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Abstract
Background: Non-small cell lung cancer (NSCLC) is one of the most malignant
cancer types, characterized by a poor prognosis. N6-methyladenosine (m6A) is a prev-
alent internal modification of mRNA. METTL14, an RNA methyltransferase that
mediates m6A modification, is implicated in mRNA biogenesis. However, the biome-
chanism of METTL14 in NSCLC is not very clear.
Methods: Here, immunohistochemical (IHC) assay was employed to detect METTL14
in NSCLC tissues. The biological functions of METTL14 were demonstrated using cell
transfection, cell proliferation assay, cell clone formation assay, cell cycle analysis, cell
death analysis, transwell and wound healing assays. Transcriptome and methylated
RNA immunoprecipitation (MERIP)-sequencing were used to explore the pathways
and potential mechanism of METTL14 in NSCLC. RNA sequencing, METTL14 rip-
sequencing, and METTL14 merip-sequencing were conducted to identify the potential
targets of METTL14.
Results: METTL14 was significantly correlated with clinical pathological parameters
of differentiation and M stage. Additionally, METTL14 promotes cell proliferation,
induces cell death, and enhances cell migration and invasion in vitro. Transcriptome
and MeRIP-sequencing reveal oncogenic mechanism of METTL14. RIP-sequencing
highlights CSF1R and AKR1C1 as targets of METTL14. After validation with TCGA
dataset, colony stimulating factor 1 receptor (CSF1R) showed significant positive coef-
ficient with METTL14, and was presumed to be one target of METTl14 in lung cancer
and verified by the cellular experiments.
Conclusion: In conclusion, our results revealed the clinical significance of m6A RNA
modification atlas, the function, and molecular targets CSF1R of METTL14 in NSCLC
cell lines. The RNA m6A methyltransferase METTL14 promotes the progression of
NSCLC by targeted CSF1R.
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INTRODUCTION

Lung cancer is one of the common malignant tumors and
the leading cause of cancer mortality worldwide, and the
5-year survival rate for patients with lung cancer remains
low.1 Non-small cell lung cancer (NSCLC) is the main histo-
logical type of lung cancer, including adenocarcinoma, squa-
mous cell carcinoma and large cell carcinoma, accounts for

approximately 80% of all lung cancers.2 Despite many
advancements have been achieved in NSCLC diagnosis and
clinical therapy, the overall survival of NSCLC patients has
remained unsatisfactory, with an overall 5-year survival rate
of 10%–15%.3 Therefore, it is extremely urgent to enhance
our understanding of the molecular mechanisms of NSCLC
progression and identify a novel biomarker for NSCLC
patients.
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N6-methyladenosine (m6A) emerges as one of the most
important modifications of mRNAs, and it is distributed at
translation start sites, CDS regions, and 30 UTRs.4 M6A is a
dynamic modification controlled by the cellular m6A machin-
ery, which is the methyl-transferase complex (METTL3,
METTL14 and WTAP) and the demethylase enzymes (FTO
and ALKBH5).5 M6A-methylated transcripts are recognized
by reader proteins that regulate different RNA processing
events, such as pre-mRNA processing, translation, and decay.6

Additionally, RNA methyltransferase METTL3,7–9 YTHDF2,10

ALKBH511 were reported to play pivotal role in lung cancer
growth,12 progression13 and drug resistance.14 The function of
METTL14 has been reported in multiple cancer types, includ-
ing colorectal cancer,15,16 pancreatic cancer,17 leukemia,18

hepatocellular carcinoma19 and bladder cancer.20 In lung can-
cer, there are a limited number of studies of METTL14 in lung
cancer.21,22 However, the biological molecular mechanism of
METTL14 needs to be further explored in NSCLC.

In this study, we first focused on RNA methyl-
transferase METTL14, and further investigated its clinical
significance and function in NSCLC. Finally, we identified
the potential targets of METTL14, and revealed the function
and molecular targets of METTL14 in NSCLC cell lines.

METHODS

Cell lines and culture

NSCLC cell lines A549 and H1299 were preserved in our
laboratory and maintained in RPMI-1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco),
100 U/ml penicillin, and 100 mg/ml streptomycin. The cells
were incubated at 37�C in a humid incubator with 5% CO2.
The cells with confluence of 80% were used for the
experiments.

