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Background: Nasopharyngeal carcinoma (NPC) is an Epstein-Barr virus (EBV)-related tumor. The role of

EBV-encoding miR-BART22 is still unclear in NPC. This study aimed to identify the detailed mechanisms

by which EBV-miR-BART22 functions as a tumor-promoting factor and evaluate the action of cinobufotalin

in treating EBV-miR-BART22-overexpressing NPC cells.

Methods: Using real-time PCR, western blotting, immunohistochemistry, and In situ hybridization, we de-

tected the expression of miR-BART22 and MAP2K4 in tissues and cells, as well as evaluated their clinical

relevance in NPC patients. The effects of miR-BART22 on cell metastasis, stemness and DDP chemore-

sistance were examined by sphere formation assay, side population analysis, transwell, boyden, in vivo

xenograft tumor mouse model et al. Western blotting, immunofluorescence staining, luciferase reporter

assay, ChIP, EMSA and Co-IP assay et al. were performed to explore the detailed molecular mechanism

of EBV-miR-BART22 in NPC. Finally, we estimated the effects and molecular basis of Cinobufotalin on

EBV-miR-BART22-overexpressing NPC cells in vitro and in vivo assays.

Findings: We observed that EBV-miR-BART22 not only promoted tumor stemness and metastasis, but also

enhanced the resistance to Cisplatin (DDP) in vitro and in vivo. Mechanistic analysis indicated that EBV-

miR-BART22 directly targeted the MAP2K4 and upregulated non-muscle myosin heavy chain IIA (MYH9)

expression by PI3K/AKT/c-Jun-induced transcription. Further, MYH9 interacted with glycogen synthase

3β(GSK3β) protein and induced its ubiquitin degradation by activating PI3K/AKT/c-Jun-induced ubiqui-

tin transcription and the latter combined with increased TRAF6 E3 ligase, which further bound to GSK3β
protein. Reductions in the GSK3β protein thus promoted β-catenin expression and nuclear translocation,

which induced tumor stemness and the epithelial-to-mesenchymal transition (EMT) signals. Furthermore,

we observed that cinobufotalin, a new chemically synthesized compound, significantly suppressed EBV-

miR-BART22-induced DDP chemoresistance by upregulating MAP2K4 to suppress MYH9/GSK3β/β-catenin

and its downstream tumor stemness and EMT signals in NPC. Finally, clinical data revealed that increased

miR-BART22 and reduced MAP2K4 expression caused the poor prognoses of NPC patients.

Abbreviations: ChIP, Chromatin immunoprecipitation; IHC, Immunohistochemical; qRT-PCR, Quantitative real time polymerase chain reaction; RIP, RNA immunoprecipita-

tion; NPC, Nasopharyngeal carcinoma; EBV, Epstein-Barr virus; EMSA, Electrophoretic mobility shift assay; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H- tetrazolium

bromide;; Co-IP, Co-immunoprecipitation; EMT, epithelial-mesenchymal transition; FISH, Fluorescence in situ hybridization; DDP,cisplatin, Cis-diamminedichloroplatinum;

BARTs, BamHI A rightward transcripts; MAP2K4 , mitogen-activated protein kinase kinase 4; MYH9 , non-muscle myosin heavy chain IIA; GSK3β , glycogen synthase 3β .
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Research in context

Evidence before this study

Infection with the Epstein-Barr virus (EBV) is a strong pre-
disposing factor in the development of nasopharyngeal car-
cinoma (NPC). Previously, EBV-miR-BART22 has been found
highly expressed in NPC tissues. However, how the NPC-
associated EBV miRNA precisely regulate the tumor progres-
sion and chemoresistance remains obscure in NPC.

Added value of this study

This study identifies EBV-miR-BART22 as an oncogene that
promotes tumor stemness, metastasis and DDP chemotherapy
resistance in NPC. The role and detailed molecular basis of
EBV-miR-BART22 was examined by transwell, boyden, sphere
formation assay, western blotting and mouse xenograft tu-
mor model et al. The expression levels of EBV-miR-BART22
and its targeted gene mitogen-activated protein kinase kinase
4 (MAP2K4) were evaluated in NPC and nasopharynx tissues.
EBV-miR-BART22 expression was negatively correlated with
MAP2K4 protein expression in NPC tissues, and NPC patients
with high miR-BART22 and low MAP2K4 protein expression
showed the worst survival prognosis. Furthermore, we found
that EBV-miR-BART22 targets MAP2K4 and further stimulates
MYH9-mediated GSK3β ubiquitin protein degradation, which
thus activates β-catenin and its downstream tumor stemness
and EMT signaling pathways. Finally, the anti-tumor activity
of cinobufotalin in reversing EBV-miR-BART22-induced DDP
chemoresistance was shown by inducing MAP2K4 to antago-
nize MYH9/GSK3β/β-catenin signaling pathway in NPC.

Implications of all the available evidence

Together, our study not only highlights the key role
of EBV-miR-BART-22 in the pathogenesis of NPC, but also
demonstrates the significance of cinobufotalin in reversing
EBV-miR-BART-22-stimulated DDP chemoresistance in NPC.

. Introduction

NPC is endemic in Southern China and Southeast Asia with high

ncidences seen [1,2]. It is a malignant tumor that is characterized

y a high rate of local invasion and early, distant metastases in the

asopharynx [3,4]. In previous studies, nasopharynx carcinogene-

is had been shown to be closely related to EBV infection [5,6].

s a human herpesvirus 4 (HHV4) family member, EBV establishes

life-long and latent infection in >90% of the world’s popula-

ion [7–9]. The clinical use of Epstein-Barr virus (EBV) as a surro-

ate biomarker for population screening, prognostication, and dis-

ase surveillance for NPC continues to increase [10,11]. MicroRNA

miRNA) dysregulation plays a vital role during the tumorigenic

rocess [12–14], from initiation and development to progression

oward a metastatic phenotype [15]. BamHI A rightward transcripts

BARTs) are particularly abundant in EBV-associated carcinomas

nd encode a large number of miRNAs [16–18] involved in tu-
des a novel mechanism that cinobufotalin reversed the DDP chemoresis-

-miR-BART22 in NPC.

© 2019 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

or progression and treatment [19]. For instance, the EBV-encoded

iRNA BART1 induces tumor metastases by regulating the PTEN-

ependent pathway [20]. EBV-miR-BART7 and BART13 were highly

xpressed in NPC and served as a poor indicator for NPC progno-

is [21]. Previously, we had found that EBV-miR-BART22 expression

s higher in NPC tissues compared with those of adjacent mucosal

issues [22,23], which suggested that EBV-miR-BART22 was corre-

ated with NPC pathogenesis. However, the function and molecular

asis of EBV-miR-BART22 in NPC has not been reported.

Cancer stem cells (CSCs), a cancer cell subpopulation that can

nitiate tumorigenesis, exist in many different tumor types. Fur-

hermore, CSCs are the key factors promoting malignant tumor

henotypes including tumor metastasis and chemoresistance [24–

8]. However, the mechanisms by which CSCs occur in NPC have

ot been extensively investigated.

Bufotoxin is toxin found in the white sputum of the Chi-

ese giant salamander, and its main components are resibufogenin

BR), cinobuafagin (CB), bufotalin (BT), gamabufotalin (GB), and bu-

alin [29]. Pharmacologically, bufotoxin has cardiotonic, anesthetic,

etoxifying, pain relieving, reclaiming, and refreshing effects, and

s widely used in clinical practice [30]. Recently, it was found

hat traditional Chinese medicine preparations containing cinobu-

otalin could inhibit the growth of several different tumor cells,

n vitro [31,32]. Clinical observations suggested that cinobufotalin

ould have inhibitory effects on liver, lung, and pancreatic can-

ers [33]. However, pre-clinical evaluations of chemically synthe-

ized cinobufotalin have rarely been reported [34]. Furthermore,

he difference between the cytotoxicity of cinobufotalin and DDP

as never been compared in tumors.

In this study, we performed a more in-depth investigation into

he role of EBV-miR-BART22 in NPC pathogenesis and evaluated

he action and mechanism of chemically synthesized cinobufotalin

n treating EBV-miR-BART22-overexpressing NPC cells. We showed

hat cinobufotalin is a very promising antitumor agent that power-

ully reversed EBV-miR-BART22-induced cisplatin resistance by in-

ucing MAP2K4 to antagonize MYH9/GSK3β/β-catenin-mediated tu-

or stemness and EMT signals in NPC.

. Materials and methods

.1. Ethical statement

All animal experiments were conducted in accordance with

protocol approved by the Animal Care and Use Committee of

outhern Medical University. For the use of these clinical materials

or research purpose, written informed consent was obtained from

ach patient. Approval from the Ethics Committee of the Nanfang

ospital was obtained.

.2. Cell culture

HONE1-EBV+ cells were a gift of Dr. S.W. Tsao, the University

f Hong Kong. HONE1 and 5-8F cells were stored in the Cancer

esearch Institute of the Southern Medical University (Guangzhou,

hina). Both cell lines were cultured in RPMI-1640 (Corning) sup-

lemented with 10% fetal calf serum (Corning) in a humidified

hamber with 5% CO at 37 °C.
2

http://creativecommons.org/licenses/by-nc-nd/4.0/


388 Y. Liu, Q. Jiang and X. Liu et al. / EBioMedicine 48 (2019) 386–404

A

c

s

i

B

t

2

L

(

d

s

m

t

w

t

D

a

w

2

u

S

B

a

A

t

1

f

i

c

a

t

p

a

2

i

m

A

(

G

(

(

G

c

a

j

w

2

t

(

2

(

(

(

M

c

t

2.3. Clinical samples

Sixty one (61) primary fresh NPC samples with TNM staging

and thirty-six [36] non-cancerous fresh nasopharyngx(NP) samples

as well as one hundred and sixty-three (163) paraffin-embedded

NPC cases with clinical prognostic information(55 females and 108

males) and thirty-five [35] paraffin-embedded NP samples were

collected from the Nanfang Hospital, Southern Medical University,

China, at the time of diagnosis before any therapy.

2.4. Chemicals

Cinobufotalin Chemical Structure:

Cinobufotalin(CB) was purchased from MedChem Express (Mon-

mouth Junction, NJ, USA) (HY-N0880). Stock solutions were pre-

pared using dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO, USA)

as a solvent, and further dissolved to make the desired concen-

trations for experimental use. MG132 was purchased from Sigma-

ldrich (St. Louis, MO, USA), cycloheximide (CHX) was purchased

from Abcam (Cambridge, MA, USA).

