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Abstract: The p53 tumor suppressor protein plays an important role in physiological and pathological processes. MDM?2 and its
homolog MDMX are the most important negative regulators of p53. Many studies have shown that MDMX promotes the growth of
cancer cells by influencing the regulation of the downstream target gene of tumor suppressor p53. Studies have found that inhibiting
the MDMX-p53 interaction can effectively restore the tumor suppressor activity of p5S3. MDMX has growth-promoting activities
without p53 or in the presence of mutant p53. Therefore, it is extremely important to study the function of MDMX in tumorigenesis,
progression and prognosis. This article mainly reviews the current research progress and mechanism on MDMX function, summarizes
known MDMX inhibitors and provides new ideas for the development of more specific and effective MDMX inhibitors for cancer
treatment.
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Introduction

The transcription factor p53 is a powerful tumor suppressor’ that plays an important role in cell growth and development.
The TP53 gene, which encodes p53, is mutated or deleted in more than 50% of human cancers, causing p53 to lose its
function as a tumor suppressor.” p53 plays a key role in regulating many cellular processes; thus, the level and activity of
p53 are strictly controlled. MDM?2 is the main regulator and inhibitor of p53. In cells containing wild-type p53, p53 can
bind to MDM2-P2 promoter and regulate MDM2 transcription, leading to an increase in MDM2 mRNA and protein.’
MDM?2 protein directly binds to p53 through its amino terminus, which can inhibit the function of p53 by blocking its
binding to target DNA and promoting its degradation.*

MDMX, also known as MDM4, is a binding protein of p53, which has a high degree of homology with the sequence
of MDM2 and is thus named MDMX.® MDM2 and MDMX have similar functionality, and both can bind to p53
N-terminus and inhibit p53 transcriptional activity.” MDM2 is an E3 ubiquitin ligase, which can degrade p53. MDMX
can promote the E3 ubiquitin ligase activity of MDM2. However, MDMX itself is not an E3 ubiquitin ligase,*’ and
MDMX and MDM2 can directly interact to enhance MDM2 activity and stabilize MDM2 protein.'® Therefore, MDMX
is gradually being considered an important component of the p53-MDM2/MDMX pathway.'"'? In the past 30 years,
scientists have conducted extensive studies on the p5S3-MDM?2 pathway and found that it is closely related to the progress
of cancer.>!® Since MDMX participates in the regulation of the p53-MDM2 pathway, whether MDMX can participate
in human cancer has also become a research direction. Many studies have shown that MDMX is highly expressed in
many different cancers and has an impact on the prognosis of tumor patients. Therefore, MDMX may be a very
meaningful tumor therapy target. In this review, we will discuss the mechanism of MDMX participating in the
occurrence and development of different cancers and the existing MDMX inhibitors.
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The Structure of MDMX and lIts Effect on p53 Activity

As Figure 1 shows, the MDMX protein is consisted of 490 amino acids and includes four main conserved large domains,
namely, the amino-terminal hydrophobic p53 binding domain, the carboxy-terminal RING domain, the zinc finger
domain and the central acidic domain.'' Consistent with MDM2, MDMX also interacts with p53 through the
N-terminal p53 binding domain to play a role in inhibiting p53 transcription.'® In general, MDMX and MDMX
cooperatives inhibit the activation of p53 through the 367th amino acid. Therefore, this domain is crucial for the
combination of MDMX and MDM2.!” The mutation of serine to alanine at position 367 enhances the synergistic
inhibitory effect of MDM2 and MDMX on the transcriptional activity of p53. The same amino acids are necessary for the
interaction between the TAD domain of p53 and MDM2 and MDMX. However, the binding domains of p53 to MDM2
and MDMX are different, resulting in different binding properties of small molecule inhibitors of MDM2 and MDMX.'®

In addition to the p53 binding domain, the acid domain of MDMX can also be combined with p53. The latest research
shows that the acid domain of MDMX can inhibit the DNA binding activity of p53 through CKla and assist MDM2 in
controlling the level of p53."? In addition, the acidic domain of MDMX can disrupt the p53-MDMX interaction.?’ The
zinc finger domain of MDMX is independent of p53, studies have found that the zinc finger domain interacts with
retinoblastoma protein (Rb).?' In addition, there is an MDMX self-inhibitory sequence motif called the WW domain,
which is located in the tryptophan-rich fragment and centered on the 200th and 201st tyrosine residues of MDMX. The
WW domain of MDMX binds to the N-terminal domain of MDMX and prevents it from interacting with p53.> The
RING domain of MDMX and MDM?2 is essential for the dimerization of MDM2 and MDMX proteins.** This function is
related to the interaction between the seven C-terminal amino acid residues (485-491) in the RING domain.>* The RING
domain of MDM2 has E3 ubiquitin ligase activity, while the RING domain of MDMX does not.>> Unlike MDM2, the
RING domain of MDMX does not have E3 ubiquitin ligase activity, so MDMX does not have the ability to degrade p53.
MDMX promotes the ubiquitination degradation of p53 by MDM2 through interaction with MDM2. The C-terminal
domain of MDMX can replace the C-terminal of MDM2 in the MDMX-MDM2 complex, thus restoring the E3 ubiquitin
ligase activity of MDM2.?* Therefore, the RING domain of MDMX is crucial for the combination of MDMX and
MDM2. The deletion or mutation of MDMX will affect the formation of MDMX-MDM?2 complex and the regulation of
MDM?2 on p53.2° This phenomenon indicates that MDMX regulates the E3 ligase activity of mutant MDM2. The
interaction of MDM2 and MDMX increases MDM2 protein stability and also enhances the activity of its E3 ligase.>> The
MDM2-MDMX heterocyclic complex has stronger E3 ligase activity than the MDM2 homocyclic complex, indicating
that the MDM2-MDMX heterodimer has a critical role in the control of p53 activity. The regulation of p53-related
MDMX function is summarized in Figure 2.
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Figure | Diagram of the MDM2, MDMX, and p53. The structure of MDMX is similar to that of MDM2. Both MDMX and MDM2 contain four domains, including the amino-
terminal hydrophobic p53 binding domain, the carboxy-terminal RING domain, the zinc finger domain and the central acidic domain. MDM2 has a unique NLS and NES signal
sequence, which is related to the location of MDM2.
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Figure 2 The schematic diagram of regulation of p53-related MDMX function. (A). N terminus p53-binding domain of MDMX can bind to p53 transactivation domain
directly and inhibit p53 transactivation activity without promoting p53 degradation. (B). MDMX-MDM2 heterodimer is formed after the RING domains of them bind
together, the heterodimer can promote MDM2-mediated p53 ubiquitination and degradation. (C). MDMX-MDM2 heterodimer can inhibit MDM2 ubiquitination, and
increase MDM2 stability. MDM2 can promote MDMX ubiquitination and degradation too.

