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Abstract
Objective Lung cancer (LC) remains a threatening health issue worldwide. Methyltransferase-like protein 3 (METTL3) is 
imperative in carcinogenesis via m6A modification of microRNAs (miRNAs). This study estimated the effect of METTL3 
in LC by regulating m6A methylation-mediated pri-miR-663 processing.
Methods miR-663 expression in 4 LC cell lines and normal HBE cells was determined using RT-qPCR. A549 and PC9 LC 
cells selected for in vitro studies were transfected with miR-663 mimics or inhibitor. Cell viability, migration, invasion, prolif-
eration, and apoptosis were detected by CCK-8, Transwell, EdU, and flow cytometry assays. The downstream target genes and 
binding sites of miR-663 were predicted via Starbase database and validated by dual-luciferase assay. LC cells were delivered 
with oe-METTL3/sh-METTL3. Crosslinking between METTL3 and DGCR8 was verified by co-immunoprecipitation. Levels 
of m6A, miR-663, and pri-miR-663 were measured by m6A dot blot assay and RT-qPCR. m6A modification of pri-miR-663 
was verified by Me-RIP assay. Finally, the effects of METTL3 in vivo were ascertained by tumor xenograft in nude mice.
Results miR-663 was upregulated in LC cells, and miR-663 overexpression promoted cell proliferation, migration, invasion, 
and inhibited apoptosis, but miR-663 knockdown exerted the opposite effects. miR-663 repressed SOCS6 expression. SOCS6 
overexpression annulled the promotion of miR-663 on LC cell growth. METTL3 bound to DGCR8, and METTL3 silencing 
elevated the levels of pri-miR-663 and m6A methylation-modified pri-miR-663, and suppressed miR-663 maturation and 
miR-663 expression. METTL3 facilitated tumor growth in mice through the miR-663/SOCS6 axis.
Conclusion METTL3 promotes LC progression by accelerating m6A methylation-mediated pri-miR-663 processing and 
repressing SOCS6.

Keywords Lung cancer · Methyltransferase-like 3 · m6A methylation · Primary miR-663 · SOCS6 · Migration and 
invasion · Tumor formation assay

Introduction

Lung cancer (LC) ranks the most prevailing and fatal malig-
nancy, accounting for 11.6% morbidity and 18.4% mortality 
(Chen et al. 2020a; Xu et al. 2020b). Smoking, environmen-
tal, and occupational factors are primary contributors to the 
occurrence of LC (Liu et al. 2021). Despite recent advance-
ments in treatment, the 5-year overall survival is merely esti-
mated to be around 17% (Puri et al. 2017). Herein, extensive 
research is necessitated to explore biological characteristics 
and nosogenesis of LC and to find molecular markers.

microRNAs (miRNAs) can mediate numerous intracellu-
lar pathways in cancers by functioning as tumor-suppressive 
or carcinogenic factors (Seo et al. 2019). In particular, miR-
663 can maintain non-small cell lung carcinoma (NSCLC) 
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by repressing mitochondrial outer membrane permeabiliza-
tion via PUMA/BBC3 and BTG2 (Fiori et al. 2018). The 
regulatory mechanism of its participation in LC remains to 
be explored. Moreover, miRNAs exert vital biological func-
tions by impeding expressions of their target genes (Li et al. 
2019). miR-1260b modulates NSCLC cell cycle and growth 
by targeting suppressor of cytokine signaling 6 (SOCS6) (Xia 
et al. 2019). In addition, Starbase bioinformatics predicted a 
potential binding between miR-663 and SOCS6. Therefore, we 
proposed the hypothesis that miR-663 may mediate SOCS6 
in LC to further elucidate the mechanism by which miR-663 
regulates LC.

N6-methyladenosine (m6A) methylation is considered the 
most copious modification existing in eukaryotic mRNAs 
(Barbieri et al. 2017; Wang et al. 2020). The dysregulation of 
m6A methylation modification may affect the mRNA process-
ing, degradation, and translation, contributing to the activa-
tion of oncogenes and inactivation of anti-oncogenes, which 
is tightly associated with the development of malignant tumors 
and drug resistance (Zeng et al. 2020). Methyltransferase-like 
3 (METTL3) is conceived as the RNA methyltransferase 
involved in mRNA biosynthesis, decay, and translation control 
via m6A modification (Wei et al. 2019). METTL3 imposes a 
promotional action in gastric cancer by mediating m6A modi-
fication of HDGF mRNA (Wang et al. 2020) and manipu-
lates epithelial–mesenchymal transition (EMT), migration, 
and invasion of breast cancer through m6A modification of 
lncRNA MALAT1 (Zhao et al. 2021). METTL3 is unveiled 
to be upregulated in LC tissues (Chen et al. 2020b). Moreover, 
METTL3 and m6A RNA modification are enhanced during 
TGF-β-induced EMT of LC cells (Wanna-Udom et al. 2020).

