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N6-methyladenosine-induced SVIL antisense RNA 1 restrains lung 
adenocarcinoma cell proliferation by destabilizing E2F1
Zedong Hu, Liang Zhu, Yilin Zhang, and Bing Chen
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ABSTRACT
Accumulating evidence indicates that N6-methyladenosine (m6A) and long noncoding RNAs 
(lncRNAs) play crucial roles in cancer development. However, the biological roles of m6A and 
lncRNAs in lung cancer tumorigenesis are largely unknown. In this study, SVIL antisense RNA 1 (SVIL- 
AS1) was downregulated in lung adenocarcinoma (LUAD) tissues and was associated with a favorable 
prognosis in patients with LUAD. SVIL-AS1 overexpression suppressed LUAD cell proliferation and 
blocked cell cycle arrest. Mechanistically, METTL3 increased the m6A modification and transcript 
stability of SVIL-AS1. The enhanced SVIL-AS1 expression mediated by METTL3 suppressed E2F1 and 
E2F1-target genes. Moreover, SVIL-AS1 accelerated E2F1 degradation. The reduction in cell prolifera-
tion induced by SVIL-AS1 overexpression could be rescued by E2F1 overexpression or METTL3 
knockdown. In conclusion, our work demonstrated the role and mechanism of METTL3-induced SVIL- 
AS1 in LUAD, which connects m6A and lncRNA in lung cancer carcinogenesis.
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Introduction

Lung cancer is the leading cause of cancer-related 
deaths worldwide [1–3]. Adenocarcinoma is the 
most common subtype of lung cancer, and its prog-
nosis remains poor.

Long noncoding RNAs (lncRNAs) are a type of 
non-coding transcripts with a minimum length of 200 
nucleotides [4–6]. It is reported that lncRNAs can 
regulate gene expression as enhancers, decoys, guides, 
and scaffolds [7,8]. Currently, dysregulated lncRNAs 
are associated with multiple cancer progression, 
including cell proliferation, cell cycle regulation, 
epithelial-mesenchymal transition, metastasis, and 
drug resistance [9–11]. SVIL antisense RNA 1 (SVIL- 
AS1) was recently found to be downregulated in non- 
small cell lung cancer (NSCLC) [12]; however, its role 
and functional significance have not been studied.

N6-methyladenosine (m6A) RNA modification is 
an important RNA modification involved in the 
regulation of mRNA stability, splicing, translation, 
and so on. It plays critical roles in tissue develop-
ment, self-renewal, and DNA damage response [13– 
15]. Recent research has revealed that m6A RNA 
modification plays critical roles in non-coding 
RNA (ncRNA) metabolism and tumor biological 

processes [14,16,17]. It was found that m6A modifi-
cation of lncRNAs could have an effect on the RNA- 
protein interaction. For example, lncRNA metasta-
sis-associated lung adenocarcinoma transcript 1 
(MALAT1) was reported to be highly associated 
with tumorigenesis, which was highly m6A methy-
lated [18,19]. In lung cancer, the m6A transferase 
METTL3-induced lncRNA ABHD11-AS1 was 
reported to promote the Warburg effect in NSCLC 
[20]. These findings indicate the vital role of m6A 
modification in lncRNAs in lung cancer.

The transcription factor E2F1, belonging to the 
E2 promoter-binding factor (E2F) family, is a key 
regulator of cell cycle progression, DNA replica-
tion, apoptosis, senescence, and metabolism [21– 
24]. The role and prognostic value of E2F1 has 
been reported in multiple cancers, including hepa-
tocellular carcinoma [25], colon cancer [26], lung 
cancer [27], breast cancer [28], and glioma [29]. It 
is known that E2F1 is involved in cell cycle transi-
tion by regulating cell-cycle related genes, growth 
factors, cytokines [23].

In the present study, we hypothesized that SVIL- 
AS1 dysregulation could contribute to lung adeno-
carcinoma (LUAD) development and tumorigenesis. 
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The aim of this study was to investigate the role and 
potential molecular mechanisms of SVIL-AS1 in 
LUAD. We identified the prognostic significance of 
SVIL-AS1 in LUAD among the predicted METTL3- 
correlated lncRNAs screened from TCGA-LUAD. 
We validated the consensus m6A modification sites 
in SVIL-AS1 using MeRIP. METTL3 installed m6A 
and transcript stability of SVIL-AS1 to enhance its 
expression. Moreover, SVIL-AS1 overexpression 
suppressed LUAD cell proliferation and cell cycle 
arrest at G1 by accelerating E2F1 degradation. Our 
study reveals that METTL3-induced SVIL-AS1 sup-
presses the proliferation of LUAD by promoting 
E2F1 degradation, which advances the understand-
ing of m6A and lncRNA in lung cancer biology.

