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Abstract: The tumor suppressor p53 is believed to be the mostly studied molecule in modern
biomedical research. Although p53 interacts with hundreds of molecules to exert its biological
functions, there are only a few modulators regulating its expression and function, with murine
double minute 2 (MDM2) playing a key role in this regard. MDM2 also contributes to malignant
transformation and cancer development through p53-dependent and -independent mechanisms.
There is an increasing interest in developing MDM2 inhibitors for cancer prevention and therapy.
We recently demonstrated that the nuclear factor of activated T cells 1 (NFAT1) activates MDM2
expression. NFAT1 regulates several cellular functions in cancer cells, such as cell proliferation,
migration, invasion, angiogenesis, and drug resistance. Both NFAT isoforms and MDM2 are activated
and overexpressed in several cancer subtypes. In addition, a positive correlation exists between NFAT1
and MDM2 in tumor tissues. Our recent clinical study has demonstrated that high expression levels
of NFAT1 and MDM2 are independent predictors of a poor prognosis in patients with hepatocellular
carcinoma. Thus, inhibition of the NFAT1-MDM2 pathway appears to be a novel potential therapeutic
strategy for cancer. In this review, we summarize the potential oncogenic roles of MDM2 and
NFAT1 in cancer cells and discuss the efforts of discovery and the development of several newly
identified MDM2 and NFAT1 inhibitors, focusing on their potent in vitro and in vivo anticancer
activities. This review also highlights strategies and future directions, including the need to focus on
the development of more specific and effective NFAT1-MDM2 dual inhibitors for cancer therapy.
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1. Introduction

Cancer remains a leading cause of death and poses a major public health challenge worldwide.
Thanks to the impressive progresses made in basic, translational, and clinical biomedical research and
development in past decades, we have witnessed a significant improvement in cancer diagnosis and
treatment, especially in the fields of targeted therapy and immunotherapy as well as combination
therapy with various therapeutic modality. However, there is still an urgent need for the development
of more specific effective and safer targeted therapeutics, especially for those devastating solid tumors,
such as cancers of the pancreas, liver, and brain, among others. It is generally accepted that cancers stem
from an overexpression of oncogenic genes and/or dysfunction of tumor suppressor genes. Among
those well-investigated tumor suppressors and oncogenes, the interplay of the tumor suppressor
p53 and the murine double minute 2 (MDM2) oncogene has been one of the hottest topics in the
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research and development of cancer medicine. There are several thousand peer-reviewed publications
demonstrating the major oncogenic activities of MDM2 in human cancers, showing that it is not only
the best-documented negative regulator of p53 but also exerts p53-independent activities. In the
last two decades, there has been an increasing interest in the development of MDM2-based targeted
therapies, with hundreds of MDM2 inhibitors being designed and evaluated and several classes of
novel MDM2 inhibitors being evaluated in preclinical models and a few entering clinical trials. In this
review, we will provide a brief introduction of our current understanding of how MDM2 can be a
molecule target, and the current status of representative MDM2 inhibitors under development. We will
pay a special attention to the recent findings related to dual targeting of the inflammation pathway
and oncogenes and their therapeutic potential for cancer therapy.

MDM2 was originally identified as an oncogene because its overexpression induced tumorigenicity
in mouse 3T3 cells [1]. Subsequent studies have shown that MDM2 is overexpressed and amplified in
several hematological cancers and solid tumors, and high MDM2 levels are associated with a poor
prognosis in patients with cancer [2–4]. Further biological and biochemical studies demonstrate that
MDM2 is involved in cancer cell growth, apoptosis, cancer cell evasion, metastasis, and resistance to
chemotherapy [5–7]. MDM2 was initially discovered as a negative regulator of p53 [8,9], but it has
subsequently been demonstrated that the MDM2 oncoprotein interacts with many other molecules [5],
such as E2 promoter binding factor 1 (E2F1)/retinoblastoma protein (Rb) and X-linked inhibitor of
apoptosis protein (XIAP), allowing it to exert a variety of p53-independent effects [10,11]. These
characteristics make MDM2 a promising target for the development of anticancer therapies. We,
and others, have been interested in developing various classes of MDM2 inhibitors for cancer therapy
and other diseases, including antisense oligonucleotides, natural products, and synthetic small molecule
compounds [5,10].

It has been well demonstrated that there is a clear linkage between inflammation and cancer,
prompting us to search for novel cancer therapeutics targeting both inflammation and oncogene.
As an example, we recently discovered that nuclear factor of activated T cells 1 (NFAT1) activates the
MDM2 oncogene [12]. The NFAT1-MDM2 pathway is activated in various human malignancies, and is
associated with a poor prognosis and higher incidence of metastasis [13]. We thus suggest that the
NFAT1-MDM2-p53 pathway could be targeted for the treatment of human cancers. In this review,
we discuss the oncogenic roles of MDM2 and NFAT1 in cancer cells, and how their interaction affects
various steps in carcinogenesis. In addition, this review sheds light on the currently available MDM2
and NFAT1 inhibitors and their effects on cancer cells. We also explain various strategies that can
be used to inhibit the NFAT1-MDM2 pathway in cancer cells (Figure 1), and also discuss the dual
inhibitors of NFAT and MDM2 with potent in vitro and in vivo anticancer activity.
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Figure 1. Targeting the NFAT1-MDM2-P53 pathway for cancer therapy. Different classes of NFAT1-
MDM2 dual inhibitors can affect different components of this pathway. Lineariifolianoid A (LinA) 
and Inulanolide A (InuA) inhibit cancer cells by dual inhibition of NFAT1 and MDM2. Japonicone A 
(JapA) suppresses cancer cells by binding directly to the p53-binding domain of MDM2 and 
promoting MDM2 auto-ubiquitination, and also through the inhibition of NFAT1-mediated MDM2 
transcription and induction of NFAT1 degradation. MA242 induces MDM2 self-ubiquitination and 
represses NFAT1-mediated transcription of MDM2. The red minus and green symbol indicate 
inhibition or stimulation induced by NFAT-MDM2 inhibitors. 

2. MDM2 as a Molecule Target for Cancer Therapy 

The major function of p53 is to protect cells from tumorigenesis by inducing cell growth arrest 
and apoptosis in response to stress signals [14–16]. Cellular stress caused by ionizing radiation or 
chemotherapeutic drugs increases the p53 levels in cells, which leads to a signaling cascade 
culminating in cell cycle arrest or apoptosis [14–16]. The p53 protein upregulates the cyclin-
dependent kinase inhibitor 1, p21, in response to DNA damage, which causes cell cycle arrest at G1/S 
phase and prevents tumorigenesis [17]. Evidence suggests that MDM2 is the most important negative 
regulator of p53 [8,9,18,19]. Biochemically, MDM2 functions as a ubiquitin ligase and is responsible 
for the ubiquitination and proteasome-mediated degradation of p53 [18–20]. It has also been 
demonstrated that p53 binds to the P2 promoter of MDM2 and transcriptionally upregulates MDM2 
expression [21]. The increased MDM2 then binds p53 and inactivates it by blocking the p53 
transactivation domain, thus targeting the p53 protein for degradation [18,19]. This autoregulatory 
feedback loop helps regulate apoptosis and cell cycle progression [18,19] (Figure 1). 

In cancer cells, low levels of p53 are maintained as a result of MDM2 amplification, making these 
cells able to escape p53′s regulatory control [22]. In addition, it has been found that when MDM2 is 
present at high levels, it acts as an oncogene [22]. For instance, a study by Fakharzadeh et al. has 
shown a 50-fold amplification of the MDM2 gene in a tumorigenic mouse cell line (3T3DM), which 
induces tumorigenesis when experimentally overexpressed in NIH3T3 and Rat2 cells [23]. Post-
translationally modified splice variants of MDM2 have also been reported in some cancer cell lines 
[22]. The MDM2 splice variants lacking a p53-binding domain lead to instability in the MDM2-p53 
feedback loop mechanism, thus inhibiting the function of wild-type p53, resulting in tumor growth 
[22]. It has been estimated that half of human cancers possess a mutant form of p53 [5]. Mutant p53 
protein in tumor cells is unable to transcriptionally upregulate MDM2, and as a result leads to high 

Figure 1. Targeting the NFAT1-MDM2-P53 pathway for cancer therapy. Different classes of
NFAT1-MDM2 dual inhibitors can affect different components of this pathway. Lineariifolianoid
A (LinA) and Inulanolide A (InuA) inhibit cancer cells by dual inhibition of NFAT1 and MDM2.
Japonicone A (JapA) suppresses cancer cells by binding directly to the p53-binding domain of MDM2
and promoting MDM2 auto-ubiquitination, and also through the inhibition of NFAT1-mediated MDM2
transcription and induction of NFAT1 degradation. MA242 induces MDM2 self-ubiquitination and
represses NFAT1-mediated transcription of MDM2. The red minus and green symbol indicate inhibition
or stimulation induced by NFAT-MDM2 inhibitors.

