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Abstract Cellular senescence is closely associated with age-related diseases. Ovarian aging,
a special type of organ senescence, is the pathophysiological foundation of the diseases of the
reproductive system. It is characterized by the loss of integrity of the surface epithelium and a
gradual decrease in the number of human ovarian surface epithelial cells (HOSEpiCs). To
contribute to the research on delaying ovarian aging, we aimed to investigate the novel epige-
netic mechanism of melatonin in protecting HOSEpiCs. We discovered that melatonin has
antagonistic effects against the oncogene-induced senescence (OIS) of HOSEpiCs. Mechanisti-
cally, the oncogene Ras decreased the expression of YTHDF2, which is the reader of RNA-m6A,
by stimulating the generation of reactive oxygen species (ROS). Moreover, we found that the
suppression of YTHDF2 increased the expression of MAP2K4 and MAP4K4 by enhancing the sta-
bility of the transcription of their mRNAs, thereby upregulating the expression of the
senescence-associated secretory phenotype (SASP) through the activation of the MAP2K4
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and MAP4K4-dependent nuclear factor-kB (NF-kB) signaling pathways. We further determined
that melatonin has antagonistic effects against the OIS of HOSEpiCs by inhibiting the ROS-
YTHDF2-MAPK-NF-kB pathway. These findings provide key insights into the potential avenues
for preventing and treating ovarian aging.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Aging is gradually becoming a serious threat to human
health worldwide.1 Cellular senescence, which is a per-
manent hyporeplicative state induced by stress, is
emerging as a fundamental aging mechanism.2 Senescent
cells are usually characterized by the expression of anti-
proliferative molecules (e.g., p16INK4a cell cycle inhibi-
tor), dysfunctional telomeres, and senescence-associated
secretory phenotype (SASP).3 Numerous studies have
confirmed that the steady accumulation of senescent cells
contributes to many age-related diseases, including cancer,
atherosclerosis, and neurogenesis.1 Therefore, therapeutic
strategies that target the underlying mechanism of senes-
cence may effectively attenuate the progression of age-
related diseases.

Ovarian aging is a long-term and complex process that
leads to the decreased quantity and quality of oocytes, a
marked decline in the pool of follicles, and female infer-
tility.4,5 Natural aging and the treatment of ovarian cancer
with various chemotherapeutic drugs accelerate ovarian
aging; several therapeutic strategies, such as androgen
supplementation, short-term rapamycin treatment, and
moxibustion, are available but remain uncomprehensive.6e8

Therefore, it is necessary to further understand the mech-
anisms of senescence and discover novel drug targets as well
as therapies.

Inflammation is one of the major contributors to senes-
cence.9,10 The SASP, which is known for altering the
secretory activities of senescent cells, includes proin-
flammatory cytokines, chemokines, growth factors, and
proteases.11,12 RNA modification, which is considered a
mode of post-transcriptional gene regulation, has been
reported in several papers.13,14 N6-methyladenosine (m6A)
is an RNA modification that is closely related to inflamma-
tory response.15 m6A, a common internal decoration on
eukaryotic mRNAs, plays a pivotal role in regulating various
biological processes.13,16 It exerts a regulatory effect by
interacting with m6A readers17 such as YTH domain-
containing proteins (YTHDF1, YTHDF2, YTHDF3, YTHDC1,
and YTHDC2), eukaryotic translation initiation factor 3,
heterogeneous nuclear ribonucleoprotein (hnRNP) C, hnRNP
G, and hnRNPA2B1.18 Recent studies have reported that
m6A is involved in inflammation and senescence and,
especially, in ovarian aging.15,19,20 Thus, we sought to
elucidate the molecular mechanism of m6A in ovarian aging
and explore whether m6A can serve as a potential target for
preventing or treating ovarian aging.

Melatonin, produced and released from the pineal
gland, is known as a prime regulator of human chronobio-
logical and endocrine physiology.21 The melatonin levels in
pineal and blood provide information on light or darkness
via peaking during darkness and plunging during the day.22
Besides pineal gland, melatonin could be synthesized in the
mitochondria of all kinds of cells.23,24 Melatonin possesses
potent anti-oxidant, anti-inflammatory, anti-aging, onco-
static, and endocrine-modulating effects.25 It was also re-
ported that melatonin delays ovarian aging by multiple
mechanisms such as anti-oxidant action and stimulating
SIRT expression4; however, numerous pharmacological
mechanisms remain to be explored such that better
treatment of this kind of disease is facilitated. Moreover, a
recent study26 reported that melatonin is involved in the
regulation of m6A; this prompted the further exploration of
whether melatonin participates in anti-aging, inflamma-
tion, and SASP through a mechanism that regulates m6A,
such that a therapeutic effect is achieved.

