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1  |  INTRODUC TION

Oral squamous cell carcinomas (OSCC) are one of the most lethal 
cancers, with a 5- year survival rate of around 50%.1 The incidence 
of oral cancer is considerably high in Southeast Asia, accounting for 

9%– 40% of all malignancies compared to 2%– 4% in Western coun-
tries (e.g., the United States of America and the United Kingdom). 
Chronic carcinogen exposure, such as smoking, alcohol consump-
tion, and areca nut chewing, is closely related to oral cancer car-
cinogenesis. The fact that smoking and alcohol consumption are 
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Abstract
The high prevalence of oral squamous cell carcinoma (OSCC) in South Asia is as-
sociated with habitual areca nut chewing. Arecoline, a primary active carcinogen 
within areca nut extract, is known to promote OSCC pathological development. 
Dysregulation of N6- methyladenosine (m6A) modification has begun to emerge as 
a significant contributor to cancer development and progression. However, the bio-
logical effects and molecular mechanisms of m6A modification in arecoline- promoted 
OSCC malignance remain elusive. We reveal that chronic arecoline exposure substan-
tially induces upregulation of fat mass and obesity- associated protein (FTO), MYC, 
and programmed cell death- ligand 1 (PD- L1) in OSCC cells. Moreover, upregulation 
of PD- L1 is observed in OSCC cell lines and tissues and is associated with areca nut 
chewing in OSCC patients. We also demonstrate that arecoline- induced FTO pro-
motes the stability and expression levels of PD- L1 transcripts through mediating m6A 
modification and MYC activity, respectively. PD- L1 upregulation confers superior cell 
proliferation, migration, and resistance to T- cell killing to OSCC cells. Blockage of PD- 
L1 by administration of anti- PD- L1 antibody shrinks tumor size and improves mouse 
survival by elevating T- cell- mediated tumor cell killing. Therefore, targeting PD- L1 
might be a potential therapeutic strategy for treating PD- L1- positive OSCC patients, 
especially those with habitual areca nut chewing.
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common habits worldwide and areca nut chewing is highly preva-
lent in Southeast Asia indicates a close link of areca nut chewing 
with OSCC occurrence.2 Numerous studies have demonstrated that 
areca nut exposure can induce malignant transformation of nor-
mal oral tissues.3 Arecoline is the main alkaloid of areca nut and is 
known as a potent carcinogen. Arecoline promotes 4- nitroquinoline 
1- oxide (4- NQO)- induced oral tumorigenesis in C57BL/6JNarl 
mice.4 Arecoline treatment induces upregulation of αvβ6 integrin, 
alpha- smooth muscle actin (α- SMA), and collagen, leading to oral 
submucosal fibrosis formation.5 However, the detailed mechanism 
by which arecoline promotes OSCC transformation and progression 
still needs to be elucidated.

N6- methyladenosine (m6A) is the most prevalent modification 
of mammalian RNA. Recent studies revealed that m6A modifica-
tion in mRNA or non- coding RNA plays critical roles in the regula-
tion of cell death and differentiation, stem cell pluripotency, tissue 
development, and cancer tumorigenesis and progression.6– 8 M6A 
modification determines RNA fate and function by affecting mRNA 
stability, splicing, translation, and localization. M6A modification is 
catalyzed by multicomponent RNA methyltransferases, demeth-
ylase complexes, and m6A readers.9– 12 FTO, the first identified 
RNA demethylase, acts as an eraser of m6A on target transcripts. 
Emerging evidence demonstrates that FTO is robustly associated 
with cancer initiation, development, and progression. Upregulation 
of FTO has been identified in various cancer tissues, including leu-
kemia,13 breast cancer,14 non- small cell lung cancer,15 hepatocellular 
carcinoma,16 gastric cancer,17 and glioblastoma.18 Li et al13 were the 
first to report that upregulated FTO plays an oncogenic role in acute 
myeloid leukemia through m6A modification. Several FTO inhibitors, 
such as R- 2- hydroxyglutarate (R- 2HG), FB23, and FB23- 2, exert po-
tent anti- leukemic activity both in vitro and in vivo.19,20

In a previous study, we described how FTO upregulation is piv-
otal for arecoline- treated OSCC acquiring malignant phenotypes,21 
but the underlying molecular mechanism is unknown. In the current 
study, we aim to identify the critical mRNA target of FTO and to ex-
plore a potential targeted therapy to treat arecoline- induced OSCC.

