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ARTICLE INFO ABSTRACT

Keywords: Mutations in the forkhead box O 3a (FOXO3a) gene are closely related to the progression of several types of
NPC cancers. However, few studies explore the relationship between FOXO3a and nasopharyngeal carcinoma (NPC).
FOX'OBa. Our findings demonstrate that silencing FOXO3a promotes tumor radioresistance of NPC in vitro and in vivo
Radioresistance through inducing EMT and activating Wnt/B-catenin signal pathway. These data establish that FOXO3a can be a
Epithelial-mesenchymal transition . . . .

Wat novel and reliable NPC marker and a potential therapeutic target against NPC.

1. Introduction

Nasopharyngeal carcinoma (NPC), arising from nasopharyngeal
epithelial cells, is an epidemic malignancy with remarkable geographic
and ethnic distributions worldwide. Epstein-Barr virus (EBV) exposure,
diet, and genetic factors are mainly responsible for the occurrence of
NPC in South China [1]. Overall, the prognosis of NPC has dramatically
improved over the past three decades owing to better radiotherapy (RT)
technology, broader application of chemotherapy, and more accurate
disease staging [2]. However, tumor invasion and radioresistance are
still major hurdles for a successful treatment [3]. The exact mechanisms
underlying tumor invasion and radioresistance of NPC need to be ex-
plored further.

The forkhead box O (FOXO) family of proteins has recently been
shown to be an important transcriptional regulator of pivotal proteins
associated with many diverse cellular functions [4]. FOXO1, FOXO3a,
FOXO04, and FOXO06 proteins have already been identified in humans.
Compared with other FOXO family members, FOXO3a has been ex-
tensively studied because of its unique role in the regulation of cell

proliferation, apoptosis, metabolism, stress management, and longevity
[5]. FOXO3a gene mutations were found to be closely related to the
progression of several types of cancer [6]. However, few studies were
carried out to explore the relationship between FOXO3a and NPC. Shou
et al. showed that low expression of FOXO3a is significantly correlated
with poor prognosis of NPC [7]. The role of FOXO3a in carcinogenesis
and NPC prognosis needs to be further elucidated.

An increasing body of evidence suggests that the process of epi-
thelial-mesenchymal transition (EMT) plays an important role in the
development of NPC [8,9]. EMT is the process in which epithelial cells
lose their epithelial characteristics and acquire a mesenchymal phe-
notype, which then allows cells to separate from the primary tumor and
migrate to other tissues. Moreover, EMT is characterized by loss of the
epithelial cell adhesion molecule E-cadherin, which is coupled with
increased expression of mesenchyme-associated proteins such as vi-
mentin, N-cadherin, snail, and twist [10]. In addition, FOXO3a has been
widely acknowledged to regulate EMT in numerous cancers, except
NPC [11,12].

Previous studies have reported that the Wnt/p-catenin signaling
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pathway plays a vital role in tumorigenesis, cisplatin resistance, and
prognosis in NPC [8,9,13]. It has also been widely acknowledged that
EMT and the Wnt/3-catenin signaling pathway play key roles in cancers
becoming radioresistant [14,15]. In addition, FOXO3a has been shown
to be strongly correlated with EMT and the Wnt/p-catenin signaling
pathway [11,16]. Furthermore, it has been identified to play a vital part
in cell cycle arrest, apoptosis, oxidative stress resistance, and autophagy
[17-19], all of which are closely related to tumor radioresistance
[20-22]. Accordingly, FOXO3a may regulate radioresistance of NPC
through these cellular functions. In summary, we hypothesize that
FOXO3a affects radioresistance of NPC by inducing EMT, the Wnt/f-
catenin signaling pathway and the above mentioned cellular functions
associated with them. In this study, we aimed to investigate the un-
derlying mechanisms of tumor radioresistance.

2. Materials and methods
2.1. Cell lines

Human NPC cell lines CNE1, CNE2, HNE1, and CNE1-LMP1 were
obtained from the Cancer Research Institute of Central South University
(Changsha, China). HNE1 and CNE2 were derived from a poorly dif-
ferentiated NPC and lost the EBV genome during multiple cell passages
[23]. CNE1 is an EBV-negative well-differentiated cell line and CNE1-
LMP1 is a stably transfected cell line, established by introducing LMP1
cDNA into CNE1 cells [24]. The two cell lines, CNE2 and HNE1, used in
this study were authenticated using short-tandem repeat profiling,
tested for mycoplasma contamination and cultured for less than two
months. Cell line authentication was performed according to the sug-
gestions from ATCC cell line authentication. CNE2 and HNE1 cell lines
were not contaminated with HeLa. All cell lines were kept in RPMI
1640 media (Promoter Biotech, China) with 10% fetal bovine serum
(Gibco, South America) at 37 °C in a humidified 5% CO, atmosphere.