Materials and methods

Data analysis

Pearson correlation analysis was performed to 
identify co-expressed lncRNAs related to 
METTL3 with a cutoff of |Pearson R| > 0.3 and 
P < 0.05, in The Cancer Genome Atlas (TCGA)- 
LUAD dataset. According to a correlation coeffi-
cient greater than 0.3 and a P value less than 0.05, 
292 lncRNAs were screened out, from which the 
top three correlation coefficients were selected for 
subsequent analysis. Overall survival analysis of 
lncRNAs from SVIL-AS1 was performed using 
Kaplan–Meier plotter online tools (https:// 
kmplot.com/analysis/index.php?p=service&can 
cer=lung) [30]. Overall survival analysis of 
lncRNAs from AL731577.2 and NORAD was per-
formed using R software (3.6.3) [31] survminer 
package (0.4.9). The expression of SVIL-AS1 in 
LUAD tissues was analyzed using GEPIA2 
(http://gepia2.cancer-pku.cn/#general) [32] and 
R software (3.6.3) [31] ggplot2 package (3.3.3).

Expression validation of SVIL-AS1 in GEO 
datasets

The datasets GSE146461 and GSE85716 down-
loaded from the GEO database of NCBI (https:// 
www.ncbi.nlm.nih.gov/geo/), which were based on 
GPL20115 (Agilent-067406 Human CBC lncRNA 
+ mRNA microarray V4.0) and GPL19612 
(Agilent-062918 OE Human lncRNA Microarray 

V4.0 028004), respectively, were used to validate 
expression of SVIL-AS1. The GSE146461 dataset 
contained five LUAD samples and three normal 
tissues. The GSE85716 dataset included six pairs of 
LUAD tissues and corresponding non-cancerous 
tissues [33]. The expression of SVIL-AS1 was ana-
lyzed in LUAD and normal tissues using the 
unpaired Student’s t-test. Differences in expression 
values were considered statistically significant if 
the P-value was < 0.05.

Cells and cell culture

LUAD cells (A549 and H1650) were purchased 
from Procell Life Science & Technology Co., Ltd. 
(Wuhan, China). A549 cells were cultured in 
Ham’s F-12K medium supplemented with 10% 
fetal bovine serum (FBS) and 100 U/mL penicillin- 
streptomycin. H1650 cells were maintained in 
RPMI-1640 medium containing 10% FBS and 1% 
P/S. The cells were cultured in a humidified atmo-
sphere of 5% CO2 at 37°C.

Stable cell lines using lentiviral shRNAs

The pLKO-based shRNA clones for METTL3, 
SVIL-AS1 #1, SVIL-AS1 #2, and the scrambled 
control were purchased from GenePharma Co., 
Ltd. (Shanghai, China). All shRNA sequences are 
described in Table 1. The lentivirus package was 
used according to the protocols. A549 and H1650 
cells were infected with the indicated lentivirus 
with 10 μg/mL polybrene then selected by 3.3 μg/ 
mL puromycin 48 h after infection. Stable cell lines 
were maintained in medium containing 3.3 μg/mL 
puromycin.

Quantitative real-time PCR (qRT-PCR)

RNA was extracted from cells using TRIzol reagent 
(Invitrogen, USA) and quantified using a NanoDrop 
spectrophotometer (Thermo Fisher Scientific). RNA 
was reverse transcribed into cDNA using an 
EasyScript® One-Step gDNA Removal and cDNA 
Synthesis SuperMix (Transgene, Beijing, China). 
qRT-PCR was performed using TransScript® II One- 
Step RT-PCR SuperMix (Transgene). The relative 
expression of targets was analyzed using the 7500 
real-time PCR system (Applied Biosystems, Foster 
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City, CA, USA) and calculated using the 2−ΔΔCt 

method [34]. GAPDH was used as an internal con-
trol. The primer sequences are shown in Table 2.

Methylated RNA immunoprecipitation PCR 
(MeRIP-qPCR)

Quantification of m6A-modified SVIL-AS1 was per-
formed by MeRIP-qPCR, as previously described [35]. 
Total RNA was harvested from A549 or H1650 cells 
using TRIzol reagent. Two micrograms of anti-m6A 
antibody (ab151230, Abcam, Burlingame, CA, USA) 
or anti-IgG (Cell Signaling Technology) were conju-
gated to the protein A/G magnetic beads at 4°C for 4 h 
in IP buffer (20 mM Tris pH 7.5, 140 mM NaCl, 1% 
NP-40, 2 mM EDTA). Then, the fragmented RNA was 
incubated with the antibody in IP buffer supplemen-

ted with RNase inhibitor and protease inhibitor on 
a rotator at 4°C overnight. Then, the RNA was eluted 
using evolution buffer (50 mM Tris-HCl pH 7.5, 
150 mM NaCl, 1 mM EDTA, 0.1% SDS, 20 mM 
DTT). The immunoprecipitated RNA was used for 
qRT-PCR assays. SVIL-AS1 primer for MeRIP-qPCR 
F1 F: 5’-TCTACCTCATGCTCTTATG-3’; R: 5’- 
TGCTTATGTTTGGTTCCTAA-3’. SVIL-AS1 pri-
mer for MeRIP-qPCR F2 F: 5’-CTATAAAGAGCG 
AGAGTAGA-3’; R: 5’-TGAATATTCACACAAA 
AGGAAC-3’.

