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A B S T R A C T   

Clinically, the metastasis of tumor cells is the key factor of death in patients with cancer. In this study, we used a 
model of metastatic nasopharyngeal carcinoma (NPC) to explore the effects of a new chemical, cinobufagin (CB), 
combined with cisplatin (DDP). We observed that chemically synthesized CB strongly decreased the metastasis of 
NPC. Furthermore, a better therapeutic effect was shown when CB was combined with DDP. Molecular analysis 
revealed that CB induced ENKUR expression by deregulating the PI3K/AKT pathway and suppressing c-Jun, an 
oncogenic transcriptional factor that binds to the ENKUR promoter and negatively modulated its expression in 
NPC. ENKUR as a tumor suppressor binds to MYH9 and decreases its expression by recruiting β-catenin via its 
enkurin domain to prevent its nuclear accumulation, which therefore suppresses c-Jun-induced MYH9 expres
sion. Subsequently, downregulated MYH9 reduces the enlistment of E3 ligase UBE3A and thus decreases the 
UBE3A-mediated ubiquitination degradation of p53, a key tumor suppressor that decreases epithelial- 
mesenchymal transition (EMT). Clinical sample analysis demonstrated that the ENKUR expression level was 
significantly reduced in NPC tissues. Its decreased expression substantially promoted clinical progression and 
reflected poor prognosis for patients with NPC. This study demonstrated that CB induced ENKUR to repress the 
β-catenin/c-Jun/MYH9 signal and thus decreased UBE3A-mediated p53 ubiquitination degradation. As a result, 
the EMT signal was inactivated to suppress NPC metastasis.   

1. Introduction 

Some well-confined primary tumors can be cured by surgical resec
tion, adjuvant therapy, and other means [1–4]. However, metastatic 
tumors are largely incurable because of their systemic nature and tumor 
cell resistance to therapeutic agents. These features explain why more 

than 90% of mortality is attributable to metastatic tumor lesions [5]. 
Thus, new drug candidates that are effective against tumor metastases 
will improve the overall survival for patients. 

cinobufagin is extracted from the skin secretions of giant toads for 
clinical use in traditional Chinese medicine; it has been used widely for 
many years to treat multiple types of carcinomas [6–8]. CB plays a 
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crucial role in several cancers by inhibiting cancer cell proliferation and 
apoptosis [9–12]. Recently, we explored the role of CB as a 
small-molecule drug formulation in nasopharyngeal carcinoma (NPC) 
and found that CB inhibited tumor stemness and cisplatin (DDP) resis
tance by modulating EBV-miR-BART22/MAP2K4-mediated 
MYH9/GSK3β/β-catenin signals and FOXO1/MYH9-mediated epi
thelial-mesenchymal transition (EMT) signals [13,14]. However, the 
anti-metastatic effect of CB on tumors and the molecular mechanisms 
driving CB activity remain undetermined. 

In this study, we used a model of NPC to probe the therapeutic effect 
of CB combined with DDP for cancer metastasis, and we demonstrated 
that chemically synthesized CB powerfully decreased the metastasis of 
NPC by inducing the expression of ENKUR via PI3K/AKT/c-Jun axis. We 
also found that ENKUR or its enkurin domain bound to MYH9 and 
repressed the β-catenin/c-Jun/MYH9 signal-mediated ubiquitination of 
p53 by decreasing the enlisting E3 ligase UBE3A to decrease EMT sig
nals. Our study revealed that CB is an important anti-tumor drug for 
tumor metastasis that acts by inducing ENKUR to increase MYH9- 
mediated deubiquitination of p53. As such, CB may become a novel 
treatment for patients with metastases. 

2. Materials and methods 

2.1. Cell culture 

5–8F cells and HONE-1 cells were stored at the Cancer Research 
Institute of the Southern Medical University (Guangzhou, China). All 
cell lines were cultured in RPMI-1640 (Huixiang Biotechnology Co., 
Ltd., Guangzhou, China) supplemented with 10% fetal bovine serum 
(Haoyue Biotechnology Co., Ltd., Guangzhou, China) and were main
tained in a humidified, 5% CO2 incubator at 37 ◦C. 

2.2. Lentivirus production and infection 

Lentiviral particles carrying the ENKUR precursor and control vec
tors were constructed by GeneChem (Shanghai, China). 5–8F and 
HONE-1 cells were infected with lentiviral or control vectors, respec
tively. Green fluorescent protein was used as the marker to monitor 
infection efficiency. Overexpressing efficiency of ENKUR was validated 
by western blot. 

2.3. Transient transfection 

Si-RNAs for ENKUR were designed and synthesized at RiboBio, Inc. 
(Guangzhou, China)(Supporting Information Table S1). C-Jun, β-cat
enin, and MYH9 plasmids were purchased from Vigene Biosciences 
(Shandong, China). ENKUR and ENKUR domain plasmids were pur
chased from GeneChem (Shanghai, China). MYH9 domain plasmids 
were purchased from BersinBio (Guangzhou, China). NPC cells were 
plated onto a six-well plate (Nest Biotech, China) at 30%–50% conflu
ence. The si-RNAs or plasmids were transfected into cells using Lip
ofectamine TM 2000 (Invitrogen Biotechnology, China) according to the 
manufacturer’s protocol. After 48–72 h, cells were collected for addi
tional experiments. 