m6A modification of diverse miRNAs is implicated in 
cancer stemness and tumorigenesis (Wu 2020). Specifically, 
m6A-elicited miR-143-3p reinforces the brain metastasis of 
LC through the regulation of vasohibin-1 (Wang et al. 2019a). 
Furthermore, METTL3 facilitates the maturation of miR-
126-5p by regulating m6A modification of pri-miR-126-5p (Bi 
et al. 2021). METTL3 exerts a carcinogenic role by interacting 
with DGCR8 and strengthening pri-miR221/222 processing in 
the m6A-dependent manner (Han et al. 2019). Intriguingly, the 
regulation of METTL3 is also elucidated in miR-663b process-
ing (Alarcon et al. 2015). Based on the aforementioned find-
ings, this study postulated the involvement of METTL3 in LC 
by regulating m6A methylation of pri-miR-663 and SOCS6, 
which lent insight into novel therapeutic targets for LC.

Materials and methods

Ethics statement

All animal experiments were approved by the laboratory 
animal welfare and ethics committee of Hainan Hospital of 

PLA General Hospital. Numerous efforts were made to mini-
mize animal number and pain.

Cell culture and treatment

Human bronchial epithelial (HBE) cells and 4 LC cell lines 
(A549, H1299, H358, and PC9) were provided by ATCC 
(Manassas, VA, USA). HBE cells were cultured in Dulbec-
co’s modified Eagle medium, while LC cells were cultured 
in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) at 
37 °C in an incubator with 5%  CO2. Both media contained 
10% fetal bovine serum (FBS, Invitrogen) and 1% P/S (100 
U/mL penicillin and 100 μg/mL streptomycin).

Cell transfection and grouping

A549 LC cells were assigned to the following nine groups: 
blank group, inhi-negative control (NC) (transfected with 
inhi-NC for 24 h), miR-inhi (delivered with miR-663 inhibi-
tor for 24 h), miR-inhi + sh-NC (co-transfected with miR-
663 inhibitor and sh-NC for 24 h), miR-inhi + sh-SOCS6 
(co-delivered with miR-663 inhibitor and sh-SOCS6 
for 24 h), sh-NC (introduced with sh-NC for 24 h), sh-
METTL3 (manipulated with sh-METTL3 for 24 h), sh-
METTL3 + mimics NC (co-introduced with sh-METTL3 
and mimics NC for 24  h), and sh-METTL3 + miR-663 
mimics (co-manipulated with sh-METTL3 and miR-663 
for 24 h).

PC9 LC cells were assigned to the following nine groups: 
blank group, mimics NC (delivered with mimics NC for 
24 h), miR-663 mimics (transfected with miR-663 mim-
ics for 24 h), miR-663 mimics + oe-NC (co-manipulated 
with miR-663 mimics and oe-NC for 24 h), miR-663 mim-
ics + oe-SOCS6 (co-introduced with miR-663 mimics and 
oe-SOCS6 for 24 h), oe-NC (manipulated with oe-NC for 
24 h), oe-METTL3 (introduced with oe-METTL3 for 24 h), 
oe-METTL3 + inhi-NC (co-transfected with oe-METTL3 
and inhi-NC for 24 h), and oe-METTL3 + miR-inhi (co-
delivered with oe-METTL3 and miR-inhi for 24 h).

Among them, miR-663 mimics/miR-663 inhibitor and 
their NC, SOCS6/METTL3 overexpression plasmid vec-
tors and their NC, shRNAs, and sh-NC of SOCS6/METTL3 
provided by GenePharma (Shanghai, China) were trans-
fected into LC cells at 50 nM using Lipofectamine™ 2000 
(Invitrogen).

Reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR)

Total RNA content was extracted from LC tissues and cells 
using the TRIzol reagent (Invitrogen). RNA concentration 
and purity were measured by an ultraviolet (UV) spectropho-
tometer (UV-1800, Shimadzu, Kyoto, Japan). PrimeScript™ 
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RT reagent kits (Invitrogen) were employed to reversely 
transcribe 1 μg total RNA into cDNA. PCR amplification 
reactions were performed using Dy NAmo™ SYBR® 
Green qPCR kits (Finnzymes, Espoo, Finland) on a Bio-Rad 
CFX96 fluorescence qPCR instrument (ABI, Foster City, 
CA, USA). U6 acted as the internal control for miR-663. 
Data were evaluated using the  2−ΔΔCt method. Primers are 
exhibited in Table 1.

Cell counting kit‑8 (CCK‑8) assay

Transfected LC cells at 1 ×  104/mL were seeded in 96-well 
plates with 100 μL cell suspension per well. After respective 
culture of 24 h, 48 h, and 72 h, 10 μL CCK-8 solution (Beyo-
time, Shanghai, China) was supplemented to each well, fol-
lowed by another 2 h incubation. Thereafter, the optical den-
sity at 450 nm was determined through a microplate reader.