RNA stability analysis

LUAD cells were treated with actinomycin 
D (Act-D, 5 μg/mL) at different times. RNA was 
extracted using TRIzol at the indicated times and 

Table 1. Sequences for shRNAs.
shRNAs Oligos

shMETTL3 Sense:5’-ACCTCGCACTTCAGACGAATTATCAATCAAGAGTTGATAATTCGTCTGAAGTGCTT-3’
Anti-sense:5’-CAAAAAGCACTTCAGACGAATTATCAACTCTTGATTGATAATTCGTCTGAAGTGCG-3’

shSVIL-AS1#1 Sense:5’-ACCTCGAAAGCTGCCGGATAAATCATTCAAGAGATGATTTATCCGGCAGCTTTCTT-3’
Anti-sense:5’-CAAAAAGAAAGCTGCCGGATAAATCATCTCTTGAATGATTTATCCGGCAGCTTTCG-3’

shSVIL-AS1#2 Sense:5’-ACCTCGGACTTTAGGAACCAAACATATCAAGAGTATGTTTGGTTCCTAAAGTCCTT-3’
Anti-sense:5’-CAAAAAGGACTTTAGGAACCAAACATACTCTTGATATGTTTGGTTCCTAAAGTCCG-3’

Scramble Sense:5’-ACCTCGCAAATACCAATGCGATGTAATCAAGAGTTACATCGCATTGGTATTTGCTT-3’
Anti-sense:5’-CAAAAAGCAAATACCAATGCGATGTAACTCTTGATTACATCGCATTGGTATTTGCG-3’

Table 2. Primers for qRT-PCR.

Genes Sequences

METTL3 Forward 5’-TTGTCTCCAACCTTCCGTAGT-3’

Reverse 5’-CCAGATCAGAGAGGTGGTGTAG-3’

E2F1 Forward 5’-ACGCTATGAGACCTCACTGAA-3’

Reverse 5’-TCCTGGGTCAACCCCTCAAG-3’

CCNE1 Forward 5’-GCCAGCCTTGGGACAATAATG-3’

Reverse 5’-CTTGCACGTTGAGTTTGGGT-3’

MYBL2 Forward 5’-CTTGAGCGAGTCCAAAGACTG-3’

Reverse 5’-AGTTGGTCAGAAGACTTCCCT-3’

CDC25A Forward 5’-CTCCTCCGAGTCAACAGATTCA-3’

Reverse 5’-CAACAGCTTCTGAGGTAGGGA-3’

p27 Forward 5’-ATCACAAACCCCTAGAGGGCA-3’

Reverse 5’-GGGTCTGTAGTAGAACTCGGG-3’

p15 Forward 5’-GGGACTAGTGGAGAAGGTGC-3’

Reverse 5’-CATCATCATGACCTGGATCGC-3’

SVIL-AS1 Forward 5’-ACAGAAATCCTAACGGGGCG-3’

Reverse 5’-CCATGATCTGATCCCTGCCC-3’

GAPDH Forward 5’-CTGGGCTACACTGAGCACC-3’

Reverse 5’-AAGTGGTCGTTGAGGGCAATG-3’

E2F1 promoter (F-5’TTCGCGGCAAAAAGGATTT; R- 5’GCCGCTGCCTGCAAAGT),GGGACTAGTGGAGAAGGTGC 
CATCATCATGACCTGGATCGC 
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the relative expression of mRNA was detected by 
qRT-PCR [36].

Cell counting Kit 8 (CCK-8)

Cell viability was analyzed using the Cell Counting 
Kit 8 (CCK-8, Beyotime, Beijing, China). The trans-
fected cells were seeded in a 96-well plate at a density 
of 104/well. Cells were cultured for 24, 48, 72, or 96 h. 
Then, the cells in each well were incubated with 
10 μL CCK-8 reagent for 2 h. The absorbance at 
450 nm (optical density, 450 nm) was detected 
using a microplate reader (Thermo Fisher Scientific).

Protein stability analysis

Cells were treated with cycloheximide (CHX, final 
concentration 100 μg/mL), vehicle (DMSO), MG132 
(20 nM), or 3-MA (25 nM) for the indicated times. 
Western blotting was performed to analyze protein 
levels.

