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Recent studies have indicated that long noncoding RNA
(lncRNA) and N6-methyladenosine (m6A) methylation modifi-
cation play critical roles in human cancers; however, their regu-
lation on cervical cancer is largely unclear. Here, our study tries
to investigate the underlying mechanisms by which lncRNA
FOXD2 adjacent opposite strand RNA 1 (FOXD2-AS1) modu-
lates cervical cancer tumorigenesis. Results illuminated that
FOXD2-AS1 expression was significantly upregulated in cervi-
cal cancer cells and tissue, which was closely correlated to the
unfavorable prognosis. Functionally, gain and loss-of-function
assays showed that FOXD2-AS1 promoted the migration and
proliferation of cervical cancer cells. Besides, FOXD2-AS1
silencing repressed the tumor growth in vivo. Mechanistically,
m6A methyltransferase methyltransferase-like 3 (METTL3)
enhanced the stability of FOXD2-AS1 and maintained its
expression. Moreover, FOXD2-AS1 recruited lysine-specific
demethylase 1 (LSD1) to the promoter region of p21 to silence
its transcription abundance. In conclusion, these findings sup-
port that METTL3/FOXD2-AS1 accelerates cervical cancer
progression via a m6A-dependent modality, which may serve
as a potential therapeutic target for cervical cancer.

INTRODUCTION
Cervical cancer is one of the most common malignant tumors, ac-
counting for a critical part of cancer-related deaths worldwide. Being
limited by economic development and prevention, it is difficult to
obtain effective diagnosis and treatment for a great number of suf-
ferers, which gives rise to huge disease burden for families. Moreover,
there are only a few established diagnostic markers, and a small
amount of knowledge is available. The current understanding is
that early diagnosis and timely intervention are more valuable for
the clinical treatment. Therefore, it is imperative to identify the pre-
cise etiology and develop a novel therapeutic precept for cervical
cancer.

Long noncoding RNA (lncRNA) is a group of functional noncoding
RNA transcripts longer than 200 nt in length.1,2 More and more find-
ings unveil that lncRNAs are engaged in multiple physiopathologic
processes across the origin of neoplasia.3 Functionally, lncRNA could
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coordinate the pathogenesis, cell differentiation, proliferation,
and apoptosis of human cancer cells. For instance, lncRNA
XLOC_006390 has been found to facilitate the tumorigenesis of cer-
vical cancer and metastasis through downregulating miR-331-3p and
miR-338-3p expression.4 Moreover, lncRNA lncCCDST is downre-
gulated in CC tissues and binds with pro-oncogenic DHX9 to pro-
mote cervical cancer motility and angiogenesis. The interaction of
lncCCDST/DHX9 promotes the degradation of DHX9 by ubiquitin
pathway.5 Therefore, the potential roles of lncRNAs for cervical can-
cer are still very charming and challenging.

N6-methyladenosine (m6A) methylation modification is the most
common internal RNAmodification in eukaryotes, acting as a critical
upstream regulatory mechanism of RNA.6,7 In total RNA, nearly
0.1%–0.4% of adenosines are modified by m6A methylation.8 The
m6A consensus motifs are primarily identified as RRACH (R for G/
A/U, R for G/A, H for U/A/C).9 Increasing findings suggest that
the level of mRNA and noncoding RNA may be correlated with the
m6A methylation modification.10 For example, recent research indi-
cates that m6A is highly enriched in lncRNA THOR transcripts,
including UG(m6A)CU, GG(m6A)CU, and GA(m6A)CA motifs.11

In chronic kidney disease, m6A methyltransferase methyltransfer-
ase-like 3 (METTL3) acts as the main methyltransferase for
MALAT1, and its m6A modification triggers the activation of the
MALAT1/miR-145/FAK pathway.12

In cervical cancer, METTL3 has been identified to significantly upre-
gulate and closely correlate with the poor prognosis.13 Moreover,
METTL3 recruits a m6A reader YTHDF1 to enhance HK2 stability
e Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. lncRNA FOXD2-AS1 was upregulated in cervical cancer

(A) m6A motifs were detected by m6A methylated RNA immunoprecipitation

sequencing (MeRIP-seq). (B) The distribution situation of m6A modification included

30 untranslated region (30 UTR), CDS (coding sequence), 50 UTR, and other regions.

