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Abstract
Lung cancer (LC) is a pulmonary malignant tumor with extremely low 5-year survival rate. N6-methyladenosine (m6A) is 
confirmed to regulate diverse pathophysiological processes including cancers. Methyltransferase-like 14 (METTL14) is an 
important RNA methyltransferase in m6A modification. However, researches on the regulatory mechanism of METTL14 
on LC progression are relatively rare. Tumor xenograft experiment was conducted to investigate the effect of METTL14 
on LC in vivo. The relative expression of METTL14, miR-30c-1-3p, and myristoylated alanine-rich C kinase substrate-like 
protein-1 (MARCKSL1) in LC tissues and/or cell lines was determined using qRT-PCR. Western blot assay was used to 
measure the protein levels of METTL14 and MARCKSL1 in tumor xenograft model and/or LC cell lines. MTT, wound 
healing, and transwell assays were performed to detect LC cell viability and metastasis. RNA immunoprecipitation assay and 
qRT-PCR were used to verify the effects of METTL14 on pri-miR-30c-1-3p. The relationship between miR-30c-1-3p and 
MARCKSL1 was confirmed by the dual-luciferase reporter assay. METTL14 was remarkably downregulated in LC tissues 
and cell lines. METTL14 mediated the maturation of miR-30c-1-3p. The overexpressed METTL14 and overexpressed miR-
30c-1-3p suppressed the cell viability and metastasis in LC. Meanwhile, the increased METTL14 also repressed the growth 
of tumor xenograft in vivo. In addition, MARCKSL1 was confirmed to be the target gene of miR-30c-1-3p. High expression 
of MARCKSL1 and low expression of miR-30c-1-3p reversed the suppressive effects of METTL14 overexpression on cell 
viability and metastasis. METTL14 promoted the maturation of miR-30c-1-3p and mediated MARCKSL1 expression to 
inhibit the progression of LC. This study may provide a new insight for the LC clinical therapy.
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Introduction

Lung cancer (LC) is a kind of pulmonary malignant tumor 
with higher lethality than the four common cancers (colo-
rectal, breast, pancreas, and prostate cancers) [1, 2], typi-
cally originates from the excessive hyperplasia of cancer 
cells [1]. With no obvious clinical symptoms in early stage 
and the limitations of the current diagnostic-methods, LC 

is typically discovered at an advanced stage [3]. Currently, 
although therapies for advanced LC patients such as nano-
medicine and immunotherapy have made great progress in 
the last few years [4, 5], there are still no efficient therapies 
to improve the 5-year survival rate (less than 5%) [6]. There-
fore, exploring the potential regulatory mechanism of LC 
and developing promising targets are urgent for treating LC.

N6-methyladenosine (m6A) modification is one of the 
100 identified structurally distinct chemical modifications 
that occurs in eukaryotes to influence the activity and stabil-
ity of mRNA, rRNA, and miRNA [7–10]. The procedures 
of m6A modification need three kinds of enzymes to work 
together collaboratively, including RNA methyltransferase 
(writers) complex [Wilm’s tumor 1 associated protein 
(WTAP), methyltransferase-like 3 (METTL3), methyltrans-
ferase-like 14 (METTL14), and vir-Like m6A methyltrans-
ferase associated (KIAA1429)] [11–14], RNA demethylases 
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(erasers) including alkylation repair homolog protein 5 
(ALKBH5) and fat-mass and obesity-associated protein 
(FTO) [15, 16], and reader proteins (readers) including 
heterogeneous nuclear ribonucleoprotein (HNRNPC) and 
YTH domain-containing family protein 1/2/3 (YTHDF1/2/3) 
[17, 18]. m6A modification is reversible, which is added by 
methyltransferase complex and removed by m6A demethyl-
ases [10]. The influence of m6A in RNA stability is depend-
ent on m6A readers [11]. m6A modification is important 
for mammals and participates in many biological processes, 
including spermatogenesis and embryonic development 
[19–21], circadian period [22], DNA damage [23], hemat-
opoietic stem cells [24], and tissue homeostasis [25]. As for 
tumor biology, m6A modification exerts its role in tumori-
genesis, proliferation, and metastasis [12, 26, 27]. Jin et al. 
have revealed that METTL3/m6A modification elevates the 
activity of YAP, and aggravates the malignant phenotypes of 
non-small-cell LC (NSCLC) [12]. Du et al. have confirmed 
that YTHDF2 can “read” the m6A of mps one binder kinase 
activator 3B (MOB3B), repress the expression of MOB3B, 
and eventually promote the development of prostate can-
cer (PC) [26]. Strick et al. explored the association between 
m6A “erasers” (ALKBH5 and FTO) and the overall survival 
of patients with clear cell renal cell carcinoma (ccRCC), 
and demonstrated that the decreased ALKBH5 and FTO 
are strongly correlated with the poor prognosis of ccRCC 
patients [27]. Additionally, RNA methyltransferase such as 
WTAP, METTL3, and KIAA1429, RNA demethylases such 
as ALKBH5 and FTO, and reader proteins have been con-
firmed to be closely associated with devastating pulmonary 
diseases including NSCLC and lung adenocarcinoma (LAD) 
[28–33]. Notably, as a member of RNA methyltransferase, 
METTL14 is observed to downregulate in bladder cancer 
(BC) [11], colorectal cancer (CRC) [34], and LAD [35]. 
However, the detailed regulatory mechanism of METTL14 
on LC progression remains unclear.