2. MDM2 as a Molecule Target for Cancer Therapy

The major function of p53 is to protect cells from tumorigenesis by inducing cell growth arrest
and apoptosis in response to stress signals [14–16]. Cellular stress caused by ionizing radiation or
chemotherapeutic drugs increases the p53 levels in cells, which leads to a signaling cascade culminating
in cell cycle arrest or apoptosis [14–16]. The p53 protein upregulates the cyclin-dependent kinase
inhibitor 1, p21, in response to DNA damage, which causes cell cycle arrest at G1/S phase and
prevents tumorigenesis [17]. Evidence suggests that MDM2 is the most important negative regulator
of p53 [8,9,18,19]. Biochemically, MDM2 functions as a ubiquitin ligase and is responsible for the
ubiquitination and proteasome-mediated degradation of p53 [18–20]. It has also been demonstrated
that p53 binds to the P2 promoter of MDM2 and transcriptionally upregulates MDM2 expression [21].
The increased MDM2 then binds p53 and inactivates it by blocking the p53 transactivation domain,
thus targeting the p53 protein for degradation [18,19]. This autoregulatory feedback loop helps regulate
apoptosis and cell cycle progression [18,19] (Figure 1).

In cancer cells, low levels of p53 are maintained as a result of MDM2 amplification, making these
cells able to escape p53′s regulatory control [22]. In addition, it has been found that when MDM2 is
present at high levels, it acts as an oncogene [22]. For instance, a study by Fakharzadeh et al. has shown
a 50-fold amplification of the MDM2 gene in a tumorigenic mouse cell line (3T3DM), which induces
tumorigenesis when experimentally overexpressed in NIH3T3 and Rat2 cells [23]. Post-translationally
modified splice variants of MDM2 have also been reported in some cancer cell lines [22]. The MDM2
splice variants lacking a p53-binding domain lead to instability in the MDM2-p53 feedback loop
mechanism, thus inhibiting the function of wild-type p53, resulting in tumor growth [22]. It has been
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estimated that half of human cancers possess a mutant form of p53 [5]. Mutant p53 protein in tumor
cells is unable to transcriptionally upregulate MDM2, and as a result leads to high mutant p53 levels
in cancer cells [5,24]. Thus, these tumor cells with mutant p53 protein possess a defective negative
p53-MDM2 autoregulatory feedback loop [5,24].

Extensive research has been conducted to develop inhibitors of the p53–MDM2 interaction to
stabilize p53 and activate apoptosis in cancer cells. Combinatorial library screening has identified several
small molecules as MDM2 inhibitors, including spiroxindoles [25,26], nutlins [27,28], isolindones [5,29],
and chalone [5,30] derivatives. One such molecule, Nutlin, binds to MDM2 in the p53-binding
pocket and activates p53 to induce cell cycle arrest and apoptosis in cancer cells [5,28–30]. Several
MDM2–p53 binding inhibitors, such as AMG232, RG7112, HDM201, and NVP-CGM097, are currently
being evaluated in clinical trials for several human malignancies [31,32]. Our lab has focused on
developing new MDM2 inhibitors to induce cell death in cancer cells, regardless of the p53 status of the
cells. This quest has led us to develop new MDM2 inhibitors, such as antisense oligonucleotides and
siRNA [10], genistein [33], curcumin [34], makaluvamine analogs [35–37], and ginsenosides [38,39].

More recently, we have developed a synthetic small molecule MDM2 inhibitor, termed SP141,
which not only directly binds to the p53-binding domain of MDM2 but also enhances MDM2
autoubiquitination and proteasomal degradation [40,41], representing a novel class of MDM2 inhibitor
with unique mechanisms of action. SP141 has been found to inhibit cancer cell proliferation and induce
cell cycle arrest and apoptosis in vitro, and suppresses xenograft tumor growth in vivo, in breast cancer
and pancreatic cancer cell lines and animal models, regardless of the p53 status [40,41]. Further, SP141
also inhibits breast cancer cell migration in vitro and prevents lung metastasis of breast cancer in vivo
by modulating the expression of epithelial-mesenchymal transition (EMT) markers [41].

Considering the complexity of interactions between MDM2 and its partners in cancer cells, there
are ongoing efforts in our lab to further understand the mechanisms of action for MDM2 inhibitors,
such as SP141, focusing on the inflammation and oncogene pathways. More recently, we found that
SP141 has significant inhibitory effects on β-catenin, a major player in inflammation and oncogenic
pathways [42]. Interestingly, MDM2 and β-catenin have both been shown to be overexpressed and
constitutively activated in human pancreatic cancer, and the Wnt/β-catenin and MDM2-p53 signaling
pathways interact with each other, promoting tumorigenesis and cancer progression and development.
The importance of MDM2 and β-catenin molecular targets has been demonstrated by our double
knockout experiments [42]. The single silencing of either β-catenin or MDM2 largely reduced the
anticancer activity of SP141, while the double knockout of both genes almost completely blocked its
activity [42]. This study suggests that a double targeting strategy may be a promising approach to
improve the efficacy and safety of MDM2 inhibitors for cancer treatment of advanced pancreatic cancer.

3. NFAT1 as a Target for Cancer Therapy

The NFAT family includes five gene products, NFAT1–NFAT5 [43]. All of the NFAT proteins
have a Rel homology domain (RHD) and a C-terminal domain [43]. NFAT1-4 possess an N-terminal
NFAT-homology domain (NHD), which comprises a transactivation domain and a calcineurin docking
site [44]. NFAT5 lacks this calcineurin docking site and is insensitive to calcineurin and calcium [45].
In resting cells, the calcium-sensitive NFAT proteins (NFAT1-4) exist in the hyperphosphorylated form
in the cytoplasm [43]. However, upon stimulation, these NFAT proteins are dephosphorylated by
calcineurin and translocate into the nucleus, where they activate the transcription of downstream gene
targets, thus providing a link between calcium signaling and gene expression [43]. Dysregulation
of NFAT signaling is associated with cancer development and progression [43,46]. Studies have
shown that NFAT isoforms are overexpressed in several cancer types, including breast cancer [47,48],
pancreatic cancer [49], Burkitt’s lymphoma [50], and aggressive T cell lymphoma [51]. Apart from the
increased protein levels of NFAT, aberrations in NFAT genes have also been identified [43]. For example,
chromosomal translocation in the NFAT1 gene takes place in Ewing sarcoma, where there is formation
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of an amplified chimeric gene by frame-fusion with the Ewing sarcoma breakpoint region 1 (EWSR1)
gene [52–54].

The NFAT proteins are involved in cancer cell proliferation, suppressing apoptosis, inducing
invasion and migration, and inducing drug resistance through calcineurin-dependent and -independent
pathways [42]. For instance, in breast cancer cells, NFAT1 induces MDM2 transcription and increases
p53 inactivation, leading to proliferation and an anti-apoptotic environment in cancer cells [12] (Figure 1).
In pancreatic cancer cells, NFAT2 is responsible for the displacement of the SMAD family member 3
(Smad3) repressor from the c-Myc gene promoter, leading to the activation of c-Myc transcription [55,56].
NFAT2 also promotes cancer stemness properties in the tumor cell population [57,58]. Constitutive
activation of NFAT1 drives breast cancer cell migration and invasion in vitro, apparently via the
induction of glypican-6 (GPC-6), cyclooxygenase-2 (COX-2), autotoxin, and prostaglandins [59–61].
NFAT5 activation also promotes breast cancer cell migration [62]. It has also been found that NFAT1
stabilizes ski-related novel protein N (SnoN) and mediates transforming growth factor (TGFβ)-induced
epithelial-mesenchymal transition in breast cancer cells by downregulating E-cadherin expression
and upregulating N-cadherin expression [63]. Although, in the original paper, the authors have not
suggested a relationship between NFAT1, MDM2, and E-cadherin, a possible mechanism of E-cadherin
downregulation may be caused by NFAT1-mediated upregulation of MDM2. Yang et al. confirmed that
E-cadherin is an MDM2 E3 ubiquitin ligase substrate and MDM2 interacts with E-cadherin, resulting in
its ubiquitination and degradation [64]. NFAT proteins also play roles in angiogenesis by regulating the
transcription of vascular endothelial growth factor (VEGF) receptor 1 in cancer cells [65]. Furthermore,
NFAT proteins employ epigenetic means to affect various signaling molecules involved in cancer
progression and development [42]. Overall, the crucial importance of NFAT proteins in promoting
cancer development and progression suggests that it is an attractive target for cancer therapy.

Inhibition of NFAT signaling has been investigated as a promising strategy for cancer therapy.
Several classical inhibitors of calcineurin-NFAT signaling, including cyclosporine A (CsA) and
tacrolimus, have shown significant anticancer activity in vitro and in vivo [66–69]. Mechanistically,
tacrolimus and CsA bind to the immunophilin protein and form a drug-immunophilin complex [70].
Since a drug-immunophilin complex directly binds to calcineurin and inhibits its activity, several
proteins remain phosphorylated instead of being dephosphorylated, including NFAT, leading to
anticancer effects [71,72]. Quercetin, a flavonoid, inhibits tumor growth in a breast cancer xenograft
model [73]. Mechanistically, quercetin suppresses the calcineurin/NFAT pathway, inhibiting the
expression of VEGF and VEGF receptor 2 (VEGFR2) [73]. Apart from chemical compounds, a peptide
termed VIVIT has been developed to inhibit the calcineurin–NFAT interaction, and inhibited NFAT
dephosphorylation and nuclear translocation in a model of chronic lymphocytic leukemia [42,74,75].
Although targeting NFAT signaling is a promising approach for cancer therapy, the long-term use of
NFAT inhibitors may result in a reduction of immunosurveillance in the tumor microenvironment,
subsequently increasing cancer development [76,77]. Thus, it is important that exhaustive studies
are carried out to minimize the adverse effects of NFAT inhibitors before their use to target different
human malignancies.