2.5. Lentivirus production and infection

Lentiviral particles carrying the hsa-miR-BART22 precursor

were constructed by GeneChem (Shanghai, China). HONE1-EBV+

and 5-8F cells were infected with lentiviral or control vectors, re-

spectively. Green fluorescent protein was used as a marker to mon-

itor infection efficiency. Overexpression efficiency of miR-BART22

was validated by RT-qPCR.

2.6. RNA isolation, reverse transcription, and RT-qPCR

Total RNA was extracted with the TRIzol reagent (Invitro-

gen), and complementary DNA (cDNA) was synthesized with the

PrimeScript RT reagent Kit (TaKaRa, Dalian, China) according to

the manufacturer’s instructions. QRT-PCR was performed in trip-

licate with the SYBR Premix ExTaq (TaKaRa, Dalian, China). We

also quantified expression of EBV-miR-BART22 using TaqMan mi-

croRNA assays (Applied Biosystems). Briefly, mature miRNAs were

reversely transcribed, and qRT-PCR was performed using an All-

in-One miRNA qRT-PCR Detection Kit following the manufacturer’s

protocol (GeneCopoeia). Each primer sequence of the genes used

in this study is listed in Supplementary Table 3. The fold changes

were calculated by using the 2-DDCt method.

2.7. Transient transfection with mimics, inhibitor or plasmids

SiRNAs for c-Jun, MYH9 and miR-BART22 mimics or its

inhibitors were designed and synthesized by RiboBio, Inc.

(Guangzhou, China). The sequences and controls are shown in Sup-

plementary Table 4. MAP2K4, MYH9 and GSK3β plasmids were pur-

chased from Vigenebio Technologies (Shandong, China), and the

GSK3β-K183R plasmids were purchased from Genechem (Shanghai,

China). Twelve hours before transfection, HONE1-EBV+ and 5-8F
ells were plated into 6-well plates (Nest, Biotech, China) at a den-

ity of 60% confluence. NPC cells were transfected with the mim-

cs, inhibitor or plasmid using Lipofectamine TM 2000 (Invitrogen

iotechnology, China) according to the manufacturer’s protocol. Af-

er 48 to 72 h, cells were collected for further experiments.

.8. Cisplatin or cinobufotalin treatment in cells

cis-Diamminedichloroplatinum (cisplatin, DDP; Qilu Pharmo Co.

td., Jinan, China) was resuspended in phosphate-buffered saline

PBS) (0.5 mg/ml). Drug sensitivity was determined by the 3-(4,5-

imethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide (MTT) as-

ay. Cells were seeded in 96-well plates in 100 μl RPMI-1640

edium supplemented with 10% FBS at 5 × 103 cells/well. Once at-

ached, cells were treated with 2.5, 5, 10, 20 or 40 μM Cisplatin or

ith 0.05, 0.1, 0.25, 0.5 0.75 or 1 μM Cinobufotalin. For Cinobufo-

alin combined with DDP, cells were treated by Cinobufotalin and

DP with the same contration at 0.05, 0.1, 0.25, 0.5 0.75 or 1 μM

nd incubated at 37 °C in 5% CO2 for 48 h. MTT cytotoxicity assays

ere then performed three times.

.9. Nuclear and cytoplasmic extraction assay

Cell nuclear and cytoplasmic extraction assay was conducted

sing NE-PER@ Nuclear and Cytoplasmic Extraction kit (Thermo

cientific Pierce, UK) according to the manufacturer’s instructions.

riefly, cells were harvested and washed with PBS by pipetting,

nd were then incubated with ice-cold CER I for 10 min at 4 °C.

fter incubation, CER II extraction regent was added to the reac-

ion mixture for another 1 min and the lysate was centrifuged at

6000 g for 5 min. The supernatant (cytoplasmic extract) was care-

ully transferred into a fresh microcentrifuge tube and stored in

ce. The pellet was resuspended in NER extraction regent and in-

ubated for 40 min on ice. The suspension was then centrifuged

t 16000 g for 10 min, and the supernatant (nuclear extract) was

ransferred to a fresh microcentrifuge tube and stored on ice. The

roteins were quantitated by BCA protein assay kit, and further an-

lyzed by western blot analysis.

.10. Western blot analysis

Cell lysates were separated by SDS-PAGE followed by block-

ng in 3% BSA (Bovine Serum Albumin), then incubated with pri-

ary antibodies against PI3K (1:1000), p-PI3K (Tyr458) (1:1000),

KT (1:1000), p-AKT (Ser473) (1:1000), MAP2K4(1:500), c-Jun

1:1000), MYH9 (1:1000), β-catenin (1:1000), GSK3β (1:500), p-

SK3β (1:1000), c-Myc (1:1000), E-cadherin (1:1000), N-cadherin

1:1000), Vimentin (1:1000), Nanog (1:1000), OCT-4 (1:1000), Sox2

1:2000), TRAF6 (1:1000), ubiquitin (1:1000), β-actin (1:1000); and

APDH (1:1000). The immunoreactive bands were visualized with

hemiluminescence (ECL) (Millipore, Bedford, MA, USA), and im-

ges were captured with Minichemi imaging system (Sage, Bei-

ing,China). All blot figures include the location of molecular

eight/size markers.

.11. Antibodies

The following antibodies used in this study for western blot-

ing (WB), Immunohistochemistry (IHC) and immunofluorescence

IF) were: PI3K (4292S, Cell Signaling), p-PI3K (Tyr458) (11508-

, Singalway Antibody), AKT (4691, Cell Signaling), p-AKT (Ser473)

4060S, Cell Signaling), MAP2K4 (17340-1-AP, ProteinTech), c-Jun

9165S,Cell Signaling), MYH9 (60233-1-IG, ProteinTech), GSK3β
22104-1-AP, ProteinTech), p-GSK3β (5558S, Cell Signaling), c-

yc (AB32072, Abcam), E-cadherin (60335-1-IG, ProteinTech), N-

adherin (66219-1-IG, ProteinTech), β-catenin (51067-2-AP, Pro-

einTech), Vimentin (10366-1-AP, ProteinTech), Nanog (14295-1-AP,

http://www.medchemexpress.cn/Cinobufotalin.html
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roteinTech), OCT-4 (60242-1-IG, ProteinTech), Sox2 (11064-1-AP,

roteinTech), TRAF6 (66498-1-IG, ProteinTech), ubiquitin (10201-

-AP, ProteinTech), β-actin (CW0264M), GAPDH (CW0100M) and

istone (#5748, Cell Signaling), CD133(#64326, Cell Signaling),

D44(#3570, Cell Signaling).

.12. Transwell and Boyden chamber analysis

Transwell and boyden(BD Biosciences, NJ, USA) assay were per-

ormed to detect cell migration and invasion abilities. Cells were

uspended in 100 μl RPMI-1640 without serum and seeded into

he top chamber of the transwells coated with Matrigel (BD Bio-

ciences, NJ, USA) or left uncoated, and the bottom chambers were

lled with 500 μl RPMI-1640 supplemented with 10% FBS. After in-

ubation, the filter was fixed, stained, and photographed. The num-

er of stained cells that exhibited the ability to invade and migrate

as counted. All experiments were performed three times.

.13. In vivo metastasis assays in nude mice

All mice (BALB/C, nu/nu) were 4-weeks-old, female, weigh-

ng 11-13 g, approved by the BEIJING HFK BIOSCIENCE CO., LTD.

or in vivo metastasis assays, 50 μl of HONE1-EBV+ and 5-8F

ells(5 × 106) overexpressing miR-BART22 or their control cells

ere injected under the liver capsule of each mouse (N = 8 per

roup), and then carefully pushed its liver back into the abdominal

avity after cleaning and lightly pressing the pinhole with alcohol

otton balls for 1 min. The mice were maintained in a barrier facil-

ty on HEPA-filtered racks and fed an autoclaved laboratory rodent

iet. All mice were euthanized after 6 weeks of study. Liver and

olon tissues were subjected to fluorescent imaging using the LT-

MACIMSYSPLUS whole-body imaging system (Lighttools Research,

ncinitas, CA, USA).

.14. Establishing the subcutaneous xenograft mouse model

The subcutaneous xenograft mouse model was also established

o determine the tumor formation abilities. A serial number of

× 106, 5 × 105, 1 × 105, and 5 × 104 cells were injected into the

ice (N = 6 per group), and tumor-initiating frequencies were cal-

ulated using extreme limiting dilution analysis (http://bioinf.wehi.

du.au/software/elda/).

.15. DDP-treatment survival experiment on nude mice

To establish an NPC mouse model, 6 × 105 miR-BART22-

verexpressing HONE1 EBV+ or control cells, in 0.2 ml buffered

aline, were intraperitoneally injected into the mice (N = 10 per

roup). Tumors were allowed to grow for 3 days, and then the

nimals were divided into four groups for treatment testing:

he miR-BART22 + DDP group; the miR-BART22+ Normal saline

NS) group; the control cell + DDP (Mock) group and the miR-

ART22+ NS group). Mice were intraperitoneally injected with

S or DDP(4 mg/kg) every 3 days respectively, and survival curves

ere analyzed using Kaplan-Meier analysis.

.16. The cinobufotalin-treatment survival experiment on nude mice

5 × 106 miR-BART22 over-expressing in HONE1-EBV+ and 5-8F

ells were intraperitoneally injected into the mice. The mice were

ubsequently randomized into 4 groups (N = 10 per group). Ten

ays after injection, group 1 received the DDP (4 mg/kg), group

received cinobufotalin (4 mg/kg), group 3 received cinobufotalin

ith half dose (2 mg/kg), and group 4 received DDP combined

ith cinobufotalin (4 mg/kg, respectively) by intraperitoneal injec-

ion every 5 days. Finally, we observed the survival time of nude

ice in different treatment group.
.17. Immunohistochemistry (IHC)

Paraffin sections (4 μm thickness) were prepared from in vivo

xperiments and used for immunohistochemistry to detect E-

adherin (1:200), N-cadherin (1:200), OCT4 (1:250), NANOG (1:100),

AP2K4 (1:100) protein expression. The indirect streptavidin-

eroxidase method was used based on the manufacturer’s instruc-

ions. Stained tissue sections were examined separately by two

athologists.

