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Abstract

Advanced breast cancer, especially advanced triple-negative breast cancer, is typically more 

aggressive and more difficult to treat than other breast cancer phenotypes. There is currently no 

curable option for breast cancer patients with advanced diseases, highlighting the urgent need for 

novel treatment strategies. We have recently discovered that the nuclear factor of activated T cells 

1 (NFAT1) activates the murine double minute 2 (MDM2) oncogene. Both MDM2 and NFAT1 are 

overexpressed ancconstitutively activated in breast cancer, particularly in advanced breast cancer, 

anc contribute to its initiation, progression, and metastasis. MDM2 regulates cancer cell 

proliferation, cell cycle progression, apoptosis, migration, and invasion through both p53-

dependent and-independent mechanisms. We have proposed to target the NFAT1–MDM2–p53 

pathway for the treatment of human cancers, especially breast cancer. We have recently identified 

NFAT1 and MDM2 dual inhibitors that have shown excellent in vitro and in vivo activities against 

breast cancer, including triple-negative breast cancer. Herein, we summarize recent advances made 

in the understanding of the oncogenic functions of MDM2 and NFAT1 in breast cancer, as well as 

current targeting strategies and representative inhibitors. We also propose several strategies for 

inhibiting the NFAT1–MDM2–p53 pathway, which could be useful for developing more specific 

and effective inhibitors for breast cancer therapy.

1. INTRODUCTION

Breast cancer remains the most common cancer and the principal cause of cancer-related 

death among women worldwide.1 Among various breast cancer phenotypes, triple-negative 

breast cancer (TNBC), which lacks the expression of estrogen receptors (ER), progesterone 

receptors (PR), and human epidermal growth factor receptor 2 (HER2), is the most 

aggressive form and represents approximately 15% of breast cancer.2–4 Advanced breast 

cancer, comprising the most serious stages, stage 3 (locally advanced disease) and stage 4 

(metastatic stage) of breast cancer, is generally considered as a treatable but still incurable 

disease because of its high rates of recurrence and resistance to chemotherapy.5,6 Due to 

recent progress in understanding, diagnosing, and treating advanced breast cancer, 

particularly the HER2-positive and Luminal-like subtypes, overall survival for patients with 

advanced diseases has improved.7,8 However, long-term survival for patients with advanced 
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breast cancer, especially for patients with advanced TNBC remains poor,2,3,8 emphasizing 

the unmet need for novel treatment strategies for these advanced diseases.

The murine double minute 2 (MDM2) oncogene has been identified as a master regulator of 

the p53 tumor suppressor.9,10 The deregulation of MDM2–p53 pathway owing to the 

amplification and overexpression of MDM2 and the mutation and deletion of p53 has been 

implicated in the initiation, progression, and metastasis of breast cancer.11,12 We have 

recently discovered that the nuclear factor of activated T cells 1 (NFAT1) transcription factor 

activates the transcription of MDM2.13 NFAT1 is also highly expressed and constitutively 

activated in breast cancer and contributes to the onset and metastatic progression of this 

disease.14 The activation of the NFAT1–MDM2–p53 pathway has been further observed in 

breast cancer, including TNBC; this pathway may be a promising molecular target for 

developing effective treatments for advanced breast cancer.13 In this article, we review 

recent progress in our understanding of the functions of MDM2 and NFAT1 in breast cancer 

at different stages, the current targeting approaches and inhibitors of the NFAT1–MDM2–

p53 pathway, and their potentials for advanced breast cancer treatment.

2. THE MDM2 ONCOGENE IN BREAST CANCER

2.1 The MDM2 Oncogene

More than 2 decades ago, MDM2 was identified as an oncogene, as its overexpression 

induces tumorigenicity in mouse 3T3 cells.15 MDM2 amplification and overexpression are 

highly prevalent in human cancers,16–18 including breast cancer,19 and play pivotal roles in 

cancer onset, progression, metastasis, and response to therapy via both p53-dependent and -

independent mechanisms.20,21 Due to significant advances in our understanding of MDM2 

biology, MDM2 has been found to be a complicated and highly regulated protein. MDM2 

consists ofmultiple functional domains, including the N-terminal p53-binding domain, the 

centrally located acidic domain, the zinc finger domain, and the C-terminal RING finger 

domain.20,22 The p53-binding domain is essential for the binding of MDM2 to p53, as well 

as MDM2’s inhibitory effect on p53 transcriptional activity.23 This domain is also involved 

in the interaction between MDM2 and other proteins,22 for example, Ring1-and YY1-

binding protein (RYBP).24,25 The acidic domain of MDM2 has been demonstrated to play 

an important role in p53 ubiquitination and degradation.26,27 This domain also aids in 

interactions with ribosomal proteins S7 and S25.28,29 The linker region between the p53-

binding domain and the acidic domain contains a nuclear localization signal (NLS) and a 

nuclear export signal (NES), which are essential for the subcellular localization of MDM2.30 