4. Dual Inhibition of the NFAT1 and MDM2 Pathways for Cancer Therapy

4.1. Regulation of MDM2 Expression by NFAT1 and Clinical Relevance

As aforementioned, our lab has demonstrated that NFAT1 regulates MDM2 transcription
and activates MDM2 expression [12,33]. The first clue to suggest NFAT1 might regulate MDM2
expression was discovered during our search for natural product MDM2 inhibitors [33]. Genistein,
a well-documented natural chemopreventive agent, directly downregulates the MDM2 oncogene,
by reducing the levels of MDM2 mRNA and protein in several tested human cell lines, including
cancers of the breast, colon, and prostate, and normal cell lines, such as primary fibroblasts and
breast epithelial cells. Most importantly, we have demonstrated that such inhibitory effects at both
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transcriptional and post-translational levels were independent of tyrosine kinase pathways, which
have long been believed as the major mechanism of action for genistein.

Further experiments have demonstrated that the NFAT transcription site in the region of the
MDM2 P2 promoter is responsive to genistein treatment [33], as first evidence supporting that NFAT1
may regulate MDM2 mRNA expression. Further biochemical and molecular studies have demonstrated
that NFAT1 directly binds the MDM2 P2 promoter, upregulating MDM2 transcription. Enforced
overexpression of NFAT1 in cell lines results in a significant increase in the MDM2 protein level,
reducing p53 activation and preventing p53′s response to DNA damage treatment, which suggests
that NFAT1′s oncogenic function may be linked to MDM2 activation. The clinical importance of
NFAT1 and MDM2 interaction has been demonstrated by several clinical studies [12,39]. Extensive
immunohistochemistry (IHC) studies have demonstrated that the levels of both NFAT1 and MDM2
proteins in human hepatocellular carcinoma (HCC) tumor tissues are significantly higher than that of
adjacent normal liver tissues, with a positive correlation between the NFAT1 and MDM2 levels being
observed in tumor tissues [12].

The next question we asked is if the expression levels of NFAT1 and MDM2 are correlated with
the therapeutic outcomes in the clinic. In a recent study [37] aiming at an investigation of the possible
correlation between high tumor expression of MDM2 and NFAT1 and a poor prognosis in 254 HCC
patients, tissue microarrays (TMAs) were examined, revealing that as high as 60.6% of the HCC cases
had high MDM2 expression, and the overexpression of MDM2 was significantly associated with
several factors indicating an aggressive clinicopathological course, such as a high alpha-fetoprotein
(AFP) level, large tumor size, intensive vascular invasion, and higher tumor stage [37]. Furthermore,
HCC patients with high MDM2 expression levels were shown to have lower overall survival (OS) and
recurrence-free survival (RFS) than that with low MDM2 expression. Further, multivariate analysis has
indicated that the MDM2 expression level is as an independent prognostic factor for the prognosis
of HCC patients [37]. Similarly, 57.5% of the HCC cases were shown to have overexpressed NFAT1
and the HCC patients with high NFAT1 expression showed more metastasis and aggressive tumors.
HCC patients with high levels of NFAT1 had a shorter OS and RFS, indicating that NFAT1 is an
independent prognostic factor for the OS and RFS in HCC patients [37]. More interestingly, MDM2 and
NFAT1 were shown to be simultaneously overexpressed in many HCC patients, which was correlated
with poor prognosis in those HCC patients as determined by the OS and RFS rates at 1, 3, 5, and 7 years
post-hepatectomy [37].

4.2. Search for NFAT1 and MDM2 Inhibitors

Since both MDM2 and NFAT1 have independent oncogenic roles in cancer progression and
development, simultaneously targeting both proteins represents a novel strategy for cancer treatment.
NFAT exists in different isoforms, and each isoform plays a functionally distinct role in human cancer.
For instance, NFAT1 and NFAT2 contribute to cancer development, while NFAT3 functions as a tumor
suppressor [78–81]. The currently available NFAT inhibitors may not be adequate for inhibition of
the NFAT1-MDM2 pathway in the clinical setting due to their non-selective effects impacting all of
the NFAT isoforms [13]. It is thus important to design specific small molecule inhibitors targeting the
NFAT1-MDM2-p53 pathway to provide safer and more effective cancer therapy.

There are three main strategies that can be used to inhibit NFAT1 activity: (1) Blocking NFAT1
binding to the P2 promoter of MDM2, (2) inhibiting NFAT1 dephosphorylation and/or promoting
NFAT1 phosphorylation, and (3) destabilizing the NFAT1 protein [13]. Similarly, there are also three
major strategies that can be used to inhibit MDM2 expression and activity: (1) Stimulating MDM2
auto-ubiquitination and proteasomal degradation, (2) blocking the MDM2–p53 or MDM2–other protein
interactions, and (3) inhibiting MDM2 expression [13]. Small molecules can be developed to inhibit
NFAT1 and MDM2 using the strategies as shown in Figure 1. Ideally, there would be a molecule
that can simultaneously act on both targets, providing greater anticancer efficacy and less chance of
resistance due to mutations in one of the targets.
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4.3. Discovery and Evaluation of Dual NFAT1 and MDM2 Inhibitors

Following our initial discovery of genistein as a NFAT1 and MDM2 dual inhibitor [33], there
is an increasing interest in identifying more specific MDM2 and NFAT1 dual inhibitors. With our
collaborators, we have recently identified several small molecule inhibitors that can simultaneously
inhibit both NFAT1 and MDM2, and showed that these exert anticancer effects in vitro and in vivo
against several models of cancer (Table 1). Computational structure-based screening leads to the
identification of natural product dual NFAT-MDM2 inhibitors, such as JapA [82,83], InuA [84],
and LinA [85]. For instance, JapA inhibits breast cancer growth via a dual-targeting mechanism
and involves several different effects: (1) The direct binding of JapA to the p53-binding domain of
the MDM2 protein and promotion of MDM2 auto-ubiquitination and degradation, independent of
p53 [82]; (2) inhibition of NFAT1-mediated MDM2 transcription by suppressing NFAT1 binding to the
P2 promoter of MDM2 [83]; and (3) via the induction of NFAT1 ubiquitination and degradation [83].
As JapA analogs, LinA and InuA also suppress breast cancer growth both in vitro and in vivo, and these
effects are dependent on their inhibition of NFAT1 and MDM2 [84,85]. Of note, the three naturally
occurring compounds may have limited application until a large amount of compounds becomes
available through purification from natural sources or a total synthesis.

Table 1. Selected NFAT1-MDM2 dual inhibitors and in vitro and in vivo anticancer activities.

Compound Structure In Vitro and In Vivo Activities

Japonicone A (JapA)
[82,83]
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More recently, we have identified a synthetic small molecule NFAT1 and MDM2 inhibitor, termed
MA242, which has been shown to inhibit tumor growth in in vitro and in vivo models of pancreatic
cancer and HCC [36,37]. MA242 directly binds both MDM2 and NFAT1 with high affinity, induces
their protein degradation, and inhibits NFAT1-mediated MDM2 transcription. MA242 decreases cell
proliferation and induces apoptosis in pancreatic cancer cell lines, regardless of p53 status [36]. In the
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in vivo studies, MA242 inhibits tumor growth and metastasis without any host toxicity, when used
alone or in combination with gemcitabine, a clinically used chemotherapeutic agent for pancreatic
cancer [36]. Similar results have been recently seen with in vitro and in vivo models of HCC [37].
MA242 profoundly inhibits the growth and metastasis of HCC cells, regardless of the status of p53
in the cancer cells [37]. In brief, the aforementioned efficacy and mechanistic studies provide strong
proof-of-principle data to support the translational potential of the NFAT1 and MDM2 dual targeting
strategy in future cancer drug discovery and development.

5. Conclusions

Thus far, most MDM2 inhibitors under preclinical and clinical development target MDM2–p53
binding and are expected to have little or no effect on cancers without functional p53, including most
advanced cancers, such as pancreatic cancer, breast cancer, and HCC. Of note, small molecules that
inhibit MDM2–p53 binding indeed show efficacy against p53 wild-type cancers, but most patients
who have p53-mutant tumors may have intrinsic resistance to such p53-dependent MDM2 inhibitors.
Therefore, p53-independent MDM2 inhibitors may have an implication in a broad spectrum of cancers.
As shown in our preclinical studies, targeting the NFAT1-MDM2 pathways is of prime importance to
improve the effectiveness of cancer therapy, especially for tumors without functional p53 expression.
This approach is based on clinical evidence that NFAT1 and MDM2 are both overexpressed and
constitutively activated in different malignancies, and are associated with a high incidence of metastasis
and poor prognosis. Our laboratory research has also demonstrated that NFAT1 activates MDM2
transcription via a p53-independent mechanism, and the NFAT1-MDM2 pathway is activated in several
cancer cells and clinical tissues. Major efforts are being made to identify new small molecule inhibitors
targeting the NFAT1-MDM2 pathway, and to further validate the potential of such inhibitors used
alone or in combination in different cancer models.