2.2. Construction of lentivirus vectors and cell transduction

In order to establish stable transfected cell lines for further experi-
ments, lentivirus vectors were constructed and used for transduction.
Lentiviral particles were purchased from GeneChem (GV112, China),
and used in the transduction of CNE2 and HNE1 cells following the
manufacturer's instructions. Cells were then subcultured in selective
medium with 3 mg/mL puromycin (P9620, Sigma, USA) for two weeks
to select stable cell lines. Efficiency of transfection was evaluated using
western blotting and real-time RT-PCR. The sequences of FOX03a and
mock shRNAs are as follows:

shRNA 1: GCACAACCTGTCACTGCCATAG
shRNA 2: GGAACTGGCAAGAGCTCTTGG
shRNA 3: GCTGTCTCCATGGACAATAGC
Mock shRNA: GCAAGCTGACCCTGAAGTT

The sequences of B-catenin and mock shRNAs are as follows:

B-catenin shRNA: GTGCTATCTGTCTGCTCTA
Mock shRNA: TTCTCCGAACGTGTCACGT

Control cells were co-transduced with FOXO3a mock and 3-catenin
mock shRNAs.

2.3. X-ray irradiation

An RS2000 X-ray Biological Research Irradiator (3 mm copper filter,
160kV, 25 mA; Rad Source Technologies, GA, USA) was used to per-
form X-ray irradiation. The dose rate was 1.151 Gy/min. Single irra-
diation doses were 2-10Gy.
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2.4. Western blotting

Western blotting was used to assess the expression of proteins
quantitatively. Total protein was extracted using RIPA buffer (P0013K,
Beyotime Biotechnology, China). Nuclear and Cytoplasmic Extraction
Reagents (P0027, Beyotime Biotechnology, China) were used to extract
nuclear and cytoplasmic proteins following the manufacturer's in-
structions. Equal amounts of protein, measured using microplate reader
(Synergy H1, Biotek, USA) and Beyotime protein assay reagent, were
separated using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride
(PVDF) membrane. After blocking, the blots were incubated with the
indicated primary antibodies. After washing and incubation with sec-
ondary antibodies, the blots were visualized using ECL reagent
(NCI4106, Thermo, USA). Anti-FOXO3a (#12829), anti-E-cadherin
(#3195), anti-N-cadherin (#13116), anti-vimentin (#5741), anti-snail
(#3879), anti-c-Myc (#13987), and anti-lamin B (#12255) were pur-
chased from Cell Signaling Technology (USA), anti-cyclin D1
(ab134175), anti-GSK-3f3 (ab32391), anti-twistl (ab175430), and anti-
B-catenin (ab32572) were from Abcam, (USA) and anti-GAPDH
(AC002) was obtained from Abclonal (USA).

2.5. Real-time PCR

Real-time PCR was applied to detected mRNA expression levels.
Total RNA was extracted using Trizol (NO.9766, Takara, Japan) fol-
lowing the manufacturer's instructions. Reverse transcription was per-
formed using the PrimeScript 1st Strand cDNA Synthesis Kit
(NO.6110A, Takara, Japan). A Fast Real-Time PCR System (7900HT,
Applied Biosystems, USA) was utilized to run real-time PCR (qQRT-PCR).
Values for individual genes were standardized using GAPDH. A melting
curve was obtained for each primer pair to confirm specificity of the
amplification product. Primers for PCR were designed by Primer
Premier 5.0 software (Premier Biosoft, Palo Alto, CA) as follows:

FOXO03a Forward-CCCAACCAGCTCCTTTAACA;
FOXO0O3a Reverse-GAGTCCGAAGTGAGCAGGTC;
GAPDH Forward-GGTCGGAGTCAACGGATTTG;
GAPDH Reverse-GGAAGATGGTGATGGGATTTC.

2.6. Scratch test

Scratch test was used to assess the migration abilities of NPC cells.
Cells (1 x 10°) were placed in 24-well plates for 24 h with 10% fetal
bovine serum. Culture medium was then changed to a serum-free
medium. A 10-puL pipette tip was used to draw a straight line on the
bottom of the 24-well plates. Shifting distances of cells were recorded
using inverted microscopy at 200 X magnification at 0 h and 24 h.