2.4. RNA isolation, RT-PCR, qPCR, and primers 

Total RNA was collected from NPC cells using a TRIzol reagent 
(Takara, Shiga, Japan). RNA was reverse transcribed into complemen
tary DNA according to the manufacturer’s instructions (TaKaRa, Dalian, 
China). Qualitative reverse transcriptase PCR was performed in tripli
cate with SYBR Premix ExTaq (TaKaRa, Dalian, China). Specific primers 
are shown in Supplementary Table S2. 

2.5. Western blot analysis, reagents, and antibodies 

Cell lysates were separated by SDS-PAGE followed by blocking in 3% 
BSA (Bovine Serum Albumin) and then incubated with primary anti
bodies against anti-ENKUR, PI3K, p-PI3K, AKT, p-AKT, β-catenin, c-Jun, 
MYH9, p53, UBE3A, ubiquitin, E-cadherin, N-cadherin, Snail, β-actin, 
and GADPH. Information about these antibodies is presented in Sup
plementary Table S3. The immunoreactive bands were visualized with 
chemiluminescence (Millipore, Bedford, MA, USA), and images were 
captured with the Minichemi Imaging System (Sage, Beijing, China). All 
blot figures include the location of molecular weight/size markers. 

2.6. MTT assay 

The drug sensitivity was tested by MTT assays. CB was dissolved in 
dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA) and adjusted to 
50 mM before further dilution with media. Then, 5 × 103 cells/well were 
plated into 96-well plates and treated with 0, 200, 400, 600, 800, and 
1000 nmol of CB or DDP for 48 h. Subsequently, 20 μL of MTT (5 mg/ 
mL; Sigma, St. Louis, MO, USA) was added to each well and cultivated at 
37 ◦C for 4 h. Finally, the reagent in the wells was replaced with 150 μL 
of DMSO, and the optical density of each well was measured at 490 nm. 

2.7. Wound healing assay 

5–8F and HONE-1 cells were inoculated in six-well plates and 
transfected with plasmids or si-RNAs overnight. Then, cells were 
wounded by dragging a 1000 μL pipette tip across the center of the well 
and were treated with serum-free RPMI 1640 medium. The cell migra
tion ability was assessed by measuring the distance traveled into the 
wound at 0 and 48 h after scratching. 

2.8. Boyden assay 

Boyden assays (Millipore, Bedford, MA, USA) were performed to 
determine the invasion ability of NPC cells using cell culture inserts 
(Corning, New York, USA). After transwell membranes were coated with 
24 μg/mL of Matrigel (R&D Systems, USA) for 30 min, approximately 8 
× 104 cells were stored in 100 μL of RPMI-1640 without serum and 
seeded into the top chamber of the transwells; the bottom chambers 
were filled with 500 μL of RPMI-1640 supplemented with 10% fetal 
bovine serum. After 13 h, the non-migrated cells were removed and the 
filter was fixed, stained, and photographed. Cells were counted under a 
microscope in three random fields. 

2.9. ChIP 

Two putative c-Jun-binding sites on the ENKUR promoter region 
were predicted through the JASPAR and ALGGEN databases. The 
ENKUR and c-Jun complexes from 5 to 8F and HONE-1 cells were tested 
according to the manufacturer’s protocol (Thermo Fisher Scientific), 
and chromatin was crosslinked, isolated, and digested with Micrococcal 
Nuclease to obtain DNA fragments. The anti-c-Jun antibody (1:50, Cell 
Signaling Technology, USA) or IgG was added to the reaction systems for 
immunoprecipitation. Finally, the DNA fragments were tested by qual
itative PCR with specific primers. 

2.10. Co-IP assay 

Co-IP was conducted with a Pierce coimmunoprecipitation kit 
(Thermo Scientific, USA) according to the manufacturer’s directions. 
Broadly, approximately 1000 μg of protein was incubated with 10 μg of 
special antibodies overnight at 4 ◦C. Then, the immune complexes were 
washed, eluted, and analyzed by western blot. Anti-IgG was used as a 
negative control. 
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2.11. Immunofluorescence and confocal microscopy 

NPC cells were plated onto coverslips in 48-well plates and cultured 
overnight to allow cell adherence. Then, cells were treated with 4% 
paraformaldehyde and underwent permeabilization in 0.2% Triton X- 
100 for approximately 30 min. Subsequently, suitable concentrations of 
antibodies were added to NPC cells and incubated overnight. On the 
second day, the coverslips were incubated with DAPI for 5 min and 
visualized with a fluorescent confocal microscope. 

2.12. Nuclear and cytoplasmic extraction 

Nuclear and cytoplasmic separations were conducted with an NE- 
PER nuclear and cytoplasmic extraction kit (Thermo Scientific, Wal
tham, MA, USA) according to the manufacturer’s directions. NPC cells 
were incubated with ice-cold CER I for 10 min at 4 ◦C; then CER II was 
added for 1 min and the mixture was centrifuged at 16,000×g for 5 min. 
The pellet was resuspended in a NER extraction regent and incubated for 
40 min on ice. After the suspension was centrifuged, protein was ob
tained and analyzed by western blot. 

2.13. CHX chase assay 

NPC cells were transfected with scrambles or plasmids and then 
either combined with 20 μmol/L of MG132 (Sigma-Aldrich, MO, USA) 
for 6 h or left untreated. The cells were treated with 50 μg/mL of CHX 
(Abcam, Massachusetts, USA), and the proteins were prepared for 
western blot. 