The binding and interaction of p53-MDM2/X have been analyzed by X-ray crystallography, which demonstrates that
p53 maintains an a-helical conformation that binds to MDM2 or MDMX. The p53 amino acid residues, including Phel9,
Trp23, and Leu26, mediate the MDM2/MDMX/P53 interaction, and the n-m interaction between Phel9 and Trp23 is
important for maintaining the complex structural stability.>® The p53 binding sites of MDM2 and MDMX both consist of
14 amino acid residues, four of which are different.?” The spatial orientation of Phel9 and Trp23 residues in the MDM?2/
MDMX/p53 complex has high similarity, in contrast, the orientation of Leu26 is different.”® The Met53 and Tyr99
residues on the p53 binding domain of MDMX play an important role in maintaining the shape of MDMX, the residues
protrude into the hydrophobic crack of MDMX, so the shape of the binding capsule of MDMX is inconsistent with the
shape of MDM2.%° The tryptophan-rich sequence located in the central acidic domain of MDMX is important in
regulating the interaction between MDMX and p53. Solution-state NMR spectroscopy studies show that the tryptophan-
rich central acidic domain has a propensity for adopting an extended structure.*°

The Role of MDMX in p53-MDM2 Interaction

The interaction between p53 and MDM2 has been extensively studied.''*> MDM2, a transcription target and negative
regulator of p53, can promote tumor formation by targeting p53 for proteasome degradation or inhibiting p53
transcription.* In the p53-MDM2 regulatory pathway, p53 can promote the transcription of MDM2, thereby regulating
the expression of p53 itself.** MDMX can regulate the protein expression of MDM2 and p53 respectively. In the p53/
MDMX/MDM2 loop, MDMX can inhibit the function of p53 by enhancing the E3 ubiquitin ligase activity of MDM2
and inhibiting the transcription activity of p53, but MDMX will not affect the stability of p53.%> The phosphorylation of
MDMX caused by casein kinase la (CK1la) play an important role in regulation of MDMX-p53 interaction and MDMX-
mediated p53 inactivation.*®* MDMX-MDM2 heterodimer is the basis for the formation of the p53-MDM2/MDMX loop.
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The RING domain of MDMX can enhance the E3 ubiquitin ligase activity of MDM2 and promote the p53 ubiquitination
mediated by MDM2.?*> However, under stress, the spatial conformation of MDMX will change, thereby inhibiting the
degradation of p53 by proteasome. Therefore, the regulatory mechanism of MDMX on p53 and MDM2 is very complex,
and more research is needed to explain the role of MDMX.*’ Jing et al found that the seven amino acids at the C-terminal
of MDMX are crucial for the binding of UbcH5¢.*® These seven amino acids were grafted onto MDM2, which could
make MDM2 interact with E2 ligase UbcHS5c. However, the seven amino acids grafted onto other proteins did not
interact with UbcHS5c. Sequences other than the last seven residues in MDMX seem to be involved in the binding of
UbcHS5c. Therefore, the author believes that MDMX may recruit UbcHS5c through the C-terminal domain to enable
UbcH5c to interact with MDM2. This shows that MDMX promotes the transfer of ubiquitin from UbcHS5c to p53 by
MDM2 by bringing UbcHS5c to the adjacent MDM2 RING domain, thereby enhancing the activity of the MDM2 E3
ligase. In addition, the binding of MDM2 to MDMX may cause a conformational change in the RING domain of MDM2,
which allows MDM2 to interact with UbcH5c and activate MDM2 E3 ligase activity. This conformational change has
been confirmed in some other E3 ligases, such as cIAP1-SMAC and DIABLO.*’

How Post-Translational Modifications (PTMs) of MDMX Affect Its Function

PTMs play a key role in protein function regulation because they regulate the protein activity, location, and its interactions
with other cellular molecules such as other proteins, nucleic acids and cofactors. After PTMs occur, the physicochemical
properties and conformation of proteins will be significantly changed, thus directly changing the binding capacity and
function of proteins. Therefore, even if the expression level of the protein does not alter, the function of the protein will also
change significantly if the status of post-translational modification changes. PTMs also play regulation roles in MDMX
function, such as ubiquitination, phosphorylation and sumoylation, and much more. Here, we summarize the various post-
translational modifications involved in MDMX and the effects on the function of MDMX.

Ubiquitination

MDMX can promote the ubiquitination of MDM2, which in turn leads to the ubiquitination of MDMX, which is related
to the function of MDM2 in regulating its expression (Figure 2C).** In addition, Pelil is another E3 ligase too. It can bind
MDMX and polyubiquitinate it, promote MDMX translocation to the cytoplasm and activate p53, which is critical for

: - 4l
tumorigenesis.

SUMOylation

Similar to p53 and MDM2, MDMX can be modified in vivo and in vitro by binding to SUMO-1. Double mutation of two
lysine residues K254 and K379 of MDMX abrogated MDMX SUMOylation in vivo. However, the localization,
ubiquitination, and degradation of MDMX protein were not affected in SUMOylation-deficient MDMX mutant, and
SUMOylation is not required for several activities of MDMX.**