Mature microRNAs (miRNAs) with 16–25 nucleotides 
in length can regulate gene expression by translational sup-
pression or degradation of their target mRNAs [36]. It is 
widely known that m6A modification makes valuable con-
tributions on the formation of mature miRNAs, thereby 
regulating the expression of downstream target mRNAs 
[37–39]. For instance, METTL3/m6A modification accel-
erates pri-miR-126-5p to form miR-126-5p, whereas the 
maturation of miR-126-5p further targets PTEN to affect 
the progression of ovarian cancer (OC) [40]. Similarly, 
in breast cancer (BRC), METTL3 affects the expression 
miR-let-7g, and interacts with HBXIP to promote tumori-
genesis [37]. Notably, METTL14/m6A is also reported to 
be involved in primary miRNA processing in human dis-
eases, such as METTL14-miR-126 in hepatocellular carci-
noma (HCC) [38], METTL14-miR-146a-5p in BRC [39], 
METTL14-miR-375 in CRC [41], and METTL14-miR-19a 

in atherosclerosis (AS) [42]. Notably, miR-30c-1-3p showed 
crucial role in the tumorigenesis of melanoma, meningi-
oma, and PC [43–45]. More importantly, Wu et al. found 
that increased expression of the matured miR-30c-1-3p 
significantly inhibited pulmonary fibrosis [46]. However, 
researches on whether METTL14/m6A is involved in the 
maturation of miR-30c-1-3p, and the matured miR-30c-
1-3p is associated with LC tumorigenesis are relatively 
rare. In addition, as an oncogene, MARCKSL1 is com-
monly targeted by miRNAs to exhibit its promoting role in 
human cancers, including miR-21 in PC [47], miR-140-3p 
in BRC [48], and miR-34c-3p in osteosarcoma [49]. More 
importantly, a recent study conducted by Liang et al. has 
uncovered that MARCKSL1 is upregulated in LAD tissues 
and promotes LAD progression through regulation of epi-
thelial–mesenchymal transition (EMT) [50]. Nevertheless, 
the possible role of MARCKSL1 in LC and whether miR-
30c-1-3p interacts with MARCKSL1 on the occurrence and 
development of LC remains to be further explored.

In this study, we hypothesize that METTL14/m6A 
mediates the maturation of miR-30c-1p, and further tar-
gets MARCKSL1 to affect LC progression. Based on this 
assumption, the possible roles of METTL14 on LC cell via-
bility, metastasis, and pri-miR-30c-1-3p, as well as the inter-
actions among METTL14, miR-30c-1-3p, and MARCKSL1 
on the tumorigenesis of LC were investigated. Our find-
ings that a tumorigenic mechanism mediated by m6A 
modification involves in METTL14 and the miR-30c-1-3p/
MARCKSL1 axis may provide underlying molecular targets 
for the treatment of LC in the future clinical application.

Materials and Methods

LC Samples

A total of 75 LC patients who received histological exam-
ination were recruited in our hospital from June 2017 to 
July 2019. All the participators had not received any treat-
ments before surgery. The LC tissues and corresponding 
adjacent normal tissues (ANT) were collected by surgical 
operation. The collected tissues were immediately stored in 
liquid nitrogen for the subsequent experiments. This study 
was performed in line with the principles of the Declara-
tion of Helsinki. The present study was approved by Ethics 
Committee of Peoples Hospital of Rizhao, and the relevant 
informed consents were written by each patient.

Cell Culture, Reagents, and Transfection

Four LC cell lines (PC-9, H1975, A549, and H1299) and 
a human normal lung epithelial cell line BEAS-2B pro-
cured from American Type Culture Collection (Manassas, 
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VA, USA) were cultured in DMEM containing 10% FBS 
at 37 °C with 5%  CO2. MARCKSL1 overexpression vector 
(pcDNA-MARCKSL1), pcDNA-MELLT14 and the cor-
responding negative control (pcDNA-NC), small hairpin 
targeting MELLT14 (sh-MELLT14) and sh-NC, as well as 
miR-30c-1-3p mimics/miR-NC and miR-30c-1-3p inhibitor/
inhibitor NC (all from VectorBuilder, Guangzhou, China) 
were co-transfected with A549 and H1299 cells. The trans-
fection procedures were conducted using Lipofectamine™ 
3000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA).