Transwell assays

Cell migration and invasion were detected using Transwell 
chambers (Millipore, Billerica, MA, USA). Transfected cells 
at 1 ×  104/mL were placed in the apical chamber containing 
200 μL serum-free medium, with FBS and culture medium 
added to the basolateral chamber. When detecting cell inva-
sion, Matrigel was supplemented to Transwell chambers, but 
without Matrigel in the migration assay. Following 24 h cul-
ture, cells were fixed with methanol for 20 min, stained with 
0.1% crystal violet solution, and analyzed under a micro-
scope to, respectively, count the migrated and invaded cells 
in the basolateral chamber (Mao et al. 2021).

5‑Ethynyl‑2′‑deoxyuridine (EdU) assay

Cell proliferation was estimated using EdU labeling kits 
(RiboBio, Guangzhou, Guangdong, China). Cells placed 
on 12-well plates were transfected and incubated with EdU 
labeling medium for 2 h. After paraformaldehyde and Tri-
ton X-100 treatment, Apollo Reaction Reagent was added 
to the cells and then reacted in the dark for 30 min. Then, 
4′,6-diamidino-2-phenylindole was employed for nuclear 
staining. EdU-positive cells were photographed and percent-
ages were computed.

Flow cytometry

Apoptosis was detected using flow cytometry. Follow-
ing 24 h transfection, cells were rinsed twice with phos-
phate-buffered saline (PBS), detached with 0.25% ethylene 
diamine tetraacetic acid-free trypsin, centrifuged, then col-
lected into flow tubes, and later centrifuged, with the super-
natant discarded. After washing thrice with PBS, cells were 
resuspended in 70% ethanol solution and fixed overnight at 
− 20 °C. Subsequently, cells were incubated with Annexin 
V-fluorescein isothiocyanate and propidium iodide (PI) in 
the dark at room temperature for 10–15 min, and apoptosis 
was detected by a flow cytometer (Aceabio, San Diego, CA, 
USA) within 1 h. Early apoptotic cells were expressed as 
Annexin V+ and PI−. Late apoptotic cells were displayed 
as Annexin V+ and PI+. The early and late apoptotic cells 
were counted together.

Western blotting (WB)

Tissues and LC cells were treated with radio-immunopre-
cipitation assay lysate containing protease inhibitors (Beyo-
time) at 4 °C for 20 min and centrifuged at 3000g for 20 min 
with the supernatant removed, followed by determination of 
supernatant protein concentration using bicinchoninic acid 
kits (Beyotime). Proteins were separated with 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis gels, 
and the separated proteins were electrotransferred to polyvi-
nylidene fluoride membranes (Millipore). Next, membranes 
were transferred into 5% skim milk configured by Tris-buff-
ered saline-tween (TBST), followed by shaking and blocking 
for 1 h at room temperature to impede non-specific bind-
ing. After that, they were incubated with primary antibod-
ies anti-SOCS6 (1:300, ab197335, Abcam, Cambridge, UK) 
and anti-METTL3 (1:1000, ab195352, Abcam) overnight 
at 4 °C. Following washing twice with TBST, membranes 
were reacted for 1 h with secondary antibody horseradish 
peroxidase (HRP)-labeled goat anti-rabbit immunoglobulin 
G (IgG) at room temperature. Enhanced chemiluminescence 
working solution (Millipore) was applied for color develop-
ment and photography. The density of protein bands was 
detected using ImageJ software 1.48 (NIH, Bethesda, MD, 
USA), with GAPDH as the internal reference.

Table 1  Primer sequences Gene Forward 5′–3′ Reverse 5′–3′

miR-663 CGC CGC TAA TAG TAT CTA CCAC GTG CAG GGT CCG AGGT 
U6 CTC GCT TCG GCA GCA CAT ATACT ACG CTT CAC GAA TTT GCG TGTC 
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RNA m6A dot blot assay

Poly (A) + RNAs were first heated at 65 °C for 5 min to 
be denatured, and then, they were transferred onto nitro-
cellulose membranes (Amersham, GE Healthcare, Boston, 
MA, USA) using the BioDot apparatus (Bio-Rad, Hercu-
les, CA, USA). After UV crosslinking and blocking, mem-
branes were incubated with primary antibody m6A antibody 
(1:1000, ab208577, Abcam) overnight at 4 °C, followed by 
incubation with secondary antibody HRP-labeled goat anti-
mouse IgG (1:2000, ab150113, Abcam) and observation on 
a chemiluminescence system. Membranes were stained with 
0.3 M sodium acetate solution (pH 5.2) containing 0.02% 
methylene blue to ensure consistency between different 
treatment groups.

