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Abstract
Lung cancer is one of the leading causes of death among cancer patients worldwide. 
Carbon-ion radiotherapy is a radical nonsurgical treatment with high local control 
rates and no serious adverse events. N6-methyladenosine (m6A) modification is one of 
the most common chemical modifications in eukaryotic messenger RNA (mRNA) and 
has important effects on the stability, splicing, and translation of mRNAs. Recently, 
the regulatory role of m6A in tumorigenesis has been recognized more and more. 
However, the dysregulation of m6A and its role in carbon-ion radiotherapy of non-
small-cell lung cancer (NSCLC) remains unclear. In this study, we found that the level 
of methyltransferase-like 3 (METTL3) and its mediated m6A modification were ele-
vated in NSCLC cells with carbon-ion radiotherapy. Knockdown of METTL3 in NSCLC 
cells impaired proliferation, migration, and invasion in vitro and in vivo. Moreover, we 
found that METTL3-mediated m6A modification of mRNA inhibited the decay of H2A 
histone family member X (H2AX) mRNA and enhanced its expression, which led to 
enhanced DNA damage repair and cell survival.
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1  |  INTRODUC TION

Lung cancer is one of the leading causes of death among cancer 
patients worldwide.1,2 Unfortunately, the survival rate is extremely 
low due to chemo-resistance and metastasis.3 Although ionizing 
radiation is recognized as the standard radiation therapy for non-
small-cell lung cancer (NSCLC), many reports show an increase in 
malignant characteristics after gamma irradiation. However, these 
limitations have been overcome in hadronic therapy, particularly the 
use of carbon ions (12C), which has been established as a promising 
approach for the treatment of NSCLC.4-7

Carbon-ion radiotherapy is a radical nonsurgical treatment with 
high local control rates and no serious adverse events.8 Due to the 
Bragg peak, carbon ions have good dose localization, which can re-
duce the radiation dose to the surrounding normal tissues. In addi-
tion, the carbon-ion beam has high bioavailability and is beneficial 
for tumor control.9 Previously, the safety and efficacy of carbon-ion 
radiotherapy in the treatment of early and locally advanced lung 
cancer have been reported.10 However, whether or not NSCLC cells 
have developed resistance to carbon ion radiotherapy has not been 
reported.

Biochemical evidence from 40 years ago indicated that mamma-
lian messenger RNA (mRNA) contains N6-methyl-adenosine (m6A), 
occurring mainly near the 3′ end of mRNA. Recent localization of 
the m6A site in mammalian cell transcriptome has shown that thou-
sands of mRNAs are modified on a consistent sequence motif, with 
the m6A peak located on the mRNA genomic body, usually near 
the termination codon.11-15 These methylation markers can be dy-
namically regulated, and the m6A pattern varies among cell types. 
Methyltransferase-like 3 (METTL3) was initially identified as the 
methyltransferase responsible for m6A modification.16-18 In line 
with the dynamic control of m6A RNA modification, two specific 
demethylases also localized to nuclear spots, fat mass and obesity-
associated protein (FTO) and ALKB homolog 5 (ALKBH5), have been 
identified. In addition, as the most important component of the 
“writer” complex, METTL3 plays a very important role in the regu-
lation of gene expression by affecting RNA stability, mRNA degra-
dation, and translation.19 Therefore, when METTL3 is dysfunctional, 
it can lead to the development and progression of human cancers. 
Some studies have shown that m6A mRNA methylation leads to 
many mammalian tumors and diseases by regulating cell differen-
tiation, tissue development, and tumorigenesis by METTL3. For ex-
ample, the deletion of the METTL3 gene leads to the termination 
of early embryonic development, indicating that m6A methylation 
modification plays an important role in the development of mam-
malian embryos.20 Recently, it has been reported that METTL3 pro-
motes tumor growth, metastasis, and drug/radiotherapy resistance 
in human cancers.21-25 However, for NSCLC, its biological roles in 
carbon-ion radiotherapy need to be further explored.