There is also a cryptic nucleolar localization signal in the C-terminal domain of MDM2.31 

The zinc finger domain plays a vital role in the binding of MDM2 with various proteins, 

including the tumor suppressor p14ARF 32,33 and several ribosomal proteins.34 The RING 

finger domain is critical for MDM2’s E3 ligase activity, which controls the ubiquitination of 

p53 and MDM2 itself.35 In addition, the RING finger domain contributes to MDM2 

homodimerization and MDM2–MDMX heterodimerization.36
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2.2 The MDM2–p53 Feedback Loop in Breast Cancer

MDM2 is a major negative regulator of p53 in normal cells and cancer cells. 9,10,23 MDM2 

forms a tight complex with p53 and promotes p53 ubiquitination through its E3 ligase 

activity,9,10 enabling the recognition and interaction of p53 with the proteasome.37 

Subsequently, the ubiquitinated p53 is degraded by the proteasome. In addition, MDM2 also 

promotes the interaction of the SUMO E3 ligase PIASy with p53 and induces the 

sumoylation and nuclear export of p53, 38,39 consequently inhibiting the binding ofp53 to 

transcriptional coactivators and decreasing p53-mediated transcription of the downstream 

target genes, including MDM2.40 On the other hand, p53 directly binds to the p53-

responsive P2 promoter of MDM2 and mediates transcription of the MDM2 gene.41 The 

increased MDM2 protein, in turn, binds to p53 and promotes its degradation and inhibits its 

transcriptional activity, therefore forming the MDM2–p53 negative feedback loop (Fig. 1). 

This feedback loop is critical for controlling the cellular levels of p53 in normal cells 

because the high expression level of p53 is harmful for normal cell growth and 

differentiation. However, the amplification and overexpression of MDM2 are commonly 

observed in cancer cells due to deregulation of the MDM2–p53 pathway.16–19 In addition, 

several modulatory proteins have been reported to regulate the MDM2–p53 interaction, such 

as RYBP,24,25 ribosomal protein S7 and S25,28,29,34 and PA28γ,42 which have been 

reviewed in the recent papers.22,30

2.3 p53-Independent Functions of MDM2 in Breast Cancer

MDM2 is amplified and overexpressed in human cancer with p53 mutations and deletions, 

which promotes cancer initiation and progression through p53-independent mechanisms.
11,12,43,44 It has been observed that the overexpression of MDM2 splice variants without the 

binding ability to p53 still can induce tumor formation in transgenic mice via a p53-

independent mechanism.45,46 In breast cancer cells, estrogen was found to promote cell 

proliferation by activating MDM2, independent of p53.47 Furthermore, MDM2 promotes 

cell cycle progression and inhibits cell apoptosis by regulating several important mediators 

in a p53-independent manner. Previously, we discovered that MDM2 inhibition by an 

antisense antihuman MDM2 mixed-backbone oligonucleotide increased the expression 

levels of p21, Bax, and hypophosphorylated retinoblastoma (pRb) and reduced the levels of 

hyperphosphorylated pRb (ppRb) and E2F1 in p53-null cancer cells.48 Based on these 

observations, MDM2 has been further characterized as a negative regulator of the cyclin-

dependent kinase inhibitor p21 by two laboratories independently.49–51 It has been found 

that MDM2 interacts with p21 and promotes its degradation in an ubiquitin-independent 

proteasomal degradation pathway. MDM2 also induces the proteasomal degradation of the 

tumor suppressor retinoblastoma (Rb) in both ubiquitin-dependent and-independent 

manners.52,53 We have found that MDM2 stabilizes the transcription factor E2F1 by 

inhibiting its ubiquitination,54 thereby activating the transcription of E2F1’s target genes 

related to cell cycle progression, for example, cyclin E.55 MDM2 also interacts with the 