2.14. IHC 

Paraffin sections (4-μm thick) from clinical samples were stored at 
the Nanfang Hospital, Southern Medical University (Guangzhou, China). 
These sections were deparaffinized and heated in an antigen-unmasking 
solution for 3 min at 100 ◦C. Then, nonspecific antigens and endogenous 
peroxidase activity were blocked with 3% H2O2 and goat serum, and 
slides were incubated with antibodies overnight at 4 ◦C. Sections were 
incubated with horseradish peroxidase-conjugated secondary antibody 
and visualized using a DAB substrate and analyzed under a brightfield 
microscope. The score was evaluated according to the percentage of 
positive-staining areas (1: <25%, 2:25% to <50%, 3:50% to <75%, 4: 
≥75%) and cytoplasmic staining intensity of the cells (0 = negative, 1 =
weakly positive, 2 = moderate positive, 3 = strongly positive); the final 
score was calculated by multiplying the percentage score by the in
tensity score. A final score of 6 or lower was defined as low expression, 
and the remaining scores were considered high expression. 

2.15. EMSA 

The EMSA (BersinBio, Guangzhou, China) was used according to the 
manufacturer’s directions. Nuclear extracts were obtained from NPC 
cells and mixed with biotin-labeled probes after the concentration was 
tested. Competition assays were performed with unlabeled wild-type or 
mutant probes, and supershift assays were performed with anti-c-Jun 
antibodies. Signals were recorded using a BioSens Gel Imaging System 
(BIOTOP). 

2.16. In vivo metastasis assays 

All mice were 4 weeks old, were female, and weighed 8–10 g; they 
were purchased from the Shanghai Laboratory Animal Center 
(Shanghai, China). Approximately 100 μL of 5–8F overexpressing 
ENKUR or control cells (4 × 106) were injected into the tail vein of each 
mouse (five mice per group). All mice were killed after 6 weeks and their 
lung tissues were removed; the metastatic tissues were analyzed under 
fluorescence microscopy. All animals were treated according to the 

principles and procedures outlined in the Southern Medical University 
Guide for the Care and Use of Animals. 

2.17. Treatment experiments on nude mice 

All mice were divided into four groups (normal saline, CB, DDP, and 
CB + DDP) after NPC cells were injected for 8 days. Mice were injected 
intraperitoneally with saline, CB (4 mg/kg), DDP (4 mg/kg) or CB (4 
mg/kg) + DDP (4 mg/kg) once every 3 days. All in vivo experiments 
were approved by the Animal Care and Use Committee of Southern 
Medical University. 

2.18. Statistical analysis 

All statistical analyses were performed using SPSS version 24.0 
(SPSS, Inc., Chicago, IL, USA). Data were expressed as the means ±
standard deviations. Student’s t-test was used to analyze two groups. 
Analysis of variance was used to analyze more than two groups. The 
relationship between ENKUR expression and clinicopathological factors 
was determined by chi-square testing. The survival analysis was per
formed using the Kaplan-Meier method. All statistical tests were two 
sided, and a P value of <0.05 was considered statistically significant. *P 
< 0.05, **P < 0.01 and ***P < 0.001. 

3. Results 

3.1. CB inhibited tumor migration, invasion, and metastasis in NPC 

The half maximal inhibitory concentrations (IC50s) of CB in 5–8F 
and HONE-1 cells were 446.0 nM and 627.6 nM, respectively; these 
results were much lower than concentrations for DDP (Fig. 1A). We used 
concentrations of 500 nM and 750 nM, respectively, to treat the 5–8F 
and HONE-1 NPC cells in the following experiments. After CB treatment, 
the cells showed worse migration and poorer invasion ability compared 
with the control group cells on a wound healing assay (Fig. 1B, S1A) and 
a Boyden assay (Fig. 1C, S1B). Moreover, we detected the key signals of 
EMT by western blot and found that N-cadherin and Snail were down
regulated, whereas E-cadherin was increased, after treatment with CB 
(Fig. 1D). These data indicated that CB suppressed tumor migration and 
invasion. 

Finally, we performed an in vivo experiment to investigate the effect 
of CB in tumor metastasis. We generated a model of lung metastasis with 
lentivirus-infected 5–8F cells and assessed four different treatment 
groups: normal saline, DDP(4 mg/kg), CB(4 mg/kg), and CB(4 mg/kg) 
+ DDP(4 mg/kg). Lung tissues were removed from the mice after 5 
weeks of injections. All three groups treated with drugs showed fewer 
metastatic lung tumors and lower expressions of green fluorescent len
tiviral markers compared with the normal saline group. No significant 
differences existed between the CB and DDP groups in anti-metastatic 
ability, but the CB + DDP group displayed the lowest expression of 
green fluorescent lentiviral markers (Fig. 1E, S1C). In addition, immu
nohistochemistry (IHC) assays indicated that CB and CB + DDP groups 
had higher E-cadherin and lower N-cadherin levels compared with the 
saline group (Fig. 1F). These data showed that CB decreased the ability 
of NPC to migrate, invade, and metastasize. 

