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N6-methyladenosine (m6A) methylation modification is the
most prevalent and abundant internal modification of eukary-
otic mRNAs. Increasing evidence has shown that mRNA m6A
plays important roles in the development of stem cells. However,
to the best of our knowledge, no reports about the roles of
mRNA m6A in mouse female germline stem cells (mFGSCs)
have been published. In this study, we compared the genome-
wide profiles of mRNAm6Amethylation and DNAmethylation
between FGSCs and sandosinbred mice (SIM) embryo-derived
thioguanine and ouabain-resistant (STO) cells. qRT-PCR re-
vealed that the expression levels of mRNA m6A-related genes
(Mettl3, Alkbh5, Ythdf1, Ythdf2, Ythdc1, and Ythdc2) in FGSCs
were significantly higher than those in STO cells. m6A RNA
immunoprecipitation sequencing (MeRIP-seq) data further
showed that the unique m6A-methylated mRNAs in FGSCs
and STO cells were related to cell population proliferation and
somatic development, respectively. Additionally, knockdown
of Ythdf1 inhibited FGSC self-renewal. Comparison of methyl-
ated DNA immunoprecipitation sequencing (MeDIP-seq) re-
sults between FGSCs and STO cells identified that DNAmethyl-
ation contributed to FGSC proliferation by suppressing the
somatic program. These results suggested that m6A regulated
FGSC self-renewal possibly through m6A binding protein
YTHDF1, and DNA methylation repressed somatic programs
in FGSCs to maintain FGSC characteristics.

INTRODUCTION
Germcells are essential for passing genetic information fromgeneration
to generation and for maintaining the continuation of species.1 Female
germline stem cells (FGSCs), a new class of germ cells, have been suc-
cessfully isolated from postnatal mammalian and human ovarian tissue
and used to establish cell lines.2–9 Our previous studies demonstrated
that FGSCs differentiated into functional oocytes and produced fertile
offspring after transplantation into the ovaries of mice with premature
ovarian failure (POF).2 By the random recombination of targeted genes
in FGSCs, we generated transgenic or gene knockdown mice.10

Recently, increasing attention has been paid to the genetic and
epigenetic regulation of the basic properties of stem cells and their
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development. Zhang et al.11 revealed the genome-wide profiles of
the histone modifications H3K4me1, H3K27ac, H3K4me3, and
H3K27me3; DNA methylation; and RNA polymerase II occupancy
in FGSCs and found that they were involved in the unipotency of
FGSCs. In addition, Sun et al.12 demonstrated that histone H1-medi-
ated epigenetic regulation controls the self-renewal of ovary germline
stem cells (OGSCs) by modulating H4K16 acetylation. Moreover,
Bernstein et al.13 reported that epigenetic modifications, such as
DNA modifications, play essential roles in regulating embryonic
stem cells (ESCs) and their biological development. DNAmethylation
is one of the best studied epigenetic modifications and is important to
mammalian development.14 Germline genes were acutely sensitive to
loss of DNA methylation; they were derepressed in Dnmt3a/3b-
knockout mouse ESCs (mESCs),15 Dnmt1-depleted human fibro-
blasts,16,17 and Dnmt3b mutant mouse embryos.18

N6-methyladenosine (m6A)methylationmodification is themost prev-
alent and abundant internal modification on eukaryotic mRNAs.19

Studies involving the analysis of m6A in eukaryotes showed that hun-
dreds ofm6A sites were highly conserved in human ESCs andmESCs.20

Analogous to the epigenetic code, m6A methyltransferases (“writers”;
i.e., METTL3, METTL14, WTAP, ZC3H13), demethylases (“erasers”;
i.e., FTO, ALKBH5), andm6A binding proteins (“readers”; i.e., YTHDF
family, YTHDC family) involved in this modification have been iden-
tified.21–23 It has been reported that METTL3, FTO, and ALKBH5 play
essential roles in many biological processes, ranging from development
and metabolism to fertility.24 Defects in m6A methyltransferases and
demethylases might induce abnormal m6A methylation levels, leading
to dysfunction of RNA and diseases. For example, themRNAm6A level
rapy: Nucleic Acids Vol. 23 March 2021 ª 2020 The Author(s). 431
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.11.020
mailto:jiwu@sjtu.edu.cn
mailto:zhaoxiaw@sjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.11.020&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Characteristics of cultured FGSCs and STO

cells

(A and B) Representative morphology of cultured FGSCs

(A) and STO cells (B). (C) RT-PCR analysis of Oct4, Stella,

Mvh, Fragilis, and Blimp-1mRNA expression in FGSCs. M,

100 bp DNA markers. Gapdh served as a loading control.

