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Radiation-Induced DNMT3B Promotes
Radioresistance in Nasopharyngeal Carcinoma
through Methylation of p53 and p21
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Radiotherapy with or without concurrent chemotherapy is
the standard treatment for nasopharyngeal carcinoma
(NPC) patients, whose efficacy is limited partly by intrinsic
and acquired radioresistance. DNA methyltransferase 3B
(DNMT3B) has been reported to participate in tumorigenesis
via DNA methylation, but its role in mediating progression
and radioresistance of NPC remains unclear. Therefore, we
conducted the following studies to explore the relationship
between DNMT3B and NPC. Here, we found that DNMT3B
was elevated in NPC tissues and predicted the poor prognosis
of NPC patients. We demonstrated for the first time that
ionizing radiation could induce DNMT3B, which might be
one of the reasons for radioresistance. Silencing of DNMT3B
inhibited migration and invasion via suppressing epithelial-
mesenchymal transition (EMT) in NPC cells. Furthermore,
silencing DNMT3B restored and activated p53 and p21 via
DNA demethylation, which led to cell cycle arrest and
apoptosis, resulting in increased radiosensitivity of NPC
both in vitro and in vivo. DNMT3B functions as a novel onco-
gene in the radioresistance of NPC through regulating EMT,
cell cycle, and apoptosis. Therefore, DNMT3B could be a po-
tential target for NPC treatment.

INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a head and neck cancer with a spe-
cific geographic distribution. It affected about 130,000 patients world-
wide in 2018, with the highest incidence occurring in Southeast Asia,
especially in southern China."”* Radiotherapy (RT) with or without
concurrent chemotherapy is the standard treatment for NPC patients.
Overall, the prognosis of NPC has dramatically improved in the past
few decades owing to better radiotherapy technology and effective
application of chemotherapy.” However, NPC radioresistance and
metastasis are still major hurdles. Therefore, there is a need for contin-
uous studies into the mechanism of refractory NPC to expand the clin-
ical benefit to a more extensive population and improve patient
prognosis.

DNA methylation provides an important epigenetic mechanism for
initiation and progression of cancers. Its main function is to
enhance the transcriptional silencing of genes, especially tumor sup-
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pressor genes. Aberrant methylation of tumor suppressor genes has
been found in most human cancers, which in turns leads to gene
silencing and causes carcinogenesis and development of cancers.*
DNA methyltransferases (DNMTs) are involved in transcriptional
silencing and play an important role in the DNA methylation of
malignant cancers. There are five DNMTs encoded by human
genome: DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L.
DNMT1, DNMT3A, and DNMT3B are canonical cytosine-5
DNMTs that catalyze the addition of methylation marks to genomic
DNA. In contrast, DNMT2 and DNMT3L are non-canonical family
members, since they do not possess the catalytic activity of DNMT.
DNMT3A and DNMT3B encode de novo methyltransferases, while
DNMT1 encodes a maintenance methyltransferase. They are essen-
tial for mammalian development and involved in the development
of cancers.” Specific DNMT inhibitors such as 5-azacytidine and
5-aza-2'-deoxycytidine have been extensively studied in various can-
cers,®® including NPC,>' for decades. However, these drugs had
dose-limiting toxicity in vivo, and their anti-tumor effect varied in
different solid tumors. Therefore, it is necessary to continue in-
depth study with DNMTs.

DNMT3B has been explored in recent years because of its role in tumor
initiation, progression, and metastasis via DNA methylation.'' "
Overexpression of DNMT3B, but not DNMT1 or DNMT3A, signifi-
cantly contributed to the elevated DNMT activity in breast cancer cells,
eventually resulting in a hypermethylator phenotype.'* DNMT3B also
played a vital role in CpG island methylator phenotype of colorectal
cancer."” A high expression level of DNMT3B was found to be closely
related to poor prognosis of several types of cancers.'®'® Moreover, it
has been reported that knockdown of DNMT3B could sensitize esoph-
ageal and prostate cancer cells to radiation.'”*” However, few studies
were carried out to explore the relationship between DNMT3B and
NPC.
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P53 is an important tumor suppressor gene involved in cell cycle ar-
rest, cellular senescence, and apoptosis.>’ It is also a key molecule to
determine tissue-specific cellular responses to ionizing radiation (IR).
Radiosensitive tissues have a high basal mRNA expression level of
P53, and a decline in radiation sensitivity is accompanied by a reduc-
tion in p53 mRNA expression.”> However, more than 50% of human
tumors harbor mutations in the p53 gene, and most tumors had
dysfunctional p53 signaling.”” The dysfunction and inactivation of
p53 was also closely correlated with NPC initiation, development,
and radioresistance.”* Therefore, the restoration of p53 function is
potentially of great value in NPC patients. p21 (cyclin-dependent ki-
nase inhibitor 1A, CDKNI1A) is a universal cell-cycle inhibitor
directly controlled by p53 and p53-independent pathways. It can
block the activities of cyclin-dependent kinases (CDKs) and
contribute to cellular senescence and tumor inhibition.***°

In the present study, we demonstrated for the first time that
DNMT3B was upregulated in NPC compared to normal tissue and
predicted the poor prognosis of NPC patients. Silencing of DNMT3B
induced cell cycle arrest and apoptosis through restoration of p53 and
p21 function via DNA demethylation, eventually promoting radio-
sensitivity in NPC. Thus, DNMT3B could be a potential target in clin-
ical practice of NPC.