.18. In situ hybridization (ISH)

In situ hybridization was conducted on paraffin-embedded

pecimens (4 μm thickness). Paraffin sections were deparaffinized

n xylene and rehydrated in graded alcohols and distilled water.

fter treating with proteinase K at 37 °C for 30 min, sections were

insed, fixed, and then prehybridized for 2 h. Hybridization was

erformed with miR-BART22 Digoxygenin (DIG)-labeled probes de-

igned and synthesized by BersinBio (Guangzhou, China). Slides

ere hybridized with DIF-labeled LNA probes overnight at 37 °C
nd were then washed and incubated with anti-DIG-HRP Fab frag-

ents for 1 h at room temperature. Signals were visualized with

he 3,3′-Diaminobenzidine (DAB) substrate (Maixin Biotech. Co.,

td., Fuzhou, China).

.19. Tumorsphere formation

After digestion, single cell suspensions were seeded into 6-

ell ultra-low-attachment plates (Corning, Inc., NY, USA) at a

ensity of 5 × 103 cells/well and cultured in serum-free medium

MEM/F12 with FGF (20 ng/ml), EGF (20 ng/ml), and B27 (2%). Af-

er 2–3 weeks of incubation, tumor sizes were photographed us-

ng microscopy. Then single-cell suspensions were made to form

ew tumorspheres. The size and number of tumorspheres were an-

lyzed after a continuous passage of three generations.

.20. Side populations

For side population (SP) analysis, 1 × 106 cells (here we used

ONE1 cells instead of HONE1-EBV+ with green fluorescence be-

ause of potential detection by the flow cytometer) were resus-

ended in DMEM containing 2% FBS, and treated with 5 μg/ml

he Hoechst 33342 stain (Sigma-Aldrich, MO, USA) was applied for

0 min at 37 °C with gentle blending every 10 min. Samples were

imultaneously incubated with 50 μmol/L of verapamil (Sigma-

ldrich, MO, USA), which served as negative controls. Cells were

ashed using ice-cold PBS and then subjected to flow cytometric

nalysis. Propidium Iodide was used to identify dead cells.

.21. Luciferase reporter assay

Luciferase reporter assay was used to examine the binding acti-

ation of miR-BART22 with PsiCHECK-2 vectors containing MAP2K4

t 3′-UTR or mut 3′-UTR. The vector was co-transfected with

iR-BART22 mimics, inhibitor or control sequences into cells,

nd luciferase activity was measured 48 h after transfection using

he Dual-Luciferase Reporter Assay System (Promega Corporation,

adison, WI, USA). To examine the effect of c-Jun on transcription

ctivity of MAP2K4, MYH9 and ubiquitin, fragments encoding c-Jun

inding sites were cloned into pGL4.1-Basic luciferase reporter vec-

or, and the c-Jun-binding site mutation vectors were constructed.

hese vectors and c-Jun plasmid were co-transfected into HONE1-

BV+ and 5-8F cells to detect the luciferase activity.

http://bioinf.wehi.edu.au/software/elda/
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2.22. Ago2 immunoprecipitation (IP)

Cytoplasmic lysates were subjected to RNA immunoprecipita-

tion (RIP) assays using an Ago2-specific antibody (Abcam, USA),

and the EZ-Magna RIPTM RNA-Binding Protein Immunoprecipita-

tion Kit (Millipore) according to the manufacturer’s protocol.

2.23. Coimmunoprecipitation (Co-IP)

Co-IP was carried out using a Pierce Co-Immunoprecipitation

kit (Thermo Scientific, USA) according to the manufacturer’s in-

structions. Briefly, total proteins were extracted and quantified. A

total of 1000 μg protein in 400 μL supernatant was incubated with

10 μg anti-Flag, anti-MYH9 or anti-IgG antibodies for 12 h at 4 °C
Beads were washed, eluted in sample buffer, and boiled for 10 min

at 100 °C. Immune complexes were subjected to Coomassie bril-

liant blue staining, mass spectrometry, and western blot analysis.

Anti-IgG was used as a negative control.

2.24. The chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation assays were performed using

a ChIP assay kit (Thermo Scientific, Waltham, MA, USA). Accord-

ing to the manufacturer’s protocol, chromatin was crosslinked, iso-

lated, and digested with Micrococcal Nuclease to obtain DNA frag-

ments. The anti-c-Jun or IgG was added to the reaction systems for

immunoprecipitation. After elution and purification, the recovered

DNA fragments were subjected to qPCR and PCR. IgG served as a

negative control.

2.25. Electrophoretic mobility shift assay (EMSA) analysis

The electrophoretic mobility shift assay was conducted using an

EMSA Kit (BersinBio, Guangzhou, China) according to the manufac-

turer’s instructions. Nuclear extracts were obtained from cells, and

concentrations were determined using the BCA assay kit. EMSA

was performed in a reaction mixture containing nuclear extracts

and biotin-labeled probes. Competition or super-shift assays were

performed by adding 100-fold excesses of cold competitors (un-

labeled wild-type or mutant probes), or polyclonal rabbit anti-c-

Jun (Cell Signaling Technology) to the reaction mixture. After elec-

trophoresis and incubation, signals were recorded and analyzed.

2.26. Immunofluorescence and confocal microscopy

Cells were plated on coverslips in 48-well plates and cul-

tured overnight to allow for cell adherence. After fixation with

4% paraformaldehyde and permeabilization with 0.2% Triton X-

100, cells were incubated with antibodies. Cells were then coun-

terstained with 0.2 mg/ml DAPI and visualized with a fluorescent

confocal microscope (Carl Zeiss LSM800,Germany).GSK3β (1:50),

β-catenin (1:100), MYH9 (1:50), CD44(1:100), CD133(1:100).

2.27. The cycloheximide (CHX) chase assay

Cells were transfected with scrambles or plasmids and were

then incubated with 20 μmol/L MG132 for 0–12 h or left untreated.

At different time points post 50 μg/ml CHX treatment, cells were

harvested and prepared for Western blot analysis.

2.28. Statistical analysis

All the data were analyzed using SPSS 20.0 software (SPSS

Inc. Chicago, IL, USA). The data are expressed as the means ±
SD from at least three independent experiments. Statistical sig-

nificance was determined using the Student’s two-tailed t-test for
wo groups, the one-way ANOVA for multiple groups, and the two-

ay ANOVA for tumor growth and the MTT assay. Correlation be-

ween gene expression and clinicopathological characters were an-

lyzed using the Chi-square test. Log-rank tests were performed

n Kaplan-Meier survival curves to elucidate any significant rela-

ionships between gene expression and overall survival in patients.

nivariate and multivariate survival analysis was performed using

he Cox proportional hazards regression model. All statistical tests

ere two-sided and P < .05 was considered statistically significant.

P < .05, ∗∗ P < .01 and ∗∗∗ P < .001.

. Results

.1. EBV-miR-BART22 promotes tumor stemness and DDP

hemoresistance

Lentiviral vectors carrying miR-BART22 or control vectors were

ransfected into HONE1-EBV+ and 5-8F cell lines, respectively (Fig.

1a). MiR-BART22 levels were found to be increased in lentiviral-

iR-BART22-transfected cells compared with control transfected

ells using RT-qPCR (P < .05) (Fig. S1b). Subsequently, the sphere-

orming assay revealed that miR-BART22 stimulated sphere growth

Fig. 1a). Next, the expression levels of CD133 and CD44 in

iR-BART22-overexpressing cells were significantly higher than

hose in the control groups as measured using immunofluo-

escence (Fig. 1b). Moreover, flow cytometry analysis showed

hat side population ratio was markedly up-regulated in overex-

ressed miR-BART22 NPC cells (Fig. 1c). In the xenograft model,

he estimated tumor-initiating frequency was 5 × 104 when the

ONE1-EBV+-miR-BART22 cells were inoculated, while the tumor-

nitiating rate was 1 × 105 when the control cells were inoculated

Fig. 1d).

Lentiviral vectors carrying miR-BART22 or control vectors were

ransfected into HONE1-EBV+ and 5-8F cell lines, respectively (Fig.

1a). MiR-BART22 levels were found to be increased in lentiviral-

iR-BART22-transfected cells compared with control transfected

ells using RT-qPCR (P < .05) (Fig. S1b). Subsequently, the sphere-

orming assay revealed that miR-BART22 stimulated sphere growth

Fig. 1a). Next, the expression levels of CD133 and CD44 in

iR-BART22-overexpressing cells were significantly higher than

hose in the control groups as measured using immunofluo-

escence (Fig. 1b). Moreover, flow cytometry analysis showed

hat side population ratio was markedly up-regulated in overex-

ressed miR-BART22 NPC cells (Fig. 1c). In the xenograft model,

he estimated tumor-initiating frequency was 5 × 104 when the

ONE1-EBV+-miR-BART22 cells were inoculated, while the tumor-

nitiating rate was 1 × 105 when the control cells were inoculated

Fig. 1d).