Interestingly, our findings suggest that NFAT1-MDM2 dual inhibitors may play an important role
in the cell cycle check point. As mentioned, p53 participates in multiple cell cycle checkpoints and the
importance of MDM2 itself in cell cycle arrest has been largely studied and reviewed [5–7]. In addition
to downregulating p53, MDM2 interacts with and regulates other molecules, including pRb, E2F1,
p21, Cyclin G1, and cyclin-dependent kinase (CDKs), implicating MDM2 in the regulation of cell
cycle progression irrespective of the p53 status of cells [5–7]. On the other hand, NFAT1 knockout
causes altered expression of stage-specific cyclin in lymphocytes, suggesting that NFAT1 plays a
major role in regulating cell cycle progression [86–88]. In addition, NFAT1 activates the hTERT gene
and promotes cell cycle progression in activated peripheral blood lymphocytes [89]. Our recently
discovered NFAT1-MDM2 dual inhibitors suppress tumor growth, resulting in cell cycle arrest in
different cancer types [36,37,82–85]. Considering that both MDM2 and NFAT1 play pivotal roles in
cell cycle progression, targeting both proteins should generate highly efficient therapeutic agents.
In addition, while progress has been made in identifying numerous molecules associated with cell cycle
checkpoint control and in evaluating new-generation cell cycle checkpoint inhibitors in preclinical
and clinical settings, leading to the first successful Food and Drug Administration (FDA)-approved
cancer therapeutic directly targeting cell cycle [90], it is important to note that only a low percentage
of patients can benefit from the existing targeted therapies. The new identified NFAT1-MDM2 dual
inhibitors may combine well with the cell cycle checkpoint inhibitors, providing new possibilities for
improved efficacy of conventional treatment alone.

Recently, hallmark tumor metabolism has become a promising target for anticancer
therapeutics [91]. Although several metabolic pathways have been targeted and several clinical
trials have been completed, the overall results of the first generation of compounds have been
disappointing [91,92]. p53 is recognized as an important metabolism regulator and is involved in
the metabolism of amino acids, fatty acids, and glucose; oxidative phosphorylation; reactive oxygen
species (ROS) regulation; tricarboxylic acid (TCA) cycle; and growth factor signaling [93]. The role of
MDM2 and NFAT1 in metabolism is not clearly understood but several studies have been demonstrated
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that MDM2 and NFAT1 play critical roles in metabolism regulation and may contribute to tumor
progression [94–99]. For instance, a recent study demonstrated that MDM2 directly binds to activating
transcription factors 3 and 4 (ATF3/4) and regulates a transcriptional activation program involved in
amino acid metabolism and redox homeostasis independent of p53 [94,95]. Interestingly, the same
research group also found that in the conditions of serine and glycine deprivation and oxidative
stress, MDM2 is modulated by pyruvate kinase M2 (PKM2), a key glycolytic enzyme, and controls
serine/glycine metabolism and supports cancer growth by regulation of the glutathione metabolism,
oxidized nicotinamide adenine dinucleotide (NAD)/reduced nicotinamide adenine dinucleotide
(NADH) ratio, and ROS levels, independent of p53 [94,95]. During oxidative stress and hypoxia,
increased mitochondrial MDM2 represses NADH-dehydrogenase 6 (MT-ND6) transcription and
decreases respiratory complex I activity, resulting in enhanced cancer cell migration and invasion [96].
MDM2 also directly interacts with dihydrofolate reductase (DHFR), a key enzyme in folate metabolism,
catalyzes its monoubiquitination and reduces its activity, resulting in regulation of folate metabolism
which is intimately connected with DNA metabolism and nucleic acids and protein methylation [97].
Acetyl coenzyme A (Acetyl-CoA) represents a required acetyl donor for lysine acetylation and interacts
with many metabolic pathways and transformations [97]. A recent study has shown that Acetyl-CoA
promotes cell adhesion and migration in glioblastoma cells. Mechanistically, NFAT1 has been found
to mediate acetyl-CoA-dependent gene regulation and cell migration; when acetyl-CoA is abundant,
acetyl-CoA induces NFAT1 dephosphorylation and nuclear translocation through the control of Ca2+

homeostasis [98]. Based on novel discoveries and recent progress made in cancer biology in the last
few years, future work will be required to elucidate the molecular mechanisms of MDM2 and NFAT1
in cancer metabolism and provide molecular insights to guide future single agent or combinatorial
treatment options. Studies of how NFAT1-MDM2 dual inhibitors affect key regulatory pathways
should lead to a better understanding of the efficacy of treatments. The efficacy and mechanistic
studies will also lead to the identification of prognostic biomarkers for drug response and contribute
toward more efficacious and convenient treatment option to patients.

Exploiting metabolic changes to identify anticancer compounds provides novel opportunities
for therapeutic intervention in advanced cancer. For instance, oncogenic Ki-ras2 Kirsten rat sarcoma
viral oncogene homolog (KRAS) mutations are present in about 30% of all human cancers [100,101].
KRAS has been considered to be undruggable and there are currently no effective targeted therapies
for patients with KRAS mutant cancers [100,101]. Recent studies have demonstrated that mutant
KRAS-driven cancer cells bypass the glutamine-dependent late G1 checkpoint and arrest in S phase due
to the lack of aspartate, presenting exciting opportunities for therapeutic intervention in KRAS-driven
cancers [102,103]. The MDM2–p53 interaction inhibitor AMG 232 shows excellent anticancer activity
in wild-type p53 HCT116 cells carrying the KRAS mutant [104,105]. A recent study found that the
combination of the MDM2–p53 interaction inhibitor (SAR405838) and mitogen-activated protein kinase
(MEK) inhibitor (Pimasertib) increases the PUMA and Bcl-2-like protein 11 (BIM) proteins level and leads
to cell growth inhibition and apoptosis induction in KRAS mutant and TP53 wild-type non-small cell
lung cancers and colorectal cancer models [106]. In another study, the MDM2–p53 interaction inhibitor
PXN822 alone or combined with topoisomerase II inhibitor can induce cell death in KRAS-mutated
murine pancreatic ductal adenocarcinoma cells, regardless of the p53 status [107]. Interestingly, NFATc1
activation is induced by inflammation and by itself or in cooperation with signal transducer and
activator of transcription 3 (STAT3) in pancreatic epithelial cells accelerates carcinogenesis in KrasG12D

mice [108]. Pharmacological and genetic strategies to disrupt the NFATc1-STAT3 complex diminishes
its tumor-promoting effects [108]. These findings may suggest that dual targeting of MDM2 and NFAT1
is an effective and safe strategy for the treatment of KRAS-driven cancers. The knowledge provided by
the recent studies also helps to build the rational for the future design of combinatorial therapies for
KRAS-driven cancers.

There is an increasing interest in developing agents that target two or more well-defined molecules
as novel anticancer therapeutics. Multiple targeting can be achieved using several agents in combination,
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or may be achievable using individual agents with multiple targets [109]. Targeting both NFAT1 and
MDM2 using a single small molecule is a novel strategy to develop an effective targeted therapy
for advanced cancer. Although research related to identifying new dual NFAT1-MDM2 inhibitors
is accelerating, more work is needed to elucidate the binding affinity and specificity of the dual
NFAT1-MDM2 inhibitors, the precise mechanisms underlying their activity in cancer cells with
both wild-type and mutant p53, and also potential immune and other host toxicities that might
arise during longer-term or repeated use. Furthermore, high-throughput screening techniques and
natural/synthetic combinatorial libraries, along with biochemical and molecular biology approaches,
should be implemented for the development of new and effective dual NFAT1-MDM2 inhibitors.
Finally, the true potential of such a novel approach relies on future preclinical (pharmacological,
pharmaceutical, and toxicological studies) and clinical investigations on the lead compounds and
future candidate compounds.

Author Contributions: Study concept and design: W.W. and R.Z.; Drafting of the manuscript: W.W., A.Z., M.R.,
and R.Z.; Administrative, technical, or material support: W.W., R.Z.; Study supervision: W.W., R.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Institutes of Health (NIH)/National Cancer Institute grants R01
CA186662 and R01CA214019 and American Cancer Society (ACS) grant RSG-15-009-01-CDD to R.Z. and W.W.,
R.Z. was partially supported by funds for Robert L. Boblitt Endowed Professor in Drug Discovery and research
funds from College of Pharmacy and University of Houston. The content is solely the responsibility of the authors,
and does not necessarily represent the official views of the National Institutes of Health or other funding agencies.

Acknowledgments: We thank the current and former members of our laboratory and our collaborators for their
contributions to the publications cited in this review article. Considering that the p53-MDM2 research is a rapid
growing field, we apologize for not being able to cite many publications due to the limited space allotted for this
review. We thank Elizabeth Rayburn for excellent assistance in the preparation of this manuscript.

Conflicts of Interest: The authors do not report any conflict of interest.