RESULTS

DNMTS3B Expression Is Upregulated in NPC Patients and
Predicts Poor Prognosis

To determine the role of DNMT3B in NPC, we first analyzed the
available human NPC datasets from Gene Expression Omnibus
(GEO) databases (GEO: GSE12452 and GSE40290) and found
that DNMT3B was upregulated in NPC samples compared with
normal nasopharyngeal epithelial samples (Figure 1A). Considering
the limitation of small sample size in GEO databases and the lack of
specific NPC samples in The Cancer Genome Atlas (TCGA) data-
bases, we analyzed the DNMT3B expression in head and neck squa-
mous cell carcinoma (HNSCC) with TCGA. The HNSCC samples
expressed higher DNMT3B levels compared to normal tissues
(Figure 1B). We further isolated 40 paired samples, tumor versus
adjacent non-tumor tissues, from HNSCC with detailed patient in-
formation (Table S1) and got similar results (Figure 1C). To corrob-
orate the above results, we conducted a tissue microarray to inves-
tigate DNMT3B in NPC. Figure 1D shows a representative image of
H&E staining for NPC. Then, we performed immunohistochemistry
(IHC) staining for DNMT3B in the NPC tissue microarray.
DNMT3B was mainly located in the nuclei of NPC cells (Figure 1E).
High expression of DNMT3B was observed in 92/132 (69.7%) NPC
samples and low DNMT3B expression was observed in 40/132
(30.3%) (Table 1). DNMT3B expression was not statistically associ-
ated with age, histologic classification, or N category, but it was
significantly related to sex (p = 0.029), distant metastasis (p =
0.004), and clinical stage (p = 0.006). Moreover, Kaplan-Meier anal-
ysis showed that the expression of DNMT3B was significantly corre-
lated with overall survival in NPC patients. As shown in Figure 1F,
NPC patients with high DNMT3B expression had shorter overall

survival than did those with low DNMT3B levels (p = 0.0205), sug-
gesting that higher levels of DNMT3B predicted poor prognosis in
NPC patients. However, DNMT3B expression is not related to dis-
ease-free survival in NPC patients (Figure S1). When compared
with other factors, including clinical stage and DNMT3B expression
level, metastasis status was the independent factor for overall sur-
vival (OS) through the Cox regression approach (Table S5). From
TCGA data, we found that there was no significant relationship be-
tween DNMT3B and OS in HNSCC patients. However, for 5-year
OS, patients with a low level of DNMT3B had a higher survival
rate than did patients with a high level of DNMT3B (51.9% versus
42.6%) (Figure S2).

DNMT3B Is Upregulated after Exposure to IR and Involved in
Radioresistance of NPC

Radiotherapy with or without concurrent chemotherapy is the stan-
dard treatment for NPC patients. We found that DNMT3B was
highly expressed in NPC patients and predicted poor prognosis, af-
ter which we assumed that there was a correlation between
DNMT3B and radiation. Consequently, we conducted the following
experiments to verify our conjecture. The CNE2-R cell line was con-
structed from the CNE2 cell line according to the published
methods.”” The significantly higher survival fraction in the CNE2-
R cell line than that in the CNE2 cell line demonstrated the success-
ful construction of CNE2-R (Figure 2A). Immunoblotting showed
that DNMT3B expression was upregulated in CNE2-R (Figure 2B).
The expression levels of DNMTs were then assessed by immuno-
blotting and qRT-PCR in the irradiated NPC cells at different
time points (Figures 2C and 2D). The results showed that DNMT3B
expression increased gradually after irradiation, both in mRNA and
protein. However, DNMT1 and DNMT3A did not respond to IR
consistently in mRNA and protein. The results above supported
the concept that DNMT3B could be induced by radiation in NPC
and might be related to radioresistance. To further explore the
role of DNMT3B in radioresistance of NPC, we detected the basic
expression of DNMT3B in four NPC cell lines. We found that the
expression of DNMT3B was higher in CNE2, HNEI, and CNE1-
LMP1 when compared to CNE1 (Figure 2E). The result was consis-
tent with previous studies,”**’ which showed that the Epstein-Barr
virus (EBV) oncogene product latent membrane protein 1 (LMP1)
induced and upregulated DNMT3B expression in NPC. Therefore,
we chose CNE2 and HNE] to investigate the role of DNMT3B in
NPC. We established the DNMT3B-silenced CNE2 and HNE1
cell lines. As shown in Figures 2F and 2G, DNMT3B was signifi-
cantly reduced by DNMT-specific short hairpin RNA (shRNA)
(shDNMT)3B#3. Thus, cells transfected with shkDNMT3B#3 were
chosen for further experiments. In a clone formation assay, silencing
of DNMT3B inhibited the proliferation of NPC cell lines in vitro
(Figure 2I). Also, note that DNMT1 and DNMT3A were also down-
regulated after silencing DNMT3B in CNE2 and HNEI1 cell lines
(Figure 2H), which indicated that DNMT3B contributed to the
main DNMT activity in NPC. In breast cancer cells, overexpression
of DNMT3B, not DNMT1 or DNMT3A, also significantly contrib-
uted to elevated DNMT activity."*
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Figure 1. DNMT3B Expression Is Upregulated and Associated with Poor Prognosis in NPC Patients