2  |  MATERIAL S AND METHODS

2.1  |  Patient samples

Fifty- eight OSCC tissues and 18 normal tissues (oral mucosa tissues) 
were collected in the Foshan Stomatology Hospital and Chenzhou 
No. 1 People’s Hospital from 2015 to 2020. Among 58 OSCC tis-
sues, 28 OSCC tissues were obtained from patients with areca nut 
chewing habits, and 30 OSCC tissues were from patients who never 
chewed areca nut. All tissues were stained with H&E and were in-
dependently examined by two pathologists. All patients provided 
written informed consent, and the experimental procedures were 
approved by the Institutional Review Board of the Ethics Committee 
of the Foshan Stomatology Hospital.

2.2  |  RNA- Seq assay and data analysis

RNA- Seq was performed by Cloudseq Biotech (Shanghai, China) 
according to the procedure published previously.22 The expression 
profiles of mRNA and differentially expressed mRNAs were defined 
as fold changes >2 and P- value < 0.05.

2.3  |  Gene- specific m6A quantitative PCR

Total RNA was extracted from cells using RNeasy kit (QIAGEN). Total 
mRNA was purified using TurboCapture mRNA Kits (Qiagen, CA, USA) 
following the manufacturer’s protocol. 1 µg mRNA was sonicated into 
around 200 nt fragments, and 5% of sheared mRNA was used for 
input. The m6A containing mRNA fragments were further enriched 
using an EpiMark N6- Methyladenosine Enrichment Kit (New England 
Biolabs, MA, USA) according to the manufacturer’s instructions. The 
purified m6A containing mRNA was subjected to quantitative PCR 
(qPCR) analysis. The house- keep gene HPRT1 was used as the internal 
control. The primer sequences are listed in Table S1.

2.4  |  RNA stability assays

Cells were seeded in a six- well plate. The actinomycin D 
(SKU:02104658- CF, MP Biomedicals, CA, USA), an mRNA transcrip-
tional inhibitor, was added into the wells, and cells were collected 
at 0 h, 2 h, 4 h, and 6 h after treatment. Total RNA was extracted 
from cells using an RNeasy Kit (QIAGEN). The purified mRNA was 
subjected to qPCR analysis. The house- keep gene HPRT1 was used 
as the internal control.

2.5  |  Real- time cancer cell viability assessment 
using the CardioExcyte 96

For real- time recording of cancer cell viability in co- culture system, 
we adapted a non- invasive, label- free, and real- time cellular imped-
ance monitoring technology (CardioExcyte 96 system).

To analyze the killing of OSCC cells by activated CD8+ T- cells, 
single suspended OSCC cells were seeded in an NSP- 96 plate mixed 
with or without IgG or anti- PD- L1 antibody. On the next day, acti-
vated human or mouse CD8+ T- cells were added into each well con-
taining targeted OSCC cells at an effector to target (E:T) ratio of 1:1. 
After that, we centrifuged the NSP- 96 plate for 15 min at 800 rpm 
and kept the plate in the incubator for 2 h. Then, the NSP- 96 plate 
was put on top of the CardioExcyte 96 cell impedance recording ma-
chine. The cell impedance value of each well was recorded at 3- h 
intervals for at least 72 h. The cell culture medium alone was used as 
the background impedance value. For cell impedance curve genera-
tion, the cell impedance values from each group were normalized to 
the starting point of each group.
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2.6  |  Mouse tumorigenesis and treatment

Wild- type C57BL/6 mice aged 6 weeks were purchased from 
Guangdong Medical Science Experiment Center. MOC1- A (5 × 106, 
mixed with 100 µL Matrigel) were injected into the right flank of 
mice. Seven days post- injection, MOC1- A- bearing mice were ran-
domized into a control group (n = 10) and a treatment group (n = 
10). Mice were then treated with intraperitoneal injection of isotype 
control IgG antibody (BioXCell, clone 2A3) (control group) or anti- 
PD- L1 antibody (200 µg, BioXCell, clone RMP1- 14) twice per week 
for a total of 10 injections. Tumor size was measured twice per week 
using a caliper, and tumor volume was calculated using the following 
formula: tumor volume (mm3) = width2 × length/2. Animal experi-
ments were performed in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals and with 
the 1964 Declaration of Helsinki and its later amendments. The ani-
mal experimental protocol was approved by the Ethics Committee 
of the Foshan Stomatology Hospital.

2.7  |  Statistical analyses

Statistical analyses were carried out using GraphPad Prism soft-
ware version 7. Student’s t- test was used for determining the sig-
nificance between two groups. Pearson correlation was applied to 
study the correlation between PD- L1 and FTO as well as PD- L1 and 
MYC in OSCC tissues. The correlations between PD- L1 expression 
levels and clinicopathologic parameters were analyzed using the 
Mann– Whitney U- test when comparing the differences between 

two groups and using the Kruskal– Wallis test when comparing the 
differences among three groups. Animal survival curves were con-
structed using the Kaplan– Meier method. P < 0.05 was considered 
statistically significant.