NC, negative control. (D) Immunofluorescence analysis of

FGSCs with antibodies against OCT4 and MVH. Scale

bars: (A and B) 50 mm; (D) 20 mm (MVH) and 25 mm (OCT4).
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was found to be increased in Alkbh5-deficient male mice, which
affected spermatocyte apoptosis at the MII (metaphase II) stage and
then impaired fertility.25 The major mechanism by which m6A exerts
its influences was through the recruitment of m6A binding proteins.
YTHDF1 directly promoted the translation of methylated mRNAs.26

YTHDF2 had an effect on the stability ofm6A-modified RNAs by local-
izing them to mRNA decay sites.27–29 YTHDF3 enhanced protein
translation in synergy with YTHDF1 and facilitates m6A-modified
RNA decay mediated via YTHDF2.30 Ythdf1 was known to regulate
tumorigenicity and cancer stem cell-like activity in human colorectal
carcinoma (CRC).31 The loss of Ythdf2 was shown to upregulate the
level of transcription of oocyte maturation-related genes, leading to
specific infertility ofYthdf2-defective femalemice.32 Nevertheless, there
is little information about the profile of mRNAm6A in FGSCs and SIM
mouse embryo-derived thioguanine and ouabain-resistant (STO) cells
belonging to somatic cells, which comprise all of the cells making up an
organism besides germ cells, as well as the influence of YTHDF1 on
FGSCs.

In this study, we profiled mRNA m6A modification by methylated
RNA immunoprecipitation sequencing (MeRIP-seq) and DNA
methylation by methylated DNA immunoprecipitation sequencing
(MeDIP-seq) in FGSCs and STO cells, and we found that mRNA
m6A regulated FGSC self-renewal possibly through m6A-binding
protein YTHDF1, and DNA methylation repressed the somatic pro-
grams in FGSCs to maintain FGSC characteristics.

RESULTS
Biological characterization of FGSC line andmorphology of STO

cells

The FGSC line used in this study had been established previous-
ly.2The cultured FGSCs formed clusters with a bead-like shape
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(Figure 1A). To characterize these cells, we
analyzed the expression of gene markers of fe-
male germ cells: Oct4 (also called Pou5f1, POU
domain, class 5, transcription factor 1),33 Stella
(also known as developmental pluripotency
associated factor 3, Dppa3),34 Mvh (also called
Ddx4, DEAD [Asp-Glu-Ala-Asp] box polypep-
tide 4),35 Blimp-1 (also called Prdm1, positive
regulatory [PR] domain containing 1 with zinc
finger protein [ZNF] domain),36 and Fragilis
(also called Ifitm3, interferon-induced transmembrane protein
3).37,38 The results of reverse-transcriptase PCR (RT-PCR) showed
that the FGSCs expressed Oct4, Stella, Mvh, Fragilis, and Blimp-1
(Figure 1C). Immunofluorescence analysis also showed that the
FGSCs were positive for OCT4 and MVH (Figure 1D). The
morphology of STO cells was shown in Figure 1B.

