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H3K18 lactylation-mediated Ythdf2 ok

activation restrains mouse female germline
stem cell proliferation via promoting EtsT mRNA
degradation

Yungiang Wu'", Bo Xu*', Yonglin Peng’, Sang Lin', Wenfei Du', Ruigi Liu', Shu Zhang??, Ji Wu?,
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Abstract

Background Germline stem cells are critical for sustaining fertility by balancing self-renewal and differentiation,
and are regulated by genetic and epigenetic programs. Although extensively investigated, the rare female germline
stem cells (FGSCs) in mammalian ovaries hinder their application in regenerative medicine. The N°-methyladeno-
sine (MCA) reader YTHDF2 is required for female germ cell competence. However, the mechanistic underpinnings
of how YTHDF2 regulates FGSC proliferation remain elusive.

Results Here, we show that knockout of Ythdf2 enhances FGSC proliferation in vitro. YTHDF2 binds m®A-modified
Ets7 mRNA and facilitates its degradation in an m°A-dependent manner. ETS1 functions as a key downstream effec-
tor of YTHDF2, as suppression of ETS1 expression partially reverses the Ythdf2-KO-induced phenotype. Additionally,
we demonstrate that YTHDF2/ETS1 axis participates in regulating FGSC proliferation by modulation of proliferation-
related gene expression. Moreover, histone lactylation modification H3K18la activates the expression of YTHDF2 in
FGSCs.

Conclusions Overall, our study reveals that YTHDF2 intrinsically restrains mouse FGSC proliferation and provides
a potential strategy to increase FGSC abundance for its potential clinical application.
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Introduction

Infertility has emerged as a pressing global issue, affecting
an estimated 8—12% of reproductive-aged couples world-
wide [1]. The female factors contribute to approximately
37% of infertility cases [2]. A shortage and poor quality
of oocytes are key factors leading to female infertility.
Female germline stem cells (FGSCs), residing within the
cortex of postnatal ovaries, serve as precursors to oocytes
and possess the capacity to proliferate and differentiate
into functional oocytes, ultimately yielding fertile off-
spring [3, 4]. This unique attribute underscores the thera-
peutic promise of FGSCs in replenishing the exhaustion
of follicle pool, thereby potentially restoring ovarian
function, enhancing fertility, and improving pregnancy
rates in clinical settings. However, the limited number of
FGSCs in the mammalian ovary [5] presents a significant
hurdle to their widespread clinical application. FGSC
proliferation is orchestrated by intricate genetic and epi-
genetic programs, yet the precise mechanisms underlying
their coordinated regulation remain elusive.

N®-methyladenosine (m®A), the most prevalent epige-
netic modification in mammalian mRNA, is associated
with RNA splicing, stability, translation, and nuclear
export [6-9]. The m°A modification is catalyzed by m°A
methyltransferases (writers), removed by mC°A dem-
ethylases (erasers), and recognized by m°A-binding
proteins (readers) [10-12]. The accumulating studies
have reported that these m°A regulators exert impor-
tant effects on germ cell development. For instance,
METTL3, a key m®A methyltransferase, is required for
oocyte meiotic maturation, and its deficiency leads to
defective follicle development and abnormal ovulation
[13]. Oocyte-specific deletion of Kiaa1429, another com-
ponent of the m®A methyltransferases, impairs follicular
development and results in female mouse infertility [14].
Conditional knockout of Y#hdc1 is associated with oocyte
maturation arrest and female mouse infertility [15]. Our
recent studies have revealed that YTHDF1 regulates
FGSC self-renewal [16]. Notably, Ythdf2 is also highly
expressed in FGSCs [16], whereas the function is not
clear. YTHDF2 is known for the effect on the stability of
m®A-modified RNAs by localizing them to mRNA decay
sites [7], and a study demonstrates that it is required for
oocyte competence since its deficiency leads to female
mouse infertility [17].