Phosphorylation

MDMX has multiple phosphorylation sites, which can be activated by other protein kinases under external stimulation.
After DNA damage, the stress-activated kinase c-Abl will phosphorylate the phosphorylation sites on the amino-terminus
of MDMX, leading to the phosphorylation of MDMX and reducing the binding affinity of MDMX and p53.**~** It has
been shown that the MDMX Ser289 site is phosphorylated by kinase CK1a, which stimulates MDMX interaction with
p53 and inhibits p53 activities.***” At present, there is no clear conclusion on the phosphorylation regulation of MDMX
in the case of p53 deletion or mutation. Some studies have proved that the tyrosine kinase receptor AXL may promote the
phosphorylation of MDMX in p53 mutant cell lines. Phosphorylation results in the nuclear localization of MDMX and
increased affinity between MDMX and MDM2.*® Tumor cell-associated stress also induces down-regulation of p53 in
peri-tumor cells through phosphorylation of MDMX-Ser314. As a result, an immunosuppressive TME was generated,
reflected in reduced immune cell infiltration into the tumor and impaired M1 polarization of macrophages.*’ The nuclear
localization of MDMX is related to the phosphorylation of S367. MDMX will interact with several 14-3-3 family
proteins, leading to MDMX entering the nucleus and being degraded.'’
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The Function of MDMX in Human Cancer

MDMX has many cancer-related functions, and the role of MDMX overexpression in tumorigenesis has yielded different
results in mouse models. The MDMX-overexpression model showed increased tumorigenesis, mainly in sarcoma.>”
However, different model studies have reported increased embryonic mortality in homozygous mice, while tumorigenesis
did not increase in heterozygous mice.’’ There may be several explanations for this difference, including differences in
expression levels. Therefore, the role of MDMX in tumorigenesis remains to be studied.

MDMX Affects the Occurrence and Development of Tumors

Breast Cancer

MDM?2 and MDMX are involved in the metastasis of triple-negative breast cancer (TNBC). A decrease in MDM2 leads
to an increase in MDMX, but a decrease in MDMX does not lead to an increase in MDM2.>? Studies have shown that, in
the context of British cells expressing mTP53, interference with the stability and/or function of the MDMX protein may
be beneficial to the survival of patients.>® In breast cancer, MDMX promotes tumor metastasis to the lung and is also
related to the upregulation of the G protein-coupled receptor C-X-C chemokine receptor 4 (CXCR4), which promotes
metastasis. In addition, MDM2 and MDMX affect the occurrence and development of breast cancer at least to a certain
extent, and they depend on the status of estrogen receptor a (ERa).>* MDM4 and MDM2 are elevated in primary human
luminal A/B subtype breast cancer independent of p53 mutation. Research shows that the expression of MDMX is
increased in primary human cavity type A/B breast cancer, which is related to ERa. ERa can increase the expression of
MDMX independently of p53 function, and these effects can be blocked by fulvestrant and tamoxifen. In cells, MDMX
inhibits ERa expression, indicating that there is a negative feedback regulation between them. In breast cancer cell lines,
MDMX will form protein complexes with ER, which indicates that ER may participate in the regulation of p53 MDM2/
MDMX in breast cancer.’® Therefore, the next research should focus on the role of ER in the MDM2/MDMX complex,
and prove that this effect may be related to the formation and development of breast cancer.

Gastrointestinal Cancer

MDMX expression affects the prognosis of gastric cancer, as the high expression of MDMX is associated with lymph node
metastasis of gastric adenocarcinoma.’’ In colorectal cancer, MDMX expression is induced by insulin-like growth factor 1
(IGF1) and activated by the phosphorylation of extracellular signal-associated kinase (ERK),” suggesting that mitotic
signaling regulation may promote p53 inactivation. Amplification of the MDMX gene in colorectal cancer and TP53
mutation is not exclusive. Paradoxically, the level of MDMX protein decreases in cases of gene amplification.>® Therefore,
the functional significance of MDMX is still unclear and needs further study. Unlike in hepatocellular carcinoma, TP53
mutation is not a common oncogenic driver in fibrolamellar hepatocellular carcinoma. In tumors lacking p53 mutations, the
tumor suppressor activity of p53 is dysregulated in fibrolamellar hepatocellular carcinoma, which is attributed to MDMX
overexpression. MDMX is a negative regulator of p53, inhibiting the ability of p53 to induce apoptosis and promote DNA
repair. MDMX transcription levels are elevated in most tumor samples, and nuclear MDMX levels are significantly elevated
in tumor tissue compared with nonneoplastic liver tissue.’” It is suggested that the expression of MDMX and the increase in
nuclear localization may be the potential mechanism of abnormal regulation of p53.

Melanoma

MDMX is overexpressed in about 65% of human melanoma, and mouse experiments have also confirmed that over-
expression of MDMX can promote the proliferation of melanoma.>® p53 has proapoptotic activity by regulating the
expression of apoptosis related gene. MDMX can promote the proliferation of human metastatic melanoma by inhibiting
the proapoptotic activity of p53. In malignant melanoma cells, MDMX will bind to p53 through p53 binding domain and
inhibit p53 transcription activity. In addition, MDMX will also degrade p53 by forming the MDMX-MDM2 complex.®
Notably, inhibition of the interaction of MDMX-p53 can restore the activity of p53 in melanoma cells, thereby increasing
sensitivity to chemotherapy and mutant BRAF (V600E) inhibitors. Therefore, MDMX is a key factor in the tumorigen-
esis and development of human melanoma and has been designated as a promising target for anti-melanoma combination
clinical therapy.
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Prostate Cancer

Although no research has confirmed that MDMX plays a role in the progression of prostate cancer, it is known that the
expression of MDM2 is related to advanced prostate cancer. At the same time, TCGA database analysis shows that
MDM2 and MDMX will be amplified simultaneously in most prostate cancer cells, and the amplification rate of MDMX
in CRPC is higher than MDM2. At the same time, with the increase of tumor malignancy, the proportion of MDM2 and
MDMX co-amplified/ co-overexpressed cells will also increase. MDM2 and MDMX will jointly inhibit the progress of
CRPC. In addition to the p53 MDM2/MDMX feedback loop, MDM2 and MDMX will inhibit the degradation of
androgen receptors, while inhibiting the expression of MDM2 and MDMX can inhibit AR signal, resulting in more
potent growth inhibition of prostate cancer cells compared to treatments that activate p53 alone. Therefore, MDM2 and
MDMX may regulate the p53 and AR signaling pathways to promote CRPC progression.>’

Acute Myeloid Leukemia

It has been found that overexpression of MDMX can affect the progression of AML. Overexpression of MDMX
increases the number and competitive advantage of preleukemia stem cells (pre-LSCs). The results of animal experi-
ments show that MDMX can affect the progression of pre-leukemia status to dominant AML in different mice, and
MDMX plays this role by activating Wnt/p-Catenin signaling in pre-LSCs. Mechanistically, MDMX binds to CK1a and
causes -Catenin to accumulate in a p53-independent manner. The Wnt/B-Catenin inhibitor reversed the MDMX-induced
increasement of B-Catenin in pre-LSCs and synergized with the MDMX-p53 inhibitor.®