Dual‑luciferase reporter assay

Starbase database (http:// starb ase. sysu. edu. cn/) was 
applied for predicting the binding sites between miR-663 
and SOCS6. The complementary sequences of miR-663 
and SOCS6 and their mutation sequences were amplified 
and cloned into the pmir-GLO vectors (GenePharma) to 
construct pGL-SOCS6-wild-type (WT) and pGL-SOCS6-
mutant (MUT) plasmids. Later, HEK293T cells (Institute of 
Biochemistry and Cell Biology, Chinese Academy of Sci-
ences, Shanghai, China) were, respectively, co-transfected 
with the constructed plasmids and mimic NC/miR-663 mim-
ics (GenePharma) using Lipofectamine™ 2000 (Invitrogen), 
followed by detection of luciferase activity using a dual-
luciferase assay kit (Promega, Madison, WI, USA).

m6A RNA immunoprecipitation (Me‑RIP) assay

RIP assays were conducted using Magna RIP kits (Mil-
lipore). After UV radiation, cells were lysed by sonica-
tion at 48 °C. Thereafter, immunoprecipitation of endog-
enous DiGeorge syndrome critical region 8 (DGCR8) was 
performed utilizing an anti-DGCR8 antibody (1:1000, 
ab191875, Abcam) overnight at 4 °C. After two washes, 
RNA was extracted and subjected to RT-qPCR assay utiliz-
ing primers for primary miRNAs (pri-miRNAs) and normal-
ized to input.

Similar to the above experiments, Me-RIP assay identi-
fied the binding of m6A RNA. Following digestion with 
DNase I (Sigma-Aldrich, St Louis, MO, USA), cells were 
lysed for 10 s by sonication for RNA interference. The 
magnetic beads were incubated with rabbit m6A antibody 
(1:500, ab151230, Abcam) for 1 h at room temperature, 
and then, the antibody-bead complex and RNA immu-
noprecipitation buffer (Magna RIP kit, Millipore, MA) 
were mixed thoroughly with RNA fragments, followed by 
overnight incubation at 4 °C. Subsequently, after digestion 

of the protein-RNA complex by proteinase K, RNA was 
extracted using phenol: chloroform: isoamyl alcohol 
(125:24:1), and subjected to RT-qPCR for detecting the 
pri-miR-663 expression using IgG antibody as blank con-
trol and normalized to input.

Co‑immunoprecipitation (Co‑IP) assay

Immunoprecipitation experiments were performed in 
A549 cells utilizing Pierce™ Co-IP kits (Thermo Fisher 
Scientific, Waltham, MA, USA). Immunoprecipitation 
of METTL3 was conducted utilizing an anti-METTL3 
antibody (ab195352, 1:1000, Abcam) overnight at 4 °C. 
Following rinsing, the immunoprecipitated complex was 
reacted with RNase A or RNase inhibitor (Sigma-Aldrich) 
for 5 min at 37 °C, and subsequently, anti-DGCR8 anti-
body (ab191875, 1:1000, Abcam) was employed for WB 
analysis.

Xenograft tumor in nude mice

BALB/C female mice (aged 4–6  weeks, weighing 
18–22 g) were provided by Charles River (SCXK (Bei-
jing) 2016-0008, China). A549 cells transfected with 
sh-NC/sh-METTL3 and PC9 cells delivered with oe-NC/
oe-METTL3 (1 ×  107 cells) were subcutaneously injected 
into the armpit of each mouse using a sterile syringe, with 
five mice per group. After injection, mice were returned 
to the cage for continuous feeding. The tumor size was 
measured every 4 days, and tumor volume was calculated 
according to the formula [tumor volume  (mm3)] = ab2/2, 
(a) the long diameter of tumor; (b) the short diameter of 
tumor. After 4 weeks, mice were euthanized, and then, 
tumors were removed and weighed (Liu et al. 2020).

Statistical analysis

Statistical analyses and plotting of data were processed 
using SPSS 21.0 (IBM Corp. Armonk, NY, USA) 
and GraphPad Prism 8.01 (GraphPad Software, San 
Diego, CA, USA). Measurement data were displayed as 
mean ± standard deviation (SD). Independent sample t test 
was adopted for comparisons between two groups. One-
way analysis of variance (ANOVA) was employed for 
comparisons between multiple groups and Tukey's mul-
tiple comparisons test was applied for post hoc test. The 
p < 0.05 indicated significant differences.

http://starbase.sysu.edu.cn/
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Results

miR‑663 promoted proliferation, migration, 
and invasion of LC cells

To probe into the mechanism of miR-663 in LC, we 
detected the expression of miR-663 in LC cell lines 

(A549, H1299, H358, and PC9) and normal HBE cells by 
RT-qPCR, which revealed prominently higher miR-663 
in LC cells than that in normal cells (p < 0.01) (Fig. 1a). 
We selected A549 cells with relatively high miR-663 
expression and PC9 cells with relatively low miR-663 
expression for subsequent studies. Afterward, cells 
were, respectively, transfected with miR-663 inhibitor or 