Despite these compelling insights, a comprehensive
understanding of the molecular mechanisms by which
m®A regulators govern FGSC proliferation remains lim-
ited. In this study, we investigate the role and molecu-
lar underpinnings of YTHDEF2 in FGSCs by perturbing
its expression and analyzing the impact on cell fate and
associated epigenetic events. Our results indicated
that YTHDF2 serves as a negative regulator of FGSC
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proliferation, and histone lactylation promotes the tran-
scription of Ythdf2. Mechanistically, YTHDF2 binds
m®A-modified mRNA encoded by transcription factor
Etsl and triggers the degradation of EtsI mRNA. Con-
sequently, ETS1-induced proliferation-related genes are
down-regulated, resulting in proliferation suppression.
This study provides novel insights into how m°A regula-
tors intrinsically restrain FGSC proliferation and poten-
tial therapeutic approaches for infertility.

Materials and methods

Cell culture

The FGSC line was established from mice as described
in our previous report [3]. The FGSC line at passage
number 25-35 was cultured according to our previ-
ous method [3]. Briefly, FGSCs were cultured on STO
feeder cells using minimum essential medium-a (MEM-
a, Life Technologies, USA), supplemented with 10%
fetal bovine serum (FBS, Gibco, USA), 1 mM sodium
pyruvate (Sigma, USA), 1 mM nonessential amino acid
(NEAA, Gibco, USA), 2 mM L-glutamine (Invitrogen,
USA), 0.1 mM B-mercaptoethanol (Sigma, USA), 10 ng/
mL mouse epidermal growth factor (EGE, Pepro Tech,
USA), 10 ng/mL mouse leukemia inhibitory factor (LIF,
Pepro Tech, USA), 40 ng/mL mouse glial cell line-derived
neurotrophic factor (GDNE, Pepro Tech, USA), 10 ng/mL
human basic fibroblast growth factor (bFGE, Pepro Tech,
USA), and 1% penicillin—streptomycin (Sangon Biotech,
China). STO cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Corning, USA) supplemented
with 10% FBS, 1 mM NEAA, and 1% penicillin—strepto-
mycin (Sangon Biotech, China). All cells were maintained
at 37 °C in a 5% CO, incubator.

Generation of stable cell lines

The lentiviral vector pLentiCRISPR v2-sgYthdf2 was
constructed for Ythdf2 knockout. Similarly, the lentiviral
vector pLKO.1-shEzsI was constructed for ETS1 knock-
down (KD). The related sequences of sgRNA and short
hairpin RNA (shRNA) are listed in Supplementary file
1: Table S1. Wild-type (YTHDF2-WT) or m®A-binding
site-mutated (YTHDF2-Mut) of YTHDF2 were cloned
into pSIN vector for YTHDF2 expression. HEK293T
cells were used for lentiviral production and supernatant
was collected at 48 and 72 h following transfection. The
viruses were filtered using 0.45 pm filters, and appropri-
ate quantities of viruses were employed to infect FGSCs.
Subsequently, FGSCs were subjected to selection with
puromycin (1 pg/mL) or hygromycin B (100 pg/mL)
for 7-14 days. Finally, single cell-derived colonies were
expanded and subjected to western blotting validation.
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Immunofluorescence

Cells were fixed with 4% paraformaldehyde (PFA, San-
gon Biotech, China) for 10 min, washed twice with
phosphate-buffered saline (PBS), and blocked with 5%
BSA for 30 min. Then cells were incubated with anti-
MVH antibody (1:100, Abcam, Cat# ab13840) followed
by a second antibody. Finally, cells were counterstained
with DAPI solution (Sigma, USA) and viewed with a
Nikon A1Si confocal microscope.

Western blotting analysis

Cells were lysed with ice-cold RIPA buffer (Thermo
Fisher, USA) containing protease inhibitor cocktail
(Roche, Switzerland). The protein concentrations were
determined using BCA Assay protein Kit (Thermo Fisher,
USA). Equal amounts of lysates were separated by 10%
SDS-PAGE and then transferred onto PVDF membranes
(Millipore, USA). The membranes were blocked with
5% nonfat milk for 1 h at room temperature followed
by overnight incubation with primary antibody at 4 °C.
After incubation with HRP-conjugated secondary anti-
bodies for 1 h at room temperature, immunoblots were
visualized using ECL Western Blotting Detection Kit
(Thermo Fisher, USA). Antibodies used were as follows:
anti-YTHDF2 (1:4000, Proteintech, Cat# 24744-1-AP),
anti-ETS1 (1:3000, Proteintech, Cat# 12118-1-AP), anti-
GAPDH (1:5000, Sangon Biotech, Cat# D110016), pan
anti-Kla (1:1000, PTM BIO, Cat# PTM-1401RM), anti-
H3K18la (1:2000, PTM BIO, Cat# PTM-1406RM), and
anti-actin (1:20000, Proteintech, Cat# 66009-1-Ig).