2.7. Transwell assay

Transwell assay was employed to test the invasion ability of NPC
cells. Boyden chamber assays with 8-um diameter filters (NO.3422,
Corning, USA) were used to detect the invasion abilities of cells. In the
upper chamber paved with a layer of matrigel chamber 1 x 10° cells
were incubated in approximately 200 pL of serum-free medium. The
lower chamber contained 500 uL. RPMI 1640 with 10% fetal serum.
After incubation for 20-24 h, the lower chamber was fixed in 4% par-
aformaldehyde for 20 min, stained with crystal violet, and counted
under upright microscopy at 200 x magnification (five fields per
chamber).

2.8. Immunofluorescence assay

Immunofluorescence assay was employed to test protein localiza-
tion and expression. Cells were washed three times in phosphate



M. Luo, et al.

Cancer Letters 455 (2019) 26-35

@)

s
§ o 8
X 2
E [e] 0.08
: e : e
s @l CNE2 £ oos e
S ] EE HNE1 2 -
2 BB CNE1-LMP1 9 BN CNE1-LMP1
FOX03a g =8 CNE2R g 0.04 BB CNE2R
£ <
° 0.
o 2
Q
° 2 000 —
2 £
i g
&
D E
3
E & 5 s
X o BB CNE2
@ 20 s M CNEZ s BN HNE1
o B HNE1 c A
k] S
5§ 15 7 0
o K
g'. 1.0 5 0.5
H g v
£ 4
2 o5 £
g 2 oo
& &N D > N o D
g oo P SV S
s > > o 9 S (S NN
] S PPy CfrPe FFS &S
K FELSSE FESsS S
CNE2(6Gy) HNE1(6Gy) © ST R CNE2 HNE1
Oh 6h 12h  24h Oh 6h 12h  24h CNE2 HNE1 g
" i
FOx03a [ e ae | ([0 . e - || §o8y e e e
g o« @ FOXO3a & 1 mmcne2
0
[HAGED |. et I | - gl g oe B p-FOX03a < — BN HNE1
x @ 0.2
2 3
roxo+ HENEENEENE = — = 8oz 8
o ezt 0.1
| — — —— e
FOX06 [ — — —] IR - . —.I £ oa 2
v o
© o
GAPDH | x 00 % 0.0
P —— SRS SRS SR S E & a8 S g 5
CNE2(6Gy) HNE1(6Gy) CNE2(6Gy) HNE1(6Gy)
CNE2 HNE1
10- 10
-e- Mock -e- Mock
5 1 -= ShRNA3 5 1 -= ShRNA3
m E 0.1 E 0.1
E &
3 ? 2
£ 0.01 £ 0.01
> > L
2 - %
3 ° - | L]
®  0.001 L] @ 0.001 -
i 1 = o o
z s % T s : P s
X
Dose(Gy) Dose(Gy)

Fig. 1. Knockdown of FOX0O3a induces radioresistance in NPC cells. (A-B) FOXO3a protein levels from whole-cell lysates were analyzed using western blotting in
different NPC cell lines. (C) Quantification and analysis of FOXO3a mRNA in different NPC cell lines. (D-E) Western blot assays to determine the silencing efficiency
of transduced NPC cell lines. (F) Quantification and analysis of FOXO3a mRNA in transduced NPC cell lines. (G-H) The proteins of FOXO family members levels from
whole-cell lysates were analyzed using western blotting in different NPC cells after exposure to radiation. (I) Quantification and analysis of FOXO3a mRNA in
different NPC cell lines after exposure to radiation. (J) Representative images of colony formation of transfected NPC cells after exposure to radiation. (K-L) Survival
curves of clone formation assays of transfected NPC cells. Error bars correspond to means + standard deviations from three independent experiments. *P < 0.05 vs.

control; **P < 0.01 vs. control; ***P < 0.005 vs. control.

buffered solution (PBS), fixed in 4% paraformaldehyde for 10 min, and
permeabilized with PBS containing 0.25% Triton for 10 min. After
washing three times in PBS, cells were blocked with 1% albumin from
bovine serum (BSA) for 30 min. Cells were then incubated overnight at
4°C with the following antibodies: anti-E-cadherin (#3195, Cell
Signaling Technology, USA), anti-vimentin (#5741, Cell Signaling
Technology, USA), and anti-}-catenin (ab32572, Abcam, USA). Cells
were then stained with second-fluorescence antibody (Alexa 488 and
Alexa 594, Life Technologies, USA) at the indicated time points ac-
cording to the manufacturer's instructions. After three washes in PBS,
cells were dyed with 50 Ml 4’,6-diamidino-2-phenylindole (DAPI) at
37 °C for 5 min. Immunofluorescence was examined using an Olympus
LX70 fluorescence microscope (Olympus, Japan).