(A) Expression of DNMT3B in 31 NPC tissue and 10 normal tissue samples from the ArrayExpress microarray database (GEO: GSE12452 and GSE40290). (B) Expression of
DNMTS3B in head and neck squamous cell carcinoma (HNSCC) and normal tissue samples from The Cancer Genome Atlas (TCGA). (C) 40 paired samples isolated from
TCGA, HNSCC versus adjacent non-tumor tissues; expression level comparison of DNMT3B in the 40 paired samples. (D) Representative image of H&E staining of NPC
samples. (E) Representative images of IHC staining showing negative (left), low (middle), and high (right) DNMT3B expression of NPC tissues from tissue microarray. Upper,
original magnification, x200; lower, original magnification, x400. (F) Kaplan-Meier overall survival curves for all 132 patients with NPC stratified by high (n = 92) versus low

(n = 40) DNMT3B expression. The p value was calculated using the log rank test.

Silencing of DNMT3B Inhibits Migration and Invasion via
Suppressing the Epithelial-Mesenchymal Transition in NPC

Cells

A wound-healing migration assay and a Transwell invasion assay
were performed to explore the migration and invasion ability of trans-
fected cells. The wound healing rate of CNE2-shDNMT3B#3 was
significantly decreased compared to CNE2-vector (15.98% =+ 1.81%
versus 44.16% + 2.90%, 24 h, p < 0.05; 25.08% = 3.15% versus
61.74% + 2.78%, 48 h, p < 0.01). There were similar results with
HNE1 (31.88% + 4.75% versus 69.72% =+ 4.50%, 24 h, p < 0.001;
78.52% + 2.69% versus 100.00% = 0%, 48 h, p < 0.001) (Figure 3A).
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We also found that silencing DNMT?3B inhibited the invasion ability
of NPC cells. The numbers of CNE2-shDNMT3B#3 and HNEI-
shDNMT3B#3 cells passing through the extracellular matrix (ECM)
gel and polycarbonate membrane were 15 + 4 and 107 + 14, respec-
tively, compared with CNE2-vector (64 + 10) and HNEIl-vector
(317 + 31) cells (Figure 3B). The difference was statistically significant
(p < 0.05). We then detected epithelial-mesenchymal transition
(EMT) marker proteins to explore whether the effect of DNMT3B
on cell migration and invasion was a consequence of EMT. We found
that epithelial marker protein E-cadherin was increased, whereas
mesenchymal marker proteins N-cadherin and vimentin were
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Table 1. Association between DNMT3B Expression and the
Clinicopathological Features of NPC Patients

DNMT3B

Feature Total Low Expression High Expression p Value
Age (years)
>45 77 23 54

0.898
<45 55 17 38
Sex
Male 101 36 65

0.029
Female 31 4 27
Histologic Classification
U 116 36 80

0.840
D 16 4 12
N Category
No 36 11 25

0.969
Nis 9% 29 67
Metastasis
No 111 39 72

0.004
Yes 21 1 20
Clinical Stage
I+11 72 29 43

0.006
I+IV 60 11 49

NPC, nasopharyngeal carcinoma; U, undifferentiated non-keratinized carcinoma; D,
differentiated non-keratinized carcinoma.

decreased in cells transfected with shDNMT3B#3, especially in HNE1
(Figure 3C). The gene levels of EMT markers showed the same ten-
dency. The results indicated that silencing DNMT3B inhibited
EMT in NPC cells.

Silencing DNMT3B Causes G4 Phase Arrest and Promotes
Apoptosis through Restoring the p53/p21 Signaling Pathway in
NPC Cells

We found that silencing DNMT?3B could inhibit the proliferation of
NPC cell lines (Figure 2I). Therefore, a series of experiments were
conducted to investigate whether DNMT3B would affect cell cycle
distribution and apoptosis. The results indicated that silencing of
DNMT3B caused G; phase arrest and decreased the transition to
the S phase (Figure 4A). Consistent with this, we found that p53
and p21 were activated by silencing of DNMT3B, and G; cell cycle
promoter cyclin D1 was downregulated. The mRNA levels of p53
and p21 showed the same tendency (Figure 4B; Figure S3). In addi-
tion, silencing DNMT3B promoted apoptosis in NPC cells (Fig-
ure 4C). Apoptosis-related protein Bax was increased in
shDNMT3B#3 groups, whereas Bcl-2 was decreased. Cleaved cas-
pase-3 was another standard apoptotic protein marker, also upregu-
lated when silencing DNMT3B (Figure 4D). The results indicated that
silencing of DNMT3B caused G; phase arrest and promoted
apoptosis through restoring the function of p53 and p21.