(C) Several candidate lncRNAs were detected using quantitative real-time RT-PCR

and displayed using the heatmap. (D) FOXD2-AS1 expression was determined in

cervical cancer cell lines (HT-3, C33A, CaSki, SiHa) and the normal cell line (HaCaT)

using RT-PCR. (E) In cervical cancer tissue samples and normal tissue samples, RT-

PCR detected the FOXD2-AS1 level. (F) Survival analysis using Kaplan-Meier test

demonstrated the correlation within FOXD2-AS1 expression and survival of cervical

cancer patients. All data were shown as mean ± SD. **p < 0.01.
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through targeting the 30 UTR of HK2 mRNA.14 Regarding the regu-
latory manner, researchers found that METTL3 could bind with the
lncRNAs to enhance these RNAs’ stability, thereby maintaining their
expression or enrichment. For instance, METTL3 installs the m6A
modification of lncRNA ABHD11-AS1 and enhances the stability
of ABHD11-AS1 transcript to increase its expression.15 Together,
these findings more or less indicate the critical roles of METTL3/
lncRNAs in the cancer.

In the present research, our study tried to investigate the oncogenic
role of lncRNA FOXD2-AS1 in the cervical cancer progression. Be-
sides, we explored whether the genesis of lncRNA FOXD2-AS1 is
associated with its m6A modification or not. Results demonstrated
that METTL3/FOXD2-AS1 accelerates the cervical cancer progres-
sion via an m6A-dependent modality, which may provide a potential
therapeutic target for cervical cancer.

RESULTS
METTL3-induced lncRNA FOXD2-AS1 was upregulated in

cervical cancer

In the initial research, we performed the m6A methylated RNA
immunoprecipitation sequencing (MeRIP-seq). Results demon-
strated the m6A profile and motifs in the cervical cancer cells
(SiHa) as compared with the normal cells (HaCat) (Figure 1A). The
distribution situation of m6A modification included 30 untranslated
region (30 UTR), CDS (coding sequence), 50 UTR, and other regions
(Figure 1B). In the MeRIP-seq, several candidate lncRNAs were
found to carry m6A-modified sites. Then, to identify the candidate
lncRNAs targeted by METTL3, we detected the candidate lncRNAs’
expression in the METTL3 overexpression cells. In the METTL3
overexpression transfection (SiHa cells), several candidate lncRNAs
were detected using quantitative real-time RT-PCR, which was dis-
played using a heatmap (Figure 1C). In these lncRNAs, we noticed
an oncogenic lncRNA FOXD2-AS1. The expression of FOXD2-AS1
was upregulated in the cervical cancer cells (Figure 1D). Moreover,
the expression of FOXD2-AS1 was detected in cervical cancer tissue
samples and normal tissue samples by quantitative real-time RT-
PCR. Results showed that the FOXD2-AS1 level was significantly up-
regulated in the cervical cancer tissue as compared with the normal
tissue (Figure 1E). Besides, survival analysis found that high expres-
sion of FOXD2-AS1 was correlated to the lower survival of cervical
cancer patients (Figure 1F). These results suggested that METTL3-
induced lncRNA FOXD2-AS1 was upregulated in cervical cancer.