Analysis for Quantitative Real Time PCR (qRT‑PCR) 
and RNA m6A Quantification

Total RNA was extracted from LC tissues and cell lines 
using Trizol Reagent (Invitrogen). The cDNA was synthe-
sized using RevertAid H Minus First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). 
Afterward, cDNA was used to perform qRT-PCR analysis 
with DyNAmo Flash SYBR Green qPCR Kit (Thermo 
Fisher Scientific). The 2−ΔΔCt method was utilized to calcu-
late the relative expression. GAPDH and U6 were used as 
the internal controls.

The m6A RNA methylation assay kit (ab185912; Abcam, 
Cambridge, UK) was used for the quantification of RNA 
m6A as previously described [39, 41]. Briefly, pcDNA-NC 
(2 µl), pcDNA-METTL14 (2 µl), and the aforementioned 
total RNA (200 ng) were added to a 96-well plate. After-
ward, 50 µl of diluted capture antibody, detection antibody, 
and diluted enhancer solution were added into each well fol-
lowing the manufacturer's protocol. Signaling was detected 
after adding 100 µl diluted developer solution and stop 
solution to each well within 2 to 10 min using a microplate 
reader (Molecular Devices, Shanghai, China) at 450 nm. 
A standard curve was then used to calculate relative m6A 
content.

Western Blot Assay

Antibodies used for western blotting including the primary 
antibodies (METTL14, MARCKSL1, and GAPDH) and 
the HRP-conjugated secondary antibody were all procured 
from Abcam. The procedures were performed as follows: 
proteins from the LC cell lines (A549 and H1299) and xeno-
grafted mice tissues were initially lysed with RIPA buffer. 
We then made detection for protein concentrations using 
a BCA Protein Assay Kit (Thermo Fisher Scientific). The 
protein samples (40 µg) were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis on 10% gels and 
electro-blotted onto a polyvinylidene fluoride membrane. 
The membrane was blocked with 5% skim milk in Tris-
buffered saline containing 0.1% Tween 20 (TBST) for 1 h at 
room temperature, and incubated with the relevant primary 

antibodies (1:1000) at 4 °C for overnight. After three washes 
with TBST, the membrane was incubated with the secondary 
antibody (1:5000) for 1 h at room temperature. GAPDH was 
used as the internal control. Immunoblottings were visual-
ized using an ECL detection kit (Amersham Biosciences, 
Sweden).

Wound Healing Assay

The transfected A549 and H1299 cells (1 ×  105 cells/μl) 
were plated in 12-well dishes and grown to nearly 100% 
confluence. Subsequently, a sterile pipette tip (10 µl) was 
used for creating the wounds. After that, the cells were incu-
bated for 24 h in a serum-free medium. Then, the cells were 
washed three times with phosphate-buffered saline (PBS) 
to wash away the floating cells. At 0 h and 24 h, photos 
were taken under a light microscope (Olympus Corpora-
tion, Guangdong, China) and analyzed with ImageJ software 
[National Institutes of Health (NIH), Bethesda, MD, USA]. 
The relative migration (%) was calculated as (original gap 
distance − gap distance at 24 h)/original gap distance × 100, 
and normalized to that of the corresponding control group.

MTT Assay

After transfection, A549 and H1299 cells (2 ×  103) were 
transferred into 96-well plates. At the time point of 0, 24, 
48, 72, and 96 h, respectively, 20 μl MTT (Beyotime, Bei-
jing, China) was added to incubate 2 h at 37 °C. The absorb-
ance values were detected by a microplate reader (Molecular 
Devices) at the wavelength of 450 nm.

Transwell Assay

The upper chamber of Transwell inserts was pre-coated with 
Matrigel (BD Biosciences) at 37 °C for 30 min according 
to the manufacturer’s instructions. The transfected A549 
and H1299 cells (2 ×  105) were re-suspended in serum-free 
DMEM and then transferred onto the Matrigel coated upper 
chamber, and DMEM containing 10% FBS was added to the 
lower chamber. After incubation for 24 h at 37 °C, the non-
invaded cells in the upper chamber were scraped off with 
cotton swabs, and the cells that invaded the lower inserts 
were fixed with 90% ethanol and stained with 0.5% crystal 
violet at 37 °C for 15 min. The stained cells were imaged 
and counted in five random fields under an inverted light 
microscope. The number of invading cells was calculated 
by normalizing to that of the corresponding control group.

Tumor Xenograft Experiments

A total of 10 BALB/c nude mice (4–5 weeks, 22–24 g; Ese-
Bio, Shanghai, China) were assigned into the pcDNA-NC 
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group and pcDNA-METTL14 group (n = 5) ad libitum. The 
mice were initially anesthetized by intraperitoneal injection 
of 50 mg/kg pentobarbital sodium. A549 cells transfected 
with pcDNA-METTL14 or pcDNA-NC were washed with 
PBS and detached with 0.25% trypsin. After centrifugation, 
the cell pellet was re-suspended with normal saline and dis-
persed into a single-cell suspension. The cells (1 ×  106) were 
re-suspended in normal saline and mixed with 25% Matrigel 
matrix (50 μl) at a 1:1 ratio and subcutaneously injected into 
the right groin of the mice. The tumor volume was measured 
using the following formula: V (volume) = 1/2 [A (tumor 
length) B (tumor width)]2. Four weeks later, the mice were 
sacrificed and the tumors were collected and weighed. The 
present study was approved by the Institutional Animal Care 
and Use Committee of our hospital.