Restoration and Activation of p53 and p21 Results from DNA
Demethylation through Silencing DNMT3B in NPC Cells

The results above demonstrated that silencing DNMT3B activated the
p53/p21 signaling pathway. We used the STRING database to further
explore the relationship between DNMT3B and p53/p21. STRING is
a database of known and predicted protein-protein interactions. The
interactions include direct (physical) and indirect (functional) associ-
ations. We found that DNMT3B was predicted to regulate p53 and
p21 via epigenetic modification (Figure 5A). We then designed mul-
tiple primers (Table S2) for methylation-specific PCR (MSP) of p53
and p21 to investigate how DNMT?3B regulated p53 and p21 (Fig-
ure 5B). MSPs of p53 and p21 were performed and revealed that
silencing of DNMT3B decreased methylation of p53 and p21, respec-
tively (Figures 5C and 5D). We further conducted bisulfite
sequencing PCR (BSP) to explore the demethylation of p53 and
p21 by silencing of DNMT3B. BSP with p53-1-B, p53-2-B, p53-4-B,
and p21-1-B primers (Table S3) showed demethylation at different
sites (Figures 5E-5G), the same as BSP with p53-3-B, p21-2-B, and
p21-3-B primers (Figure S4). These data were consistent with upregu-
lation of p53 and p21 in mRNA and protein levels after DNMT3B was
knocked down, suggesting that silencing of DNMT3B restored and
activated p53 and p21 function via DNA demethylation.

Silencing DNMT3B Enhances Radiosensitivity via Promoting
Superior Apoptosis in NPC Cells after Exposure to IR

The p53/p21 pathway was involved in regulation of radiosensitivity of
cancers. Silencing of DNMT3B restored and activated p53/p21
signaling pathway via DNA demethylation. On the one hand, it
induced significant apoptosis; on the other hand, it caused G, phase
arrest and decreased the S phase. It is well known that S-phase cells
appear to be resistant to irradiation, accounting for radioresistance.*
Reducing the S-phase ratio predicted radiosensitivity of NPC. As
shown in Figure 6A, the proportion of apoptotic cells significantly
increased in DNMT3B-silenced cells compared to control groups
with radiation (CNE2, p < 0.001; HNEI, p < 0.001). Additionally, col-
ony formation showed that CNE2-shDNMT3B#3 and HNEI-
shDNMT3B#3 cells had statistically lower colony survival rates
compared to vector groups after irradiation (Figures 6B-6E) (p <
0.01). These results suggested that silencing of DNMT3B enhanced
radiosensitivity of NPC cells through the p53/p21 signaling pathway
in vitro.

Silencing DNMT3B Promotes NPC Radiosensitivity /In Vivo

A xenograft mouse model was applied to further verify whether
DNMT?3B participated in tumor radiosensitivity in vivo. The overall
scheme of animal experiment is shown in Figure 7A. The tumor sizes
were smaller and growth rates were lower in CNE2-shDNMT3B#3
compared to CNE2-vector groups, the same as for tumor weights.
Irradiated groups had a significantly lower rate of tumor growth
than did non-irradiated groups after 8 Gy irradiation. Also, note
that the tumor sizes in CNE2-shDNMT3B#3 groups with irradiation
were significantly smaller than those in irradiated CNE2-vector
groups (Figures 7B-7D). Tumor tissue IHC showed that silencing
of DNMT3B increased the expression of p53, p21, and cleaved
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Figure 2. DNMT3B Is Upregulated after Exposure to lonizing Radiation and Involved in Radioresistance of NPC

(A) Representative images from colony formation assay, showing survival fraction of CNE2-R cells and CNE2 cells with radiation. (B) DNMT3B expression of CNE2-R and
CNE2 cells detected by immunoblotting. (C) The proteins of DNMT family members from whole-cell lysates were analyzed using immunoblotting in different NPC cell lines
after irradiation. (D) Quantitative analysis of mMRNA of DNMT family members in different NPC cell lines after irradiation. (E) DNMT3B protein levels were analyzed by
immunoblotting in different NPC cell lines. (F and G) Selection of the most appropriate NPC cell lines and verification of the silencing efficiency of ShDNMT3Bs through
immunoblotting (F) and RT-PCR (G). (H) Expression levels of DNMT1, DNMT3A, and DNMT3B after silencing DNMT3B in CNE2 and HNET celllines. (I) Representative images
from colony formation assay showing cell viability after silencing DNMT3B. *p < 0.05, “*p < 0.01.

caspase-3, which was consistent with the results in vitro (Figure 7E).
The flowchart of our experiments is shown in Figure 7F. Activation of
DNMT3B after IR results in downregulation and inactivation of p53
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and p21 via DNA methylation and then leads to inhibition of
apoptosis and promotion of cell growth, eventually causing acquired
radioresistance of NPC. This process could be reversed by silencing
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Figure 3. Silencing of DNMT3B Inhibits Migration
and Invasion through Reversing the Epithelial-
Mesenchymal Transition

(A) Wound-healing assay was applied to test the migration
ability in transfected NPC cells (original magnification,
x50), and wound-healing rates at the indicated times (0,
24, and 48 h) were quantitatively analyzed. (B) Repre-
sentative images of Transwell assays (original magnifica-
tion, x200) and quantitative assessment of the number of
cells invading to the lower chamber. (C) EMT-related
protein and mMRNA levels were analyzed by immunoblot-
ting and RT-PCR after silencing of DNMT3B. “p < 0.05,
**p < 0.01, **p < 0.001.
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DNMT3B. Thus, DNMT3B could be a potential target for NPC
treatment.

DISCUSSION

The latest clinical trial results from the Sun Yat-sen University Cancer
Center showed that induction chemotherapy added to chemoradio-
therapy significantly improved recurrence-free survival and overall
survival, as compared with chemoradiotherapy alone, among patients
with locoregionally advanced NPC.” However, radioresistance and
distant metastasis remain major obstacles to improve the prognosis
of patients with NPC.