Fig. 1  miR-663 promoted proliferation, migration, and invasion of 
LC cells. a–c miR-663 expression detected using RT-qPCR; d, e via-
bility of A549 and PC9 cells assessed by CCK-8 assay; f, g migra-
tion and invasion of A549 and PC9 cells evaluated through Transwell 
assays; h, i cell proliferation analyzed via EdU method; j, k cell apop-

tosis detected by flow cytometry. Cell experiment was conducted 
three times and data were expressed as mean ± SD. One-way ANOVA 
was used for comparisons among multiple groups, followed by Tuk-
ey's test. **p < 0.01, ***p < 0.001
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miR-663 mimics to inhibit miR-663 expression in A549 
cells (p < 0.05) (Fig.  1b) and to overexpress miR-663 
in PC9 cells (p < 0.05) (Fig. 1c). CCK-8 assay showed 
that miR-663 overexpression significantly enhanced LC 
cell proliferation, while miR-663 inhibition reduced 
LC cell viability (all p < 0.01) (Fig.  1d, e). Transwell 
assays suggested that the migration and invasion of LC 
cells were remarkably increased in the miR-663 mimics 
group, whereas decreased after inhibition of miR-663 (all 
p < 0.01) (Fig. 1f, g). Additionally, EdU assay illustrated 
that miR-663 markedly promoted LC cell proliferation and 
miR-663 knockdown suppressed cell proliferation (Fig. 1h, 
i). Meanwhile, we detected apoptosis by flow cytometry 
and found that the apoptosis rate of the miR-663 mim-
ics group was noticeably diminished relative to the blank 
group, and LC cell apoptosis was raised after inhibition 
of miR-663 (all p < 0.01) (Fig. 1j, k). Altogether, miR-663 
facilitated LC cell proliferation, migration, and invasion, 

and repressed apoptosis, and miR-663 inhibition exerted 
opposite effects.

miR‑663 inhibited SOCS6 expression

SOCS6 is weakly expressed in LC tissues (Xia et al. 2019). 
The Starbase database revealed that the 5′ terminal region of 
miR-663 was complementary to the 3′ untranslated region 
of SOCS6 (Fig. 2a). Dual-luciferase assay was designed 
according to the binding sites and then indicated that cells 
co-transfected with miR-663 mimics and SOCS6-WT 
showed conspicuously lower luciferase activity than those 
co-delivered with mimics NC and SOCS6-WT (p < 0.01), 
while cells transfected with SOCS6-MUT exhibited no obvi-
ous changes in luciferase activity (p > 0.05) (Fig. 2b). Fur-
thermore, WB detection unveiled reduced SOCS6 levels in 
A549 and PC9 cells compared with HBE cells (all p < 0.01) 
(Fig. 2c). SOCS6 was notably increased after inhibition of 

Fig. 2  miR-663 inhibited SOCS6 expression. a Starbase database 
predicted the binding relationship between miR-663 and SOCS6; b 
dual-luciferase assay verified the targeted binding of miR-663 and 
SOCS6; c–e WB measured SOCS6 expression. Cell experimentation 

was conducted three times, and data were exhibited as mean ± SD. 
One-way ANOVA was employed for comparisons among multiple 
groups, followed by Tukey's test. **p < 0.01, ***p < 0.001, ns indi-
cated p > 0.05
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miR-663 in A549 cells while decreased after overexpression 
of miR-663 in PC9 cells (all p < 0.01) (Fig. 2d, e). Overall, 
miR-663 targeted and suppressed SOCS6 expression.

Overexpression of SOCS6 partially annulled 
the promotion of miR‑663 on LC cell growth

To investigate the function of SOCS6 on the promotion 
of miR-663 in LC cell growth, we simultaneously over-
expressed miR-663 and SOCS6 in PC9 cells (p < 0.01) 
(Fig. 3a), and inhibited SOCS6 and miR-663 in A549 cells 
(p < 0.01) (Fig. 3b) for combined experiments. Subsequently, 
we found that the promoting effect of miR-663 on LC cell 
proliferation, migration, and invasion was reversed after 
overexpression of SOCS6 in PC9 cells, while the inhibi-
tory effect of downregulated-miR-663 on LC cell growth 
was partially weakened after inhibition of SOCS6 in A549 
cells (all p < 0.01) (Fig. 3c–i). Altogether, miR-663 could 
facilitate the proliferation, migration, and invasion of LC 
cells, and inhibit apoptosis by regulating SOCS6 expression.