In this study, we found that the level of METTL3 and its medi-
ated m6A modification were elevated in NSCLC cells with carbon-
ion radiotherapy. Knockdown of METTL3 in NSCLC cells impaired 
proliferation, migration, and invasion in vitro and in vivo. Moreover, 

we found that METTL3-mediated m6A modification mRNA inhibited 
the decay of H2AX mRNA and enhanced its expression, which led to 
enhanced DNA damage repair and cell survival.

2  |  MATERIAL AND METHODS

2.1  |  Cell lines and culture

Human NSCLC cell lines A549 and H1975 were purchased from 
American Type Culture Collections. They were cultivated in DMEM 
medium supplemented with 10% FBS (Gibco) and penicillin/strepto-
mycin (100 mg/ml; Gibco). Culture dishs were maintained at 37°C in 
a humid incubator with 5% CO2.

2.2  |  Carbon-ion irradiation

Human NSCLC cell lines A549 and H1975 cells were plated in T25 
flasks (Corning). The IONTRIS intensity-modulated raster scan sys-
tem with energy 333.82 MeV/u was used to irradiate the flasks at the 
Shanghai Proton and Heavy Ion Center (SPHIC) Shanghai, China, as 
previously described. The linear energy transfer (LET) was approxi-
mately 29.1351 keV/μm for carbon-ion radiation. The beam line was 
horizontal, and the Bragg peak of carbon-ion radiation was adjusted 
to the solid surface where cell attached. The irradiation doses were all 
physical doses. All the cells, including the mock-irradiated ones, were 
then washed with fresh medium and incubated at 37°C with 5% CO2.

2.3  |  RNA m6A methylation quantification

An m6A RNA Methylation Assay Kit (ab185912; Abcam) was used to 
evaluate the content of m6A in total RNA as previously reported.24

2.4  |  Dot blot assay

Dot blot assays were performed as previously reported.11 The 
poly(A) enriched RNAs (400 ng) were double-diluted and spotted 
onto a nylon membrane (GE Healthcare). Briefly, the membranes 
were then UV crosslinked, blocked, incubated with m6A antibody 
and horseradish peroxidase-conjugated anti-rabbit IgG, and finally 
detected with a 3,3′-diaminobenzidine peroxidase substrate kit. 
The same 400 ng poly(A) + RNAs were spotted on the membrane, 
stained with 0.02% methylene blue in 0.3 M sodium acetate for 2 h, 
and washed with ribonuclease-free water for 5 h.

2.5  |  Quantitative real-time PCR

Total RNA was lysed using TRIzol reagent and used for the synthe-
sis of cDNA with a One-Step RT-PCR Kit (Thermo Fisher Scientific). 
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Quantitative real-time PCR (qRT-PCR) was performed using the 
ABI ViiA 7 system (Applied Biosystems). GAPDH was used as a 
housekeeping gene. Relative gene expression was calculated by the 
2−△△CT cycle threshold method.

2.6  |  Cell transfection and stable cell lines 
construction

To establish stable METTL3 knockdown models, the lentivirus vec-
tor containing shMETTL3 (Lv-shMETTL3) was amplified and cloned 
by Simobio. To obtain stable METTL3 overexpression cell lines, 
METTL3 cDNA was amplified and subcloned into the lentiviral vec-
tor (Simobio). Recombinant lentiviruses expressing METTL3 or NC, 
shMETTL3 or shNC were obtained from Simobio. The human NSCLC 
cell lines A549 and H1975 cells were transfected with concentrated 
lentiviruses, and stable cell lines were selected by treatment with 
puromycin for 2 weeks.26

2.7  |  Colony formation assay

NSCLC cell lines (A549 and H1975) were seeded into plates at a den-
sity of 200 cells per well and cultured at 37°C for about 1 week until 
visible colonies formed. The colonies were fixed with 4% paraform-
aldehyde for 30 min, followed by staining with 0.1% crystal violet for 
30 min. The assay was independently conducted three times.

2.8  |  Xenograft experiments

For in vivo studies, 4–6-week-old male BALB/c nude mice were 
purchased from the Shanghai Laboratory Animal Center of China. 
A549 cells (3  × 105 cells in 200 μl PBS) were subcutaneously in-
jected into the nude mice to establish tumors. When the tumors had 
grown to almost 100 mm3, a 5-GyE dosage of carbon-ion irradiation 
was applied and the mice were examined every 3 days, then sacri-
ficed 30 days after the injection. Tumor size was measured using 
digital calipers, and tumor volume was calculated with the formula 
volume = 0.5 × width2 × length.