BrdU labeling

BrdU labeling was detected using 5-Bromo-2-deoxy- 
Uridine (BrdU; Roche, Basel, Switzerland). The cells 
were seeded into 24-well plates at a density of 
0.2 x 105/well. The cells were transfected as described 
previously. After 48 h, the cells were incubated with 
10 μM BrdU for 2 h at 37°C. The cells were fixed with 
4% paraformaldehyde and permeabilized with 0.2% 
Triton X-100. After incubation in 1.5 M HCL, cells 
were washed with PBS. Then, the cells were incubated 
with BrdU antibody (1:1000) and incubated at 4°C 
overnight. The cells were stained with DAPI for 
nuclear staining. Images were captured using 
a fluorescence microscope.

Cell cycle analysis

The cells were harvested and fixed with 70% ethanol 
at 4°C overnight. The cells were incubated with pro-
pidium iodide (PI, 1 μg/mL) solution containing 
RNase A (10 mg/mL, Sigma-Aldrich, St. Louis, MA, 
USA) for 1 h and wrapped in foil at 4°C. Cell cycle 
analysis was performed using a FACScan Flow 
Cytometer (Becton-Dickinson) and analyzed using 
FlowJo LLC software (Ashland, OR).

Nuclear-cytoplasmic fractionation

Total RNA was isolated from cells using the 
TRIzol reagent (Invitrogen). RNA from the 
nucleus and cytoplasm of LUAD cells was sepa-
rated using the PARIS™ Kit (Invitrogen, USA). U6 
RNA was used as a nuclear control, and GAPDH 
mRNA was used as a cytoplasmic control. The 
fractionated RNA was detected by qRT-PCR.

Western blot

Total protein was extracted from cancer cells and the 
protein concentration was determined using 
a bicinchoninic acid protein assay kit (Beyotime). 
The protein was separated using 10% SDS-PAGE 
and transferred onto a polyvinylidene fluoride mem-
brane (EMD Millipore, Bedford, USA). The mem-
branes were blocked with 5% nonfat milk for 1 h at 
room temperature, and then incubated with specific 
primary antibodies against E2F1 (1:500, Bioss, Beijing, 
China), METTL3 (1:1000, Abcam), and GAPDH 
(1:1000, Bioss) overnight at 4°C. Next, the membranes 
were incubated with the appropriate secondary anti-
bodies for 1 h at room temperature. The bands were 
detected using enhanced chemiluminescence.

Xenograft tumor models

All mouse experiments were carried out by Beijing 
Viewsolid Biotech Co., Ltd., and the animal ethics 
approval form was 201901003. Male BALB/c mice 
(6 weeks old, ~18 g) were purchased from Sibf 
Biotechnology Co., Ltd. (Beijing, P.R. China). A549 
cells (1 × 106 cells) were intraperitoneally injected into 
the abdomen of nude mice. Tumor length and width 
were measured and recorded every 4 days after inocu-
lation. Tumor volume was calculated as 1/ 
2 × length × width2. The tumor weight was weighed 
and recorded 20 days after inoculation.

Statistical analysis

Data were analyzed using the GraphPad Prism 
version 8. Data are presented as mean ± SD. The 
two-tailed Student’s t-test was used to compare 
gene expression between the two groups. One- 
way analysis of variance (ANOVA) was used to 
analyze the differences among multiple groups. 
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Pearson’s correlation analysis was used to analyze 
the correlation between METTL3 and lncRNAs in 
LUAD samples. The Kaplan–Meier method was 
used to analyze the overall survival of LUAD 
patients with higher or lower lncRNA expression. 
Statistical significance was set at P < 0.05.

Results

Based on the finding that SVIL-AS1 was down-
regulated in LUAD tissues and had a prognostic 
value for LUAD, we speculated that SVIL-AS1 
might act as a tumor suppressor in LUAD tumor-
igenesis. The goal of this study was to verify the 
role and regulatory mechanisms of SVIL-AS1 in 
LUAD. Functionally, CCK-8, BrdU staining, and 
cell cycle analysis were performed to analyze the 
effect of SVIL-AS1 on cell proliferation and cell 
cycle. Mechanistically, METTL3 was found to be 
upstream of SVIL-AS1 via m6A modification. 
Rescue experiments were performed to confirm 
that E2F1 is a downstream target of SVIL-AS1.

Down-regulated SVIL-AS1 is associated with an 
unfavorable prognosis in LUAD

We screened the METTL3-correlated lncRNAs in 
the TCGA-LUAD database using Pearson’s corre-
lation analysis which was restricted to |Pearson R| 
> 0.3 and P < 0.05, and obtained the top three 
lncRNAs (SVIL-AS1, AL731577.2, NORAD) 
according to the correlation coefficient in descend-
ing order. (RSVIL-AS1 = 0.657, RAL731577.2 = 0.590, 
RNORAD = 0.571, P < 0.001. Figure 1(a)). For 
further research, we analyzed their prognostic 
values using the Kaplan–Meier plotter and found 
that only SVIL-AS1 had prognostic significance in 
LUAD (Figure 1(b)). That is, high expression of 
SVIL-AS1 was associated with prolonged survival 
time in patients with LUAD. SVIL-AS1 was down-
regulated in LUAD tumor tissues compared to 
normal tissues by GEPIA2, of which the samples 
were from the TCGA and GTEx projects. (Figure 1 
(c)). In addition, the level of SVIL-AS1 was also 
lower in paired and unpaired LUAD tumor tissues 
than in normal tissues from the TCGA-LUAD 
database (Figure 1(d)). The relationship between 
SVIL-AS1 and LUAD was also validated in the 
GEO database. SVIL-AS1 was downregulated in 

GSE85716 and GSE146461 [33] (Figure 1(e)). 
Above all, these data suggest that SVIL-AS1 has 
a favorable prognostic value in LUAD and might 
play a tumor-suppressive role in LUAD.