METTL3‑mediated m6A methylation regulated 
the maturation of miR‑663 in LC cells

METTL3 represents a pivotal protein in the m6A-meth-
yltransferase complex, which can modify pri-miRNAs 
through m6A in ovarian and bladder cancers, thus stimu-
lating miRNA maturation and ultimately promoting the 
malignant progression of tumors (Bi et al. 2021; Han et al. 
2019). Hence, we hypothesized that METTL3-mediated 
m6A methylation can modulate the maturation of miR-663 
in LC cells. First, WB detection unraveled that METTL3 
in A549 and PC9 cells was prominently higher than that 
in HBE cells, with the highest in A549 cells (all p < 0.05) 
(Fig. 4a). DGCR8, the critical partner of type III RNase 
Drosha, is vital in miRNA biogenesis generally by interact-
ing with pri-miRNA and recruiting Drosha to cleave pri-
miRNA at the correct site into pre-miRNA, and then, the 
pre-miRNA is cleaved by Dicer RNase to mature miRNA 
(Bi et al. 2021; Hang et al. 2021). Moreover, METTL3 inter-
acts with DGCR8 and positively regulates the pri-miRNA 
process in an m6A-dependent manner (Wang et al. 2019b). 
Subsequently, Co-IP assay revealed the binding of METTL3 
and DGCR8 and the waning of the crosslinking between 
METTL3 and DGCR8 after RNase treatment (Fig. 4b), 
indicating that this crosslinking may be partially mediated 
by miRNAs. Additionally, overexpression of METTL3 
potentiated the crosslinking between METTL3 and DGCR8 
(Fig. 4c), further confirming that METTL3 could influ-
ence the binding of DGCR8 to m6A-methylated miRNAs. 
Next, we determined RNA m6A levels in cells using the 
m6A dot blot assay and found that RNA m6A levels were 
increased in A549 and PC9 cells compared with HBE cells, 

and diminished after knockdown of METTL3, while raised 
after overexpression of METTL3 (Fig. 4d).

To further explore whether METTL3 exerts an oncogenic 
property in LC by regulating miR-663, we overexpressed 
or silenced METTL3 expression in PC9 and A549 cells, 
respectively, and METTL3 level was detected by WB. The 
results unveiled that METTL3 expression was remarkably 
elevated in PC9 cells and reduced in A549 cells (Fig. 4e, 
f). We subsequently measured the levels of miR-663 and 
pri-miR-663 in LC cells by RT-qPCR, which demonstrated 
that miR-663 expression was prominently enhanced upon 
METTL3 overexpression in PC9 cells and lowered upon 
METTL3 silencing in A549 cells (all p < 0.01) (Fig. 4g). 
In addition, pri-miR-663 level was increased in METTL3-
downregulated cells but decreased in METTL3-upregulated 
cells (all p < 0.01) (Fig. 4h). Finally, RIP and Me-RIP experi-
ments revealed that METTL3 overexpression predominantly 
elevated the levels of pri-miR-663 crosslinked by DGCR8 
immunoprecipitation and m6A modification of pri-miR-663 
(all p < 0.01), while METTL3 silencing reduced the level 
of pri-miR-663 precipitated by DGCR8 and m6A antibod-
ies (Fig. 4i, j). In short, METTL3 could regulate miR-663 
maturation by mediating m6A methylation of pri-miR-663.

METTL3 facilitated LC cell growth by regulating 
miR‑663

To further identify the function of METTL3 in LC, we 
inhibited METTL3 expression in A549 cells and overex-
pressed METTL3 in PC9 cells (all p < 0.05) (Fig. 5a, b). We 
observed that overexpression of METTL3 significantly stim-
ulated LC proliferation, migration, and invasion, and inhibi-
tion of METTL3 impeded LC cell growth and promoted cell 
apoptosis (all p < 0.01) (Fig. 5c–j). miR-663 overexpression 
weakened the inhibition of METTL3 silencing on A549 cell 
growth and miR-663 knockdown annulled the promotion of 
METTL3 overexpression on PC9 cell growth (all p < 0.05) 
(Fig. 5c–j). To sum up, METTL3 facilitated LC cell growth 
by mediating miR-663.

METTL3 promoted tumorigenesis and growth 
in mice via the miR‑663/SOCS6 axis

Furthermore, we performed the tumor formation assay in nude 
mice to investigate the role of METTL3 in vivo. Nude mice 
were injected with sh-METTL3-transfected A549 cells and 
oe-METTL3-transfected PC9 cells, and then, we measured 
tumor size every 4 days and collected tumors on the 28th day 
(Fig. 6a). WB detection showed that relative to the LC group, 
METTL3 expression in LC tissues was markedly diminished 
in mice injected with A549 cells, whereas elevated in mice 
injected with PC9 cells (all p < 0.01) (Fig. 6b, c). Moreover, 
after downregulating METTL3 expression in LC tissues, 
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Fig. 3  Overexpression of SOCS6 partially annulled the promotion of 
miR-663 on LC cell growth. a, b SOCS6 expression was determined 
using WB; c cell viability detected using CCK-8 method; d, e cell 
migration and invasion estimated by Transwell assays; f, g cell pro-
liferation assessed via EdU assay; h, i cell apoptosis analyzed through 

flow cytometry. Cell experiment was conducted three times, and 
data were presented as mean ± SD. One-way ANOVA was employed 
for comparisons among multiple groups, followed by Tukey's test. 
*p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 4  METTL3-mediated m6A methylation regulated the matu-
ration of miR-663 in LC cells. A549 and PC9 cells were, respec-
tively, transfected with sh-METTL3 or oe-METTL3. a WB assay 
was employed to detect METTL3 expression; b, c Co-IP was used to 
verify the crosslinking between METTL3 and DGCR8; d m6A dot 
blot assay was conducted to determine m6A level, with MB stain as 
loading control; e, f WB assay measured METTL3 expression; g, h 