2.9  |  Immunohistochemistry

Immunohistochemistry (IHC) assay was performed to evaluate 
METTL3 and H2AX expression in the tumor tissues. Briefly, paraffin-
embedded tumor slides were dried at 90°C for 4 h, dewaxed in xy-
lene, and then rehydrated in graded ethanol solutions. Cooled tissue 
sections were immersed in 0.3% hydrogen peroxide solution for 
15 min to block endogenous peroxidase activity, followed by rins-
ing with PBS for 5 min and blocking with 3% BSA solution at room 
temperature for 30 min. After washing with PBS, sections were 
incubated with the primary antibody (rabbit anti-human METTL3 

[ab195352, 1:200; Abcam] and H2AX [ab229914, 1:200; Abcam]) 
monoclonal antibodies at 4°C overnight. The next day, sections were 
washed with PBS and incubated with HRP-labeled secondary anti-
body at 37°C for 30 min. Sections were then dehydrated, cleared, 
and mounted. Notably, diaminobenzene was used as the chromogen 
and hematoxylin was used as the nuclear counterstain.

2.10  |  Statistical analysis

Data were expressed as the mean ± SEM. The unpaired, two-tailed 
t-test was used for comparisons between two groups. For mul-
tiple comparisons, ANOVA or repeated ANOVA followed by the 
Bonferroni post hoc test was used with GraphPad Prism version 6.0 
software. A P value <0.05 was considered statistically significant.

3  |  RESULT

3.1  |  Carbon-ion radiation dose-dependently 
enhanced the METTL3 mediated m6A methylation in 
A549 cells.

To evaluate the effect of carbon-ion radiation exposure on m6A 
RNA modification, human NSCLC cell line A549 was mock-irradiated 
(0  Gy) or subjected to carbon-ion radiation at 2  Gy (C2Gy) and 
carbon-ion radiation at 4 Gy (C4Gy), respectively. The global m6A 
quantification showed that carbon-ion radiation dose-dependently 
elevated the level of total m6A-modified RNAs (Figure 1A), which 
was further verified by dot blot assay (Figure 1B). To further inves-
tigate the crucial m6A methyltransferases/demethylases in carbon-
ion radiation exposure on m6A RNA modification, we detected the 
mRNA levels of major m6A methyltransferases (METTL3, METTL14, 
RBM15, Wilms' tumor 1 associated protein [WTAP] and VIRMA) 
and demethylases (FTO and ALKBH5) in the mock-irradiated (0 Gy) 
and carbon-ion radiated groups (C2Gy and C4Gy). As shown in 
Figure 1C, m6A methyltransferase METTL3 was remarkably upregu-
lated whereas demethylase FTO was significantly decreased in the 
carbon-ion radiated groups (C2Gy and C4Gy) compared to the mock-
irradiated group (0 Gy). However, no significant difference was ob-
served in the mRNA levels of METTL14, RBM15, WTAP, and VIRMA 
(Figure 1C). Considering the catalytic ability of these m6A regula-
tors and the increased m6A modification in the carbon-ion radiated 
groups, the important active component of m6A methyltransferase 
METTL3 was selected as the candidate molecule for aberrant m6A 
modification in carbon-ion radiation.

3.2  |  METTL3 knockdown inhibits the cell 
proliferation, migration, and invasion of NSCLC cells

To determine the role of METTL3-mediated m6A modification in 
the regulation of the biological function of NSCLC cells, we knocked 
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down the level of METTL3 with specific short interfering (siRNA). As 
shown in Figure 2A, METTL3 knockdown significantly impaired the 
cell proliferation of A549 and H1975 cells. Colony formation assay 
further confirmed the inhibition of METTL3 knockdown on the cell 
proliferation of A549 and H1975 cells (Figure 2B). Moreover, the 
migration (Figure 2C) and invasion (Figure 2D) abilities of NSCLCs, 
indicated by wound healing assay and transwell assay, respectively, 
were also inhibited by METTL3 knockdown. Consistently, the level 
of phosphorylation of the histone variant H2AX, which produced 
γH2AX, was significantly increased in METTL3 knocked down 
A549 and H1975 cells (Figure  2E). Furthermore, METTL3 knock-
down impaired the epithelial-mesenchymal transition (EMT) phe-
notype of A549 and H1975 cells, including elevated protein levels 
of E-cadherin protein and decreased protein levels of Vimentin and 
Snail1 (Figure  2F). These results demonstrate that METTL3 may 
contribute to cell survival and metastasis in carbon-ion irradiated 
NSCLC cells.

