline trimer C-3 and tetramer C-6, which 
take trans-helix conformations, significantly 
inhibited p53-MDM2/MDMX binding and also 
been demonstrated that non-naturally occur-
ring, stable helical trimers of bicyclic-amino 
acids (Abh) with all-trans amide bonds can 
inhibit the p53-MDM2/MDMX-helix-helix inter-
action, which regulates p53 function.

Recently Li et al. have reported on dual inhibi-
tion of p53-MDM2/MDMX inter-actions by pep-
tides, resulting in the activation of p53 in vitro 
and in vivo [103]. Philippe et al. reported that 
angler peptides which are obtained by conju-
gating KD3, a noncell permeable, potent, and 
specific peptide dual inhibitor of p53-MDM2/
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MDMX interaction were able to activate the 
p53 pathway in cancer cells [104]. A series of 
D-amino acid mutational PMI analogues as 
potent dual peptide inhibitors of p53-MDM2/
MDMX interactions have been reported [105]. 
Pairawan et al. reported enhanced antitumor 
efficacy of ALRN-6924, a dual inhibitor of 
MDM2 and MDMX, in hormone receptor-posi-
tive (ER+) breast cancer cell line model [106].  
In wild-type p53 multidrug-resistant breast  
cancer, Fan et al. demonstrated that a re- 
combinant dual-target MDM2/MDMX inhibitor 
could reverse doxorubicin resistance by acti- 
vating the TAB1/TAK1/p38 MAPK pathway 
[107].

Clinical trials with compounds targeting p53-
MDM2/MDMX

Numerous small molecule drugs, targeting 
p53-MDM2/MDMX pathways have entered  
into clinical trials. APR-246 is a small molecule 
that has shown the ability to reactivate mutat-
ed and inactivated p53 protein by restoring 
wild-type p53 conformation and function in 
many types of cancer clinical trials [108]. Re- 
cently it received breakthrough therapy desig-
nation by the FDA in combination with azaciti-
dine for the treatment of TP53 Mutant My- 
elodysplastic Syndromes (MDS), ClinicalTrials.
gov Identifier: (NCT03745716). An overview of 
small molecules that inhibit p53-MDM2 and 
p53-MDMX interactions undergoing clinical tri-
als are shown in the Table 1.

Drug repurposing strategy to target p53-
MDM2/MDMX interactions

In the last decade, several reports have app- 
eared in the literature on the discovery and 
development of novel molecules as inhibitors 
of p53-MDM2 or p53-MDMX interactions or 
dual inhibitors of p53-MDM2/MDMX interac-
tions [53, 109-117]. Few promising candidates 
are also in various phases of clinical trials as 
therapeutics for cancer treatment (Table 1). 
Drug repurposing where new therapeutic indi-
cations for known marketed drugs are investi-
gated, is another viable strategy to discover 
anticancer agents that can lead to significant 
decrease in the time and cost involved in the 
drug discovery process [118, 119]. In early 
studies on drug repurposing strategy for p53/
MDM2 interaction inhibitors, Warner and co-
workers used computational modelling to dock 

>3000 US FDA approved drugs to determine 
their potential to inhibit p53-MDM2 interaction 
[120]. These studies identified 15 FDA appro- 
ved drugs as inhibitors of p53-MDM2 interac-
tion. In a recent development, the repurposing 
potential of the small molecule protoporphyrin 
IX (PpIX) was demonstrated in vitro and it was 
shown to be a dual inhibitor of p53/MDM2 and 
p53/MDMX interactions [121-123]. Studies on 
the drug repurposing potential of another relat-
ed FDA approved drug verteporfin is ongoing 
[117]. The antimalarial drug amodiaquine is 
also known to prevent p53/MDM2 interactions 
[123].

Drug repurposing potential of selective estro-
gen receptor modulators (SERMs)

SERMs are a class of agents that are used to 
treat a number of conditions in women includ-
ing osteoporosis, breast cancer and postmeno-
pausal symptoms [124, 125]. Both tamoxifen 
and raloxifene are used to treat breast cancer 
[126]. Interestingly, other SERMs such as laso- 
foxifene which is used to treat osteoporosis 
and vaginal atrophy, and ormeloxifene which is 
currently used as an oral contraceptive, are 
reported to exhibit anticancer activity in treat-
ing breast cancer [127-131]. While their thera-
peutic activities are attributed to estrogen re- 
ceptor (ER) binding, SERMs are also known to 
exhibit other beneficial effects such as anti-
inflammatory activity [132] and inhibition of cell 
proliferation via ER-independent mechanisms 
[133] which suggests their ability to bind to 
multiple molecular targets in vivo. Furthermore, 
we were intrigued by the anticancer activity of 
one of the SERMs lasofoxifene, which recently 
received a fast-track designation from US FDA 
to treat ER-positive/HER2-negative breast can-
cers in women, and its phase II clinical trials  
are in progress (NCT03781063). The exact 
mechanisms of SERMs in cancer therapy is not 
clear. Therefore, we were interested in investi-
gating the drug repurposing potential of laso- 
foxifene and other related SERMs in targeting 
p53-MDM2/MDMX interactions. It should be 
noted that similar to the dual p53/MDM2 and 
p53/MDMX inhibitor nutlin-3a, lasofoxifene 
also possess a vicinal diphenyl ring substitu-
ents linked to sp3 carbons (Figure 3). The pro-
tein p53 is known to undergo interaction with 
the N-terminal segment of MDM2 through 
hydrophobic contacts via three critical amino 
acids Phe19, Trp23 and Leu26 respectively 
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[53, 109, 110, 134]. The X-ray crystal structure 
data of nutlin-3a and other small molecules 
with p53/MDM2 has demonstrated a 3-point 
pharmacophore model known as the “thumb-
index-middle” fingers, as the minimum struc-
tural requirement to design p53/MDM2 inter-
action inhibitors [53, 110, 111, 134, 135]. The 
2-isopropoxy substituent of nutlin-3a mimics 
Phe19 of p53 whereas the two chlorophenyl 
substituents mimic Trp23 and Leu26 of p53 
protein (Figure 3).

Structural analysis of SERMs 4-hydroxytamoxi-
fen (the active metabolite of tamoxifen) and 
other marketed SERMs raloxifene, bazedoxi-
fene, lasofoxifene, ormeloxifene and ospemi-
fene (Figure 3) shows that they satisfy the 
3-point pharmacophore structural requirement 
for inhibiting p53/MDM2 interactions.

Modelling studies of SERMs as inhibitors of 
p53/MDM2 interactions

Molecular docking studies of SERMs (Figure 4) 
were carried out using the solved structure of 
p53/MDM2 [136]. The CDOCKER algorithm 
was used (Supplementary Materials) and the 
molecular docking protocol was validated first 
by docking the p53/MDM2 interaction inhibi- 
tor nutlin-3a. The top ranked binding pose of 
nutlin3a showed similar binding mode (Figure 
4A) as per the solved structure (all heavy atom 
RMSD =1.13 Å). Figure S1 (Supplementary 
Materials), shows the comparison of nutlin-3a 
crystal structure binding mode with the docked 
model. Nutlin-3a interacts at 3-key hydropho-
bic sites in the p53 binding domain of MDM2 
which includes the interactions of two 4-chlo- 
rophenyl substituents in the hydrophobic pock-

Figure 4. Binding modes of (A) nutlin-3a (green ball and stick cartoon), (B) 4-hydroxytamoxifene (green ball and 
stick cartoon) and ospemifene (light blue ball and stick cartoon), (C) raloxifene (orange ball and stick cartoon) and 
bazedoxifene (dark blue ball and stick cartoon), (D) lasofoxifene (purple ball and stick cartoon) and ormeloxifene 
(light blue ball and stick cartoon) in the p53 binding domain of MDM2 (pdb id: 4HG7).
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ets lined by Leu54, His96, Ile99, Tyr100 and 
Leu54, Leu57, Ile61 respectively via π-π sta- 
cked and π-alkyl interactions (distance <5 Å).  
In addition, the 2-isopropoxy-4-methoxyphenyl 
substituent also undergoes hydrophobic inter-
actions with Val93 (distance <5 Å). Comparing 
the binding modes of 4-hydroxytamoxifen (Fi- 
gure 4B) shows that the C5 4-chlorodiphenyl 
and C2 ethyl substituents were oriented in the 
hydrophobic region comprised of Leu54 and 
Ile61, which was similar to nutlin-3a. The C2 
dimethylaminoethoxyphenyl substituent was in 
contact with Val93 and the dimethylamino 
group underwent cation-π interaction with 
Tyr67. Unlike nutlin-3a, 4-hydroxytamoxifen 
was not close to His96, Ile99 and Tyr100 and 
failed to make any contacts. The related 
(Z)-diphenyl derivative ospemifine, underwent 
superior interactions in the p53 binding pock-
ets of MDM2 compared to 4-hydroxytamoxifen 
with its three phenyl rings and the ethylchloro 
substituent in contact with hydrophobic amino 
acids Leu54, Ile61, Met62, Val93 and Ile99 
(Figure 4B). Interestingly, the terminal hydroxyl 
group of 4-phenoxyethanol substituent under-
went hydrogen bonding interaction with Lys51. 
These predicted binding modes suggest that 
4-hydroxytamoxifen is able to interact with at 
least two hydrophobic sites in MDM2 binding 
whereas ospemifine is able to interact with 
three hydrophobic sites in MDM2. Comparing 
the predicted binding modes of SERM deriva-
tives raloxifene and bazedoxifene (Figure 4C) 
shows that both the benzothiophene and in- 
dole rings underwent π-π stacked interactions 

with His96 and π-alkyl interactions with Leu54 
(distance <5 Å). Bazedoxifene C2 phenolic sub-
stituent underwent additional interactions in 
the MDM2 binding pockets unlike raloxifene 
and was in contact with Met62 and Val93. In 
addition, the C2 phenolic substituent under-
went hydrogen bonding interaction with Gln59 
(Figure 4C). Bazedoxifene exhibits linear con-
formation and was able to interact with all the 
three key hydrophobic regions in the MDM2 
binding pockets whereas raloxifene was able  
to interact in only one of the MDM2 binding 
sites. Comparing the predicted binding modes 
of pyrrolidine containing bicyclic SERMs laso- 
foxifene and ormeloxifene, shows that they 
were able to interact with at least two key 
hydrophobic regions of MDM2 binding pocket 
(Figure 4D). Ormeloxifene exhibited better 
interaction in the MDM2 binding site with the 
C7 methoxy substituent, undergoing π-alkyl 
interactions with His96, Ile99 and Tyr100 (dis-
tance <5 Å) which was not observed for laso- 
foxifene. Figure S2 (Supplementary Materials) 
shows a 2D-interaction map of ormeloxifene 
interacting in the p53 domain of MDM2 high-
lighting the key amino acids involved in ligand 
binding. These molecular docking studies sug-
gest that SERMs have the potential to bind to 
p53 binding sites in MDM2 and have the po- 
tential to be repurposed as inhibitors of p53/
MDM2 interactions in cancer therapy.