Forkhead box O (FOXO) transcription factors, including FOXO3a and FOXO4, and 

promotes their degradation via an MDM2-mediated ubiquitin–proteasome pathway.56,57 In 

addition, MDM2 increases the translation of X-linked inhibitor of apoptosis protein (XIAP) 

by interacting with the internal ribosome entry segment (IRES) of the XIAP 5′-UTR and 

upregulating XIAP IRES activity.58

Qin et al. Page 3

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MDM2 has also been demonstrated to have a p53-independent role in regulating the 

epithelial–mesenchymal transition (EMT). In breast cancer cells, MDM2 increases cell 

motility and invasiveness by interacting with E-cadherin (one of the EMT markers) and 

promoting its ubiquitination and degradation via an endosome pathway.59 This negative 

regulation of E-cadherin by MDM2 has been further validated using tumor specimens from 

breast cancer patients with lymph node metastasis.59 In addition, MDM2 plays a crucial role 

in DNA replication and DNA repair. The MDM2 expression has been implicated in the 

chromosome instability, which has been discussed in a recent review paper.44 All these p53-

independent functions of MDM2 further strengthen the potential of inhibiting MDM2 for 

cancer prevention and therapy.

2.4 Inhibiting MDM2 for Advanced Breast Cancer Therapy

The MDM2 oncogene has been demonstrated as a promising molecular target for cancer 

therapy.22,30,60,61 Several MDM2-targeting approaches have been developed: (1) inhibiting 

MDM2–p53 interaction, (2) blocking MDM2 E3 ligase activity, (3) destabilizing MDM2 

protein, and (4) down-regulating MDM2 expression. Currently, the majority of MDM2 

inhibitors have been developed to inhibit the MDM2–p53 interaction, releasing p53 from 

MDM2-mediated degradation and activating the transcription of p53 target genes.62 Several 

MDM2–p53 binding inhibitors have shown potent efficacy against human cancers harboring 

wild-type p53, and are undergoing further evaluation in clinical trials, for example, 

RG7112,63 HDM201,64 AMG 232,65 and NVP-CGM097.66 However, due to frequent 

mutation and deletion of p53 in advanced breast cancer, especially advanced TNBC, the 

MDM2–p53 binding inhibitors often show limited efficacy.12 Many MDM2 inhibitors have 

also been developed to block the E3 ligase activity of MDM2, activating the wild-type p53, 

such as HLI98C67 and MEL23.68 JNJ-26854165 (serdemetan), a novel inhibitor of the 

MDM2 E3 ligase activity, has been evaluated in a phase I trial performed in patients with 

advanced solid tumors, including seven patients with advanced breast cancer.69 A dose-and 

exposure-dependent p53 induction was observed in some of the patients. However, only one 

of seven patients with advanced breast cancer showed a partial response to JNJ-26854165. 

Recent studies have indicated that JNJ-26854165 also exerts its anticancer activity in p53-

mutant cancer cells through p53-independent mechanisms.70

We have been focusing on the MDM2-targeting therapeutics that can directly inhibit MDM2 

and induce cancer cell death, regardless ofp53 status, and have developed several MDM2 

inhibitors, including antisense oligonucleotides andsiRNA,48,71–76 genistein,77 curcumin,78 

ginsenosides,79–81 and makaluvamine analogs.82,83 These MDM2 inhibitors have shown 

excellent efficacy against human cancers, including breast cancer, regardless of the p53 

status in the cancer cells. We have recently proposed the development of small-molecule 

inhibitors that can directly bind to MDM2 and induce its degradation, resulting in the 

discovery of a novel MDM2 inhibitor, termed SP141.84,85 SP141 can directly bind to the 

p53-binding domain ofMDM2, enhancing MDM2 autoubiquitination and proteasomal 

degradation.84 In human breast cancer cell lines and animal models, SP141 inhibits cancer 

cell growth and proliferation and induces cell cycle arrest and apoptosis in vitro and 

suppresses xenograft tumor growth in vivo, independent of p53.84 Furthermore, SP141 also 

inhibits breast cancer cell migration in vitro and prevents lung metastasis of breast cancer in 
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vivo by modulating the expression ofEMT markers.84 The pharmacokinetic profile ofSP141 

has also been investigated in our recent studies86,87; although further studies should be 

performed using more clinically relevant models of advanced breast cancer.