NPC is a complex multifactorial disease that possesses aberrant gene
function driven by genetic and epigenetic alterations. The DNMT
family consists of a conserved set of DNA-modifying enzymes that
play a central role in epigenetic regulation of malignant cancers.
For instance, DNMT1 was upregulated by the interleukin-6 (IL-6)/Ja-
nus kinase 2 (JAK2)/signal transducer and activator of transcription 3
(STAT3) pathway to enhance lung cancer initiation through downre-
gulation of p53 and p21 resulting from DNA hypermethylation.”'
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In this study, we found that DNMT3B expres-
sion was higher in NPC tissues than that in
normal tissues from GEO databases. In the tis-
the expression level of
DNMT3B was significantly associated with
distant metastasis and clinical stage of NPC pa-
tients, which indicated that DNMT3B might
participate in the progression and metastasis
of NPC. In addition, NPC patients with a high level of DNMT3B
had shorter overall survival. These results suggested that DNMT3B
might be an available prognostic marker for NPC patients.

o
°
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sue microarray,
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[ o
S 8

We further investigated the relationship between DNMT3B and NPC
under the effect of IR. We found that DNMT3B expression increased
gradually after radiation over time. It was upregulated significantly in
CNE2-R. Hu et al.”’ demonstrated that DNMT3B could also be
induced by IR in prostate cancer cells, and knockdown of DNMT3B
sensitized prostate cancer cells to radiation. Thus, we supposed that
DNMT3B could be induced by radiation in NPC and related to
radioresistance.

A series of experiments with radiation were then performed to
explore the role of DNMT3B in radiotherapy of NPC. We found
that downregulation of DNMT3B dramatically caused G, phase ar-
rest and promoted apoptosis through restoring and activating the
p53/p21 signaling pathway in vitro and in vivo, resulting in improve-
ment of radiosensitivity of NPC. The dysfunction and suppression of
p53 was closely correlated with radioresistance of NPC. Huang et al.*
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Figure 4. Silencing of DNMT3B Causes G, Arrest and Promotes Apoptosis by Restoring p53 and p21

(A) Cell cycle distribution measured by flow cytometry in CNE2 and HNE1 cells transfected with DNMT3B-specific (shDNMT3B#3) or control shRNA. (B) Protein expression of
p53, p21, and cyclin D1, and mMRNA expression of p53 and p21 in CNE2 and HNE1 cells transfected with DNMT3B-specific or control sShRNA. (C) Cell apoptosis measured
by flow cytometry in DNMT3B-knockdown CNE2 and HNE1 cells. (D) Bax, Bcl-2, and cleaved caspase-3 were detected by immunoblotting in CNE2 and HNE1 cells
transfected with DNMT3B-specific or control shRNA. *p < 0.05, **p < 0.01, **p < 0.001.

found that EBV-encoded LMP1 contributed to radioresistance in
NPC by suppressing the p53-mediated apoptosis pathway. Wild-
type p53 activity has been shown to be essential for the efficacy of ra-
diation and chemotherapy, which has led to development of strategies
to restore normal p53 function in tumors. The injection of the exog-
enous p53 gene into NPC patients significantly improved radiosensi-
tivity.”* Our study suggested that the function of p53 was restored af-
ter DNMT3B silencing and then activated the p53/p21 signaling
pathway, downregulated cyclin D1, and led to cell cycle arrest. At
the same time, p53 activated apoptosis-related protein Bax and got
rid of the combination of Bcl-2, having finally induced apoptosis,
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which was consistent with a previous study.”® We also found that
the combination of DNMT3B silencing and radiation significantly
promoted superior apoptosis and improved the radiosensitivity of
NPC cell lines. Li et al.*® recently found a steady increase in p53
and p21 protein levels in the NPC CNE2 cell line over time when
exposed to IR, leading to cancer cell apoptosis and senescence. We
supposed that silencing DNMT3B enhanced the activation of p53
and p21 responding to IR, then promoted NPC radiosensitivity.

The STRING database was analyzed to further study the mechanism
responsible for DNMT3B-mediated regulation of p53 and p21. We
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Figure 5. Restoration and Activation of p53 and p21 Results from DNA Demethylation through Silencing DNMT3B

(A) DNMT3B was predicted to regulate p53 and p21 in the STRING database through epigenetic modification. (B) Sites of primers designed for methylation-specific PCR of
p53 and p21. (C and D) DNA from CNE2 (C) and HNET (D) cells transfected with DNMT3B-specific or control shRNA was treated with bisulfite. Representative results
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found that DNMT3B was predicted to regulate p53 p21 through epige-
netic modification. The MSP and BSP results showed that p53 and p21
were restored and reactivated via DNA demethylation after silencing
DNMTS3B. Peng et al.”” also found that epigenetic silencing of p53
was induced by repeated exposure to PM2.5 through the reactive oxy-
gen species (ROS)-Akt-DNMT3B pathway-mediated promoter hyper-
methylation. Jiang et al.>® demonstrated that p53 DNA methylation
was mediated by miR-125b-targeted DNMT3B, involving vascular
smooth muscle cell proliferation induced by homocysteine. We are
the first to propose that DNMT3B mediated methylation of p21.
This may be due to direct epigenetic regulation of p21 by DNMT3B,
or indirect regulation through DNMT1.”"** Furthermore, note that
silencing of DNMT3B decreased methylation of p53 and p21, respec-
tively. This indicated that p21 also functioned as a cell-cycle inhibitor
in a p53-independent cell cycle arrest pathway in our study.