In order to assess the binding of SERMs with 
MDM2 further, we also calculated the ligand-
receptor binding energy using the equation 
Ebinding = Energy of complex (Eligand-receptor) - Energy 
of ligand (Eligand) - Energy of receptor (Ereceptor), 
with negative values indicating stable ligand-
receptor complex and positive values indi- 
cating high energy complex (Table 2). These 
studies show that among the SERMs evaluat-
ed, the (Z)-diphenyl derivative ospemifine 
exhibits greater binding to MDM2 (Ebinding 
=-22.40 kcal/mol) followed by bazedoxifene 
(Ebinding =-17.71 kcal/mol) and ormeloxifene 
(Ebinding =-17.06 kcal/mol). None of the SERMs 
were able to exhibit similar binding energy as 
the reference compound nutlin-3a (Ebinding 
=-32.38 kcal/mol) which suggests that SERMs 
are likely to exhibit weaker binding affinity 
toward MDM2 compared to nutlin-3a. This also 
suggests that molecules that are able to inter-
act with the 3-key hydrophobic sites of MDM2 
can exhibit better inhibition of p53/MDM2 in- 

Table 2. Ligand-receptor complex binding 
energy (Ebinding)

1 for SERMs docked in MDM2

Compound Name Ebinding in kcal/mol-1

4-Hydroxytamoxifen -8.37
Ospemifene -22.40
Raloxifene -12.32
Bazedoxifene -17.71
Lasofoxifene -11.23
Ormeloxifene -17.06
Nutlin-3a -32.38
1The binding energy was calculated using the equation 
Ebinding = Energy of complex (Eligand-receptor) - Energy of ligand 
(Eligand) - Energy of receptor (Ereceptor) for the top ranked 
pose obtained using the CDOCKER algorithm. The com-
putational software Discovery Studio Structure-Based-
Design, BIOVIA Inc., USA was used.
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teractions. It should be noted that small mole-
cules that are able to undergo efficient interac-
tions in the hydrophobic site closer to the lid 
region of MDM2 at the N-terminal, and are able 
to keep Tyr100 in open conformation, exhibit 
better inhibition [110].

Modelling studies of SERMs as inhibitors of 
p53/MDMX interactions

The binding interactions of SERMs (Figure 5) in 
the p53 binding domain of MDMX were investi-
gated using the solved structure of MDMX 
[137]. Initially, molecular docking protocol was 
validated by docking the reference compound 
nutlin-3a in the p53 binding domain (Figure 
5A). The binding mode of nutlin-3a was similar 
to the solved structure (all heavy atom RMSD 

=2.05 Å). Figure S3 (Supplementary Materials), 
shows the comparison of nutlin-3a crystal 
structure binding mode with the docked model. 
The interaction of nutlin-3a in the p53 binding 
domain is dominated by hydrophobic contacts 
with Met53, Leu56, Ile60, Met61 and Val92 
(distance <5 Å). Nutlin-3a is a known inhibitor 
of p53/MDMX interaction although it is more 
selective and potent inhibitor of p53/MDM2 
interaction [114, 138]. Furthermore, inhibiting 
p53/MDMX interaction is more challenging  
due to subtle differences in the amino acids 
that line the p53 binding domain. For example, 
MDMX has a bulky Met53 instead of smaller 
Leu54 in MDM2. This decreases the size of the 
binding pocket in MDMX and prevents the 
deeper interactions of ligands in the p53 bind-
ing domain [53, 114].

Figure 5. Binding modes of (A) nutlin-3a (green ball and stick cartoon), (B) 4-hydroxytamoxifene (green ball and 
stick cartoon) and ospemifene (light blue ball and stick cartoon), (C) raloxifene (orange ball and stick cartoon) and 
bazedoxifene (dark blue ball and stick cartoon), (D) lasofoxifene (purple ball and stick cartoon) and ormeloxifene 
(light blue ball and stick cartoon) in the p53 binding domain of MDMX (pdb id: 2N14).
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Predicted binding modes of SERMs show that 
the (Z)-diphenyl derivatives 4-hydroxytamoxi-
fene and ospemifene were able to undergo 
interactions in the p53 binding domain of 
MDMX (Figure 5B). Ospemifene exhibited  
superior hydrophobic interactions and was in 
contact with Met53, Leu56, Ile60, Leu65, 
Val92 and Leu98 (distance <5 Å). The terminal 
hydroxyl group of 4-phenoxyethanol substitu-
ent underwent hydrogen bonding interaction 
with Gln71 backbone (distance =1.78 Å). 
Investigating the binding modes of raloxifene 
and bazedoxifene (Figure 5C) shows that the 
aromatic heterocycles benzothiophene and 
indole rings of raloxifene and bazedoxifene 
underwent π-alky interactions with Met53 (dis-
tance <5 Å), whereas the phenolic rings were  
in contact with Val92 (distance <5 Å). Baze- 
doxifene in general, was in close contact with 
amino acids in the p53 binding domain com-
pared to raloxifene. Furthermore, top binding 
modes of lasofoxifene and ormeloxifene shows 
that they also underwent mostly hydrophobic 
interactions (Figure 5D), with ormeloxifene 
undergoing several π-π and π-alkyl interactions 
with Met53, Met61, Met65, Phe90, Val92, 
Pro95 and Leu98 (distance <5 Å). Figure S4 
(Supplementary Materials) shows a 2D-inter- 
action map of ormeloxifene interacting in the 
p53 domain of MDMX, highlighting the key 
amino acids involved in ligand binding. Binding 
energy calculations (Table 3) identified both 
ospemifene (Ebinding =-15.59 kcal/mol) and 
ormeloxifene (Ebinding =-15.36 kcal/mol) as 
promising drugs with potential to inhibit p53/
MDMX interactions. The reference compound 

nutlin-3a exhibited superior binding compared 
to the SERMs studied (Ebinding =-27.18 kcal/mol).

These studies show that SERMs have the 
potential to exhibit dual inhibition of p53/
MDM2/MDMX interactions. However, they are 
more likely to exhibit weaker inhibition of p53/
MDMX interactions compared to their inhibi- 
tion activity toward p53/MDM2 (Tables 2 and 
3). A recent study on developing dual MDM2/
MDMX inhibitors, proposes a 5-point pharma-
cophore model instead of the 3-point pharma-
cophore model to design novel inhibitors [114]. 
This also suggests that to obtain greater inhibi-
tion of p53/MDMX interaction, ligands should 
be able to target additional hydrophobic area 
consisting of Leu33, Val52 and Leu106. None 
of the SERMs studied here can reach this site, 
which explains their weaker binding affinity 
toward MDMX binding site. Yet, SERMs have 
the potential to exhibit dual inhibition p53/
MDM2/MDMX interactions, which suggests 
their repurposing to treat a wide range of can-
cers. Interestingly, our computational studies 
identified ormeloxifene as a promising dual 
inhibitor of p53/MDM2/MDMX interaction. 
This drug is marketed as a popular contracep-
tive in India with demonstrated safety and effi-
cacy [130]. Ormeloxifene can also be consid-
ered as a potential treatment option for me- 
norrhagia [139-141]. Ormeloxifene has been 
reported to be a SERM with good therapeutic 
and less toxicity profile, and as a potential  
cost-effective treatment option for breast, cer-
vical, ovarian, prostate, chronic myeloid leuke-
mia and head and neck cancers by modulation 
of multiple pathways [142-148]. Many chemo-
therapeutic agents have been reported to 
exhibit ovarian toxicity, hormone disturbances 
and menorrhagia that may lead to significant 
patient discomfort, necessitate the administra-
tion of blood products to account for the blood 
loss, delay or interrupt chemotherapeutic treat-
ments, and consequently result in poor treat-
ment outcomes [149-151]. Hence ormeloxifene 
can be potentially used to explore its role in 
dual management of cancer and chemotherapy 
induced menorrhagia in female cancer patients 
of reproductive age. The potential cancer tar-
gets for the p53/MDM2/MDMX inhibitor thera-
py should possess wild-type TP53, MDM2 and 
MDMX gene. The likely proportion of patients 
with various types of cancer who are eligible for 
the p53/MDM2/MDMX inhibitor therapy are 
shown in the Table S1. Table S2 summarizes 
the potential cancer histologies which has p53 

Table 3. Ligand-receptor complex binding 
energy (Ebinding)

1 for SERMs docked in MDMX

Compound Name Ebinding in kcal/mol-1

4-Hydroxytamoxifen -9.28
Ospemifene -15.59
Raloxifene -11.12
Bazedoxifene -14.25
Lasofoxifene -14.55
Ormeloxifene -15.36
Nutlin-3a -27.18
1The binding energy was calculated using the equation 
Ebinding = Energy of complex (Eligand-receptor) - Energy of ligand 
(Eligand) - Energy of receptor (Ereceptor) for the top ranked 
pose obtained using the CDOCKER algorithm. The com-
putational software Discovery Studio Structure-Based-
Design, BIOVIA Inc., USA was used.
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mutational status and overexpression of MDM2 
and MDMX that could be targeted by SERMs.
Therefore, our studies warrant further research 
to investigate the repurposing potential of 
ormeloxifene and other SERMs in cancer thera-
py as dual p53/MDM2/MDMX inhibitors.