3.3  |  METTL3 overexpression promotes the cell 
proliferation, migration, and invasion of NSCLC cells

To further verified the oncogene role of METTL3 on NSCLC cells, 
we generated two METTL3 stably overexpressed NSCLC cells (A549 
and H1975) by lentivirus. Consistently, METTL3 overexpression 
dramatically enhanced the cell proliferation of A549 and H1975 cells 
(Figure 3A), which was further confirmed by colony formation assay 
(Figure  3B). Furthermore, the migration (Figure  3C) and invasion 
(Figure  3D) abilities of NSCLCs, indicated by wound healing assay 
and transwell assay, respectively, were also promoted by METTL3 
overexpression. Notably, the level of γH2AX was significantly 
decreased in METTL3 overexpressed A549 and H1975 cells 
(Figure 3E). Meanwhile, METTL3 overexpression improved the EMT 
phenotype of A549 and H1975 cells, including decreased protein 

levels of E-cadherin protein and elevated protein levels of Vimentin 
and Snail1 (Figure  3F). Collectively, these results suggest that 
METTL3 may contribute to cell survival and metastasis in carbon-
ion irradiated NSCLC cells.

3.4  |  METTL3 regulates the expression of H2AX 
via m6A modification of H2AX mRNA

To investigate the mechanism by which METTL3 regulates the 
behavior of NSCLC cells, we conducted gene set enrichment 
analysis (GSEA) to explore the potential downstream pathways of 
METTL3. We noticed that H2AX was significantly upregulated on 
carbon-ion radiation in NSCLC cells. Notably, recent studies have 
shown that phosphorylated H2AX (-H2AX) plays an important 
role in the recruitment and/or retention of DNA repair and check-
point proteins such as BRCA1, MRE11/RAD50/NBS1 complex, 
MDC1, and 53BP1, which promotes cancer cell survival after ra-
diotherapy. Thus, we assumed that METTL3 regulates cell behav-
ior by upregulating H2AX. To verify this hypothesis, m6A-labeled 
mRNA levels of H2AX in METTL3 overexpressed NSCLC cells 
were analyzed. As shown in Figure 4A, the m6A-labeled mRNA of 
H2AX was significantly elevated in METTL3 overexpressed A549 
and H1975 cells. Next, we generated a mutated METTL3 (W397A) 
construct with disordered enzymatic activity, as described pre-
viously, and found that mutant METTL3 failed to elevate the 
m6A methylated level of H2AX mRNA in A549 and H1975 cells 
(Figure  4B). Consistently, METTL3 knockdown remarkably de-
creased the m6A-methylated level of H2AX mRNA (Figure  4B). 
Furthermore, a similar change in H2AX mRNA expression and 
decay rate was confirmed by real-time PCR in A549 and H1975 
cells with METTL3 overexpression or knockdown (Figure 4C,D). 
Collectively, these results demonstrate that METTL3 epigeneti-
cally elevates the level of H2AX.