Consistent with results of the tissue microarray, we found that
silencing of DNMT?3B inhibited the migration and invasion of NPC
cells through reversing EMT. This may result from the inhibition
and reversal of methylation of E-cadherin promoter following
DNMTS3B silencing."” Recently, it has been shown that wild-type
p53 can reverse EMT back to epithelial characteristics.>*' Restora-
tion of p53 function by silencing DNMT3B may also account for
the reversal of EMT. Since EMT has been implicated in increased
resistance to radiotherapy in NPC,***? inhibition of EMT after
silencing DNMT3B may reverse the radioresistance of NPC.

In conclusion, our results indicated that radiation-induced upregula-
tion of DNMT3B might be one of the reasons for NPC radioresist-
ance. Silencing of DNMT3B inhibited the migration and invasion
of NPC cells through reversing EMT. Furthermore, silencing
DNMT?3B restored and activated p53 and p21 via DNA demethyla-
tion, which could lead to cell cycle arrest and apoptosis, resulting in
increased radiosensitivity. Therefore, DNMT3B could be a potential
target for radiosensitization in the treatment of NPC.

MATERIALS AND METHODS

Cell Lines and Culture

Human NPC cell lines CNE2, HNE1, CNE1, and CNE1-LMP1 were
obtained from the Cancer Research Institute of Central South Univer-
sity (Changsha, China). The CNE2-radioresistance cell line (CNE2-R)
was constructed from the CNE2 cell line as described in a previous pub-
lication.”” HNE1 and CNE2 were derived from a poorly differentiated
NPC and lost the EBV genome during multiple cell passages. CNEI is
an EBV-negative, well-differentiated cell line, and CNE1-LMP1 was es-
tablished by introducing LMP1 ¢cDNA into CNEI cells. The two cell
lines, CNE2 and HNE1, mainly used in the study were authenticated us-
ing short tandem repeat profiling according to the suggestions from
ATCC and authentication of NPC tumor lines,** the same as our pre-
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vious study.”* All cell lines were tested for mycoplasma contamination
and cultured for less than 2 months in RPMI 1640 media (Promoter
Biotech, China) with 10% fetal bovine serum (Gibco, South America)
at 37°C in a humidified atmosphere with 5% CO.,.

Construction of Lentivirus Vectors and Cell Transfection

To establish shDNMT3B
lentivirus particle and empty-vector lentivirus particle were pur-
chased from GeneChem (GV493, Shanghai, China) and used to trans-
fect CNE2 and HNE] cells following the manufacturer’s instructions.
Cells were then subcultured in selective medium with 3 pug/mL puro-
mycin (Sigma, USA) for at least 2 weeks to select stable cell lines.
Immunoblotting and real-time PCR were applied to detect the effi-
ciency of transfection. The target sequences of DNMT3B and empty
vector shRNA are as follows: shRNA 1, 5-ATGCAACGATCTCT
CAAAT-3; shRNA 2, 5-TGTCATTGTTTGATGGCAT-3'; shRNA
3, 5-CTCAAGACAAATTGCTATA-3'; empty vector shRNA, 5'-
TTCTCCGAACGTGTCACGT-3'.

stable transfected cell lines, the

X-Ray Irradiation

An RS2000 X-ray biological research irradiator (3-mm copper filter,
160 kV, 25 mA; Rad Source Technologies, Suwanee, GA, USA) was
used to perform X-ray irradiation. The dose rate was 1.151 Gy/min.
Single irradiation doses were 2-10 Gy.

Immunoblotting

Immunoblotting was performed to assess the expression of proteins
semiquantitatively. Total protein was extracted using radioimmuno-
precipitation assay (RIPA) buffer (P0013B, Beyotime Biotechnology,
China). Equal amounts of protein samples, measured by microplate
reader (Synergy HI, BioTek, USA) and Beyotime protein assay re-
agent, were separated with sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). After
blocking, each membrane was incubated with the indicated primary
antibodies at 4°C overnight. Then, it was incubated with secondary an-
tibodies at room temperature for 1.5 h. The blots were visualized by
West Dura extended duration substrate (34076, Thermo Fisher Scien-
tific, USA). Anti-DNMT3B (67259), anti-E-cadherin (3195), anti-N-
cadherin (14215), and anti-cleaved caspase-3 (9664) were purchased
from Cell Signaling Technology (USA). Anti-p53 (10442), anti-p21
(10355), anti-cyclin D1 (60186), anti-DNMT1 (24206), anti-
DNMT3A (20954), anti-Bax (50599), and anti-Bcl-2 (12789) were
from Proteintech (Wuhan, China). Anti-vimentin (ab92547) and
anti-GAPDH (ab8245) were obtained from Abcam (USA).

