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Impact statement

This study demonstrated that the NPC-
specific EBV miRNA, BART10-3p, could
promote dedifferentiation and proliferation
of NPC via direct suppression of ALK7.
These data for the first time unravel the role
and mechanism of BART10-3p in NPC
dedifferentiation and proliferation, as well
as its oncogenic effect in vivo, advancing
our knowledge of EBV miRNA and ALK?7 in
NPC pathogenesis. Furthermore, the
expression of BART10-3p was an inde-
pendent unfavorable prognosticator in
NPC and its integration with the clinical
stage showed improved predictive perfor-
mance. Therefore, BART10-3p represents
a promising prognostic marker and thera-
peutic target that may allow an opportunity
to reverse the malignant phenotypes of
NPC.

Abstract

Non-keratinizing nasopharyngeal carcinoma, the major subtype of nasopharyngeal carcinoma,
is characterized by low differentiation and a close relation to Epstein-Barr virus infection, which
indicates a link between Epstein-Barr virus oncogenesis and loss of differentiation, and raises
our interest in investigating the involvement of Epstein-Barr virus in nasopharyngeal carcinoma
dedifferentiation. Our previous study showed abundant expression of an Epstein-Barr virus-
encoded microRNA, BART10-3p, in nasopharyngeal carcinoma tissues, but the association
between BART10-3p and nasopharyngeal carcinoma differentiation remains unknown. Here,
we examined the expression and prognostic value of BART10-3p, and undertook bioinformatics
analysis and functional assays to investigate the influence of BART10-3p on nasopharyngeal
carcinoma differentiation and proliferation and the underpinning mechanism. Microarray analy-
sis identified BART10-3p as the most significantly upregulated Epstein-Barr virus-encoded
microRNA in nasopharyngeal carcinoma tissues and the upregulation was confirmed in two
public datasets. The expression of BART10-3p was an independent unfavorable prognosticator
in nasopharyngeal carcinoma and its integration with the clinical stage showed improved prog-

nosis predictive performance. Bioinformatics analysis suggested a potential role of BART10-3p in tumor differentiation and progression.
Functional assays demonstrated that BART10-3p could promote nasopharyngeal carcinoma cell dedifferentiation, epithelial-
mesenchymal transition, and proliferation in vitro, and tumorigenicity in vivo. Mechanistically, BART10-3p directly targeted the 3'UTR
of ALK7 and suppressed its expression. Reconstitution of ALK7 rescued BART10-3p-induced malignant phenotypes. Overall, our study
demonstrates that BART10-3p promotes dedifferentiation and proliferation of nasopharyngeal carcinoma by targeting ALK7, suggesting
a promising therapeutic opportunity to reverse the malignant phenotypes of nasopharyngeal carcinoma.
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Introduction

Nasopharyngeal carcinoma (NPC) is an epithelial neo-
plasm particularly prevalent in southern China, where
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around 98% of cases are histologically non-keratinizing car-
cinoma.' This particular subtype with low differentiation
has a high propensity for systemic metastasis, posing a
threat to long-term survival.® It has been proposed that
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loss of differentiation, also known as dedifferentiation, is a
hallmark of cancer, for it endows cells with high tumorige-
nicity and metastatic capacity.”* Dissecting the molecules
and mechanisms contributing to NPC dedifferentiation
would provide novel intervention targets for the treatment
of NPC. Another characteristic of non-keratinizing NPC is
the prominent relationship with Epstein-Barr virus (EBV)
infection,” which suggests a link between EBV oncogenesis
and loss of differentiation, and leads us to investigate the
involvement of EBV in NPC dedifferentiation.

EBV has been implicated in a set of human tumors,
including lymphocytic malignancies, gastric carcinoma,
lymphoepithelioma-like carcinoma, as well as NPC. In
EBV-related tumors, only restricted viral products are
expressed, and the viral gene expression varies with differ-
ent types of tumors.® EBV-infected NPC is characterized by
abundant expression of microRNAs (miRNAs), despite the
absence of oncogenic proteins commonly detectable in
EBV-transformed B lymphoblastoid cells.” The non-
immunogenic feature of EBV-encoded miRNAs enables
the virus to exert its oncogenic functions without inflaming
the host immune system.8 Thus, EBV-encoded miRNAs are
potentially crucial in the pathogenesis of NPC.

Since the first report in 2004, more than 40 mature EBV-
encoded miRNAs have been identified, mapping to two
regions of the EBV genome: BamHI fragment A rightward
transcript (BART) and BamHI fragment H rightward open
reading frame 1 (BHRF1).” BART miRNAs are the predom-
inantly expressed EBV miRNAs in NPC samples.' It has
been documented that BART miRNAs can interfere with
cancer cell survival, metastasis, immune evasion, resistance
to treatment, and viral latency maintenance.’*™*® Our pre-
vious microarray analysis identified BART10-3p as the
most significantly upregulated EBV miRNA in NPC tis-
sues.'® Although BART10-3p has been shown to promote
NPC cell metastasis,’” its role in NPC differentiation
remains unknown.