METTL3-mediated m6A modification is critical for 
SVIL-AS1 stability

To investigate whether RNA methyltransferase- 
like 3 (METTL3) plays a role in the regulation of 
SVIL-AS1, we analyzed the potential m6A modifi-
cation sites by METTL3 on the SVIL-AS1 
sequence via the SRAMP (cuilab.cn/sramp/) [37]. 
Three m6A sites with very high confidence were 
identified in the SVIL-AS1 sequence before the 3’- 
untranslated regions (3’-UTR). We designed two 
pairs of PCR primers to identify nearby m6A 
methylation motifs (Figure 2(a)). To verify the 
presence of m6A methylated positions, we per-
formed RNA immunoprecipitation using the 
m6A antibody in A549 and H1650 cells. As 
shown in Figure 2(b), there were m6A methylation 
sites in the SVIL-AS1 sequence by PCR1 and 
PCR2. To further confirm the m6A sites by 
METTL3, we performed m6A immunoprecipita-
tion in METTL3-silence cells. As expected, the 
PCR1 and PCR2 fragments (containing the m6A 
modification sites) decreased significantly when 
METTL3 was silenced (Figure 2(c,d)), which vali-
dates the presence of m6A sites mediated by 
METTL3. Furthermore, RNA stability analysis 
showed that METTL3 knockdown reduced the 
stability of SVIL-AS1 (Figure 2(e)). Taken 
together, these data indicate that METTL3 is cri-
tical for SVIL-AS1 stability in an m6A modifica-
tion manner.

SVIL-AS1 inhibits LUAD cells proliferation and 
contributes to cell cycle arrest

To explore the biological function of SVIL-AS1 in 
LUAD cells, we knocked down or overexpressed 
SVIL-AS1 in A549 and H1650 cells using short 
hairpin RNA (shRNA) or the pcDNA3.1 vector. 
Overexpression of SVIL-AS1 was measured by RT- 
qPCR, as shown in Figure 3(a). CCK-8 analysis 
showed that SVIL-AS1 overexpression inhibited 
the proliferation of A549 and H1650 cells 
(Figure 3(b)). Forced expression of SVIL-AS1 
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also reduced BrdU-positive cells (Figure 3(c)) and 
arrested the cell cycle at the G1 phase (Figure 3 
(d)). These data demonstrate that SVIL-AS1 inhi-
bits cell proliferation and blocks the cell cycle in 
LUAD cells.

METTL3-mediated SVIL-AS1 down-regulates E2F1 
and E2F1-target genes in LUAD cells

Considering that E2F1 is known as a key regulator of 
the G1/S phase transition [23], based on the above 
result of SVIL-AS1 silencing induced G1 phase arrest 
in LUAD cells, we evaluated the expression of cell 
cycle transition related genes, including E2F1 and 
E2F1-target genes such as cyclin E1 (CCNE1), Myb- 
like protein 2 (MYBL2), phospho-Ser/Tr phosphatase 
cdc25A (CDC25A) [38,39] and cell cycle regulators 
such as p27 and p15 [40–42] in LUAD cells, 

respectively. As shown in Figure 4(a,b), we observed 
that there was a significant increase in E2F1, CCNE1, 
MYBL2, and CDC25A in SVIL-AS1-knockdown 
cells, but no obvious alteration in the relative expres-
sion of p27 and p15, suggesting that SVIL-AS1 might 
affect cell proliferation and cell cycle by regulating 
E2F1 and E2F1-target genes (CCNE1, MYBL2, and 
CDC25A). Additionally, we examined whether SVIL- 
AS1 influenced E2F1 promoter activity. The E2F- 
luciferase activity was not obviously changed in SVIL- 
AS1-overexpression cells compared to the control, as 
shown in Figure S1. To assess whether METTL3- 
induced SVIL-AS1 in the regulation of E2F1 and its 
target genes expression, we performed qPCR in SVIL- 
AS1-forced-expressed cells by silencing METTL3. 
The results showed that the downregulation of 
E2F1, CCNE1, MYBL2, and CDC25A could be res-
cued by METTL3 knockdown (Figure 4(c,d)). These 