References

1. Cahilly-Snyder, L.; Yang-Feng, T.; Francke, U.; George, D.L. Molecular analysis and chro- mosomal mapping
of amplified genes isolated from a transformed mouse 3T3 cell line. Somat. Cell Mol. Genet. 1987, 13, 235–244.
[CrossRef] [PubMed]

2. Ware, P.L.; Snow, A.N.; Gvalani, M.; Pettenati, M.J.; Qasem, S.A. MDM2 copy numbers in well-differentiated
and dedifferentiated liposarcoma: Characterizing progression to high-grade tumours. Am. J. Clin. Pathol.
2014, 141, 334–341. [CrossRef] [PubMed]

3. Momand, J.; Jung, D.; Wilczynski, S.; Niland, J. The MDM2 gene amplification database. Nucleic Acids Res.
1998, 26, 3453–3459. [CrossRef]

4. Onel, K.; Cordon-Cardo, C. MDM2 and prognosis. Mol. Cancer Res. 2004, 2, 1–8. [PubMed]
5. Nag, S.; Qin, J.; Srivenugopal, K.S.; Wang, M.; Zhang, R. The MDM2-p53 pathway revisited. J. Biomed. Res.

2013, 27, 254–271.
6. Karni-Schmidt, O.; Lokshin, M.; Prives, C. The roles of MDM2 and MDMX in cancer. Annu. Rev. Pathol.

2016, 11, 617–644. [CrossRef]
7. Wade, M.; Li, Y.C.; Wahl, G.M. MDM2, MDMX and p53 in oncogenesis and cancer therapy. Nat. Rev. Cancer

2013, 13, 83–96. [CrossRef]
8. Oliner, J.D.; Kinzler, K.W.; Meltzer, P.S.; George, D.L.; Vogelstein, B. Amplification of a gene encoding a

p53-associated protein in human sarcomas. Nature 1992, 358, 80–83. [CrossRef]
9. Momand, J.; Zambetti, G.P.; Olson, D.C.; George, D.; Levine, A.J. The mdm-2 oncogene product forms a

complex with the p53 protein and inhibits p53-mediated transactivation. Cell 1992, 69, 1237–1245. [CrossRef]
10. Zhang, Z.; Li, M.; Wang, H.; Agrawal, S.; Zhang, R. Antisense therapy targeting MDM2 oncogene in prostate

cancer: Effects on proliferation, apoptosis, multiple gene expression, and chemotherapy. Proc. Natl. Acad.
Sci. USA 2003, 100, 11636–11641. [CrossRef]

11. Gu, L.; Zhu, N.; Zhang, H.; Durden, D.L.; Feng, Y.; Zhou, M. Regulation of XIAP translation and induction
by MDM2 following irradiation. Cancer Cell 2009, 15, 363–375. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/BF01535205
http://www.ncbi.nlm.nih.gov/pubmed/3474784
http://dx.doi.org/10.1309/AJCPLYU89XHSNHQO
http://www.ncbi.nlm.nih.gov/pubmed/24515760
http://dx.doi.org/10.1093/nar/26.15.3453
http://www.ncbi.nlm.nih.gov/pubmed/14757840
http://dx.doi.org/10.1146/annurev-pathol-012414-040349
http://dx.doi.org/10.1038/nrc3430
http://dx.doi.org/10.1038/358080a0
http://dx.doi.org/10.1016/0092-8674(92)90644-R
http://dx.doi.org/10.1073/pnas.1934692100
http://dx.doi.org/10.1016/j.ccr.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19411066


Cells 2020, 9, 1176 11 of 15

12. Zhang, X.; Zhang, Z.; Cheng, J.; Li, M.; Wang, W.; Xu, W.; Wang, H.; Zhang, R. Transcription factor NFAT1
activates the mdm2 oncogene independent of p53. J. Biol. Chem. 2012, 287, 30468–30476. [CrossRef]
[PubMed]

13. Qin, J.J.; Wang, W.; Zhang, R. Experimental therapy of advanced breast cancer: Targeting NFAT1–MDM2–p53
pathway. Prog. Mol. Biol. Transl. Sci. 2017, 151, 195–216. [PubMed]

14. Prives, C.; Hall, P.A. The p53 pathway. J. Pathol. 1999, 187, 112–126. [CrossRef]
15. Sionov, R.V.; Haupt, Y. The cellular response to p53: The decision between life and death. Oncogene 1999, 18,

6145–6157. [CrossRef] [PubMed]
16. Vousden, K.H.; Lu, X. Live or let die: The cell’s response to p53. Nat. Rev. Cancer 2002, 2, 594–604. [CrossRef]
17. Abbas, T.; Dutta, A. p21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009, 9,

400–414. [CrossRef]
18. Haupt, Y.; Maya, R.; Kazaz, A.; Oren, M. Mdm2 promotes the rapid degradation of p53. Nature 1997, 387,

296–299. [CrossRef]
19. Kubbutat, M.H.; Jones, S.N.; Vousden, K.H. Regulation of p53 stability by Mdm2. Nature 1997, 387, 299–303.

[CrossRef]
20. Honda, R.; Tanaka, H.; Yasuda, H. Oncoprotein MDM2 is a ubiquitin ligase E3 for tumor suppressor p53.

FEBS Lett. 1997, 420, 25–27. [CrossRef]
21. Iwakuma, T.; Lozano, G. MDM2, an introduction. Mol. Cancer Res. 2003, 1, 993–1000. [PubMed]
22. Shaikh, M.F.; Morano, F.; Lee, J.; Gleeson, E.; Babcock, B.D.; Michl, J.; Sarafraz-Yazdim, E.; Pincus, M.R.;

Bowne, W.B. Emerging Role of MDM2 as target for anti-cancer therapy: A review. Ann. Clin. Lab. Sci. 2016,
46, 627–634. [PubMed]

23. Fakharzadeh, S.S.; Trusko, S.P.; George, D.L. Tumorigenic potential associated with enhanced expression of a
gene that is amplified in a mouse tumor cell line. EMBO J. 1991, 10, 1565–1569. [CrossRef] [PubMed]

24. Moll, U.M.; Petrenko, O. The MDM2-p53 interaction. Mol. Cancer Res. 2003, 1, 1001–1008. [PubMed]
25. Ding, K.; Lu, Y.; Nikolovska-Coleska, Z.; Wang, G.; Qiu, S.; Shangary, S.; Gao, W.; Qin, D.; Stuckey, J.;

Krajewski, K.; et al. Structure-based design of spiro-oxindoles as potent, specific small-molecule inhibitors of
the MDM2-p53 interaction. J. Med. Chem. 2006, 49, 3432–3435. [CrossRef] [PubMed]

26. Shangary, S.; Qin, D.; McEachern, D.; Liu, M.; Miller, R.S.; Qiu, S.; Nikolovska-Coleska, Z.; Ding, K.; Wang, G.;
Chen, J.; et al. Temporal activation of p53 by a specific MDM2 inhibitor is selectively toxic to tumours and
leads to complete tumor growth inhibition. Proc. Natl. Acad. Sci. USA 2008, 105, 3933–3938. [CrossRef]

27. Vassilev, L.T.; Vu, B.T.; Graves, B.; Carvajal, D.; Podlaski, F.; Filipovic, Z.; Kong, N.; Kammlott, U.; Lukacs, C.;
Klein, C.; et al. In vivo activation of the p53 pathway by small-molecule antagonists of MDM2. Science 2004,
303, 844–848. [CrossRef]

28. Beloglazkina, A.; Zyk, N.; Majouga, A.; Beloglazkina, E. Recent small-molecule inhibitors of the p53-MDM2
protein-protein interaction. Molecules 2020, 25, 1211. [CrossRef]

29. Klein, C.; Vassilev, L.T. Targeting the p53-MDM2 interaction to treat cancer. Br. J. Cancer 2004, 91, 1415–1419.
[CrossRef]

30. Buolamwini, J.K.; Addo, J.; Kamath, S.; Patil, S.; Mason, D.; Ores, M. Small molecule antagonists of the
MDM2 oncoprotein as anticancer agents. Curr. Cancer Drug Targets 2005, 5, 57–68. [CrossRef]

31. Burgess, A.; Chia, K.M.; Haupt, S.; Thomas, D.; Haupt, Y.; Lim, E. Clinical Overview of MDM2/X-Targeted
Therapies. Front. Oncol. 2016, 6, 7. [CrossRef] [PubMed]

32. Furet, P.; Masuya, K.; Kallen, J.; Stachyra-Valat, T.; Ruetz, S.; Guagnano, V.; Holzer, P.; Mah, R.; Stutz, S.;
Vaupel, A.; et al. Discovery of a novel class of highly potent inhibitors of the p53-MDM2 interaction
by structure-based design starting from a conformational argument. Bioorg. Med. Chem. Lett. 2016, 26,
4837–4841. [CrossRef] [PubMed]

33. Li, M.; Zhang, Z.; Hill, D.L.; Chen, X.; Wang, H.; Zhang, R. Genistein, a dietary isoflavone, down-regulates
the MDM2 oncogene at both transcriptional and posttranslational levels. Cancer Res. 2005, 65, 8200–8208.
[CrossRef] [PubMed]

34. Li, M.; Zhang, Z.; Hill, D.L.; Wang, H.; Zhang, R. Curcumin, a dietary component, has anticancer,
chemosensitization, and radiosensitization effects by down-regulating the MDM2 oncogene through the
PI3K/mTOR/ETS2 pathway. Cancer Res. 2007, 67, 1988–1996. [CrossRef]