Other Tumors

In Burkitt’s lymphoma, increased MDMX cannot regulate the TP53 pathway in the absence of TP53 or MDM?2 abnormalities.
The protein and mRNA expression levels of MDM2 were not associated with TP53 protein expression; however, detectable
TP53 protein expression was inversely associated with MDMX copy number increases and mRNA expression. The TP53
pathway is maladjusted in some BL cases, and increased MDMX expression may be the main mechanism.®' For retino-
blastoma, MDMX gene amplification is reported to occur in 65% of tumors and is unrelated to TP53 gene changes.®
Retinoblastoma retains wild-type TP53, and MDMX expansion is thought to block the p53 pathway, leading to
tumorigenesis.® In addition, the mRNA expression of MDMX in non-small-cell lung cancer tissues was significantly higher
than that in the corresponding nontumor tissues. High MDMX expression is related to poor differentiation of tumor cells,
advanced TNM, and the occurrence of lymph node metastasis.”* MDMX is also found to be overexpressed in acute
lymphoblastic leukemia (more than 80%) and head and neck squamous carcinomas (more than 50%).°>%® MDMX is involved
in p53 signaling in anaplastic large cell lymphoma (ALCL).®” In wt-p53 ALCL cells, MDMX pharmacological inhibition or
siRNA-mediated MDMX silencing was associated with p53 signaling pathway activation, growth inhibition, and apoptotic
cell death. Genomic aberration of MDMX has also been observed in salivary gland cancer (SGC) and high expression of
MDMX was positively correlated with poor outcomes in patients.®® All these studies emphasize the therapeutic importance of
MDMX in tumor therapy. It suggests that targeting MDMX may provide a new treatment method for cancer therapy.

Amplification and Overexpression of MDMX in Pan-Cancer

The abnormal amplification and expression of genes in cancer often suggest their involvement in the process of tumor
initiation and development. We downloaded copy number variation (CNV) and gene expression data for 33 cancer types
from The Cancer Genome Atlas (TCGA) pan-cancer database and conducted respective analyses using the R programming
package. As shown in Figure 3, we analyzed the amplification levels of MDMX in different cancer types based on the TCGA
database. The results showed that MDMX was upregulated in most cancers, including breast cancer(BRCA), cholangio-
cellularcarcinoma (CHOL), Colon Cancer (COAD), Glioblastoma (GBM), Head and Neck Cancer (HNSC), Kidney Clear
Cell Carcinoma (KIRC), Kidney Papillary Cell Carcinoma (KIRP), Liver Cancer (LIHC), Lung Adenocarcinoma (LUAD),
Lung Squamous Cell Carcinoma (LUSC), Prostate Cancer (PRAD), Rectal Cancer (READ), Stomach Cancer (STAD),
Thyroid Cancer (THCA), and conversely, down-regulated in Kidney Chromophobe (KICH). The results of CNV in
Figure 3B are generally consistent with the expression levels, except for copy number deletion in KICH, where MDMX
exhibited abnormal amplification in a substantial number of cancer samples. We subsequently conducted a correlation
analysis of the amplification and expression of MDMX. The results revealed a positive correlation trend across the majority
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Figure 3 Differential amplification and expression of MDMX in various cancers. (A). The expression levels of MDMX across pan-cancer. (B). CNV of MDMX across pan-
cancer. (C). Correlation Analysis of MDMX CNV and Expression Levels (*P<0.05; **P<0.01; ***P<0.001; ns, P>0.05, not significant).

of cancer types, with statistical significance set at p < 0.01 and R > 0.25. Notably, within THYM alone, CNV and mRNA
expression manifest a discernible negative correlation trend (Figure 3C), this may be attributed to the insufficient availability
of samples with mRNA expression level information in THYM. Furthermore, Table 1 summarizes the amplification and
expression status of MDMX among various reported cancer types. The purpose of this endeavor is to furnish valuable
clinical relevance, particularly in light of the development of MDMX inhibitors.

4.2 p53-Independent MDMX Functions

Controversy of p53-Independent Functions of MDMX in Tumorigenesis

The expression levels of MDM2 and MDMX are altered in many type tumor cells, and their role in tumorigenesis
independent of p53 has been a significant research subject. Knockout of MDM2 in p53-negative or mutant p53-expressing
tumor cell lines has been shown to inhibit cell growth.** MDM2 knockout also reduces primary tumor volume in some
tumors, such as breast cancer.’> MDMX in cancer cells can also affect the tumorigenesis and development of cancer
independently through p53. In thymomas with p53 deletion, MDMX can inhibit tumor proliferation,® and the specific
inhibition of mitosis by MDMX’s zinc-finger domain prevents chromosome loss in p53-deficient tumors and inhibits the
growth of p53-mutated breast tumors. MDMX’s RING domain also inhibits the proliferation of p53-deficient cancer cells.®®
Overexpression of the MDMX gene in p53-deficient mice also reduced survival and increased tumor number.®’ In addition,
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Table | Amplification and Overexpression of MDMX in Pancancer

Cancer Types

Subtype

Remark

Breast Cancer

Gastrointestinal Cancer

Melanoma

Prostate Cancer

Lung Cancer

Hepatocellular
Carcinoma

Esophageal Carcinoma

Kidney Cancer

Ovarian Cancer

Neuroendocrine
Carcinoma

Head and Neck
Squamous Carcinomas
Leukemia

Retinoblastoma

Triple-negative Breast Cancer
Luminal Breast Cancer
Intestinal Metaplasia

Gastric Adenocarcinoma
Colon and Gastric Cancer
Colorectal Cancer
Melanoma

Melanoma

Metastatic Melanoma
Prostate Cancer
Castration-resistant Prostate
Cancer

Metastatic Prostate Cancer
Non-Small Cell Lung Cancer
Non-Small Cell Lung Cancer
Hepatocellular Carcinoma
Hepatocellular Carcinoma
Hepatocellular Carcinoma
Fibrolamellar Hepatocellular
Carcinoma

Esophageal Adenocarcinoma

Renal Cell Cancer

Serous Ovarian Cancer

Neuroendocrine Carcinoma

Acute Myeloid Leukemia

Retinoblastoma

In 214 TNBC patients, MDMX was overexpressed and caused low TABI expression.®’
Increased expression of MDMX, associated with ER «, independent of p53 function®®
Patients with intestinal metaplasia expressing wild-type TP53 show elevated levels of
MDMX and are highly likely to progress to gastric cancer.”®

MDM4 is highly expressed in gastric adenocarcinoma, associated with lymph node
metastasis, and impacts patient prognosis.5I

Targeted Inhibition of Amplified MDMX, MDM2, MEK Shows Effective Antitumor
Effects on Gastrointestinal Cancer Cells.”'