This study aimed to investigate a novel mechanism
through which melatonin can diminish ovarian aging. We
screened the primary factors involved in aberrant m6A
modification and identified that the oncogene Ras could
induce an abnormally decreased expression of YTHDF2 in
human ovarian surface epithelial cells (HOSEpiCs) with SASP.
Furthermore, we found that melatonin delayed oncogene-
induced senescence (OIS) in HOSEpiCs by upregulating the
expression of YTHDF2, thereby inhibiting the expression of
SASP via the inactivation of the MAPK-NF-kB signaling
pathway. The elucidation of the mechanisms underlying the
anti-senescence effects of melatonin would have significant
implications for developing novel therapies for ovarian aging.
Materials and methods

Cell culture and treatment

Human ovarian surface epithelial cells were obtained from
American Type Culture Collection (ATCC) and were cultured
at 37 �C in 5% carbon dioxide and RMPI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin and 100 mg/mL streptomycin. Senescence of
human ovarian surface epithelial cells was induced using OIS
as previously described.27 OIS was induced by retroviral-
mediated ectopic expression of H-RasV12 or an empty vec-
tor (as a control). Cells were treated with 1 mM melatonin
(Sigma, M5250, Germany) or 10 mM N-acetyl-L-cysteine
(NAC) (Sigma, A7250, Germany) for indicated time. Cells
were transfected with small interfering RNA (siRNA) or
negative control siRNA (Shanghai GenePharma, China) using
Lipofectamine 3000 Reagent (Invitrogen, USA) following the
manufacturer’s protocols. The most efficient one was
selected for the following studies. A scrambled duplex RNA
oligo was used as the negative control (NC). HOSEpiCs
expressing YTHDF2 were generated by plasmids transduction
with the pQCXIP expression system (Clontech Laboratories,
USA) according to the manufacturers’ instructions.
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Figure 1 Antagonistic effect of melatonin against OIS-induced senescence of human ovarian surface epithelial cells. (A)
HOSEpiCs were subjected to the retrovirus-mediated gene transfer of H-RasV12 or of an empty vector as a control and treated with
melatonin at 10 nM, 100 nM, 1 mM, 10 mM, and 100 mM concentrations. Representative senescence-associated b-galactosidase
staining (SA-b-gal) and 40,6-diamidino-2-phenylindole (DAPI) staining images of HOSEpiCs and percent SA-b-gal-positive cells; scale
bar, 50 mm. (B) Ratio of telomere to single copy gene expression (T/S) of the HOSEpiCs and the relative telomere lengths computed
from T/S. (C) Growth curves of HOSEpiCs treated as described in (A). Number of cells from each group counted at the indicated
time points. (D) Representative immunofluorescence images of BrdU-labelled and DAPI-counterstained HOSEpiCs transfected with
an H-RasV12 or an empty control vector, where indicated, treated with (þ) or without (�) 1 mM melatonin for 8 days. Histogram of
BrdU-positive cells treated as described above. (E) The senescent markers p53, p21, and p16 were analyzed by Western blotting.
The results are presented in the scatter plot. b-actin was used as the loading control. Statistical values are presented as the
mean � standard error of the mean of three independent experiments. A P < 0.05 was considered statistically significant using one-
way analysis of variance. *, P < 0.05.
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Senescence-associated b-galactosidase (SA-b-Gal
staining) activity

Following a previous protocol, SA-b-Gal staining was per-
formed with slight modification.28 The cells were fixed and
incubated overnight at 37 �C using a Senescence b-Galac-
tosidase Staining Kit (Beyotime Biotechnology, China) ac-
cording to the manufacturer’s instructions. Stained and
unstained cells were imaged with a fluorescence micro-
scope (Nikon, Japan).

Western blotting

Cells were harvested in RIPA (Beyotime, China) buffer
including protease inhibitor phenylmethylsulfonyl fluoride
(PMSF) (Beyotime, China) on ice. Proteins from each sample
were quantified using a BCA Protein Assay kit (Beyotime,
China). After equal amounts of protein samples were run on
sodium dodecyl sulfateepolyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA), the membranes
were blocked in 5% skimmed milk for 1 h at room temper-
ature. Then, some specific primary antibodies were used to
incubate the membranes at 4 �C overnight. Various selected
proteins were detected using the appropriate secondary
antibody for 1 h at room temperature. Finally, the immu-
noreactive bands were visualized by Pierce ECL Western
Blotting Substrate. The antibodies used for blotting are
shown in Table S1.

Real-time quantitative polymerase chain reaction
(qRT-PCR)

Total RNA was extracted using Trizol reagent (Invitrogen,
USA) according to the manufacturer’s instructions followed
by reverse transcription with HiScript-II-Q RT SuperMix for
qPCR (Vazyme, Nanjing, China). qRT-PCR was performed
using an ABI 7500 Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA). Actin was used for the
normalization of gene expression values. The comparative
Ct method was used to analyze the raw data (Ct values). All
primers were synthesized by a commercial vendor (Nanjing
Generay, China) and the sequences are listed in Table S2.