METTL14 or CSF1R knockdown and cell
transfection

Small interfering RNA (siRNA) against METTL14 (si-
METTL14-1, si-METTL14-2, si-METTL14-3) or CSF1R
(si-CSF1R-1, si-CSF1R—2, si-CSF1R-3) and negative con-
trol (si-NC) were synthesized by Shanghai Gene Pharma
Co., Ltd. The siRNA sequences were:

METTLE14-siRNA1.
Sense: GGAUGAGUUAAUAGCUAAAUC.
Antisense: UUUAGCUAUUAACUCAUCCUU.
METTLE14-siRNA2.
Sense: GGAUGAUAUUAUGAAGUUAGA.
Antisense: UAACUUCAUAAUAUCAUCCCA.
METTLE14-siRNA3.
Sense: GACUGGUUGUACAGAAGAAAU.
Antisense: UUCUUCUGUACAACCAGUCAA.

CSF1R—siRNA1.
Sense: GCGUUGAUGUUAACUUUGAUGUCUUdtdt.
Antisense:

AAGACAUCAAAGUUAACAUCAACGCdtdt.
CSF1R—siRNA2.
Sense: CUCAACAAUCUGACUUUCAUAAUdtdt.
Antisense: AUUAUGAAAGUCAGAUUGUUGAGdtdt.
CSF1R—siRNA3:
Sense: CCCAGGAGCUACACUGAUAdtdt.
Antisense: UAUCAGUGUAGCUCCUGGGdtdt.
The cells were cultured in 6-well plates. When the cells

reached 75% confluence, SiRNAs were transfected at a final
concentration of 50 nM using GeneMut reagent (SignaGen
Laboratories).

Lentiviruses from Sangon Biotech (NM_001715.3)
were used to overexpress METTL14. Stabling overexpres-
sion lentivirus or control lentivirus were transfected into
H1299 cells by using lipofectamine 3000 reagent
(Invitrogen). Then, H1299 cells were grown in DMEM
with 10% FBS added.

RNA extraction and qRT-PCR

After transfection, cells were extracted using TRIzol reagent.
The total cellular RNA was extracted, and reverse tran-
scribed into cDNA using a PrimeScript RT reagent kit. The
expression levels of METTL14 were detected by quantitative
reverse transcription polymerase chain reaction (qRT-PCR)
and the reaction system used 5 μl of extracted RNA. The
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene
was used as an internal control, and each sample was per-
formed in triplicate. The METTL14 and GAPHD primer
sequences were:

METTL14 forward primer sequence (50—> 30): AGTGCC
GACAGCATTGGTG; Reverse primerGGAGCAGAGGTAT
CATAGGAAGC;

GAPDH forward primer sequence (50—> 30): GGAGC
GAGATCCCTCCAAAAT; Reverse primerGGCTGTTGT
CATACTTCTCATGG;

Western blot (WB) analysis

H1299 cells were lysed with a mixed buffer that contained
RIPA, NaF, and PMSF (Beyotime) on ice for 30 min.
Then, the collected protein was denatured in a 95�C water
bath for 10 min and centrifuged at 12 000 rpm at 4�C for
10 min. The upper clear cell lysates were transferred to
new tubes. Equal amounts of protein were loaded on gels
and separated by SDS-PAGE. Then, proteins were trans-
ferred to PVDF membranes (Immobilon-P; Millipore)
and blocked with 5% milk or bovine serum albumin, fol-
lowed by incubation with primary and secondary anti-
bodies.23 Primary antibodies were METTLE14 (1:2000,
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CST, 51104), CSF1R (1:1000, abcam, ab229188), and
GAPDH (1:10000, abcam, ab181602) antibodies.

Cell counting kit-8 (CCK8) assay

SiRNAs transfected A549 and H1299 cells were placed in a
96-well plate and the serum-free medium was replaced after
being cultured for 24, 48 and 72 h. Then, 10 μl of cell count-
ing kit-8 (CCK8) reagent was added to each well. The plates
were incubated for 2 h, and the optical density (OD) value
was measured at 450 nm. Each measurement was repeated
in triplicate.

Colony formation assay

After trypsin digestion of cells in logarithmic growth stage,
complete medium (basic medium +10% fetal bovine serum)
was resuspended into cell suspension and counted. We inoc-
ulated 400–1000 cells / well in each experimental group in
6-well culture plates (generally 700 cells/well according to
cell growth). These were cultured until 14 days or the num-
ber of cells in most single clones was greater than 50, and
the solution was changed every 3 days and the cell state
observed. After cloning, the cells were photographed under
a microscope, and then washed with PBS once. Then, 1 ml
of 4% paraformaldehyde was added to each well, they were
fixed for 30–60 min, and washed with PBS once. Next, we
added 1 ml of crystal violet dye solution to each well and
dyed the cells for 10–20 min. Finally, PBS was used to wash
the cells several times, they were air dried, and photo-
graphed with a digital camera (taking images of the whole
six well plate and each hole separately).