In this study, we demonstrate the abundant expression
of BART10-3p in NPC tissues. BART10-3p promotes NPC
dedifferentiation, epithelial-mesenchymal transition
(EMT), and proliferation by directly targeting ALKY.
Restored ALK7 expression rescues BART10-3p-driven
malignant phenotypes. Moreover, we present evidence
that BART10-3p expression predicts poor prognosis, and
its incorporation with the clinical stage yields improved
predictive value. Our findings may provide novel insights
into the role of BART10-3p in NPC development and reveal
a promising opportunity to reverse the malignant pheno-
types of NPC.

Materials and methods

miRNA microarray analysis

Our previous miRNA microarray data (GEO accession
number: GSE32960)'° containing 312 NPC and 18 non-
cancer tissues were exacted and reanalyzed using GEO2R
(http:/ /www.ncbi.nlm.nih.gov/geo/geo2r/), with the
focus on EBV-encoded miRNAs. Those with absolute fold
change>2 and adjusted P<0.05 were deemed as
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differentially expressed miRNAs. The work flow chart is
shown in Figure 1.

Cell culture and transfection

The NPC cell lines HONE-1 and SUNE-1 (EBV-nega-
tive),'®'? as well as C666-1 (EBV-positive)** were gifted
by Professor Mu-Sheng Zeng (Sun Yat-sen University
Cancer Center [SYSUCC], China). The cells were authenti-
cated by short-tandem repeat profiling and were free from
mycoplasma contamination. All cell lines were cultured in
RPMI-1640 (Gibco, Life Technologies, USA) with 10% fetal
bovine serum (Gibco, Life Technologies, USA) as previous-
ly described.”!

For cell transfection, BART10-3p mimic (sequence: 5'-
UACAUAACCAUGGAGUUGGCUGU-3'),  BART10-3p
inhibitor (sequence: 5-ACAGCCAACUCCAUGGUUAU
GUA-3'), and their corresponding negative controls (NC
and NC inhibitor) were purchased from GenePharma
(China). The coding sequence of the human ALK7 gene
was cloned into the pHAGE-6tag-puro vector (Addgene,
USA) for construction of ALK7 overexpression plasmid.
NPC cells were transiently transfected with oligonucleoti-
des (50nM) or plasmids (2pg) with the use of
Lipofectamine 3000  reagent  (Invitrogen,  Life
Technologies, USA), and collected for further assays at
48 h post transfection.

RNA sequencing

Total RNA was extracted from SUNE-1 cells treated with
BART10-3p mimic or NC using TRIzol reagent (Invitrogen,
Life Technologies, USA). Agilent Bioanalyzer 2100 (Agilent
technologies, USA) was used to qualify and quantify RNA,
and RNeasy micro kit and RNase-Free DNase Set
(QIAGEN, Germany) to purify RNA. TruSeq RNA
Sample Prep kit (Illumina, USA) was employed for estab-
lishment of sequencing libraries. Briefly, mRNA was
enriched from total RNA with oligo (dT) beads and frag-
mented at 94°C for 8 min. Then, double strand cDNA was
synthesized and went through end repair, 3’-end adenyla-
tion, adapter ligation, and PCR amplification to generate
the final cDNA libraries. The libraries were quantified by
Qubit 2.0 Fluorometer (Life Technologies, USA), qualified
by Agilent Bioanalyzer 2100 (Agilent technologies, USA),
and subjected to cluster generation on the cBot system
(lumina, USA) and sequencing on the HiSeq 2500
system (Illumina, USA). Sequencing reads were mapped
to the human genome (hg19) using Tophat 2.0.9. Cuftlinks
2.1.1 was employed to assemble reads into transcripts and
to evaluate differential expression. Genes with absolute
fold change>2 and P <0.05 by Fisher’s exact test were
defined as differentially expressed genes.

Bioinformatics analysis

The differentially expressed genes between BART10-3p-
overexpressing and control cells were subjected to gene
ontology (GO) analysis (http://www.pantherdb.org). GO
terms with a Bonferroni-corrected P < 0.05 were deemed as
significant. Gene set enrichment analysis (GSEA 4.1) was
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Figure 1. Flow chart of the study. EBV: Epstein-Barr virus; FC: fold change; GO: gene ontology; GSEA: gene set enrichment analysis; miRNA: microRNA; NPC:

nasopharyngeal carcinoma.

carried out with the use of gene sets downloaded from the
molecular signatures database (MSigDB 7.2). Each gene set
was assighed a normalized enrichment score (NES) and the
significance was defined at false discovery rate < 0.05.

RNA extraction and quantitative RT-PCR

Total RNA was isolated from NPC cells with TRIzol reagent
(Invitrogen, Life Technologies, USA) and transcribed into
cDNA by reverse transcriptase (Promega, USA).
Quantitative PCR reactions were monitored by the CFX96
Touch sequence detection system (Bio-Rad, USA) utilizing
SYBR Green qPCR SuperMix-UDG reagents (Invitrogen,
Life Technologies, USA). The relative gene expression was
determined using the 2-*4“T method®* with GAPDH and
U6 as endogenous controls for mRNA and miRNA, respec-
tively. The primer sequences are listed in Supplementary
Table 1.