2.9. Colony formation assay

Colony formation assay was used to detect survival fraction in NPC
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cells after radiation. Cells were seeded at 50, 200,500, 1000, 5000, and
20000 per well in 6-well plates. The plates were then incubated at 37 °C
for 24 h for attachment and X-ray irradiated with 0, 2, 4, 6, 8, or 10 Gy.
After 10-14 days of incubation for colony formation, the cells were
fixed with methanol and then stained with 0.1% crystal violet. The
plates were photographed, and the colonies were counted by three
different investigators. The experiment was carried out in triplicates for
each group. At least 50 cells per clone indicated a valid clone. The
survival fraction (%) = number of valid clones/(number of inoculated
cells * 0 Gy colony formation rate) * 100%. All related data were in-
putted in GraphPad Prism 5 software, and survival curves of the clone
formation assays were calculated using the single-hit multi-targeted
model (y = 1-(1-exp(-k*x))"N).

2.10. Apoptosis analysis

Apoptosis analysis was applied to detect the proportion of apoptotic
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Fig. 2. Silencing of FOX03a induces EMT in NPC cells. (A-B) EMT-related protein levels from whole-cell lysates were analyzed using western blotting. (C-D)
Immunofluorescence assays were used to determine the location of EMT marker proteins. (E) Scratch tests were applied to test the migration ability in transduced
NPC cells (magnification: 200 X ). (F) Quantitative assessment of wound-healing rate at the indicated times (0 h and 24 h). (G) Representative images of transwell
assays (magnification: 200 X ). (H) Quantitative assessment of the number of cells migrating to the lower chamber. *P < 0.05 vs. control; **P < 0.01 vs. control;

***pP < 0.005 vs. control.

NPC cells after radiation. Cells were irradiated with 6 Gy of X-rays and
harvested after 48 or 72h of incubation. FITC Apoptosis Kit
(BD556547, BD Biosciences, USA) was used to perform apoptosis ana-
lysis following the manufacturer's instructions. Flow cytometry using a
FACSort machine (e126037, BD Biosciences, USA) was applied to detect
apoptotic cells and CellQuest software was employed to analyze the
results.

2.11. Cell cycle analysis

Cell cycle analysis was applied to detect cell cycle distribution in
NPC cells after radiation. Cells were exposed to 6 Gy of X-rays and
harvested after 24h or 48h of incubation. Cell cycle analysis was
performed using a Cell Cycle Analysis Kit (BD550825, BD Biosciences,
USA) following the manufacturer's instructions. The cells were then
analyzed using flow cytometry in a FACS Canto II flow cytometer
(e126037, BD Biosciences, USA).

2.12. In vivo xenograft assay

A xenograft mouse model was employed to further validate the re-
sults of cell experiments in vivo. Four to 6 weeks-old female BALB/c
nude mice (Animal Care Center of Hunan SJA Laboratory Animal,
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Changsha, China) were used. This study was reviewed and approved by
the Ethics Committee of Department of Oncology, Tongji Hospital,
Tongji Medical College, Huazhong University of Science and
Technology. All mice were housed in a specific pathogen-free, tem-
perature and humidity-controlled environment with food and water in
their cages. All animal experiments were performed according to the
Huazhong University of Science and Technology Animal Care Facility
and National Institutes of Health guidelines. In brief, 1.5 x 107 cells in
0.2mL serum-free RPMI 1640 medium were injected subcutaneously
into the right armpit of mice. The animals were randomly divided into 4
groups of 3 animals: untreated CNE2-Mock, untreated CNE2-shRNA3,
CNE2-Mock irradiation (CNE2-Mock IR), and CNE2-shRNA3 irradiation
(CNE2-shRNA3-IR) groups. Tumors were measured every two days.
When the tumors reached 50 mm? in dimension, irradiated groups were
irradiated with 8 Gy of X-rays. The experiments were then terminated
with 4 weeks of tracking.