Immunofluorescence

Cells cultured in glass-bottomed culture dishes were fixed
in 4% paraformaldehyde for 20 min and then permeabilized
with 0.5% Triton X-100 for 20 min. Then, the cells were
blocked with 3% BSA for 1 h, followed by incubation with
Figure 2 Melatonin suppresses oncogene-induced SASP. (A) qPCR
HOSEpiCs subjected to retrovirus-mediated H-RasV12 expression wi
generated according to RT-qPCR values that are arrayed from whi
genes in HOSEpiCs that were transfected with a vector containing H
melatonin was determined through sequencing by RT-qPCR. (C, D

RasV12-mediated senescent HOSEpiCs (OIS-CM) or HOSEpiCs treat
melatonin for 8 days. (C) Representative SA-b-gal staining images a
of SASP genes was measured using RT-qPCR. Statistical values are
independent experiments. A P < 0.05 was considered statistically
the specific primary antibody at 4 �C overnight. After
washing with PBS, cells were incubated with the secondary
antibody for 1 h at 37 �C and nuclei were subsequently
counterstained with DAPI. Finally, the images of the
labeled cells were acquired using a confocal laser scanning
microscope (LSM800; Zeiss, Oberkochen, Germany).

Quantitative real-time PCR for analysis of telomere
lengths

The experiments were performed as previously described
with slight modification.29 The sample DNA was used as
templates in the SYBR-green real-time PCR with specific
telomere (T) and 36B4 (single copy gene, S) primers (Table
S3). For each template DNA, a triplicate real-time reaction
was run. Master mixes of PCR reagents with T and S primers
were prepared in separate tubes. After performing the
quantitative PCR, the ratio of T:S values was used to
compute the relative telomere length (RTL).

Reactive oxygen species measurement

The intracellular ROS levels of HOSEpiCs were measured
using a ROS detection kit (Beyotime, China). The cells were
incubated with 2,7-dichlorofluorescein diacetate (DCFH-
DA) at 37 �C for 20 min. The cells were washed with serum-
free culture twice to eliminate the unlabeled DCFH-DA.
Finally, the images of the labeled cells were acquired using
a fluorescence microscope (Nikon, Japan).

mRNA stability assay

The experiments were performed as previously described
with slight modification.30 To examine the effects of
YTHDF2 expression on the stability of the mRNAs of inter-
est, actinomycin D (5 mg/mL, Abcam, ab141058) was added
to inhibit transcription after 24 h transfection. Total RNA
was harvested at specific time points of 0 h, 2 h, and 4 h,
then RT-PCR detected mRNA levels.

Poly(A) tail analysis

Poly(A) tail (PAT) assay was performed as previously
described with some modifications.31 Briefly, total RNA was
extracted using Trizol reagent (Invitrogen, USA) according
to the manufacturer’s instructions. R1 (5-
GCGAGCTCCGCGGCCGCGT12-3) was anchored to Oligo
(dT) by T4 DNA ligase. Reverse transcription was performed
with Oligo (dT) anchored R1. The products were used in a
PCR reaction with gene-specific primers (Table S4) and the
array analysis was used to assess the expression of SASP genes in
th or without melatonin treatment for 8 days. The heatmap was
te (low value) to blue (high value). (B) The expression of SASP
-RasV12 or an empty control vector and treated with or without
) HOSEpiCs cultured with conditioned medium from either H-
ed with the empty control vector (N-CM) and with or without
nd corresponding statistical data are shown. (D) The expression
presented as the mean � standard error of the mean of three
significant using one-way analysis of variance. *, P < 0.05.
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dT anchor primer R1. The polyadenylation states of the PCR
products were analyzed on a 1.5% agarose gel, and images
were captured during exposure to ultraviolet light. Exper-
iments were repeated multiple times to confirm
reproducibility.

Methylated RNA immunoprecipitation (MeRIP)-
qPCR assay

The methylated RNA immunoprecipitation (MeRIP) assay
was performed using a Magna MeRIP� m6A kit (#17e10,499,
Merck Millipore, MA, USA) as previously described.32 Briefly,
total RNA was isolated from HOSEpiCs by using Trizol. Total
RNA (100 mg) was incubated (4 �C with mixing, overnight)
with 2 mg of anti-m6A antibodies or anti-IgG and 20 mL of
Dynabeads Protein G (4 �C with mixing, 6 h). After immu-
noprecipitation (IP), RNA was eluted from the beads.
Enriched m6A modified mRNA was then detected through
qPCR as described above.

RNA immunoprecipitation (RIP)-qPCR

To examine m6A modification or RNA-binding proteins on
individual genes, the Magna RIP� Quad RNA-Binding Protein
Immunoprecipitation Kit (17e704, Millipore, Billerica, MA,
USA) was used according to the manufacturer’s in-
structions. Briefly, 200 mg of total RNA was enriched with
antibody- or rabbit IgG-conjugated Protein A/G Magnetic
Beads in 500 mL of 1� IP buffer supplemented with RNase
inhibitors at 4 �C overnight. RNA of interest was immuno-
precipitated with the beads. One-tenth of each fragmented
RNA sample was saved as the input control and further
analyzed by qPCR.