3  |  RESULTS

3.1  |  Programmed cell death- ligand 1 is 
upregulated in arecoline- exposure oral squamous cell 
carcinoma cell lines

Our previous study demonstrated that chronic low- dose arecoline- 
treated OSCC cell lines (hereinafter referred to as CAL27- A 
and SCC25- A) exhibit superior tumorigenic effects to original 
OSCC cell lines (CAL27 and SCC25), and FTO plays a vital role 
in chronic arecoline- exposure- promoted oncogenicity of OSCC 
cells.21 To elucidate the potential molecular mechanism underly-
ing arecoline- promoted oral cancer malignance, we conducted an 
RNA- seq transcriptome assay using CAL27- A and CAL27 cells. 
A total of 188 genes and 370 genes were significantly (P < 0.05 
and fold change >2 or <0.5) upregulated and downregulated in 
arecoline- treated CAL27 (CAL27- A) compared to CAL27, respec-
tively (Figure 1A). The top 15 most upregulated genes are shown 
in Figure 1B. The upregulation of several genes (e.g., ALDH1A3, 
PD- L1, B2 M, CCL5, and MYC) was further verified by RT- qPCR 
assay, confirming the RNA- seq transcriptome results (Figure 1C). 
Upregulation of PD- L1 and MYC in CAL27- A was also confirmed by 
Western blotting assay (Figure 1D). The fact that arecoline induces 

F I G U R E  1  Programmed cell death- 
ligand 1 (PD- L1) is upregulated in chronic 
arecoline- treated oral squamous cell 
carcinoma (OSCC) cells. (A) Volcano plot 
of RNA- seq transcriptome data displaying 
the pattern of gene expression values 
for CAL27- A to CAL- 27. Significantly 
differentially expressed genes are shown 
(P < 0.05, and fold change < −2 or >2). 
(B) Heatmap showing levels of top 
15 significantly upregulated genes in CAL- 
27- A compared to CAL- 27. (C) The mRNA 
levels of indicated genes were determined 
by RT- qPCR assay. (D) The protein levels 
of PD- L1 and MYC were tested by 
western blot assay. *P < 0.05
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MYC upregulation has been reported previously.23 However, the 
biological function role of PD- L1 in arecoline- exposure OSCC is 
unknown. Therefore, the PD- L1 gene was chosen for further study.

3.2 | Programmed cell death- ligand 1 is 
upregulated in oral squamous cell carcinoma 
tissues and is associated with areca nut 
chewing habit

To investigate the expression profile of PD- L1 in oral cancer, we first 
measured PD- L1 expression in three OSCC cell lines and one normal 
oral keratinocyte (NHOK). Upregulation of PD- L1 mRNA and protein 
levels was observed in all OSCC cell lines compared to normal oral ke-
ratinocytes (Figure 2A and B). Next, we analyzed The Cancer Genome 

Atlas (TCGA; http://softw are.broad insti tute.org/softw are/igv/tcga) 
databases, and we found that PD- L1 mRNA levels are substantially 
enhanced in head and neck squamous cell carcinoma (HNSCC) tumor 
samples (n = 519) when compared with that in normal tissues (n = 
44) (Figure 2C). Furthermore, we assessed PD- L1 expression in 18 
normal tissues (oral mucosa tissues) from healthy donors without an 
areca nut chewing habit and 58 OSCC tumor samples collected from 
OSCC patients, in which 28 patients had areca nut chewing habits. As 
illustrated in Figure 2D and E, PD- L1 mRNA and protein levels were 
notably higher in OSCC tumor samples than in healthy tissues. More 
importantly, the PD- L1 levels were markedly upregulated in OSCC 
samples with areca nut exposure compared to OSCC samples with-
out areca nut exposure. These data implied that PD- L1 might play a 
critical role in oral cancer development. Further investigation of the 
correlation of PD- L1 expression with clinicopathologic parameters of 