Reverse transcription polymerase chain reaction (RT-PCR)
and real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from FGSCs using Tri-
zol (Invitrogen, USA) following the manufacturer’s
instructions. Reverse transcription was conducted
using PrimeScript™RT reagent Kit with gDNA Eraser
(TAKARA, Japan) according to the manufacturer’s proto-
col. Gapdh was employed as an internal control. Primer
sequences are listed in Supplementary file 1: Table S2, S3.

Cell proliferation assay

Cells were seeded at a density of 1000 cells per well in
96-well plates. The proliferation rates were assessed at
24, 48, and 72 h using Cell Counting Kit-8 (CCK-8) rea-
gent (Sangon Biotech, China) following the manufac-
turer’s protocol.

EdU assay
Cells were incubated with 20 uM EdU agent for 2 h
and subjected to staining using Click-iT EdU-488 Cell
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Proliferation Detection Kit (Servicebio, China) accord-
ing to the manufacturer’s instructions. Cell nuclei were
stained with DAPI solution.

Cell cycle analysis

Cells were washed with ice-cold PBS and then fixed with
70% pre-cooled ethanol overnight at —20 °C. Afterward,
cells were washed again with ice-cold PBS and resus-
pended in PBS containing 10 pg/mL RNase A (Thermo
Fisher, USA) and 50 pg/mL propidium iodide (Thermo
Fisher, USA). Subsequently, the cell suspension was incu-
bated in the dark at 37 °C for 30 min. Cell cycle analy-
sis was performed using BD LSRFortessa flow cytometer
(BD Biosciences, USA).

TUNEL staining

Cells were placed on microscope slides (Liusheng, China)
and subjected to staining using CF488 TUNEL Cell
Apoptosis Detection Kit (Servicebio, China) according to
the manufacturer’s instructions. Cell nuclei were stained
with DAPI solution.

RNA sequencing (RNA-seq) and analysis

RNA-seq library construction were conducted as we
described previously [18]. Total RNA was extracted using
Trizol (Invitrogen, USA) and then purified using NEB-
Next Poly(A) mRNA Magnetic Isolation Beads (NEB,
USA) following the manufacturer’s guidelines. Subse-
quently, the NEB Next Ultra Directional RNA Library
Prep Kit (NEB, USA) was employed for library prepara-
tion. The mRNA library was then sequenced using an
[llumina HiSeq 2000 platform (Illumina, USA).

The raw paired-end sequencing reads were processed
using Trim-Galore (Version 0.6.7, available at https://
github.com/FelixKrueger/TrimGalore). ~ Subsequently,
the qualified reads were mapped to the mouse genome
(mm10) using HISAT2 (version 2.2.1, https://github.
com/DaehwanKimLab/hisat2) with default parameters.
Gene expression levels were calculated by featureCounts
(version 2.0.1) and transformed into Fragments Per Kilo-
base of exon per Million fragments mapped (FPKM).
The differentially expressed mRNAs were calculated by
R package DESeq2, and those with log, (fold change)>1
or log, (fold change) <-1, and p value<0.05 were signifi-
cantly differentially expressed genes.

Methylated RNA immunoprecipitation sequencing
(MeRIP-seq) and MeRIP-qPCR

The experiments were conducted as previously described
with some adjustments [6]. In brief, total RNA was
extracted from FGSCs using Trizol and fragmented
into 200-nt fragments with RNA Fragmentation Rea-
gents. Subsequently, fragmented RNA was subjected to
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immunoprecipitated using Protein A/G Magnetic beads
(Millipore, USA) coupled with 3 pg anti-m®A antibody
(Synaptic Systems, Cat# 202 003), and then, m°A RNA
was purified using a NEBNext® rRNA Depletion Kit
(NEB, USA). The purified m®A RNA was used for either
MeRIP-qPCR or library construction employing NEB
Next Ultra Directional RNA Library Prep Kit (NEB,
USA). Libraries were subjected to Illumina Hiseq 2000
for sequencing. Primer sequences utilized for MeRIP-
qPCR are listed in Supplementary file 1: Table S3.