RNA Extraction and Quantitative Real-Time PCR
Total RNA was extracted using TRIzol following the manufacturer’s
instructions. Reverse transcription was performed using the

obtained by methylation-specific PCR analysis of p53 (left) and p21 (right) promoters are shown. “M” represents methylated alleles and “U” represents nonmethylated alleles.
(E-G) DNA from CNE2 and HNET1 cells transfected with DNMT3B-specific or control ShRNA was treated with bisulfite. The results obtained by BSP analysis of p53 and p21
promoters with P53-1-B (E), P53-2-B, P53-4-B (F), and P21-1-B (G) primers are shown. @, methylation at CpG dinucleotides; O, demethylation at CpG dinucleotides.
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Figure 6. Silencing of DNMT3B Enhances Radiosensitivity via Promoting Superior Apoptosis in NPC Cells

(A) Apoptotic rates determined by flow cytometry. Compared to control groups, the apoptotic rate significantly increased in the DNMT3B-knockdown group after irradiation.
(B and D) Representative images from colony formation assays in transfected NPC cells after irradiation (B, CNE2 cells; D, HNE1 cells). (C and E) Survival fraction curves of
clone formation assays in transfected NPC cells with radiation (C, CNE2 cells; E, HNE1 cells). *p < 0.05, **p < 0.01, **p < 0.001.

PrimeScript RT reagent kit (Perfect Real Time) (RR037A, Takara,
Japan). A fast real-time PCR system (7900HT, Applied Biosystems,
USA) was utilized to run real-time PCR. The PCR was performed
with SYBR Premix Ex Taq (RR420A, Takara, Japan), in accord with
the the manufacturer’s protocol. Primers for PCR were designed by
Primer Premier 5.0 software (Table S4).

MSP

Genomic DNA of cells was isolated using a TITANamp genomic DNA
kit (DP304, Tiangen, China). Then, DNA was treated with a DNA
bisulfite conversion kit (DP215, Tiangen, China) in accord with the

manufacturer’s instructions. The sodium bisulfite-modified DNA
was amplified using an MSP kit (EM101, Tiangen, China). The
PCR products were separated on 2.5% agarose gels and visualized us-
ing ethidium bromide staining. Primer sequences designed for MSP
are listed in Table S2.

BSP

Genomic DNA of cells was isolated using the TIANamp genomic
DNA kit (DP304, Tiangen, China). Then, DNA was treated with a
DNA bisulfite conversion kit (DP215, Tiangen, China) in accord
with the the manufacturer’s instructions. Aliquots of the bisulfite-
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Figure 7. Silencing of DNMT3B Promotes Tumor Radiosensitivity In Vivo

(A) Overall scheme of animal experiments. (B) Representative tumor samples from each group are shown. (C) Tumor volumes from each group were tracked for 18 days. (D)
Tumor weights in each group. (E) Representative IHC staining of DNMT3B, p53, p21 and cleaved caspase-3 from tumor samples in each non-irradiated group (original
magnification, x200). (F) Conceptual diagram of our study. *p < 0.05, **p < 0.01, ***p < 0.001.
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treated DNA were subjected to 45 cycles of PCR amplification. PCR
primers in the same regions of MSP were designed using the CpG is-
land search engine MethPrimer, which are shown in Table S3. The
final PCR products were cloned using the pMD19-T vector cloning
kit (Takara) and clones (at least 10 for each promoter region for
each gene) were sequenced using an automated ABI Prism 3730XL
DNA sequencer (Applied Biosystems, USA).

Wound-Healing Migration Assay

A wound-healing migration assay was used to assess the migration
ability of NPC cells. Cells were seeded in 24-well plates and grown
to a confluent monolayer overnight with 10% fetal bovine serum. A
10-puL pipette tip was used to draw a straight line on the bottom of
the 24-well plates, then cells were incubated in serum-free PRMI
1640 medium. Migration was visualized at the indicated times (0,
24, and 48 h after scratch) under a microscope. The migration dis-
tances were measured by ImageJ analysis software (National Insti-
tutes of Health, Bethesda, MD, USA). Each experiment was repeated
at least three times.

Transwell Invasion Assay

Transwell 24-well plates with 8pum diameter filter (Corning Life Sci-
ences, NY) were used to detect the invasion ability of cells. Filters
were precoated with 40 pL of diluted ECM gel overnight. In the upper
chamber, approximately 1 x 10° cells in 200 uL of serum-free RPMI
1640 medium were seeded. The lower chamber contained 500 pL of
RPMI 1640 medium with 10% fetal bovine serum. After incubation
for 20-24 h, the lower chamber was fixed in 4% paraformaldehyde
for 20 min, stained with crystal violet, and counted under an upright
microscopy. Each experiment was repeated at least three times.

Colony Formation Assay

A colony formation assay was used to detect the survival fraction of
NPC cells after radiation. Cells were seeded in six-well plates and
incubated at 37°C for 24 h for attachment. Plates were irradiated
with 0, 2, 4, 6, 8, or 10 Gy separately the following day. After 10—
14 days of incubation, the cells were fixed with methanol for
15 min and then stained with 0.1% crystal violet for 15 min. The plates
were imaged, and the colonies were counted by three different inves-
tigators. The experiment was carried out in triplicate for each group.
Atleast 50 cells per clone indicated a valid clone. The survival fraction
(%) = [number of valid clones/(number of inoculated cells x 0 Gy col-
ony formation rate)] x 100%. The survival fraction curves of the
clone formation assays were fitted in a “single-hit multi-target” model
as described previously.*” All data were analyzed with GraphPad
Prism 5 software.