Chromatin immunoprecipitation (ChIP)

ChIP was performed according to the previously
described.33 Briefly, the cells were firstly seeded in 15-cm
dishes. After different treatments, they were cross-linked
in 1% formaldehyde for 10 min and then quenched in
0.125 M glycine for 5 min. The cells were collected and
sonicated to generate chromatin fragments. After centri-
fugation, 20 mL supernatant was collected as input for
quantitation and the left supernatant was diluted and
precleared in protein Aeagarose beads at 4 �C for 3 h.
Subsequently, the supernatant was incubated with primary
antibodies at 4 �C with rotation overnight followed by
incubating with protein Aeagarose beads at 4 �C for 2 h.
Figure 3 Melatonin attenuates SASP by upregulating YTHDF2. HOS
empty control vector and treated with or without 1 mM melatoni
reader proteins in cells. (B) Relative mRNA levels of m6A readers w
images of ROS in HOSEpiCs. (D) Relative mRNA levels of YTHDF2 fro
RasV12 (þ) for OIS or empty vector (�) as a control and, where ind
(�) for 8 days. Statistical values are presented as derived from ten
YTHDF2 measured by confocal microscopy. (F) The interference e
shown by Western blotting. HOSEpiCs were transfected with scram
RasV12-transfected senescent HOSEpiCs transfected with either siY
Statistical values are presented as the mean � standard error of
considered statistically significant using one-way analysis of varian
After digested in txn stop buffer (0.4 mg/mL glycogen and
0.45 mg/mL proteinase K) at 37 �C for 1 h, DNA was isolated
in phenol/chloroform/isoamyl alcohol (25:24:1) and
precipitated in ethanol. Finally, the enrichment of immu-
noprecipitated material relative to input with gene-specific
primers to the specified regions was determined by qRT-
PCR. The antibodies and primers used for ChIP are listed
in Tables S1 and S6, respectively.

Statistical analysis

All data are presented as the median or mean � standard
error of the mean (SEM) or standard deviation (SD) of at
least three independent experiments. The comparisons
between experimental groups were analyzed by the Stu-
dent’s t-test and the multiple comparisons were assessed
by ANOVA (analysis of variance) followed by the Sidak post-
test. Data were analyzed using the Prism software v6
(GraphPad Software Inc.); P-values < 0.05 were considered
statistically significant (*P < 0.05; ))P < 0.01; )))
P < 0.001; ))))P < 0.0001).

Results

Antagonistic effect of melatonin against OIS in
human ovarian surface epithelial cells

To investigate the role of melatonin in OIS, human ovarian
surface epithelial cells (HOSEpiCs) were transfected with a
vector containing H-RasV12 or an empty vector as a control.
Subsequently, they were treated with melatonin at a 10 nM,
100 nM, 1 mM, 10 mM, or 100 mM concentration. The number
of cells positive for SA-b-galactosidase (SA-b-gal) staining
increased in response to Ras. Notably, the Ras-induced
senescence of HOSEpiCs (Fig. 1A) was significantly attenu-
ated in cells treated with 1 mM melatonin. Telomere length
can be used as a predictor of the self-renewal potential of
HOSEpiCs. We found that the telomeres in the Ras-treated
group were shortened; the shortening of the telomeres was
reversed by treatment with 1 mM melatonin (Fig. 1B).
Moreover, we performed cell counting and found that the
Ras-induced growth arrest of HOSEpiCs (Fig. 1C) was
blocked by treatment with 1 mM melatonin for 8 days.
Furthermore, using BrdU incorporation assay, we found that
melatonin significantly blocked Ras-induced cell cycle ar-
rest (0.11% in Ras-treated group vs. 0.36% in Ras and
melatonin-treated group, P < 0.05) (Fig. 1D). Consistent
with the above observations, the expression levels of the
EpiCs were transfected with a vector containing H-RasV12 or an
n. (A) Western blotting revealed the expression levels of m6A
ere determined using RT-qPCR. (C) Representative fluorescent
m HOSEpiCs subjected to retrovirus-mediated expression of H-
icated, treated with 10 mM of the antioxidant NAC (þ) or DMSO
independent experiments. (E) Immunofluorescence images of
fficiency of YTHDF2 and the effect of YTHDF2 overexpression
ble as a control. (G) The expression of typical SASP genes in H-
THDF2 or oeYTHDF2 in the presence or absence of melatonin.
the mean of three independent experiments. A P < 0.05 was
ce. *, P < 0.05.
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senescent markers p53, p21, and p16, which were upregu-
lated by Ras, were markedly reduced by treatment with
melatonin (Fig. 1E). Altogether, these observations indi-
cated that melatonin has an antagonistic effect against the
OIS-induced senescence of HOSEpiCs.