RNA Immunoprecipitation Assay

An RNA immunoprecipitation (RIP) assay was performed 
with a Magna RIP Kit (Millipore, Billerica, MA, USA) in 
accordance with the manufacturer’s protocol. Cells were 
lysed in RIP lysis buffer, and then, 100 µl whole-cell extract 
was incubated with magnetic beads conjugated with anti-
DGCR8 (1:100; Abcam) or IgG (1:100; Abcam) at 4 °C for 
6 h. Thereafter, the beads were incubated with proteinase K 
with shaking to remove protein. The coprecipitated RNAs 
were extracted by phenol–chloroform–isopentyl alcohol 
(125:24:1) and subjected to qRT-PCR.

Magna Me-RIP m6A Kit (Millipore) was used for the 
m6A RNA binding assay. The cells were digested with 
DNase I and ultrasonicated for 10 s to disrupt RNA. The 
magnetic beads were incubated with anti-m6A (1:500; 
Abcam) or IgG (1:500; Abcam) at room temperature for 
1 h. The antibody–beads complex, RIP immunoprecipita-
tion buffer, and RNA fragments were fully mixed, and then 
incubated together overnight at 4 °C. The protein–RNA 
complex was digested by proteinase K, and then the RNA 
was extracted and subjected to qRT-PCR.

Dual‑Luciferase Reporter (DLR) Assay

The underlying binding site between miR-30c-1-3p and 
MARCKSL1 was predicted using miRDB software (http:// 
mirdb. org/) and verified by DLR assay. In brief, the frag-
ments of MARCKSL1 containing miR-30c-1-3p binding 
site [including wild type (WT) and mutant type (MUT)] 
were initially inserted into pGL3 vector to establish the 
recombinant reporter plasmids. Subsequently, A549 cells 
(3000 cells/well) were co-transfected with miR-30c-1-3p 
mimics/miR-NC, and MARCKSL1 wt or MARCKSL1 mut 
using Lipofectamine 3000 (Invitrogen) to incubate for 48 h 
at 37 °C. After that, the luciferase activity was analyzed 

using a dual-luciferase reporter gene assay system (Promega 
Corporation).

Statistical Analysis

Data in this study are shown as means ± SD. SPSS 23.0 
software was used to perform statistical analyses. Student's 
t-test, one-way ANOVA followed by Tukey's multiple com-
parisons test, and two-way ANOVA followed by Sidak's 
multiple comparisons test were used to analyze the experi-
mental data in this study. The survival curves are compared 
with log-rank test. Pearson’s correlation was used for analy-
sis the linear correlation in tumor tissues of LC patients. 
Significance difference was considered when P < 0.05. All 
in vitro experiments were performed in triplicate.

Results

Decreased METTL14 is Identified in LC Tissues 
and Cells

We initially investigated the expression of METTL14 in 
LC tissues based on the databases of The Cancer Genome 
Atlas (TCGA) and Gene Expression Omnibus (GEO). As 
shown in Fig. 1A, B, reduction of METTL14 was observed 
in LC tissues compared with the normal tissues (P < 0.01). 
In addition, Kaplan–Meier analysis indicated that rela-
tively low expression of METTL14 was closely corre-
lated with the poor survival rate in LC patients (Fig. 1C, 
logrank P = 0.0026). We then detected METTL14 expres-
sion in clinical LC samples and cell lines. We found that 
METTL14 was downregulated in tumor tissues compared 
to that in ANT (Fig. 1D, P < 0.01). Meanwhile, a decreased 
METTL14 was observed in LC cell lines in comparison to 
the BEAS-2B cells (Fig. 1E, P < 0.05). A549 and H1299 cell 
lines were chosen for the subsequent experiments due to the 
relatively high expression of METTL14. In addition, the cor-
relation between METTL14 expression and different clinical 
characteristics was also analyzed. As shown in Table 1, we 
found that high expression of METTL14 and low expression 
of METTL14 showed significant difference in TNM stage 
(P = 0.0184) and tumor differentiation (P = 0.0258).

Overexpressed METTL14 Inhibits the Cell Viability 
and Metastasis in LC

Next, the role of METTL14 on LC progression was 
explored. We overexpressed METTL14 via transfection 
of pcDNA-METTL14 into A549 and H1299 cells. As pre-
sented in Fig. 2A, METTL14 expression was significantly 
upregulated by pcDNA-METTL14 transfection (P < 0.01). 
Similar patterns were observed in the data of METTL14 
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protein level (Fig. 2B, P < 0.01). It is indicated that the for-
mation of of m6A modification is positively associated with 
METTL14 level [11]. Therefore, m6A contents in A549 and 
H1299 cells were further measured and we found that the 
contents of m6A were increased by METTL14 overexpres-
sion (Fig. 2C, P < 0.05). Meanwhile, the results of wound 
healing, transwell invasion, and MTT assays demonstrated 
that the overexpressed METTL14 significantly repressed the 
migration, invasion, and viability of LC cells (Fig. 2D, F, 
P < 0.05).