3.2. ENKUR induced by CB functions as an anti-tumor metastasis factor 

The expression level of ENKUR was significantly reduced in NPC cells 
compared with NP cells (Fig. S2A). A previous study showed that mar
inobufagenin, whose chemical structure is similar to CB(Fig. S2B) could 
induce ENKUR in brain endothelial cells. So CB was added to NPC cells, 
qualitative polymerase chain reaction (PCR) analysis revealed a signif
icantly upregulated mRNA level of ENKUR (Fig. 2A). To explore the 
effect of ENKUR on tumor metastasis, the lentiviral vectors carrying 
ENKUR or control vectors were infected into 5–8F and HONE-1 cell lines 
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Fig. 1. Cinobufagin (CB) inhibited tumor migration, invasion, and metastasis in nasopharyngeal carcinoma (NPC). (A) Dose-response curves are shown in 
5–8F and HONE-1 cells treated with CB or cisplatin (DDP) for 48 h. (B) Wound healing assays (scale bar:200 μm) and (C) Boyden assays (scale bar:200 μm) were 
performed in CB-treated NPC cells and control cells. (D) Western blot analysis of E-cadherin, N-cadherin, and Snail in CB-treated 5–8F and HONE-1 cells. (E) 
Pulmonary metastasis models were used to compare the effect of CB (4 mg/kg), DDP (4 mg/kg), or CB(4 mg/kg) combined with DDP(4 mg/kg) on metastasis. (F) 
Immunohistochemistry was used to show the expression of E-cadherin and N-cadherin in models of lung metastasis. (scale bar:250 μm). 
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(Fig. S2C). The overexpressing ENKUR in NPC cells had lower migration 
and invasion capacities on a wound healing assay (Fig. 2B) and a Boyden 
assay (Fig. 2C). Western blot was used to detect p53 and the key factors 
of EMT. Results showed that p53 was increased and the EMT pathway 
was silenced in cells overexpressing ENKUR; including E-cadherin was 
upregulated, and N-cadherin and Snail were downregulated (Fig. 2D). 
The models of pulmonary metastasis were established by tail-vein in
jection with a control vector or an ENKUR-overexpressing vector in 5–8F 

cells. Compared with the control group, the ENKUR-overexpressing 
group showed fewer lung tumor metastases (Fig. 2E), higher E-cad
herin expression, and lower N-cadherin expression (Fig. 2F). Further
more, silencing ENKUR expression through its specific si-RNA (Fig. S2D) 
stimulated the invasion and migration capabilities on the Boyden assay 
(Fig. S2E) and the wound healing assay (Fig. S2F) in 5–8F and HONE-1 
cells overexpressing ENKUR. Western blot indicated that the inducing 
effect of ENKUR on p53 and the inhibitory effect on EMT-related 

Fig. 2. ENKUR induced by cinobufagin (CB) functions as a factor in anti-tumor metastasis. (A) QPCR analysis of ENKUR in 5–8F and HONE-1 cells treated with 
CB. (B)Wound healing assays (scale bar:200 μm) and (C) Boyden assays (scale bar:200 μm) were performed in ENKUR-overexpressing nasopharyngeal carcinoma 
(NPC) cells and control cells. (D) The protein levels of ENKUR, p53, E-cadherin, N-cadherin, and Snail were measured in ENKUR-overexpressing 5–8F and HONE-1 
cells. (E) Modes of pulmonary metastasis were established to investigate the effect of ENKUR on metastasis. (F) Immunohistochemistry was used to detect the 
expression of E-cadherin and N-cadherin in lung metastasis models. (scale bar:250 μm). 
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proteins were reversed after knocking down ENKUR (Fig. S2G). 
Together, these data demonstrate the anti-metastatic ability of ENKUR 
in NPC. 

3.3. ENKUR binds to MYH9 

We have demonstrated that MYH9 is a potential interaction protein 
of ENKUR by mass spectrometry analysis and a coimmunoprecipitation 
(co-IP) assay in A549 cells (data not published). An immunofluorescence 
assay showed that ENKUR colocalized in the cytoplasm with MYH9 in 
5–8F and HONE-1 cells (Fig. 3A). Co-IP examinations of 5–8F and 
HONE-1 cells confirmed that MYH9 combined to ENKUR (Fig. 3B). 
ENKUR contains three domains: the N-terminal region domain, the SH3 
domain, and the enkurin domain (Fig. 3C); on wound healing and 
Boyden assays, only the enkurin domain demonstrated anti-migration 
and anti-invasion abilities in NPC cells (Fig. S3A-B). Furthermore, the 
enkurin domain, but not the other two domains, combined with MYH9 
(Fig. 3D). MYH9 also contains three domains: myosin_N, myo
sin_head_motor, and myosin_tail (Fig. 3E). Functional experiments 
indicated that the myosin_tail domain was the key factor to promotion of 
cell migration and invasion in NPC cells (Fig. S3C-D). On the co-IP assay, 
only the myosin_tail interacted with ENKUR (Fig. 3F). MYH9 plasmids 
were transfected into ENKUR-overexpressing NPC cells and the migra
tion and invasion inhibition of ENKUR was reversed via wound healing 
and boyden assays in NPC (Fig. S3E-F). 