Cell cycle analysis

To determine the function of METTL14 in the cell cycle,
H1299 cells were transfected with METTL14 siRNAs. This
was achieved by starving the cells in serum-free DMEM
for 24 h. The cells were then fixed in 70% ice-cold ethanol
overnight and subsequently treated with DNase-free ribonu-
clease (Takara Bio), stained with propidium iodide (Sigma-
Aldrich), and subjected to a FACSAria flow cytometer
(BD Biosciences USA). The data were analyzed using
ModFit LT software (Topsham).

Cell death analysis

Then, annexin V fluorescein isothiocyanate (FITC)/propi-
dium iodide (PI) detection kit (Invitrogen) was added to
each sample for 15 min in the dark, according to the manu-
facturer’s protocol. The fluorescent signals reflecting cell
apoptosis were evaluated by flow cytometry within 1 h.
Annexin V + cells were apoptotic cells.

Transwell assay

A transwell assay were performed to assess cell invasion and
migration. For the invasion, Matrigel was used to coat the
porous membrane and cells were seeded into the upper
chamber. The 3 � 105 (without Matrigel) or 5 � 105 cells
(with Matrigel) in serum-free medium were seeded into the
upper chamber. The lower chamber was filled with medium
supplemented with 10% FBS as a chemoattractant. After
48 h of incubation, the cells on the upper surface of the filter
were removed with a cotton swab, and cells that invaded
through the filter or Matrigel stuck to the lower surface of
the filter were fixed and stained with 0.5% crystal violet, and
counted under a light microscope.

Wound healing assay

The confluent cell monolayer was manually damaged by
scraping the cells with a 200 μl pipette tip. Photographs were
taken using an optical microscope (Olympus) at 0, 24, and
48 h, respectively. The distances were measured by Image-
Pro Plus 6.0 software.

Tissue microarray and
immunohistochemistry (IHC)

Tissue microarray was obtained from Outdo Biotech Co.,
Ltd. Immunohistochemistry was performed to assess the
expression of proteins METTL14 in NSCLC samples of tis-
sue microarray. Following deparaffinization and rehydra-
tion, sections were blocked for endogenous peroxidase by
incubating in 3% H2O2 and then washed in PBS containing
0.05 mol/l EDTA followed by 4% paraformaldehyde. Tissues
were incubated in 4% dry milk and 0.3% goat serum in PBS
solution for 20 min to block nonspecific binding. Then,
4-μm sections were incubated overnight at room tempera-
ture with anti-Ki67 (Santa Cruz) antibody in the presence of
10% rabbit serum. After washing, sections were then incu-
bated for another 2 h with horseradish peroxidase (HRP)
goat anti-rabbit IgG secondary antibody. Slides were coun-
terstained with hematoxylin to stain cell nuclei and exam-
ined under a light microscope (Olympus).

A PANNORAMIC panoramic slice scanner was used to
put the tissue slices on the machine and the slices were grad-
ually move under the lens of the scanner. While moving and
imaging, all the tissue information on the tissue slices was
scanned and imaged to form a folder containing all tissue
information on the tissue section. After the folder is opened
with CaseViewer2.4 software, it can be magnified at any
multiple of 1–400 times for observation. All tissue points on
the tissue chip are scored with the same standard for posi-
tive comprehensive score, which is the product of the stain-
ing intensity of the target cell and the percentage of positive
cells. Positive cells need to be distinguished from back-
ground or nonspecific staining. The staining intensity is
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scored based on the staining characteristics of the target
cells: 0 points for no staining (no negative in this experi-
ment), 1 point for light yellow (bottom 1), 2 points for
brown (bottom 2), and 3 points for dark brown (bottom 3).
Scoring is based on the positive rate of cells: 0 to 5%, 1 to
6%–25%, 2 to 26%–50%, 3 to 51%–75%, and 4 to >75%.
Each tissue point on the tissue chip is scored for staining
intensity and percentage of positive cells. The positive com-
prehensive score is the product of the staining intensity and
the percentage of positive cells. We defined the expression
level of METTL14 according to the median of mean value of
METTL14 gene expression in IHC staining scores (=8). We
divided the samples with IHC staining scores > = 8 into the
high expression group and <8 into the low expression
group.