RT-qPCR determined levels of miR-663 and pri-miR-663; i, j RIP 
and Me-RIP assays were introduced to verify the m6A modification 
of pri-miR-663. Cell experimentation was conducted three times and 
data were displayed as mean ± SD. One-way ANOVA was adopted 
for comparisons among multiple groups, followed by Tukey's test. 
**p < 0.01, ***p < 0.001, nsp > 0.05. Compared with A549 cells, 
#p < 0.05
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Fig. 5  METTL3 facilitated LC cell growth by regulating miR-663. 
a, b METTL3 expression was measured using WB; c, d cell viabil-
ity detected using CCK-8 method; e, f cell migration and invasion 
assessed by Transwell assays; g, h cell proliferation evaluated via 
EdU assay; i, j cell apoptosis analyzed through flow cytometry. Cell 

experiment was conducted three times and data were expressed as 
mean ± SD. One-way ANOVA was employed for comparisons among 
multiple groups, followed by Tukey's test.*p < 0.05, **p < 0.01, 
***p < 0.001
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miR-663 expression was noticeably decreased and SOCS6 was 
increased; after upregulating METTL3, miR-663 was raised 
and SOCS6 was reduced (all p < 0.01) (Fig. 6d–g). Addition-
ally, inhibiting METTL3 prominently lowered the tumor for-
mation ability of A549 cells and reduced tumor volume and 
weight, but overexpressing METTL3 raised the tumor forma-
tion ability of PC9 cells and augmented tumor volume and 

weight (Fig. 6h–k). Briefly, METTL3 could facilitate tumor 
growth in mice through the miR-663/SOCS6 axis.

Fig. 6  METTL3 promoted tumorigenesis and growth in mice via the 
miR-663/SOCS6 axis. a Schematic diagram of tumor formation assay 
in vivo; b, c WB detected METTL3 expression; d, e RT-qPCR deter-
mined miR-663 expression; f, g WB measured SOCS6 expression; h, 

i changes of tumor volume was recorded; j, k representative images 
and weight of tumors. Data were exhibited as mean ± SD. One-way 
ANOVA was performed for comparisons among multiple groups, fol-
lowed by Tukey's test. **p < 0.01, ***p < 0.001
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Discussion

LC, the most general cancer and leading source of cancer-
associated deaths, causes remarkable burdens on the world 
and 1.6 million deaths annually (Ho and Leung 2018; 
Manafi-Farid et  al. 2021). miRNAs exert an essential 
impact on the onset and survival of LC (Fang et al. 2017). 
METTL3 is implicated in RNA biosynthesis, which domi-
nants mRNA translation, alternative splicing, and miRNA 
maturation through m6A-dependent methylation (Xiao 
et al. 2020). m6A modification can affect the physiological 
and pathological processes of LC (Wu et al. 2021a). This 
study validated the mechanism of METTL3 in LC via the 
m6A methylation-mediated pri-miR-663 processing and 
SOCS6 expression (Fig. 7).

Current evidence unravels the substantial roles of miR-
NAs in controlling invasion, migration, and proliferation 
in LC (Tang et  al. 2021). Aberrantly expressed miR-
NAs are common biomarkers of LC onset and advance 
(Chen et al. 2017). Intriguingly, miR-663 is upregulated 
in diverse cancers, including colorectal cancer (Yilmaz 
et  al. 2020), nasopharyngeal carcinoma (Liang et  al. 
2017), ovarian cancer (Xie et  al. 2019), and prostate 
cancer (Wang et al. 2017). Hence, we detected miR-663 
expression and observed an elevated miR-663 in LC cells. 
After interference of miR-663 expression in A549 and PC9 
cells, we noted that overexpression of miR-663 could pro-
mote LC cell proliferation, migration, and invasion and 
inhibit apoptosis, and downregulation of miR-663 owned 