35. Wang, W.; Rayburn, E.R.; Velu, S.E.; Nadkarni, D.H.; Murugesan, S.; Zhang, R. In vitro and in vivo anticancer
activity of novel synthetic makaluvamine analogues. Clin. Cancer Res. 2009, 15, 3511–3518. [CrossRef]

http://dx.doi.org/10.1074/jbc.M112.373738
http://www.ncbi.nlm.nih.gov/pubmed/22787160
http://www.ncbi.nlm.nih.gov/pubmed/29096894
http://dx.doi.org/10.1002/(SICI)1096-9896(199901)187:1&lt;112::AID-PATH250&gt;3.0.CO;2-3
http://dx.doi.org/10.1038/sj.onc.1203130
http://www.ncbi.nlm.nih.gov/pubmed/10557106
http://dx.doi.org/10.1038/nrc864
http://dx.doi.org/10.1038/nrc2657
http://dx.doi.org/10.1038/387296a0
http://dx.doi.org/10.1038/387299a0
http://dx.doi.org/10.1016/S0014-5793(97)01480-4
http://www.ncbi.nlm.nih.gov/pubmed/14707282
http://www.ncbi.nlm.nih.gov/pubmed/27993876
http://dx.doi.org/10.1002/j.1460-2075.1991.tb07676.x
http://www.ncbi.nlm.nih.gov/pubmed/2026149
http://www.ncbi.nlm.nih.gov/pubmed/14707283
http://dx.doi.org/10.1021/jm051122a
http://www.ncbi.nlm.nih.gov/pubmed/16759082
http://dx.doi.org/10.1073/pnas.0708917105
http://dx.doi.org/10.1126/science.1092472
http://dx.doi.org/10.3390/molecules25051211
http://dx.doi.org/10.1038/sj.bjc.6602164
http://dx.doi.org/10.2174/1568009053332672
http://dx.doi.org/10.3389/fonc.2016.00007
http://www.ncbi.nlm.nih.gov/pubmed/26858935
http://dx.doi.org/10.1016/j.bmcl.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27542305
http://dx.doi.org/10.1158/0008-5472.CAN-05-1302
http://www.ncbi.nlm.nih.gov/pubmed/16166295
http://dx.doi.org/10.1158/0008-5472.CAN-06-3066
http://dx.doi.org/10.1158/1078-0432.CCR-08-2689


Cells 2020, 9, 1176 12 of 15

36. Wang, W.; Qin, J.J.; Voruganti, S.; Nijampatnam, B.; Velu, S.E.; Ruan, K.H.; Hu, M.; Zhou, J.; Zhang, R.
Discovery and characterization of dual inhibitors of MDM2 and NFAT1 for Pancreatic cancer therapy.
Cancer Res. 2018, 78, 5656–5667. [CrossRef]

37. Wang, W.; Cheng, J.W.; Qin, J.J.; Hu, B.; Li, X.; Nijampatnam, B.; Velu, S.E.; Fan, J.; Yang, X.R.; Zhang, R.
MDM2-NFAT1 dual inhibitor, MA242: Effective against hepatocellular carcinoma, independent of p53.
Cancer Lett. 2019, 459, 156–167. [CrossRef]

38. Wang, W.; Zhao, Y.; Rayburn, E.R.; Hill, D.L.; Wang, H.; Zhang, R. In vitro anti-cancer activity and
structure-activity relationships of natural products isolated from fruits of Panax ginseng. Cancer Chemother.
Pharmacol. 2007, 59, 589–601. [CrossRef]

39. Nag, S.A.; Qin, J.J.; Wang, W.; Wang, M.H.; Wang, H.; Zhang, R. Ginsenosides as anticancer agents: In vitro
and in vivo activities, structure-activity relationships, and molecular mechanisms of action. Front. Pharmacol.
2012, 3, 25. [CrossRef]

40. Wang, W.; Qin, J.J.; Voruganti, S.; Wang, M.H.; Sharma, H.; Patil, S.; Zhou, J.; Wang, H.; Mukhopadhyay, D.;
Buolamwini, J.K.; et al. Identification of a new class of MDM2 inhibitor that inhibits growth of orthotopic
pancreatic tumors in mice. Gastroenterology 2014, 147, 893–902. [CrossRef]

41. Wang, W.; Qin, J.J.; Voruganti, S.; Srivenugopal, K.S.; Nag, S.; Patil, S.; Sharma, H.; Wang, M.H.; Wang, H.;
Buolamwini, J.K.; et al. The pyrido[b]indole MDM2 inhibitor SP-141 exerts potent therapeutic effects in
breast cancer models. Nat. Commun. 2014, 5, 5086. [CrossRef] [PubMed]

42. Qin, J.J.; Wang, W.; Li, X.; Deokar, H.; Buolamwini, J.K.; Zhang, R. Inhibiting β-Catenin by β-Carboline-Type
MDM2 Inhibitor for Pancreatic Cancer Therapy. Front. Pharmacol. 2018, 9, 5. [CrossRef]

43. Qin, J.J.; Nag, S.; Wang, W.; Zhou, J.; Zhang, W.D.; Wang, H.; Zhang, R. NFAT as cancer target: Mission
possible? Biochim. Biophys. Acta. 2014, 1846, 297–311. [CrossRef] [PubMed]

44. Luo, C.; Shaw, K.T.; Raghavan, A.; Aramburu, J.; Garcia-Cozar, F.; Perrino, B.A.; Hogan, P.G.; Rao, A.
Interaction of calcineurin with a domain of the transcription factor NFAT1 that controls nuclear import.
Proc. Natl. Acad. Sci. USA 1996, 93, 8907–8912. [CrossRef] [PubMed]

45. Lopez-Rodriguez, C.; Aramburu, J.; Rakeman, A.S.; Rao, A. NFAT5, a constitutively nuclear NFAT protein
that does not cooperate with Fos and Jun. Proc. Natl. Acad. Sci. USA 1999, 96, 7214–7219. [CrossRef]

46. Mancini, M.; Toker, A. NFAT proteins: Emerging roles in cancer progression. Nat. Rev. Cancer 2009, 9,
810–820. [CrossRef] [PubMed]

47. Yoeli-Lerner, M.; Yiu, G.K.; Rabinovitz, I.; Erhardt, P.; Jauliac, S.; Toker, A. Akt blocks breast cancer cell
motility and invasion through the transcription factor NFAT. Mol. Cell 2005, 20, 539–550. [CrossRef]

48. Yoeli-Lerner, M.; Chin, Y.R.; Hansen, C.K.; Toker, A. Akt/protein kinase b and glycogen synthase kinase-3beta
signaling pathway regulates cell migration through the NFAT1 transcription factor. Mol. Cancer Res. 2009, 7,
425–432. [CrossRef]

49. Baumgart, S.; Glesel, E.; Singh, G.; Chen, N.M.; Reutlinger, K.; Zhang, J.; Billadeau, D.D.;
Fernandez–Zapico, M.E.; Gress, T.M.; Singh, S.K.; et al. Restricted heterochromatin formation links
NFATc2 repressor activity with growth promotion in pancreatic cancer. Gastroenterology 2012, 142, 388–398.
[CrossRef]

50. Marafioti, T.; Pozzobon, M.; Hansmann, M.L.; Ventura, R.; Pileri, S.A.; Roberton, H.; Gesk, S.; Gaulard, P.;
Barth, T.F.; Du, M.Q.; et al. The NFATc1 transcription factor is widely expressed in white cells and translocates
from the cytoplasm to the nucleus in a subset of human lymphomas. Br. J. Haematol. 2005, 128, 333–342.
[CrossRef]

51. Pham, L.V.; Tamayo, A.T.; Yoshimura, L.C.; Lin-Lee, Y.C.; Ford, R.J. Constitutive NFkappaB and NFAT
activation in aggressive B-cell lymphomas synergistically activates the CD154 gene and maintains lymphoma
cell survival. Blood 2005, 106, 3940–3947. [CrossRef]

52. Szuhai, K.; Ijszenga, M.; de Jong, D.; Karseladze, A.; Tanke, H.J.; Hogendoorn, P.C. The NFATc2 gene is
involved in a novel cloned translocation in a Ewing sarcoma variant that couples its function in immunology
to oncology. Clin. Cancer Res. 2009, 15, 2259–2268. [CrossRef] [PubMed]

53. Arbajian, E.; Magnusson, L.; Brosjo, O.; Wejde, J.; Folpe, A.L.; Nord, K.H.; Mertens, F. A benign vascular
tumor with a new fusion gene: EWSR1-NFATC1 in hemangioma of the bone. Am. J. Surg. Pathol. 2013, 37,
613–616. [CrossRef] [PubMed]