RNA sequencing

Total RNA was isolated from METTL14 silencing and con-
trol H1299 cells. The quantity and quality of RNA were
assessed by the NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific). RNA integrity was determined
by RNA integrity number with the 2200 TapeStation ana-
lyzer (Agilent Technologies), and samples that had an RNA
integrity number above 7.0 were considered acceptable. The
isolated RNAs were used for preparing cDNA libraries by
NEBNext Ultra RNA Library Prep Kit for Illumina (ENB).
Products were purified with Agencourt AMPure XP beads

(Beckman) and diluted to 10 pM for cluster generation in
situ on a HiSeq 3000 paired-end flow cell. The clustering of
the index-coded samples was carried out using a HiSeq
Rapid PE Cluster Kit V2 (Illumina). After cluster generation,
the libraries were sequenced (2 � 150 bp) on the HiSeq
3000 platform.

RNA immunoprecipitation sequencing
(RIP-Seq)

RIP was performed using the Magna RIP RNA-binding pro-
tein immunoprecipitation kit (Millipore), according to the
manufacturer’s protocol. Briefly, H1299 cells were washed in
PBS and lysed in 10 mM Hepes 7.4, 150 mM KCl, 3 mM
MgCl2, 2 mM DTT, 0.5% NP-40, 1 mM PMSF, and 10% glyc-
erol with protease and RNase inhibitors (Roche). Immunopre-
cipitation were performed overnight at 4�C with 500–1000 μg
of lysate and 5 μg of the following antibodies: Rabbit or mouse
total IgG and METTL14 antibody (Santa Cruz Biotechnology).
For each IP, 25 μl of protein A/G magnetic beads (Thermo-
Fisher) were added to each sample and incubated for an addi-
tional 2 h. Beads were washed 5� with the lysis buffer specified
above, and split for RNA and protein analysis. Sequencing
reads were aligned to the human genome GRCh37/hg19 by
HISAT2.16 The resulting p-values were adjusted using Benja-
min and Hochberg’s approach for controlling the false discov-
ery rate (FDR). The DESeq R package was used to enrich

F I G U R E 1 Clinical significance of RNA methyl-transferase METTL14 in non-small cell lung cancer (NSCLC). (a) Representative immunohistochemical
(IHC) staining data of METTL14 in NSCLC and adjacent normal tissues, respectively. (b) METTL14 staining score in NSCLC tissue and normal samples.
(c) METTL14 staining score in low, middle, and high differentiated NSCLC tissue
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genes with the criterion of Log2[fold change (FC)] > 1 and
FDR <0.05.

M6A RNA methylation sequencing (MeRIP-Seq)

MeRIP and library preparation were conducted according
to a previously published protocol with minor revisions.24

Briefly, poly-A-purified RNA was fragmented and incu-
bated with an anti-m6A antibody. The mixture was immu-
noprecipitated via incubation with protein A beads
(Thermo Fisher Scientific). The captured RNA was washed
and purified with the RNA clean and concentrator kit
(Zymo Research). Total mRNA and 200 ng of

immunoprecipitated RNA from each sample were
sequenced and used for library construction using the Illu-
mina Hiseq 2000 platform, as per the manufacturer’s
instructions The completed libraries, qualified by an Agi-
lent 2100 bioanalyzer, were denatured, and diluted to the
loading volume of a loading concentration. Clustered
libraries were loaded onto a reagent cartridge and for-
warded for sequencing runs on an Illumina Hiseq 4000
system by Novogene Biotech Co., Ltd. Sequencing peaks
were annotated to the Ensembl database. Sequence motifs
were identified using MEME-ChIP analysis.25

Statistical analysis

Data were analyzed by Graphpad version 7.0 software and
are presented as the mean � SD. Data comparison was per-
formed by Student’s t-test for two groups and two-way
ANOVA with Bonferroni post-test for multiple groups. A
p-value < 0.05 was considered to indicate a statistically sig-
nificant difference.

RESULTS

Clinical significance of RNA methyl-transferase
METTL14 in NSCLC

To explore the clinical significance of METTL14 in NSCLC,
we conducted IHC staining of METTL14 protein in
63 paired lung cancer samples of tissue microarray (TMA,
Figure S1). The staining score of METTL14 was compared
in normal and tumor groups. As a result, METLL14 showed
significantly higher expression in the tumor than in the nor-
mal group (Figure 1a). Then we analyzed the staining score
of METLL14 protein with clinical pathological parameters.
As shown in Table 1 and Figure 1b,c, METTL14 was signifi-
cantly correlated with gender (p = 0.0354) and differentia-
tion (p = 0.0488).