Bioinformatics analysis of MeRIP-seq data

Trim-Galore was employed for filtering out the reads
with low quality. Subsequently, the qualified reads were
mapped to the mouse genome (mm10) using HISAT2
with default parameters. DeepTools (version 3.5.2,
https://github.com/deeptools/deepTools) ~ was  used
to generate bigwig format files of mapped reads from
both IP and input libraries. MACS2 (version 2.2.7.1)
was employed for peak calling with default parameters.
Additionally, the identified peaks were annotated with
annotatePeaks.pl in HOMER toolkits (version 4.11).
Peak regions were submitted to STREME in MEME suite
(https://meme-suite.org/meme/tools/streme) to perform
discriminative motif discovery.

RNA immunoprecipitation-qPCR (RIP-qPCR)

RIP-qPCR was performed as previously described with
some modifications [19]. Briefly, FGSCs were lysed in IP
lysis buffer and then incubated with anti-YTHDF2 anti-
body (Proteintech, China) for immunoprecipitation. Sub-
sequently, the RNA-protein complex was extracted by
Trizol, ethanol-precipitated with glycogen (Invitrogen,
USA). cDNA was prepared using PrimeScript ™MRT rea-
gent Kit with gDNA Eraser (TAKARA, Japan) following
the manufacturer’s protocol. Primer sequences used for
RIP-qPCR are listed in Supplementary file 1: Table S3.

RNA stability assay

Cells were treated with 10 pg/mL of actinomycin D (Act
D, Sigma, USA) and collected at 0, 2, 4, and 6 h. Subse-
quently, total RNA was extracted and subjected to RT-
qPCR analysis after reverse transcription.

Chromatin immunoprecipitation coupled with qPCR
(ChIP-qPCR)

ChIP experiments were performed as previously
described [20]. Briefly, cells were cross-linked using
1% formaldehyde in PBS for 10 min and quenched with
125 mM glycine for 5 min. Immunoprecipitation of
fragmented chromatin fragments was carried out using
Protein A/G Magnetic beads (Millipore, USA) cou-
pled with anti-ETS1 (Proteintech, Cat# 12,118-1-AP)
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and anti-H3K18la (PTM BIO, Cat# PTM-1406RM)
antibody. The results were normalized to the input
DNA and analyzed with the AACT method. Primer
sequences used for ChIP-qPCR are listed in Supple-
mentary file 1: Table S4.

Statistical analysis

All data were statistically analyzed and presented as
mean + SD. Statistical significance was calculated using
Student’s t-test. All experiments were conducted at
least three times. The p value<0.05 was regarded as
statistically significant, and asterisks denote statistical
significance (*p <0.05, ** p<0.01, *** p<0.001, and ****
p<0.0001, n.s. p> =0.05).

Results

YTHDF2 restrains FGSC proliferation in vitro

We first characterized the cultured FGSCs by examin-
ing morphological features and the molecular markers
associated with germline development. The cultured
cells form clusters with a bead-like shape (Fig. 1a) and
are positive for the germline-specific marker MVH
(Fig. 1b). Furthermore, we found that the cultured
FGSCs express other germline markers, including Fra-
gilis, Stella, Oct4, and Dazl (Fig. 1c). These observations
suggest that the cultured FGSCs maintain the biological
characteristics of primary isolated FGSCs, as we previ-
ously described [3].