2.13. Tissue immunohistochemistry

Tissue immunohistochemistry was employed to detect the protein
expression of xenograft mouse tissue. Tumor tissues were embedded in
paraffin and then cut into 5-pumthick sections. The indicated antibodies
and DAB were used to obtain signals from the slides. The In Situ Cell
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Fig. 3. Silencing of FOX03a activates the Wnt/[-catenin signaling pathway in NPC cells. (A-B) Expression of FOXO3a, 3-catenin, E-cadherin and p-GSK-3f in
the cytoplasm, 3-catenin and GSK-3p in the nucleus was determined using western blotting. (C-D) Immunofluorescence assays were used to determine the location of
E-cadherin and B-catenin. (E-F) Expression of Wnt/[-catenin signaling pathway-related proteins was determined using western blotting. (G-H) Silencing of FOXO3a
suppressed G2/M phase arrest in NPC cells. (I-J) Silencingof FOXO3a suppressed apoptosis in NPC cells. Error bars correspond to means * standard deviations from
three independent experiments.*P < 0.05 vs. control; **P < 0.01 vs. control; ***P < 0.005 vs. control.

Death Detection Kit, POD (11684817910, Roche, Switzerland) was used
with terminal deoxynucleotidyl transferase-meditated dUTP-fluorescein
nick end-labeling (TUNEL) to detect apoptosis. Brown granules in the
cytoplasm, cell membrane, or nucleus were considered as positive
staining.

2.14. Statistical analysis

Experiments were repeated independently at least three times. Data
are shown as mean =+ standard deviation (SD). Student's t-test and
ANOVA were used for statistical analyses, and P < 0.05 was con-
sidered significant. *P < 0.05 vs. control; **P < 0.01 vs. control;
***p < 0.005 vs. control.

3. Results
3.1. Silencing FOX03a induces radioresistance in NPC cells

To examine the expression of FOXO3a in NPC cells, western blotting
and qRT-PCR were performed. The expression of FOXO3a was very
similar in CNE1, CNE2, HNE1, and CNE1-LMP1 cells, but a lower ex-
pression of FOX03a was found in CNE2R cells (Fig. 1A-C). Our pre-
liminary results indicated that CNE2 and HNE1 are more suitable for
radiotherapy-related experiments. Therefore, CNE2 and HNE1 cells
were chosen for further study. We then investigated the role of FOXO3a
in tumor radioresistance by knocking down its expression in NPC cells.
We generated CNE2 and HNE1 cell lines in which FOX0O3a was knocked
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down, and control CNE2 and HNEI cells with mock shRNA, by trans-
ducing cells with mock shRNA, shRNA1, shRNA2, and shRNA3. Wes-
tern blotting and qRT-PCR were then performed to confirm transduc-
tion efficiency. As shown in Fig. 1D-F, more than 70% FOXO3a was
suppressed by each of the three shRNAs compared to mock shRNA.
FOXO3a was more effectively reduced by shRNA3. Therefore, cells
transduced with shRNA3 and mock shRNA were chosen for further
experiments. The expression levels of FOXO family members were as-
sessed using western blotting and qRT-PCR in irradiated NPC cells at
different time points in Fig. 1G-I. The results show that FOX0O3a ex-
pression decreased gradually after irradiation, while the expression of
p-FOXO3a did not. However, other FOXO family members didn't re-
spond to irradiation. The above data support the notion that FOXO3a
could be induced by radiation in NPC. FOXO3a is phosphorylated by
several upstream kinases, such as Akt, ERK, and SGK [25]. The phos-
phorylated form of the molecule is transferred from the nucleus by
binding with 14-3-3 proteins and through exportins. In the cytoplasm,
FOXO3a is further ubiquitinated and then degraded by an ubiquitin/
proteasome-dependent manner [26]. Moreover, It has been well docu-
mented that radiation could activate these upstream kinases, which will
in turn contribute to radioresistance in NPC [27-29]. Therefore, we
speculate that radiation could lead to the loss of FOXO3a by activating
these upstream kinases. The exact mechanism needs to be further ex-
plored. Engineered cell lines were then exposed to different doses of
radiation for colony formation. ShRNA3 CNE2 and shRNA3 HNEI1 cells
had relatively higher colony survival rates compared to mock cells after
irradiation (Fig. 1J-L) (P < 0.05). These results suggest that silencing
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Fig. 4. Silencing of B-catenin reverses the radioresistance induced by FOX03a shRNA in NPC cells. (A-D) Co-transducing B-catenin shRNA in NPC cell lines in

which FOXO3a was silenced reversed the radioresistance induced by FOXO3a shRNA. Error bars correspond to means +
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experiments. *P < 0.05 vs. control; **P < 0.01 vs. control; ***P < 0.005 vs. control.

FOXO03a induces radioresistance in NPC cells.