For migration and invasion analysis, HONE1-EBV+-miR-BART22

nd 5-8F-miR-BART22 cells or the respective controls were cul-

ured in Transwell and Boyden chambers, respectively. As shown

n Fig. 1e, miR-BART22 increased the cell migration and inva-

ion abilities compared with those of the control groups. In vivo

xperiments, mice injected with HONE1-EBV+-BART22 or 5-8F-

ART22 cells were all displayed extensively intrahepatic dissemi-

ation, while four of eight(4/8) mice in the HONE1-EBV+ control

roup and five of eight(5/8) mice in the 5-8F control group de-

eloped intrahepatic dissemination. Besides, six of eight(6/8) mice

n HONE1-EBV+-BART22 group and seven of eight mice(7/8) in 5-

F-BART22 group exhibited intestinal metastasis. Only one mouse

ith intestinal metastasis was detected in their corresponding con-

rol groups (Fig. 1f). To study the influence of EBV-miR-BART22 on

PC chemotherapy efficacy, we first tested the viability of miR-

ART22-overexpressing cells in different concentrations of DDP

nd inhibition rates were calculated 48 h after DDP treatment.

ompared with the control cells, the IC50 of DPP increased from
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Fig. 1. EBV-miR-BART22 promotes tumor stemness and DDP chemoresistance(a) The sizes (left panel) and number of spheres (right panel) generated by the miR-BART22-

overexpressing and their control NPC cells are shown; three independent experiments were performed. Original magnification, ×100, scale bar, 200 μm; (b) Immunofluores-

cence staining clearly shows higher CD44 and CD133 expression in the miR-BART22-expressing cells compared to their control cells, ×400, scale bar, 25 μm; (c) Percentages

of SP cells are shown in the panel; three independent experiments were performed, ∗∗P < .01. HONE1 and 5-8F cells were transfected with BART22 mimics. Blank: HONE1 or

5-8F parental cells. (d) tumor formation in nude mice Injection of 106, 5 × 105, 104 or 5 × 104 cells with miR-BART22-overexpression or control cell, respectively in the left

and right side (n = 6). (e) Effects on migration and invasion of miR-BART22 were measured by Transwell and Boyden Chamber assays in HONE1-EBV+-Lv-miR-BART22 and

5-8F-Lv-miR-BART22 cells. ×400, scale bar, 50 μm; ∗∗P < .01, ∗∗∗P < .001. (f) In vivo intrahepatic and intestinal metastasis assays results after HONE1-EBV+-Lv-miR-BART22

and 5-8F-Lv-miR-BART22 injection. Graph described the numbers of mice which occur metastasis or not; χ 2 test, ∗P < .05. (g) Dose-response curves of HONE1-EBV+ and 5-8F

treated with miR-BART22 or miR-mock 48 h after treatment with DDP. Parametric generalized linear model with random effects. (h) Animals were divided into four groups:

control group (NC) + Normal saline (NS), NC + DDP, BART22 + NS and BART22 + DDP (each group: N = 10). Xenograft tumors are shown for each group after 25 days of DDP or

NS treatment. (i) Survival analysis was plotted. Log-rank test.
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Fig. 1. Continued
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4.1 to 11.6 μM in miR-BART22-overexpressing HONE1-EBV+ cells.

Similarly, the IC50 of DDP in miR-BART22-overexpressing 5-8F cells

increased from 6.6 to 14.3 μM (Fig. 1g). Furthermore, we vali-

dated the chemotherapy resistance of miR-BART22-overexpressing

cells in mice models. After miR-BART22-overexpressing or control

cells were intraperitoneally injected into mice, mice were divided

into four groups: [1] miR-BART22 + DDP, [2] miR-BART22 + Normal

saline (NS), [3] normal control + DDP (NC + DPP), and [4] NS + NS

cell groups (Fig. 1 h). The growth of tumors was recorded in each

group of mice. Kaplan-Meier analysis showed the survival times of

mice in the NC + DDP and NC + NS groups were much longer than

those in miR-BART22 + NS and miR-BART22 + DDP groups. Com-

pared with the other three groups, BRAT22 + NS group showed the

shortest survival time, and the NC + DDP group showed the longest

survival time (Fig. 1i).

EBV-miR-BART22 inhibitors or controls were transfected into

miR-BART22-overexpressing 5-8F and HONE1-EBV+ cells. RT-qPCR

confirmed that the miR-BART22 inhibitor markedly inhibited miR-

BART22 expression in both lines (Fig. S1c). The sphere-forming as-

say showed that the miR-BART22 inhibitor blocked the formation

of tumor spheres (Fig. S1d). Using Transwell and Boyden Cham-

bers, we observed that the miR-BART22 inhibitor reduced NPC

cell migration and invasion (Fig. S1e). Subsequently, we exam-

ined the effect of the miR-BART22 inhibitor on DDP resistance.

Result in Fig. S1f revealed that the IC50 of DDP for the HONE1-

EBV+ BART22 + IN-NC cells was 12.0 μM, while that of the con-

trol cells with miR-BART22 inhibitor was 4.9 μM. The IC50 for

DDP in HONE1-EBV+ cells was reduced from 5.4 to 3.2μM after

miR-BART22 Inhibitor transfection. Similarly, the IC50 of DDP was

14.7 μM in miR-BART22-overexpressing 5-8F cells, while the miR-

BART22-inhibited control cells were 5.8 μM (Fig. S1f). Taken to-

gether, the EBV-miR-BART22 inhibitor reversed the stimulation of

miR-BART22 on NPC progression and chemoresistance.

EBV-miR-BART22 inhibitors or controls were transfected into

miR-BART22-overexpressing 5-8F and HONE1-EBV+ cells. RT-qPCR

confirmed that the miR-BART22 inhibitor markedly inhibited miR-

BART22 expression in both lines (Fig. S1c). The sphere-forming as-

say showed that the miR-BART22 inhibitor blocked the formation

of tumor spheres (Fig. S1d). Using Transwell and Boyden Cham-

bers, we observed that the miR-BART22 inhibitor reduced NPC

cell migration and invasion (Fig. S1e). Subsequently, we exam-

ined the effect of the miR-BART22 inhibitor on DDP resistance.

Result in Fig. S1f revealed that the IC50 of DDP for the HONE1-

EBV+ BART22 + IN-NC cells was 12.0 μM, while that of the con-

trol cells with miR-BART22 inhibitor was 4.9 μM. The IC50 for

DDP in HONE1-EBV+ cells was reduced from 5.4 to 3.2μM after

miR-BART22 Inhibitor transfection. Similarly, the IC50 of DDP was

14.7 μM in miR-BART22-overexpressing 5-8F cells, while the miR-

BART22-inhibited control cells were 5.8 μM (Fig. S1f). Taken to-

gether, the EBV-miR-BART22 inhibitor reversed the stimulation of

miR-BART22 on NPC progression and chemoresistance.

t

.2. EBV-miR-BART22 activates the PI3K/AKT and GSK3β/β-catenin

ignaling pathways

We assessed the influence of EBV-miR-BART22 on the PI3K/AKT

nd GSK3β/β-catenin pathways. The data showed that overex-

ressed EBV-miR-BART22 induced phosphorylation of PI3K/AKT sig-

aling. However, the expression change of total PI3K/AKT pro-

eins was not observed. Further, total GSK3β and phosphorylated

SK3β proteins were found to be significantly downregulated,

-catenin protein expression was increased in EBV-miR-BART22-

verexpressing NPC cells (Fig. 2a). In addition, tumor stem-

ess and EMT pathways were also activated in EBV-miR-BART22-

verexpressing NPC cells, which included the upregulated expres-

ion levels of Nanog, OCT-4, SOX2, N-cadherin, Vimentin, c-Myc,

nd the downregulated expression level of E-cadherin. Interest-

ngly, the oncogenic transcription factor c-Jun was also induced by

BV-miR-BART22 in NPC cells. Finally, immunohistochemical stain-

ng indicated higher expression of N-cadherin, Nanog and OCT4,

nd lower expression of E-cadherin in liver-transplanted EBV-miR-

ART22-overexpressing NPC tumor tissues compared with liver-

ransplanted control tumor tissues (Fig. 2b).

In a subsequent investigation, simultaneous introduction of

he miR-BART22 or PI3K inhibitor LY294002 in miR-BART22-

verexpressing NPC cells reversed the expression pattern mediated

y miR-BART22 upregulation.

Moreover, the cycloheximide (CHX) chasing assay showed that

iR-BART22 reduced the half-life of the GSK3β protein. The effect

f miR-BART22 on GSK3β stability could be obviously alleviated by

he proteasome inhibitor MG132 (Fig. 2c).

.3. EBV-miR-BART22 directly targets MAP2K4

Bioinformatics analysis predicts MAP2K4 as a direct target of

iR-BART22 (Fig. S2a). Western blot and RT-qPCR data demon-

trated that miR-BART22 overexpression or miR-BART22 overex-

ression with the treatment of LY294002 resulted in downregu-

ation or upregulation of MAP2K4 mRNA and protein levels (Fig.

2b–c). Moreover, immunohistochemistry of xenografts originat-

ng from miR-BART22-overexpressing NPC cells indicated a signifi-

ant reduction in MAP2K4 protein expression, which was consistent

ith the in vitro findings (Fig. S2d). To verify if MAP2K4 is a direct

arget of miR-BART22, wild-type (Wt) or mutant (mt) 3′UTR psi-

HECK vectors for MAP2K4 were co-transfected with miR-BART22

imics or its inhibitors into HONE1-EBV+ cells. Luciferase reporter

ssays confirmed that miR-BART22 directly bound to the 3′UTR of

AP2K4 (Fig. S2e). To further validate this finding, we carried out

NA immunoprecipitation (IP). As shown in Fig. S2f, Ago2-bound

iR-BART22 and MAP2K4 mRNA levels were markedly increased

n HONE1-EBV+ cells. Further, MAP2K4 mRNA enrichment in the

go2-IP was also increased by miR-BART22. These results indicated

hat MAP2K4 is a direct target of miR-BART22.
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Fig. 2. EBV-miR-BART22 activates the PI3K/AKT/GSK3β/β-catenin signaling pathway (a) Protein levels of PI3K, p-PI3K, AKT, p-AKT, c-Jun, β-catenin, GSK3β , p-GSK3β , c-Myc, E-

cadherin, N-cadherin, Vimentin, Nanog, OCT4 and Sox2 were measured by western blot after miR-BART22 overexpression. Levels of related proteins were reduced or increased

after BART22 inhibitor transfection or LY294002 treatment. GAPDH served as controls. (b) Immunohistochemistry analysis of E-cadherin, N-cadherin, Nanog and OCT4 ex-

pression. Original magnification, ×200, scale bar, 100 μm. (c) Western blotting analysis of the effect of miR-BART22 overexpression on GSK3β stability in NPC cells treated

with cycloheximide and MG132 at different time points, GAPDH served as controls.
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Bioinformatics analysis predicts MAP2K4 as a direct target of

iR-BART22 (Fig. S2a). Western blot and RT-qPCR data demon-

trated that miR-BART22 overexpression or miR-BART22 overex-

ression with the treatment of LY294002 resulted in downregu-

ation or upregulation of MAP2K4 mRNA and protein levels (Fig.