Conclusion

Recent advances in cancer biology have shown 
that targeting the p53/MDM2/MDMX axis is a 
feasible approach to discover novel anticancer 
agents, to treat a wide variety of cancers. In 
this regard, several small molecules have been 
successfully designed to prevent the p53/
MDM2 and p53/MDMX interactions and some 
of these inhibitors are at various stages of clini-
cal trials. Developing dual inhibitors of p53/
MDM2/MDMX is more challenging and recent 
research efforts are aimed in this direction. 
Drug repurposing is an attractive approach to 
identify dual p53/MDM2/MDMX inhibitors. Our 
computational modelling studies have shown 
that novel repurposing of SERMs for dual tar-
geting of the p53/MDM2 and p53/MDMX inter-
actions might be a potential alternative to treat 
wild-type p53 tumors. Further studies using 
preclinical models are required to evaluate the 
therapeutic potential of SERMs in cancer 
therapy.

Acknowledgements

The authors are thankful to Manipal Academy 
of Higher Education (MAHE), Manipal, India (for 
Postdoctoral Fellowship to M.M. and Dr. TMA 
Pai PhD Scholarship to L.T.) and Government of 
Ontario, Canada for Ontario Graduate Scholar- 
ship (to A.T.P. and A.S.).

Disclosure of conflict of interest

None.

Address correspondence to: Mahadev Rao, Depart- 
ment of Pharmacy Practice, Centre for Translation- 
al Research, Manipal College of Pharmaceutical 
Sciences, Manipal Academy of Higher Education, 
Manipal, Karnataka 576104, India. Tel: +91-810-
570-6060; E-mail: mahadev.rao@manipal.edu

References

[1]	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, 
Torre LA and Jemal A. Global cancer statistics 
2018: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 

countries. CA Cancer J Clin 2018; 68: 394-
424.

[2]	 Zugazagoitia J, Guedes C, Ponce S, Ferrer I, 
Molina-Pinelo S and Paz-Ares L. Current chal-
lenges in cancer treatment. Clin Ther 2016; 
38: 1551-66.

[3]	 Shin SH, Bode AM and Dong Z. Addressing the 
challenges of applying precision oncology. NPJ 
Precis Oncol 2017; 1: 28.

[4]	 Chakraborty S and Rahman T. The difficulties 
in cancer treatment. Ecancermedicalscience 
2012; 6: ed16.

[5]	 Jardim DL, Groves ES, Breitfeld PP and Kurz-
rock R. Factors associated with failure of on-
cology drugs in late-stage clinical develop-
ment: a systematic review. Cancer Treat Rev 
2017; 52: 12-21.

[6]	 Jürgensmeier JM, Eder JP and Herbst RS. New 
strategies in personalized medicine for solid 
tumors: molecular markers and clinical trial 
designs. Clin Cancer Res 2014; 20: 4425-35.

[7]	 Krzyszczyk P, Acevedo A, Davidoff EJ, Timmins 
LM, Marrero-Berrios I, Patel M, White C, Lowe 
C, Sherba JJ, Hartmanshenn C, O’Neill KM, 
Balter ML, Fritz ZR, Androulakis IP, Schloss RS 
and Yarmush ML. The growing role of precision 
and personalized medicine for cancer treat-
ment. Technology (Singap World Sci) 2018; 6: 
79-100.

[8]	 Shi D and Grossman SR. Ubiquitin becomes 
ubiquitous in cancer: emerging roles of ubiqui-
tin ligases and deubiquitinases in tumorigene-
sis and as therapeutic targets. Cancer Biol 
Ther 2010; 10: 737-47.

[9]	 Morrow JK, Lin HK, Sun SC and Zhang S. Tar-
geting ubiquitination for cancer therapies. Fu-
ture Med Chem 2015; 7: 2333-50.

[10]	 Galdeano C. Drugging the undruggable: target-
ing challenging E3 ligases for personalized 
medicine. Future Med Chem 2017; 9: 347-50.

[11]	 Edelmann MJ, Nicholson B and Kessler BM. 
Pharmacological targets in the ubiquitin sys-
tem offer new ways of treating cancer, neuro-
degenerative disorders and infectious diseas-
es. Expert Rev Mol Med 2011; 13: e35.

[12]	 Huang X and Dixit VM. Drugging the undrug-
gables: exploring the ubiquitin system for drug 
development. Cell Res 2016; 26: 484-98.

[13]	 Sabapathy K and Lane DP. Therapeutic target-
ing of p53: all mutants are equal, but some 
mutants are more equal than others. Nat Rev 
Clin Oncol 2018; 15: 13-30.

[14]	 Zhang Y, Cao L, Nguyen D and Lu H. TP53 mu-
tations in epithelial ovarian cancer. Transl Can-
cer Res 2016; 5: 650-63.

[15]	 Muller PA and Vousden KH. p53 mutations in 
cancer. Nat Cell Biol 2013; 15: 2-8.

[16]	 Tanaka T, Watanabe M and Yamashita K. Po-
tential therapeutic targets of TP53 gene in the 
context of its classically canonical functions 



Targeting the p53-MDM2/MDMX interactions

5776	 Am J Cancer Res 2021;11(12):5762-5781

and its latest non-canonical functions in hu-
man cancer. Oncotarget 2018; 9: 16234-47.

[17]	 Olivier M, Hollstein M and Hainaut P. TP53  
mutations in human cancers: origins, conse-
quences, and clinical use. Cold Spring Harb 
Perspect Biol 2010; 2: a001008.

[18]	 Bouaoun L, Sonkin D, Ardin M, Hollstein M, By-
rnes G, Zavadil J and Olivier M. P53 variations 
in human cancers: new lessons from the IARC 
TP53 database and genomics data. Hum Mu-
tat 2016; 37: 865-76. 

[19]	 Goh AM, Coffill CR and Lane DP. The role of mu-
tant p53 in human cancer. J Pathol 2011; 223: 
116-26.

[20]	 Brooks CL and Gu W. p53 regulation by ubiqui-
tin. FEBS Lett 2011; 585: 2803-9.

[21]	 Komander D. The emerging complexity of pro-
tein ubiquitination. Biochem Soc Trans 2009; 
37: 937-53.

[22]	 Suresh B, Lee J, Kim KS and Ramakrishna S. 
The importance of ubiquitination and deubiq-
uitination in cellular reprogramming. Stem 
Cells Int 2016; 2016: 6705927.

[23]	 Pickart CM. Mechanisms underlying ubiquiti-
nation. Annu Rev Biochem 2001; 70: 503-33.

[24]	 Dye BT and Schulman BA. Structural mecha-
nisms underlying posttranslational modifica-
tion by ubiquitin-like proteins. Annu Rev Bio-
phys Biomol Struct 2007; 36: 131-50.

[25]	 Michelle C, Vourc’h P, Mignon L and Andres CR. 
What was the set of ubiquitin and ubiquitin-like 
conjugating enzymes in the eukaryote com-
mon ancestor? J Mol Evol 2009; 68: 616-28.

[26]	 Deshaies RJ and Joazeiro CA. RING domain E3 
ubiquitin ligases. Annu Rev Biochem 2009; 
78: 399-434.

[27]	 Groettrup M, Pelzer C, Schmidtke G and Hof-
mann K. Activating the ubiquitin family: UBA6 
challenges the field. Trends Biochem Sci 2008; 
33: 230-7.

[28]	 David Y, Ternette N, Edelmann MJ, Ziv T, Gayer 
B, Sertchook R, Dadon Y, Kessler BM and Na-
von A. E3 ligases determine ubiquitination site 
and conjugate type by enforcing specificity on 
E2 enzymes. J Biol Chem 2011; 286: 44104-
15.

[29]	 Jackson PK, Eldridge AG, Freed E, Furstenthal 
L, Hsu JY, Kaiser BK and Reimann JD. The lore 
of the RINGs: substrate recognition and cataly-
sis by ubiquitin ligases. Trends Cell Biol 2000; 
10: 429-39.

[30]	 Momand J, Zambetti GP, Olson DC, George D 
and Levine AJ. The mdm-2 oncogene product 
forms a complex with the p53 protein and  
inhibits p53-mediated transactivation. Cell 
1992; 69: 1237-45.

[31]	 Haupt Y, Maya R, Kazaz A and Oren M. Mdm2 
promotes the rapid degradation of p53. Nature 
1997; 387: 296-9.

[32]	 Honda R, Tanaka H and Yasuda H. Oncoprotein 
MDM2 is a ubiquitin ligase E3 for tumor sup-
pressor p53. FEBS Lett 1997; 420: 25-7.

[33]	 Kubbutat MH, Jones SN and Vousden KH. Reg-
ulation of p53 stability by Mdm2. Nature 1997; 
387: 299-303.

[34]	 Chen J, Wu X, Lin J and Levine AJ. mdm-2 inhib-
its the G1 arrest and apoptosis functions of 
the p53 tumor suppressor protein. Mol Cell 
Biol 1996; 16: 2445-52.