the contrary effects. Consistently, the oncogenic role of 
miR-663 has been demonstrated in multifarious cancers, 
such as colorectal cancer, LC, nasopharyngeal carcinoma, 
and prostate cancer (Wang et al. 2019c). The involvement 
of miR-663 in NSCLC is also documented, and inhibition 
of miR-663 expression impedes NSCLC cell proliferation 
and tumor growth (Fiori et al. 2018). In mechanism, miR-
NAs could regulate gene expression by repressing mRNA 
translation and weakening mRNA stability (Lai et  al. 
2019). SOCS6 mainly engages in the negative modula-
tion of tumor growth (Lawrenson et al. 2017; Sun et al. 
2021) and is essential for normal cell growth by acting 
as a neoplasm suppressor in varied cancers (Wang et al. 
2016; Yuan et al. 2018). Next, we identified that miR-
663 targeted SOCS6. SOCS6 was under-expressed in LC 
cells and miR-663 inversely regulated SOCS6 expression. 
Besides, SOCS6 overexpression partially abrogated the 
catalytic role of miR-663 on LC cell growth. Our results 
are broadly in line with preceding findings that SOCS6 is 
downregulated in NSCLC cells and tissues, and decreased 
SOCS6 poses a promotion impact on cell proliferation and 
invasion, thereby accelerating NSCLC progression (Xia 
et al. 2019; Ye et al. 2021). SOCS6 loss is interrelated to 
poor survival of primary lung squamous cell carcinoma 
(Sriram et al. 2012). Similarly, miR-200b-3p affects LC 
development by negatively regulating SOCS6 expression 
(Chi et al. 2021). Collectively, miR-663 facilitated LC cell 
growth and suppressed apoptosis by inhibiting SOCS6 
expression.

Fig. 7  Mechanism of METTL3 
in LC development by regulat-
ing the miR-663/SOCS6 axis
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In eukaryotes, m6A is crucial in numerous biological 
processes and disorders such as cancer (Wang et al. 2021). 
m6A modification manipulates the fate and action of RNA, 
including mRNA stability, translation, RNA–protein inter-
actions, and pri-miRNA processing (Wu et  al. 2021b). 
METTL3, a determined methyltransferase for m6A meth-
ylation, is reported to be upregulated in numerous cancers 
(Gu et al. 2021; Peng et al. 2019). Therefore, we subse-
quently explored this mechanism of METTL3 in LC. Our 
results revealed upregulated METTL3 and RNA m6A levels 
in LC cells. METTL3 could bind to DGCR8 and positively 
mediate RNA m6A level. Moreover, METTL3 overexpres-
sion raised miR-663 expression, but decreased pri-miR-663 
level, whereas METTL3 knockdown exerted the inverse 
functions. METTL3 advances the maturation of miRNAs 
(including miR-663b) by interacting with DGCR8 (Alar-
con et al. 2015). Furthermore, METTL3 is upregulated in 
lung adenocarcinoma and METTL3 silencing lowers m6A 
level in PC9 and H3255 cells (Gao et al. 2021). Conjointly, 
METTL3 accelerated miR-663 maturation by promoting 
m6A methylation of pri-miR-663.

METTL3 is conceived as a paramount post-transcrip-
tional regulator in miRNA biogenesis by enhancing levels of 
mature miRNAs through m6A modification of pri-miRNA 
(Diao et al. 2021). Subsequently, we clarified the effects of 
METTL3 on LC progression and found that overexpressing 
METTL3 gave an impetus to LC cell growth, which was nul-
lified by miR-663 silencing. On the contrary, downregulating 
METTL3 prevented cell growth, which was counteracted 
by miR-663 upregulating. Our results are consistent with 
the preceding discovery that METTL3 could intensify LC 
cell growth by promoting oncogene translation and onco-
protein expression (Du et al. 2017; Lin et al. 2016). Further-
more, we verified the role of METTL3 in LC in vivo. Our 
results discovered that METTL3 stimulated tumor initiation 
and growth in mice by positively regulating miR-663 and 
negatively mediating SOCS6. METTL3 impacts tumor for-
mation by regulating m6A modification in the mRNAs of 
pivotal oncogenes or tumor suppressors (Han et al. 2019). 
METTL3 knockdown elevates expressions of the SOCS 
family, including SOCS6, SOCS5, SOCS4, SOCS2, and 
SOCS2 (Song et al. 2021). Similarly, METTL3 maintains 
cancer tumorigenicity by suppressing SOCS2 to promote 
cell proliferation, including colon cancer (Xu et al. 2020a), 
gastric cancer (Jiang et al. 2020), and liver cancer (Chen 
et al. 2018). Briefly, METTL3 facilitated LC progression 
via the miR-663/SOCS6 axis.

To conclude, the study underlined that METTL3 accel-
erated m6A methylation-mediated pri-miR-663 processing, 
thereby inhibiting SOCS6 expression, and ultimately facili-
tating LC development. However, only two LC cell lines 
were selected for relevant studies, and more cell lines are 
warranted for in-depth study. Another limitation was derived 

from the lack of research on the function of METTL3 and 
miR-663 at the clinical level. Furthermore, we shall explore 
the downstream pathway of SOCS6 in mediating LC and 
the mechanism of m6A methylation modification of pri-
miR-663 at the molecular level. Meanwhile, the correlation 
between aberrant expression of METTL3 and abnormal 
upregulation of miRNA deserves further investigation.
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