F I G U R E  2  Upregulation of 
programmed cell death- ligand 1 (PD- L1) 
is associated with areca nut chewing 
habits and is correlated with fat mass 
and obesity- associated protein (FTO) 
expression. (A– B) The protein (A) and 
mRNA (B) levels of PD- L1 in NHOK, 
SCC9, CAL27, SCC25, and HSC2 cells 
were detected by western blotting and 
RT- qPCR assay, respectively. (C) The 
expression levels of PD- L1 in normal 
tissues (n = 44) and head and neck 
squamous cell carcinoma (HNSCC) 
tissues (n = 519) were compared and 
presented. (D) The expression levels of 
PD- L1 in normal oral tissues (n = 18), oral 
squamous cell carcinoma (OSCC) without 
areca nut (n = 30), and oral squamous 
cell carcinoma (OSCC) with areca nut (n = 
28) were determined by RT- qPCR assay. 
(E) Representative of western blotting 
images showing expression of PD- L1 and 
β- actin in normal oral tissues (N), OSCC 
without areca nut (T), and OSCC with 
areca nut (T- A). Sample IDs are shown (D 
and E). (F) The association between PD- L1 
expression and clinical parameters in 58 
OSCC patients. (G) The correlation of 
FTO and PD- L1 in 58 OSCC patients were 
analyzed by Pearson correlation analysis. 
*P < 0.05

http://software.broadinstitute.org/software/igv/tcga
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OSCC patients revealed that PD- L1 levels were associated with areca 
nut chewing habits and aggressive local or distant invasion and me-
tastasis but were not related to other clinical- pathological character-
istics, such as gender, age, tumor stage, and nodal stage (Figure 2F). 
Moreover, PD- L1 expression levels were positively correlated with 
FTO expression levels in OSCC tissues, suggesting that FTO may reg-
ulate PD- L1 expression (Figure 2G).

3.3  |  Programmed cell death- ligand 1 is a target 
gene of fat mass and obesity- associated protein

We hypothesized that FTO augmentation is responsible for tFhe up-
regulation of PD- L1 in arecoline- treated OSCC cells. To verify this 

hypothesis, CAL27- A and SCC25- A were transduced with lentivirus 
carrying two individual shRNA (sh- FTO- 1 or sh- FTO- 2) or non- sense 
control shRNA (sh- NC). Knockdown of FTO dramatically reduced the 
expression levels PD- L1 and MYC (Figure 3A). MYC, a well- established 
target of FTO, was used as a positive control in the current study.19 
In contrast, forcing FTO expression promoted PD- L1 and MYC levels 
in CAL27 and SCC25 cells (Figure 3B). Because of the comparable 
knockdown effect of sh- FTO- 1 and sh- FTO- 2, sh- FTO- 1 was used in 
the following experiments.

Previous studies demonstrated that m6A modification typi-
cally occurs within the consensus motif (GGACU).24 We identified 
two GGACU motifs located within coding sequence (CDS) and 
3′- untranslation region (3′UTR) regions of the transcript of PD- 
L1. Three sets of primers were designed with two sets of primers 

F I G U R E  3  Fat mass and obesity- 
associated protein (FTO) regulates 
programmed cell death- ligand 1 (PD- L1) 
via m6A modification and MYC- mediated 
transcription. (A– B) CAL27- A and 
SCC25- A were infected with lentivirus 
carrying sh- nonsense control (NC), 
sh- FTO- 1, or sh- FTO- 2 (A). CAL27 and 
SCC25 were infected with lentivirus 
carrying nonsense control (NC or FTO. 
The expression levels of FTO, PD- L1, 
MYC, and β- actin in these cells were 
determined by western blotting. (C) 
Two consensus m6A modification sites 
(GGACU) and three sets of quantitative 
(qPCR) primers are depicted in the 
5′- UTR, CDS, and 3′- UTR regions of PD- 
L1 mRNA. Methylated RNA in CAL- 27- A 
cells with or without FTO knockdown 
was immunoprecipitated with the m6A 
antibody, followed by qPCR analyses with 
three sets of indicated primers. (D) RNA 
immunoprecipitation analyses of CAL27- A 
cells were performed with an anti- FTO 
antibody followed by qPCR analyses of 
PD- L1 mRNA. (E– F) qPCR analyses of 
PD- L1 mRNA stability (E) and mRNA level 
(F) in CAL- 27- A cells with or without FTO 
knockdown. (G– H) CAL27- A- shNC cells or 
CAL27- A- shFTO cells were infected with 
indicated lentiviruses. The expression 
levels of FTO, PD- L1, MYC, and β- actin in 
these cells were determined by western 
blotting. The mRNA levels of PD- L1 were 
assessed by RT- qPCR. (I) The expression 
levels of MYC in oral squamous cell 
carcinoma (OSCC) without areca nut (n 
= 30), and OSCC with areca nut (n = 28) 
were determined by RT- qPCR assay. (J) 
The correlation of MYC and PD- L1 in 58 
OSCC patients was analyzed by Pearson 
correlation analysis. *P < 0.05
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flanked by the GGACU motif within CDS and 3′UTR regions, and 
one set of primers covered a region within the 5′UTR region. 
Methylated RNA immunoprecipitation with m6A antibody followed 
by PD- L1- specific qPCR analysis showed that the m6A levels were 
substantially increased in the CDS and 3′UTR regions of PD- L1 
transcripts following FTO depletion (Figure 3C). Furthermore, PD- 
L1 mRNA was enriched in anti- FTO antibody immunoprecipitated 
complex (Figure 3D). These results suggested that FTO binds to PD- 
L1 mRNA, leading to a reduced m6A level of PD- L1 mRNA. Since 
m6A modification profoundly affects mRNA stability and translation, 
we measured the PD- L1 mRNA stability on CAL27- A and SCC25- A 
cells with or without FTO depletion. As illustrated in Figure 3E and 
F, FTO silencing decreased the mRNA stability of PD- L1, leading to 
reduced PD- L1 mRNA levels in CAL27- A and SCC25- A cells. These 
results indicate that FTO depletion enhanced m6A modification of 
PD- L1 mRNA, leading to an accelerated RNA decay.