Comparison of mRNA m6A methylation profile between FGSCs

and STO cells

To explore whether there was a difference in the m6A RNA methyl-
ation profile between FGSCs and STO cells, an mRNA dot blot assay
was initially performed to determine the m6A levels in these two cell
types. Compared with STO cells, we found that the global m6A level
significantly increased in FGSCs (Figure 2A). We also compared the
expression of m6Amethyltransferases (Mettl3,Mettl14,Wtap), deme-
thylases (Alkbh5, Fto), and binding proteins (Ythdf1, Ythdf2, Ythdf3,
Ythdc1, Ythdc2) between FGSCs and STO cells using quantitative RT-
PCR (qRT-PCR). The results revealed that the expression levels of
Mettl3, Alkbh5, Ythdf1, Ythdf2, Ythdc1, and Ythdc2 were significantly
higher in FGSCs than those in STO cells (Figure 2B). Then, we per-
formed m6A RNA immunoprecipitation combined with deep
sequencing (MeRIP-seq) to detect the m6A peaks and explored their
distributions in the transcriptome of FGSCs and STO cells. We
observed that the m6A peaks were principally located in the coding
sequence (CDS), transcription start site (TSS), and 30 untranslated re-
gion (30 UTR) in both FGSCs and STO cells (Figure 3A). m6A mod-
ifications of both FGSCs and STO cells were enriched in consensus
motifs (Figure 3B), but there were differences in m6A distribution
patterns between these two cell types. Bioinformatic analysis revealed
2,575 and 1,265 m6A-methylated mRNAs in FGSCs and STO cells,
respectively, whereas there was a total of 4,130 m6A-methylated
mRNAs overlapping between these two cell types (Figure 3C). Gene



Figure 2. The m6A level in FGSCs and STO cells

(A) Dot blot assay determined the m6A level in FGSCs and

STO cells. MB,methylene blue (as loading control). (B)Mettl3,

Mettl14, Alkbh5, Fto, Wtap, Ythdf1, Ythdf2, Ythdf3, Ythdc1,

and Ythdc2 mRNA levels in FGSCs and STO cells were

measured by qRT-PCR. The expression of these genes in

STO cells was set as 1. *p < 0.05, ***p < 0.001. All data

are presented as the mean ± SD of three independent

experiments.
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Ontology (GO) analysis showed that the functional enrichment of
these 4,130 overlapping m6AmRNAs was related to the mRNAmeta-
bolic processes, splicing, transport, and stabilization (Figure 3F). The
unique m6A-methylated mRNAs in FGSCs (2,575) were enriched in
terms related to DNA replication, the mitotic cell cycle, and cell pop-
ulation proliferation (Figure 3E), whereas the 1,265 unique m6A-
methylated mRNAs in STO cells were enriched in GO categories
related to system development (Figure 3D).
Knockdown of Ythdf1 inhibited FGSC self-renewal in vitro

To explore the function of mRNA m6A modification in regulating
FGSC proliferation, we knocked down Ythdf1 using the lentiviral
vectors carrying Ythdf1-specific small hairpin (sh)RNAs (shDF1) to
infect FGSCs. qRT-PCR, as well as western blot analyses, showed
that the mRNA and protein levels of Ythdf1 were significantly
decreased in FGSCs with shDF1 lentivirus infection compared with
controls (shCtrl) (Figures 4A–4D). In addition, Cell Counting Kit 8
(CCK8) assays demonstrated that the optical density values of
shDF1 lentivirus-infected FGSCs were significantly lower than those
of controls (Figure 4E). Furthermore, 5-ethynyl-20-deoxyuridine
(EdU) assays revealed that EdU-positive cells were significantly
decreased in shDF1 lentivirus-infected FGSCs compared with
controls (Figures 4F and 4G).
Comparison of genomic DNA methylation profile between