2b–c). Moreover, immunohistochemistry of xenografts originat-

ng from miR-BART22-overexpressing NPC cells indicated a signifi-

ant reduction in MAP2K4 protein expression, which was consistent
ith the in vitro findings (Fig. S2d). To verify if MAP2K4 is a direct

arget of miR-BART22, wild-type (Wt) or mutant (mt) 3′UTR psi-

HECK vectors for MAP2K4 were co-transfected with miR-BART22

imics or its inhibitors into HONE1-EBV+ cells. Luciferase reporter

ssays confirmed that miR-BART22 directly bound to the 3′UTR of

AP2K4 (Fig. S2e). To further validate this finding, we carried out

NA immunoprecipitation (IP). As shown in Fig. S2f, Ago2-bound

iR-BART22 and MAP2K4 mRNA levels were markedly increased
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in HONE1-EBV+ cells. Further, MAP2K4 mRNA enrichment in the

Ago2-IP was also increased by miR-BART22. These results indicated

that MAP2K4 is a direct target of miR-BART22.

3.4. MAP2K4 reduces MYH9 expression by downregulating

PI3K/AKT/c-Jun-mediated stimulation

Coimmunoprecipitation (Co-IP) combined with mass spectrom-

etry were used in HONE1-EBV+ cells to screen for potential inter-

acting proteins of MAP2K4. MYH9 protein was screened as a poten-

tial interacting MAP2K4 protein. Although exogenous Co-IP did not

indicate the combination between MAP2K4 and MYH9 (Fig. S3a),

we accidentally found that MYH9 mRNA and protein levels were

reduced in MAP2K4-overexpressing NPC cells compared with that

of the control cells (Fig. S3b–c). Based on the ChIP-seq binding

peaks in conjunction with UCSC, PROMO and JASPAR bioinformat-

ics software, three c-Jun binding motifs at +22,898 to +22,906 (Site

A), −7991 to −7979 (Site B), and −9578 to −9566 (Site C) were

found within the transcription regulatory region of MYH9 (Fig. 3a).

Knocking down c-Jun significantly reduced MYH9 mRNA and pro-

tein levels by using qPCR and Western blot assays, respectively

(Fig. 3b–c). Further, the chromatin immunoprecipitation (ChIP) and

the electrophoretic mobility shift assay (EMSA) verified that c-Jun

bound to all the predicted sites inside the MYH9 transcriptional

regulation region in HONE1-EBV+ and 5-8F cells (Fig. 3d–e). The lu-

ciferase reporter assays confirmed markedly upregulated luciferase

activity in NPC cells after c-Jun cDNA transfection compared with

that of the control cells (Fig. 3f). MAP2K4 was found to suppress

PI3K/AKT/c-Jun signaling, which caused decreased the combination

of c-Jun with MYH9 promoter (Fig. 3h) and thus suppressed MYH9

mRNA and protein levels(Fig. 3g–i).

Coimmunoprecipitation (Co-IP) combined with mass spectrom-

etry were used in HONE1-EBV+ cells to screen for potential inter-

acting proteins of MAP2K4. MYH9 protein was screened as a poten-

tial interacting MAP2K4 protein. Although exogenous Co-IP did not

indicate the combination between MAP2K4 and MYH9 (Fig. S3a),

we accidentally found that MYH9 mRNA and protein levels were

reduced in MAP2K4-overexpressing NPC cells compared with that

of the control cells (Fig. S3b–c). Based on the ChIP-seq binding

peaks in conjunction with UCSC, PROMO and JASPAR bioinformat-

ics software, three c-Jun binding motifs at +22,898 to +22,906 (Site

A), −7991 to −7979 (Site B), and −9578 to −9566 (Site C) were

found within the transcription regulatory region of MYH9 (Fig. 3a).

Knocking down c-Jun significantly reduced MYH9 mRNA and pro-

tein levels by using qPCR and Western blot assays, respectively

(Fig. 3b–c). Further, the chromatin immunoprecipitation (ChIP) and

the electrophoretic mobility shift assay (EMSA) verified that c-Jun

bound to all the predicted sites inside the MYH9 transcriptional

regulation region in HONE1-EBV+ and 5-8F cells (Fig. 3d–e). The lu-

ciferase reporter assays confirmed markedly upregulated luciferase

activity in NPC cells after c-Jun cDNA transfection compared with

that of the control cells (Fig. 3f). MAP2K4 was found to suppress

PI3K/AKT/c-Jun signaling, which caused decreased the combination

of c-Jun with MYH9 promoter (Fig. 3h) and thus suppressed MYH9

mRNA and protein levels(Fig. 3g–i).

3.5. MYH9 interacts with GSK3β and promotes GSK3β protein

ubiquitin degradation

The DOMINE database is used to predict that MYH9 protein in-

teracts with GSK3β . Subsequently, Co-IP analysis and immunoflu-

orescence indicated that MYH9 bound GSK3β and co-localized in

the cytoplasm (Fig. 4a). Further, we observed that MYH9 downreg-

ulated GSK3β and phosphorylated GSK3β protein levels and up-

regulated β-catenin protein level. However, elevated MYH9 did not

change GSK3β mRNA expression (Fig. S4a–b). Subsequently, we
mployed the cycloheximide (CHX) chasing assay (Fig. 4b) to ex-

mine the effects of MYH9 on GSK3β protein stability. Co-IP assays

ndicated that MYH9 overexpression promoted GSK3β and ubiqui-

in separation and facilitated the separation of GSK3β from the

biquitin ligation complex composed of TRAF6 in HONE1-EBV+cells

Fig. 4c). GSK3β K183 was identified as the ubiquitination site [35].

lasmids with the GSK3β 183R mutant and wild-type GSK3β were

ransfected into MYH9-overexpressed HONE1-EBV+, and Co-IP as-

ay showed that GSK3β K183R mutant induced the separation of

SK3β and ubiquitin and prevented the interaction of GSK3β and

biquitin ligation complex composed of TRAF6 (Fig. 4d). Finally, we

etected the increased nuclear translocation of β-catenin in MYH9-

verexpressing NPC cells (Fig. 4e). By nuclear and cytoplasmic ex-

raction assay, we confirmed that MYH9 up-regulation induced the

uclear enrichment of β-catenin, whereas silencing MYH9 impaired

he nuclear enrichment of β-catenin in NPC cells (Fig. 4f).

The DOMINE database is used to predict that MYH9 protein in-

eracts with GSK3β . Subsequently, Co-IP analysis and immunoflu-

rescence indicated that MYH9 bound GSK3β and co-localized in

he cytoplasm (Fig. 4a). Further, we observed that MYH9 downreg-

lated GSK3β and phosphorylated GSK3β protein levels and up-

egulated β-catenin protein level. However, elevated MYH9 did not

hange GSK3β mRNA expression (Fig. S4a–b). Subsequently, we

mployed the cycloheximide (CHX) chasing assay (Fig. 4b) to ex-

mine the effects of MYH9 on GSK3β protein stability. Co-IP assays

ndicated that MYH9 overexpression promoted GSK3β and ubiqui-

in separation and facilitated the separation of GSK3β from the

biquitin ligation complex composed of TRAF6 in HONE1-EBV+cells

Fig. 4c). GSK3β K183 was identified as the ubiquitination site [35].

lasmids with the GSK3β 183R mutant and wild-type GSK3β were

ransfected into MYH9-overexpressed HONE1-EBV+, and Co-IP as-

ay showed that GSK3β K183R mutant induced the separation of

SK3β and ubiquitin and prevented the interaction of GSK3β and

biquitin ligation complex composed of TRAF6 (Fig. 4d). Finally, we

etected the increased nuclear translocation of β-catenin in MYH9-

verexpressing NPC cells (Fig. 4e). By nuclear and cytoplasmic ex-

raction assay, we confirmed that MYH9 up-regulation induced the

uclear enrichment of β-catenin, whereas silencing MYH9 impaired

he nuclear enrichment of β-catenin in NPC cells (Fig. 4f).

Interestingly, we unexpectedly observed that MYH9 upregu-

ated ubiquitin mRNA and protein expressions through stimulat-

ng PI3K/AKT/c-Jun pathway. Firstly we found that ubiquitin mRNA

evels were induced in MYH9-overexpressing NPC cells compared

ith the control cells(Fig. S4c). UCSC, PROMO, and JASPAR bioin-

ormatic softwares predicted c-Jun as the potential transcription

actor of ubiquitin(Fig. S4d), c-Jun overexpression significantly en-

anced ubiquitin mRNA expression and protein levels (Fig. S4e–f).

he ChIP, EMSA and luciferase reporter assays showed the protein-

NA interactions between c-Jun and all the predicted sites of the

biquitin promoter in HONE1-EBV+ and 5-8F cells (Fig. 5a–c). Sup-

ressing pPI3K using LY294002 in MYH9-overexpressing NPC cells

ignificantly reduced PI3K/AKT/c-Jun (Fig. 5d) and further decreased

he binding of c-Jun with the ubiquitin promoter(Fig. 5e–f) and

ownregulating ubiquitin mRNA and protein levels(Fig. 5g,d). Fi-

ally, we observed that ubiquitin overexpression achieved by trans-

ecting ubiquitin cDNA increased the level of GSK3β ubiquitina-

ion (Fig. S4g) and thus reduced GSK3β protein expression and

pregulated TRAF6 expression in NPC cells with MYH9 silenced

Fig. S4h). Collectively, MYH9 interacts with GSK3β and promotes

SK3β protein ubiquitination degradation by activating PI3K/AKT/c-

un-induced ubiquitin expression, which thus increases β-catenin

xpression and its nuclear translocation.

Interestingly, we unexpectedly observed that MYH9 upregu-

ated ubiquitin mRNA and protein expressions through stimulat-

ng PI3K/AKT/c-Jun pathway. Firstly we found that ubiquitin mRNA

evels were induced in MYH9-overexpressing NPC cells compared
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ith the control cells(Fig. S4c). UCSC, PROMO, and JASPAR bioin-

ormatic softwares predicted c-Jun as the potential transcription

actor of ubiquitin(Fig. S4d), c-Jun overexpression significantly en-

anced ubiquitin mRNA expression and protein levels (Fig. S4e–f).

he ChIP, EMSA and luciferase reporter assays showed the protein-

NA interactions between c-Jun and all the predicted sites of the

biquitin promoter in HONE1-EBV+ and 5-8F cells (Fig. 5a–c). Sup-

ressing pPI3K using LY294002 in MYH9-overexpressing NPC cells

ignificantly reduced PI3K/AKT/c-Jun (Fig. 5d) and further decreased

he binding of c-Jun with the ubiquitin promoter(Fig. 5e–f) and

ownregulating ubiquitin mRNA and protein levels(Fig. 5g,d). Fi-

ally, we observed that ubiquitin overexpression achieved by trans-

ecting ubiquitin cDNA increased the level of GSK3β ubiquitina-

ion (Fig. S4g) and thus reduced GSK3β protein expression and

pregulated TRAF6 expression in NPC cells with MYH9 silenced

Fig. S4h). Collectively, MYH9 interacts with GSK3β and promotes

SK3β protein ubiquitination degradation by activating PI3K/AKT/c-

un-induced ubiquitin expression, which thus increases β-catenin

xpression and its nuclear translocation.