Fat mass and obesity- associated protein has been shown to sta-
bilize MYC mRNA and promote MYC expression by reducing m6A 
methylation of MYC in leukemia,13 glioma,25 cervical cancer, and 
gastric cancer cells.26 Intriguingly, MYC is a cis- acting transcrip-
tional factor for PD- L1 gene.27 Therefore, we proposed that MYC 
also plays a critical role in FTO- mediated PD- L1 expression. Indeed, 
exogenous expression of MYC partially restored FTO- depletion sup-
pressed PD- L1 expression, and knockdown of MYC blocked FTO- 
induced PD- L1 expression (Figure 3G and H). Notably, MYC mRNA 
levels were substantially upregulated in OSCC samples with areca 
nut exposure compared to OSCC samples without areca nut expo-
sure (Figure 3I). More importantly, MYC mRNA levels were positively 
correlated with PD- L1 mRNA levels in OSCC samples (Figure 3J). 
These results further confirmed that areca nut exposure induces 
MYC expression, and MYC positively mediates PD- L1 expression. 
Collectively, these results prove that FTO can regulate PD- L1 ex-
pression through m6A modification- mediated PD- L1 mRNA stability 
or MYC- regulated PD- L1 mRNA transcription.

3.4  |  Programmed cell death- ligand 1 
promotes oral squamous cell carcinoma cell 
proliferation, migration, and resistance to T- cell killing

To assess the biological function of PD- L1 in oral cancer cells, we ap-
plied gain-  or loss- of- function analysis. As presented in Figure 4A– D, 
depletion of PD- L1 suppressed cell proliferation and migration of 
CAL27- A and SCC25- A cells, whereas overexpression of PD- L1 pro-
moted cell proliferation and migration of CAL- 27 and SCC25 cells. 
These results suggested that arecoline- induced PD- L1 conferred cell 
growth and mobility advantages on oral cancer cells.

Programmed cell death- ligand 1 is known to play a pivotal role in 
T- cell cytotoxicity to cancer cells. Therefore, we utilized cancer cells 
and the T- cell co- culture system to investigate the effects of PD- 
L1 on T- cell- mediated OSCC apoptosis. The cell viability of OSCC 
was dynamically monitored using the CardioExcyte system. The cell 
growth curve for OSCC cells was reflected by the cell index curve. 

As exhibited in Figure 4E, arecoline- treated OSCC cell lines exhib-
ited more resistance to activated CD8 T- cell killing than OSCC cell 
lines. Depletion of PD- L1 significantly sensitized arecoline- treated 
OSCC cell lines to CD8 T- cell killing. Similarly, atezolizumab, an 
FDA- approved anti- PD- L1 antibody, markedly enhanced CD8 T- cell 
killing of arecoline- treated OSCC cell lines (Figure 4F). These data 
suggested that arecoline- induced PD- L1 conferred immune escape 
ability to OSCC cell lines.

3.5  |  Programmed cell death- ligand 1 enhances 
mouse oral squamous cell carcinoma cell proliferation, 
migration, and resistance to T- cell killing

To further study the functional roles of PD- L1 in arecoline- exposure 
OSCC cell lines and explore potential treatment strategies for oral 
cancer patients with areca nut chewing habits, MOC1 and MOC2 cell 
lines were employed to establish chronic arecoline- treated mouse 
oral cancer cell lines. After being treated with arecoline (1 µM) for 90 
days, the arecoline- exposure MOC1 and MOC2 were referred to as 
MOC1- A and MOC2- A, respectively. Consistent with our previous 
findings in arecoline- exposure human OSCC cell lines, upregulation 
of mRNA and protein levels of PD- L1 and FTO were observed in 
MOC1- A and MOC2- A compared to MOC1 and MOC2 (Figure S1A 
and B). Notably, the cell proliferation and migration were significantly 
enhanced in MOC1- A and MOC2- A when compared with MOC1 and 
MOC2, respectively (Figure S1C and D). Knockdown of PD- L1 sub-
stantially reduced cell proliferation and migration of MOC1- A and 
MOC2- A cells (Figure 5A and B). Similarly, MOC1- A and MOC2- A 
were more resistant to activated T- cell- mediated apoptosis, and this 
effect was abolished by knockdown of PD- L1 or treated with anti- 
PD- L1 mouse monoclonal antibody (Figure 5C and D).