3.4. ENKUR interacts with β-catenin and decreases MYH9 expression 

An immunofluorescence assay revealed that ENKUR and β-catenin 
colocalize in the cytoplasm (Fig. 4A), and co-IP showed that ENKUR 
interacts with β-catenin in 5–8F and HONE-1 cells overexpressing 
ENKUR (Fig. 4B). Furthermore, the Enkurin domain bound to β-catenin 
(Fig. 4C). Although overexpressing ENKUR did not change the total 
protein expression of β-catenin (Fig. 4D), it reduced the nuclear accu
mulation of β-catenin protein and increased the cytoplasmic protein 
level of β-catenin (Fig. 4E). ENKUR overexpression downregulated the 
mRNA level of MYH9 in NPC cells (Fig. 4F), and western blot showed 
that c-Jun and MYH9 protein levels were decreased in NPC (Fig. 4D). In 
previous study, we confirmed that β-catenin/c-Jun-dependent tran
scription upregulated MYH9 in HCC [15]. In this study, overexpressing 
β-catenin promoted the nuclear translocation of β-catenin and reversed 
the ENKUR inhibition of c-Jun and MYH9 in overexpressing ENKUR NPC 
cells (Fig. S4A-B). Thus, we conclude that ENKUR downregulated MYH9 
via the β-catenin/c-Jun axis. 

3.5. MYH9 recruits UBE3A to facilitate degradation of p53 
ubiquitination 

We showed that ENKUR increased the protein level of p53 (Fig. 2D). 
In this study, western blot indicated that MYH9 restored the p53 
expression and inhibition of EMT signals in ENKUR-overexpressing NPC 
cells (Fig. 5A). However, MYH9 overexpression did not change the 
mRNA level of p53 (Fig. 5B). Thus, ENKUR might inhibit EMT via 
MYH9-mediated degradation of p53 ubiquitination. To clarify this hy
pothesis, 40 μM of cycloheximide (CHX) was introduced into ENKUR- 
overexpressing NPC cells and control cells; results showed that p53 
had a longer half life in ENKUR-overexpressing cells than in the control 
cells. In addition, overexpressing MYH9 reversed the alterations in the 
p53 half life. The half-life of p53 remained unchanged when cells were 
treated with a reversible proteasome inhibitor, MG132 (Fig. 5C). 
Research has shown that UBE3A, an E3 ubiquitin ligase, interacts with 
p53 and decreases its expression [16–18]. The GeneMANIA database 
was used to predict the interaction of the MYH9 protein with UBE3A and 
p53 (Fig. S4C). The co-IP assay demonstrated that MYH9 recruits UBE3A 
to degrade of p53 by ubiquitination (Fig. 5D). Injection of a plasmid 
carrying MYH9 into ENKUR-overexpressing 5–8F cells showed that 

MYH9 overexpression increased the interaction between p53 and 
UBE3A (Fig. 5E). 

3.6. CB promotes ENKUR through the PI3K/AKT/c-Jun axis 

We have shown that CB induces ENKUR expression. The results of the 
Boyden assay and the wound healing assay revealed that silencing 
ENKUR restored the invasion and migration ability of NPC cells treated 
with CB (Fig. S5A-B).Western blot showed that c-Jun, MYH9, N-cad
herin and Snail were increased, whereas E-cadherin, p53 and ENKUR 
were decreased after CB treatment with si-RNA for ENKUR in NPC cells 
(Fig. S5C). To explore how CB mediated ENKUR in NPC, two c-Jun 
binding sites were predicted by the JASPAR and ALGGEN databases 
(Fig. 6A). c-Jun was able to decrease ENKUR expression when it was 
overexpressed in 5–8F and HONE-1 cells in mRNA and at the protein 
level (Fig. 6B and C). Qualitative PCR and gel electrophoresis after 
chromagen immunoprecipitation (ChIP) verified that c-Jun bound to the 
promoter region of ENKUR (Fig. 6D and E). Electrophoretic mobility 
shift assays (EMSAs) then demonstrated that c-Jun bound to the ENKUR 
promoter (Fig. 6F). The luciferase reporter assays confirmed markedly 
upregulated luciferase activity in NPC cells after c-Jun cDNA trans
fection compared with that of the control cells (Fig. 6G). Furthermore, 
western blot showed that CB combined with PI3K inhibitor LY294002 
synergistically downregulated p-PI3K, p-AKT, and c-Jun and upregu
lated ENKUR in NPC cell (Fig. 6H). According to these data, CB induces 
ENKUR by activating PI3K/AKT/c-Jun-mediated transcription 
repression. 

3.7. Clinicopathologic characteristics of ENKUR expression in NPC 

We confirmed that ENKUR expression was upregulated in NP tissue 
compared with NPC tissue (Fig. 7A, Table 1). The clinical characteristics 
of the patients with NPC are summarized in Table 2. There was no sig
nificant association between ENKUR expression and age, sex, or N stage 
of patients, but clinical stage (P = 0.038), T stage (P = 0.026), and M 
stage (P = 0.020) were significantly associated with ENKUR expression. 
In addition, those who had high levels of ENKUR expression had longer 
survival times compared with patients who had low levels of ENKUR 
expression of ENKUR (log-rank test, P = 0.007, Fig. 7B). A subsequent 
stratum analysis showed that high ENKUR expression positively corre
lated with the survival time of advanced-stage, but not early-stage, 
disease (Fig. 7C and D). Univariate and multivariate Cox regression 
analyses in 121 patients with NPC showed that ENKUR expression, 
clinical stage and M classification were independent prognostic factors 
(Table 3). 