Cell Cycle Analysis

Cell cycle analysis was applied to detect cell cycle distribution of NPC
cells after silencing DNMT3B. Cells were prepared and digested with
RNaseA at 37°C for 30 min and then stained with propidium iodide
(PI) for 30 min at 4°C according to the manufacturer’s protocol (Pro-
moter, Wuhan, China). The cells were analyzed by flow cytometry in
a FACSCanto II flow cytometer (BD Biosciences, USA).

Apoptosis Analysis

Apoptosis analysis was applied to detect the apoptotic proportion of
cells. Cells were irradiated with 6 Gy and harvested after 72 h of incu-
bation. A phycoerythrin (PE)-annexin V apoptosis detection kit I
(559763, BD Biosciences, USA) was used to perform apoptosis anal-
ysis following the manufacturer’s instructions. A FACSCanto II flow
cytometer (BD Biosciences, USA) was applied to detect apoptotic
cells. Each experiment was repeated at least three times.

In Vivo Xenograft Assay

A xenograft mouse model was conducted to further validate the re-
sults. Five- to 6-week-old female BALB/c nude mice (Animal Care
Center of Hunan SJA Laboratory Animal, Changsha, China) were
housed in a specific pathogen-free, temperature and humidity-
controlled environment with food and water in their cages. This study
was reviewed and approved by the Ethics Committee of Tongji Hos-
pital, Tongji Medical College, Huazhong University of Science and
Technology. All animal experiments were conducted strictly in accor-
dance with Animal Study Guidelines of Tongji Hospital, Tongji Med-
ical College, Huazhong University of Science and Technology Animal
Care Facility and National Institutes of Health guidelines. In brief,
cells (1.0 x 107/200 pL) were injected subcutaneously into the right
armpit of mice. The mice were then randomly divided into four
groups, and each group had six mice: CNE2-vector, CNE2-
shDNMT3B#3, CNE2-vector+IR, and CNE2-shDNMT3B#3+IR.
The animals received IR (8 Gy) on day 12 after injection. Tumor
size was measured twice a week with a caliper, and tumor volume
was calculated using the following formula: (long length x short
length?)/2. The experiment was terminated after 3 weeks of tracking.

STRING Database

The interaction proteins network of DNMT3B was constructed using
the STRING database (https://string-db.org/), which is an online
database of predicted functional associations between proteins. An
interaction with a combined score >0.4 was considered statistically
significant.

GEO and TCGA Data Analysis

The GEO database was applied and selected to analyze DNMT3B
expression level in NPC samples and normal nasopharyngeal epithe-
lial samples. After adjusting, mRNA microarray data from GEO:
GSE12452 and GSE40290 were background subtracted, normalized,
and analyzed using BRB-ArrayTools (http://brb.nci.nih.gov/BRB-
ArrayTools/). TCGA database (https://www.cancer.gov/tcga/) was
used and downloaded to analyze DNMT3B in HNSCC. Raw data
were normalized by TMM (trimmed mean of M-values) and then
observed by BCV (biological coefficient of variation) to conduct qual-
ity control.

Tissue Microarray and IHC Staining

A human NPC tissue microarray was purchased from Outdo Biotech
(Shanghai, China). A total of 132 NPC samples without adjacent
normal nasopharynx tissues were obtained with patient information,
including age, sex, histologic classification, lymph node status,
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metastasis status, and clinical stage. Before the biopsy, no patient
received radiotherapy or chemotherapy. The human NPC tissue mi-
croarray was stained with anti-DNMT3B antibody (1:100, ab2851,
Abcam, USA) following the standard protocols. Two pathologists re-
viewed and scored IHC staining for each sample independently.
DNMT3B expression was scored according to the staining scope
and intensity. Specifically, staining scope was scored as 1 (0%-
25%), 2 (25%-50%), 3 (50%-75%), and 4 (75%-100%), and staining
intensity was scored as 0 (negative), 1 (weakly positive; light yellow), 2
(moderately positive; yellow-brown), and 3 (strongly positive; dark
brown). DNMT3B expression score = staining scope x intensity.
An expression score >6 was defined as high expression, and those
<6 were defined as low expression. Additionally, tissue IHC was em-
ployed to detect DNMT3B, p53, p21, and cleaved caspase-3 expres-
sion of xenograft mouse tissue with the indicated antibodies,
including anti-DNMT3B (1:100, ab2851, Abcam, USA), anti-p53
(2527, Cell Signaling Technology, USA), anti-p21 (10355, Protein-
tech, China), and anti-cleaved caspase-3 (9664, Cell Signaling Tech-
nology, USA).

Statistical Analysis

SPSS software (version 19.0; SPSS, Chicago, IL, USA) was used for sta-
tistical analysis. Data are shown as mean =+ standard deviation (SD). A
Student’s t test and ANOVA test were applied to test statistical signif-
icance. The chi-square test or Fisher’s exact test was used to analyze
the relationship between DNMT3B expression and clinicopatholog-
ical features. Kaplan-Meier analysis and a log rank test were used to
compare survival. p < 0.05 was considered significant (*p < 0.05,
“p < 0.01, **p < 0.001).

SUPPLEMENTAL INFORMATION
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