[35]	 Finlay CA. The mdm-2 oncogene can overcome 
wild-type p53 suppression of transformed cell 
growth. Mol Cell Biol 1993; 13: 301-6.

[36]	 Oliner JD, Pietenpol JA, Thiagalingam S, Gyuris 
J, Kinzler KW and Vogelstein B. Oncoprotein 
MDM2 conceals the activation domain of tu-
mour suppressor p53. Nature 1993; 362: 
857-60.

[37]	 Wu X, Bayle JH, Olson D and Levine AJ. The 
p53-mdm-2 autoregulatory feedback loop. 
Genes Dev 1993; 7: 1126-32.

[38]	 Rodriguez MS, Desterro JM, Lain S, Lane DP 
and Hay RT. Multiple C-terminal lysine residues 
target p53 for ubiquitin-proteasome-mediated 
degradation. Mol Cell Biol 2000; 20: 8458-67.

[39]	 Bond GL, Hu W, Bond EE, Robins H, Lutzker 
SG, Arva NC, Bargonetti J, Bartel F, Taubert H, 
Wuerl P, Onel K, Yip L, Hwang SJ, Strong LC, 
Lozano G and Levine AJ. A single nucleotide 
polymorphism in the MDM2 promoter attenu-
ates the p53 tumor suppressor pathway and 
accelerates tumor formation in humans. Cell 
2004; 119: 591-602.

[40]	 Oliner JD, Saiki AY and Caenepeel S. The role 
of MDM2 amplification and overexpression in 
tumorigenesis. Cold Spring Harb Perspect Med 
2016; 6: a026336.

[41]	 Barak Y, Juven T, Haffner R and Oren M. mdm2 
expression is induced by wild type p53 activity. 
EMBO J 1993; 12: 461-8.

[42]	 Perry ME, Piette J, Zawadzki JA, Harvey D and 
Levine AJ. The mdm-2 gene is induced in re-
sponse to UV light in a p53-dependent man-
ner. Proc Natl Acad Sci U S A 1993; 90: 11623-
7.

[43]	 Marine JC and Lozano G. Mdm2-mediated 
ubiquitylation: p53 and beyond. Cell Death Dif-
fer 2010; 17: 93-102.

[44]	 Lev Bar-Or R, Maya R, Segel LA, Alon U, Levine 
AJ and Oren M. Generation of oscillations by 
the p53-Mdm2 feedback loop: a theoretical 
and experimental study. Proc Natl Acad Sci U S 
A 2000; 97: 11250-5.

[45]	 Lahav G, Rosenfeld N, Sigal A, Geva-Zatorsky 
N, Levine AJ, Elowitz MB and Alon U. Dynamics 
of the p53-Mdm2 feedback loop in individual 
cells. Nat Genet 2004; 36: 147-50.

[46]	 Shvarts A, Steegenga WT, Riteco N, van Laar T, 
Dekker P, Bazuine M, van Ham RC, van der 



Targeting the p53-MDM2/MDMX interactions

5777	 Am J Cancer Res 2021;11(12):5762-5781

Houven van Oordt W, Hateboer G, van der Eb 
AJ and Jochemsen AG. MDMX: a novel p53-
binding protein with some functional proper-
ties of MDM2. EMBO J 1996; 15: 5349-57.

[47]	 Zdzalik M, Pustelny K, Kedracka-Krok S, Huben 
K, Pecak A, Wladyka B, Jankowski S, Dubin A, 
Potempa J and Dubin G. Interaction of regula-
tors Mdm2 and Mdmx with transcription fac-
tors p53, p63 and p73. Cell Cycle 2010; 9: 
4584-91.

[48]	 Shvarts A, Bazuine M, Dekker P, Ramos YF, 
Steegenga WT, Merckx G, van Ham RC, van der 
Houven van Oordt W, van der Eb AJ and Jo-
chemsen AG. Isolation and identification of the 
human homolog of a new p53-binding protein, 
Mdmx. Genomics 1997; 43: 34-42.

[49]	 Mancini F, Di Conza G and Moretti F. MDM4 
(MDMX) and its transcript variants. Curr Ge-
nomics 2009; 10: 42-50.

[50]	 Tanimura S, Ohtsuka S, Mitsui K, Shirouzu K, 
Yoshimura A and Ohtsubo M. MDM2 interacts 
with MDMX through their RING finger domains. 
FEBS Lett 1999; 447: 5-9.

[51]	 Sharp DA, Kratowicz SA, Sank MJ and George 
DL. Stabilization of the MDM2 oncoprotein by 
interaction with the structurally related MDMX 
protein. J Biol Chem 1999; 274: 38189-96.

[52]	 Stad R, Little NA, Xirodimas DP, Frenk R, van 
der Eb AJ, Lane DP, Saville MK and Jochemsen 
AG. Mdmx stabilizes p53 and Mdm2 via two 
distinct mechanisms. EMBO Rep 2001; 2: 
1029-34.

[53]	 Popowicz GM, Dömling A and Holak TA. The 
structure-based design of Mdm2/Mdmx-p53 
inhibitors gets serious. Angew Chem Int Ed 
Engl 2011; 50: 2680-8.

[54]	 Toufektchan E and Toledo F. The guardian of 
the genome revisited: p53 downregulates 
genes required for telomere maintenance, 
DNA repair, and centromere structure. Can-
cers (Basel) 2018; 10: 135.

[55]	 Wade M, Wang YV and Wahl GM. The p53 or-
chestra: Mdm2 and Mdmx set the tone. Trends 
Cell Biol 2010; 20: 299-309.

[56]	 Kruse JP and Gu W. Modes of p53 regulation. 
Cell 2009; 137: 609-22.

[57]	 Ohtsubo C, Shiokawa D, Kodama M, Gaiddon 
C, Nakagama H, Jochemsen AG, Taya Y and 
Okamoto K. Cytoplasmic tethering is involved 
in synergistic inhibition of p53 by Mdmx and 
Mdm2. Cancer Sci 2009; 100: 1291-9.

[58]	 Freedman DA, Wu L and Levine AJ. Functions 
of the MDM2 oncoprotein. Cell Mol Life Sci 
1999; 55: 96-107.

[59]	 Wang X. p53 regulation: teamwork between 
RING domains of Mdm2 and MdmX. Cell Cycle 
2011; 10: 4225-9.

[60]	 Danovi D, Meulmeester E, Pasini D, Migliorini 
D, Capra M, Frenk R, de Graaf P, Francoz S, 

Gasparini P, Gobbi A, Helin K, Pelicci PG, Jo-
chemsen AG and Marine JC. Amplification of 
Mdmx (or Mdm4) directly contributes to tumor 
formation by inhibiting p53 tumor suppressor 
activity. Mol Cell Biol 2004; 24: 5835-43.

[61]	 Ventura A, Kirsch DG, McLaughlin ME, Tuveson 
DA, Grimm J, Lintault L, Newman J, Reczek EE, 
Weissleder R and Jacks T. Restoration of p53 
function leads to tumour regression in vivo. 
Nature 2007; 445: 661-5.

[62]	 Martins CP, Brown-Swigart L and Evan GI. Mod-
eling the therapeutic efficacy of p53 restora-
tion in tumors. Cell 2006; 127: 1323-34.

[63]	 Xue W, Zender L, Miething C, Dickins RA, Her-
nando E, Krizhanovsky V, Cordon-Cardo C and 
Lowe SW. Senescence and tumour clearance 
is triggered by p53 restoration in murine liver 
carcinomas. Nature 2007; 445: 656-60.

[64]	 Karni-Schmidt O, Lokshin M and Prives C. The 
roles of MDM2 and MDMX in cancer. Annu Rev 
Pathol 2016; 11: 617-44.

[65]	 Sun D, Li Z, Rew Y, Gribble M, Bartberger MD, 
Beck HP, Canon J, Chen A, Chen X, Chow D, 
Deignan J, Duquette J, Eksterowicz J, Fisher B, 
Fox BM, Fu J, Gonzalez AZ, Gonzalez-Lopez De 
Turiso F, Houze JB, Huang X, Jiang M, Jin L, 
Kayser F, Liu JJ, Lo MC, Long AM, Lucas B, Mc-
Gee LR, McIntosh J, Mihalic J, Oliner JD, Os-
good T, Peterson ML, Roveto P, Saiki AY, Shaf-
fer P, Toteva M, Wang Y, Wang YC, Wortman S, 
Yakowec P, Yan X, Ye Q, Yu D, Yu M, Zhao X, 
Zhou J, Zhu J, Olson SH and Medina JC. Discov-
ery of AMG 232, a potent, selective, and orally 
bioavailable MDM2-p53 inhibitor in clinical de-
velopment. J Med Chem 2014; 57: 1454-72.

[66]	 Canon J, Osgood T, Olson SH, Saiki AY, Robert-
son R, Yu D, Eksterowicz J, Ye Q, Jin L, Chen A, 
Zhou J, Cordover D, Kaufman S, Kendall R, 
Oliner JD, Coxon A and Radinsky R. The MDM2 
inhibitor AMG 232 demonstrates robust antitu-
mor efficacy and potentiates the activity of 
p53-inducing cytotoxic agents. Mol Cancer 
Ther 2015; 14: 649-58.

[67]	 Skalniak L, Surmiak E and Holak TA. A thera-
peutic patent overview of MDM2/X-targeted 
therapies. Expert Opin Ther Pat 2018; 29: 151-
170.

[68]	 Estrada-Ortiz N, Neochoritis CG and Dömling 
A. How to design a successful p53-MDM2/X 
interaction inhibitor: a thorough overview 
based on crystal structures. ChemMedChem 
2016; 11: 757-72.