4. Discussion 

Metastasis is one of the most common causes of death in patients 
with cancer [19,20]. NPC has the highest metastasis rate among head 
and neck cancers [21], and distant metastasis of NPC may cause treat
ment failure [22]. DDP and 5-fluorouracil as the first-line therapies to 
treat NPC mainly promote cell apoptosis and block the cell cycle 
[23–26]. Their long-term use will produce drug resistance and increase 
the risk of EMT and metastasis [27–29]. Thus, a novel medicine to treat 
metastases of NPC is urgently needed. 

Traditionally sourced CB is a bufadienolide extracted from toad 
venom, and it has anticancer activity [30,31]. Our previous studies have 
shown that a small-molecule drug formulation of CB inhibits DDP 
resistance and stemness in NPC cells [13,14]. However, to our knowl
edge, no in vivo experiments have been conducted to explore the po
tential for CB to block NPC metastasis. In this study, we found that CB 
treatment suppresses NPC cell invasion and migration and inactivated 
EMT signal in vitro. Then, in vivo experiments were conducted to verify 
the suppressive effect of CB on NPC metastasis and anti-metastasis 
ability of CB is similar to that of DDP. In addition, CB combined with 

R. Hou et al.                                                                                                                                                                                                                                     



Cancer Letters 531 (2022) 57–70

63

Fig. 3. ENKUR binds to MYH9. (A) Immunofluorescence costaining of MYH9 and ENKUR to detect colocalization. The red or green curves mean MYH9 or ENKUR 
respectively, and the same upward and downward trend of curves means they are co-located in the same location.(B) Coimmunoprecipitation analysis was performed 
to assess the interaction between ENKUR and MYH9 in ENKUR-overexpressing 5–8F and HONE-1 cells. (C) A schematic diagram of the domains in ENKUR is shown. 
(D) Coimmunoprecipitation analysis was used to determine the interaction between domains of ENKUR and MYH9 in 5–8F cells transfected with plasmids containing 
different ENKUR domains. (E) A schematic diagram of the domains in MYH9 is shown. (F) Coimmunoprecipitation analysis was used to determine the interaction 
between domains of MYH9 and ENKUR in 5–8F cells transfected with plasmids containing different MYH9 domains. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

R. Hou et al.                                                                                                                                                                                                                                     



Cancer Letters 531 (2022) 57–70

64

DDP showed the most powerful anti-metastasis ability of NPC. IHC 
analysis detected the EMT signal protein, and groups treated with drugs 
had higher E-cadherin and lower N-cadherin levels compared with the 
untreated (normal saline) group. These data demonstrated that CB in
hibits the metastasis of NPC by inactivating EMT signals but did not 
clarify the mechanism of action. 

ENKUR reportedly is an adaptor that localizes calcium-sensitive 

signal transduction machinery in sperm to a calcium-permeable ion 
channel [32]. Research shows that ENKUR is an anti-tumor gene in 
colorectal cancer and lung adenocarcinoma [33,34]. Interestingly, in 
human brain microvascular endothelial cells, ENKUR mRNA concen
trations were upregulated after treatment with marinobufagenin, a 
bufotoxin [35]. We hypothesized that chemically synthesized CB would 
regulate ENKUR expression in NPC cells. Qualitative PCR was conducted 

Fig. 4. ENKUR interacts with β-catenin and decreases MYH9 expression. (A) Immunofluorescence staining was applied to show the interaction between ENKUR 
and β-catenin in ENKUR-overexpressing 5–8F and HONE-1 cells.The red or green curves mean β-catenin or ENKUR respectively, and the same upward and downward 
trend of curves means they are co-located in the same location. (scale bar:25 μm) (B) Coimmunoprecipitation analysis was used to determine the interaction between 
ENKUR and β-catenin in ENKUR-overexpressing 5–8F and HONE-1 cells. (C) Coimmunoprecipitation analysis was used to determine the interaction between domains 
of ENKUR and β-catenin in 5–8F cells transfected with plasmids containing different ENKUR domains. (D) The protein levels of β-catenin, c-Jun, and MYH9 in NPC 
cells transfected with ENKUR plasmids and control cells are shown. (E) The expression of β-catenin in the cytoplasm and nucleus of NPC cells was determined with or 
without ENKUR overexpression. (F) QPCR analysis of MYH9 in 5–8F and HONE-1 cells with or without ENKUR overexpression. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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in CB-treated NPC cells and showed that ENKUR expression increased 
with increasing concentrations of CB. Furthermore, we confirmed that 
ENKUR functioned as an anti-metastasis factor in NPC by studying the 
invasion and migration effects in vitro and the pulmonary metastasis 
mode in vivo. Preliminarily mechanistic analysis indicated that ENKUR 
suppressed the EMT signal pathway. Knocking down ENKUR expression 
recovered the migration and invasion in ENKUR-overexpressing NPC 
cells. These data suggested that ENKUR inhibits tumor metastasis by 

participating in CB-mediated metastasis suppression of NPC. 
In previous studies, we demonstrated that MYH9 acts as a tumor 

promoter by interacting with HBX, FOXO1, or GSK3β in hepatocellular 
carcinoma (HCC) and NPC [13–15]. In this study, we found that MYH9 
is also a potential binding protein of ENKUR, as demonstrated by co-IP 
coupling with mass spectrometry in ENKUR-overexpressing A549 cells 
(data not published). We confirmed that ENKUR combined with MYH9 
and colocalized in the cytoplasm. Domains are distinct units within 