3.6  |  Blockage of programmed cell death- ligand 
1 reduces oral squamous cell carcinoma tumor 
growth and prolongs mice survival

Because MOC1 and MOC2 tumors are recognized as highly and 
poorly immunogenic oral cancers, respectively.28 Mice bearing MOC1 
tumors typically exhibit strong immune responses and respond to im-
munotherapies. Therefore, MOC1- A cells were selected for in vivo 
experiments. MOC1- A- bearing C57BL/6 mice were randomized and 
treated with IgG or anti- PD- L1 antibody twice per week for a total of 
5 weeks (10 doses). The results in Figure 6A and B manifested that 
anti- PD- L1 intervention significantly delayed MOC1- A tumor growth 
and prolonged mice survival. The total tumor- infiltrated T- cell (CD3+ 
T- cells) population, composed of cytotoxic T- cell (CD3+CD8+ T- 
cells) and helper T- cell (CD3+CD4+ T- cells), were substantially up-
regulated in MOC1- A tumor with anti- PD- L1 treatment compared 
to MOC1- A tumors with IgG treatment (Figure 6C– E). Concurrently, 
anti- PD- L1 treatment resulted in remarkable upregulation of in-
terferon gamma (IFN- γ) and TNF- α (two cytokines with cytotoxic 
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activity) and interleukin- 2 (IL- 2, a T- cell activation and expansion cy-
tokine) in MOC1- A tumor (Figure 6F). These results suggested that 
anti- PD- L1 treatment promoted T- cell activation and infiltration and 
sensitized cancer cells to T- cell killing, resulting in inhibited MOC1- A 
tumor growth and prolonged mice survival.

4  |  DISCUSSION

In the present study, using an RNA- seq transcriptome assay, we iden-
tified hundreds of upregulated or downregulated genes in CAL27- A 
cells compared to CAL27. Three genes (FTO, MYC, and PD- L1) were 

highlighted in the upregulated gene group. Studies have previously 
reported that arecoline enhances FTO and MYC expression, sup-
porting the validity of our RNA- seq results. PD- L1 was chosen for 
further study because PD- L1 is an immune checkpoint protein, and 
the role of PD- L1 in arecoline- induced OSCC was unknown.

PD- L1, a ligand of PD- 1, is prevalently expressed in various 
types of cancers, including oral cancer.29 Under normal physio-
logical conditions, the cytotoxic T- cells (CD8+ T- cells) effectively 
eliminate cancer cells through recognizing neo- antigens presented 
by cancer cells. PD- 1/PD- L1 delivers negative regulatory signals to 
immune cells to prevent autoimmune reactions. However, when 
cancer cells overexpressing PD- L1 bind to the PD- 1 receptor on 

F I G U R E  4  Programmed cell death- ligand 1 (PD- L1) depletion decreases cell proliferation, migration, and resistance to T- cell killing of oral 
squamous cell carcinoma (OSCC). CAL27- A and SCC25- A cells with or without PD- L1 depletion or CAL27 and SCC25 with or without PD- L1 
overexpression were subjected to cell proliferation assessment (A and B) and cell migration analysis (C and D). (E– F) CAL27, CAL27- A, or 
CAL27- A- shPD- L1 (left) or SCC25, SCC25- A, or SCC25- A- shPD- L1 (right) were cocultured with or without activated CD8 T cells at E:T ratio 
at 1:1 (E). CAL27- A (left) or SCC25- A (right) and CD8 T cell coculture (E:T ratio at 1:1) were treated with IgG or atezolizumab (F). Cell index 
curve of each group was generated using the CardioExcyte 96 system. *P < 0.05
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T- cells.30 The activated PD- 1/PD- L1 signaling pathway exerts 
immune- suppression effects on T- cells, enabling cancer cells to es-
cape immune surveillance (Figure 7A and B). PD- L1 is commonly 

expressed in OSCC tissues. Ngamphaiboon et al. showed that 
83.9% of OSCC samples (n = 203) exhibited positive PD- L1 expres-
sion.31 In addition, three studies reported that 60%, 43.6%, and 