Upregulation of METTL14 Suppresses the Growth 
of Tumor Xenograft In Vivo

The effect of METTL14 overexpression on the growth of 
tumor xenograft in vivo was also studied. As illustrated in 
Fig. 3A–C, injection of A549 cells transfected with pcDNA-
METTL14 not only decreased tumor volume (P < 0.01), but 
also reduced tumor weight (P < 0.01), suggesting that the 
increased METTL14 repressed the growth of tumor xeno-
graft. Furthermore, western blot assay revealed that the pro-
tein level of METTL14 in tumor tissues of mice was elevated 
after injection with pcDNA-METTL14 (Fig. 3D, P < 0.01).

Fig. 1  Decreased METTL14 is identified in LC tissues and cells. 
A The expression of METTL14 in LC tissues was analyzed using 
TCGA database. P < 0.01 vs. the normal tissues. B The expression 
of METTL14 in LC tissues was analyzed using GSE40791 cohort in 
GEO database. P < 0.01 vs. the normal tissues. C The effect of dif-
ferent expression level of METTL14 on LC prognosis was analyzed 

using the platform of Kaplan–Meier Plotter. Logrank P = 0.0026. 
D The expression of METTL14 in LC tissues (n = 75) and adjacent 
normal tissues (n = 75) was detected by qRT-PCR. P < 0.01 vs. the 
adjacent normal tissues. E The expression of METTL14 in H1299, 
A549, PC-9, H1975, and BEAS-2B cells was detected by qRT-PCR. 
*P < 0.05, **P < 0.01 vs. the BEAS-2B cells group

Table 1  Correlation between METTL14 expression and different 
clinical characteristics

Characteristics N = 75 (%) METTL14 expression P value

High (n = 41) Low (n = 34)

Gender 0.639
 Male 46 (61.33%) 24 22
 Female 29 (38.67%) 17 12

Age (years) 0.806
 < 60 23 (30.67%) 12 11
 ≥ 60 52 (69.33%) 29 23

TNM stage 0.0184*
 I–II 43 (57.33%) 29 14
 III–IV 32 (42.67%) 12 20

Differentiation 0.0258*
 Low 18 (24.0%) 5 13
 Moderate 46 (61.33%) 30 16
 High 11 (14.67%) 6 5

Tumor size 0.165
 < 5 cm 44 (58.67%) 27 17
 ≥ 5 cm 31 (41.33%) 14 17
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METTL14‑Mediated m6A Methylation Regulates 
the Processing of miR‑30c‑1‑3p by DGCR8

In accordance with the analysis of LinkedOmics data-
bases, a total of 50 miRNAs were found to be positively 
correlated with METTL14 in LC tissues (Supplement 
Fig. 1). We then investigated the expression of these miR-
NAs in LC cells after transfection of sh-METTL14/NC or 

pcDNA-METTL14/NC. The expression of METTL14 was 
downregulated by transfection of sh-METTL14, which 
implied that sh-METTL14 was transfected into A549 and 
H1299 cells successfully (Fig. 4A, P < 0.01). As shown 
in Fig. 4B, we discovered that miR-30c-1-3p was signifi-
cantly decreased by METTL14 deletion and increased 
by METTL14 upregulation (P < 0.01). Subsequently, we 
applied DGCR8, the key enzyme in m6A modification that 

Fig. 2  Overexpressed METTL14 inhibits the cell viability and metas-
tasis in LC. A The expression of METTL14 in LC cells after trans-
fection of pcDNA-METTL14/NC was detected by qRT-PCR. B The 
protein level of METTL14 in LC cells after transfection of pcDNA-
METTL14/NC was determined by western blot assay. C The m6A 
contents of total RNAs were detected using the m6A RNA methyla-

tion assay kit in METTL14 overexpressed LC cells. D The migration 
of LC cells was measured by wound healing assay. E The invasion 
of LC cells was measured by transwell assay. F The viability of LC 
was measured by MTT assay. *P < 0.05, **P < 0.01 vs. the pcDNA-
NC group



205Molecular Biotechnology (2022) 64:199–212 

1 3

can promote pri-miRNA to form the mature miRNA, and 
m6A as antibodies, and then detected the m6A modification 
level of pri-miR-30c-1-3p by RIP and Me-RIP experiments. 
We discovered that pri-miR-30c-1-3p was significantly 
enriched in the pcDNA-METTL14 + DGCR8 and pcDNA-
METTL14 + m6A groups compared to that in the pcDNA-
NC + DGCR8 and pcDNA-NC + m6A groups, respectively 
(Fig. 4C, D, P < 0.01). In addition, we also found miR-30c-
1-3p expression was reduced in tumor tissues by contrast 
to the ANT (Fig. 4E, P < 0.01), and there was a positive 
correlation between the expression of METTL14 and miR-
30c-1-3p in LC tissues (Fig. 4F; P < 0.01, r = 0.502).