Figure 1. SVIL-AS1 is down-regulated and has a prognostic value in LUAD. (a) Schematic image of the screened top three METTL3- 
correlated lncRNAs with a cutoff of |Pearson R| > 0.3 and P < 0.05, in TCGA-LUAD dataset. RSVIL-AS1 = 0.657, RAL731577.2 = 0.590, RNORAD 

= 0.571. P < 0.001. (b) The overall survival analysis of LUAD patients with SVIL-AS1, AL731577.2, and NORAD expression was analyzed using the 
Kaplan–Meier plotter. (c) The relative expression of SVIL-AS1 was analyzed in LUAD normal and tumor tissues using GEPIA2. The red box 
indicates tumor tissues, and the black box indicates normal tissues. ** P < 0.01. (d) The level of SVIL-AS1 was analyzed in paired LUAD tumor 
samples (n = 57, left). SVIL-AS1 expression was analyzed in unpaired LUAD tumor tissues (n = 535) and normal tissues (n = 59, right). *** 
P < 0.001. (e) SVIL-AS1 levels were validated using GSE85716 and GSE146461. *** P < 0.001.

3098 Z. HU ET AL.



Figure 2. METTL3 silence contributes to the reduced m6A modification and stability of SVIL-AS1. (a) Schematic diagram of the 
predicted m6A modification sites by METTL3 on the SVIL-AS1 sequence. Two pairs of primers for different SVIL-AS1 fragments 
containing the m6A sites are indicated as fragment 1 (F1) and fragment 2 (F2). (b) M6A immunoprecipitation was performed in A549 
and H1650 cells using an m6A antibody. The relative expression levels of F1 and F2 were measured using qRT-PCR. * p < 0.05, ** 
p < 0.01. (c) The knockdown efficiency of shMETTL3 was determined in A549 and H1650 cells by qPCR and Western blotting. (d) M6A 
immunoprecipitation was performed in A549 and H1650 cells with METTL3 knockdown. The relative expression levels of F1 and F2 
were measured using qRT-PCR. * p < 0.05, ** p < 0.01. (e) The stability of SVIL-AS1 was analyzed in METTL3-silenced A549 and 
H1650 cells with actinomycin D (Act-D, 5 μg/mL) treatment. * p < 0.05, ** p < 0.01.
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Figure 3. SVIL-AS1 overexpression leads to the decreased cell proliferation and cell cycle arrest of LUAD. (a) The relative expression 
of SVIL-AS1 was determined in SVIL-AS1-knockdown and forced-expressing cells by qRT-PCR in A549 and H1650 cells. (b–d) CCK-8 
assay (b), BrdU staining (c), and cell cycle analysis (d) were performed in A549 and H1650 cells overexpressing SVIL-AS1. * p < 0.05, 
** p < 0.01, *** p < 0.001.
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results indicate that SVIL-AS1 suppresses the expres-
sion of E2F1 and its target genes in LUAD cells, of 
which the regulation METTL3 participated in.

SVIL-AS1 accelerates E2F1 degradation

Increasing number of studies have revealed that 
lncRNAs may function as scaffolds to regulate gene 
expression [43,44]. First, we predicted the cellular 
localization of SVIL-AS1 using the online tools 
lncATLAS, lncLocator, and RNALOCATE, and the 
results showed that lncRNA SVIL-AS1 was distribu-
ted in the nucleus and cytoplasm (Figure 5(a)). We 
verified the location of SVIL-AS1 by separating the 
cytoplasm and nucleus of A549 and H1650 cells 
(Figure 5(b)). We observed that silencing of SVIL- 
AS1 increased the protein level of E2F1 in both A549 
and H1650 cells, while forced expression of SVIL-AS1 
decreased E2F1 protein expression in LUAD cells 
(Figure 5(c,d)). We treated cells with CHX, a protein 
synthesis inhibitor. The downregulation of E2F1 pro-
tein was observed to be much faster in SVIL-AS1- 
overexpressed cells than in control cells (Figure 5(e)). 

In contrast, SVIL-AS1 silencing reduced the down-
regulation of E2F1 following CHX treatment 
(Figure 5(f)). These findings suggest that SVIL-AS1 
may regulate E2F1 protein degradation, such as the 
ubiquitin/proteasomal pathway or autophagy/lysoso-
mal pathway. To identify the specific degradation 
pathway, we treated cells with the proteasome inhibi-
tor MG132 and lysosome inhibitor 3-MA, respec-
tively. MG132 treatment abolished the SVIL-AS1- 
overexpression-induced downregulation of E2F1 pro-
tein, but not 3-MA (Figure 5(g)). Consistently, the 
increased E2F1 protein level in SVIL-AS1-silenced 
cells was much higher with MG132 treatment, but 
not with 3-MA treatment, than in the control cells 
(Figure 5(h)). These data demonstrate that SVIL-AS1 
regulates E2F1 protein degradation via ubiquitination.