METTL14 promotes NSCLC promotion and
metastasis in vitro

To investigate the function of METTL14 in NSCLC, three
small interference RNAs (siRNAs) targeting METTL14
(METTL14 siRNA1-3) were designed, and their interference
efficiency was analyzed with qRT-PCR and WB. As shown
in Figure 2a,b, siRNA1 showed the best METTL14 silencing
efficiency in H1299 cells, and was used for subsequent func-
tional analysis. To explore the function of METTL14 on
NSCLC cell proliferation, CCK8 assay was conducted on
two cell lines A549 and H1299, respectively. For both cell
lines, METTL14 knockdown significantly inhibited the
number of cells, especially in H1299 cell line (Figure 2c).
Furthermore, we verified that the si-METTL14 remarkably
inhibited the cell proliferation through colony formation

T A B L E 1 Association between METTL14 expression and
clinicopathological characteristics in lung cancer

Parameter METTL14 p-value

Age High Low 0.3675

<60 24 5

>=60 23 10

Gender 0.0354

Female 18 11

Male 29 4

Differentiation 0.0488

H 24 4

L 12 9

M 11 2

Location 0.5777

All 3 1

Left 18 8

Right 26 6

Tumor size 0.7130

<5 37 13

>=5 10 2

Lymph nodes 0.377816

No 27 6

Yes 20 9

N stage 0.719942

N0 27 7

N1 12 5

N2 8 3

T stage 0.519969

T1a-b 17 8

T2a-b 27 6

T4 3 1

TNM stage 0.586341

I 25 6

II 13 5

III 9 4

Abbreviations: H, high differentiation; L, low differentiation; M, middle
differentiation.
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assay (Figure 2d), which was consistent with CCK-8 results.
Additionally, cell cycle and cell apoptosis rate were analyzed
by FACS. The cell cycle analysis results revealed that

METTL14 knockdown significantly induced G0/G1 phase
arrest (METTL14 KD 68.35% vs. control 55.14%), and
reduced the proportion of G2 phase cells (METTL14 KD
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F I G U R E 2 Functional study of METTL14
silencing on non-small cell lung cancer (NSCLC) cell
lines in vitro. (a) The silencing efficiency of
3 METTL14 targeting siRNAs was checked with
qRT-PCR. (b) The silencing efficiency of
3 METTL14 targeting siRNAs was checked with
WB. (c) Cell counting kit-8 was conducted to
examine the proliferating phenotype of METTL14
on A549 and H1299 cells. (d) The colony formation
assay showed the proliferating phenotype of
METTL14 on H1299 cells. (e) In H1299 cells, cell
cycle distribution was evaluated with FACS. (f) In
H1299 cells, cell apoptosis death rate was examined
with annexin V and PI staining. (g) In H1299 cells,
the migration capability of METTL14 silenced cells
were studied with scratch healing assay. (h) In
H1299 cells, the invasion capability of METTL14
silenced cells were studied with transwell assay. Data
are presented as means � SEM, n = 3. *p < 0.05;
**p < 0.01 versus control group
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11.03% compared with control 15.02%) (Figure 2e). Fur-
thermore, METTL14 knockdown induced the H1299 cell
death rate (METTL14 KD 20.46% vs. control 9.90%,

Figure 2f). Then, the function of METTL14 on cell inva-
sion and migration was investigated using transwell and
wound healing assays, respectively. As shown in

F I G U R E 3 Transcriptome and MeRIP-sequencing reveals oncogenic mechanism of METTL14. (a) Heatmap showing the deregulated genes in
METTL14 knockdown H1299 cells. (b) Functional enriched pathways of deregulated genes in METTL14 knockdown H1299 cells; ES score, enrichment
score = �log10 p-adj. (c) Representative map of M6A peaks in chromosomes, in METTL14 knockdown H1299 cells. (d) Peak locations of DMGs in gene
body locations. (e) Functional enriched pathways of M6A peak genes in METTL14 knockdown H1299 cells; ES score, enrichment score = �log10 p-adj

260 REN ET AL.



Figure 2g,h, METTL14 knockdown significantly reduced
cell invasion and migration. Taken together, the above
results suggested that METTL14 knockdown inhibited
NSCLC cell proliferation, invasion, and migration
in vitro.