To explore the role of YTHDF2 in FGSCs, we utilized
the CRISPR/Cas9 genomic editing technique to establish
a Ythdf2-KO FGSC line and observed a complete absence
of YTHDEF2 expression in the Ythdf2-KO cells (Fig. 1d).
Subsequently, we examined cell viability and found that
cell viability is significantly increased in Ythdf2-KO cells
(Fig. 1e). Consistently, we also observed a higher propor-
tion of EAU-positive FGSCs in Ythdf2-KO cells compared
to wild-type (WT) cells (Fig. 1f, Supplementary file 1: Fig.
S1A). These findings indicate that knockout of Ythdf2
enhances FGSC proliferation. Additionally, we noted
significant variations in cycle distribution in Yzhdf2-KO
cells, characterized by an increase in the S and G2/M
phases, but a decrease in the GO/G1 phase (Fig. 1g, Sup-
plementary file 1: Fig. S1B). Furthermore, depletion of
Ythdf2 significantly inhibits cell apoptosis (Fig. 1h, Sup-
plementary file 1: Fig. S1C). Since genome editing possi-
bly involves off-targets, we then applied DC-Y13-27 [21],
a YTHDEF?2 inhibitor, to evaluate its effect on cell prolif-
eration. After 72 h of treatment with DC-Y13-27, we also
observed the promotion of cell proliferation (Fig. 1i).
Taken together, these results demonstrate that YTHDF2
acts as a repressor of FGSC proliferation.
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Fig. 1 YTHDF2 restrains FGSC proliferation in vitro. a Representative morphology of cultured FGSCs. Scale bar, 20 um. b Immunostaining of MVH
(red) in FGSCs. Nuclei were counterstained with DAPI (blue). Scale bar, 20 um. ¢ RT-PCR analysis for the cultured FGSCs. M, 100 bp DNA marker; lane
1, adult ovary; lane 2, FGSCs; lane 3, mock-transcribed FGSC RNA samples. d Western blotting analysis of YTHDF2 expression in WT and Ythdf2-KO
cells. e Cell viability of WT and Ythdf2-KO cells was detected using CCK-8 assay. f EAU staining of WT and Ythdf2-KO cells. g Cell cycle analysis of WT
and Ythdf2-KO cells using flow cytometry. h TUNEL staining of WT and Ythdf2-KO cells. i Cell viability of WT cells treated with or without DC-Y13-27

was detected using CCK-8 assay. *p <0.05, ** p <0.01, *** p<0.001. Data are shown as mean+SD

YTHDF2 functions to suppress m®A-modified transcripts
involved in cell proliferation

To understand the underlying molecular mechanism of
YTHDEF2, we conducted RNA-seq analysis in both WT
and Ythdf2-KO FGSCs. Compared with the WT, a total
of 1,283 genes were found to be differentially expressed
in Ythdf2-KO cells, including 789 up-regulated genes

and 494 down-regulated genes (Fig. 2a). Consider-
ing YTHDF2 primarily facilitates the decay of its tar-
get mRNAs, we thus focused on the up-regulated genes
upon Ythdf2 depletion. Gene ontology (GO) enrich-
ment analysis indicates that the GO items of cell cycle,
DNA replication, and cell division are enriched among
the up-regulated genes (Fig. 2b). Additionally, gene set

(See figure on next page.)

Fig.2 YTHDF2 negatively regulates cell proliferation. a Volcano plot representing the log, fold change of differentially expressed genes

upon Ythdf2 depletion. b GO enrichment analysis of genes up-regulated in Ythdf2-KO cells. ¢ GSEA plots showing the pathways of genes
up-regulated in Ythdf2-KO cells. d m®A motif was detected by the HOMER motif analysis with MeRIP-seq data in WT cells. e Pie chart presenting
the distribution of m®A peaks in the indicated regions in WT cells. f Metagene profiles of m°A enrichment across mRNA transcriptome in WT cells.

g Venn diagram showing the number of shared genes between MeRIP-seq and RNA-seq. h GO enrichment analysis of 146 overlapped genes
described in (g)
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enrichment analysis (GSEA) shows significant up-reg-
ulation of positive regulation of stem cell proliferation
and positive regulation of cell cycle (Fig. 2c). These find-
ings implicate that YTHDF2 negatively regulates FGSC
proliferation. YTHDF?2 is widely recognized as an m°®A
reader that binds to and destabilizes transcripts with
m®A modifications [22]. We next sought to identify the
potential YTHDF2 target transcripts through MeRIP-
seq analysis. We identified 7,871 m°®A modification sites
associated with 5,279 genes. Using MEME algorithm, we
observed the m°A consensus motif (GGAC) enrichment
in the m®A peak (Fig. 2d). These m®A modifications are
predominantly located in protein-coding transcripts and
enriched near the stop codons (Fig. 2e, f). To examine the
effect of YTHDF2 on the expression of m®A-modified
transcript, the MeRIP-seq data were intersected with
RNA-seq data, yielding m°A-modified transcripts
encoded by 146 genes which are up-regulated upon
Ythdf2 depletion (Fig. 2g). Consistently, GO enrichment
analysis also shows GO items of positive regulation of cell
population proliferation, cell cycle, and DNA replication
are enriched in these 146 genes (Fig. 2h). These findings
further indicate the inhibitory role of YTHDF2 in FGSC
proliferation.