METTL3 enhanced FOXD2-AS1 stability in cervical cancer cells

Regarding the upstream mechanism of FOXD2-AS1, we analyzed the
potential interaction within FOXD2-AS1 andm6Amodification using
m6A methylated RNA immunoprecipitation sequencing (MeRIP-
seq). MeRIP-seq unveiled the m6A profile in the cervical cancer cells,
including 30 UTRs, coding sites (CDSs), and 50 UTR (Figure 2A).
Moreover, MeRIP-seq displayed that there was a m6A site in the
FOXD2-AS1 sequence (Figure 2B). Using the Integrative Genomics
Viewer tool (IGV), we could discover the remarkable m6A site in
the 30 UTR of FOXD2-AS1 (Figure 2C). To identify the potential regu-
lation ofm6A toward FOXD2-AS1, we constructed the overexpression
transfection of m6A methyltransferase METTL3 in SiHa cells (Fig-
ure 2D). Then m6A quantitative analysis found that METTL3 overex-
pression upregulated the m6A modification level of cervical cancer
(Figure 2E). m6Amethylated RNA immunoprecipitation quantitative
real-time PCR (MeRIP-qPCR) analysis found that METTL3 overex-
pression upregulated the m6A enrichment of FOXD2-AS1 in SiHa
cells (Figure 2F). For the FOXD2-AS1 stability, quantitative real-
time RT-PCR assay demonstrated that METTL3 overexpression
increased its stability when administrated with Act D (Figure 2G).
In summary, FOXD2-AS1 was positively regulated by METTL3, and
METTL3 maintained FOXD2-AS1 expression in cervical cancer.

FOXD2-AS1 modulated the tumorigenesis of cervical cancer

in vitro

Given the ectopic high expression of FOXD2-AS1 in cervical cancer,
its potential regulation on cervical cancer proliferation needed further
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Figure 2. METTL3 enhanced FOXD2-AS1 stability in

cervical cancer cells

(A) Metagene profiles showed the m6A profile in the cer-

vical cancer cells, including 30 UTR, coding sites (CDS),

and 50 UTR. (B) MeRIP-seq displayed the m6A site in the

FOXD2-AS1 sequence. (C) Integrative Genomics Viewer

tool (IGV) showed the m6A site in the 30 UTR of FOXD2-

AS1. (D) The METTL3 overexpression plasmids were

transfected into SiHa cells. Western blot was performed to

detect the METTL3 expression. (E) m6A quantitative

analysis showed the m6A modification level of cervical

cancer cells (SiHa) transfected with METTL3 over-

expression. (F) MeRIP-qPCR analysis was performed to

detect the m6Amodification of FOXD2-AS1 using anti-IgG

and anti-m6A antibodies in SiHa cells. Relative FOXD2-

AS1 m6A enrichment of each group was normalized to

Input group. (G) RNA stability assay was detected using

quantitative real-time RT-PCR assay, reflecting the

FOXD2-AS1 expression in SiHa cells when administrated

with Act D. All data were shown as mean ± SD. **p < 0.01.
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investigation. First, gain-of-function and loss-of-function assays were
constructed using pcDNA vector and short hairpin RNA (shRNA)
stable transfection in SiHa cell line for FOXD2-AS1 knockdown
and overexpression (Figure 3A). CCK-8 proliferative assay demon-
strated that FOXD2-AS1 knockdown repressed the proliferation of
SiHa cells, and FOXD2-AS1 overexpression promoted the prolifera-
tion (Figure 3B). Migration analysis found that FOXD2-AS1 knock-
down repressed the migrative ability of SiHa cells, and FOXD2-AS1
overexpression promoted the migrative ability (Figure 3C). Flow
cytometry apoptosis analysis found that FOXD2-AS1 knockdown
facilitated the apoptosis of SiHa cells, and FOXD2-AS1 overexpres-
sion inhibited the apoptosis (Figure 3D). In summary, FOXD2-AS1
might modulate the proliferation and migration of cervical cancer
in vitro.