Fig. 5. MYH9 recruits UBE3A to facilitate degradation of p53 ubiquitination. (A) The effect of MYH9 transfection on the protein levels of p53, E-cadherin, N- 
cadherin, and Snail were measured in ENKUR-overexpressing 5–8F and HONE-1 cells. (B) QPCR analysis of p53 in ENKUR-overexpressing 5–8F and HONE-1 with an 
MYHP plasmid. (C) Western blotting and quantification analyses were used to analyze the effect of ENKUR and MYH9 on p53 stability in nasopharyngeal carcinoma 
(NPC) cells incubated with cycloheximide at different time points with or without MG132. (D) The interactions of MYH9, UBE3A, p53, and ubiquitin were detected in 
5–8F cells. (E) Coimmunoprecipitation analysis of the effect of MYH9 on the interaction between p53, ubiquitin, and UBE3A in 5–8F cells. 
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proteins and provide the key functional building blocks of proteins [36, 
37]. ENKUR was predicted to contain three domains: the N-terminal 
region domain, SH3 domain, and enkurin domain. MYH9 was predicted 
to have three domains: myosin_N, myosin_head_motor, and myosin_tail. 

After different plasmids were injected with different domains of ENKUR 
and MYH9, tests showed that the enkurin domain exerted a tumor 
suppressor function and the myosin_tail domain functioned as an 
oncogene in 5–8F and HONE-1 cells. In addition, enkurin bound to 

Fig. 6. cinobufagin (CB) promoted ENKUR 
through the PI3K/AKT/c-Jun axis. (A) Bioinfor
matics analysis was used to predict the binding sites 
of c-Jun within the promoter of ENKUR. (B) QPCR 
analysis of c-Jun in 5–8F and HONE-1 cells with or 
without ENKUR overexpression. (C) The protein 
levels of c-Jun and ENKUR were measured in c-Jun- 
overexpressing 5–8F and HONE-1 cells. (D) Chro
matin immunoprecipitation (ChIP) assays were used 
to detect the binding of c-Jun to the ENKUR promoter 
in nasopharyngeal carcinoma (NPC) cells. (E) Gel 
electrophoresis after ChIP. (F) The protein-DNA in
teractions between c-Jun and the ENKUR promoter 
were determined using the electrophoretic mobility 
shift assay. (G) Luciferase reporter assays were per
formed to confirm c-Jun binding to the ENKUR pro
moter. (H)The protein levels of PI3K, p-PI3K, AKT, p- 
AKT, c-Jun, and ENKUR were detected in 5–8F and 
HONE-1 cells treated with CB or LY294002.   

R. Hou et al.                                                                                                                                                                                                                                     



Cancer Letters 531 (2022) 57–70

67

Fig. 7. Clinicopathologic characteristics of ENKUR expression in nasopharyngeal carcinoma (NPC). (A) Immunohistochemistry (IHC) staining intensities of 
ENKUR were assessed in tissues (a: strong expression of ENKUR in nasopharyngeal samples; b: weak expression of ENKUR in nasopharyngeal tissue; c: strong 
expression of ENKUR in NPC samples; d: weak expression of ENKUR in NPC tissue). (scale bar:250 μm) (B) Kaplan-Meier survival analysis with a log-rank test was 
conducted according to ENKUR expression. (C–D) Stratum analysis of the overall survival of patients with NPC was performed according to ENKUR expression. 
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MYH9 and myosin_tail interacted with ENKUR, which demonstrated the 
significance of these two functional domains in NPC pathogenesis. We 
also found that ENKUR suppressed the mRNA and protein levels of 
MYH9 in NPC. MYH9 activated Wnt/β-catenin and the transcription 
factor c-Jun is a downstream driver of the pathway. Furthermore, our 
team has found that c-Jun transcriptionally activated MYH9, thus 
forming the positive regulatory loop MYH9/β-catenin/c-Jun in HCC 

[15]. In this study, we observed that ENKUR bound to β-catenin via its 
enkurin domain and reduced its nuclear translocation, which thus 
decreased c-Jun-dependent positive transcriptional regulation of MYH9 
in NPC cells. These data revealed that ENKUR decreased MYH9 
expression by combining with β-catenin and repressed its accumulation 
in the nucleus to decrease the transcriptional regulation of c-Jun. The 
data from this study revealed that ENKUR not only interacts with MYH9 
but also reduces the MYH9 level via suppression of β-cat
enin/c-Jun-dependent transcription. 

p53 is a classical tumor suppressor gene in a many types of tumors 
[38]. Prior studies have clarified that the mutation rate of p53 is quite 
low in NPC [39,40], and p53 inhibits EMT in many tumors [41–44]. In 
this study, ENKUR overexpression increased the protein level of p53 and 
MYH9 restored p53 expression, but not at the mRNA level. Furthermore, 
ENKUR improved the stability of the p53 protein but MYH9 over
expression reversed the stability change of p53. We speculated that the 
ENKUR/MYH9 signal modulates the expression of the p53 protein via 
the ubiquitin proteasome pathway. Previous research had shown that 
the E3 ubiquitin ligase UBE3A combined with p53 to decrease its protein 
level, which promoted Snail-mediated EMT in tumors [16–18]. Then 
GeneMANIA database was used to predict the interaction between 
MYH9 and p53 or UBE3A and we found that MYH9 is the potential 
interaction protein of p53 and UBE3A. Overexpression of MYH9 
increased the combination of p53 and UBE3A, which promoted 
UBE3A-mediated ubiquitin degradation of p53 and upregulated EMT 
signals. These data revealed that MYH9 recruits UBE3A to degrade p53 
via its ubiquitination and finally activates EMT signals. 