MDM2’s oncogenic functions, MDM2-targeting strategies, and the MDM2 inhibitors under 

development have been comprehensively discussed in recent review papers.22,30,60,61 

Despite the significant advances in this field, challenges remain in the pursuit of clinically 

applicable MDM2 inhibitors for cancer therapy, including low specificity, poor 

bioavailability, limited efficacy, and potential toxicity. As MDM2 overexpression can trigger 

both p53-dependent and-independent pathways, inhibiting one of the MDM2 pathways 

could only have limited efficacy in human cancers. For cancers containing mutant p53, 

inhibitors that target MDM2–p53 binding may not be as effective as those that directly 

inhibit MDM2 expression. Moreover, p53 activation may lead to unexpected adverse effects 

to normal tissues. Thus, strategies to specifically and effectively inhibit MDM2 and prevent 

unnecessary toxicity are critically needed.

3. NFAT1, AN ONCOGENIC TRANSCRIPTION FACTOR IN BREAST 

CANCER

3.1 The NFAT, a Family of Transcription Factors

The NFAT family of transcription factors consist of five members, including four calcium-

regulated isoforms, NFAT1 (NFATc2 or NFATp), NFAT2 (NFATc1 or NFATc), NFAT3 

(NFATc4), and NFAT4 (NFATc3 or NFATx) and a tonicity-responsive enhancer-binding 

protein (TonEBP or NFAT5).14,88 All NFAT proteins have an N-terminal NFAT homology 

domain (NHD), a highly conserved Rel homology domain (RHD), and a C-terminal domain, 

except for NFAT5.14,88 All the calcium-responsive NFAT members, NFAT1–NFAT4 contain 

the NHD, which possesses a potent transactivation domain and a calcineurin docking site.89 

However, NFAT5 lacks the calcineurin docking site and is completely insensitive to calcium 

and calcineurin.90 Indeed, NFAT5 can be activated in response to osmotic stress.91 The NHD 

also contains NLS1 and 2 and NES, which control NFAT subcellular localization through 

phosphorylation and dephos-phorylation of the NFAT proteins at the serine-rich regions 

(SRR).92,93 The RHD is also known as the DNA-binding domain (DBD) of NFAT proteins, 

which shows a structural similarity to the DBD of nuclear factor-KB (NF-KB).94 The 

calcineurin–NFAT signaling pathway, the posttranslational modifications of NFAT proteins, 

including phosphorylation by various kinases, as well as the transcriptional and 

posttranscriptional regulation of NFAT isoforms have been comprehensively discussed in the 

recent review papers.14,88 Despite significant progress in the understanding of NFAT 

biology, the role of these domains in the functions of NFAT proteins has not yet been 

completely understood.

3.2 NFAT1 as an Oncogenic Transcription Factor in Breast Cancer

Since the discovery of NFAT, as an inducible transcription factor that is capable of 

transactivating interleukin-2 (IL-2) during early T-cell activation,95,96 its expression and 

functions have been implicated in numerous aspects of vertebrate development.97,98 NFAT 

proteins have also been reported to play critical roles in malignant phenotypes and tumor 
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development and progression.14,99,100 The major NFAT isoform, NFAT1 is highly expressed 

and aberrantly activated in various human cancers, including breast,101–104 pancreatic,
105–108 lung,109–111 cervical,112 and colon cancer,113 as well as melanoma,114 and 

contributes to the initiation, progression, and metastasis to these diseases. This section will 

focus on the role of NFAT1 in breast cancer, especially advanced breast cancer.

Jauliac et al. have found that NFAT1 is highly expressed in tumor tissues from patients with 

grade III invasive ductal carcinoma and may play a pivotal role in invasive and metastatic 

properties of breast cancer.101 A tissue microarray study has been recently performed and 

indicated a significant increase of NFAT1 expression in invasive ductal carcinoma with 

lymph node metastasis, in comparison to normal adjacent tissue and primary tumor.102 In a 

recent paper, Kaunisto et al. have further reported that NFAT1 expression level is 

significantly higher in tumor-invasive front epithelium than in the central epithelium or 

normal breast epithelium.103 In addition, the stromal NFAT1 is also expressed at higher 

levels in the central and invasive front tumor stroma than in normal breast stroma.103 More 

importantly, in comparison with other subtypes of breast cancer, TNBC shows a higher 

activation rate of the calcineurin/NFATl pathway, which is essential to tumorigenesis and 

metastasis.104

NFAT1 regulates cell cycle progression, apoptosis, migration, invasion, angiogenesis, and 