FOXD2-AS1 recruited lysine-specific demethylase 1 (LSD1) to

p21 promoter to reduce its expression

The subcellular location of FOXD2-AS1 was measured in cervical
cancer cells, indicating that FOXD2-AS1 was principally distributed
in the nucleus, rather than the cytoplasm (Figure 4A). In order to
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discover the potential target of FOXD2-AS1,
we selected several candidate targets in the
SiHa cells with FOXD2-AS1 knockdown (Fig-
ure 4B). RNA binding protein immunoprecipi-
tation (RIP) showed that LSD1 could bind
with FOXD2-AS1, rather than EZH2 (Fig-
ure 4C). In the SiHa cells transfected with
LSD1 knockdown (si-LSD1), p21 mRNA was
upregulated (Figure 4D). Besides, p21 mRNA
levels were reduced in the FOXD2-AS1 overex-
pression or METTL3 overexpression transfec-
tion. Western blot analysis displayed that
FOXD2-AS1 overexpression repressed the p21
protein level (Figure 4E). Chromatin immunoprecipitation (ChIP)
demonstrated the occupancy of LSD1 and H3K4me2 of the promoter
regions of p21 (Figure 4F). Taken together, FOXD2-AS1 recruited
LSD1 to p21 promoter to reduce p21 expression.

FOXD2-AS1/LSD1/p21 axis regulated the tumorigenesis of

cervical cancer

In vivo xenograft mice assay was performed to determine the role of
FOXD2-AS1 on cervical cancer cells. Results showed that FOXD2-
AS1 knockdown remarkably repressed the tumor weight (Figure 5A)
and volume (Figure 5B). Migration analysis found that p21 overex-
pression repressed the migrative ability of cervical cancer cells, and
the co-transfection of FOXD2-AS1 or LSD1 significantly recovered
the migration phenotype (Figure 5C). CCK-8 proliferative assay
demonstrated that p21 overexpression inhibited the proliferation of
cervical cancer cells, and the co-transfection of FOXD2-AS1 or
LSD1 significantly recovered the proliferative phenotype (Figure 5D).
Flow cytometry apoptosis analysis found that p21 overexpression
decreased the apoptotic rate, and the co-transfection of FOXD2-
AS1 or LSD1 observably recovered the apoptotic phenotype



Figure 3. FOXD2-AS1 modulated the tumorigenesis

of cervical cancer in vitro

(A) Gain-of-function and loss-of-function assays were

constructed using pcDNA vector and short hairpin RNA

(shRNA) stable transfection (SiHa cell line). Quantitative

real-time RT-PCR detected the FOXD2-AS1 expression.

(B) CCK-8 proliferative assay demonstrated the prolifera-

tion of cervical cancer cells with FOXD2-AS1 knockdown

and overexpression in SiHa cells. (C) Migrative transwell

analysis detected the migrative ability of cervical cancer

cells transfected with FOXD2-AS1 shRNA or over-

expression in SiHa cells. (D) Flow cytometry apoptosis

analysis illustrated the apoptosis of cervical cancer cells

with FOXD2-AS1 knockdown and overexpression in SiHa

cells. All data were shown as mean ± SD. **p < 0.01.
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(Figure 5E). In summary, these finding suggested that the FOXD2-
AS1/LSD1/p21 axis regulated the proliferation and migration of cer-
vical cancer (Figure 6).

DISCUSSION
Increasing evidence has indicated that lncRNA is closely associated
with the pathogenesis of cervical cancer.16,17 With the development
of epigenetics and molecular biology, novel m6A methylation modi-
fication attracts increasingly more attention nowadays.18,19 Here,
we find an interesting lightspot that m6A might participate in the cer-
vical cancer pathogenesis together with lncRNA.

In the present research, we found that lncRNA FOXD2-AS1 was up-
regulated in the cervical cancer cells and tissue samples. The ectopic
overexpression of lncRNA FOXD2-AS1 might imply its oncogenic
role for cervical cancer pathogenesis. In numerous human cancers,
FOXD2-AS1 has been identified to be a crucial oncogene. For
example, lncRNA FOXD2-AS1 is significantly upregulated in
hepatocellular carcinoma cells and aggravates the tumorigenesis via
regulating the miR-206/MAP3K1 axis.20 lncRNA FOXD2-AS1 was
significantly upregulated in esophagus cancer tissues compared
Molecular The
with adjacent normal tissues and positively
correlated with its clinicopathological parame-
ters.21 In glioma, FOXD2-AS1 is closely linked
to the cell-cycle modulation in low-grade glioma
and glioblastoma through the FOXD2-AS1/
miR-31/CDK1 axis.22