3.2. FOXO3a silencing induces EMT in NPC cells

To investigate the association between FOXO3a and EMT, western
blotting was performed to detect alterations in EMT marker proteins
after shRNA3 and mock shRNA transductions. Epithelial marker protein
E-cadherin levels were reduced, whereas the levels of mesenchymal
marker proteins vimentin and N-cadherin were increased in cells
transduced with shRNA3 (Fig. 2A-B). We also used immuno-
fluorescence to investigate the location of EMT marker proteins. We
found that the amount of E-cadherin located in the cell membrane was
reduced, whereas that of cytoplasmic vimentin was increased in cells
transduced with shRNA3 (Fig. 2C-D). These results illustrate that si-
lencing of FOXO3a may induce EMT in NPC cells. Scratch tests and
transwell invasion experiments were also performed to verify the mi-
gration and invasion abilities of transduced cells. In scratch tests, the
wound healing rate of ShRNA3 CNE2 cells (68.71 *= 8.60%) was sig-
nificantly increased compared to the mock group (40.71 * 4.60%),
with similar results for shRNA3 HNE1 cells (79.23 + 8.60% vs.
52.71 + 4.60%, P < 0.005) (Fig. 2E-F). We also found that silencing
of FOX03a enhanced the invasion ability of NPC cells as seen in the
transwell experiments. The numbers of shRNA3 CNE2 and shRNA3
HNE1 cells passing through the extracellular matrix (ECM) gel and
polycarbonate membrane were 289 + 50 and 315 * 61, respectively,
compared with the mock CNE2 (168 + 28) and mock HNE1
(135 =+ 31) cells (Fig. 2G-H), and the difference was statistically sig-
nificant (P < 0.005). We conclude that silencing of FOX0O3a may in-
duce EMT in NPC cells.
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3.3. Silencing FOXO3a activates the Wnt/B-catenin signaling pathway in
NPC cells

Under normal conditions, E-cadherin forms a complex with B-ca-
tenin at the cell membrane of epithelial cells [30]. During EMT, ex-
pression of E-cadherin in tumor cells is decreased or absent. When E-
cadherin is reduced, B-catenin is released into the nucleus, activating its
target genes and modulating the survival of tumor cells [31,32]. As
shown in Fig. 3A-B, E-cadherin levels decreased after irradiation,
whereas f3-catenin levels in the nucleus increased, in sShRNA3 FOXO3a
cells compared with mock cells. On the other hand, GSK-38 inhibits
tumor growth by degrading p-catenin. GSK-33 phosphorylation can
inactivate GSK-3[3 and increase the nuclear localization of B-catenin,
activating its target genes and modulating the survival of tumor cells
[33,34]. We observed that an increase in the phosphorylation of GSK-
3B could increase the levels of (3-catenin. However, there was no sig-
nificant change in the nuclear localization of GSK-3f. These results
were confirmed by immunofluorescence as shown in Fig. 3C-D. We
conclude that irradiation induces EMT and reduces the expression of E-
cadherin, which would cause an increase in nuclear levels of 3-catenin.
After FOXO3a knockdown, [3-catenin levels in the nucleus increased
more significantly than in mock cells. In addition, Wnt/fB-catenin sig-
naling pathway-related genes were found to be activated after silencing
of FOX03a (Fig. 3E-F). Numerous studies have shown that B-catenin
influences cell cycle distribution and apoptosis by modulating its target
genes [35,36], and cell cycle distribution and apoptosis plays a vital
role in radioresistance in different cancers [37]. Our previous experi-
ments have shown that FOXO3a regulates the expression of 3-catenin
and its target genes. Therefore, flow cytometry was used to determine
whether silencing FOXO3a could suppress G2/M arrest and apoptosis,
which in turn would increase radioresistance in NPC cells. As shown in
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Fig. 3G-H, irradiation resulted in a G2/M phase arrest in NPC cells, and
the proportion of G2/M phase cells increased with longer irradiation.
FOXO03a gene knockdown significantly reduced the proportion of cells
arrested in G2/M compared to mock cells (Fig. 3G-H) (HNE1,
P < 0.05; CNE2, P < 0.05). We confirmed that G2/M phase cells are
sensitive to radiation, whereas S phase cells appear to be resistant.
Thus, silencing of FOXO3a could decrease the number of NPC cells in
the sensitive G2/M stage, which might result in radioresistance. As
shown in Fig. 3I-J, irradiation increased the frequency of apoptosis in
NPC cells. After FOXO3a knockdown, the proportion of apoptotic cells
significantly decreased compared to mock cells (HNE1, P < 0.05;
CNE2, P < 0.05). These results suggest that silencing FOXO3a acti-
vates the Wnt/p-catenin signaling pathway and suppresses G2/M arrest
and apoptosis in NPC cells.