[69]	 Lemos A, Leão M, Soares J, Palmeira A, Pinto 
M, Saraiva L and Sousa ME. Medicinal chemis-
try strategies to disrupt the p53-MDM2/MDMX 
interaction. Med Res Rev 2016; 36: 789-844.

[70]	 Riedinger C and McDonnell JM. Inhibitors of 
MDM2 and MDMX: a structural perspective. 
Future Med Chem 2009; 1: 1075-94.



Targeting the p53-MDM2/MDMX interactions

5778	 Am J Cancer Res 2021;11(12):5762-5781

[71]	 Vassilev LT, Vu BT, Graves B, Carvajal D, Pod-
laski F, Filipovic Z, Kong N, Kammlott U, Lukacs 
C, Klein C, Fotouhi N and Liu EA. In vivo activa-
tion of the p53 pathway by small-molecule an-
tagonists of MDM2. Science 2004; 303: 844-
8.

[72]	 Sriraman A, Radovanovic M, Wienken M, Naja-
fova Z, Li Y and Dobbelstein M. Cooperation of 
Nutlin-3a and a Wip1 inhibitor to induce p53 
activity. Oncotarget 2016; 7: 31623-38.

[73]	 Tisato V, Voltan R, Gonelli A, Secchiero P and 
Zauli G. MDM2/X inhibitors under clinical eval-
uation: perspectives for the management of 
hematological malignancies and pediatric can-
cer. J Hematol Oncol 2017; 10: 133.

[74]	 Kojima K, Konopleva M, Samudio IJ, Shikami 
M, Cabreira-Hansen M, McQueen T, Ruvolo V, 
Tsao T, Zeng Z, Vassilev LT and Andreeff M. 
MDM2 antagonists induce p53-dependent 
apoptosis in AML: implications for leukemia 
therapy. Blood 2005; 106: 3150-9.

[75]	 Van Maerken T, Ferdinande L, Taildeman J, 
Lambertz I, Yigit N, Vercruysse L, Rihani A, Mi-
chaelis M, Cinatl J Jr, Cuvelier CA, Marine JC, 
De Paepe A, Bracke M, Speleman F and Vande-
sompele J. Antitumor activity of the selective 
MDM2 antagonist nutlin-3 against chemore-
sistant neuroblastoma with wild-type p53. J 
Natl Cancer Inst 2009; 101: 1562-74.

[76]	 Surget S, Chiron D, Gomez-Bougie P, Des-
camps G, Ménoret E, Bataille R, Moreau P, Le 
Gouill S, Amiot M and Pellat-Deceunynck C. 
Cell death via DR5, but not DR4, is regulated 
by p53 in myeloma cells. Cancer Res 2012; 
72: 4562-73.

[77]	 Tovar C, Graves B, Packman K, Filipovic Z, Hig-
gins B, Xia M, Tardell C, Garrido R, Lee E, Kolin-
sky K, To KH, Linn M, Podlaski F, Wovkulich P, 
Vu B and Vassilev LT. MDM2 small-molecule 
antagonist RG7112 activates p53 signaling 
and regresses human tumors in preclinical 
cancer models. Cancer Res 2013; 73: 2587-
97.

[78]	 Ray-Coquard I, Blay JY, Italiano A, Le Cesne A, 
Penel N, Zhi J, Heil F, Rueger R, Graves B, Ding 
M, Geho D, Middleton SA, Vassilev LT, Nichols 
GL and Bui BN. Effect of the MDM2 antagonist 
RG7112 on the P53 pathway in patients with 
MDM2-amplified, well-differentiated or dedif-
ferentiated liposarcoma: an exploratory proof-
of-mechanism study. Lancet Oncol 2012; 13: 
1133-40.

[79]	 Grasberger BL, Lu T, Schubert C, Parks DJ, 
Carver TE, Koblish HK, Cummings MD, LaF-
rance LV, Milkiewicz KL, Calvo RR, Maguire D, 
Lattanze J, Franks CF, Zhao S, Ramachandren 
K, Bylebyl GR, Zhang M, Manthey CL, Petrella 
EC, Pantoliano MW, Deckman IC, Spurlino JC, 
Maroney AC, Tomczuk BE, Molloy CJ and Bone 
RF. Discovery and cocrystal structure of benzo-

diazepinedione HDM2 antagonists that acti-
vate p53 in cells. J Med Chem 2005; 48: 909-
12.

[80]	 Koblish HK, Zhao S, Franks CF, Donatelli RR, 
Tominovich RM, LaFrance LV, Leonard KA, 
Gushue JM, Parks DJ, Calvo RR, Milkiewicz KL, 
Marugán JJ, Raboisson P, Cummings MD, 
Grasberger BL, Johnson DL, Lu T, Molloy CJ 
and Maroney AC. Benzodiazepinedione inhibi-
tors of the Hdm2: p53 complex suppress hu-
man tumor cell proliferation in vitro and sensi-
tize tumors to doxorubicin in vivo. Mol Cancer 
Ther 2006; 5: 160-9.

[81]	 Ding K, Lu Y, Nikolovska-Coleska Z, Wang G, 
Qiu S, Shangary S, Gao W, Qin D, Stuckey J, 
Krajewski K, Roller PP and Wang S. Structure-
based design of spiro-oxindoles as potent, spe-
cific small-molecule inhibitors of the MDM2-
p53 interaction. J Med Chem 2006; 49: 
3432-5.

[82]	 Tonsing-Carter E, Bailey BJ, Saadatzadeh MR, 
Ding J, Wang H, Sinn AL, Peterman KM, 
Spragins TK, Silver JM, Sprouse AA, Georgiadis 
TM, Gunter TZ, Long EC, Minto RE, Marchal CC, 
Batuello CN, Safa AR, Hanenberg H, Territo PR, 
Sandusky GE, Mayo LD, Eischen CM, Shannon 
HE and Pollok KE. Potentiation of carboplatin-
mediated DNA damage by the Mdm2 modula-
tor nutlin-3a in a humanized orthotopic breast-
to-lung metastatic model. Mol Cancer Ther 
2015; 14: 2850-63.

[83]	 Hientz K, Mohr A, Bhakta-Guha D and Efferth 
T. The role of p53 in cancer drug resistance 
and targeted chemotherapy. Oncotarget 2017; 
8: 8921-8946. 

[84]	 Bartkovitz DJ, Chu XJ, Ding Q, Graves BJ, Jiang 
N, Zhang J and Zhang Z. ��������������������Spiroindolinone pyr-
rolidines. 2011. WO2011067185.

[85]	 Wang S, Sun W, Zhao Y, McEachern D, Meaux 
I, Barrière C, Stuckey JA, Meagher JL, Bai L, Liu 
L, Hoffman-Luca CG, Lu J, Shangary S, Yu S, 
Bernard D, Aguilar A, Dos-Santos O, Besret L, 
Guerif S, Pannier P, Gorge-Bernat D and De-
bussche L. SAR405838: an optimized inhibitor 
of MDM2-p53 interaction that induces com-
plete and durable tumor regression. Cancer 
Res 2014; 74: 5855-65.

[86]	 Berghausen J, Buschmann N, Furet P, Gessier 
F, Lisztwan JH, Holzer P, Jacoby E, Kallen J,  
Masuya K and Soldermann CP. Substituted 
isoquinolinones and quinazolinones. 2015. 
US9051279B2.

[87]	 Gessier F, Kallen J, Jacoby E, Chène P, Stachy-
ra-Valat T, Ruetz S, Jeay S, Holzer P, Masuya K 
and Furet P. Discovery of dihydroisoquinoli-
none derivatives as novel inhibitors of the p53-
MDM2 interaction ith a distinct binding mode. 
Bioorg Med Chem Lett 2015; 25: 3621-5.

[88]	 Holzer P, Masuya K, Furet P, Kallen J, Valat-
Stachyra T, Ferretti S, Berghausen J, Bouisset-



Targeting the p53-MDM2/MDMX interactions

5779	 Am J Cancer Res 2021;11(12):5762-5781

Leonard M, Buschmann N, Pissot-Soldermann 
C, Rynn C, Ruetz S, Stutz S, Chène P, Jeay S 
and Gessier F. Discovery of a dihydroisoquino-
linone derivative (NVP-CGM097): a highly po-
tent and selective MDM2 inhibitor undergoing 
phase 1 clinical trials in p53wt tumors. J Med 
Chem 2015; 58: 6348-58.

[89]	 Furet P, Guagnano V, Holzer P, Kallen J, Lv L, 
Mah R, Mao L, Masuya K, Schlapbach A and 
Stutz S. Substituted pyrrolo [3, 4-D] imidazoles 
for the treatment of MDM2/4 mediated dis-
eases. 2014. US8815926B2.

[90]	 Furet P, Guagnano V, Holzer P, Mah R, Masuya 
K, Schlapbach A, Stutz S and Vaupel A. Pyrazo-
lopyrrolidine compounds. 2015. US-8969341- 
B2.

[91]	 Ding Q, Zhang Z, Liu JJ, Jiang N, Zhang J, Ross 
TM, Chu XJ, Bartkovitz D, Podlaski F, Janson C, 
Tovar C, Filipovic ZM, Higgins B, Glenn K, Pack-
man K, Vassilev LT and Graves B. Discovery of 
RG7388, a potent and selective p53-MDM2 
inhibitor in clinical development. J Med Chem 
2013; 56: 5979-83.

[92]	 Graves B, Thompson T, Xia M, Janson C, Lu-
kacs C, Deo D, Di Lello P, Fry D, Garvie C, 
Huang KS, Gao L, Tovar C, Lovey A, Wanner J 
and Vassilev LT. Activation of the p53 pathway 
by small-molecule-induced MDM2 and MDMX 
dimerization. Proc Natl Acad Sci U S A 2012; 
109; 11788-93.