Insulin-like growth factor | (IGFI) induces MDMX amplification.®

MDMX is abnormally amplified in approximately 65% of melanomas.>®
Posttranscriptional mechanisms of MDMX also increase MDMX expression in
melanoma.”?

MDMX overexpression can result in a higher rate of metastasis to the brain and liver, as
well as lower overall survival.”

MDM4 rs4245739 SNP A-allele may be associated with an increased risk for prostate
cancer.”*

Overamplification of MDMX and MDM2 maintains androgen receptor levels and
function, promoting CRPC development.®’

Whether p53 is mutated or not, overexpression of MDMX in prostate cancer is
implicated in apoptosis or senescence.”®

High expression of MDMX is associated with poorly differentiated tumor cells,
advanced TNM staging, and the occurrence of lymph node metastasis.”®
Overexpression of MDMX affects prognosis in NSCLC patients, which is associated
with MDMX regulation of NSCLC cell proliferation and chemotherapy sensitivity.**

In low signature WT TP53 HCC patients, MDM4 showed a significant increase in copy
number and expression.”’

Strong activation of the PI3K/AKT/mTOR signaling axis up-regulates MDM4 levels in
HCC and is associated with shorter survival.”®

Serum response factor (SRF) drives transcriptional MDM4 upregulation in HCC, acting
in concert with either ELK| or ELK4.”°

MDM4 expression and nuclear localization could be a potential mechanism contributing
to p53 dysregulation in fibrolamellar hepatocellular carcinoma.>”

The incidence of esophageal adenocarcinoma may be associated with the abnormal
amplification of p53 and MDM2, MDM4.%°

The expression level of MDM4 was significantly increased in renal cell cancer.
The MDMX SNP34091AC/CC genotype is associated with an increased risk of serous
ovarian cancer, particularly high-grade serous ovarian cancer.??

8l

Negative p53 regulatory genes such as MDM2, MDM4 and WIPI are abnormally
amplified.®

High levels of MDM4 were present in 50% of HNSC, and MDM4 inhibited tumor
suppressor activity in HNSC.%

Overexpression of MDMX increases the number and competitive advantage of
preleukemia stem cells.®®

MDMX gene amplification is reported to occur in 65% of tumors and is unrelated to
TP53 gene changes.®?

MDMX binds to retinoblastoma protein (RB) in an Mdm2-dependent manner and promotes RB degradation. The RING
domain of MDMX would bind to the C-terminal domain of RB to promote the interaction of MDM2 with RB. MDMX
would interact with RB to regulate the level of RB protein in vivo and would inhibit RB-mediated E2F1 suppression and

cellular senescence. Knockdown of MDMX results in the accumulation of RB protein, arrest of cell cycle G1, inhibition of
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non-anchored growth, and retardation of tumor growth in vivo in an RB-dependent manner.®® Alternatively, MDMX may
be involved in cell cycle regulation in a p53-independent manner by promoting the activity of E2F family members and
p73,% suggesting that MDMX can be used as a potential chemotherapeutic target in cancers lacking wild-type p53.

The Effects of MDMX on DNA Damage and Replication

MDMX can regulate the cellular response to DNA damage. In this regard, MDMX seems to cause greater genomic
instability through its association with Nbsl, which MDMX binds to inhibit DNA break repair when ectopically
expressed.”® Overexpression of MDMX inhibitsthe interaction between MDMX and ATM and slows the DNA damage
response. Interestingly, this function of MDMX is independent of p53 and MDM2.°' However, the exact molecular
mechanism needs extra exploration. MDMX may also play a key role in DNA replication. Studies have shown that the
processing and replication of DNA in tumor-derived cells and primary cells lacking wild-type p53 are dependent on
MDMX.’! In the absence of MDMX, DNA replication is severely damaged, but the overexpression of MDMX and
RNF2 (RING finger protein 2, also known as RINGI1B) can restore DNA replication. Therefore, MDMX can act as
a promoter of DNA replication independent of p53. In addition, the absence of MDMX can delay the progression of
replication forks and make tumor cells sensitive to gemcitabine, which suggests that MDMX may play a role in
malignant tumors.”’ MDMX can also interact with members of the Polycomb Repressor Complexes and promote the
ubiquitination of H2A, thereby prevent the accumulation of DNA/RNA-hybrids, and support DNA replication.”!

Tumor Inhibitors Related to MDMX

There is increasing evidence that p53 inactivation in these cancers is usually the result of upregulation of MDM2 and
MDMX protein levels. Therefore, the development of related inhibitors has become an effective method of anticancer
treatment. MDM2 inhibitors have been used in clinical trials alone or in combination, but clinical experience with these
drugs remains limited. So far, most MDM2 inhibitors treat p53 wild-type cancer by inhibiting the interaction between
MDM2 and p53, and a lot of such inhibitors have entered the clinical trial stage. The targeted toxicity and effects of these
agents in lymphatic organs and the gastrointestinal tract have been reported in preclinical studies.”” Previous studies have
shown us the positive application prospects of MDM?2 inhibitors. However, more in vitro experiments and clinical trials
are needed to prove the role of MDM2 inhibitors in cancer treatment, especially for the toxicity of inhibitors to normal
cells.”® Similar to MDM2, the MDMX inhibitors are explored and some of them have been used in clinical trials,
Figure 4 illustrates the mechanisms of three types MDMX inhibitors. The information of MDMX inhibitors is
summarized in Table 2.