Transcriptome and MeRIP-sequencing reveals
oncogenic mechanism of METTL14

To uncover the pathways and potential mechanism of
METTL14 in NSCLC, we conducted RNA sequencing and

F I G U R E 4 RIP-sequencing highlights
CSFR1 as a target of METTL14. (a) Peak locations
of RIP-sequencing identified peaks in gene body
locations. (b) Functional enriched pathways of
RIP-sequencing identified peak genes in
METTL14 knockdown H1299 cells; ES score,
enrichment score = �log10 p-adj. (c) Venn plot
showed five genes PPIEL, AKR1C1, SARS2,
CSF1R and one lncRNA ASAP1-IT2 as METTL14
targets; (d) M6A peaks of CSF1R in seven paired
samples of NSCLC and adjacent samples.
(e) MeRIP and RIP peaks of CSF1R in H1299 cell;
(f) RIP peaks of CSF1R in H1299 cell.
(g) Spearman correlation analysis validation of
METTL14 with CSF1R in TCGA LUAD and
LUSC samples
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methylated RNA immunoprecipitation (MeRIP) sequencing
in H1299 cells. As shown in Figure 3a and Table S1, 574 dif-
ferential expression genes were explored (fold change > = 2
or < =0.5 and p-adj < =0.05) in H1299 cells, including
269 protein coding genes, 187 lncRNAs and 118 other type
RNAs (processed pseudogenes, snoRNAs and misc_RNAs),
suggesting a pervasive role of METTL14 on RNA types. Of all
574 differentially expressed genes (DEGs), 455 were upregu-
lated and 119 were downregulated. Then, we analyzed the
function of the coding genes and found that well-known can-
cer related pathways such as the Rap1 signaling pathway26

(genes like CSF1R and MRAS) and TGF-beta signaling path-
way27,28 (genes like ID2 and THBS1) were significantly
enriched (Figure 3b). Interestingly, we also observed several
deregulated lncRNAs with oncogenic or tumor suppressing
function in lung cancer, such as KCNQ1OT1,29 DHRS4-AS130

and NEAT1.31,32

For MeRIP sequencing result, differential analysis
enriched 7158 peaks of 4480 genes in H1299 cells (Figure 3c
and Table S2). Gene body analysis of these peaks showed
that these peaks locate mainly in introns, 3’UTR and pro-
moter regions of protein coding and noncoding genes
(Figure 3d and Table S2). Functionally, protein-coding genes
were mainly involved in well-known cancer related path-
ways like Rap1 signaling pathway (genes like ITGB1,
CTNND1 and IGF1R), Proteoglycans in cancer (genes like
RAC1, PRKCG and WNT5B) and MAPK signaling pathway

(genes like FLT3, HSPB1and ARRB2) (Figure 3e). Similar to
RNA sequencing results, oncogenic or tumor suppressing
lncRNAs were also identified, and contained SNHG3,33

MALAT134,35 and TUG1.36 Finally, we explored the 65 com-
mon genes in both differential expression and peak, includ-
ing 46 protein-coding genes and 14 lncRNAs (Table S3).

RIP-sequencing highlights CSF1R and AKR1C1
as targets of METTL14

Furthermore, to identify RNAs bound by METTL14, RNA
immunoprecipitation (RIP) sequencing of METTL14 was con-
ducted in H1299 cells. As a result, 2100 peaks of 1024 genes
were identified, including 906 protein-coding mRNAs and
28 lncRNAs (Figure 4a and Table S4). As expected, the
protein-coding mRNAs were involved in RNA metabolism
pathways like spliceosome, mRNA surveillance pathway and
RNA transport. Additionally, genes in the Notch signaling
pathway (NCOR2, CREBBP, KAT2A, EP300 and DVL3) were
one of the top10 enriched items (Figure 4b). For lncRNAs,
METTL14 bound oncogenic or tumor suppressing lncRNAs
were also identified, exemplified by HOXB-AS337 and PVT1.38

Next, we compared the METTL14 binding mRNAs with
65 common genes by RNA sequencing and MeRIP sequencing.
Five genes were commonly identified, including four protein
coding genes (PPIEL, AKR1C1, SARS2 and CSF1R) and one