Western blotting

Total protein was harvested from NPC cells with the use of
RIPA buffer (Beyotime Biotechnology, China) that con-
tained EDTA-free Protease Inhibitor Cocktail (Roche,
Switzerland). An equal amount of extracted protein was
subjected to 10-14% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electrotransferred
to polyvinylidene fluoride membranes (Merck Millipore,
USA), after which the membranes were blocked for 1h
with 5% nonfat milk and incubated overnight at 4°C with
primary antibodies targeting E-cadherin (1:1000, 24E10,
Cell Signaling Technology, USA), MMP9 (1:2000,
AP6214a, Abgent, USA), Vimentin (1:2000, 60330-1-Ig,
Proteintech,  China), CK13  (1:5000, 10164-2-AP,
Proteintech, China), KLF4 (1:1000, 4038, Cell Signaling
Technology, USA), ALK7 (1:1000, 12610-1-AP, Proteintech,
China), and GAPDH (1:1000, 14C10, Cell Signaling

Technology, USA). Horseradish peroxidase-conjugated
antibodies (Proteintech, China) were used as secondary
antibodies under room temperature for 1 h. The ECL detec-
tion system (Thermo Fisher Scientific, USA) was used for
visualization of protein bands.

Immunofluorescence staining

NPC cells were seeded on coverslips for 24 h, fixed in 2%
paraformaldehyde for 30 min, permeabilized in 0.5% Triton
X-100 for 15 min, and blocked with 1% bovine serum albu-
min for 30 min. The coverslips were then incubated over-
night at 4°C with primary antibodies against E-cadherin
(1:50, 610181, BD Biosciences, USA) and Vimentin (1:500,
60330-1-Ig, Proteintech, China). Incubation with Alexa
Fluor 488 or 594 donkey anti-mouse IgG secondary anti-
body (Life Technologies, USA) lasted for 1h under room
temperature. Cell nuclei were counterstained with Hoechst
33258 (Invitrogen, Life Technologies, USA) for 10 min and
cell fluorescence images were acquired with a confocal
laser-scanning microscope (Olympus FV1000, Olympus,

Japan).

CCK-8 and colony formation assays

For the CCK-8 assay, 1000 transfected cells were cultured in
96-well plates. Each day on days 0-4 of incubation, the cells
were treated with 10 pL of CCK-8 (Dojindo, Japan) and con-
tinued to be incubated at 37°C for 2h, followed by mea-
surement of absorbance at 450nm using an ELX800
spectrophotometric plate reader (Bio-Tek, USA). Colony
formation assay was done by culturing 400 transfected
cells in 6-well plates for 7-12 days. The resulting colonies
were fixed by methanol, stained by hematoxylin, and
counted.
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Dual-luciferase reporter assay

The ALK?7 wild-type (wt) and mutant (mut) 3’'UTR were
generated and cloned into the psiCHECK-2 vector
(Promega, USA), which comprises Renilla and firefly lucif-
erase reporter genes. The wt or mut luciferase reporter plas-
mid (0.5 pg) was co-transfected with BART10-3p mimic or
NC (50nM), or with BART10-3p inhibitor or NC inhibitor
(50nM) wusing Lipofectamine 3000 (Invitrogen, Life
Technologies, USA). Luciferase activity was determined
using the Dual-Luciferase Reporter Assay System
(Promega, USA) 24 h after transfection. The Renilla lucifer-
ase activity was normalized to firefly luciferase activity as a
transfection control.

In vivo xenograft tumor growth model

Female BALB/c nude mice (four to five weeks) were pur-
chased from the Medical Experimental Animal Center of
Guangdong Province (China). The mice were randomly
assigned to two groups (n=5 per group) and injected
with 1 x 10° SUNE-1 cells subcutaneously in the right axil-
lary region to establish xenograft tumor growth models.
After 12days when the tumor volume reached 50-100
mm?, the two groups of mice received intratumoral injec-
tion of cholesterol-modified agomir-BART10-3p (5nM) or
agomir-NC (5nM) (RiboBio, China) every three days. For
evaluation of tumor size, the length (L) and width (W) were
measured every three days, and tumor volume was calcu-
lated based on the formula: volume = (L x W?)/2. After
21 days of intratumoral injection, the mice were sacrificed
and their tumors were dissected, weighted, fixed, and sub-
jected to paraffin-embedded sectioning. The animal exper-
iment was adhered to the Guide for the Care and Use of
Laboratory Animals of Sun Yat-Sen University, and was
approved by the Institutional Animal Care and Use
Ethics Committee of SYSUCC (approval number:
L102012019040G).

Immunohistochemistry

Sections derived from xenograft mice tissues were depar-
affinized and rehydrated, followed by endogenous
peroxidase activity blocking and citrate-mediated high-
temperature antigen retrieval. After blocking with 1%
bovine serum albumin, the sections were incubated with
anti-ALK7 antibody (1:100, 12610-1-AP, Proteintech,
China) at 4°C overnight, with antibody diluent used as a
negative control. The antigen-antibody reaction was visu-
alized with the Dako REAL EnVision Detection system
(Dako, Denmark) in compliance with the manufacturer’s
protocol.