FGSCs and STO cells

We next compared genomic DNA methylation between FGSCs and
STO cells. Before profiling the genomic DNA methylation sequence,
we compared the mRNA expression levels of DNA methyltrans-
ferases (Dnmt1, Dnmt3a, and Dnmt3b) in FGSCs and STO cells by
qRT-PCR, and we found that the expression levels of Dnmt1,
Dnmt3a, and Dnmt3b were significantly higher in FGSCs than those
in STO cells (Figure 5A). Then, we performed clustering analysis with
the datasets of the genomic DNAmethylation sequence in FGSCs and
STO cells (Figures 5B and 5C), and we explored the specific functions
of the genes in the promoters, of which there was FGSC-specific
methylation based on their genomic locations using Genomic
Regions Enrichment of Annotations Tool (GREAT) analysis (Fig-
ure 5B; cluster 1).39 The results demonstrated that the FGSC-specific
DNA-methylated genes of cluster 1 were significantly correlated with
the GO biological process terms “DNA methylation involved in
gamete generation,” “meiosis,” “chromosome organization involved
in meiotic cell cycle,” “male meiosis,” and “synapsis” (Figure 5D),
which were biological processes related to germ cell development.
Notably, we found that the promoters of somatic development-
related genes (e.g., Tbx, Fox, and Hox family transcription factors)
were DNA methylated in FGSCs but fully hypomethylated in STO
cells (Figure 6; Table S3). Furthermore, our previous study found
that several somatic development-related genes (e.g., Hoxa1, Hoxb1,
Tbx1) with DNA methylation at promoter regions were visibly
upregulated after Dnmt1 knockdown in FGSCs.11
DISCUSSION
In our previous study, through comparisons with ESCs, primordial
germ cells (PGCs), and male germline stem cells, we found unique
epigenetic signatures (histone modification and DNA methylation)
involved in the unipotency of FGSCs.11 In the present study, to obtain
a better understanding of the epigenetic signatures of FGSCs,
especially the relationship between mRNAm6A and the maintenance
of FGSC characteristics, we compared the profiles of mRNAm6A and
DNA methylation between FGSCs and STO cells.

DNA methylation, as an epigenetic mark involved in gene silencing,
was of paramount importance for mammalian embryonic develop-
ment.40 For example, in mESCs, depletion of Dnmt1 would result in
genome-wide loss of CpG methylation.41 When lacking both
Dnmt3a andDnmt3b, mESCs could not methylate proviral genomes
and repetitive elements.42 ESCs, without CpG methylation, could
maintain stem cell properties and proliferation ability. Our previous
study also showed that DNA methylation played a key role in
maintaining the unipotency of FGSCs by suppressing somatic pro-
grams compared with the case in ESCs and embryonic day 11.5
(E11.5) PGCs.11 In this study, compared with the findings in STO
cells, a type of somatic cell, we also observed that the expression
levels of DNA methyltransferases (Dnmt1, Dnmt3a, and Dnmt3b)
were significantly higher in FGSCs than those in STO cells.
Additionally, our MeDIP-seq data also showed that there were
distinct differences in DNA methylation patterns between FGSCs
and STO cells, and the somatic development-related genes (e.g.,
Tbx1, Tbx2, Foxb1, and Foxa1) were hypermethylated specifically
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 433
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Figure 3. Dynamic m6A modification in FGSCs and

STO cells

(A) Transcriptome-wide distribution of m6A peaks in

FGSCs and STO cells. (B) The most common sequence

motif amongm6A peaks in FGSCs and STO cells. (C) Venn

diagram illustrating the m6A-modified mRNAs in FGSCs

and STO cells. (D and E) GO analysis of the m6A-modified

mRNAs specifically identified in STO cells (D) and FGSCs

(E), respectively. (F) GO analysis of the overlapping m6A-

modified mRNAs in FGSCs and STO cells.
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in FGSCs. The previous study proved that they were notably upre-
gulated after Dnmt1 knockdown in FGSCs.11 These findings sug-
gested that DNA methylation was actively involved in repressing
the somatic program in FGSCs.