F I G U R E 5 si-CSF1R suppressed non-small cell lung cancer (NSCLC) cell proliferation and metastasis. (a) The silencing effect of si-METTL14 siRNA1-3
or 3 si-CSF1R siRNA1-3 on expression of CSF1R was detected by Western blot. (b) Cell counting kit-8 assay was applied to detect the proliferation ability
of silence of METTL14 and CSF1R in HT1299 cells, p < 0.05. (c) Transwell assay was used to detect the migration capability of METTL14 or CSF1R
silenced H1299 cells. (d) Wound healing assay was used to detect the invasion capability of METTL14 or CSF1R silenced H1299 cells. Data are presented as
means � SEM, n = 3. *p < 0.05; **p < 0.01 versus control group
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lncRNA ASAP1-IT2 (Figure 4c). Then, the m6A methylation
level of 5 genes were analyzed in the above mentioned 7 paired
NSCLC tissue samples, and only CSF1R showed differential
methylation level (Figures 4d–f and S2). Therefore, CSF1R was
presumed to be the target of METTl14 in lung cancer. In can-
cer cells, aldo-keto reductase family 1 member C1 (AKR1C1)
showed robust role in tumor genesis,39–41 including lung
cancer.42–44 Colony stimulating factor 1 receptor (CSF1R) is a
cytokine which controls the production, differentiation, and
function of macrophages. Notably, CSF1R also showed onco-
genic function and performed as prognostic marker in lung
cancer, which is consistent with the function and clinical signif-
icance of METTL14. Finally, to validate CSF1R as the target of
METTL14, METTL14/CSF1R coexpression was calculated in
TCGA lung cancer datasets. Both genes showed significant
positive coefficient in lung adenocarcinoma (R = 0.35,
p = 2.4 e�15) and lung squamous carcinoma (R = 0.35,
p = 5.3 e�15) samples (Figure 4g). Altogether, we uncovered
an m6A RNA modification atlas, revealed the function and
clinical significance of METTL14 in lung cancer.

METTL14 in the involvement of CSF1R in
NSCLC proliferation and metastasis

Finally, we conducted cellular experiments for validation of
the function of CSF1R in NSCLC proliferation and metasta-
sis. Three siRNAs targeting CSF1R (si-CSF1R 1–3) were
designed, and their interference efficiency was detected by
WB. As shown in Figure 5a, WB analysis showed that si-
CSF1R-3 significantly decreased the expression of CSF1R,
and si-METTL14-1 also remarkably suppressed its expres-
sion, thus the si-CSF1R-3 and si-METTL14-1 were selected
for further experiments. The CCK-8 analysis showed that
H1299 cells treated with si-CSF1R and si-METTL14 at the
same time significantly inhibited cell proliferation compared
to the control group (Figure 5b). In addition, the transwell
and wound healing assays demonstrated that CSF1R knock-
down significantly reduced the invasion cell number and
migration distance (Figure 5c,d), and METTL14 was
involved in this process. In addition, we detected the mRNA
level after the overexpression of METTL14. As shown in

F I G U R E 6 si-CSF1R can block the proliferation and metastasis effect of METTL14 overexpression. (a) The expression of METTL14 and CSF1R under
different conditions were detected by RT-qPCR. (b) Cell counting kit-8 assay was applied to detect the proliferation ability in HT1299 cells. (c) Transwell
assay was used to detect the migration capability of overexpression of METTL14 or silence of CSF1R in H1299 cells. (d) Wound healing assay was used to
detect the invasion capability of overexpression of METTL14 or silence of CSF1R in H1299 cells. Data are presented as means � SEM, n = 3. *p < 0.05;
**p < 0.01 versus control group
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Figure 6a, overexpression of METTL14 could enhance the
CSF1R expression. According to the CCK-8 analysis, trans-
well and wound healing assays, CSF1R knockdown can
block the proliferation and metastasis effect of METTL14
overexpression in H1299 cell line (p < 0.05, Figure 6b–d). In
summary, these results revealed that the siCSF1R signifi-
cantly inhibited the proliferation, migration, and invasion of
HT1299 cells, which involved with the regulation of
METTL14.

DISCUSSION

As one of the most common RNA modifications,
N6-methyladenosine (m6A) modified RNAs (mRNAs,
lncRNAs and other RNAs) are widely involved in RNA bio-
genesis, transport, splicing, stability, translation, binding affin-
ity and other RNA metabolism processes.45,46 The deregulated
m6A modifications have been previously reported to disturb
physiological signaling transduction and to be involved in
tumor initiation, progression, treatment response and progno-
sis.45,47–52 The RNA expression atlas and altered m6A modifi-
cation mRNA have been revealed in lung cancer in multiple
projects.53,54 Pervasive m6A signals were detected in all sam-
ples, and most genes (84.65% and 79.61%) were both m6A
modified in lung cancer and adjacent samples, with a minority
of tumor and normal specific genes. It is noteworthy that even
genes m6A modified in both groups were the same, corre-
sponding transcripts and peak locations are still distinct; for
example, cancer stemness maker gene CD44,55 of which tran-
script ENST00000279452.10 and ENST00000526669.6 were
m6A modified in normal and tumor, respectively. As m6A
modification has been shown to regulate RNA splicing, decay
and translation, the transcripts and peak location discrepancy
may reflect the molecular complexity between m6A modifica-
tion and RNA metabolism. As for RNA type, in addition to
well-known modifications on mRNAs and lncRNAs, we also
detected m6A signals on other types of RNAs, such as small
nucleolar RNAs (snoRNAs) and small nuclear RNA (snRNAs),
which is consist with the miCLIP method result in 2015.56

However, the role of m6A modified snoRNAs/snRNAs
remains largely unknown in cancer.