.6. MAP2K4 antagonizes the action of EBV-miR-BART22

MAP2K4 plasmids or empty plasmids were respectively trans-

ected into miR-BART22-overexpressing NPC cells and increased

AP2K4 mRNA and protein expression levels were observed in

iR-BART22-overexpressing NPC cells (Supplementary Fig. S5a–

). Overexpressed MAP2K4 blocked tumor stemness, cell migra-

ion and invasion by the tumorsphere formation (Fig. S5c), Tran-

well and Boyden Chamber (Fig. S5d) assays. The DDP chemore-

istance assay revealed significant downregulation of IC50 value

n MAP2K4-overexpressing cells compared with that of the control

ells (Fig. S5e).

MAP2K4 plasmids or empty plasmids were respectively trans-

ected into miR-BART22-overexpressing NPC cells and increased

AP2K4 mRNA and protein expression levels were observed in

iR-BART22-overexpressing NPC cells (Supplementary Fig. S5a–

). Overexpressed MAP2K4 blocked tumor stemness, cell migra-

ion and invasion by the tumorsphere formation (Fig. S5c), Tran-

well and Boyden Chamber (Fig. S5d) assays. The DDP chemore-

istance assay revealed significant downregulation of IC50 value

n MAP2K4-overexpressing cells compared with that of the control

ells (Fig. S5e).

Western blot analysis showed that cells with MAP2K4 plas-

ids treatment inhibited pPI3K, pAKT, c-Jun, MYH9,β-catenin, OCT4,

ANOG, SOX2, Vimentin, N-cadherin, and c-Myc expressions but in-

reased the E-cadherin, GSK3β , and p-GSK3β expressions (Fig. S5f).

Western blot analysis showed that cells with MAP2K4 plas-

ids treatment inhibited pPI3K, pAKT, c-Jun, MYH9,β-catenin, OCT4,

ANOG, SOX2, Vimentin, N-cadherin, and c-Myc expressions but in-

reased the E-cadherin, GSK3β , and p-GSK3β expressions (Fig. S5f).

Further, we found the reduced GSK3β ubiquitination level in

iR-BART22-overexpressing HONE1-EBV+ cells transfected with

AP2K4 (Fig. S5g). Moreover, transiently transfecting MAP2K4 into

iR-BART22-overexpressing NPC cells reduced the binding of c-

un with MYH9 or the ubiquitin promoter using the ChIP as-

ays (Fig. S5h–i). We also detected the decreased ubiquitin and

YH9 mRNA levels after MAP2K4 transfection in miR-BART22-

verexpressed NPC cells (Fig. S5j–k).

Further, we found the reduced GSK3β ubiquitination level in

iR-BART22-overexpressing HONE1-EBV+ cells transfected with

AP2K4 (Fig. S5g). Moreover, transiently transfecting MAP2K4 into

iR-BART22-overexpressing NPC cells reduced the binding of c-

un with MYH9 or the ubiquitin promoter using the ChIP as-

ays (Fig. S5h–i). We also detected the decreased ubiquitin and

YH9 mRNA levels after MAP2K4 transfection in miR-BART22-

verexpressed NPC cells (Fig. S5j–k).
.7. Knocking down MYH9 antagonizes the action of

BV-miR-BART22

SiRNAs-MYH9 were transfected into miR-BART22-

verexpressing NPC cells, and qPCR and Western blot analysis

howed reduced MYH9 mRNA and protein expressions (Fig. S6a–b).

s expected, the percentage of SP cells was obviously reduced

fter interference with MYH9 in the miR-BART22-overexpressing

PC cells (Fig. S6c). Assays using transwell and Boyden Chamber

howed that MYH9 knockdown reversed miR-BART22-induced

ell migration and invasion (Fig. S6d). Western blot analysis also

howed that siRNAs-MYH9 treatment of NPC cells decreased pPI3K,

AKT, c-Jun, β-catenin, OCT4, NANOG, SOX2, Vimentin, N-cadherin,

nd c-Myc expression but increased the E-cadherin, GSK3β and

-GSK3β levels (Fig. S6e). In addition, GSK3β ubiquitination level

as also reduced(Fig. S6f). Further, Silencing MYH9 also reduced

he binding of c-Jun with the ubiquitin promoter using the ChIP

ssay (Fig. S6g–h) in miR-BART22-overexpressing NPC cells. Finally,

educed ubiquitin mRNA and protein levels were also found in

iR-BART22-overexpressing NPC cells with MYH9 knockdown (Fig.

6i–j).

SiRNAs-MYH9 were transfected into miR-BART22-

verexpressing NPC cells, and qPCR and Western blot analysis

howed reduced MYH9 mRNA and protein expressions (Fig. S6a–b).

s expected, the percentage of SP cells was obviously reduced

fter interference with MYH9 in the miR-BART22-overexpressing

PC cells (Fig. S6c). Assays using transwell and Boyden Chamber

howed that MYH9 knockdown reversed miR-BART22-induced

ell migration and invasion (Fig. S6d). Western blot analysis also

howed that siRNAs-MYH9 treatment of NPC cells decreased pPI3K,

AKT, c-Jun, β-catenin, OCT4, NANOG, SOX2, Vimentin, N-cadherin,

nd c-Myc expression but increased the E-cadherin, GSK3β and

-GSK3β levels (Fig. S6e). In addition, GSK3β ubiquitination level

as also reduced(Fig. S6f). Further, Silencing MYH9 also reduced

he binding of c-Jun with the ubiquitin promoter using the ChIP

ssay (Fig. S6g–h) in miR-BART22-overexpressing NPC cells. Finally,

educed ubiquitin mRNA and protein levels were also found in

iR-BART22-overexpressing NPC cells with MYH9 knockdown (Fig.

6i–j).

.8. Cinobufotalin reversed EBV-miR-BART22-induced DDP resistance

To study the influence of cinobufotalin on EBV-miR-BART22

n NPC DDP chemotherapy efficacy, we firstly tested the viabil-

ty of miR-BART22-overexpressing cells in using cinobufotalin com-

ined with DDP. We observed that cinobufotalin markedly reduced

he IC50 value in miR-BART-22-overexpressing NPC cells. Com-

ared with the DDP group, the IC50 value of DDP in miR-BART22-

verexpressing NPC cells was significantly reduced when combined

ith cinobufotalin. (Fig. 6a–b). Next, we observed that the survival

ime of nude mice with DDP treatment was a little shorter than

hose using half-dose cinobufotalin and significantly lower than

hose with the treatment of the same dose cinobufotalin. More

nterestingly, nude mice with the combined usage of the same

DP and cinobufotalin dose showed the longest survival time com-

ared to other three groups. The average survival times of nude

ice injected with HONE1-EBV+-BART22 cells in the cinobufotalin,

DP, half-dose cinobufotalin, and DDP + cinobufotalin groups were

5.8, 28.6, 31.7, 43 days, respectively. The average survival times of

he nude mice injected with 5-8F-BART22 cells in the cinobufo-

alin, DDP, half-dose cinobufotalin, and DDP + cinobufotalin groups

ere 36.4, 32, 33.2, and 44.3 days, respectively(Fig. 6c–d). In ad-

ition, the weights of the mice in each group were measured,

nd the changes in weight are shown in Fig. S7a–b. We found

hat the weight of the mice in the DDP and cinobufotalin half-

ose group was markedly reduced compared with those in the
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DDP + cinobufotalin and cinobufotalin groups. The growth status of

mice was observed at different times. Compared with the other

three groups, cinobufotalin combined with the DDP group had bet-

ter growth status and smaller tumor burden(Fig. S7c).

To study the influence of cinobufotalin on EBV-miR-BART22

on NPC DDP chemotherapy efficacy, we firstly tested the viabil-

ity of miR-BART22-overexpressing cells in using cinobufotalin com-

bined with DDP. We observed that cinobufotalin markedly reduced

the IC50 value in miR-BART-22-overexpressing NPC cells. Com-

pared with the DDP group, the IC50 value of DDP in miR-BART22-

overexpressing NPC cells was significantly reduced when combined

with cinobufotalin. (Fig. 6a–b). Next, we observed that the survival

time of nude mice with DDP treatment was a little shorter than

those using half-dose cinobufotalin and significantly lower than

those with the treatment of the same dose cinobufotalin. More

interestingly, nude mice with the combined usage of the same

DDP and cinobufotalin dose showed the longest survival time com-

pared to other three groups. The average survival times of nude

mice injected with HONE1-EBV+-BART22 cells in the cinobufo-

talin, DDP, half-dose cinobufotalin, and DDP + cinobufotalin groups

were 35.8, 28.6, 31.7, 43 days, respectively. The average survival

times of the nude mice injected with 5-8F-BART22 cells in the

cinobufotalin, DDP, half-dose cinobufotalin, and DDP + cinobufotalin

groups were 36.4, 32, 33.2, and 44.3 days, respectively(Fig. 6c–

d). In addition, the weights of the mice in each group were

measured, and the changes in weight are shown in Fig. S7a–b.

We found that the weight of the mice in the DDP and cinobu-

fotalin half-dose group was markedly reduced compared with

those in the DDP + cinobufotalin and cinobufotalin groups. The

growth status of mice was observed at different times. Compared

with the other three groups, cinobufotalin combined with the

DDP group had better growth status and smaller tumor burden

(Fig. S7c).