Statistical processing

All results are presented as mean + standard error of mean
(SEM) from at least three independent experiments. The
Student’s t-test and Chi-square/Fisher’s exact test were
applied in comparison of two groups. ANOVA analysis
was utilized in comparison of multiple groups.

The cutoff to determine low and high BART10-3p expres-
sion was optimized to achieve the highest Chi-square value
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on Kaplan-Meier analysis and log-rank test using the X-tile
3.6.1 software (Yale University, USA).”> Survival rates were
estimated with the Kaplan-Meier method and comparisons
were undertaken via the log-rank test. Estimates of hazard
ratio were determined by fitting Cox regression models. To
evaluate the added value of BART10-3p in overall survival
prediction, an integrative model including BART10-3p
expression and the clinical stage was built'® and compared
to the clinical stage-alone model in terms of area under the
curve (AUC) and Akaike information criterion (AIC). A
higher AUC and a lower AIC value indicate better predictive
performance. All statistical analyses were exerted using R
3.6.0 (http://www.R-project.org/) and GraphPad Prism 7.
Two-tailed P < 0.05 was considered significant. The authentic-
ity of this article has been validated by uploading the key raw
data onto the Research Data Deposit platform (http://www.
researchdata.org.cn, approval number: RDDB2021001649).

Results

BART10-3p is upregulated in NPC tissues and predicts
unfavorable prognosis

To identify NPC-specific EBV-encoded miRNAs, we exam-
ined the miRNA expression profile of 312 NPC and 18 non-
cancer tissues based on our previous microarray. The
analysis revealed that 11 out of 44 EBV-encoded miRNAs
were upregulated, which were exclusively BART miRNAs
(absolute fold change > 2, adjusted P < 0.05; Figure 2(a) and
Supplementary Table 2). Notably, BART10-3p was the top
upregulated EBV-encoded miRNA, and also among the
most significantly upregulated human and viral miRNAs
(Figure 2(b)). In addition, elevation of BART10-3p in NPC
tissues was validated by two independent microarray data-
sets, GSE36682 (n = 68; Figure 2(c)) and GSE70970 (n = 263;
Figure 2(d)).

We then explored whether the expression of BART10-3p
has prognostic value in NPC. NPC tissues were classified
into high (n=60) and low (1=252) BART10-3p groups
based on the X-tile derived cutoff value. No significant cor-
relation was noted between BART10-3p expression and
clinical parameters (Table 1). In univariable analysis, high
BART10-3p expression was related to inferior overall,
disease-free, and distant metastasis-free survival compared
with low expression, although with marginal significance
(P=0.050, 0.076, and 0.066, respectively; Figure 2(e)).
Multivariable analysis revealed the independent prognos-
tic significance of BART10-3p expression in all endpoints
(all P<0.05 Table 2). Further analysis showed that the
model consisting of BART10-3p expression and the clinical
stage had better predictive performance for overall survival
relative to the clinical stage alone (AUC: 0.67 vs. 0.62,
P=0.032; AIC: 795.7 vs. 801.4).

BART10-3p overexpression is correlated with NPC
differentiation and progression

To elucidate the potential role of BART10-3p in NPC path-
ogenesis, we employed RNA sequencing of SUNE-1 cells
with or without BART10-3p overexpression and compared
their gene expression profiles. The comparison showed that
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Figure 2. BART10-3p is increased in NPC tissues and correlates with unfavorable prognosis. (a) Heatmap of differentially expressed EBV-encoded miRNAs identified
from the microarray dataset GSE32960 which contains 18 non-cancer tissues and 312 NPC tissues. Threshold was set at absolute fold change >2 and adjusted
P < 0.05. Columns: individual samples; rows: EBV-encoded miRNAs; blue: low expression; yellow: high expression. (b) Volcano plot for visualization of evidently
differentially expressed miRNAs in the microarray dataset GSE32960. (c) Relative BART10-3p expression determined in the microarray dataset GSE36682 comprising
6 non-cancer tissues and 62 NPC tissues. (d) Relative BART10-3p expression determined in the microarray dataset GSE70970 which included 17 normal naso-
pharyngeal epithelial tissues and 246 NPC tissues. (e) Kaplan-Meier analysis of overall survival (OS), disease-free survival (DFS), and distant metastasis-free survival

(DMFS) in patients stratified by BART10-3p expression. The log-rank test was used

608 genes were differentially expressed (absolute fold
change > 2, P < 0.05; Figure 3(a)), of which 231 were upre-
gulated and 377 were downregulated. GO analysis
revealed that the significantly altered genes were enriched
for terms related to cell differentiation and extracellular
matrix (Figure 3(b)). GSEA illustrated that increased
expression of BART10-3p was positively correlated with
gene signatures of EMT, undifferentiated cancer, and
tumor development (Figure 3(c)). Taken together,
BART10-3p may serve as a critical regulator in differentia-
tion and progression of NPC.