Inhibiting p53-MDMX Binding

The binding mechanism of p53 MDM2/MDMX complex has been clarified. Therefore, many inhibitors that inhibit the
interaction between p53 and MDMX have been developed to inhibit tumor growth.'®''® So far, at least a dozen
inhibitors that can directly inhibit the binding of MDMX and p53 have been found such as SAH-p53-8, SJ-172550, mSF-
SAH, WK298, RO-5963, pyrrolopyrimidine 3a, Compound B1, CTX1, and K-178, which have been shown to have
anticancer effects in vivo and in vitro. Among them, RO-5963 and pyrrolopyrimidine 3a are dual inhibitors of p53-
MDM?2 and p53-MDMX. Some inhibitors can activate p53 in vitro, while some inhibitors have been proved to have anti-
cancer effects in vivo. SAH-p53-8 can block the combination of p53-MDMX and activate the p53 signaling pathway,
thereby inhibiting the growth of cancer cells in vitro and in vivo, inducing apoptosis and overcoming MDMX-mediated
cancer chemoresistance. Hinokiflavone has been proved to inhibit the interaction between MDMX and MDM2 by
combining with the RING domain of MDMX. In addition, in different cancer cells, Hinokiflavone can inhibit the
expression of MDMX and MDM2, thus activating p53 to induce apoptosis.”® ALRN-6924 is the first cell-penetrating
stapled a-helical peptide, consistent with Hinokiflavone, the mechanism of action of ALRN-6924 is interfering with the
interaction between p53 and MDMX/MDM?2. It is worth noting that ALRN-6924 has shown antitumor activity in a phase
I clinical trial in patients with solid tumors.'®”!%® §J-172550 can bind to the p53 binding domain of MDMX, thereby
blocking p53-MDMX binding, activating wild-type p53, and inducing apoptosis of retinoblastoma cells overexpressing
MDMX.’* Compound Bl can also inhibit the binding of MDMX-p53 detected by the FP-based method, but the
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Figure 4 The mechanisms of MDMX inhibitors are mainly divided into three types. First, the inhibitor inhibits the expression of MDMX. Second, the inhibitor affects the
formation of p53-MDM2/MDMX complex. Third, the inhibitor activates the E3 ligase activity of MDM2 to degrade MDMX.

anticancer efficacy of Compound B1 has not yet been determined.”® Karan et al screened an MDMX inhibitor CTX1

through cell experiment. In breast cancer cell line MCF7, CTX1 can promote cell apoptosis by restoring p53 activity.”
Further studies showed that CTX1 will competitively inhibit the combination of p53 and MDMX through interaction

Table 2 A List of Current Available MDMX Inhibitors

25-OCH3-PPD'%®

GSK3203591 '

FLI18'%

I7AAG'%

ALRN-6924'07:108
96

Hinokiflavone

Inhibitors Mechanisms of Action Remark
§J-172550%* Binds to the p53-binding domain of MDMX Forms adducts with cysteine in MDM2 and MDMX®*
covalently
CTXI%® Blocks the interaction of p53 and MDMX, and Inhibits cell growth arrest and induces apoptosis’
SAH-p53-8%¢ activates p53 transcription activity Cellular uptake requires pinocytosis”® Not reported®”
Compound BI®”
K-178% Inhibits the interaction of p53 MDMXand activates | Preferentially inhibits the growth of cancer cells with wild-type p53
P Y 8 YPe P
p53 transcription activity
PpIX*® Blocks the interaction of p53/MDM2/MDMX, Activates leukemia cells apoptosis in B-cell chronic lymphocytic
stabilizes and activates p53 leukemia
RO-5963'%° Dual p53-MDM2 and p53-MDMX inhibitor Addition of nutlin further enhanced the apoptotic outcome of RO-
P P pop
5963 treatment
X1-006'°" Inhibits MDMX promoter activit, Reduces MDMX expression level, and enhances nutlin-3 activit o1
p Y P Y
XI1-011'% Induces breast cancer cell apoptosis'®

Reduces MDMX expression level and blocks MDM2/
MDMX interaction

Induces MDMX splicing and activates p53 activity by
inhibiting PRMT5

Enhances MDM2-mediated MDMX ubiquitination
and degradation

Promotes MDM2-mediated MDMX ubiquitination
and degradation

Inhibits MDM2-MDMX interaction

Inhibits MDM2-MDMX interaction

Has been shown to be active against several human cancers

Inhibits growth of cancer cells

Induction of p53-dependent senescence and p53-independent
apoptosis

Destabilizes MDMX through an undefined mechanism (Blockade of
Hsp90 by 17AAG antagonizes MDMX)

Has antitumor activity in a Phase | clinical trial

In Vitro
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with MDMX, thus restoring the p53 activity destroyed by MDMX.?® Uesato et al screened a class of oaminothiophenal
derivatives, proving that s-2-isobutylamide phenyl 2-methyl- propylthioate (K-178) can specifically activate p5S3 and
inhibit some cancer cell lines by inhibiting the interaction between p53 and MDMX, including human breast cancer
(MCEF-7), lung cancer (A427), and colon cancer (HCT116) cell lines.”® PpIX can inhibit the interaction of p53 and
MDM2/MDMX at the same time and promote apoptosis in B-cell chronic lymphocytic leukemia cells in the absence of
light and without affecting normal cells. However, the exact mechanism of PpIX inhibiting the interaction between
proteins is still unclear, which may be related to the N-terminal domain of p53 and p73.°” RO-5963 inhibits the
interaction of p53 with MDM2 and MDMX by inducing the formation of dimeric protein complex maintained by
dimeric small molecule core. However, RO-5963 can lead to an increase of MDM?2 content. Therefore, it may be
a feasible method to use RO-5963 and nutlin in the synergistic treatment of cancer. This function effectively stabilizes

p53 and activates p53 signaling pathway in cancer cells, leading to cell cycle arrest and cell apoptosis.'®