3.9. Cinobufotalin inhibited EMT and tumor stemness signals by

inducing MAP2K4 in miR-BART22-overexpressing nasopharyngeal

carcinoma

Using transwell, Boyden, and sphere-forming assays, we showed

that cinobufotalin markedly blocked cell invasion, migration, and

the formation of tumorspheres induced by miR-BART22 in NPC

cells(Fig. S7d–f). Bioinformatics analysis predicted +902~+908 of

MAP2K4 promoter as the binding site of c-Jun (Fig. S7g). In sub-

sequent study, qPCR identified that c-Jun overexpression markedly

decreased MAP2K4 mRNA expression (Fig. 6e). Next, the ChIP

and luciferase reporter assays showed the protein-DNA interac-

tions between c-Jun and the predicted site of the MAP2K4 pro-

moter in NPC cells(Fig. 6f–g). Using pPI3K inhibitor LY294002 in

NPC cells, the expression level of pPI3K/pAKT/c-Jun was markedly

reduced (Fig. S7h), which decreased the binding of c-Jun with

MAP2K4 promoter(Fig. S7i) and thus increased the expression of

MAP2K4 mRNA and protein levels(Fig. S7j,h). These data demon-

strated that pPI3K/pAKT/c-Jun negatively modulated MAP2K4 ex-

pression in NPC. In the subsequent investigation, we observed

that MAP2K4 mRNA and protein levels(Fig. 6h,j) were obviously

induced by cinobufotalin via reducing pPI3K/pAKT/c-Jun-mediated

transcription suppression of MAP2K4 promoter(Fig. 6I). Further-

more, MYH9/GSK3β/β-catenin signal and its downstream tumor

stemness and EMT signalings were observed to be significantly

attenuated, which included the reduced expression levels of N-

cadherin, Vimentin, NANOG, OCT4, SOX2, β-catenin, c-Myc protein

levels and elevated E-cadherin, GSK3β , and p-GSK3β protein lev-

els in miR-BART22-overexpressing NPC cells treated with cinobu-

fotalin(Fig. 6j).

Using transwell, Boyden, and sphere-forming assays, we showed

that cinobufotalin markedly blocked cell invasion, migration, and
he formation of tumorspheres induced by miR-BART22 in NPC

ells(Fig. S7d–f). Bioinformatics analysis predicted +902~+908 of

AP2K4 promoter as the binding site of c-Jun (Fig. S7g). In sub-

equent study, qPCR identified that c-Jun overexpression markedly

ecreased MAP2K4 mRNA expression (Fig. 6e). Next, the ChIP

nd luciferase reporter assays showed the protein-DNA interac-

ions between c-Jun and the predicted site of the MAP2K4 pro-

oter in NPC cells(Fig. 6f–g). Using pPI3K inhibitor LY294002 in

PC cells, the expression level of pPI3K/pAKT/c-Jun was markedly

educed (Fig. S7h), which decreased the binding of c-Jun with

AP2K4 promoter(Fig. S7i) and thus increased the expression of

AP2K4 mRNA and protein levels(Fig. S7j,h). These data demon-

trated that pPI3K/pAKT/c-Jun negatively modulated MAP2K4 ex-

ression in NPC. In the subsequent investigation, we observed

hat MAP2K4 mRNA and protein levels(Fig. 6h,j) were obviously

nduced by cinobufotalin via reducing pPI3K/pAKT/c-Jun-mediated

ranscription suppression of MAP2K4 promoter(Fig. 6I). Further-

ore, MYH9/GSK3β/β-catenin signal and its downstream tumor

temness and EMT signalings were observed to be significantly

ttenuated, which included the reduced expression levels of N-

adherin, Vimentin, NANOG, OCT4, SOX2, β-catenin, c-Myc protein

evels and elevated E-cadherin, GSK3β , and p-GSK3β protein lev-

ls in miR-BART22-overexpressing NPC cells treated with cinobu-

otalin(Fig. 6j).

.10. Increased EBV-miR-BART22 and reduced MAP2K4 expressions in

PC

EBV-miR-BART22 expression was markedly upregulated in

PC tissues compared with NP tissues by qPCR analysis (Fig.

a,p < .001). As show in Fig. 7b, MAP2K4 mRNA expression was

ignificantly lower in NPC than in NP samples(p < .001). Fur-

her, we found that miR-BART22 expression was negatively cor-

elated with MAP2K4 mRNA expression in NPC tissues (Fig.

c,γ =−0.2820,p = .0277). In line with mRNA data, the increased

iR-BART22 expression was showed in NPC tissues compared to

P tissues (Fig. 7d). Inversely, upregulated MAP2K4 protein was ob-

erved in NP tissues compared to NPC tissues (Fig. 7e). The clinical

haracteristics associated with miR-BART22 or MAP2K4 are sum-

arized in Table S1–2. Increased miR-BART22 expression was pos-

tively correlated with clinical stage(p = .006) (I-II vs. III-IV),tumor

ize (T classification; p = .032),lymph node metastasis (N classifi-

ation; p = .008) (N0-N1 vs. N2–3). Reduced MAP2K4 expression

as negatively correlated with clinical stage(p = .015) (I-II vs. III-

V),tumor size (T classification; p = .035). Moreover, increased miR-

ART22 expression had poorer overall survival rates by Kaplan-

eier survival analysis (Fig. 7f) (p = .003). Inversely, increased

AP2K4 expression had better overall survival rates by Kaplan-

eier survival analysis (Fig. 7g) (p < .001). NPC patients with low

AP2K4 expression and high expression of miR-BART22 had the

orst survival prognosis compared to other 3 groups in Fig. 7h

p < .001). We did not find a significant association between miR-

ART22 expression and clinical stage in stratified analysis of sur-

ival analysis. However, we observed that increased MAP2K4 ex-

ression showed the better survival prognosis compared to pa-

ients with reduced MAP2K4 expression in III-V stage (Fig. 7i–j)

p = .003).

. Discussion

In this study, we firstly demonstrated that EBV-miR-BART22

cts as an oncogene that promotes tumor stemness, metastasis and

DP chemotherapy resistance using in vitro and in vivo assays. It

s well established that the activation of PI3K/AKT and GSK3β/β-

atenin [36,37] and their downstream tumor stemness and EMT

ignals is key factor in promoting tumor stemness [38], metastasis
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Fig. 3. MAP2K4 reduces MYH9 by downregulating PI3K/AKT/c-Jun-mediated stimulation. (a)Bioinformatics analysis was used to predict the binding sites of c-Jun within

promoter of MYH9. (b)(c) QPCR (n = 3 independent experiments, Student’s t-test) and Western blot analysis of MYH9 expression in c-Jun-silenced NPC cells and their control

cells. (d) Chromatin immunoprecipitation analysis (comparison of all groups vs. IgG group) (n = 3 independent experiments, one-way ANOVA) of c-Jun binding to the MYH9

promoter. (e) The protein-DNA interactions between c-Jun and MYH9 promoter were determined using the electrophoretic mobility shift assay. (f) Luciferase reporter assays

(comparison of all groups vs. control group) (n = 3 independent experiments, one-way ANOVA) were performed to confirm c-Jun binding to the MAP2K4 promoter. (g) Protein

levels of PI3K, p-PI3K, AKT, p-AKT, c-Jun and MYH9 were measured by western blot in NPC cells treated with MAP2K4 plasmids . (h) Chromatin immunoprecipitation analysis

of c-Jun binding to MYH9 promoter in MAP2K4-overexpressed HONE1-EBV+ and 5-8F cells. All data are presented as the means ± SD. Experiments were repeated three times.
∗P < .05. (i) QPCR analysis of MYH9 expression in MAP2K4-transfected HONE1-EBV+ and 5-8F cells and their control cells (n = 3 independent experiments, Student’s t-test).
∗P < .05, ∗∗P < .01.
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Fig. 4. MYH9 interacts with GSK3β to promote GSK3β ubiquitin protein degradation. (a) Immunofluorescence co-staining of GSK3β and MYH9 to detect colocalization. The

fluorescence intensities along the red arrow crossing the cytoplasm were calculated to show the colocalisation of GSK3β and MYH9, scale bar, 25 μm; Co-immunoprecipitation

analysis of the effect of MYH9 on the interaction with GSK3β in HONE1-EBV+cells. (b) Western blotting analysis of the effect of MYH9 overexpression on GSK3β stability

in NPC cells treated with cycloheximide and MG132 at different time points, GAPDH served as controls. (c) Co-immunoprecipitation analysis of the effect of MYH9 on the

interaction between GSK3β , ubiquitin and TRAF6 in HONE1-EBV+cells. (d) Co-immunoprecipitation analysis of ubiquitin, TRAF6 and wild GSK3β or mutant GSK3β in MYH9-

overexpressed HONE1-EBV+ cells. (e) Immunofluorescence costaining of MYH9 and GSK3β expression and localization in MYH9-overexpressed or MYH9-depleted HONE1-EBV+

and 5-8F cells. Scale bar, 25 μm. (f) Nucleic and cytoplasmic proteins were extracted for β-catenin detection by western blotting. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. MYH9 promotes ubiquitin transcription via PI3K/AKT/c-Jun.

(a) Chromatin immunoprecipitation analysis (comparison of all groups vs. IgG group) (n = 3 independent experiments, one-way ANOVA) of c-Jun binding to the Ubc promoter.

(b) The protein-DNA interactions between c-Jun and Ubc promoter were determined using the electrophoretic mobility shift assay. (c) Luciferase reporter assays (comparison

of all groups vs. control group) (n = 3 independent experiments, one-way ANOVA) were performed to confirm c-Jun binding to the Ubc promoter.

(d) Protein levels of PI3K, p-PI3K, AKT, p-AKT, c-Jun and Ubc were measured by western blot in NPC cells treated with MYH9 plasmids or both treated with LY294002. (e-f)

Chromatin immunoprecipitation analysis of c-Jun binding to Ubc promoter in HONE1-EBV+ and 5-8F cells treated with Ly294002. (g) QPCR analysis of Ubc mRNA levels in

MYH9 over-expressed NPC cells with Ly294002 transfected (n = 3 independent experiments, Student’s t-test). All data are presented as the mean ± SD. Experiments were

repeated three times. ∗P < .05.
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39] and DDP chemoresistance [40], in tumors. In line with these

eports, we observed that EBV-miR-BART22 activates the PI3K/AKT

nd GSK3β/β-catenin pathway and their downstream tumor stem-

ess and EMT signals, which facilitated CSCs properties, metastasis,

nd chemoresistance of NPC cells.
To further explore the detailed molecular basis of EBV-miR-

ART22 as a stimulator of tumor stemness and EMT signals, bioin-

ormatics analysis was firstly used to predict MAP2K4 as the target

f EBV-miR-BART22. Subsequently, we identified EBV-miR-BART22

irectly targets MAP2K4 in NPC. Further, we used CoIP and mass
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Fig. 6. Cinobufotalin reversed EBV-miR-BART22-induced DDP resistanceby inducing the expression of MAP2K4.