F I G U R E  5  Programmed cell death- ligand 1 (PD- L1) knockdown reduces cell proliferation, migration, and resistance to T- cell killing of 
mouse oral squamous cell carcinoma (OSCC) cells. (A) MOC1- A and MOC2- A cells with or without PD- L1 depletion were cultured for the 
indicated periods of time and were harvested for assessment of cell proliferation. (B) The cell migration of MOC1- A and MOC2- A cells with 
or without PD- L1 depletion were determined using Transwell migration assay. (C) MOC1, MOC1- A, or MOC1- A- shPD- L1 (left) or MOC2, 
MOC2- A, or MOC2- A- shPD- L1 (right) were cocultured with or without activated mouse CD8 T cells at an E:T ratio of 1:1. Cell index curves of 
each group were generated using the CardioExcyte 96 system. (D) MOC1- A (left) or MOC2- A (right) and CD8 T cells coculture (E:T ratio at 1:1) 
were treated with IgG or mouse anti- PD- L1 antibody. Cell index curve of each group was generated using CardioExcyte 96 system. *P < 0.05
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23% of OSCC tissues had high PD- L1 expression.32– 34 Consistent 
with these findings, we also confirmed that PD- L1 was highly ex-
pressed in OSCC cells and tissues. More importantly, we revealed 
that PD- L1 expression is positively associated with distant me-
tastasis and areca nut chewing, implying that areca nut exposure 
might promote PD- L1 expression.

Next, we found that knockdown of FTO abolished arecoline- 
induced PD- L1 expression in OSCC cells, suggesting that FTO was 
involved in the regulation of PD- L1 expression. Recent studies 
demonstrated that FTO mediates m6A demethylation on the target 
mRNA, which can result in two different consequences. Li et al. re-
ported that FTO reduces the m6A levels of ASB2 and RARA mRNA, 

F I G U R E  6  Anti- programmed cell death- ligand 1 (PD- L1) antibody treatment delays tumor growth and improves survival of MOC1- A 
tumor- bearing mice. (A) Seven- day post MOC1- A tumor implantation. The MOC1- A tumor- bearing mice were treated with intraperitoneal 
injection of isotype control IgG antibody or anti- PD- L1 antibody for a total of 10 injections. Tumor volumes were recorded twice per week. 
(B) Kaplan– Meier survival analysis for IgG antibody or anti- PD- L1 antibody treated MOC1- A tumor- bearing mice (n = 10/group). (C– E) Flow 
cytometric characterization of the presence of total CD3+ T cells within tumors from MOC1- A tumor- bearing mice with IgG antibody or 
anti- PD- L1 antibody treatment (C). Cells shown in (C) were further gated CD8+ (D) or CD4+ (E). Absolute numbers of indicated cells per 1× 
104 cells collected are displayed (n = 10/group). (F) The expression levels of interferon gamma (IFN- γ), TNF- α, and interleukin- 2 (IL- 2) within 
tumors from MOC1- A tumor- bearing mice with IgG antibody or anti- PD- L1 antibody treatment were assessed by RT- qPCR assay. *P < 0.05
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accelerating mRNA decay and decreasing ASB2 and RARA expres-
sion.13 In contrast, FTO- induced m6A demethylation can promote 
mRNA stability and transcription. Examples of these genes include 
MYC, PD- 1 (PDCD1), CXCR4, and SOX10.35 Our results showed that 
knockdown of FTO considerably enhanced the m6A abundance of 
PD- L1 mRNA, especially in the CDS and 3′- UTR region, and markedly 
decreased PD- L1 mRNA stability. These results demonstrated that 
FTO- induced upregulation of PD- L1 is likely related to the enhanced 
stability of PD- L1 transcripts. Noticeably, MYC is reported to be pos-
itively regulated by FTO,19,25,26 and MYC also functions as a tran-
scription factor for PD- L1 gene.27 Indeed, we found that knockdown 
of MYC abolished FTO- induced PD- L1 expression. Conversely, ec-
topically expressed MYC partially rescued FTO depletion- inhibited 
PD- L1 expression. Together, our data suggest that FTO regulates 
PD- L1 expression through a direct m6A- dependent mechanism and 
an indirect MYC- dependent mechanism.