Inhibiting the Expression of MDMX

In addition to inhibiting the interaction between p53 and MDMX, directly inhibiting the expression of MDMX to
enhance the expression of p53 target genes (such as p21, PUMA) is also an effective way to activate the anticancer
activity of p53. Wang et al screened the NCI diversity chemical library for promoters and discovered a compound XI-
006, which reduces MDMX mRNA and protein levels by inhibiting the activity of the MDMX promoter.''! In addition,
XI-006 can promote the expression of related transcription factors downstream of p53 in breast cancer cell MCF7,
resulting in MCF-7 apoptosis. XI-006 can also enhance p53 activation induced by nutlin-3 (an MDM2 antagonist) and its
inhibitory effect on cancer cell viability in vitro."'! Pishas et al further demonstrated the anticancer activity of XI-006 in
Ewing’s sarcoma and osteosarcoma cell lines in vitro.'”' However, the apoptosis of MCF7 cells has little relationship
with the change of MDMX expression level, which indicates that XI-006 may not only participate in the regulation of
MDMX but also affect the regulation of MDMX on p53 activity.'' In addition, studies have discovered another MDMX
inhibitor called XI-011, which can induce breast cancer cell line MCF7 apoptosis by activating p53.'%> XI-011 reduces
the mRNA level of MDMX by inhibiting the activity of the MDMX promoter, and the expression level of MDMX plays
an critical role in the drug activity of XI-011. The exact mechanism of XI-006 and XI-011 needs to be further studied.
Luteolin also inhibits the occurrence and development of cancer by inhibiting the expression of MDMX. In A549 and
H460, luteolin promotes the expression of miR-34a-5p, and overexpression of miR-34a-5p inhibits the expression of
MDMX, which increases the expression level of p53 and induces apoptosis of cancer cells. Luteolin also inhibited tumor
growth in H460 xenotransplantation mice.''? In addition, tanshinone ITA has been identified as a new MDMX inhibitor.
Studies have found that tanshinone ITA inhibits the expression of MDMX by inhibiting MDMX mRNA synthesis, which
leads to a decrease of inhibitor of apoptosis 3(IAP3), and sensitizes MDMX-overexpressing cells to apoptosis.'" Further
studies have shown that tanshinone ITA can both induce apoptosis of H1299 cells and enhance apoptosis induced by
doxorubicin.''® Ginsenosides are a kind of natural product with multiple biological activities. 25-OCH3-PPD, a new
ginsenoside, has strong anticancer activity in cancer research models in vitro and in vivo, and the host toxicity is
minimal.'® The RING domain of MDM2 is the target of 25-OCH3-PPD. In prostate cells, 25-OCH3-PPD can affect the
stability of MDM2 by destroying the formation of MDMX-MDM?2 complex, thereby strongly inhibiting the growth and
metastasis of prostate cancer cells.''* Protein arginine methyltransferase 5(PRMT5) regulates MDMX abundance by
affecting its alternative splicing.''® Studies have found that GSK3203591, a specific inhibitor of PRMTS, can induce the
alternative splicing of MDMX and activate the p53 activity. Further studies have shown that GSK3203591 inhibits the

growth of cancer cells in vitro and inhibits tumor growth in mouse model of lymphoma transplantation in vivo.'**

Promotion of Ubiquitination and Degradation of MDMX

Inhibiting the combination of MDMX and MDM?2 can also affect the regulation of MDM2 on p53. Ling et al reported
that FL118 can inhibit p53 ubiquitination and promote the degradation of the MDMX protein.''® FL118 can degrade
MDMX by enhancing the E3 ubiquitin ligase activity of MDM2. In addition, FL118 can inhibit the combination of p53
and MDM2 and increase the interaction between MDM2 and MDMX, thus restoring the anti-tumor activity of p53.
Interestingly, FL118 can also promote p53 independent apoptosis in cancers with p53 deletion. In HCT116 cells, FL118
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can induce p53 independent apoptosis.''® How FL118 changes the biochemical properties of the MDM2-MDMX E3
complex is still an open question. It remains to be determined whether FL118 binds directly to MDM2 or MDMX, E2
enzymes that alter ubiquitination, or whether FL118 binds to other MDM2/MDMX complex-related proteins.
Sesquiterpenoids are a kind of natural product with diverse structures and pharmacological activities, and they have
strong anticancer activity. Among them, chrysanthemum lactone A will also destroy the interaction between MDMX and
MDM2 by acting on the RING domain of MDM?2 disrupting the interaction between MDM2 and MDMX and promoting
the ubiquitination and degradation of these two proteins.'® Vaseva et al found that the Hsp90 inhibitor 17-allylamino-17-
desmeth oxygelnamycin (17AAG) induces apoptosis in cancer cells.'” Studies have found that 17AAG can induce the
degradation of the MDMX protein, however, the molecular mechanism of 17AAG-induced degradation of MDMX
remains to be further studied.

Tumor Immunotherapy Related to MDMX

Cancer often accompanies uncontrolled cell proliferation and immune evasion, which are key hallmarks of tumorigen-
esis. The importance of immunotherapy in cancer treatment has become increasingly evident, and in recent years, there
has been a growing body of literature focusing on the role of MDMX in immunotherapy. Immune checkpoint inhibition
(ICD) is a form of immunotherapy that involves the inhibition of immune checkpoint proteins, such as PD-1, CTLA-4,
and others, to restore a patient’s intrinsic immune response, enable more effective recognition and attack of cancer cells.
However, not all cancer patients respond to ICI, and some may experience hyperprogressive disease (HPD) following ICI
treatment, resulting in a rapid increase in tumor burden.

Degradation of MDM2/MDMX via ubiquitin-dependent pathways has been shown to effectively restore the function
of p53 and p73 both in vitro and in vivo, leading to the activation of CD8+ T cells and rendering them more responsive to
anti-PD-1 immunotherapy.''” Patients with melanoma liver metastases exhibit limited responses to anti-PD-1 mono-
therapy, but can benefit from MDM2/X inhibitors when used in combination with anti-PD-1 therapy.”> MDMX-Ser314
phosphorylation induces the downregulation of p53 in tumor-associated cells, creating an immunosuppressive tumor
microenvironment. However, blocking MDMX-Ser314 phosphorylation reduces immunosuppression and significantly
delays tumor growth.* It is worth noting that not only can ICI therapy potentially benefit from MDMX inhibition, but
MDMX amplification may also be associated with HPD. MDM4 amplification has been linked to reduced survival rates
in NSCLC patients treated with ICL''® In the first-line combined immunotherapy for HCC, MDMX amplification was
found to be an effective predictive marker of HPD in HCC patients.'"” To date, MDMX amplification has been
demonstrated to serve as a negative biomarker for ICI treatment in various types of cancer, potentially leading to
rapid disease progression.'%°

In summary, the role of MDMX in the future of cancer immunotherapy is a topic of utmost significance. Further
research will aid in a better understanding of MDMX’s function in various cancer types and its potential as a biomarker
for predicting responses to ICI treatment. This holds the promise of helping physicians tailor immunotherapy regimens
more effectively, thereby improving the chances of survival and quality of life for cancer patients. By delving into the
mechanisms of MDMX and its association with HPD, we may gain a deeper insight into overcoming the limitations of
ICI therapy, enabling the broader application of this vital immunotherapeutic approach.