[93]	 Blackburn TJ, Ahmed S, Coxon CR, Liu J, Lu X, 
Golding BT, Griffin RJ, Hutton C, Newell DR, Ojo 
S, Watson AF, Zaytzev A, Zhao Y, Lunec J and 
Hardcastle IR. Diaryl- and triaryl-pyrrole deriva-
tives: inhibitors of the MDM2-p53 and MDMX-
p53 protein-protein interactions. Medchem-
comm 2013; 4: 1297-304.

[94]	 Lee JH, Zhang Q, Jo S, Chai SC, Oh M, Im W, Lu 
H and Lim HS. Novel pyrrolopyrimidine-based 
α-helix mimetics: cell-permeable inhibitors of 
protein-protein interactions. J Am Chem Soc 
2011; 133: 676-9.

[95]	 Soares J, Raimundo L, Pereira NA, dos Santos 
DJ, Pérez M, Queiroz G, Leão M, Santos  
MM and Saraiva L. A tryptophanol-derived  
oxazolopiperidone lactam is cytotoxic against 
tumors via inhibition of p53 interaction with 
murine double minute proteins. Pharmacol 
Res 2015; 95-96: 42-52.

[96]	 Soares J, Espadinha M, Raimundo L, Ramos H, 
Gomes AS, Gomes S, Loureiro JB, Inga A, Reis 
F, Gomes C, Santos MMM and Saraiva L. 
DIMP53-1: a novel small-molecule dual inhibi-
tor of p53-MDM2/X interactions with multi-
functional p53-dependent anticancer proper-
ties. Mol Oncol 2017; 11: 612-27.

[97]	 Popowicz GM, Czarna A, Rothweiler U, Szwa-
gierczak A, Krajewski M, Weber L and Holak 
TA. Molecular basis for the inhibition of p53 by 
Mdmx. Cell Cycle 2007; 6: 2386-2392.

[98]	 Vassilev LT. MDM2 inhibitors for cancer thera-
py. Trends Mol Med 2007; 13: 23-31.

[99]	 Shangary S and Wang S. Targeting the MDM2-
p53 interaction for cancer therapy. Clin Cancer 
Res 2008; 14: 5318-5324.

[100]	Shangary S and Wang S. Small-molecule in-
hibitors of the MDM2-p53 protein-protein inter-
action to reactivate p53 function: a novel ap-
proach for cancer therapy. Annu Rev Pharmacol 
Toxicol 2009; 49: 223-241.

[101]	Su A, Wang S, Sada A, Otani Y, Zhai L, Liu X, 
Sayama M, Ohki R and Ohwada T. Non-natural-
ly occurring helical molecules can interfere 
with p53-MDM2 and p53-MDMX protein-pro-
tein interactions. Chem Pharm Bull (Tokyo) 
2019; 67: 1139-1143.

[102]	Su A, Tabata Y, Aoki K, Sada A, Ohki R, Nagatoi-
shi S, Tsumoto K, Wang S, Otani Y and Ohwada 
T. Elaboration of non-naturally occurring heli-
cal tripeptides as p53-MDM2/MDMX interac-
tion inhibitors. Chem Pharm Bull (Tokyo) 2021; 
69: 681-692.

[103]	Li X, Gohain N, Chen S, Li Y, Zhao X, Li B, Tol-
bert WD, He W, Pazgier M, Hu H and Lu W. De-
sign of ultra-high-affinity and dual-specificity 
peptide antagonists of MDM2 and MDMX for 
P53 activation and tumor suppression. Acta 
Pharm Sin B 2021; 11: 2655-2669.

[104]	Philippe GJ, Mittermeier A, Lawrence N, Huang 
YH, Condon ND, Loewer A, Craik DJ and Hen-
riques ST. Angler peptides: macrocyclic conju-
gates inhibit p53: MDM2/X interactions and 
activate apoptosis in cancer cells. ACS Chem 
Biol 2021; 16: 414-428.

[105]	Li X, Liu C, Chen S, Hu H, Su J and Zou Y. d-
Amino acid mutation of PMI as potent dual 
peptide inhibitors of p53-MDM2/MDMX inter-
actions. Bioorg Med Chem Lett 2017; 27: 
4678-4681.

[106]	Pairawan S, Zhao M, Yuca E, Annis A, Evans K, 
Sutton D, Carvajal L, Ren JG, Santiago S, Guer-
lavais V, Akcakanat A, Tapia C, Yang F, Bose 
PSC, Zheng X, Dumbrava EI, Aivado M and 
Meric-Bernstam F. First in class dual MDM2/
MDMX inhibitor ALRN-6924 enhances antitu-
mor efficacy of chemotherapy in TP53 wild-
type hormone receptor-positive breast cancer 
models. Breast Cancer Res 2021; 23: 29.

[107]	Fan Y, Li M, Ma K, Hu Y, Jing J, Shi Y, Li E and 
Dong D. Dual-target MDM2/MDMX inhibitor 
increases the sensitization of doxorubicin and 
inhibits migration and invasion abilities of tri-
ple-negative breast cancer cells through acti-
vation of TAB1/TAK1/p38 MAPK pathway. 
Cancer Biol Ther 2019; 20: 617-632.

[108]	Maslah N, Salomao N, Drevon L, Verger E, Par-
touche N, Ly P, Aubin P, Naoui N, Schlageter 
MH, Bally C, Miekoutima E, Rahmé R, Lehm-
ann-Che J, Ades L, Fenaux P, Cassinat B and 
Giraudier S. Synergistic effects of PRI-MA-



Targeting the p53-MDM2/MDMX interactions

5780	 Am J Cancer Res 2021;11(12):5762-5781

1Met (APR-246) and 5-azacitidine in TP53-
mutated myelodysplastic syndromes and 
acute myeloid leukemia. Haematologica 2020; 
105: 1539-1551.

[109]	Khoury K and Domling A. P53 mdm2 inhibi-
tors. Curr Pharm Des 2012; 18: 4668-4678.

[110]	Bista M, Wolf S, Khoury K, Kowalska K, Huang 
Y, Wrona E, Arciniega M, Popowicz GM, Holak 
TA and Dömling A. Transient protein state in 
designing inhibitors of the MDM2-p53 interac-
tion. Structure 2013; 21: 2143-2151.

[111]	Vu B, Wovkulich P, Pizzolato G, Lovey A, Ding Q, 
Jiang N, Liu JJ, Zhao C, Glenn K, Wen Y, Tovar 
C, Packman K, Vassilev L and Graves B. Dis-
covery of RG7112: a small-molecule MDM2 
inhibitor in clinical development. ACS Med 
Chem Lett 2013; 4: 466-469.

[112]	Arkin MR, Tang Y and Wells JA. Small-molecule 
inhibitors of protein-protein interactions: pro-
gressing toward reality. Chem Biol 2014; 21: 
1102-1114.

[113]	Nayak SK, Khatik GL, Narang R, Monga V and 
Chopra HK. p53-MDM2 interaction inhibitors 
as novel nongenotoxic anticancer Agents. Curr 
Cancer Drug Targets 2018; 18: 749-772. 

[114]	Chen S, Li X, Yuan W, Zou Y, Guo Z, Chai Y and 
Lu W. Rapid identification of dual p53-MDM2/
MDMX interaction inhibitors through virtual 
screening and hit-based substructure search. 
RSC Adv 2017; 7: 9989.

[115]	Neochoritis CG, Atmaj J, Twarda-Clapa A, Sur-
miak E, Skalniak L, Köhler LM, Muszak D, Kur-
piewska K, Kalinowska-Tłuścik J, Beck B, Holak 
TA and Dömling A. Hitting on the move: target-
ing intrinsically disordered protein states of the 
MDM2-p53 interaction. Eur J Med Chem 2019; 
182: 111588.

[116]	Fang Y, Liao G and Yu B. Small-molecule 
MDM2/X inhibitors and PROTAC degraders for 
cancer therapy: advances and perspectives. 
Acta Pharm Sin B 2020; 10: 1253-1278.

[117]	Miller JJ, Gaiddon C and Storr T. A balancing 
act: using small molecules for therapeutic in-
tervention of the p53 pathway in cancer. Chem 
Soc Rev 2020; 49: 6995-7014.

[118]	Pushpakom S, Iorio F, Eyers PA, Escott KJ, Hop-
per S, Wells A, Doig A, Guilliams T, Latimer J, 
McNamee C, Norris A, Sanseau P, Cavalla D 
and Pirmohamed M. Drug repurposing: prog-
ress, challenges and recommendations. Nat 
Rev Drug Discov 2019; 18: 41-58.

[119]	Pulley JM, Rhoads JP, Jerome RN, Challa AP, 
Erreger KB, Joly MM, Lavieri RR, Perry KE, Za-
leski NM, Shirey-Rice JK and Aronoff DM. Us-
ing what we already have: uncovering new 
drug repurposing strategies in existing omics 
data. Annu Rev Pharmacol Toxicol 2020; 60: 
333-352.

[120]	Warner WA, Sanchez R, Dawoodian A, Li E and 
Momand J. Identification of FDA-approved 
drugs that computationally bind to MDM2. 
Chem Biol Drug Des 2012; 80: 631-7.

[121]	Jiang L, Malik N, Acedo P and Zawacka-Pankau 
J. Protoporphyrin IX is a dual inhibitor of p53/
MDM2 and p53/MDM4 interactions and in-
duces apoptosis in B-cell chronic lymphocytic 
leukemia cells. Cell Death Discov 2019; 5: 77.

[122]	Jiang L and Zawacka-Pankau J. The p53/
MDM2/MDMX-targeted therapies a clinical 
synopsis. Cell Death Dis 2020; 11: 237.