Given the ectopic overexpression of FOXD2-
AS1 in cervical cancer, we set our eyes on poten-
tial upstream mechanisms of FOXD2-AS1
biogenesis. Using the MeRIP-seq, we found
that there is a remarkable m6A peak in the 30

end of the FOXD2-AS1 sequence. Further
research found that m6A methyltransferase
METTL3 could upregulate the RNA stability
of FOXD2-AS1 in cervical cancer. In this type
of maintenance, m6A key regulatory factor
might enhance the stability of lncRNA. For example, m6A is highly
enriched in lncRNA THOR transcripts, containing GAA(m6A)CA,
GGA(m6A)CU, and UGA(m6A)CU motifs. The m6A-dependent
RNA-protein interactions could maintain the oncogenic role of
lncRNA THOR in cancers.11 In colon cancer, lncRNA NEAT1 is
remarkably increased in colon cancer tissues and correlated with
poor prognosis. m6A demethylase ALKBH5 could upregulate
NEAT1 expression through demethylation.23 In non-small cell lung
cancer, m6A methyltransferase-like 3 (METTL3) installs the m6A
modification and enhances the stability of ABHD11-AS1 transcript
to upregulate its expression,15 and our findings also clarify the poten-
tial m6A-lncRNA interaction in cervical cancer.

For the regulation of FOXD2-AS1, we found that FOXD2-AS1 could
repress the expression of p21 in the cervical cancer cells. FOXD2-AS1
recruited the LSD1 on the promoter region of p21 gene. FOXD2-AS1
silencing could reduce the occupancy of LSD1 and H3K4me2 on the
p21 promoter region. LSD1 is a critical transcriptional silence factor,
and lncRNAs are found to interact with LSD1 to regulate gene expres-
sion. For example, lncRNA LINC00460 promotes the gastric cancer
proliferation through downregulating tumor suppressor gene
rapy: Oncolytics Vol. 22 September 2021 577
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Figure 4. FOXD2-AS1 recruited LSD1 to p21

promoter to reduce p21 expression

(A) Subcellular location of FOXD2-AS1 was measured in

SiHa cells using subcellular fractionation assay. (B)

Several candidate targets were selected in the SiHa cells

with FOXD2-AS1 knockdown, including p16, p27, p53,

p21, and PTEN. (C) RNA binding protein immunoprecip-

itation (RIP) showed the binding of FOXD2-AS1 with LSD1

in SiHa cells, rather than EZH2. (D) p21 mRNA was de-

tected in the SiHa cells transfected with LSD1 knockdown

(si-LSD1). (E) Western blot analysis displayed the p21

protein level with FOXD2-AS1 knockdown or control. (F)

Chromatin immunoprecipitation (ChIP) demonstrated the

occupancy of LSD1 and H3K4me2 of the promoter re-

gions of p21. All data were shown as mean ± SD. **p <

0.01; *p < 0.05.
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CCNG2, which is mediated by LSD1.24 lncRNA HIF1A-AS2 is ectopi-
cally overexpressed in trophoblasts cells and increases the trophoblasts
cell migration and invasion function. HIF1A-AS2 could recruit LSD1
and epigenetically repress the expression of PHLDA1.25 Solid evidence
has illustrated that p21 is a universal cell-cycle inhibitor, which is
directly controlled by p53 and p53-independentmanner. The discovery
and achievements on p21 have illuminated its function on cellular
growth control, stem cell phenotypes, cell stress response, and differen-
tiation. In cervical cancer, p21has similarly been identified tobe a tumor
repressor.26–28 Therefore, our data support that lncRNA FOXD2-AS1/
LSD1/p21 might modulate the tumorigenesis of cervical cancer.