Recently, emerging data have demonstrated that m6A affects RNA
transcript splicing, RNA stability, translation, processing, and
nuclear export.26,29,43–45 Many studies have revealed that the mod-
ulation of the m6A level is involved in diverse processes, including
the regulation of fate determination, proliferation and differentia-
tion of stem cells, homeostasis, DNA damage response, spermato-
genesis, and circadian clock processes.46–49 m6A methylation is an
mRNA post-transcriptional modification that is regulated by
methyltransferases (METTL3, METTL14, WTAP, ZC3H13),
demethylases (FTO, ALKBH5), and binding proteins (YTHDF1–
3, YTHDC1 and YTHDC2). In this study, we observed that the
expression levels of Mettl3, Alkbh5, Ythdf1, Ythdf2, Ythdc1, and
Ythdc2 were significantly higher in FGSCs than those in STO cells,
and MeRIP-seq data further showed that the unique m6A-methyl-
ated mRNAs in FGSCs and STO cells were related to cell population
proliferation and somatic development, respectively. Recent studies
showed that YTHDF1 interacted with translation initiation factors
to directly affect translation initiation.26 Orouji et al.50 found that
Ythdf1 could impact the proliferation and clonogenic capacity of
Merkel cell carcinoma (MCC) cells by regulating the expression
of translation eukaryotic initiation factor 3 (eIF3) in vitro. Bai
et al.31 demonstrated that Ythdf1 was overexpressed in CRC and
regulated the CRC cell’s tumorigenicity and cancer stem cell-like
activity. Zhao et al.51 reported that Ythdf1 was a cell-cycle-related
gene and involved in regulating hepatocellular carcinoma (HCC)
cell-cycle progression. To understand the detailed mechanism of
434 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
mRNA m6A on FGSC proliferation, we
knocked down Ythdf1 in FGSCs. The results
of CCK8 and EdU assays revealed that knock-
down of Ythdf1 inhibited the proliferation of
FGSCs. These findings suggested that mRNA
m6A was involved in the maintenance of
FGSC proliferation possibly through Ythdf1.

In summary, this study shown that mRNA
m6A regulated FGSC self-renewal possibly
through m6A binding protein YTHDF1,
and the DNA methylation repressed the somatic programs in
FGSC to maintain FGSC characteristics (Figure 7).

MATERIALS AND METHODS
Animals

5-day-old C57BL/6 mice were obtained from SLAC Laboratory Ani-
mal Company (Shanghai, China). All processes involving animals
were approved by the Institutional Animal Care and Use Committee
of Shanghai and conducted in accordance with the National Research
Council Guide for the Care and Use of Laboratory Animals.

Culture of FGSCs and STO cells

The STO cell line (ATCC, Manassas, VA, USA) was cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies,
NY, USA), supplemented with 10% fetal bovine serum (FBS; Life
Technologies, NY, USA), 100 mg/mL penicillin (Amresco, Lardner,
PA, USA), and 1 mM nonessential amino acids (Invitrogen Life
Sciences, MA, USA). The medium was replaced every other day.
STO cells were subcultured every 3–4 days.

The FGSC line was cultured on STO feeder cells. The culture medium
for FGSCs was alpha-minimum essential medium (MEM-a; Life
Technologies, NY, USA), supplemented with 10% FBS (Life Technol-
ogies, NY, USA), 30 mg/mL pyruvate (Amresco, Lardner, PA, USA),
2 mM L-glutamine (Amresco, Lardner, PA, USA), 0.1 mM b-mercap-
toethanol (Sigma-Aldrich, St. Louis, MO, USA), 1 mM nonessential
amino acids (Invitrogen Life Sciences, MA,USA), 20 ng/mL mouse
epidermal growth factor (mEGF; PeproTech, NJ, USA), 10 ng/mL
mouse basic fibroblast growth factor (mbFGF; BD Biosciences,
Franklin Lakes, NJ, USA), 10 ng/mLmouse glial cell line-derived neu-
rotrophic factor (mGDNF; R&D Systems, Minneapolis, MN, USA),



Figure 4. Effects of Ythdf1 on FGSCs

(A) Fluorescence and bright-field images for FGSCs in-

fected with lentivirus. (B) mRNA expression levels of

Ythdf1 in cells infected with shYthdf1 lentivirus (shDF1)

and negative control lentivirus (shCtrl) were examined by

qRT-PCR. (C and D) Western blot analyses detected the

protein levels of Ythdf1 in cells infected with shDF1 and

shCtrl. (E and F) CCK8 assays (E) and EdU incorporation

assays (F) were conducted in FGSCs infected with shDF1

and shCtrl. (G) Quantification of EdU-positive cells. Data

are presented as the mean ± SD of three independent

experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001

compared with the control group. Scale bars, 20 mm.
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10 ng/mL mouse leukemia inhibitory factor (mLIF; Santa Cruz
Biotechnology, CA, USA), and 15 mg/mL penicillin (Amresco,
Lardner, PA, USA). Cells were passaged every 2–3 days. All cultures
were performed in humidified air maintained at 37�C under a 5%
CO2 atmosphere.