[123]	Zawacka-Pankau JZ. The undervalued avenue 
to reinstate tumor suppressor functionality of 
the p53 protein family for improved cancer 
therapy-drug repurposing. Cancers (Basel) 
2020; 12: 2717.

[124]	Maximov PY, Lee TM and Jordan VC. The dis-
covery and development of selective estrogen 
receptor modulators (SERMs) for clinical prac-
tice. Curr Clin Pharmacol 2013; 8: 135-155.

[125]	Pinkerton JV and Thomas S. Use of SERMs for 
treatment in postmenopausal women. J Ste-
roid Biochem Mol Biol 2014; 142: 142-154.

[126]	Cuzick J, Sestak I, Bonanni B, Costantino JP, 
Cummings S, DeCensi A, Dowsett M, Forbes JF, 
Ford L, LaCroix AZ, Mershon J, Mitlak BH, Pow-
les T, Veronesi U, Vogel V and Wickerham DL; 
SERM Chemoprevention of Breast Cancer 
Overview Group. Selective oestrogen receptor 
modulators in prevention of breast cancer: an 
updated meta-analysis of individual partici-
pant data. Lancet 2013; 381: 1827-1834.

[127]	Peterson GM, Naunton M, Tichelaar LK and 
Gennari L. Lasofoxifene: selective estrogen re-
ceptor modulator for the prevention and treat-
ment of postmenopausal osteoporosis. Ann 
Pharmacother 2011; 45: 499-509.

[128]	Laine M, Fanning SW, Greene M, Chang YF, 
Phung L, Tan TT, Hiipakk R, Komm B and 
Greene GL. Lasofoxifene as a potential treat-
ment for ER+ metastatic breast cancer. Breast 
Cancer Res 2021; 23: 54.

[129]	Morganti M and Curigliano G. Moving beyond 
endocrine therapy for luminal metastatic 
breast cancer in the precision medicine era: 
looking for new targets. Expert Rev Precis Med 
Drug Dev 2020; 5: 7-22.

[130]	Gara RK, Sundram V, Chauhan SC and Jaggi 
M. Anti-cancer potential of a novel SERM 
ormeloxifene. Curr Med Chem 2013; 20: 4177-
4184.

[131]	Pillai LS, Regidi S, Varghese SD, Ravindran  
S, Maya V, Varghese J, Ramaswami K,  
Gopimohan R and Gopi M. Nonhormonal se-
lective estrogen receptor modulator 1-(2- 
[4-{(3R,4S)-7-Methoxy-2, 2-dimethyl-3-phenyl-
chroman-4yl}phenoxy]ethyl)pyrrolidine hydro-
chloride (ormeloxifene hydrochloride) for the 



Targeting the p53-MDM2/MDMX interactions

5781	 Am J Cancer Res 2021;11(12):5762-5781

treatment of breast cancer. Drug Dev Res 
2018; 79: 275-286.

[132]	Polari L, Wiklund A, Sousa S, Kangas L, Lin-
nanen T, Harkonen P and Maatta J. SERMs 
promote anti-inflammatory signaling and phe-
notype of CD14+ cells. Inflammation 2018; 41: 
1157-1171.

[133]	Lo YC, Cormier O, Liu T, Nettles KW, Katzenel-
lenbogen JA, Stearns T and Altman RB. Pocket 
similarity identifies selective estrogen receptor 
modulators as microtubule modulators at the 
taxane site. Nat Commun 2019; 10: 1033.

[134]	Nguyen MN, Sen N, Lin M, Joseph TL, Vaz C, 
Tanavde V, Way L, Hupp T, Verma CS and Mad-
husudhan MS. Discovering putative protein 
targets of small molecules: a study of the p53 
activator nutlin. J Chem Inf Model 2019; 59: 
1529-1546.

[135]	Sirous H, Chemi G, Campiani G and Brogi S.  
An integrated in silico screening strategy for 
identifying promising disruptors of p53-MDM2 
interaction. Comput Biol Chem 2019; 83: 
107105.

[136]	Anil B, Riedinger C, Endicott JA and Noble ME. 
The structure of an MDM2-nutlin-3a complex 
solved by the use of a validated MDM2 sur-
face-entropy reduction mutant. Acta Crystal-
logr D Biol Crystallogr 2013; 69: 1358-1366.

[137]	Grace CR, Ban D, Min J, Mayasundari A, Min L, 
Finch KE, Griffiths L, Bharatham N, Bashford 
D, Kiplin Guy R, Dyer MA and Kriwacki RW. 
Monitoring ligand-induced protein ordering in 
drug discovery. J Mol Biol 2016; 428: 1290-
1303.

[138]	Laurie NA, Donovan SL, Shih CS, Zhang J, Mills 
N, Fuller C, Teunisse A, Lam S, Ramos Y, Mo-
han A, Johnson D, Wilson M, Rodriguez-Galin-
do C, Quarto M, Francoz S, Mendrysa SM, Guy 
RK, Marine JC, Jochemsen AG and Dyer MA. 
Inactivation of the p53 pathway in retinoblas-
toma. Nature 2006; 444: 61-66.

[139]	Kriplani A, Kulshrestha V and Agarwal N. Effi- 
cacy and safety of ormeloxifene in manage-
ment of menorrhagia: a pilot study. J Obstet 
Gynaecol Res 2009; 35: 746-752.

[140]	Pati T, Chanania K, Marandi S and Hansa J. 
Ormeloxifene-looking beyond contraception. J 
Midlife Health 2017; 8: 17-20.

[141]	Godha Z, Mohsin Z, Hakim S and Wasim S. 
Comparative study of ormeloxifene and me-
droxyprogesterone acetate in abnormal uter-
ine bleeding. J Obstet Gynaecol India 2016; 
66: 395-9.

[142]	Kumar AS, Lakshmi S and Rosemary MJ. 
Ormeloxifene-Hyaluronic acid microfibers for 
breast cancer therapy. Mater Today Proc 2021; 
45: 3800-4. 

[143]	Chauhan N, Maher DM, Yallapu MM, Hafeez 
BB, Singh MM, Chauhan SC and Jaggi M. A tri-
phenylethylene nonsteroidal SERM attenuates 
cervical cancer growth. Sci Rep 2019; 9: 
10917. 

[144]	Chauhan N, Maher DM, Hafeez BB, Mandil H, 
Singh MM, Yallapu MM, Jaggi M and Chauhan 
SC. Ormeloxifene nanotherapy for cervical can-
cer treatment. Int J Nanomedicine 2019; 14: 
7107-7121.

[145]	Maher DM, Khan S, Nordquist JL, Ebeling MC, 
Bauer NA, Kopel L, Singh MM, Halaweish F, 
Bell MC, Jaggi M and Chauhan SC. Ormeloxi-
fene efficiently inhibits ovarian cancer growth. 
Cancer Lett 2015; 356: 606-12.

[146]	Hafeez BB, Ganju A, Sikander M, Kashyap VK, 
Hafeez ZB, Chauhan N, Malik S, Massey AE, 
Tripathi MK, Halaweish FT, Zafar N, Singh MM, 
Yallapu MM, Chauhan SC and Jaggi M. Ormel-
oxifene suppresses prostate tumor growth and 
metastatic phenotypes via inhibition of onco-
genic β-catenin signaling and EMT progres-
sion. Mol Cancer Ther 2017; 16: 2267-2280.

[147]	Bhattacharjee A, Hasanain M, Kathuria M, 
Singh A, Datta D, Sarkar J and Mitra K. Ormel-
oxifene-induced unfolded protein response 
contributes to autophagy-associated apopto-
sis via disruption of Akt/mTOR and activation 
of JNK. Sci Rep 2018; 8: 2303.

[148]	Srivastava VK, Gara RK, Bhatt ML, Sahu DP 
and Mishra DP. Centchroman inhibits prolifera-
tion of head and neck cancer cells through the 
modulation of PI3K/mTOR pathway. Biochem 
Biophys Res Commun 2011; 404: 40-5.

[149]	Meirow D and Nugent D. The effects of radio-
therapy and chemotherapy on female repro-
duction. Hum Reprod Update 2001; 7: 535-43.

[150]	Müller J. Impact of cancer therapy on the re-
productive axis. Horm Res 2003; 59: 12-20.

[151]	Meirow D, Rabinovici J, Katz D, Or R, Shufaro Y 
and Ben-Yehuda D. Prevention of severe men-
orrhagia in oncology patients with treatment-
induced thrombocytopenia by luteinizing hor-
mone-releasing hormone agonist and depo- 
medroxyprogesterone acetate. Cancer 2006; 
107: 1634-41.



Targeting the p53-MDM2/MDMX interactions

1	

Supplementary Materials

Materials and methods

Preparation of nutlin-3a and SERMs

The molecular docking studies were carried out using the computational software Discovery Studio (DS) 
Structure-Based-Design (SBD) from Dassault Systemes Biovia Corp. USA (v20.1.0.19295). The crystal 
structures of SERMs nutlin-3a, 4-hydroxytamoxifene (pdb id: 3ERT), raloxifene (pdb id: 1ERR), bazedoxi-
fene (pdb id: 4XI3) and lasofoxifene (pdb id: 2OUZ), were extracted from the RCSB protein data bank 
(rcsb.org) [31]. These structures were prepared using the Small Molecules module in DS using CHARMm 
force field at pH 7.4. The structures of ormeloxifene, and ospemifene were built in 2D using ChemDraw 
Ultra 19.1 (PerkinElmer Informatics Inc. USA) and were converted to 3D using the Small Molecules mod-
ule in DS using CHARMm force field and were minimized using the Smart Minimizer with 2000 minimiza-
tion steps (RMS gradient =0.01 kcal/mol) and distance dependent dielectric constant at pH 7.4.