In summary, our work has identified the critical role of lncRNA
FOXD2-AS1 in cervical cancer tumorigenesis. Moreover, m6A meth-
yltransferase METTL3 enhances the stability of FOXD2-AS1 tomain-
tain its expression. FOXD2-AS1 recruits LSD1 to the promoter of p21
to silence the expression, thereby accelerating the progression of cer-
vical cancer. Overall, these findings provide a novel insight into ex-
ploiting therapeutic strategy for cervical cancer.
578 Molecular Therapy: Oncolytics Vol. 22 September 2021
MATERIALS AND METHODS
Clinical specimens

A total of 30 fresh frozen cervical cancer tissues
and normal tissues were collected from 2018
to 2019 during surgery at Shenzhen Baoan
Women’s and Children’s Hospital (Table 1).
None of the participants received any anti-can-
cer treatment before operation. This study has
been approved by the Ethics Review Board of
Shenzhen Baoan Women’s and Children’s Hos-
pital. Written informed consents were received
from all patients.

Cell lines

The cervical cancer cell lines (CaSki, HT-3,
SiHa, C33A) and human epidermal cells (Ha-
CaT) were obtained from the Chinese Academy
of Sciences Cell Bank (Shanghai, China) and
American Type Culture Collection (ATCC, Manassas, VA, USA).
Cells were cultured with Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO, Thermo Fisher Scientific, USA) supplemented
with 10% fetal bovine serum (GIBCO), 100 U/ml penicillin, and
100 mg/mL streptomycin (GIBCO). These cells were incubated in
5% CO2 incubator (Thermo Fisher, USA) with the humidified envi-
ronment at 37�C.

Transfection

Transfection was conducted according to the manufacturer’s instruc-
tions. Overexpression and knockdown lentiviruses for FOXD2-AS1,
as well as control lentivirus, were purchased from GeneChem Corpo-
ration (Shanghai, China). Stable clones were selected using puromy-
cin (2 mg/ml; Sigma). Cells were harvested for mRNA analysis for
transfection efficiency. The pcDNA3.1 plasmid carrying the full-
length p21 and LSD1 sequences were synthesized by GeneCopoeia
(Guangzhou, China). The plasmids were transfected into cervical
cancer cells with Lipofectamine 2000 (Invitrogen, Thermo Fisher
Scientific).



Figure 5. The FOXD2-AS1/LSD1/p21 axis regulated

the tumorigenesis of cervical cancer

(A and B) In vivo xenograft mice assay was performed to

determine the (A) tumor weight and (B) volume using

cervical cancer cells (SiHa cells). (C) Migration analysis

was performed using SiHa cells transfected with p21

overexpression plasmids and/or FOXD2-AS1 or LSD1 co-

transfection. (D) CCK-8 proliferative assay was performed

using SiHa cells transfected with p21 overexpression

plasmids and/or FOXD2-AS1 or LSD1 co-transfection. (E)

Flow cytometry apoptosis analysis was performed using

SiHa cells transfected with p21 overexpression plasmids

and/or FOXD2-AS1 or LSD1 co-transfection. All data

were shown as mean ± SD. **p < 0.01.
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Quantitative real-time RT-PCR

Total RNA was isolated from cervical cancer cells and tissues using a
miRNeasy Mini Kit (QIAGEN, Hilden, Germany). The concentration
and purity were evaluated by ultraviolet spectrophotometry (Nano-
Drop ND2000; Thermo Fisher, Rockford, IL, USA). For cDNA,
reverse transcription was performed using the SuperScript First-
Stand Synthesis system (Invitrogen, USA). SYBR Green PCR Master
Mix (Applied Biosystems) was subjected to qPCR on the ABI 7500
Detection System. GAPDH functioned as an internal reference.
2�DDCt methods are conducted to calculate relative gene expression.