Melatonin suppresses SASP

To evaluate the effect of melatonin on SASP, the secretome
of oncogene-induced senescent HOSEpiCs was systemati-
cally analyzed using a q-PCR array. The genes of the
secreted proteins in untreated and melatonin-treated
HOSEpiCs were probed using RT-qPCR and defined as “OIS-
induced SASP genes” as previously reported.28,34 The
heatmap showed that melatonin decreased the expression
of the majority of OIS-induced SASP genes (Fig. 2A), which
suggests that melatonin suppressed SASP. The suppressive
effect of melatonin on SASP was confirmed through RT-
qPCR; as H-RasV12-transfected cells were treated with
melatonin, the expression of SASP-associated, functionally
important factors, such as CXCL1, IL6, IL8, MMP3, and
VEGFC, markedly decreased (Fig. 2B). In a study, SASP has
been reported to induce paracrine senescence by secreting
inflammatory cytokines.35 Further experiments were per-
formed to test whether the SASP reinforces senescence and
whether the reinforced SASP expression can also be abol-
ished by melatonin. As shown in Fig. 2C, melatonin signifi-
cantly reduced the SA-b-gal activity in HOSEpiCs that were
cultured in OIS-conditioned medium (OIS-CM) with H-
RasV12-transfected senescent HOSEpiCs. The elevated
expression of typical SASP genes in OIS-CM-induced senes-
cent cells was notably decreased by treatment with mela-
tonin (Fig. 2D). In general, the results demonstrated that
melatonin is crucial for suppressing the expression of
oncogene-induced SASP genes and can efficiently inhibit
the paracrine action of SASP.

Melatonin attenuates SASP by upregulating YTHDF2

To explore the function of the m6A-binding proteins of the
YTH domain family in the SASP, we first examined the
expression levels of YTHDF1, YTHDF2, YTHDF3, YTHDC1,
and YTHDC2 in HOSEpiCs before and after treatment with
melatonin. Western blotting results showed that YTHDF2
was markedly downregulated during OIS and abrogated by
melatonin (Fig. 3A); this was further confirmed using RT-
qPCR (Fig. 3B) and immunofluorescence analysis (Fig. 3E).
Fluorescence analysis showed that the ROS levels in Ras-
Figure 4 Melatonin regulates the stability of MAP2K4 and MAP4K
levels of MAP2K4 and MAP4K4 in HOSEpiCs that were transfected wi
and oeYTHDF2 and subjected to retrovirus-mediated expression o
protein levels of MAP2K4 and MAP4K4 levels were measured using W
MAP2K4 and MAP4K4 mRNAs. (D) MAP2K4 and MAP4K4 gene-specifi
the IgG was set to 1. Error bars indicate the mean � standard error
negative control siRNA (NC), siYTHDF2 or empty vector (Ctr), and o
H-RasV12 for 8 days; then, 5 mg/mL actinomycin D was added to inh
MAP4K4 expression levels were measured using qRT-PCR. b-actin w
assay showing poly(A) tail lengths of the indicated transcripts with d
the mean � standard deviation of three independent experiments.
using two-sided Student’s t-test. *, P < 0.05; **, P < 0.01.
treated HOSEpiCs were increased with reference to those in
the control groups; this Ras-induced ROS accumulation in
HOSEpiCs was significantly attenuated by treatment with
melatonin (Fig. 3C). Moreover, the use of the antioxidant N-
acetyl-L-cysteine (NAC) on cells that were undergoing H-
RasV12-mediated senescence significantly augmented the
expression of YTHDF2; this demonstrated that an oxidative
stress pathway that is transduced by elevated ROS levels
exists to negatively regulate YTHDF2 expression (Fig. 3D).
To further confirm the relationship between YTHDF2 and
SASP, we examined the expression of the SASP-associated
inflammatory factors IL6, IL8, CXCL1, MMP3, and VEGFC
via the overexpression (OE) and knockdown, respectively,
of YTHDF2 (Fig. 3F). The expression levels of IL6, IL8,
CXCL1, MMP3, and VEGFC increased after YTHDF2 knock-
down and subsequently decreased after YTHDF2 over-
expression (OE), which was reversed by melatonin
(Fig. 3G). Altogether, these data indicate that melatonin
attenuates SASP by upregulating YTHDF2.