resistance to chemotherapy by transactivating its downstream target genes.14,99 Specific to 

breast cancer, NFAT1 has been discovered to promote breast cancer cell migration and 

invasion through the induction of cyclooxygenase-2 (COX-2), Glypican-6 (GPC-6), and 

autotaxin, as well as the synthesis of prostaglandins.115–117 NFAT1 stabilizes SnoN and 

mediates transforming growth factor-β (TGF-β)–induced EMT in breast cancer cells by 

upregulating N-cadherin expression and downregulating E-cadherin expression.118 NFAT1 

also cooperates with Smad2 and promotes breast cancer progression by upregulating the 

cyclin-dependent kinase 2 (CDK2), cyclin-dependent kinase 4 (CDK4), and cyclin E.119 The 

NFAT1-induced expression of IL-8 promotes intratumoral neutrophil infiltration in breast 

cancer.103 In addition, the negative cross talk between NFAT1 and signal transducer and 

activator of transcription 5 (Stat5) signaling cascades has been implicated in the growth and 

metastasis of breast cancer.102

Several mediators have been involved in the regulation of NFAT1 in breast cancer cells. The 

α6β4 integrin promotes breast carcinoma invasion by upregulating and activating 

NFAT1.101,117 The tumor suppressor FOXP1 binds to NFAT1 on DNA and suppresses 

NFAT1 transcriptional activity, resulting in enhanced breast cancer cell migration.120 Plasma 

membrane calcium ATPase isoform 4 (PMCA4) interacts with calcineurin and inhibits the 

calcineurin/NFAT1 pathway, suppressing vascular endothelial growth factor (VEGF)–

mediated angiogenesis,121 while the PMCA2–calcineurin binding inhibits the calcineurin/

NFAT1 pathway, leading to the inhibition of breast cancer cell apoptosis.122 Akt blocks 

breast cancer cell migration and invasion by inducing MDM2-mediated NFAT1 

ubiquitination and proteasomal degradation, 123,124 whereas GM3 synthase promotes breast 

cancer lung metastasis by inhibiting phosphoinositide-3 kinase (PI3K)/Akt pathway and 

activating NFAT1.125 In addition, Wnt5a and Secreted frizzle-related protein 2 (SFRP2) 
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have also been found to induce breast cancer metastasis and angiogenesis by activating 

NFAT1.126–128

3.3 Inhibiting NFAT1 for Advanced Breast Cancer Therapy

Pharmacological inhibition of NFAT1 signaling has been demonstrated as a promising 

therapeutic strategy for cancer therapy.14 Several inhibitors of calcineurin/NFATl pathway, 

such as cyclosporine A (CsA) have also shown promising efficacy against human cancer in 

vitro and in vivo.129 A calcineurin inhibitor, tacrolimus (also known as FK506), directly 

binds to the immunophilin FKBPB12 and inhibits the calcineurin’s phosphatase activity, 

leading to dephosphorylation of NFAT proteins, has shown potent antibreast cancer activity 

in vitro and in vivo.127,128 Tacrolimus has been found to inhibit SFRP2-induced 

angiogenesis and the growth of angiosarcoma xenografts in mice in vivo.128 In the MMTV-

neu transgenic mice, treatment with tacrolimus markedly decreases the tumor growth rate by 

reducing the tumor microvascular density.127 Quercetin, a well-known anticancer flavonoid, 

inhibits tumor growth, induces tumor necrosis, and suppresses oncocyte proliferation in 

mice bearing breast cancer xenograft tumors.130 Mechanistically, quercetin suppresses the 

calcineurin/NFAT pathway, resulting in the inhibition of the expression of VEGF and 

VEGFR2.130 Moreover, the human herpesvirus 6B (HHV-6B) U54 tegument protein is 

reported to inhibit breast cancer cell proliferation through the inhibition of NFAT activation.
131

As NFAT1 transcription factor plays a crucial role in the immune response through the 

regulation the transcription of cytokine genes, the long-term use of NFAT1 inhibitors may 

result in a reduction of immunosurveillance in tumor microenvironments, subsequently 

causing an increase in cancer development.132,133 Although the potential adverse effects of 

the current NFAT1 inhibitors are yet to be determined, novel targeting approaches for 

specific inhibition of oncogenic NFAT1 are still urgently needed.