Overexpression of miR‑30c‑1‑3p Inhibits the Cell 
Viability and Metastasis in LC

miR-30c-1-3p mimics/miR-NC or miR-30c-1-3p/inhibitor 
NC was transfected into A549 and H1299 cells to explore 
the function of miR-30c-1-3p on the tumorigenesis of LC. 
As illustrated in Fig. 5A, B, in both A549 and H1299 cells, 
miR-30c-1-3p was upregulated by transfection with miR-
30c-1-3p mimics, and was downregulated after transfec-
tion of miR-30c-1-3p inhibitor (P < 0.01). Afterward, the 

functional experiments demonstrated that the metastasis 
and viability of LC cells were suppressed by miR-30c-1-3p 
overexpression (Fig. 5C–E, P < 0.01).

MARCKSL1 is a Target Gene of miR‑30c‑1‑3p

To explore the downstream regulatory mechanism of miR-
30c-1-3p in LC, a total of 10 potential target genes (score > 95) 
was selected using miRDB software (Fig. 6A). MARCKSL1 
was chosen in this study due to its high expression (Fig. 6B, 
P < 0.01; data from TCGA) in LC and poor prognosis for LC 
patients (Fig. 6C, logrank P = 1.9 ×  e−8). Figure 6D showed the 
binding site between miR-30c-1-3p and MARCKSL1. After-
ward, DLR was conducted to verify the target relationship 
between them. As illustrated in Fig. 6E, a decreased luciferase 
activity was exhibited in the MARCKSL1 WT-miR-30c-1-3p 
mimics group compared to that of the MARCKSL1 WT-miR-
NC group, while no statistical changes were observed in the 
MARCKSL1 MUT group (P < 0.01). We then determined 
the protein level of MARCKSL1 after transfection of miR-
30c-1-3p mimics in A549 and H1299 cells. The results of 
western blot assay revealed that MARCKSL1 protein level 
was remarkably repressed by miR-30c-1-3p overexpression 

Fig. 3  Upregulation of METTL14 suppresses the growth of tumor 
xenograft in  vivo. A The image of solid tumor after injection of 
pcDNA-METTL14/NC. B The tumor volume after injection of 
pcDNA-METTL14/NC. C The tumor weight after injection of 

pcDNA-METTL14/NC. D The protein level of METTL14 in tumor 
xenograft tissues injected with pcDNA-METTL14/NC was measured 
by western blot assay. **P < 0.01 vs. the pcDNA-NC group
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(Fig. 6F, P < 0.01). In addition, we further discovered a rel-
atively high expression of MARCKSL1 in tumor tissues in 
comparison to that of ANT (Fig. 6G, P < 0.01), and there was 
a negative correlation between the expression of miR-30c-1-3p 
and MARCKSL1 (Fig. 6H; P < 0.01, r =  − 0.4578).

The Overexpressed METTL14 Suppresses the Cell 
Viability and Metastasis of A549 Cells Through 
Mediating the miR‑30c‑1‑3p/MARCKSL1 Axis

Finally, rescue experiments were performed to investi-
gate the interactions among METTL14, miR-30c-1-3p, 

and MARCKSL1 in LC. We initially determined that 
MARCKSL1 protein level was elevated by transfection 
of pcDNA-MARCKSL1 (Fig. 7A, P < 0.01). Meanwhile, 
we further found that the protein level of MARCKSL1 
was significantly repressed by METTL14 overexpression 
(Fig. 7B, P < 0.01), and this situation was reversed by 
downregulation of miR-30c-1-3p (P < 0.05). As presented 
in Fig. 7C–E, the rescue experiments demonstrated that the 
inhibitory effects of pcDNA-METTL14 on cell metastasis 
and viability were rescued by transfection of miR-30c-1-3p 
inhibitor or pcDNA-MARCKSL1 (P < 0.05).

Fig. 4  METTL14-mediated m6A methylation regulates the process-
ing of miR-30c-1-3p by DGCR8. A The expression of METTL14 
in LC cells after transfection of sh-METTL14/NC was detected 
by qRT-PCR. **P < 0.01 vs. the sh-NC group. B The expression of 
miR-30c-1-3p in LC cells after transfection of sh-METTL14/NC or 
pcDNA-METTL14/NC was detected by qRT-PCR. **P < 0.01 vs. 
the sh-NC group, ##P < 0.01 vs. the pcDNA-NC group. C The m6A 
modification level of pri-miR-30c-1-3p in A549 cells after different 
treatments was determined by RIP and Me-RIP assays. **P < 0.01 

vs. the pcDNA-NC group. D The m6A modification level of pri-miR-
30c-1-3p in H1299 cells after different treatments was determined 
by RIP and Me-RIP assays. **P < 0.01 vs. the pcDNA-NC group. E 
The expression of miR-30c-1-3p in LC tissues (n = 75) and adjacent 
normal tissues (n = 75) was detected by qRT-PCR. P < 0.01 vs. the 
adjacent normal tissues. F The correlation between the expression 
of METTL14 and miR-30c-1-3p in LC tissues was assessed by Pear-
son’s correlation analysis. P < 0.01, r = 0.505
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Discussion