Melatonin regulates the stability of MAP2K4 and
MAP4K4 mRNAs in a YTHDF2-dependent manner

Previous studies have suggested that melatonin regulates
senescence according to the expression of YTHDF2. Recent
studies have reported that MAP2K4 and MAP4K4 act as the
target genes of YTHDF2. We performed a qPCR analysis of
MAP2K4 and MAP4K4 using YTHDF2 siRNA (siYTHDF2) or
YTHDF2 overexpression (oeYTHDF2) in HOSEpiCs. Surpris-
ingly, the mRNA levels of MAP2K4 and MAP4K4 were
significantly increased in the siYTHDF2-treated cells and
decreased in the oeYTHDF2-treated cells (Fig. 4A). The
protein levels of MAP2K4 and MAP4K4 were consistent with
the results shown in Fig. 4B. The abundance of m6A in
MAP2K4 and MAP4K4 mRNAs was detected using the MeRIP-
qPCR assay. We found m6A modifications in MAP2K4 and
MAP4K4 mRNAs (Fig. 4C). Furthermore, RIP-qPCR analysis
revealed that YTHDF2 interacted with MAP2K4 and MAP4K4
mRNAs (Fig. 4D). The stability of MAP2K4 and MAP4K4 mRNA
transcripts was enhanced by a deficiency in YTHDF2
(Fig. 4E). To further confirm whether oeYTHDF2 has an
impact on MAP2K4 and MAP4K4 mRNA stability, we con-
ducted another mRNA stability assay. The data suggest that
oeYTHDF2 increased the instability of MAP2K4 and MAP4K4
mRNAs (Fig. 4F). Furthermore, the results of the poly(A) tail
(PAT) assay showed that YTHDF2 suppression caused an
increase in poly(A) tail lengths and that YTHDF2 over-
expression shortened the poly(A) tail of the MAP2K4 and
4 mRNAs in a YTHDF2-dependent manner. (A) The expression
th negative control siRNA (NC), siYTHDF2 or empty vector (Ctr),
f H-RasV12 for 8 days were measured using RT-PCR. (B) The
estern blotting. (C) MeRIP-qPCR analysis of m6A abundance in

c YTHDF2 RIP-qPCR assays in HOSEpiCs. The value obtained for
of the mean, n Z 3. (E,F) HOSEpiCs that were transfected with
eYTHDF2 were subjected to retrovirus-mediated expression of
ibit global mRNA transcription for 0 h, 2 h, and 4 h. MAP2K4 and
as used as a normalization reference. (G,H) Results of the PAT
ifferent MAP2K4 and MAP4K4 30-UTRs. The results are shown as
P < 0.05 and P < 0.01 were considered statistically significant
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MAP4K4 30-UTR transcripts (Fig. 4G, H). Altogether, these
results showed that melatonin might play a crucial role in
increasing the instability of MAP2K4 and MAP4K4 mRNAs by
upregulating the expression of YTHDF2.

Melatonin modulates MAPK-NF-kB pathway
activation

Given that the components of the MAPK and NF-kB path-
ways can be phosphorylated by upstream phosphatases, we
sought to explore the relationship between melatonin and
the activation of MAPK and NF-kB. We successfully knocked
down MAPK in HOSEpiCs using specific siRNAs (Fig. 5A).
Melatonin inhibited the NF-kB pathway activation during
senescence; this inhibition was reversed by a deficiency in
MAPK (Fig. 5B). Consistent with the Western blotting re-
sults, MAPK deficiency played a positive role in the acti-
vation of NF-kB pathway as determined using
immunofluorescence analysis (Fig. 5C).

Melatonin regulates the extent of NF-kB-binding to
SASP genes

To demonstrate the binding of the proteins, as annotated in
Fig. 6, to their target genes, we performed a chromatin
immunoprecipitation (ChIP) of the promoter elements
(�1 kb to þ1 kb) of SASP genes in the presence or absence
of H-RasV12 and with melatonin treatment.

ChIP-qPCR was used to analyze no-antibody control
(NA), NF-kB, H3K27ac, and H3 (positive control). Remark-
ably, after Ras treatment without subsequent melatonin
treatment, the promoter regions of the SASP genes were
enriched for NF-kB (Fig. 6A). The control marker H3 was
pulled down evenly (Fig. 6B). To highlight this novel
mechanism of melatonin-oriented chromatin environment
for controlling SASP expression, we have illustrated the loci
of IL-6 in Fig. 6C to show that NF-kB is essential for the
expression of SASP. NF-kB and H3K27ac were analogously
enriched at the IL-6 promoter in cells with Ras-induced
senescence; melatonin could prevent NF-kB and H3K27ac
from binding to these loci. As illustrated, NF-kB (0.59% of
the input in Ras-treated group vs. 0.31% of the input in Ras
and melatonin-treated group, P < 0.05) and H3K27ac (0.60%
of the input in Ras-treated group vs. 0.30% of the input in
Ras and melatonin-treated group, P < 0.05) were enriched
at the IL-6 promoter in HOSEpiCs with Ras-induced senes-
cence; melatonin blocked this enrichment.