F I G U R E  1  Carbon-ion radiation dose-
dependently enhanced METTL3-mediated 
m6A methylation in A549 cells. (A) The 
level of total m6A-modified RNA in 
human NSCLC cell line A549 with mock-
irradiated (0 Gy) or subjected to carbon-
ion radiation at 2 Gy (C2Gy) and carbon-
ion radiation at 4 Gy (C4Gy) was analyzed 
by global m6A quantification. (B) The level 
of total m6A-modified RNA was verified 
by dot blot assy. (C) The mRNA levels of 
major m6A methyltransferases (METTL3, 
METTL14, RBM15, WTAP, and VIRMA) 
and demethylases (FTO and ALKBH5) in 
the mock-irradiated (0 Gy) and carbon-ion 
radiated (C2Gy and C4Gy) groups were 
detected by real-time PCR. *P < 0.05.
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F I G U R E  2  METTL3 knockdown inhibits the cell proliferation, migration, and invasion of NSCLC cells. (A) The effect of METTL3 
knockdown on cell viability was analyzed by CCK-8 assay. (B) The effect of METTL3 knockdown on colony formation ability was evaluated 
by colony formation assay. (C) The effect of METTL3 knockdown on migration ability was analyzed by wound healing assay. (D) The effect 
of METTL3 knockdown on invasion ability was determined by transwell assay. (E) The level of γH2AX was analyzed by ELISA. (F) The protein 
levels of EMT markers, including E-cadherin, Vimentin, and Snail1, were analyzed by Western blot. *P < 0.05.
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F I G U R E  3  METTL3 overexpression promotes the cell proliferation, migration, and invasion of NSCLC cells. (A) The effect of METTL3 
overexpression on cell viability was analyzed by CCK-8 assay. (B) The effect of METTL3 overexpression on colony formation ability was 
evaluated by colony formation assay. (C) The effect of METTL3 overexpression on migration ability was analyzed by wound healing assay. (D) 
The effect of METTL3 overexpression on invasion ability was determined by transwell assay. (E) The level of γH2AX was analyzed by ELISA. 
(F) The protein levels of EMT markers, including E-cadherin, Vimentin, and Snail1, were analyzed by Western blot. *P < 0.05.
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3.5  |  METTL3-mediated H2AX m6A modification 
decreased the sensitivity of carbon-ion radiotherapy 
on NSCLCs

To verify the role of METTL3-mediated H2AX m6A modification 
on the sensitivity of carbon-ion radiation to NSCLC cells, we stably 
knocked down the METTL3 on A549 cells with or without H2AX 
overexpression. These A549 cells were subcutaneously injected 
to nude mice. When the tumor volume had grown to approxi-
mately 100 mm3, carbon-ion radiation was performed. As shown 
in Figure  5A–C, METTL3 knockdown dramatically inhibited tumor 
volume and weight after carbon-ion radiation (C4Gy). However, this 
inhibition was reversed by H2AX overexpression. Moreover, the ef-
ficiency of METTL3 knockdown and H2AX overexpression in the 
tumors was verified by IHC (Figure  5D). On the contrary, we sta-
bly overexpressed METTL3 on A549 cells. These A549 cells were 
subcutaneously injected to nude mice. When the tumor volume 
had grown to approximately 100 mm3, carbon-ion radiation was 
performed. As shown in Figure 6A–C, METTL3 overexpression sig-
nificantly increased tumor volume and weight after carbon-ion ra-
diation (C4Gy). These results demonstrate that METTL3-mediated 
H2AX m6A modification enhances the sensitivity of carbon-ion ra-
diotherapy on NSCLC in vivo.

4  |  DISCUSSION

Carbon ions radiation belong to the high LET radiation, which 
shows higher ionization density and DNA damage rate under the 
direct action of radiation.4 Carbon ions mostly cause double-
strand breaks in DNA, which are difficult to repair and lead to 
cell death. The patterns of cell death and inactivation induced by 
carbon ions include apoptosis, necrosis, autophagy, premature se-
nescence, accelerated differentiation, delayed reproductive death 
of progeny cells, and bystander cell death.5,27 In addition to good 
local effects, carbocation therapy may also inhibit the potential 
of metastasis of cancer cells.7,10,28 Herein, we demonstrated that 
the level of METTL3 and its mediated m6A modification were el-
evated in NSCLC cells with carbon-ion radiotherapy. Knockdown 
of METTL3 in NSCLC cells impaired proliferation, migration, and 
invasion in vitro and in vivo. Moreover, we found that METTL3-
mediated m6A modification mRNA inhibited the decay of H2AX 
mRNA and enhanced its expression, which led to enhanced DNA 
damage repair and cell survival.