Growing attention has been paid to the important role of 
m6A modification in carcinogenesis [12, 26, 27]. METTL14, 
a key RNA methyltransferase in the process of m6A modi-
fication, is reported to downregulate in tumor tissues com-
pared to that of healthy controls [38, 41, 51]. Meanwhile, 

the overexpressed METTL14 represses the proliferation, 
migration, and invasion of cancer cells, such as HCC [38], 
CRC [41], and gastric cancer (GC) [51]. In the current study, 
low expression of METTL14 is not only identified in data 
analysis platform (TCGA and GEO), but also confirmed in 
LC clinical specimens and cell lines. Similarly, Li analyzed 
the expression levels of m6A methylation related regulators 

Fig. 5  Overexpression of miR-30c-1-3p inhibits the cell viability and 
metastasis in LC. A The expression of miR-30c-1-3p in A549 cells 
after transfection of miR-30c-1-3p mimics/miR-NC or miR-30c-1-3p 
inhibitor/inhibitor NC was detected by qRT-PCR. B The expression 
of miR-30c-1-3p in H1299 cells after transfection of miR-30c-1-3p 

mimics/miR-NC or miR-30c-1-3p inhibitor/inhibitor NC was detected 
by qRT-PCR. C The migration of LC cells was measured by wound 
healing assay. D The invasion of LC cells was measured by transwell 
assay. E The viability of LC was measured by MTT assay. **P < 0.01 
vs. the miR-NC group; ##P < 0.01 vs. the inhibitor NC group
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in LAD, and demonstrated that METTL14 expression is sig-
nificantly decreased in the tumor tissues [35]. Additionally, 
we further found the cell viability and metastasis of LC cell 
lines (A549 and H1299) transfected with pcDNA-METTL14 
were inhibited. Interestingly, overexpression of METTL14 
also repressed the growth of tumor xenograft in a mouse 
model. Therefore, we speculated METTL14 may exhibit an 
anti-tumor role in the tumorigenesis of LC.

As a key mediator of m6A modification, METTL14 could 
modulate the half-life period of RNA, and control the pre-
mRNA splicing, miRNA processing, nuclear export, and 
translation [10]. In addition, METTL14/m6A can process 
the pre-miRNA and accelerate its maturation through regu-
lation of DGCR8 [38, 41, 42]. For instance, after recogni-
tion of DGCR, the processing effects of METTL14 on pre-
miRNAs were confirmed, such as METTL14-pri-miR-126 

in HCC [38], METTL14-pri-miR-375 in CRC [41], and 
METTL14-pri-miR-19a in AS [42] were confirmed. In this 
study, we initially searched 50 miRNAs in LinkedOmics 
databases that is positively correlated with METTL14. We 
speculated that METTL14 may be related to the matura-
tion of these miRNAs. Our pre-experiments demonstrated 
that miR-30c-1-3p in the only one miRNA that is signifi-
cantly downregulated by transfection of sh-METTL14, and 
is upregulated after transfection with pcDNA-METTL14. 
Given this, we believed that the maturation of miR-30c-1-3p 
may be mediated by METTL14. Furthermore, we found 
relatively high levels of pri-miR-30c-1-3p precipitated by 
DGCR8 and m6A antibodies upon METTL14 overexpres-
sion. The above results further validated our hypothesis.

We have demonstrated that METTL14 may be an anti-
neoplastic factor existing in LC. So here comes the question: 

Fig. 6  MARCKSL1 is a target gene of miR-30c-1-3p. A Search for 
potential target genes of miR-30c-1-3p through the miRDB soft-
ware. B The expression of MARCKSL1 in LC tissues was ana-
lyzed using TCGA database. P < 0.01 vs. the normal tissues. C The 
effect of different expression level of MARCKSL1 on LC prog-
nosis was analyzed using the platform of Kaplan–Meier Plotter. 
Logrank P = 1.9 ×  e−8. D The binding site between miR-30c-1-3p and 
MARCKSL1. E The luciferase activity in LC cells co-transfected 
with pGL3-MARCKSL1 WT/pGL3-MARCKSL1 MUT and miR-