Altogether, these results indicate that melatonin has an
antagonistic effect against Ras-induced senescence of
HOSEpiCs by regulating the extent of NF-kB-binding to the
SASP gene. Our findings provide insight into the mechanism
by which melatonin suppresses ovarian aging.
Figure 5 Melatonin regulates the MAPK-NF-kB pathway activatio
HOSEpiCs transfected with scrambled or MAPK siRNAs. (B) Western b
in H-RasV12-induced senescent HOSEpiCs treated with or without m
scramble siRNA as a control. (C) Immunofluorescence analysis of p
HOSEpiCs treated with or without melatonin and in the presence o
(blue); scale bar, 50 mm. The results are presented as the mean
P < 0.01; ***P < 0.001.
Discussion

Here, we discovered that the oncogene Ras could induce
the senescence of human ovarian epithelial cells charac-
terized by morphological changes, persistent DNA damage
response (DDR), and the SASP. Moreover, we discovered
that Ras could specifically decrease the expression of the
RNA-binding protein YTHDF2 via ROS activation. YTHDF2
suppression increased the expression of MAP2K4 and
MAP4K4 by stabilizing the related mRNA transcripts; this
triggered the activation of NF-kB and SASP. Finally, exces-
sive SASP led to the senescence of the affected cells.
Importantly, the present study demonstrated that mela-
tonin, as a classical antioxidant, could effectively decrease
SASP and the senescence of human ovarian epithelial cells
by inhibiting the ROS-YTHDF2-MAP2K4/MAP4K4-NF-kB
pathway (Model, Fig. 7).

Ovarian aging, a special type of organ senescence, is
characterized by a significant reduction in the number of
primordial follicles and the quality of the oocytes.4,36 Pre-
vious research has indicated that ovarian aging could lead
to menopause, female infertility, and an increased inci-
dence of chromosomal aberrations.22 Ovarian epithelial
cells that express claudin can increase the activity of ma-
trix metalloproteinase-2 (MMP-2).37 Moreover, the trans-
formation of ovarian epithelial cells has been reported to
give rise to the majority of ovarian tumors.38 The thera-
peutic strategies for ovarian aging include androgen sup-
plementation, short-term rapamycin treatment, and
moxibustion; however, their use are still limited due to
their side effects or poor efficacy.6e8 Abnormal oxidative
stress is considered an important pathological mechanism
of ovarian aging.39 The accumulation of oxidative damage
in oocytes is the major contributing factor for ovarian
aging.22 It has been reported that melatonin was used in the
treatment of ovarian aging. For example, melatonin can
prevent postovulatory oocyte aging by inhibiting oxidative
stress-induced cellular damage and apoptosis.40 Melatonin
is also effective in suppressing lipoperoxidation, which
delays ovarian aging.41

m6A has been identified as the most frequent RNA
modification in eukaryotes and is produced by methyl-
transferases (writers).42 Demethylases (erasers) and effec-
tors (readers) are also involved in its regulation.43 m6A plays
a crucial role in RNA metabolism, including mRNA stability,
translation efficiency, and alternative splicing, which in-
fluence diverse biological processes.44,45 It has been
demonstrated that m6A implicates diverse human diseases
and disorders, such as cancer, obesity, diabetes, and
infertility.46e48 Recently, m6A has been shown to cause DDR
to the enzyme of obesity-associated gene (FTO) and
methyltransferase-like 3 (METTL3).49 Accumulating evi-
dence also suggests that IGF2BPs, m6A readers, may
n. (A) Western blot analysis of RNA interference efficiency in
lot analysis of the related proteins in NF-kB pathway activation
elatonin using siRNA (siMAPK). HOSEpiCs were transfected with
hosphorylated NF-kB (pNF-kB) in H-RasV12-induced senescent
r absence of siMAPK. The nuclei were counterstained with DAPI
� standard deviation of three independent experiments. **,



Figure 6 Melatonin modulates the extent of NF-kB-binding to SASP genes. (A) To demonstrate the binding of the indicated
proteins to their target genes, a heatmap was generated according to ChIP-qPCR values. The ChIP-qPCR enrichments of no-antibody
control (NA), NF-kB, H3K27ac, and H3 using primers spanning from �1 kb to þ1 kb of the indicated SASP genes are arrayed from
blue (no enrichment) to yellow (maximal enrichment). (B) The control H3 protein co-precipitated evenly with the ChIP targets. A
heatmap was generated according to the ChIP-qPCR values of histone H3, which were between �1 kb and þ1 kb of the indicated
genes. (C) Representative ChIP-qPCR values of the IL-6 gene selected from the experiments described in (A). Statistical values are
presented as the mean � standard error of three independent experiments. A P < 0.05 was considered statistically significant using
one-way analysis of variance. *, P < 0.05.
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contribute to hematopoietic stem cell and leukemia devel-
opment by promoting mRNA stability and protein trans-
lation.50e53 In addition, RNA m6A modification has been
reported to be closely related to gene expression,
particularly in inflammatory cytokines. Liu et al demon-
strated that the reduction of m6A modification that is
induced by CC-chemokine receptor 7 upregulated lnc-Dpf3
expression and inhibited dendritic cell migration, which