Western blotting analysis

The cells (SiHa) were lysed by radioimmunoprecipitation assay
(RIPA) buffer (Sigma-Aldrich, St. Louis, MO, USA) containing the
protease inhibitor phenylmethanesulphonyl fluoride (Beyotime
Biotechnology, China) for 30 min at 4�C. Protein concentration
was identified using BCA protein assay kit (Beyotime Biotechnology,
China), which was separated using SDS-PAGE sample loading buffer
(Beyotime Biotechnology, China) for electrophoresis. Then, the pro-
tein was transferred to polyvinylidene fluoride (PVDF) membranes
Molecular The
(Millipore, Billerica, MA, USA) and blocked
with 5% non-fat milk at room temperature. Af-
ter being washed by TBST twice, the PVDF
membranes were incubated with primary anti-
bodies (anti-METTL3 [Abcam], ab195352,
1:1,000; anti-p21 [Abcam], ab108349, 1:1,000)
at 4�C overnight. After the PVDF membrane
was washed by TBST, the membrane was
incubated with secondary antibody (b-actin,
1:10,000; Sigma-Aldrich, USA) for 2 h at room
temperature. Finally, proteins were detected by
enhanced chemiluminescence (ECL) reagent
(Millipore).

Cell proliferation, migration, and apoptosis

assay

Cell viability was measured with CCK-8 assay.
Cells (SiHa) were transfected and harvested
with 0.25% trypsin and seeded in 96-well plates.
A total of 1 � 103 cells/well were incubated with 10 mL of the CCK-8
reagent, with each well at 37�C for 2 h. The spectrophotometric
absorbance was measured at 450 nm for each sample. Cell migration
assay was performed using Matrigel chambers (BD Biosciences,
USA). In brief, cells (5 � 104 cells/well, SiHa) suspended in
DMEM/F12 culture medium without FBS were added into the upper
chamber. Then 1 mL DMEM/F12 with 10% FBS was added to the
lower compartment. After 24-h incubation, the cells residing on the
upper surface were wiped off, and the cells that crossed the filter
membrane were stained with 0.1% crystal violet. Cell number was
quantified in five random fields under a microscope. For the apoptosis
analysis, cells were washed in 100 mL of 1 � Binding Buffer and
measured using fluorescein isothiocyanate (FITC) Annexin V
Apoptosis Detection Kit I (BD Pharmagen, USA) following the man-
ufacturer’s protocol.

m6A methylated RNA immunoprecipitation sequencing (MeRIP-

seq)

Cervical cancer cells (SiHa) were washed by cold PBS twice and pu-
rified using Oligotex Direct mRNA Midi/Maxi Kit (Thermo Fisher)
rapy: Oncolytics Vol. 22 September 2021 579
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Figure 6. METTL3/FOXD2-AS1 promotes the tumorigenesis of cervical

cancer through the LSD1/p21 axis

Table 1. The correlations between FOXD2-AS1 and cervical cancer

patients’ clinicopathological characteristics

FOXD2-AS1 p

Low (15) High (15)

Age, years 0.617

<45 13 7 6

R45 17 8 9

Tumor size, cm 0.008

<4 11 8 3

R4 19 7 12

FIGO stages 0.187

I/II 16 6 10

III/IV 14 9 5

Tumor differentiation 0.248

Well/moderate 18 10 8

Poor 12 5 7

Lymph node metastasis 0.173

Positive 10 4 6

Negative 20 11 9
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according to the manufacturer’s instructions. Then, mRNA concen-
tration was quantified by a spectrophotometer. For immunoprecipi-
tation (IP), mRNA (5 mg) was precipitated with Magna MeRIP
m6A Kit (Millipore) according to the manufacturer’s instructions.
The library was constructed using purified RNA fragments from IP
and then sequenced with Illumina Nextseq500.

MeRIP-qPCR

MeRIP-qPCR was performed according to the published literature
with slight modifications. In brief, total RNA (150 mg) was isolated
from pretreated cells (SiHa) and randomly fragmented into 100-nt
RNA fragments using ZnCl2. RNA samples were immunoprecipi-
tated with antibodies (10 mg anti-m6A antibody or anti-mouse immu-
noglobulin G [IgG]; Millipore, Germany) pre-coated with magnetic
beads to elute the m6A-modified RNA fragments from the beads
with m6A in IP buffer (B5993; ApexBio Technology). MeRIP-qPCR
was performed using the Magna MeRIP m6A Kit (Millipore, Ger-
many) to detect the m6Amodification quantitation. The RNA enrich-
ment was analyzed by quantitative real-time RT-PCR.

m6A quantification

Total RNA was isolated from SiHa by TRIzol (Thermo Fisher) ac-
cording to the manufacturer’s instruction. m6A content in total
RNAs was detected using EpiQuik m6A RNA Methylation Quantifi-
cation Kit (Colorimetric) (Epigentek, USA). The m6A level was color-
imetrically identified according to the absorbance at a wavelength of
450 nm.