YTHDF2 destabilizes Ets7 mRNA in an m®A-dependent
manner

To identify the downstream targets involved in YTHDF2
function among 146 up-regulated genes, the published
YTHDEF2 cross-linking immunoprecipitation and high-
throughput sequencing (CLIP-seq) dataset from mouse
T cells [23] was intersected with our MeRIP-seq data,
yielding 20 up-regulated genes that have at least one
m°A site with potential YTHDF2-binding sites (Fig. 3a,
Supplementary file 1: Table S5). Among these genes,
Etsl, Mcm3, and Ccna2 have been reported to pro-
mote cell proliferation [24—26], and their transcripts are
m®A-modified (Fig. 3b). Among these m°A-modified
transcripts, the m®A modification level of Etsl exhibits a
significant increase upon Yzhdf2 knockout (Fig. 3c). Fur-
thermore, only EtsI mRNA is significantly enriched in
YTHDEF2 immunoprecipitation, indicating the binding of
Ets1 mRNA by YTHDF2 (Fig. 3d). These findings suggest
Etsl as a target of YTHDF2 in FGSCs. To understand
how YTHDEF?2 affects EtsI, we examined the transcrip-
tion and translation status of EtsI upon Ythdf2 knock-
out. As expected, depletion of Ythdf2 increases both
mRNA and protein levels of Etsl (Fig. 3e, f). Given that
YTHDEF?2 targets tend to have short half-lives, we con-
ducted RNA stability assay in WT and Ythdf2-KO FGSCs
and found a substantial decrease in the degradation rate
of EtsI mRNA in Ythdf2-KO cells compared to WT cells

(Fig. 3g).
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To ascertain that YTHDF2 regulates Etsl expres-
sion in an m®A-dependent manner, we introduced one-
point mutation W432A in the YTH domain of YTHDF2
(YTHDF2-Mut) [27], and then transfected FGSCs with
either YTHDF2-WT or YTHDF2-Mut constructs.
Cells transfected with YTHDF2-WT show a significant
increase in EtsI mRNA enrichment, while marginal
increase in YTHDF2-Mut cells (Fig. 3h). Furthermore,
we observed that the mRNA level of Ets! is reduced in
YTHDF2-WT, rather than YTHDF2-Mut cells (Fig. 3i).
Collectively, these findings demonstrate that YTHDF2
destabilizes Ets1 mRNA in an m®A-dependent manner.

ETS1 serves as a key downstream effector of YTHDF2

in FGSCs

To understand the role of ETS1 in FGSCs, we utilized
Ets1 shRNA to knock down ETS1 expression in WT or
Ythdf2-KO FGSCs (Fig. 4a, b). ETS1 KD significantly
impedes cell proliferation, induces cell cycle arrest at
the GO/G1 phase, and triggers cell apoptosis in WT
FGSCs (Fig. 4c—f, Supplementary file 1: Fig. S2A—C).
Meanwhile, we found that suppression of ETS1 expres-
sion partially reverses the Ythdf2-KO-induced pheno-
type, including proliferation inhibition, cell cycle arrest,
and cell apoptosis (Fig. 4c—f, Supplementary file 1: Fig.
S2A—C). These findings indicate that ETS1 serves as a
key downstream effector of YTHDF2 in regulating FGSC
proliferation.

YTHDF2/ETS1 axis participates in the regulation of FGSC
proliferation

Transcription factor ETS1 exerts its effect by binding its
genomic targets to modulate expression of target genes.
To further understand the role of YTHDF2/ETSI axis in
FGSCs, we performed motif scanning analysis of ETS1
on YTHDF2-induced up-regulated genes with FIMO [28]
and found that more than 70% of genes contain ETS1-
binding sites (Fig. 5a). GO enrichment analysis shows
that the GO items of cell cycle and positive regulation of
cell proliferation are enriched among these ETS1 poten-
tial target genes (Fig. 5b, ). Based on these findings, we
reasoned that Ythdf2 deficiency unleashes ETS1 expres-
sion, resulting in up-regulation of ETS1 target genes and
promoting FGSC proliferation. To support our specula-
tion, we examined the status of expression and ETS1
binding of proliferation-associated genes using RT-qPCR
and ChIP-qPCR. We observed a significant up-regulation
of all the selected genes upon Ythdf2 knockout in FGSCs
with a significant increase in ETS1 binding (Fig. 5d,
e). Collectively, these results demonstrate the role of
YTHDEF2/ETS]1 axis in the negative regulation of FGSC
proliferation.
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H3K18la promotes Ythdf2 transcription in FGSCs