BART10-3p induces NPC cell dedifferentiation and EMT

To verify the above data, NPC cell lines of different degrees
of differentiation were used: poorly differentiated HONE-1
and SUNE-1 cells with cobblestone morphology typical of
epithelial cells, and undifferentiated C666-1 cells with spin-
dle morphology identical to mesenchymal cells. We tran-
siently transfected HONE-1 and SUNE-1 cells with
BART10-3p mimic or NC, and transfected C666-1 cells
with BART10-3p inhibitor or NC inhibitor; the transfection
efficiency was confirmed by quantitative RI-PCR (Figure 4
(a)). Notably, BART10-3p overexpression induced HONE-1
and SUNE-1 cells to adopt a spindle-like mesenchymal

to calculate the P values. **P < 0.01.

phenotype, while BART10-3p inhibition induced
mesenchymal-epithelial transition in C666-1 cells
(Figure 4(b)). Moreover, Western blotting showed that
introduction of BART10-3p significantly increased the
expression of the mesenchymal markers MMP9 and
Vimentin, and the low differentiation markers CK13 and
KLF4, and decreased that of the epithelial marker E-cad-
herin, while downregulation of BART10-3p in C666-1 cells
resulted in reversed changes in these molecules (Figure 4
(c)). Immunofluorescence staining validated the altered
expression of E-cadherin and Vimentin (Figure 4(d)).
These data indicate that BART10-3p could drive dediffer-
entiation and EMT of NPC cells.

BART10-3p promotes NPC cell proliferation

To explore whether BART10-3p affects NPC cell prolifera-
tion, we adopted CCK-8 and colony formation assays.
CCK-8 assay revealed that introduction of BART10-3p sig-
nificantly facilitated proliferation of NPC cells, whereas
BART10-3p inhibition suppressed cell proliferation
(Figure 5(a)). Colony formation assay showed that
BART10-3p-overexpressing cells formed more colonies
than control cells (Figure 5(b)). Collectively, these findings
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Table 1. Association between BART10-3p expression and clinicopathological features of nasopharyngeal carcinoma patients.

BART10-3p expression

P value®
Characteristic No. of patients Low expression, n = 252 High expression, n =60
Sex 0.469
Male 233 186 (73.8) 47 (78.3)
Female 79 66 (26.2) 13 (21.7
Age 0.833
<45y 139 113 (44.8) 26 (43.3
>45y 173 139 (55.2) 34 (56.7
VCA-IgA 0.494
<1:80 46 40 (15.9) 6 (10.0)
1:80-1:320 178 141 (56.0) 37 (61.7)
>1:640 88 71 (28.2) 17 (28.3)
EA-IgA 0.502
<1:10 76 64 (25.4) 12 (20.0)
1:10-1:20 100 82 (32.5) 18 (30.0)
>1:40 136 106 (42.1) 30 (50.0)
T category® 0.467
T 66 55 (21.8) 11 (18.3)
T2 89 69 (27.4) 20 (33.3)
T3 71 61 (24.2) 10 (16.7)
T4 86 67 (26.6) 19 (31.7)
N category® 0.165
NO 44 32 (12.7) 12 (20.0)
N1 148 116 (46.0) 32 (53.9)
N2 72 62 (24.6) 10 (16.7)
N3 48 42 (16.7) 6 (10.0)
Clinical stage® 0.520
| 12 11 4.4) 1(1.7)
I 86 66 (26.2) 20 (33.3)
LIl 91 76 (30.2) 15 (25.0)
\Y 123 99 (39.3) 24 (40.0)
Chemotherapy 0.824
No 268 217 (86.1) 51 (85.0)
Yes 44 35 (13.9) 9 (15.0)
@P value was calculated using the Chi-square test (or Fisher’s exact test if indicated).
bAccording to the 7th edition American Joint Committee on Cancer staging manual.
EA: early antigen; IgA: immunoglobulin A; VCA: viral capsid antigen.
Table 2. Multivariable Cox regression analysis in nasopharyngeal carcinoma patients.
oS DFS DMFS
Variable HR (95% CI) P value® HR (95% CI) P value® HR (95% CI) P value®
Sex
Male Reference - Reference - - -
Female 0.518 (0.272-0.988) 0.046 0.571 (0.333-0.980) 0.042 - -
BART10-3p
Low Reference - Reference - Reference -
High 1.863 (1.102-3.150) 0.020 1.733 (1.077-2.789) 0.024 2.002 (1.149-3.488) 0.014
T category
T1-2 Reference - Reference - Reference -
T3-4 2.329 (1.430-3.792) 0.001 1.813 (1.198-2.745) 0.005 2.171 (1.301-3.624) 0.003
N category
NO-1 Reference - Reference - Reference -
N2-3 2.042 (1.279-3.260) 0.003 1.892 (1.250-2.866) 0.003 2.399 (1.460-3.942) 0.001

2P value was calculated using multivariable Cox regression models with backward elimination; included covariates were: sex, age, VCA-IgA, EA-IgA, T and N
category, and BART10-3p expression.
Cl: confidence interval; DFS: disease-free survival; DMFS: distant metastasis-free survival; EA: early antigen; HR: hazard ratio; IgA: immunoglobulin A; OS: overall
survival; VCA: viral capsid antigen.
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Figure 3. BART10-3p overexpression is related to NPC differentiation and progression. RNA sequencing was performed in SUNE-1 cells transfected with BART10-3p
mimic or negative control. (a) Heatmap of differentially expressed genes identified by RNA sequencing in transfected SUNE-1 cells. Threshold was set at absolute fold
change >2 and P < 0.05. Columns: individual cells; rows: genes; blue: low expression; yellow: high expression. (b) Gene ontology (GO) analysis of differentially

expressed genes between transfected SUNE-1 cells. (c) Gene set enrichment analysis (GSEA) plots showing enrichment of gene signatures of epithelial-mesenchymal
transition, undifferentiated cancer, cancer invasiveness, and tumorigenesis in response to overexpression of BART10-3p. NES: normalized enrichment score; FDR:

false discovery rate.

suggest that BART10-3p can significantly promote NPC cell
proliferation.