It is known that T- cell receptor (TCR) expressed on the surface 
of CD8+ T cells recognizes neoantigen peptides presented by MHC 
Class I molecules (MHC- I) expressed by cancer cells, leading to 

CD8+ T cell- mediated cancer cell elimination. However, PD- 1/PD- 
L1 signaling activation negatively regulates T cell- mediated immune 
responses, leading to T- cell dysfunction and tumor survival.36 We re-
vealed that PD- L1 upregulation contributes to arecoline- promoted 
malignance of OSCC. We showed that chronic arecoline treatment 
increased PD- L1 expression in CAL27- A and SCC25- A cells, and 
knockdown of PD- L1 decreased cell proliferation and migration of 
CAL27- A and SCC25- A cells. Similar results were also observed in 
mouse OSCC cell lines treated with or without arecoline. Not sur-
prisingly, PD- L1 upregulation- promoted cell proliferation, migra-
tion/invasion, and epithelial- to- mesenchymal transition (EMT) have 
been reported in various types of cancers, including lung cancer,37 
cervical cancer,38 hepatocellular carcinoma,39 and head and neck 
squamous cell carcinoma.40 PD- L1 overexpressed in tumor cells 
is beneficial for evasion of immune response and formation of the 
immune suppression microenvironment. Indeed, arecoline- exposed 
human and mouse OSCC cell lines were more resistant to CD8 T- 
cell- induced apoptosis than those in control groups. Moreover, 
anti- PD- L1 significantly sensitized arecoline- treated OSCC cells to 

F I G U R E  7  Model of programmed cell 
death 1 (PD- 1)/programmed cell death- 
ligand 1 (PD- L1) axis in oral squamous 
cell carcinoma (OSCC) cells and CD8 T 
cell coculture. (A) CD8+ T cells recognize 
cancer cells through TCR binding with 
neo- antigenic peptides, presented by 
MHC1 on the surface of OSCC cells. The 
activated cytotoxic T cells kill cancer 
cells either directly, through secreting 
cytotoxic granules containing perforin and 
granzymes, or indirectly, through releasing 
cytotoxic cytokines, such as IFNγ and 
TNF- α. (B) Chronic arecoline exposure 
induces PD- L1 upregulation on OSCC 
cells. When the PD- 1 expressed on T cell 
surface binds to PD- L1 on OSCC cells, 
the PD- 1/PD- L1 signaling exerts negative 
regulatory effects on TCR signaling and 
blunts the anti- tumor function of CD8 T 
cells. Therefore, anti- PD- L1 antibody 
blocks the interaction of PD- 1 and PD- L1 
and abolishes the PD- 1/PD- L1- mediated 
inhibitory effects on CD8+ T cells, thus 
restoring the target cell- killing effect
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T- cells killing. These results shed light on the possibility of treating 
arecoline- induced OSCC with anti- PD- L1 therapy.

Currently, there are three FDA- approved anti- PD- L1 therapies for 
the treatment of patients with certain types of cancers.41 Atezolizumab 
(Tecentriq) was approved for urothelial carcinoma and non- small cell 
lung cancer. Avelumab (Bavencio) and Durvalumab (Imfinzi) were ap-
proved for metastatic Merkel cell carcinoma and urothelial carcinoma, 
respectively. However, the question of whether anti- PD- L1 therapy is 
suitable for OSCC patients remains obscure. Of note, Pembrolizumab 
(Keytruda), an anti- PD- 1 antibody, was approved for the treatment of 
melanoma, metastatic non- small cell lung cancer, and HNSCC,42 im-
plying that targeting PD- 1/PD- L1 signaling is a logical strategy to treat 
OSCC tissues with high levels of PD- L1 expression. Thus, we hypothe-
sized that anti- PD- L1 therapy might exert effective anti- tumor effects 
on OSCC with arecoline exposure history. Intriguingly, the in vivo re-
sults illustrated that anti- PD- L1 treatment significantly suppressed 
tumor growth and prolonged the survival of MOC1- A- bearing mice. 
We revealed that anti- PD- L1- treated tumor tissues exhibited sub-
stantially enhanced immune response, as demonstrated by markedly 
increased CD8+ and CD4+ T- cell infiltration and TNF- α, IFN- γ, and 
IL- 2 secretion within tumor microenvironment.

Collectively, our current study demonstrated the critical roles 
of the FTO/MYC/PD- L1 signaling pathway in arecoline- promoted 
OSCC malignance. The results showed that arecoline- induced FTO 
and MYC contributed to PD- L1 upregulation in OSCC cells. FTO in-
creased PD- L1 mRNA stability through mRNA m6A modification, 
and MYC promoted PD- L1 transcripts. The upregulated PD- L1 con-
fers advantages to OSCC cells, such as cell proliferation, migration, 
and resistance to T- cell killing, and these beneficial effects were 
abolished by blockade of PD- L1 (Figure 7A and B). Thus, our studies 
reveal a previously unidentified link between arecoline and immune- 
response through regulating FTO/MYC/PD- L1 signaling in oral can-
cer, which could lead to the development of strategies to promote 
cancer immune therapy efficacy.
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