The Splicing Body of MDMX

Alternative splicing is one of the fundamental mechanisms that regulates gene expression and plays an important role in
cell biology, including cancer cell biology, where alternative splicing contributes to the diversity of proteins that directly
determine the cell state.'*' In humans, approximately 95% of multiexon genes have alternative splicing; therefore, it is
important to study alternative splicing and to understand the function of different splice isoforms of individual genes
under normal physiological or pathological conditions.'**

Although missense mutations of MDMX are rarely observed in human tumors, alterations in the MDMX sequence
due to alternative splicing have been reported in tumors and normal cell lines. Using optional promoters and optional
splicing, MDMX generates multiple protein isoforms, further increasing complexity. MDMX splice variants are mainly

found in tumors and cancer cell lines. For example, MDMX-B splicing variants have been found in human gliomas,'*
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and their expression levels are related to cancer stages. The WWW inhibitory sequence in MDMX is unique to MDMX
and does not exist in MDM2, and it competes with p53 TAD 1 for binding to the N-terminal domain of MDMX.*
MDMX splicing variants lacking WWW inhibitory sequences have potential carcinogenic effects and exist in some
aggressive tumors. Many studies have confirmed the MDMX splice variant (MDMX-S) as a possible target for
tumorigenesis.”>'**"'2® The ectopic expression of the MDMX-S protein spliceosome has a higher binding affinity to
p53 and has a stronger inhibitory effect on p53 than full-length MDMX. The overexpression of MDMX and MDMX-S
has also been confirmed in mantle cell lymphoma, which inhibits p21, thereby promoting cell cycle progression.'?’
Although the expression of MDMX-S mRNA is often observed, the endogenous MDMX-S protein is not detectable in
any normal or cancer cell lines, which means that endogenous MDMX-S may be very unstable There may be a mutual
conversion between the protein and MDMX-FL. MDMX-S may play a key role in controlling the level of MDMX-FL
protein and activating p53. However, although MDMX-S is also overexpressed in B-cell chronic lymphocytic leukemia
(B-CLL), it does not cause tumor formation, nor does it cause tumor invasiveness; in contrast, overexpression of
MDMX-S in B-CLL is a consequence of tumorigenesis.'*® In addition, another abnormal splicing form of the MDMX
spliceosome, MDMX-211, was also found to bind to the MDM2 protein.'?’ Although MDMX-211 cannot directly bind
to p53, MDMX-211 can stabilize p53 by inhibiting MDM2-mediated degradation of p53. MDMX-A was detected in the
cervical cancer cell line C33A."*° This variant lacks an in-frame encoded exon-9, and most of the acidic region is
missing. Furthermore, this substitutional deletion of exon-9 is associated with MDM?2 degradative activity and may
control the stability of MDMX-FL. At the same time, the deletion of the acidic domain of MDMX can release the acidic
domain of MDM2, further promoting its degradation function, especially the degradation of p53."*° However, it has not
yet been reported whether MDMX-A is associated with cancer. To date, the detection of protein isoforms remains
a challenge. There are still many unsolved mysteries about the existence and expression levels of MDM2 and MDMX
splicing variants in tumors.

Summary
When MDMX was first discovered, it was only considered as a cofactor of MDM2, but now MDMX is considered as
a key negative regulator of p53. Since MDMX is often amplified and/or overexpressed in various types of cancer and
plays an important role in controlling the p53-MDM2/MDMX cycle, MDMX has been proved to be a promising
molecular target for cancer treatment. Therefore, targeting MDMX to treat cancer is very meaningful research. p53-
MDMX binding inhibitors play an anti-cancer role by inhibiting the binding of pS3 and MDMX to activate p53 and
downstream transcription factors. However, p53 is missing or mutated in many cancers, so the research on p5S3-MDMX
binding inhibitors has limited significance.'*" Inhibitors such as ALRN-6924 and XI-011 that inhibit the combination of
MDMX and MDM2 or the transcription of MDMX have entered the clinical trial stage. However, we should not ignore
the side effects of these inhibitors. It is worth noting that the regulatory mechanism of MDMX expression has not been
fully elucidated, which is crucial for the development of such MDMX inhibitors. Promoting MDM?2 mediated ubiqui-
tination and degradation of MDMX is the main regulation mechanism of MDMX. In addition, it is also a feasible method
to degrade MDMX through protein targeted chimera. Recently discovered splicing dependent mechanism of MDMX
overexpression in tumors provides another option for inhibiting MDMX."*? MDMX will destroy the response of p53
dependent cells to external stimulation and MDMX inhibitor treatment.”” Because these MDMX spliceosomes play a key
role in regulating the protein stability and activity of MDMX, MDM2 and p53, they may also become targets for the
development of anti-cancer drugs. Paradoxically, more and more evidence show that MDMX may also have tumor
inhibition effect under stress. As a response to DNA damage, MDMX is expressed in mitochondria, and MDMX can
enhance the phosphorylation of p53 and its mitochondrial localization under stress, promote the combination of p53 and
Bcl2, and promote p53 mediated apoptosis.'** In addition, under stress such as DNA damage, virus infection, c-Abl
tyrosine kinase can be activated, then phosphorylate MDMX at tyrosine 99 (Tyr99), thereby inhibiting MDMX-p53
binding and activating p53-dependent cell apoptosis.'**

In summary, MDMX is not only a carcinogen dependent on p53, but also has a carcinogenic function independent of
p53. Exploring the function of MDMX may provide a new research direction for developing effective MDMX inhibitors.
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New drugs designed to effectively inhibit MDMX represent a promising future direction in the targeted treatment and

surveillance of those tumors with MDMX overexpression.
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