ALK? is a direct target of BART10-3p in NPC cells

We subsequently investigated the mechanism by which
BART10-3p induces dedifferentiation and proliferation of
NPC. Putative BART10-3p target genes predicted by
TargetScan 5.2 and DIANA-TarBase v8 were overlapped
with RNA-sequencing identified genes downregulated by
more than 2-fold, resulting in five candidate genes: ACSL4,
ALK7, MAT2B, MEX3C, and PHF6 (Figure 6(a)). Among
these, ALK7 was validated as the most significantly altered
gene after overexpression of BART10-3p (Figure 6(b)).
Then, we carried out dual-luciferase reporter assay to
verify the regulatory effect of BART10-3p on ALK7. As
expected, the luciferase activity of the ALK7 wt group
was significantly reduced or enhanced upon overexpres-
sion or attenuation of BART10-3p, whereas that of the
ALK7 mut group was not influenced (Figure 6(c) and
(d)). Additionally, BART10-3p overexpression evidently

suppressed the protein level of ALK7 (Figure 6(e)). These
findings elucidate that ALKY is a direct target of BART10-
3p in NPC cells.

ALK? is required for BART10-3p-driven malignant
phenotypes

We next explored whether ALK7 is involved in BART10-3p-
driven biological effects by transfecting the ALK7
overexpression plasmid or empty vector into HONE-1
and SUNE-1 cells with BART10-3p mimic. Notably, ALK7
overexpression reversed BART10-3p-mediated downregu-
lation of E-cadherin and upregulation of Vimentin and
CK13 in protein level (Figure 6(f)). In addition, the stimu-
latory effect of BART10-3p on cell proliferation was atten-
uated by ALKY reconstitution (Figure 6(g)). Overall, these
results illustrate that BART10-3p enhances NPC cell dedif-
ferentiation and proliferation by inhibiting ALK?7.



Luo et al. EBV-miR-BART10-3p promotes NPC dedifferentiation and proliferation 2625

(a) mnNC = NC inh
= BART10-3p = BART10-3p inh
61 1.51
3 = &
@ L=}
£8 4 =5 10
e g 2
a @ o
g - eg
S5, £ 3 g5
E e z
g &
0 nd nd 0.0
HONE-1 SUNE-1 C666-1
(c) HONE-1 SUNE-1 C666-1 (d)
R R R
O & O
& A @ A0 HONE-1 SUNE-1
N
$ & O & @ S BART10-3p BART10-3p

E-cadherin | m—_ —||!-|[-—. — |- 135
T 054 1 051 T 187

MvPg (S S| [T BB [~ w78
1 3.54 1 4.94 1 0.73

Vimentin | e s | [ o= — | |o—— 60
1.61 1 1.79 1 0.42

1
CK13 [ | [ | [ o |50
1 1.89 1

2.55 1 0.43

KLFdlﬁl- B | [ = ]-65
138 1 135 1 068

GAPDH [ W | [ e | [ - |57
1 1.04 1 1.04 1 1.05

E-cadherin

Vimentin

Figure 4. BART10-3p induces NPC cell dedifferentiation and EMT. NPC cells were transfected with BART10-3p mimic, inhibitor, or their negative controls. (a)
Quantitative RT-PCR analysis of BART10-3p expression in transfected cells. U6 was used as an internal control. (b) Morphology of transfected cells under inverted
microscope. Scale bar, 40 um. (c) Western blotting analysis of E-cadherin, MMP9, Vimentin, CK13, and KLF4 expression in transfected cells. GAPDH was used as an
internal control. (d) Immunofluorescence images for E-cadherin and Vimentin expression in transfected cells. Scale bar, 20 um. Data are presented as mean (n=3) +
SEM. *P < 0.01. nd: not detected.

(a) HONE-1 SUNE-1 C666-1
-= NC -= NC = -+ NC-inh
-~ —— BART10-3 -~ —— BART10-3 Y —— BART10-3p-inh
12001 P S 800+ P © 250 P
‘s ‘s = .
£ 900- £ 600- ]: =N I
= oz :
z z * 150
S 600 S 400+ ©
% % % 1001
o 300 o 200+ Q50
= = =
« K] el
r 0t ¢ 00— ¢ 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time (Days) Time (Days) Time (Days)
m NC = BART10-3p
5 200 -
( HONE-1 SUNE-1 -
(&)
BART10-3p Z 1501
O o
£ 100-
3
s
L-c; 50 1

HONE-1 SUNE-1

Figure 5. BART10-3p promotes NPC cell proliferation. NPC cells were transfected with BART10-3p mimic, inhibitor, or their negative controls. (a) CCK-8 assay of
transfected cells. (b) Representative images (left) and quantification (right) of the colony formation assay in transfected cells. Data are presented as mean (n=23) +
SEM. P <0.01.