Preparation of MDM2 and MDMX proteins for molecular docking

The solved structures of MDM2 and MDMX bound to nutlin-3a were obtained from RCSB data bank (pdb 
id’s 4HG7 and 2N14 respectively) [39]. The NMR solution structure of MDMX (pdb id: 2N14) reports 
20-atomic coordinates/models. We used the first model (2N14_model_1) for small molecule docking 
studies. The proteins were prepared after removing water using the Prepare Proteins option under the 
Macromolecules module in DS using CHARMm force field. A binding sphere of 10 Å was prepared using 
the Receptor-Ligand Interactions module in DS after selecting the bound ligand nutlin-3a. The ligand 
was deleted and molecular docking studies were carried out using the 3D structures of nutlin-3a and 
the SERMs 4-hydroxytamoxifene, raloxifene, bazedoxifene, lasofoxifene, ormeloxifne and ospemifene 
prepared earlier in DS. The CDOCKER algorithm [40, 41] in the Receptor-Ligand Interactions module, 
was used for molecular docking studies. The CDOCKER algorithm is based on a simulated annealing 
protocol [40] and included 2000 heating steps to reach 700 K target temperature followed by 5000 
cooling steps and a target temperature of 300 K. The molecular docking protocol for MDM2 and MDMX 
was validated by docking the known ligand nutlin-3a and by comparing the root-mean-square deviation 
(RMSD) for all the heavy atoms in Å units with the solved binding mode of nutlin-3a. The RMSD was 
calculated using the Structure module in DS. The top 10 docked binding modes of SERMs were evalu-
ated based on the CDOCKER energy and CDOCKER interaction energy scores. The ligand-protein inter-
actions for the top ranked binding modes were evaluated by investigating the type of polar and nonpolar 
interactions and their distance parameters.

Binding energy calculation of nutlin-3a and SERM complex with MDM2 and MDMX proteins

The top ranked binding modes of nutlin-3a and SERMs 4-hydroxytamoxifene, raloxifene, bazedoxifene, 
lasofoxifene, ormeloxifne and ospemifene obtained from the CDOCKER algorithm were further evaluat-
ed by calculating their binding energies (in kcal/mol) using the Calculate binding energies option in the 
Receptor-Ligand Interactions module in DS. The equation Ebinding = Energy of complex (Eligand-receptor) - 
Energy of ligand (Eligand) - Energy of receptor (Ereceptor), the implicit solvent model Generalized Born with a 
simple Switching (GBSW) function, CHARMm force field and Smart Minimizer with 1000 steps of ligand 
minimization (RMS gradient =0.001 kcal/mol) were used to calculate ligand-receptor binding energy 
[41, 42].
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Figure S1. Comparison of the binding mode of nutlin-3a (stick cartoon, blue color) obtained using the CDOCKER 
docking algorithm, with the crystal structure of nutlin-3a (stick cartoon, yellow color) in the p53 binding domain of 
MDM2 (PDB ID: 4HG7). Hydrogen atoms are not shown to enhance clarity.

Figure S2. 2D Interaction map of ormeloxifene in the p53 binding domain of MDM2 (PDB ID: 4HG7). Hydrogen 
atoms are not shown to enhance clarity.
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Figure S3. Comparison of the binding mode of nutlin-3a (stick cartoon, blue color) obtained using the CDOCKER 
docking algorithm, with the crystal structure of nutlin-3a (stick cartoon, yellow color) in the p53 binding domain of 
MDMX (PDB ID: 2N14). Hydrogen atoms are not shown to enhance clarity.

Figure S4. 2D Interaction map of ormeloxifene in the p53 binding domain of MDMX (PDB ID: 2N14). Hydrogen at-
oms are not shown to enhance clarity.
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Table S1. Percentage breakdown of various cancer types having unaltered p53, MDM2 and MDMX 
gene mutations, which are candidates for p53/MDM2/MDMX inhibitor therapy

S. No. Cancer type
% of 

unaltered 
p53

% of 
unaltered 

MDM2

% of 
unaltered 

MDMX

Sample 
size Reference

1 Pilocytic Astrocytoma 100 100 100 96 [1]
2 Pediatric Neuroblastoma 100 100 100 1089 [2]
3 Uveal Melanoma 100 100 100 80 [3]
4 Adenoid Cystic Carcinoma 100 100 100 65 [4]
5 Thyroid Carcinoma 99.6 100 100 490 [3]
6 Pheochromocytoma and Paraganglioma 99.4 100 100 178 [3]
7 Testicular Germ cell cancer 98.6 100 N/A 145 [3]
8 Myeloproliferative Neoplasm 98 100 99.3 151 [5]
9 Pediatric Wilms’ tumor 97.7 100 100 657 [6]
10 Renal clear cell carcinoma 97.3 100 100 402 [3]
11 Thymoma 97 100 100 123 [3]
12 Medulloblastoma 96 100 100 125 [7]
13 Anaplastic Oligodendroglioma and anaplastic oligoastrocytoma 95 100 100 22 [8]
14 Cystic tumor of Pancreas 94 100 100 32 [9]
15 Histiocytosis cobemtinib 93 100 100 33 [10]
16 Chronic lymphocytic leukemia 93 100 99.8 537 [11]
17 Ewing sarcoma 93 100 100 112 [12]
18 Adenoid cystic carcinoma project 93 99.7 99.4 1049 [13]
19 Cervical squamous cell carcinoma 92 99.3 100 291 [3]
20 Myelodysplastic syndrome 91 99.9 99.9 1049 [14]
21 Diffuse large B cell lymphoma 91 100 100 1001 [15]
22 Primary CNS Lymphoma 90 100 100 19 [16]
23 Malignant peripheral nerve sheath tumor 87 100 100 15 [17]
24 Metastatic melanoma 86 98.2 99.1 110 [18]
25 Mesothelioma 84 100 100 86 [3]
26 Cholangiocarcinoma 77 99.5 100 195 [19]
27 Prostate adenocarcinoma 72 99.9 99.7 1465 [20]
28 Liver hepatocellular carcinoma 70 99.7 100 366 [3]
29 Glioblastoma Multiforme 69 98.7 99.2 397 [3]
30 Squamous cell carcinoma of vulva 67 100 100 15 [21]
31 Breast cancer 66 N/P N/P 2509 [22, 23]
32 Uterine corpus endometrial carcinoma 63 98.7 98.1 517 [3]
33 Glioma 60 99.8 98.8 812 [24]
34 Bladder cancer 52 98.8 99.5 412 [25]
35 Stomach adenocarcinoma 51 98.6 98.4 436 [3]
36 Non-Small cell lung cancer 46 99.3 99 915 [26]
37 Esophageal carcinoma 40 98.8 99.2 518 [27]
38 Ampullary carcinoma 38 100 98.7 160 [28]
39 Head and neck squamous cell carcinoma 31 99.4 99.8 523 [29]
40 Metastatic colorectal cancer 27 99.5 99.6 1134 [30]
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Table S2. Summary of TP53/MDM2/MDMX landscape analysis

S. No. Cancer type Sample 
size (all)

TP53  
mutation

mRNA expression (high)
Study

MDM2 MDMX
1 Uveal melanoma 80 0 (80) 7 (80) 4 (80) [31]
2 Pediatric Neuroblastoma 1089 0 (1089) 6 (143) 7 (143) [2]
3 Thyroid carcinoma 500 2 (490) 25 (498) 16 (498) [32]
4 Pheochromocytoma and Paraganglioma 178 1 (178) 7 (178) 14 (178) [33]
5 Testicular Germ Cell Tumors 149 2 (145) 18 (149) 12 (149) [34]
6 Pediatric Wilms’ tumor 657 15 (657) 13 (130) 35 (130) [6]
7 Kidney Renal clear cell carcinoma 512 11 (402) 34 (510) 28 (510) [32]
8 Thymoma 123 2 (123) 4 (119) 2 (119) [33]
9 Cervical squamous cell carcinoma 297 23 (291) 19 (294) 30 (294) [35]
10 Cholangiocarcinoma 36 4 (36) 3 (36) 8 (36) [32]
11 Diffuse Large B-Cell Lymphoma 48 5 (41) 2 (48) 2 (48) [32]
12 Metastatic melanoma 110 15 (110) 2 (40) 1 (40) [18]
13 Mesothelioma 87 14 (86) 3 (87) 8 (87) [35]
14 Uterine Corpus Endometrial Carcinoma 373 69 (248) 3 (333) 4 (333) [36]
15 Liver hepatocellular carcinoma 372 110 (366) 7 (366) 20 (366) [34]
16 Glioblastoma multiforme 592 125 (397) 18 (160) 20 (160) [35]
17 The Metastatic breast cancer project 237 76 (237) 5 (146) 4 (146) [37]
18 Metastatic prostate cancer 150 70 (150) 3 (118) 15 (118) [38]
19 Stomach adenocarcinoma 440 200 (436) 34 (412) 18 (412) [35]
20 Bladder Urothelial Carcinoma 411 200 (410) 46 (407) 28 (407) [35]
21 Lung adenocarcinoma 566 263 (566) 45 (510) 62 (510) [35]
22 Colorectal adenocarcinoma 594 314 (534) 44 (592) 46 (592) [32]
23 Head and Neck Squamous Cell Carcinoma 523 357 (515) 41 (515) 28 (515) [35]
24 Lung squamous cell carcinoma 487 402 (484) 53 (484) 35 (484) [33]
25 Esophageal adenocarcinoma 182 158 (182) 10 (181) 16 (181) [33]
Note: Listed for each cancer type is the number of sample alterations in TP53 mutation with its corresponding mRNA expres-
sion for MDM2 and MDMX. The number in the brackets indicates the number of samples available per cancer study for the 
particular data type.