We used the differential adhesion method52 to separate feeder from
FGSCs. After the cells were digested, feeder would adhere to the
well more quickly than FGSCs. When the cells adhered for 30 min,
the remaining unadhered cells were removed to another well without
feeder and cultured for 24 h.
RT-PCR and qRT-PCR

Total RNA was extracted from FGSCs, STO cells, and ovarian tissues
of neonatal mice using the TRIzol reagent (QIAGEN, Hilden,
Germany) following the manufacturer’s protocol. About 1 mg of
RNA was used to synthesize cDNA using a RT kit (Takara, Tokyo,
Molecular Th
Japan) in a volume of 20 mL. RT-PCR analysis
was carried out with Taq DNA polymerase.
qRT-PCR was conducted with SYBR Premix
Ex Taq (Takara, Tokyo, Japan) in a 20-mL vol
on an Applied Biosystems 7500 Real-Time
PCR System. The conditions of qRT-PCR were
94�C for 5 min; 40 cycles of 94�C for 30 s,
55�C for 30 s, and 72�C for 30 s; followed by
72�C for 10 min. The 2�DDCt method was used
to analyze the data. The primers used were
shown in Tables S1 and S2.

Immunofluorescence staining

The cells cultured in 48-well plates were washed
with phosphate-buffered saline (PBS), fixed in
4% paraformaldehyde (PFA) at room tempera-
ture for 30 min, and washed three times with
PBS. Then, the cells were incubated for 30 min
at 37�C in blocking buffer (PBS containing
35% goat serum). Next, the cells were incubated
overnight at 4�C with primary rabbit anti-MVH
antibody (1:200; Santa Cruz Biotechnology, CA,
USA) and then washed three times with PBS.
After that, the cells were incubated with the secondary antibody
(1:200, goat anti-rabbit immunoglobulin [IgG]; Proteintech,
Rosemont, IL, USA) for 30 min at 37�C. Finally, the cells were washed
with PBS three times and stained with 40,6-diamidino-2-phenylindole
at room temperature for 3 min. For OCT4 staining, before incubation
in blocking buffer, cells were permeabilized with 0.5% Triton X-100
for 30 min at room temperature and then washed with PBS three
times. The primary antibody was anti-rabbit OCT4 (1:100; Santa
Cruz Biotechnology, CA, USA). The secondary antibody was goat
anti-rabbit IgG (1:200; Proteintech, Rosemont, IL, USA).

Lentiviral infection and selection

The lentiviral Ythdf1 knockdown (shDF1) and lentivirus carrying
empty vector (shCtrl) were obtained from OBiO Technology
(Shanghai, China). To generate stable lentivirus-infected cell lines,
cells were infected with virus following the manufacturer’s instruc-
tions, and the cells were treated with 5 mg/mL of puromycin after
erapy: Nucleic Acids Vol. 23 March 2021 435
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Figure 5. Genomic DNA methylation in FGSCs and STO

cells

(A) Dnmt1, Dnmt3a, and Dnmt3b mRNA levels in FGSCs and

STO cells were measured by qRT-PCR. The expression of

these genes in STO cells was set as 1. *p < 0.05, **p < 0.01,

compared with STO group. All data are presented as the

mean ± SD of three independent experiments. (B and C) K-

means clustering of DNA methylation at promoter regions for

FGSCs and STO cells. Distribution of genome in the 5-kb

upstream and downstream flanking regions of the TSS in

FGSCs and STO cells. (D) Functional enrichment of FGSC-

specific methylated regions by GREAT analysis (p < 0.05).
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infected 48 h to select the stable cell lines. The efficiency for Ythdf1
knockdown was determined by qRT-PCR and western blot. The
shRNA primer sequences were listed as follows: primer (forward
[F]): 50-CCGGTTACCAGCACAGGTTTAATTTCTCGAGAAATT
AAACCTGTGCTGGTAATTTTTTG-30; primer (reverse [R]): 50-
AATTCAAAAAATTACCAGCACAGGTTTAATTTCTAGAAATT
AAACCTGCTGGTAA-30.
CCK8 assay