2626 Experimental Biology and Medicine Volume 246 December 2021
(a) RNA sequencing of (b) 1.5 HONE- 1.5 RUNE-
SUNE-1 cells e -
= BART10-3p = BART10-3p

a2 2
2 2

ACSL4 8 1.0 2 1.0
ALK7 : 2
o o
v m MAT2B £ £

2 051 2 051
A MEXSC £ £
v PHF8 k-] 2

0.0 0.0

TargetScan 5.2 TarBase vB8
(c) (d) SUNE-1
= NC
= BART10-3p
ALK? position 2848-2866 €15
B
wt3'UTR 5-AUUCUCCUUAGGUUAUGUU-3 %14 s
BART10-3p 3-GGUUGAGGUACCAAUACAL-5 ‘5
B -
mut 3UTR 5-AUUCUCCUUAGGUAUACAU-3' %
2 00
Wt mut
HONE-1 SUNE-1
0) - " (©
S & oA
o L EE o P LE L NC
W F S g +Vector
gl L L
F K k. w
E-cadherin | mmms s o — 135 é
Vimentin | s S s | | —" — 60
1 49 1 i
ck1a [ Ml---l—sn @
1_2 : 1129 117 2
GAPDH | S e e | | S WP |57

&

“?4;1:% ﬁ'@ qef‘% - l;?\'h VJ:\ \‘?{'& &-t-"-"o Q?gh

€686-1 (e)
=mNCinh HONE-1  SUNE-1 _ C666-1
g = BART10-3p inh R R R
157 .. & & &
3 & £ & &
- ne ¢ & ¢ &
i o ] =] o
=05 1 036 1 053 1 280
£ GAPDH [ | [ s | [ sy | 57
2 0o 1 085 1 103 1 108
wi mut
m NC+Vector
BART10-3p  BART10-3p = BART10-3p+Vector
+Vector

+ALKT

i = BART10-3p+ALK7

o

Colonies (% of NC+Vector)
N

HONE-1 SUNE-1

Figure 6. ALK7 is a direct target and functional mediator of BART10-3p in NPC cells. (a) Venn diagram displaying the number of predicted BART10-3p target genes
based on TargetScan 5.2 and DIANA-TarBase v8 programs and RNA sequencing data. The overlapping genes are shown to the right. (b) Quantitative RT-PCR analysis
of the expression of the five predicted target genes (ACSL4, ALK7, MAT2B, MEX3C, and PHF6) in NPC cells transfected with BART10-3p mimic or negative control.
GAPDH was used as an internal control. (c) Predicted binding site of BART10-3p on ALK7 wild-type 3'UTR. Mutant 3'UTR was generated as indicated. (d) Luciferase
reported assay after co-transfection of wild-type or mutant luciferase reporter plasmids with BART10-3p mimic, inhibitor, or their negative controls. (e) Western blotting
analysis of ALK7 expression in NPC cells transfected with BART10-3p mimic, inhibitor, or their negative controls. GAPDH was used as an internal control. (f, g HONE-1
and SUNE-1 cells were co-transfected with BART10-3p mimic and ALK7 overexpression plasmid or empty vector, and the control group was co-transfected with

BART10-3p negative control and empty vector. (f) Western blotting analysis of ALK7, E-cadherin, Vimentin, and CK13 expression in transfected cells. GAPDH was
used as an internal control. (g) Representative images (left) and quantification (right) of the colony formation assay in transfected cells. Data are presented as mean

(n=23) £ SEM. **P < 0.01. ns: not significant.

BART10-3p promotes NPC tumorigenicity in vivo

To further investigate the function of BART10-3p in NPC in
vivo, we established xenograft tumor models (n=>5 per
group) and increased BART10-3p expression via intratu-
moral injection of agomir-BART10-3p. Introduction of
agomir-BART10-3p significantly increased tumor volume
and weight as well as tumor growth rate, in comparison
to the agomir-NC group (Figure 7(a) to (c)). Additionally,
immunohistochemistry of the dissected specimens showed
that the expression of ALK7 was markedly decreased in the
agomir-BART10-3p group relative to the agomir-NC group
(Figure 7(d)). These results indicate that BART10-3p can
significantly promote tumor growth in vivo.

Discussion

The current study highlights the crucial role of BART10-3p
in NPC dedifferentiation and proliferation. We found that
BART10-3p was dramatically upregulated in NPC tissues
and associated with inferior outcomes. Overexpression of

BART10-3p promoted NPC cell dedifferentiation, EMT, and
proliferation in vitro and tumorigenicity in vivo. Further, we
identified ALKY? as a direct target and functional mediator
of BART10-3p. Collectively, our study demonstrated the
oncogenic role of BART10-3p and unveiled a novel mech-
anism underlying differentiation and proliferation of NPC.