SVIL-AS1 regulated by METTL3 restrains LUAD 
cell proliferation via E2F1

To investigate the regulatory mechanism of SVIL- 
AS1 in LUAD cell proliferation and the cell cycle, 
we performed rescue assays. CCK-8, BrdU staining, 

Figure 4. METTL3-mediated SVIL-AS1 suppresses E2F1 and E2F1-target genes in LUAD cells. (a,b) A549 and H1650 cells were 
transfected with shSVIL-AS1 #1, shSVIL-AS1 #2 or shscr. The relative expression of E2F1, CCNE1, MYBL2, CDC25A, p27 and p15 was 
determined by qRT-PCR. (c,d) A549 and H1650 cells were cotransfected with shMETTL3 and/or SVIL-AS1. he relative expression of 
E2F1, CCNE1, MYBL2, CDC25A, p27 and p15 was determined by qRT-PCR. * p < 0.05, ** p < 0.01, *** p < 0.001.
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and cell cycle analysis indicated that SVIL-AS1 
overexpression inhibited cell proliferation, reduced 
BrdU-positive cells, and cell cycle arrest at the G1 
phase (Figure 6(a–c)). However, co-transfection 

(E2F1 overexpression plus SVIL-AS1 overexpres-
sion, and METTL3 knockdown plus SVIL-AS1 
overexpression) restored the inhibitory effects on 
cell proliferation and cell cycle arrest. Moreover, 

Figure 5. SVIL-AS1 accelerates E2F1 degradation. (a) The cell location of SVIL-AS1 was predicted using the online tools lncATLAS, 
lncLocator, and RNALOCATE. (b) The subcellular distribution of SVIL-AS1 was detected in A549 and H1650 cells. (c,d) The protein 
level of E2F1 was measured in A549 and H1650 cells with SVIL-AS1 overexpression or knockdown. (e,f) E2F1 protein levels were 
detected in A549 and H1650 cells with SVIL-AS1 overexpression or knockdown with cycloheximide (CHX) treatment for 0, 8, 16, 24 h. 
(g,h) E2F1 protein levels were detected in A549 and H1650 cells with SVIL-AS1 overexpression or knockdown with MG132 (20 nM) 
treatment or DMSO (control) or 3-MA (50 nM).
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Figure 6. METTL3 regulated SVIL-AS1 has an inhibitory effects on cell proliferation of LUAD by E2F1. (a) CCK-8 assay (b) BrdU 
staining and (c) cell cycle analysis were performed to detect cell viability, cell proliferation, and cell cycle transition. A549 and H1650 
cells were co-transfected with SVIL-AS1 overexpression, E2F1 overexpression, or shMETTL3 overexpression. * p < 0.05, ** p < 0.01, 
*** p < 0.001. (d,e) The relative expression of E2F1 and METTL3 was detected by qPCR and Western blotting in A549 and H1650 cells 
co-transfected with SVIL-AS1 overexpression plus E2F1 overexpression or shMETTL3. The relative expression of SVIL-AS1 was 
measured by qPCR. * p < 0.05, ** p < 0.01, *** p < 0.001.
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the decreased E2F1 protein level induced by forced 
SVIL-AS1 expression could be rescued by METTL3 
knockdown or E2F1 overexpression in SVIL-AS1- 
ovrexpressed cells (Figure 6(d,e)). In summary, our 
data suggest that METTL3-SVIL-AS1, stabilized by 
METTL3 via m6A modification, suppressed LUAD 
cell proliferation and blocked cell cycle transition by 
promoting E2F1 degradation.

SVIL-AS1 suppressed tumor growth in vivo

To validate the role and regulatory mechanism of 
SVIL-AS1 in LUAD, we performed in vivo experi-
ments. We established a xenograft tumor model for 
LUAD. We observed that the tumor volume and 
weight decreased significantly in the SVIL-AS1- 
group compared to the NC group. However, E2F1 
overexpression or METTL3 knockdown rescued the 
inhibitory effects of SVIL-AS1 overexpression 
(Figure 7(a–c)). These findings were consistent 
with the in vitro results, indicating that SVIL-AS1 
could act as a tumor suppressor in LUAD tumori-
genesis via the METTL3/SVIL-AS1/E2F1 axis.

Discussion

M6A modification (in both coding and non-coding 
RNAs) has been reported to play critical roles in 
almost all biological processes, including tumor 
development and drug resistance. In this study, it 
was the first time to identify the anti-tumor role of 
SVIL-AS1 in lung adenocarcinoma, which was asso-
ciated with a favorable prognosis of patients with 
LUAD. SVIL-AS1 is located on chromosome 
10q13, and very little research has addressed its role 
or regulatory function. We observed that SVIL-AS1 
overexpression could inhibit lung adenocarcinoma 
cell proliferation and induced cell cycle arrest at G1. 
Additionally, we found that METTL3 installed the 
SVIL-AS1 m6A modification and maintained its 
stability. Elevated SVIL-AS1 expression decreased 
the cell cycle regulator E2F1 and its target genes 
CCNE1, MYBL2, and CDC25A. Thus, our data 
highlight the effect of lncRNA -m6A regulatory net-
work on lung cancer and first elucidate the role of 
m6A methylation modified lncRNA SVIL-AS1 in 
the regulation of E2F1 in lung adenocarcinoma.