30c-1-3p mimics/miR-NC was determined by dual-luciferase reporter 
assay. F The protein level of MARCKSL1 in LC cells after transfec-
tion of miR-30c-1-3p/miR-NC was determined by western blot assay. 
G The expression of MARCKSL1 in LC tissues (n = 75) and adjacent 
normal tissues (n = 75) was detected by qRT-PCR. P < 0.01 vs. the 
adjacent normal tissues. H The correlation between the expression of 
MARCKSL1 and miR-30c-1-3p in LC tissues was assessed by Pear-
son’s correlation analysis. P < 0.01, r =  − 0.4578
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whether the mature miR-30c-1-3p is associated with LC 
progression in case that the maturation of miR-30c-1-3p 
is mediated by METTL14. In fact, miR-30c-1-3p is well 
known as a suppressor in human cancers [43, 45]. Kordaß 
et al. revealed that miR-30c-1-3p represses the invasion of 
melanoma through regulation of invasion-related genes [43]. 
Chen et al. found a decreased miR-30c-1-3p in PC tissues, 
and miR-30c-1-3p overexpression contributes to inhibit the 
development of PC [45]. Interestingly, the expression of 
miR-30c-1-3p is also downregulated in LC tissues compared 
with ANT. At the same time, miR-30c-1-3p overexpression 
inhibited the cell viability and metastasis in LC. In addi-
tion, relatively low expression of miR-30c-1-3p reversed the 
inhibitory effects of overexpressed METTL14 on viability 
and metastasis of LC cells. Our results suggested that the 
mature miR-30c-1-3p modulated by METTL14/m6A was 
involved in the progression of LC.

MARCKSL1, a member of the myristoylated alanine-
rich C kinase substrate (MARCKS) family, is reported to be 
implicated in the regulation of cancer growth and metastasis 
[47–49, 52]. For example, MARCKS targeted by miR-21 
facilitates PC cell motility and invasion [47]. Overexpres-
sion MARCKS reversed the inhibiting effect of miR-34c-3p 
on osteosarcoma progression [49]. High expression of 
MARCKSL1 represents relatively poor prognosis for BRC 
patients [52], and miR-140-3p-MARCKSL1 axis leads to 
the inhibition of BRC cell cycle and migration [48]. Based 
on these previous results, we speculated MARCKSL1 may 
be modulated by the upstream miRNAs to affect cancer 
progression. In this study, we discovered that MARCKSL1 
is upregulated in LC tissues, and is strong correlated with 
worse prognosis for LC patients, which was consistent with 
the previous results. Additionally, MARCKSL1 was identi-
fied as direct target of miR-30c-1-3p. The results implied 

Fig. 7  The overexpressed METTL14 suppresses the cell viability 
and metastasis of A549 cells through mediating the miR-30c-1-3p/
MARCKSL1 axis. A The protein level of MARCKSL1 in A549 cells 
after transfection of pcDNA-MARCKSL1/NC was determined by 
western blot assay. **P < 0.01 vs. the pcDNA-NC group. B The pro-
tein level of MARCKSL1 in A549 cells after transfection of pcDNA-
METTL14, pcDNA-NC or pcDNA-METTL14 + miR-30c-1-3p 

inhibitor was determined by western blot assay. C The migration of 
LC cells was measured by wound healing assay. D The invasion of 
LC cells was measured by transwell assay. E The viability of LC was 
measured by MTT assay. *P < 0.05, **P < 0.01 vs. the pcDNA-NC 
group. **P < 0.01 vs. the pcDNA-NC group, #P < 0.05, ##P < 0.01 the 
pcDNA-METTL14 group
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that the miR-30c-1-3p-MARCKSL1 axis may be crucial for 
the development of LC. As mentioned in the above discus-
sion, we have demonstrated that METTL14 repressed LC 
progression through regulation of miR-30c-1-3p. Therefore, 
we further conjectured METTL14 ameliorated the malig-
nant behaviors of LC via regulating the miR-30c-1-3p/
MARCKSL1 axis. Subsequently, the results of feedback 
verification experiments showed that MARCKSL1 over-
expression reversed the suppressive effects of METTL14 
upregulation on cell viability and metastasis, which further 
confirmed our assumption. All the above results suggested 
that METTL14/m6A initially accelerated the maturation 
of miR-30c-1-3p and then mediated the expression of 
MARCKSL1 to suppress LC progression.

However, there were also some limitations in this 
study. First, our research mainly focused on the function 
of METTL14 in LC progression. Expression of other 
methyl transferase and demethylase associated with m6A 
modification from database analysis as well as in primary 
LC samples is absent. Second, the direct interaction of 
METTL14 with MARCKSL1 should be explored. We will 
consider elucidating these issues in future studies.

In summary, the current study uncovered that 
METTL14 shows anti-tumor role in LC. METTL14/m6A 
makes important contributions regarding the maturation 
of miR-30c-1-3p. More importantly, METTL14-medi-
ated miR-30c-1-3p maturation represses the cell viability 
and metastasis in LC through regulation of MARCKSL1 
expression. Our findings suggest that the METTL14-miR-
30-1-3p-MARCKSL1 axis is crucial in the development 
of LC, providing an underlying therapeutic target for LC.
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