As an oncovirus, EBV has evolved diverse strategies to
persist and propagate in malignant cells. One of the most
important mechanisms is through generation of viral
miRNAs, which can manipulate both viral and host gene
expression. Studies of systematic profiling revealed that
EBV-encoded BART miRNAs are abundantly expressed in
NPC samples both in vitro and in vivo, amounting to over
10% of the total detectable miRNAs.*** In the present
study, we identified 11 significantly upregulated BART
miRNAs in NPC tissues. Among these, BART10-3p
showed the highest expression comparable to that of the
top upregulated human miRNA. Although BART10-3p
expression has shown potential in distinguishing recurrent
NPC patients from control,*® its prognostic value has not
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been sufficiently elucidated. In our cohort of over 300 NPC
patients, high BART10-3p expression was associated with
unfavorable prognosis, and its combination with the clini-
cal stage resulted in significantly improved predictive per-
formance. Therefore, BART10-3p represents a promising
prognostic biomarker of NPC.

Dedifferentiation, a biological process whereby cells
regress to a less differentiated state, is considered a hall-
mark of cancer.® This process is seemingly important for the
maintenance of EBV latent infection and malignant trans-
formation in NPC because various EBV latent genes serve
this purpose. For example, LMP2A and LMP1 are EBV-
encoded proteins that can inhibit differentiation of
NPC.?7*® Moreover, a few EBV-derived miRNAs have
been reported to contribute to NPC dedifferentiation.
Cluster 2 BART miRNAs were found to collectively prevent
terminal differentiation of NPC by downregulating an epi-
thelial differentiation marker NDRG1.” BART7 and
BART22 were shown to promote EMT and stemness of
NPC by targeting SMAD7 and MAP2K4, respectively.'**
In our study, bioinformatics analysis indicated that
BART10-3p may participate in differentiation and EMT of
NPC. Subsequent assays confirmed that BART10-3p
induced NPC cell dedifferentiation as demonstrated by
its influence on cell morphology and differentiation-
related makers (MMP9, Vimentin, CK13, KLF4, and
E-cadherin). Furthermore, the oncogenic role of BART10-

3p is supported by previous studies in NPC and EBV-
associated gastric carcinoma.'”?" Collectively, BART10-3p
acts as an oncogene in NPC dedifferentiation and
proliferation.

ALKY is a serine/threonine kinase receptor for several
members of transforming growth factor beta (TGFp) super-
family, including nodal, activin B, activin AB, and
GDFs.**™* Prior studies have implicated ALK7 in human
tissue morphogenesis, metabolic disorders, and tumorigen-
esis. >>*! Similar to the bidirectional functions of ALK7 in
stem cell differentiation under different conditions, ALK7
has contrasting roles in different tumors. The ALK?7 signal-
ing is found to impair metastasis in breast and pancreatic
neuroendocrine tumors,”” suppress proliferation and che-
moresistance in ovarian cancer,”® and induce apoptosis in
hepatoma.®* Conversely, ALK7 exerts tumor-promoting
effects in bladder cancer and retinoblastoma.***!
However, little is documented concerning the role of
ALK?7 in NPC. Our results suggested that ALK7 may
serve as a tumor suppressor in NPC, given that it was iden-
tified as a direct target of the tumor-promoting gene
BART10-3p both in vitro and in vivo and that ectopic expres-
sion of ALK?7 could reverse the oncogenic effects of
BART10-3p. Our research enables new insights into the reg-
ulation of ALK? signaling by BART10-3p in NPC.

Experience from the management of hematological
malignancies suggests that differentiation-based therapy
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which reverses tumor dedifferentiation has the potential to
deprive tumor cells of malignant traits. Nevertheless, its
application in NPC and other solid tumors is still at an
early stage.*” Yan et al.*> documented that restored expres-
sion of IKKa via retinoic acid treatment could activate dif-
ferentiation and reduce tumorigenicity of poorly
differentiated NPC cells. The present study found that
BART10-3p played a crucial role in dedifferentiation and
proliferation of NPC, providing additional insights into the
mechanisms underlying development of NPC. Although
miRNA-based therapies have not reached trials of large
cohorts, our findings provide important implications for
inducing differentiation of NPC through interfering the
BART10-3p/ ALK7 axis.

Our study has several limitations. First, the role of
BART10-3p in NPC differentiation was not explored in
vivo. Besides, although we identified ALK7 as a functional
mediator of BART10-3p, we did not provide direct evidence
concerning the function of ALK7 in NPC. These aspects war-
rant investigation in future work. In addition, the expression
and prognostic value of BART10-3p in NPC were assessed
only on microarray data. More reliable and accurate tests,
such as quantitative RT-PCR, need to be conducted on clin-
ical samples for confirmation. Despite the limitations, this
study represents the first to examine the role and mechanism
of BART10-3p in NPC differentiation and proliferation.

In summary, this study distinguishes the oncogenic role of
BART10-3p in dedifferentiation and proliferation of NPC via
inhibition of ALK?. We also demonstrate the prognostic value
of BART10-3p expression. These findings may contribute to
further insights into the mechanisms underlying differentia-
tion and proliferation of NPC and provide evidence for target-
ing the BART10-3p/ALKY axis as a therapeutic strategy.
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