There is growing evidence that m6A modification and its reg-
ulatory proteins also play an important role in a variety of can-
cers, including leukemia, brain tumors, breast cancer, and lung 
cancer.29-32 It was observed that the expression of METTL3 

F I G U R E  4  METTL3 regulates the expression of H2AX via m6A modification of H2AX mRNA. (A) The effect of METTL3 overexpression 
on m6A-methylated H2AX mRNA was evaluated by Me-RIP-qPCR. (B) The effect of METTL3 knockdown or mutant on m6A-methylated 
H2AX mRNA was evaluated by Me-RIP-qPCR. (C) The effect of METTL3 knockdown or mutant on the level of total H2AX mRNA was 
evaluated by qPCR. (D) The decay rate of H2AX mRNA was detected by transcript inhibition assay. *P < 0.05.
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was upregulated in lung adenocarcinoma and played a cancer-
promoting role in the growth, survival, and invasion of human lung 
cancer cells.25 Notably, METTL3 has been shown to promote the 
translation of target mRNA transcripts (such as epidermal growth 
factor receptor (EGFR) and transcriptional coactivator with PDZ-
binding motif (TAZ)) in a manner independent of its methyltransfer-
ase activity by interacting with translation initiation mechanisms. 
However, the biological function of METTL3 in lung cancer cells 
is determined only by knockdown of METTL3 expression, and it is 
unclear whether loss of METTL3 mutant methyltransferase activ-
ity can play an equal role in carcinogenesis for wild-type METTL3 
in promoting the growth, survival, and invasion of human lung can-
cer cells.16,17 Therefore, systematic functional acquisition studies 

of constructed wild-type and mutant METTL3 in the absence of 
endogenous MELLT3 expression deletion are necessary to deter-
mine the functional importance of METTL3 as a cytoplasmic m6A 
reader in the pathogenesis of lung and other types of cancer. In 
this study, we found that carbon-ion radiotherapy enhanced the 
level of METTL3 and its mediated m6A modification in A549 cells. 
Furthermore, overexpression of METTL3 in NSCLC cells promoted 
proliferation, migration, and invasion.

DNA double-strand breaks (DSBs) pose a threat to the stabil-
ity of the genome because their faulty repair can lead to chromo-
somal rearrangements, deletions, or other potentially damaging 
mutations.33,34 DSB repair defects are closely related to cancer 
susceptibility, aging, neurodegeneration, and immune deficiency. 

F I G U R E  5  Deletion of METTL3-mediated H2AX m6A modification enhanced the sensitivity of carbon-ion radiotherapy on NSCLCs. 
(A) Image of xenograft mice-generated tumors from METTL3 knockdown with or without H2AX overexpression A549 cells. (B) The tumor 
volume of xenograft mice-generated tumors from METTL3 knockdown with or without H2AX overexpression A549 cells. (C) The tumor 
weight of xenograft mice-generated tumors from METTL3 knockdown with or without H2AX overexpression cells. (D) Real-time PCR 
analysis of the expression of H2AX mRNA in the generated tumors. (E) Histological and IHC analysis of the expression of METTL3 and 
H2AX in the generated tumors. *P < 0.05.
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H2AX plays a key role in DNA double-stranded fracture repair 
and genomic stability. Chromosome double-strand breaks cause 
extensive reactions of adjacent chromatin, characterized by the 
phosphorylation of histone H2AX on its C-terminal serine 139 
(forming “Thra2ax”).35,36 DSBs caused by ionizing radiation, bi-
ologically programmed breaks characterized by normal immune 
cell development, and pathological exposure of DNA ends caused 
by telomere dysfunction can be repaired in a variety of situa-
tions.34,37,38 In this study, we found that METTL3-mediated m6A 
modification mRNA inhibited the decay of H2AX mRNA and en-
hanced its expression, which led to enhanced DNA damage repair 
and cell survival.

Collectively, we demonstrated that carbon-ion radiotherapy el-
evated the level of METTL3 and its mediated m6A modification in 
NSCLC cells. Loss-of-function of METTL3 in NSCLC cells impaired 
proliferation, migration, and invasion in vitro and in vivo. Moreover, 
we found that METTL3-mediated m6A modification mRNA inhibited 
the decay of H2AX mRNA and enhanced its expression, which led to 
enhanced DNA damage repair and cell survival.
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