54. Sankar, S.; Lessnick, S.L. Promiscuous partnerships in Ewing’s sarcoma. Cancer Genet. 2011, 204, 351–365.
[CrossRef] [PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-17-3939
http://dx.doi.org/10.1016/j.canlet.2019.114429
http://dx.doi.org/10.1007/s00280-006-0300-z
http://dx.doi.org/10.3389/fphar.2012.00025
http://dx.doi.org/10.1053/j.gastro.2014.07.001
http://dx.doi.org/10.1038/ncomms6086
http://www.ncbi.nlm.nih.gov/pubmed/25271708
http://dx.doi.org/10.3389/fphar.2018.00005
http://dx.doi.org/10.1016/j.bbcan.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25072963
http://dx.doi.org/10.1073/pnas.93.17.8907
http://www.ncbi.nlm.nih.gov/pubmed/8799126
http://dx.doi.org/10.1073/pnas.96.13.7214
http://dx.doi.org/10.1038/nrc2735
http://www.ncbi.nlm.nih.gov/pubmed/19851316
http://dx.doi.org/10.1016/j.molcel.2005.10.033
http://dx.doi.org/10.1158/1541-7786.MCR-08-0342
http://dx.doi.org/10.1053/j.gastro.2011.11.001
http://dx.doi.org/10.1111/j.1365-2141.2004.05313.x
http://dx.doi.org/10.1182/blood-2005-03-1167
http://dx.doi.org/10.1158/1078-0432.CCR-08-2184
http://www.ncbi.nlm.nih.gov/pubmed/19318479
http://dx.doi.org/10.1097/PAS.0b013e31827ae13b
http://www.ncbi.nlm.nih.gov/pubmed/23480895
http://dx.doi.org/10.1016/j.cancergen.2011.07.008
http://www.ncbi.nlm.nih.gov/pubmed/21872822


Cells 2020, 9, 1176 13 of 15

55. Buchholz, M.; Schatz, A.; Wagner, M.; Michl, P.; Linhart, T.; Adler, G.; Gress, T.M.; Ellenrieder, V.
Overexpression of c-myc in pancreatic cancer caused by ectopic activation of NFATc1 and the Ca2+/calcineurin
signaling pathway. EMBO J. 2006, 25, 3714–3724. [CrossRef]

56. Singh, G.; Singh, S.K.; König, A.; Reutlinger, K.; Nye, M.D.; Adhikary, T.; Eilers, M.; Gress, T.M.;
Fernandez-Zapico, M.E.; Ellenrieder, V. Sequential activation of NFAT and c-Myc transcription factors
mediates the TGF-beta switch from a suppressor to a promoter of cancer cell proliferation. J. Biol. Chem.
2010, 285, 27241–27250. [CrossRef]

57. Horsley, V.; Aliprantis, A.O.; Polak, L.; Glimcher, L.H.; Fuchs, E. NFATc1 balances quiescence and proliferation
of skin stem cells. Cell 2008, 132, 299–310. [CrossRef]

58. Mani, S.A.; Guo, W.; Liao, M.J.; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; Zhang, C.C.;
Shipitsin, M.; et al. The epithelial–mesenchymal transition generates cells with properties of stem cells. Cell
2008, 133, 704–715. [CrossRef]

59. Yiu, G.K.; Kaunisto, A.; Chin, Y.R.; Toker, A. NFAT promotes carcinoma invasive migration through
glypican-6. Biochem. J. 2011, 440, 157–166. [CrossRef]

60. Yiu, G.K.; Toker, A. NFAT induces breast cancer cell invasion by promoting the induction of cyclooxygenase-2.
J. Biol. Chem. 2006, 281, 12210–12217. [CrossRef]

61. Chen, M.; O’Connor, K.L. Integrin alpha6beta4 promotes expression of autotaxin/ENPP2 autocrine motility
factor in breast carcinoma cells. Oncogene 2005, 24, 5125–5130. [CrossRef] [PubMed]

62. Jauliac, S.; Lopez-Rodriguez, C.; Shaw, L.M.; Brown, L.F.; Rao, A.; Toker, A. The role of NFAT transcription
factors in integrin-mediated carcinoma invasion. Nat. Cell Biol. 2002, 4, 540–544. [CrossRef] [PubMed]

63. Sengupta, S.; Jana, S.; Biswas, S.; Mandal, P.K.; Bhattacharyya, A. Cooperative involvement of NFAT and SnoN
mediates transforming growth factor-beta (TGF-beta) induced EMT in metastatic breast cancer (MDA-MB
231) cells. Clin. Exp. Metastasis 2013, 30, 1019–1031. [CrossRef] [PubMed]

64. Yang, J.Y.; Zong, C.S.; Xia, W.; Wei, Y.; Ali-Seyed, M.; Li, Z.; Broglio, K.; Berry, D.A.; Hung, M.C. MDM2
promotes cell motility and invasiveness by regulating E-cadherin degradation. Mol. Cell Biol. 2006, 26,
7269–7282. [CrossRef]

65. Baggott, R.R.; Alfranca, A.; Lopez-Maderuelo, D.; Mohamed, T.M.; Escolano, A.; Oller, J.; Ornes, B.C.;
Kurusamy, S.; Rowther, F.B.; Brown, J.E.; et al. Plasma membrane calcium ATPase isoform 4 inhibits vascular
endothelial growth factor-mediated angiogenesis through interaction with calcineurin. Arterioscler Thromb
Vasc Biol. 2014, 34, 2310–2320. [CrossRef]

66. Medyouf, H.; Alcalde, H.; Berthier, C.; Guillemin, M.C.; dos Santos, N.R.; Janin, A.; Decaudin, D.; de Thé, H.;
Ghysdael, J. Targeting calcineurin activation as a therapeutic strategy for T-cell acute lymphoblastic leukemia.
Nat. Med. 2007, 13, 736–741. [CrossRef]

67. Lee, C.R.; Chun, J.N.; Kim, S.Y.; Park, S.; Kim, S.H.; Park, E.J.; Kim, I.S.; Cho, N.H.; Kim, I.G.; So, I.; et al.
Cyclosporin A suppresses prostate cancer cell growth through CaMKKβ/AMPK-mediated inhibition of
mTORC1 signaling. Biochem. Pharmacol. 2012, 84, 425–431. [CrossRef]

68. Garrido, W.; Munoz, M.; San Martin, R.; Quezada, C. FK506 confers chemosensitivity to anticancer drugs in
glioblastoma multiforme cells by decreasing the expression of the multiple resistance-associated protein-1.
Biochem. Biophys. Res. Commun. 2011, 411, 62–68. [CrossRef]

69. Romano, S.; Di Pace, A.; Sorrentino, A.; Bisogni, R.; Sivero, L.; Romano, M.F. FK506 binding proteins as
targets in anticancer therapy. Anticancer Agents Med. Chem. 2010, 10, 651–656. [CrossRef]

70. Liu, J.; Farmer, J.D., Jr.; Lane, W.S.; Friedman, J.; Weissman, I.; Schreiber, S.L. Calcineurin is a common target
of cyclophilin–cyclosporin A and FKBP–FK506 complexes. Cell 1991, 66, 807–815. [CrossRef]

71. Siamakpour-Reihani, S.; Caster, J.; Bandhu Nepal, D.; Courtwright, A.; Hilliard, E.; Usary, J.; Ketelsen, D.;
Darr, D.; Shen, X.J.; Patterson, C.; et al. The role of calcineurin/NFAT in SFRP2 induced angiogenesis-a
rationale for breast cancer treatment with the calcineurin inhibitor tacrolimus. PLoS ONE 2011, 6, e20412.
[CrossRef] [PubMed]

72. Courtwright, A.; Siamakpour-Reihani, S.; Arbiser, J.L.; Banet, N.; Hilliard, E.; Fried, L.; Livasy, C.;
Ketelsen, D.; Nepal, D.B.; Perou, C.M.; et al. Secreted frizzle-related protein 2 stimulates angiogenesis via a
calcineurin/NFAT signaling pathway. Cancer Res. 2009, 69, 4621–4628. [CrossRef] [PubMed]

73. Zhao, X.; Wang, Q.; Yang, S.; Chen, C.; Li, X.; Liu, J.; Zou, Z.; Cai, D. Quercetin inhibits angiogenesis by
targeting calcineurin in the xenograft model of human breast cancer. Eur. J. Pharmacol. 2016, 781, 60–68.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.emboj.7601246
http://dx.doi.org/10.1074/jbc.M110.100438
http://dx.doi.org/10.1016/j.cell.2007.11.047
http://dx.doi.org/10.1016/j.cell.2008.03.027
http://dx.doi.org/10.1042/BJ20110530
http://dx.doi.org/10.1074/jbc.M600184200
http://dx.doi.org/10.1038/sj.onc.1208729
http://www.ncbi.nlm.nih.gov/pubmed/15897878
http://dx.doi.org/10.1038/ncb816
http://www.ncbi.nlm.nih.gov/pubmed/12080349
http://dx.doi.org/10.1007/s10585-013-9600-y
http://www.ncbi.nlm.nih.gov/pubmed/23832742
http://dx.doi.org/10.1128/MCB.00172-06
http://dx.doi.org/10.1161/ATVBAHA.114.304363
http://dx.doi.org/10.1038/nm1588
http://dx.doi.org/10.1016/j.bcp.2012.05.009
http://dx.doi.org/10.1016/j.bbrc.2011.06.087
http://dx.doi.org/10.2174/187152010794479816
http://dx.doi.org/10.1016/0092-8674(91)90124-H
http://dx.doi.org/10.1371/journal.pone.0020412
http://www.ncbi.nlm.nih.gov/pubmed/21673995
http://dx.doi.org/10.1158/0008-5472.CAN-08-3402
http://www.ncbi.nlm.nih.gov/pubmed/19458075
http://dx.doi.org/10.1016/j.ejphar.2016.03.063
http://www.ncbi.nlm.nih.gov/pubmed/27041643