4. TARGETING NFAT1-MDM2-P53 PATHWAY FOR y ADVANCED BREAST 

CANCER THERAPY

4.1 The NFAT1-MDM2-p53 Pathway

In our continued efforts to develop specific and potent MDM2 inhibitors, genistein has been 

found to inhibit MDM2 at both transcriptional and posttranslational levels.77 The inhibition 

of MDM2 transcription by genistein (1) requires the NFAT transcription site in the MDM2 
P2 promoter. This is an intriguing observation with an obvious explanation that NFAT is 

involved in regulating MDM2 transcription. In this regard, our recent findings have 

demonstrated that NFAT1 is the predominant NFAT isoform regulating MDM2 transcription. 

It binds to the MDM2 P2 promoter and activates MDM2 expression in a p53-independent 

manner (Fig. 2).13 The NFAT1–MDM2–p53 signaling pathway is subsequently validated in 

human cancer cells, including breast cancer cells in vitro and in human carcinoma tissues in 

vivo.13 Considering these findings, it is important to ask whether targeting NFAT1–MDM2–

p53 pathway could be the–MDM2–p53 pathway could be a useful approach for cancer 

therapy.
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We first wanted to know if the known NFAT 1 inhibitors could be used to target the NFAT1–

MDM2–p53 pathway. Despite the structural similarities of NFAT isoforms, there is 

increasing evidence that these NFAT isoforms are not functionally equivalent but promote 

distinct signaling outputs in human cancers.14 Of note, NFAT1 and NFAT2 are frequently 

overexpressed and activated in human cancers, contributing to cancer development, 

progression, and metastasis,134–136 whereas NFAT3 functions as a tumor suppressor in 

breast cancer by inhibiting Lipocalin 2 expression and reducing cell motility.137 However, 

the majority of NFAT inhibitors, such as CsA and tacrolimus, have been developed to target 

the calcineurin–NFAT pathway or other upstream regulators, leading to an unwanted impact 

on all NFAT isoforms.14 Therefore, these NFAT inhibitors may not be useful in inhibiting 

the NFAT1–MDM2–p53 pathway for cancer therapy. Although genistein (1) has shown 

significant inhibitory effects on NFAT1–MDM2 interaction, more specific small-molecule 

inhibitors need to be developed for cancer therapy.

4.2 Representative Small-Molecule Inhibitors of NFAT1-MDM2-p53 Pathway

We have recently identified several small molecules (Fig. 3) that can effectively inhibit 

NFAT1 and MDM2 and show potent anticancer activity in vitro and in vivo. Two novel 

ginsenosides, 25-OCH3-PPD (2) and 25-OH-PPD (3) were initially identified as MDM2 

inhibitors,79,80 and exhibited potent anticancer activity against various types of human 

cancer, including prostate,138–140 pancreatic,141 lung,142 and breast cancer.143 Both 

compounds have been found to inhibit cell viability and proliferation and induce cell cycle 

arrest and apoptosis in vitro. They also suppress xenograft tumor growth and sensitize 

tumors to chemotherapy in vivo. It has been further discovered that 25-OCH3-PPD inhibits 

breast cancer cell migration in vitro and prevents the lung metastasis of breast cancer in 

vivo.143 These activities have been attributed to its inhibitory effects on MDM2 expression 

and the modulatory effects on the expression of proteins related to cell growth, cell cycle 

progression, apoptosis, and EMT. Indeed, 25-OCH3-PPD (2) inhibits MDM2 at both 

transcriptional and posttranslational levels.143 The treatment of 25-OCH3-PPD enhances the 

MDM2 ubiquitination and degradation in breast cancer cells, independent of p53. 

Furthermore, 25-OCH3-PPD suppresses MDM2 transcription by inhibiting NFAT1 

expression (unpublished data).

In our recent studies, we shed new light on the development of NFAT1–MDM2–p53 

inhibitors. In a computational structure-based screening, a novel class of natural product 

MDM2 inhibitors, including japonicone A (JapA, 4), inulanolide A (InuA, 5), and 

lineariifolianoid A (LinA, 6) have been identified.144 Our results have demonstrated that 

JapA exerts its antibreast cancer activity via a dual-targeting mechanism. JapA directly binds 

to the p53-binding domain of the MDM2 protein and promotes MDM2 autoubiquitination 

and degradation, independent of p53.144 This compound also inhibits NFAT1 and NFAT1-

mediated MDM2 transcription by suppressing NFAT1 nuclear localization, its binding to the 