METTL14, acting as the central component of
N6-methytransferse complex, has been verified to be dysre-
gulated and involved in the initiation and progression of var-
ious malignancies. A previous study suggested that
METTL14 is significantly downregulated in CRC and over-
expression of MTTL14 inhibits the ability of migration and
invasion in the CRC cell line.15 In this study, METLL14
showed significantly higher expression in the tumor than in
the normal group. METTL14 was significantly correlated
with gender (p = 0.0354) and differentiation (p = 0.0488).
Knockdown of METTL14 significantly reduced cell invasion
and migration. Taken together, the above results suggest that
knockdown of METTL14 inhibited NSCLC cell proliferation,
invasion, and migration in vitro. Their results confirmed that
METTL14 function as an oncogenic gene in NSCLC. In colo-
rectal cancer, METTL14 promotes cancer progression by

regulating miR-375,57 and inhibits metastasis via regulating
SOX4.16 In pancreatic cancer, METTL14 promotes cancer
growth and metastasis58 by m6A modifying PERP mRNA.59

In bladder cancer, the tumor suppressing function of
METTL14 was found to be dependent on m6A modification
of Notch1 and tumor initiating cells (TIC) self-renewal,20

which was also observed in this study, with genes in the
Notch signaling pathway (NCOR2, CREBBP, KAT2A, EP300
and DVL3) as METTL14 binding mRNAs. In leukemia,
METTL14 inhibits hematopoietic stem/progenitor differenti-
ation and promotes leukemogenesis via MYB/MYC mRNA
m6A modification.18 Collectively, METTL14 showed distinct
or even converse effect in multiple cancer types, even in the
same cancer type. In our opinion, the effect of METTL14
may be attributed to its targets which is complicated regu-
lated in tissue and cancer dependent manner.

To further address the role of METTL14, RNA-Seq and
MeRIP-Seq to reveal that the mRNAs of PPIEL, AKR1C1,
SARS2 and CSF1Rand lncRNA ASAP1-IT2 were observed
as direct or indirect METTL14 targets, implying that non-
coding RNA can also serve as METTL14 targets, such as
lncRNA XIST15 in colorectal cancer, LNCAROD in head
and neck squamous cell carcinoma,60 and microRNA-126
processing.19 As in lung cancer, METTL14 was involved in
IL-37 conferred antitumor activity.61

Interestingly, CSF1R also showed differential m6A
peaks in tissue sample, which is identified as METTL14
target in lung cancer. Aldo-keto reductase 1 family mem-
ber C1 (AKR1C1) is a type of aldosterone reductase and
plays a regulatory role in a variety of key metabolic path-
ways.62 In cancer, AKR1C1 showed a robust role in cancer
genesis,39–41 including lung cancer.42–44 Colony stimulating
factor 1 receptor (CSF1R) is a cytokine which controls the
production, differentiation, and function of macrophages.
In lung cancer and other cancer types, the oncogenic role
of CSF1R was mostly reported in tumor-associated macro-
phages (TAMs).63–66 Notably, METTL14 has also been
reported to act in TAM mediated CD8 T cell dysfunction
and tumor growth,67 indicating an alternative role of
METTL14 modified CSF1R in lung cancer immune micro-
environment. Moreover, there are limited studies of
PPIEL, SARS2 and lncRNA ASAP1-IT2 in cancer, and
their role and clinical significance should be studied in the
future.

In conclusion, we elucidated the key role of
METTL14-mediated m6A modification in human NSCLC
progression and regulatory mechanism. We revealed that
CSF1R and AKR1C1as targets of METTL14. The RNA
m6A methyltransferase METTL14 promotes the proces-
sion of non-small cell lung cancer by targeted CSF1R.
The discovery of the METTL14/CSF1R axis and its
impact on NSCLC metastasis will aid in further NSCLC
study and in exploring efficient therapeutic strategies
against NSCLC.
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