Cells 2020, 9, 1176 14 of 15

74. Le Roy, C.; Deglesne, P.A.; Chevallier, N.; Beitar, T.; Eclache, V.; Quettier, M.; Boubaya, M.; Letestu, R.; Lévy, V.;
Ajchenbaum-Cymbalista, F.; et al. The degree of BCR and NFAT activation predicts clinical outcomes in
chronic lymphocytic leukemia. Blood 2012, 120, 356–365. [CrossRef] [PubMed]

75. Yu, H.; van Berkel, T.J.; Biessen, E.A. Therapeutic potential of VIVIT, a selective peptide inhibitor of nuclear
factor of activated T cells, in cardiovascular disorders. Cardiovasc. Drug Rev. 2007, 25, 175–187. [CrossRef]
[PubMed]

76. Hogan, P.G. Calcium-NFAT transcriptional signalling in T cell activation and T cell exhaustion. Cell Calcium.
2017, 63, 66–69. [CrossRef]

77. Muller, M.R.; Rao, A. NFAT, immunity and cancer: A transcription factor comes of age. Nat. Rev. Immunol.
2010, 10, 645–656. [CrossRef]

78. Tie, X.; Han, S.; Meng, L.; Wang, Y.; Wu, A. NFAT1 is highly expressed in, and regulates the invasion of,
glioblastoma multiforme cells. PLoS ONE 2013, 8, e66008. [CrossRef]

79. Shou, J.; Jing, J.; Xie, J.; You, L.; Jing, Z.; Yao, J.; Han, W.; Pan, H. Nuclear factor of activated T cells in cancer
development and treatment. Cancer Lett. 2015, 361, 174–184. [CrossRef]

80. Oikawa, T.; Nakamura, A.; Onishi, N.; Yamada, T.; Matsuo, K.; Saya, H. Acquired expression of NFATc1
downregulates E-cadherin and promotes cancer cell invasion. Cancer Res. 2013, 73, 5100–5109. [CrossRef]

81. Fougere, M.; Gaudineau, B.; Barbier, J.; Guaddachi, F.; Feugeas, J.P.; Auboeuf, D.; Jauliac, S. NFAT3
transcription factor inhibits breast cancer cell motility by targeting the Lipocalin 2 gene. Oncogene 2010, 29,
2292–2301. [CrossRef] [PubMed]

82. Qin, J.J.; Wang, W.; Voruganti, S.; Wang, H.; Zhang, W.D.; Zhang, R. Identification of a new class of natural
product MDM2 inhibitor: In vitro and in vivo anti-breast cancer activities and target validation. Oncotarget
2015, 6, 2623–2640. [CrossRef] [PubMed]

83. Qin, J.J.; Wang, W.; Voruganti, S.; Wang, H.; Zhang, W.D.; Zhang, R. Inhibiting NFAT1 for breast cancer
therapy: New insights into the mechanism of action of MDM2 inhibitor JapA. Oncotarget 2015, 6, 33106–33119.
[CrossRef] [PubMed]

84. Qin, J.J.; Wang, W.; Sarkar, S.; Voruganti, S.; Agarwal, R.; Zhang, R.; Inulanolide, A. as a new dual inhibitor of
NFAT1-MDM2 pathway for breast cancer therapy. Oncotarget 2016, 7, 32566–32578. [CrossRef] [PubMed]

85. Qin, J.J.; Sarkar, S.; Voruganti, S.; Agarwal, R.; Wang, W.; Zhang, R. Identification of linear-iifolianoid A
as a novel dual NFAT1 and MDM2 inhibitor for human cancer therapy. J. Biomed. Res. 2016, 30, 322–333.
[PubMed]

86. Baksh, S.; Widlund, H.R.; Frazer-Abel, A.A.; Du, J.; Fosmire, S.; Fisher, D.E.; DeCaprio, J.A.; Modiano, J.F.;
Burakoff, S.J. NFATc2-mediated repression of cyclin-dependent kinase 4 expression. Mol. Cell 2002, 10,
1071–1081. [CrossRef]

87. Hodge, M.R.; Ranger, A.M.; Charles de la Brousse, F.; Hoey, T.; Grusby, M.J.; Glimcher, L.H. Hyperproliferation
and dysregulation of IL-4 expression in NF-ATp-deficient mice. Immunity 1996, 4, 397–405. [CrossRef]

88. Carvalho, L.D.; Teixeira, L.K.; Carrossini, N.; Caldeira, A.T.; Ansel, K.M.; Rao, A.; Viola, J.P. The NFAT1
transcription factor is a repressor of cyclin A2 gene expression. Cell Cycle 2007, 6, 1789–1795. [CrossRef]

89. Chebel, A.; Rouault, J.P.; Urbanowicz, I.; Baseggio, L.; Chien, W.W.; Salles, G.; Ffrench, M. Transcriptional
activation of hTERT, the human telomerase reverse transcriptase, by nuclear factor of activated T cells. J. Biol.
Chem. 2009, 284, 35725–35734. [CrossRef]

90. Otto, T.; Sicinski, P. Cell cycle proteins as promising targets in cancer therapy. Nat. Rev. Cancer 2017, 17,
93–115. [CrossRef]

91. Harris, A.L. Development of cancer metabolism as a therapeutic target: New pathways, patient studies,
stratification and combination therapy. Br. J. Cancer 2020, 122, 1–3. [CrossRef] [PubMed]

92. Zaal, E.A.; Berkers, C.R. The Influence of Metabolism on Drug Response in Cancer. Front. Oncol. 2018, 8, 500.
[CrossRef] [PubMed]

93. Simabuco, F.M.; Morale, M.G.; Pavan, I.C.B.; Morelli, A.P.; Silva, F.R.; Tamura, R.E. p53 and metabolism:
From mechanism to therapeutics. Oncotarget 2018, 9, 23780–23823. [CrossRef] [PubMed]

94. Riscal, R.; Le Cam, L.; Linares, L.K. Chromatin-bound MDM2, a new player in metabolism. Mol. Cell Oncol.
2016, 3, e1210560. [CrossRef]

95. Riscal, R.; Schrepfer, E.; Arena, G.; Cissé, M.Y.; Bellvert, F.; Heuillet, M.; Rambow, F.; Bonneil, E.; Sabourdy, F.;
Vincent, C.; et al. Chromatin-Bound MDM2 Regulates Serine Metabolism and Redox Homeostasis
Independently of p53. Mol. Cell 2016, 62, 890–902. [CrossRef]

http://dx.doi.org/10.1182/blood-2011-12-397158
http://www.ncbi.nlm.nih.gov/pubmed/22613791
http://dx.doi.org/10.1111/j.1527-3466.2007.00011.x
http://www.ncbi.nlm.nih.gov/pubmed/17614939
http://dx.doi.org/10.1016/j.ceca.2017.01.014
http://dx.doi.org/10.1038/nri2818
http://dx.doi.org/10.1371/journal.pone.0066008
http://dx.doi.org/10.1016/j.canlet.2015.03.005
http://dx.doi.org/10.1158/0008-5472.CAN-13-0274
http://dx.doi.org/10.1038/onc.2009.499
http://www.ncbi.nlm.nih.gov/pubmed/20101218
http://dx.doi.org/10.18632/oncotarget.3098
http://www.ncbi.nlm.nih.gov/pubmed/25739118
http://dx.doi.org/10.18632/oncotarget.5851
http://www.ncbi.nlm.nih.gov/pubmed/26461225
http://dx.doi.org/10.18632/oncotarget.8873
http://www.ncbi.nlm.nih.gov/pubmed/27105525
http://www.ncbi.nlm.nih.gov/pubmed/27533941
http://dx.doi.org/10.1016/S1097-2765(02)00701-3
http://dx.doi.org/10.1016/S1074-7613(00)80253-8
http://dx.doi.org/10.4161/cc.6.14.4473
http://dx.doi.org/10.1074/jbc.M109.009183
http://dx.doi.org/10.1038/nrc.2016.138
http://dx.doi.org/10.1038/s41416-019-0666-4
http://www.ncbi.nlm.nih.gov/pubmed/31819198
http://dx.doi.org/10.3389/fonc.2018.00500
http://www.ncbi.nlm.nih.gov/pubmed/30456204
http://dx.doi.org/10.18632/oncotarget.25267
http://www.ncbi.nlm.nih.gov/pubmed/29805774
http://dx.doi.org/10.1080/23723556.2016.1210560
http://dx.doi.org/10.1016/j.molcel.2016.04.033


Cells 2020, 9, 1176 15 of 15

96. Arena, G.; Cissé, M.Y.; Pyrdziak, S.; Chatre, L.; Riscal, R.; Fuentes, M.; Arnold, J.J.; Kastner, M.; Gayte, L.;
Bertrand-Gaday, C.; et al. Mitochondrial MDM2 regulates respiratory complex I activity independently of
p53. Mol. Cell 2018, 69, 594–609. [CrossRef]

97. Maguire, M.; Nield, P.C.; Devling, T.; Jenkins, R.E.; Park, B.K.; Polański, R.; Vlatković, N.; Boyd, M.T. MDM2
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