3.4. B-Catenin silencing reverses radioresistance induced by FOX0O3a
shRNA in NPC cells

We next investigated whether B-catenin shRNA could reverse the
radioresistance induced by FOXO3a shRNA in NPC cells. -Catenin
shRNA was transduced in NPC cell lines in which FOXO3a was silenced.
Colony formation assay results showed that co-transducing B-catenin
shRNA could reverse the radioresistance induced by FOXO3a shRNA
(Fig. 4A-D). These results suggest that silencing FOXO3a induces
radioresistance by activating the Wnt/p-catenin signaling pathway in
NPC cells.
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3.5. B-Catenin silencing reverses activation of the Wnt/f-catenin signaling
pathway and EMT induced by FOX0O3a shRNA in NPC cells

To explore the underlying mechanism of how FOXO3a shRNA reg-
ulates radioresistance by modulating 3-catenin, the expression levels of
Wnt/B-catenin signaling pathway-and EMT-associated proteins were
determined. The results show that silencing of FOXO3a increased the
expression of B-catenin, whereas silencing of (3-catenin had no effect on
FOXO3a expression levels (Fig. SA-D). Previous studies have shown
that activation of the Wnt/B-catenin signaling pathway induces EMT
[38,39], and our results have shown that silencing of FOXO3a activates
the Wnt/[-catenin signaling pathway in NPC cells. To determine whe-
ther silencing B-catenin could reverse the EMT induced by FOXO3a
shRNA in NPC cells, western blotting and immunofluorescence assays
were performed to detect alterations in EMT marker proteins. We found
that silencing -catenin reverses the EMT induced by FOX0O3a shRNA in
NPC cells (Fig. 5E-L). These results indicate that FOXO3a, the Wnt/[3-
catenin signaling pathway, and EMT could form a positive feedback
regulatory network in NPC cells.

3.6. FOXO3a silencing promotes radioresistance in a xenograft model

A xenograft mouse model was employed to further validate whether
silencing FOXO3a could promote radioresistance in vivo. The tumor
sizes were larger and growth rates were higher in CNE2-shRNA3
compared to CNE2-Mock groups (Fig. 6A-C). After receiving 8 Gy of
irradiation, irradiated groups had a significantly lower rate of tumor
growth than non-irradiated groups. In addition, the tumor size in CNE2
shRNA3 groups after 8 Gy of irradiation was larger than in irradiated
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mock groups (Fig. 6A-C). Furthermore, three specimens were randomly
selected from each group for Western blot and immunohistochemical
detection. Silencing of FOXO3a could induce EMT in vivo, as evident by
the downregulation of E-cadherin and the upregulation of vimentin and
N-cadherin. Moreover, we found that silencing FOXO3a could activate
the Wnt/[B-catenin signaling pathway in vivo through detecting the
pathway-related genes. Furthermore, silencing FOX03a could suppress
the expression of the apoptotic marker caspase-3 (Fig. 6D-G). Increased
Ki-67 signals were observed in the shRNA3 groups compared to the
mock groups suggesting that FOXO3a knockdown could promote tumor
invasiveness in vivo. In addition, TUNEL assay found that knockdown of
FOXO3a could suppress apoptosis in vivo. (Fig. 6H). These data together
indicate that silencing FOXO3a induces radioresistance by promoting
EMT and activating the Wnt/p-catenin signaling pathway in vivo. A
flowchart of our experiments is shown in Fig. 61.
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4. Discussion

With the rapid development of radiotherapy technology and che-
motherapy regimens, the 5-year survival rate of NPC has reached ap-
proximately 80% [1]. Radiotherapy is the major therapeutic modality
used to treat NPC. Although NPC is sensitive to radiotherapy, a major
impediment to achieve long-term survival is radioresistance, which has
been linked to an increased likelihood of recurrence and distant me-
tastasis [2]. Our study confirmed that silencing of FOXO3a triggers an
EMT-like phenotypic transition in NPC cells. Induction of EMT leads to
a downregulation in the expression of E-cadherin, increased levels of -
catenin in the nucleus, and activation of the Wnt/p-catenin signaling
pathway [31,32]. B-Catenin is a key component of the Wnt signaling
pathway and can translocate to the nucleus, serving as a transcriptional
factor that causes radioresistance in NPC [40]. Our studies confirmed
that radiation promotes accumulation of B-catenin in the nucleus, and
that FOXO3a knockdown clearly enhances this accumulation. The
downstream target genes of -catenin have been identified as playing
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an important role in the cell cycle and apoptosis [37]. Our results show
that silencing FOXO3a suppresses apoptosis and reduces G2/M arrest in
NPC cells. Moreover, silencing 3-catenin could reverse activation of the
Wnt/B-catenin signaling pathway and EMT induced by FOXO3a
knockdown in NPC cells. Our results suggest that silencing FOXO3a
leads to acquired radioresistance in NPC by inducing EMT and acti-
vating the Wnt signaling pathway.