It is well known that dysregulation of lncRNAs 
is associated with tumor initiation, development, 

and progression [45,46]. LncRNAs can control 
gene expression at the transcriptional, post- 
transcriptional, and translational levels, and thus 
influence various biological processes such as pro-
liferation, metastasis, survival, inflammation, and 
metabolism [47,48]. Increasing evidence has ela-
borated the underlying mechanisms of lncRNAs at 
diverse regulatory levels; for instance, lncRNAs 
can function as miRNA sponges at the transcrip-
tional level. LncRNA BCRT1 competitively binds 
with miR-1303 to prevent the degradation of its 
target gene PTBP3, which acts as a tumor promo-
ter in breast cancer 32384893. LncRNAs can also 
act as scaffolds by participating in post- 
translational modifications such as ubiquitination 
and phosphorylation. For example, lncRNA 
LINRIS blocked K139 ubiquitination of IGF2BP2 
and prevented its degradation in colorectal cancer 
[49]. In this study, SVIL-AS1 was predicted in the 
cytoplasm and nucleus, suggesting that it might 
function as a competing endogenous RNA, 
microRNA sponge, or transcriptional regulator. 
Interestingly, we observed that SVIL-AS1 did not 
regulate E2F1 at the transcriptional level because 
there was no alteration in its transcription factor 
activity. However, SVIL-AS1 knockdown blocked 
E2F1 degradation caused by MG132 treatment, 
suggesting that SVIL-AS1 accelerated E2F1 degra-
dation in the ubiquitin-proteasome pathway at the 
post-transcriptional level.

E2F1 has been shown to play critical roles in 
multiple cancers, including lung cancer [50–52]. 
For instance, E2F1 and EIF4A3 facilitated the car-
cinogenesis and development of triple-negative 
breast cancer through the circSEPT9/miR-637/ 
LIF axis [28]. E2F1 is deubiquitylated and stabi-
lized by POH1 to promote liver tumor formation 
26,510,456. In NSCLC, SRPK2 downregulation 
promotes cell cycle arrest though E2F1 [53]. In 
this study, we observed that forced SVIL-AS1 
expression inhibited cell proliferation, leading to 
cell cycle arrest at G1, along with the downregula-
tion of E2F1, CCNE1, MYBL2, and CDC25A 
expression. Overexpression of E2F1 restored the 
inhibited phenotype induced by SVIL-AS1 over-
expression, suggesting that SVIL-AS1 suppresses 
LUAD cell proliferation by E2F1.

There are some limitations in this study. Firstly, we 
observed that SVIL-AS1 downregulation could 
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Figure 7. SVIL-AS1 reduced tumor growth in vivo. (a) A549 cells stably expressing SVIL-AS1, SVIL-AS1 plus E2F1 (SVIL-AS1 +E2F1), 
SVIL-AS1 plus METTL3 knockdown (SVIL-AS1+shMETTL3), and vector plus sh-NC (negative control, NC). Images of xenograft tumors 
in each group are shown (n = 5). (b) Tumor volumes were measured every 4 days, and growth curves were drawn. * p < 0.05, ** 
p < 0.01, *** p < 0.001. (c) Tumor weight was calculated for each group. ** p < 0.01. (d) Schematic illustration of the mechanism 
SVIL-AS1 regulated by METTL3 to suppress LUAD tumourigenesis by targeting E2F1 and its target genes.
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enhance E2F1 protein level but have no effect on E2F1 
transcription activity, considering SVIL-AS1 distribu-
ted in both nucleus and cytoplasm, we speculated that 
SVIL-AS1 might regulate E2F1 degradation at both 
RNA and protein level. The mechanism of SVIL-AS1 
affecting RNA degradation is worth exploring. 
Second, it is worth exploring how lncRNA SVIL-AS1 
accelerates the ubiquitin-proteasome degradation of 
E2F1. Third, we did not investigate the signaling path-
ways involved in METTL3-mediated SVIL-AS1.

Conclusions

In summary, our study verified the tumor-suppressive 
role of the lncRNA SVIL-AS1 in LUAD. SVIL-AS1 
mediated and stabilized by the m6A methyltransfer-
ase METTL3 inhibits LUAD cell proliferation and 
induces cell cycle arrest via the METTL3/SVIL-AS1 
/E2F1 axis (Figure 7(d)), which inspires the under-
standing of m6A and lncRNA in lung cancer pathol-
ogy and tumor biology. Moreover, m6A modified 
SVIL-AS1 might be used as a potential prognostic 
biomarker and clinical target for LUAD.
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