In a previous study, we confirmed that CB induces the mRNA and 
protein levels of ENKUR in NPC cells. These data suggested that CB 
mainly induces ENKUR at a transcriptional level. C-Jun as an oncogenic 
transcription factor modulates many gene levels by binding to their 
promoters [45,46]. Interestingly, c-Jun was predicted as a candidate 
transcription factor of ENKUR. Our prior studies demonstrated that 
c-Jun [47,48] is a downstream positive regulator of the PI3K/AKT 
oncogenic signal [49,50], whereas CB inhibits the PI3K/AKT/c-Jun 
signal in NPC. We suspected that CB induces ENKUR expression 
through activation of PI3K/AKT/c-Jun-meditated transcription sup
pression in NPC. To explore this hypothesis, we confirmed that c-Jun 
binds to ENKUR promoter and negatively regulates its expression. We 
also found that PI3K inactivation by LY294002 suppressed the 
PI3K/AKT/c-Jun signal, which thus induced ENKUR expression in NPC. 

Finally, to determine whether ENKUR participated in CB-mediated 
suppression of malignant phenotypes in NPC, ENKUR was knocked 
down in CB-treated NPC cells. We observed that cell migration and in
vasion abilities were enhanced. In addition, ENKUR-modulated down
stream β-catenin/c-Jun/MYH9 and EMT signals were reversed. 

In clinical samples, we observed that ENKUR expression was mark
edly upregulated in NP tissues compared with NPC tissues. Increased 
ENKUR expression was negatively correlated with clinical stages, T 
stage, and M stage, and positively related with overall survival time for 
patients with NPC. In addition, ENKUR expression, clinical stages and M 
classifications were identified as independent prognostic factors in NPC. 
These data revealed that ENKUR functions as an anti-tumor gene in NPC 
and that reduced ENKUR expression may be an important marker to 
predict poor prognosis for patients with NPC. 

Taken together, our study revealed that a new chemical drug 
formulation of CB is an effective anti-metastatic treatment and enhances 
ENKUR expression by downregulating the PI3K/AKT/c-Jun axis. 
Furthermore, ENKUR as a tumor suppressor binds to MYH9, reduces its 
expression by recruiting β-catenin, and prevents its nuclear accumula
tion to decrease c-Jun transcription, which thus reduces the enlisting of 
E3 ligase UBE3A and decreases degradation of p53, an important anti- 
tumor gene that decreases EMT via UBE3A-mediated ubiquitination 
degradation. Our data demonstrate that CB is a potential and effective 
anti-metastatic drug for NPC. 

Table 1 
The expression of ENKUR in NPC and NP.  

Group Case ENKUR expression P value 

Low expression High expression 

Cancer 121 62 59 p = 0.001 
Normal epithelium 32 6 26  

NPC, nasopharyngeal carcinoma, NP normal epithelium. 
*χ2 test was applied to access ENKUR expression of NPC and NP. 

Table 2 
Correlation of ENKUR protein expression with clinicalpathological parameters.  

parameters Case Low expression High expression Pvalue 

Age(y) 
<50 69 34 35 0.619 
≥50 52 28 24 
Sex 
Male 91 48 43 0.563 
Female 30 14 16 
Clinical stages 
I/II 48 19 29 0.038 
III/IV 73 43 30 
T stage 
T1/T2 32 11 21 0.026 
T3/T4 89 51 38 
N stage 
N0/N1 59 31 28 0.780 
N2/N3 62 31 31 
M stage 
M0 101 47 54 0.020 
M1 20 15 5 

NPC, nasopharyngeal carcinoma. 
*χ2 test was applied to access the correlation between the clinicopathologic 
parameters and ENKUR expression. 

Table 3 
Univariate and multivariate Cox regression analysis in 121 NPC patients.  

Clinical 
characters 

Univariate analysis Multivariate analysis 

HR 95% CI P 
value 

HR 95% CI P 
value 

ENKUR expression 
low vs high 0.381 0.184–0.786 0.009 0.413 0.194–0.879 0.022 
Sex 
male vs 

female 
0.435 0.167–1.139 0.09     

Age 
<50 vs≥50 1.456 0.742–2.855 0.274     
Clinical stages 
I/II vs III/ 

IV 
3.022 1.315–6.945 0.009 2.557 1.062–6.156 0.036 

T stage 
T1/T2 vs 

T3/T4 
1.496 0.650–3.443 0.344    

N stage 
N0/NI vs 

N2/N3 
2.506 1.214–5.174 0.013 1.674 0.742–3.773 0.214 

M stage 
M0 vs M1 3.469 1.712–7.513 0.001 2.676 1.197–5.980 0.016 

*p < 0.05 statistically significant. 
T, tumor size; N, lymph node; M, distant metastasis; HR, hazard ratio; 95%CI, 
95% confidence interval. 
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