RNA stability

Cells were treated with actinomycin D (1 mg/mL) and then collected
at different time points. RNA was extracted from SiHa using TRIzol
reagent (Invitrogen, Grand Island, NY, USA), and the RNA levels
were measured using qRT-PCR.
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RNA binding protein immunoprecipitation (RIP)

Cells (SiHa) were cultured and washed twice with ice-cold PBS and
centrifuged and re-suspended in complete RIP lysis buffer (Merck
Millipore) (140 mM NaCl, 20 mM Tris-HCl [pH 7.5], 0.05%
Triton X-100) for 2 h. Antibody (5 mg) anti-Argonaute-2
(AGO2) (Abcam, MA, USA) or control rabbit IgG were pre-bound
to protein A/G magnetic beads in IP buffer at 4�C overnight. Then,
the expression of mRNAs was detected by quantitative real-time
RT-PCR analysis.
ChIP assay

The ChIP assay was performed using the Magna ChIP Chromatin
Immunoprecipitation Kit (Millipore) using SiHa cells according to
the manual protocol. In brief, crosslinked chromatin was sonicated
into fragments (200–1,000 bp) and then immunoprecipitated with
anti-LSD1 (Millipore) and anti-H3K4me2 (Millipore). Then, the
precipitated DNA-protein complex was eluted and quantified using
quantitative real-time RT-PCR with SYBR-Green incorporation
(Applied Biosystems, Foster City, CA, USA). The primers are listed
in Table S1. Normal mouse IgG acted as a negative control.
Tumor formation assays

The tumor formation assays were approved by the Ethics Committee
of Shenzhen Baoan Women’s and Children’s Hospital. All male
BALB/c nude mice (5 weeks old) were purchased from Beijing Vital
River Laboratory Animal Technology Company. A total 5 � 106

stably transfected SiHa cells were subcutaneously injected into the
flank of nude mice. Every 3 days, tumor volume was detected using
0.5 � (L � W � W). At 3 weeks after injection, mice were sacrificed
for tumor weight.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 (Graph-
Pad Software, La Jolla, CA, USA) and SPSS 20.0 (IBM Corporation,
Armonk, NY, USA). Data were shown as mean ± standard deviation
(SD). The differences between groups were analyzed using two-sided
Student’s t test. The correlation within FOXD2-AS1 and clinicopath-
ological features was calculated with chi-square test. Kaplan-Meier
curve with log rank test was performed to analyze the survival
outcome. Pearson’s correlation was performed to analyze the correla-
tion. A p value less than 0.05 was considered as statistically
significance.
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Supplement Table S1. Sequences of shRNA and qRT-PCR primers.  

 5’-3’ 

METTL3 forward, 5’-TTGTCTCCAACCTTCCGTAGT-3'   

reverse, 5'-CCAGATCAGAGAGGTGGTGTAG-3’ 

FOXD2-AS1 forward, 5’-TGGACCTAGCTGCAGCTCCA-3'  

reverse, 5'-AGTTGAAGGTGCACACACTG-3' 

p21 forward, 5’-TGTCCGTCAGAACCCATGC-3' 

reverse, 5'-AAAGTCGAAGTTCCATCGCTC-3' 

sh-FOXD2-AS1-1 5’-ATTCCGAGCTAATTCAAGATTT-3’ 

sh-FOXD2-AS1-2 5’-TTAAGCGCTACCGGGATTT-3’ 

sh-FOXD2-AS1-3 5’-ACCTGGTTCCAAGCACGCTTTTT-3’ 

GAPDH forward, 5’-GTCTCCTCTGACTTCAACAGCG-3’ 

reverse, 5’-ACCACCCTGTTGCTGTAGCCAA-3’ 
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