Shou et al. reported that tumors with low FOXO3a expression were
more frequently detected in advanced clinical stages, high T stages,
lymph node metastasis, and distant metastasis in NPC [7]. However, the
underlying mechanism was not explored. The present work represents
the first systematic investigation on the effects of FOXO3a knockdown
on the emerging radioresistance in an in vitro NPC model and a xeno-
graft model. The results provide a new approach to overcome radio-
resistance in NPC.

To date, studies on the role of FOXO3a in tumorigenesis are con-
troversial. Some groups reported that activation of FOXO3a reverses the
invasive phenotype in cancer cells, and downregulation of FOXO3a
promotes tumorigenesis [16,41]. In contrast, other groups reported that
FOXO03a could serve as an oncogene [42,43]. These findings suggest the
multifaceted mechanisms of FOXO3a signaling under different cellular
contexts. Our study shows that FOXO3a is a tumor suppressor gene in
NPC, which increases our understanding of its role in tumorigenesis.
Our results are consistent with a previous study in NPC [7].

Latent membrane protein-1 (LMP1) is the principal EBV oncopro-
tein. NPC with a high level of LMP1 expression are reported to exhibit
an increased tendency toward metastasis compared with those with
lower levels of LMP1 expression [44,45]. It has been demonstrated that
the EMT is induced by LMP1 and is associated with metastatic in NPC
[46,47]. CNE1-LMP1 used in our experiment is established by in-
troducing LMP1 cDNA into CNE1 cells. In Fig. 1A, the expression of
FOXO03a was identified and no difference was found between CNE1-
LMP1 and other NPC cell lines. Moreover, we found that CNE1 and
CNE1-LMP1 cell had poorer ability to form clones than CNE2 and HNE1
after radiation in Supplementary Fig. 1. This result is different from that
the results of Ya Cao and his team, which may be due to cell senescence
caused by repeated cell digestion and passage [48]. So CNE2 and HNE1
were chosen for further research. In another study, CNE2-LMP1 was
also used as a cell model to study the contribution of viral protein in
readioresistance of NPC cells [49]. Owning to lack of CNE2-LMP1 cell
line in our medical center, we established CNE2-LMP1 cell line by in-
troducing LMP1 cDNA into CNE2 cells and identifying its transfection
efficiency in Supplementary Fig. 2. Moreover, the expression of
FOX03a was detected between CNE2, CNE2-control and CNE2-LMP1
by western blotting and qRT-PCR. The expression of FOXO3a was very
similar in CNE2, CNE2-control and CNE2-LMP1 in Supplementary
Fig. 3. The Cancer Genome Atlas HNSCC database was applied to
identify the correlation between FOX0O3a and LMP1, and no significant
correlation was detected in Supplementary Fig. 4. In conclusion, we
speculate that FOXO3a might regulate NPC cells not related to EBV
oncoprotein LMP1. The inner mechanism needs to be further explored.
However, in the present study, we mainly focused on the promotion of
radioresistance in NPC regulated by the FOX03a, and we think that our
experiment at present may not be optimal, but should be sufficient to
draw a conclusion that FOXO3a knockdown could promote radio-
resistance in nasopharyngeal carcinoma by inducing EMT and the Wnt/
B-catenin signaling pathway. However, in the present study, we mainly
focused on the promotion of radioresistance in NPC regulated by the
FOXO03a, and we think that our experiment at present may not be op-
timal, but should be sufficient to draw a conclusion that FOXO3a
knockdown could promote radioresistance in nasopharyngeal carci-
noma by inducing EMT and the Wnt/p-catenin signaling pathway.
Moreover, limitations of our study include lack of tissues from patients
and lack of long-term follow-up data. Nevertheless, our results provide
a useful hypothesis for future trials.

We plan to further clarify the underlying mechanisms and provide
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more evidence for radioresistance in NPC in a future work. In combi-
nation with previous reports, we expect that our findings on the func-
tional interaction of FOXO3a with p-catenin will provide useful in-
formation for the development of effective therapies against NPC.
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