MDM2 P2 promoter, and the induction NFAT1 ubiquitination and degradation.145 Our in 

vitro and in vivo studies have shown the potent antibreast cancer activity and safety profile 

of JapA, indicating that targeting the NFAT1–MDM2–p53 pathway is a promising approach 

for treating breast cancer, especially advanced breast cancer. More importantly, our data 

highlight the importance of developing dual NFAT1–MDM2 inhibitors instead of “mono” 
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inhibitors for breast cancer therapy. It has been further discovered that both InuA and LinA 

suppress breast cancer growth and metastasis in vitro and in vivo by dually inhibiting 

NFAT1 and MDM2.146,147 Based on these results, we have proposed several targeting 

strategies for developing NFAT1-MDM2 inhibitors for the treatment of breast cancer, 

especially advanced breast cancer (Fig. 4).

5. CONCLUSIONS

The overexpression and constitutive activation ofMDM2 and NFAT1 are common events in 

breast cancer and have been linked with the progression and metastasis of advanced breast 

cancer, especially advanced TNBC. Previous studies have shown that the “mono” small-

molecule inhibitors of MDM2 and NFAT1 can inhibit breast tumor growth and metastasis, 

but may not be able to cause complete tumor regression due to inherent redundancy or 

acquired resistance. We have recently demonstrated that NFAT1 activates MDM2 in a p53-

independent manner, and validated that the NFAT1–MDM2–p53 pathway is activated in 

breast cancer cell lines and carcinoma tissues. We, therefore, have proposed that targeting 

NFAT1–MDM2–p53 pathway is a promising strategy for developing novel and effective 

anticancer therapeutics, leading to the discovery of several small-molecule inhibitors, as well 

as their evaluation in preclinical models of breast cancer, including TNBC in vitro and in 

vivo.

Although the dual inhibitors of NFAT1 and MDM2 show great promise in our preliminary 

studies, concerns regarding its potential immune toxicity should be addressed before clinical 

trials are performed. Furthermore, the clinical relevance of the NFAT1–MDM2–p53 pathway 

in advanced breast cancer, especially advanced TNBC should be further investigated. It will 

be tempting to search for more specific NFAT1–MDM2 dual inhibitors. However, two 

questions should be answered. (1) How should specific and potent inhibitors for both NFAT1 

and MDM2 be identified? (2) How should the adverse effects of these inhibitors on normal 

functioning NFAT1 be minimized? Both questions need to be addressed in future studies.
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Fig. 1. 
The schematic diagram illustrates the murine double minute 2 (MDM2)–p53 feedback loop 

in breast cancer. MDM2 oncoprotein forms a tight complex with the p53 tumor suppressor 

and shuttles p53 out of the nucleus, inhibiting p53-mediated transcription and promoting p53 

ubiquitination and proteasomal degradation. On the other hand, p53 binds to the MDM2 P2 

promoter and activates MDM2 transcription. In addition, MDM2 also targets itself for 

ubiquitination and degradation.
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Fig. 2. 
The schematic diagram illustrates the nuclear factor of activated T cells 1 (NFAT1)-MDM2 

pathway in breast cancer. In the cytoplasm, calcineurin dephosphorylates NFAT1 and 

induces its nuclear translocation. NFAT1 can also be rephosphorylated by various kinases. In 

the nucleus, the dephosphorylated NFAT1 interacts with multiple transcriptional partners to 

activate the transcription of MDM2. MDM2 targets itself for ubiquitination and degradation.
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Fig. 3. 
Structures ofrepresentativesmall-moleculeinhibitorsoftheNFAT1–MDM2–p53 pathway.
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Fig. 4. 
The schematic diagram illustrates targeting strategies for the NFAT1-MDM2-p53 pathway. 

To effectively inhibit NFAT1’s expression and activity, three targeting strategies have been 

proposed: (1) blocking NFAT1-MDM2 DNA binding, (2) promoting NFAT1 

phosphorylation and/or inhibiting NFAT1 dephosphorylation, and (3) directly destabilizing 

NFAT1 protein. To effectively inhibit MDM2’s expression and activity, three targeting 

strategies have been proposed: (4) blocking MDM2-p53 interaction, (5) promoting MDM2 

autoubiquitination and proteasomal degradation, and (6) directly inhibiting MDM2 

expression. Small molecules that can dually inhibit NFAT1-MDM2 may be developed using 

these targeting strategies.
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