FGSCs were seeded at 5,000 cells/well in a 96-well plate and cultured
for 24 h. The CCK8 (Research Science, Shanghai, China) was diluted
at a 1:11 ratio to add the cell culture medium, and the cells were incu-
bated for 2 h at 37�C. After that, the absorbance was measured at
450 nm using a microplate spectrophotometer.
EdU proliferation assay

Cells were incubated with 50 mM EdU kit for 2 h at 37�C and were
fixed with 4% PFA for 30 min at room temperature. Then cells
were washed with 2 mg/mL glycine for 5 min on a shaker and incu-
bated with 0.5% Triton X-100 for 30min before 1�Apollo was added
for 30 min at room temperature. After washing 3 times with PBS con-
taining 0.5% Triton X-100, 1 � Hoechst 33342 was used to stain cell
nuclei. Images were obtained using the Leica fluorescence micro-
scope, and then, the number of EdU-positive cells was analyzed.
Western blotting

Cells were lysed in radio immunoprecipitation assay (RIPA) buffer
(Yeasen, Shanghai, China), containing 1 � PIC (protease inhibitor
cocktail), and then centrifugated at 12,000 � g for 20 min at 4�C.
Proteins were separated by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and blotted on polyvinylidene
436 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
fluoride (PVDF) membranes. Membranes were
blocked with 5% non-fat milk for 2 h at room tem-
perature and incubated with the primary
antibodies: anti-YTHDF1 (1:1,000; Proteintech,
Rosemont, IL, USA) and anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (1:10,000;
Santa Cruz Biotechnology, CA, USA) at 4�C over-
night. The next day, membranes were incubated
with secondary antibodies (1:2,000; Proteintech,
Rosemont, IL, USA) for 1 h at room temperature following washing
three times with Tris-buffered saline-Tween 20 (TBST). The protein
bands were obtained with a Tanon 4600SF (Tanon, Shanghai, China).

MeDIP-seq

The preparation of MeDIP and input DNA libraries was performed as
previously described.11 Briefly, genomic DNA of STO cells was ex-
tracted and then randomly sheared into 200-to 500-bp fragments by
sonication. The fragmented DNA was precleared and then immuno-
precipitated using a highly specific anti-5-methylcytosine monoclonal
antibody supplied in the Magnetic Methylated DNA Immunoprecipi-
tation (MagMeDIP) Kit (Diagenode, Denville, NJ, USA), in accordance
with themanufacturer’s instructions.MagMeDIP and input DNAwere
used for library generationwithNEBNext Ultra EndRepair/dA-Tailing
Module (NEB, Ipswich, MA, USA). Enriched libraries were evaluated
for their size distribution and concentration using an Agilent
Bioanalyzer 2100, and sequencing was carried out on Illumina HiSeq
2000 following the manufacturer’s instructions.

MeRIP-seq

Total RNA was extracted from FGSCs and STO cells using TRIzol re-
agent (QIAGEN, Hilden, Germany), in accordance with themanufac-
turer’s protocol. mRNA was further purified using the Dynabeads
mRNA Purification Kit (Thermo Fisher Scientific, MA, USA). The
purified mRNAwas then fragmented into 100�200 nucleotides using
Fragmentation Reagents (Thermo Fisher Scientific, MA, USA). A
small proportion (10%) of the purified mRNA fragments was put
aside to be used as an input sample, and the rest was incubated
with m6A primary antibody (ab151230; Abcam, Cambridge, MA,
USA) for 2 h at 4�C. The mixture was then immunoprecipitated by
incubation with Protein A beads (Thermo Fisher Scientific, MA,
USA) for 2 h at 4�C. Then, the beads were washed three times with



Figure 6. UCSC genome browser view of DNA

methylation features of genes (Tbx1, Tbx2, Foxa1,

and Foxb1) in FGSCs and STO cells

Promoter regions of genes involved in somatic develop-

ment exhibit a distinct methylation pattern in FGSCs

compared with those in STO cells.
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immunoprecipitation buffer (150mMNaCl, 0.1%NP-40, and 10mM
Tris-HCl, pH 7.4) and eluted competitively with m6A 50-monophos-
phate sodium salt (Santa Cruz Biotechnology, CA, USA). The RNA in
the eluate was used for library preparation with the TruSeq Stranded
mRNA Sample Preparation Kit (Vazyme, Shanghai, China). Libraries
were sequenced on Illumina HiSeq 2000, in accordance with the
manufacturer’s instructions.
m6A dot blot assay