We then aimed to elucidate the potential mechanisms
regulating YTHDEF2 expression in FGSCs. Previous
studies have demonstrated that stem cells predomi-
nantly rely on glycolysis for their energy supply [29-31].
Undifferentiated spermatogonia also exhibits a high
glycolytic activity [32]. This metabolic process often

results in substantial lactate production, which acts
as substrates for histone lactylation. To ascertain the
global/pan-lysine lactylation (pan-Kla) level in FGSCs,
western blotting was performed in FGSCs and ovar-
ian tissue. Compared with ovarian tissue, significantly
higher pan-Kla levels were observed in FGSCs (Fig. 6a).
Considering the recognized involvement of H3K18la in
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gene expression activation [33], we then examined the a regulatory effect of histone lactylation on YTHDEF2
level of H3K18la in FGSCs. Consistently, FGSCs exhibit  expression (Fig. 6¢).

higher levels of H3K18la compared to ovarian tissue To further validate the potential role of histone lac-
(Fig. 6b). Additionally, we observed the H3K18la modi- tylation in facilitating YTHDF2 expression, we treated
fication at the promoter region of Ythdf2, suggesting



Wau et al. Clinical Epigenetics (2025) 17:84

A » B
S &
o «
[
O
.\"’6 0"0
o X«
Pan Kla H3K18la u-u-'
H3 | i
H3
éb
D \'ré b"p j‘ ©
s & &

H3K18la m

YTHDF2|-“- -|

ETS1 |_ ---|

B-actin |— — — -|

Relative expression level

H3 |---. —|

H3K18la

YTHDF2

Page 11 of 14

C
— Ythdf2
5 15—
- *k -
g 4 -
© 3
% 5] g 10-
>, S
= £
2+ )
2 T 54
s o
< w
K.
b4
0- 0-
) N \O
406 %(; \QQ‘) {:‘%
(o) Qo &)
X
&
v.
E
H3K18la-ChIP
Control _ (Ythdf2)
Lactic-acid £ 4 s
Q
Oxamate E 37
C646 £ 2]
S 11ldm
k=] -
s 0.3
2 0.2 *k
£ : *k
E 0.1+
ETS1 007
& o
SLEL O
[y 0+’°
V

Fig. 6 H3K18la promotes Ythdf2 transcription in FGSCs. a Pan Kla level was detected in ovary and FGSCs by western blotting. b H3K18la level

was detected in ovary and FGSCs by western blotting. ¢ ChIP-gPCR was used to determine enrichment of H3K18la at the promoter region of Ythdf2
in FGSCs. d Western blotting analysis of H3K18la, YTHDF2, and ETS1 levels after treatment with lactic acid (25 mM), oxamate (20 mM), and C646

(10 uM) for 24 h in FGSCs. e ChIP-gPCR was used to determine the enrichment of H3K18la at the promoter region of Ythdf2 after treatment

with lactic acid (25 mM), oxamate (20 mM), and C646 (10 uM) for 24 h in FGSCs. *p < 0.05, **p < 0.01, ***p <0.001, **** p <(0.0001. Data are shown

as mean+SD

FGSCs with lactic acid, oxamate (the inhibitor of
LDHA), and C646 (the inhibitor of histone Kla ‘writer’
p300), respectively. After 24 h of treatment, lactic acid
supplementation significantly increases the level of
H3K18la in FGSCs, accompanied by an up-regula-
tion of YTHDF2 expression and down-regulation of
ETS1 expression (Fig. 6d). In contrast, both oxamate
and C646 treatments lead to a decrease in the level of
H3K18la, along with a reduction in YTHDF2 expres-
sion and an increase in ETS1 expression (Fig. 6d). Addi-
tionally, we found a significant increase of H3K18la
modification level at the promoter region of Ythdf2 fol-
lowing treatment with lactic acid, while that was nota-
bly decreased following treatment with both oxamate
and C646 (Fig. 6e). Taken together, these observations
indicate that H3K18la modification at the Yzhdf2 locus
promotes its expression in FGSCs.