(a)(b) Dose-response curves of HONE1-EBV+ and 5-8F treated with miR-BART22 48 h after treatment with DDP, cinobufotalin or DDP combined with cinobufotalin. Parametric

generalized linear model with random effects. (c)(d) Animals were divided into four groups: DDP, Cinobufotalin, Cinobufotalin with half dose, and DDP combined with

Cinobufotalin (each group: N = 10). Survival analysis was plotted. Log-rank test (P < .001). (e) QPCR analysis of MAP2K4 mRNA levels in HONE-EBV+ and 5-8F cells with

c-Jun over-expressed or control (n = 3 independent experiments, Student’s t-test). (f) ChIP analysis for c-Jun binding to the transcriptional regulatory region of MAP2K4 in

HONE-EBV+ and 5-8F cells. (g) Luciferase reporter assays (n = 3 independent experiments, one-way ANOVA) were performed to confirm that c-Jun stimulated the activation

of the MAP2K4 promoter. (h) QPCR analysis of MAP2K4 mRNA levels in HONE-EBV+ with cinobufotalin treated in 0.25, 0.5 μM or control (n = 3 independent experiments,

Student’s t-test). (i) ChIP analysis for c-Jun binding to the transcriptional regulatory region of MAP2K4 in HONE-EBV+ and 5-8F cells with cinobufotalin treatment. All data

are presented as the mean ± SD. Experiments were repeated three times. (j) Western blot analysis of PI3K, p-PI3K, AKT, p-AKT, c-Jun, MAP2K4, MYH9, β-catenin, c-Myc, GSK3β ,

p-GSK3β , E-cadherin, N-cadherin, Vimentin, Nanog, OCT4 and Sox2 expression in BART22-overexpressed NPC cells with cinobufotalin treatment in different dose.
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Fig. 7. Increased EBV-miR-BART22 and decreased MAP2K4 expression in NPC.

(a)(b) The expression of EBV-miR-BART22 and MAP2K4 in NP and NPC samples was determined by qRT-PCR. Student’s t-test, mean ± SD. (c) Correlations between miR-

BART22 and MAP2K4 expression levles were calculated. Two tailed Spearman’s correlation analysis. Means ±SD.,P = .0277. (d) miR-BART22 expression in NP and NPC samples.

(a)(b)Negative expression in NP tissues; (c)weak positive expression of miR-BART22 in NPC samples. (d)strong positive expression of miR-BART22 in NPC samples(original

magnification ×400,scale bar, 50 μm). (e) MAP2K4 expression in NP and NPC samples. (a)(b)strong staining of MAP2K4 in NP samples. (c)Negative expression in NPC samples;

(d)positive expression in NPC samples(original magnification ×400,scale bar, 50 μm). (f)(g) Kaplan-Meier survival analysis of overall survival of 163 NPC patients on the basis

of miR-BART22 and MAP2K4 expression.(log-rank test was used to calculate P values). (h) Kaplan-Meier survival analysis of overall survival in 163 NPC patients on the basis

of low expression of miR-BART22 and high expression of MAP2K4. (log-rank test, P < .001). (i) Stratified analysis was used to analyze the correlation of the expression of

miR-BART22 with survival prognosis in clinical stage(I-V) stage. (j) Stratified analysis was used to analyze the correlation of the expression of MAP2K4 with survival prognosis

in clinical stage(I-V) stage.
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pectrometry to screen MYH9 as the potential interacting protein

ith MAP2K4 in NPC cells. Unfortunately, we did not detect the

ombination of MYH9 with MAP2K4 based on exogenous co-IP. In-

erestingly, we observed the downregulated MYH9 mRNA and pro-

ein expression levels in MAP2K4-overexpressing NPC cells, which
uggested that MAP2K4 suppressed the MYH9 expression at the

ranscriptional level. In a previous study, c-Jun was reported to

e an oncogenic transcription factor [41,42] that could bind to the

YH9 promoter and transcriptionally upregulate MYH9 mRNA ex-

ression. In a subsequent study, our data further revealed that
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Fig. 7. Continued
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c-Jun was a downstream positive factor of PI3K/AKT signal [43],

which hinted that MAP2K4 downregulated MYH9 expression by

suppressing PI3K/AKT/c-Jun signals and further reduced the com-

bination of c-Jun and MYH9 promoter. In subsequent investigation,

we confirmed this speculation.

GSK3β inactivation stimulates the β-catenin-induced stemness

and EMT signaling pathways and thus promotes CSC growth,

metastasis, and chemoresistance in tumors [44,45]. Interestingly,

we searched the DOMINE database and found that GSK3β was

a potential protein binding to MYH9. Subsequently, MYH9 was

confirmed to bind to GSK3β and co-localized in cytoplasm of

NPC. Furthermore, MYH9 overexpression suppressed GSK3β pro-

tein expression, but not GSK3β mRNA level. We hypothesized that

MYH9 was involved in GSK3β protein ubiquitination degradation

[46,47]. To confirm this speculation, we transfected NPC cells with

an MYH9 plasmid and observed that GSK3β ubiquitination was

markedly increased in NPC. In addition, we interestingly observed

that MYH9 stimulated PI3K/AKT/c-Jun transcription to upregulate

ubiquitin expression, which increased E3 ligase TRAF6 level to pro-

mote GSK3β ubiquitination and protein degradation. Finally, we

confirmed that TRAF6-mediated GSK3β ubiquitination was greatly

reduced when the K183R site of GSK3β is mutated [48]. Taken to-

gether, our data demonstrated that MYH9 not only interacted with

GSK3β , but also induced ubiquitin and TRAF6 expression and fur-

ther promoted GSK3β ubiquitin protein degradation, which thus

activated β-catenin expression and its nuclear translocation in NPC.

In a subsequent study, we observed that MAP2K4 transduction

or MYH9 knockdown in miR-BART22 over-expression NPC cells

significantly downregulated β-catenin-stimulated tumor stemness

and EMT signals, and thus suppressed NPC tumor stemness for-

mation, metastasis and DDP chemotherapy resistance. Altogether,

these results confirmed that miR-BART22 is an oncogene that tar-

gets MAP2K4 and further stimulates MYH9-mediated GSK3β ubiq-

uitin protein degradation, which thus activates β-catenin and its

downstream tumor stemness and EMT signaling pathways to pro-

mote tumor stemness formation, metastasis and chemotherapy re-

sistance. Interestingly, MYH9 had been shown to mediate EBV in-

fection into nasopharyngeal epithelial cells as a receptor in previ-

ous document [49]. We speculated that EBV-encoded miR-BART22

can be secreted from NPC cells, which possibly enters into na-

sopharyngeal epithelial cells, induces MYH9 expression via tar-

geting MAP2K4, and ultimately stimulates EBV infection to na-

sopharyngeal epithelial cells. However, this idea is still to be

determined.

Cinobufotalin is one of the bufadienolides prepared from

toad venom with anticancer activity [50–52]. Pre-clinical studies

showed that chemically synthesized cinobufotalin could induce cell

death in lung cancer cells [33]. However, comparison of tumor cy-

totoxicity between cinobufotalin and DDP and their combined ap-

plication for tumor treatment have never been reported. In this

study, we initially observed that cinobufotalin markedly reduced
he IC50 value and significantly increased the DDP sensitivity to

iR-BART22-overexpressing NPC cells. Further, using in vivo ex-

eriments for nude mice with injected miR-BART22-overexpressing

PC cells that simulated advanced NPC, we observed that cinobu-

otalin markedly prolonged the survival time of nude mice com-

ared to those with the treatment of the same doses and ad-

inistration time of DDP. More interestingly, we observed that

he nude mice showed the longest survival times when cinobufo-

alin and DDP were used together compared with those that were

reated with DDP or cinobufotalin alone. Mechanism analysis indi-

ated that cinobufotalin induced MAP2K4 expression by suppress-

ng PI3K/AKT/c-Jun signaling and thus antagonized miR-BART22-

nduced MYH9/GSK3β/β-catenin and its downstream tumor stem-

ess and EMT signaling, which has never been reported. Attributed

o the fact that cinobufotalin induces chemosensitivity to DDP by

timulating MAP2K4, a downstream targeted gene of miR-BART22,

o antagonize MYH9/GSK3β/β-catenin axis in miR-BART22-positive

PC cells, it may also reverse DDP chemoresistance via inducing

AP2K4 in EBV-negative NPC cells, which is independent of EBV-

iR-BART-22. These data suggested that cinobufotalin is a more

romising anti-tumor agent than DDP in treating NPC. Further-

ore, the coupled use of cinobufotalin and DDP may be a better

hoice for the treatment of miR-BART22-induced NPC chemoresis-

ance.

In clinical samples, we observed that miR-BART22 was mainly

xpressed in NPC compared with nasopharyngeal epithelial (NP)

issues. In situ hybridization indicated that miR-BART22 was only

xpressed in NPC tissues. Increased miR-BART22 obviously pro-

oted clinical progression and poor prognosis in NPC patients. In-

ersely, MAP2K4 was predominantly expressed in NP tissues com-

ared to NPC tissues. Reduced MAP2K4 expression was negatively

orrelated with clinical progression and positively related to the

verall survival time of NPC patients. Furthermore, miR-BART22

xpression was negatively correlated with MAP2K4 protein expres-

ion in NPC tissues. NPC patients with high miR-BART22 and low

AP2K4 protein expression showed the worst survival prognosis

ompared to the other three group patients. These data demon-

trated the significance of abnormal miR-BART22/MAP2K4 signal in

PC pathogenesis.

Taken together, our study firstly revealed that EBV-miR-BART22

irectly targets MAP2K4 to stimulate MYH9 expression, which thus

nduces GSK3β protein ubiquitin degradation and further pro-

otes tumor stemness, metastasis and DDP chemotherapy resis-

ance through activation of the β-catenin-stimulated stemness and

MT signaling pathways. Furthermore, we found that cinobufotalin

ould powerfully reverse EBV-miR-BART22-induced DDP resis-

ance by inducing MAP2K4 to antagonize MYH9/GSK3β/β-catenin-

timulated tumor stemness and EMT signals in nasopharyngeal

arcinoma. Finally, the combination of increased miR-BART22 and

educed MAP2K4 expression levels may be the significant marker

o predict poor prognosis for NPC patients.
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