For m6A dot blot assays, mRNA was purified using Dynabeads
mRNA Purification Kit (Thermo Fisher Scientific, MA, USA).
Then, the serially diluted mRNA was denatured at 95�C for 3 min
to disrupt secondary structures in a heat block. After that, the
mRNA was dropped onto negative control (NC) membranes and
UV crosslinked. Then, the membrane was stained with 0.02% meth-
ylene blue (MB) in 0.3 M sodium acetate (pH 5.3) as loading control.
These membranes were blocked with 5% non-fat milk for 1 h at room
temperature and then incubated with m6A primary antibody
(ab151230; Abcam, Cambridge, MA, USA) overnight at 4�C. The
next day, the membranes were incubated with goat anti-rabbit IgG
(1:2,000; Proteintech, Rosemont, IL, USA) for 1 h at room tempera-
ture. The signal was detected using the Tanon detection system,
and the signal density was quantified using ImageJ.
Data analysis

All DNA MeDIP-seq, m6A-MeRIP-seq, and control raw data reads
were mapped using Bowtie (version 1.0.1) to the University of
California, Santa Cruz (UCSC), mm9 reference genome.53 Two bio-
logical replicates were performed, which were well correlated (Fig-
ure S1). The raw data quality was analyzed using FastQC; poor-qual-
ity sequences and duplicate reads were removed, and the remainder
was used for analysis. Data analysis for each experiment was as
follows: (1) for DNA MeDIP-seq, we first divided the UCSC known
gene promoter regions into 500-bp windows, calculated the methyl-
ation level in each window, and then calculated the Pearson correla-
tion coefficient between them. To examine the methylation levels in
FGSCs and STO cells, we evaluated them using the relative methyl-
ation score (rms), calculated with the R package MEDIPS. (2) For
Molecular T
m6A MeRIP-seq, the m6A-enriched peaks in
each m6A immunoprecipitation sample were
identified by MACS2 peak-calling software
(version 2.0.10)54 with the corresponding input
sample acting as a control. MACS2 was run
with the default options, except for “–nomodel,
–keepdup all” to turn off fragment size estima-
tion and to keep all uniquely mapping reads, respectively. A stringent
cut-off threshold for the p value of 1� 10�5 was used to obtain high-
confidence peaks. Each peak was annotated based on Ensemble
(release 79) gene annotation information by applying Bedtools’
Intersect Bed (version 2.16.2).55

The datasets supporting the results presented in this article are
available in the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO): GSM4411135.

GO analysis

GO analysis was performed using GREAT (version 2.0).39 Fisher’s
exact test was used to identify the significant results, and the false dis-
covery rate (FDR) was applied to correct the p values (p < 0.05; fold
change > 1.5).

Motif analysis

We searched for de novomotifs enriched in each m6A peak using the
HOMER tool.56 Motif length was restricted to six nucleotides. All
peaks mapped to mRNAs were used as the target sequences, and
background sequences were constructed by randomly shuffling peaks
upon total mRNAs on the genome using Bedtools’ shuffle Bed
(version 2.16.2).55

Data from other sources

Previously published MeDIP-seq data from FGSCs were downloaded
from NCBI Sequence Read Archive (SRA): SRP066132.11

Statistical analysis

Results are shown as the mean ± SD of three independent experi-
ments. Student’s t test was used to calculate differences between
groups using SPSS17.0. A p value less than 0.05 was considered statis-
tically significant.
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Figure 7. Proposed model of mRNA m6A (YTHDF1) and DNA methylation in

the regulation of FGSC characteristics

mRNA m6A regulated FGSC characteristics possibly through m6A binding protein

YTHDF1, and genome DNA methylation repressed the somatic programs to

maintain FGSC characteristics.
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