Discussion

Infertility affects a considerable number of couples
worldwide [1]. Deficiency of functional oocytes accounts
for the major factors of female infertility and even blocks
the chance of in vitro fertilization. Germline stem cells
offer a promising avenue for infertility treatment [34,
35]. FGSCs have been isolated from various species by
our research group and other groups [34, 36]. However,
the rare number of FGSCs in the mammalian ovary hin-
ders their research and application. Understanding both
extrinsic and intrinsic mechanisms that affecting FGSC
expansion is critical for its potential clinical applica-
tion. Additionally, we observed a significant increase of
H3K18la modification at the promoter region of Ythdf2
following treatment with lactic acid, while that was
notably decreased following treatment with both oxa-
mate and C646. In our previous studies, we found that
GDNF activates FGSC self-renewal via the PI3K-AKT
pathway through its receptor GFRA1 on the surface of
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FGSCs [37], and CDH22 can similarly activate FGSC self-
renewal through the PI3K-AKT pathway and B-catenin
independently [37, 38]. Moreover, we also found that
metformin and natural phytoestrogen isoflavone daid-
zein promote FGSC proliferation [39, 40]. However,
the mechanisms inhibiting FGSC proliferation remain
unclear. In this study, we reported the epigenetic factor
YTHDEF2 as an intrinsic regulator that restrains FGSC
proliferation.

m®A RNA epigenetic modification plays an impor-
tant role in the development of germ cells. Germ cell-
specific knockout of m®A writers Mettl3 or Mettll4
leads to mRNA translation dysregulation, thus affecting
spermatogonial stem cell proliferation [41]. Our recent
studies also observed that m®A regulators YTHDF1 and
METTL14 promote FGSC self-renewal [16, 42]. Our cur-
rent study found that YTHDF2 acts as a negative regula-
tor of ETS1, and demonstrated that YTHDF2/ETS1 axis
restrains FGSC proliferation. Considering diminished
ovarian reserve and dysfunctional oogenesis are major
causes of infertility, our study provides a significant
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promise for clinical applications in treating female
infertility.

Transcription factor ETS1 has been reported to be
involved in regulating stem cell proliferation. In human
limbal epithelial stem cells (LESCs), ETS1 promotes
LESC proliferation by activating chromatin regulator
HMGA?2 [25]. In this study, we found that ETS1 exerts
a similar effect on mouse FGSCs. Rather than activating
chromatin regulator, we observed that ETS1 promotes
FGSC proliferation by up-regulating the expression of
proliferation-related genes. Moreover, this study demon-
strated that YTHDF2 negatively regulates m®A-modified
EtsI mRNA to hold its expression at a moderate level,
thus restraining FGSC proliferation. Our findings offer
a new perspective regarding the mechanism of ETS1-
mediated regulation of stem cell proliferation.

Both ESCs and adult stem cells maintain a high level of
glycolysis to support the production of essential build-
ing blocks such as nucleotides, phospholipids, and amino
acids, as well as to meet their energy demands [29-31].
Glycolysis is critical for the maintenance of self-renewal
in stem cells [43-48]. Furthermore, undifferentiated
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spermatogonia exhibit a higher glycolytic capacity, while
inhibition of glycolysis suppressed long-term SSC growth
and maintenance [32]. Lactate, which is produced during
glycolysis, serves as a substrate for histone modification
[33]. In this study, we demonstrated that FGSCs show a
high level of pan-Kla and H3K18la. Moreover, lactate-
mediated histone modification enhances YTHDF2
expression and subsequently restrains cell proliferation
in FGSCs (Fig. 7). These findings indicate a link between
histone lactylation and cellular proliferation of FGSCs.

Conclusion

In summary, this study reveals an intrinsic mechanism
by which YTHDF2 destabilizes m®A-modified Etsi
mRNA and thus restrains FGSC proliferation. Moreo-
ver, histone lactylation promotes the expression of
YTHDF2 in FGSCs. These findings provide evidence
to further the understanding of the regulatory mecha-
nisms governing FGSC proliferation and pave the way
for the development of therapeutic strategies that
improve fertility.
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