Figure 7 Melatonin exhibited an antagonistic effect against ovarian aging via the YTHDF2-MAPK-NF-kB pathway. The oncogene
Ras stimulates the generation of ROS to decrease the expression of YTHDF2. And then the expression of MAP2K4 and MAP4K4 are
increased by stabilizing the related mRNA transcripts, which triggers the activation of NF-kB and SASP. Melatonin, as a classical
antioxidant, effectively decreases SASP and the senescence of HOSEpiCs by inhibiting the ROS-YTHDF2-MAP2K4/MAP4K4-NF-kB
pathway.
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prevented exaggerated inflammatory responses.54 More-
over, as readers of the mature mRNA m6A, YTHDF2 has been
shown to attenuate LPS-induced inflammatory responses in
macrophages.15 SASP, which is the abnormal secretion of
chemokines and cytokines related to inflammation, serves
as an important signal of senescent cells.12 Our study found
that YTHDF2 suppression influenced the expression of SASP
by activating the MAP2K4 and MAP4K4-dependent NF-kB
pathways.

Many studies have shown that senescent cells are
accompanied by a large amount of oxidative stress damage
that results from the generation of reactive oxygen species
(ROS). Oxidative stress is involved in the expression of SASP
genes through a variety of pathways, including the ROS-JNK
retrograde signaling pathway,55 ROS-PKCd-PKD1 pathway,56

and ROS-p38-MAPK-p53/p21 pathway.57 Recently, mela-
tonin was reported to regulate PARP1 and control the SASP
in human fetal lung fibroblast cells.58 Moreover, melatonin
has been reported to reduce SASP by activating NRF2 and
inhibiting NF-kB in adipose-derived mesenchymal stem cells
(ADMSCs).59 In a previous study of human periodontal liga-
ment cells, the mechanism by which melatonin inhibits cell
cycle regulators and SASP genes was reported.60 Concur-
rently, the elevated expression of YTHDF2 and m6A upre-
gulation was suggested to be closely related to ROS
accumulation.61 Melatonin can delay aging through its
antagonistic effects against ROS and by regulating apelin
1362 and PIN1 pathway60 and reducing mitochondrial
membrane potential.63 Some investigations22 reported that
melatonin exhibits anti-aging potential in various organs
and improves and treats numerous age-related diseases
such as atherosclerosis and Alzheimer’s disease. In partic-
ular, melatonin has been demonstrated to delay ovarian
aging by attenuating oxidative stress and reducing early
apoptosis.64 However, the specific mechanism by which
melatonin exhibits its effects needs to be further explored;
this mechanism would allow the discovery of novel targets
for the prevention and treatment of ovarian aging and
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facilitate the precise treatment of other related diseases.
As one of the most extensive RNA modifications in cells,
RNA-m6A plays a critical role in the prevention and treat-
ment of diseases. For instance, the HIF-2a antagonist
(PT2385) has been reported to suppress liver cancer by
recovering the YTHDF2-programmed epigenetic mecha-
nism.65 RNA-m6A has also been confirmed to be associated
with ovarian aging; however, its mechanism remains un-
clear. Here, we found that the inhibition of YTHDF2, which
is the reader of RNA-m6A, specifically promoted the aging
of ovarian surface epithelial cells. In our study, melatonin
upregulated YTHDF2 by decreasing the generation of ROS,
inactivated the NF-kB pathway to reduce the expression of
SASP, and finally exhibited an antagonistic effect against
the senescence of ovarian surface epithelial cells. Mela-
tonin inactivates the NF-kB pathway to inhibit the inflam-
matory response via a variety of pathways, such as IGF-1,
PI3K, and Akt.22 Here, we identified a new ROS-YTHDF2-NF-
kB pathway and suggest it as a novel drug target of mela-
tonin for the treatment of ovarian aging.

The present study illustrated that YTHDF2 expression
was decreased in senescent human ovarian epithelial cells.
YTHDF2 suppression increased the stability and enhanced
the expression of MAP2K4 and MAP4K4 mRNAs; this trig-
gered the activation of NF-kB signaling and promoted the
expression of SASP genes, including CXCL1, IL6, IL8, MMP3,
and VEGFC. In summary, these results demonstrate that
melatonin has an antagonistic effect against ovarian aging
via the ROS-YTHDF2-MAPK-NF-kB pathway and thus holds
promise for delaying ovarian aging. Although the signaling
pathways and cellular stresses that influenced the differ-
ential distribution patterns of RNA methylation have been
explored in this study, the underlying mechanisms of the
effects of melatonin on m6A levels in the ovary still need
further investigation. Further studies are also required to
elucidate the functional mechanism of follicle quality,
which underlies the association between melatonin and
m6A levels. Moreover, the modifications in m6A regulatory
factors involved in ovarian aging need to be explored in the
future. Our work provides insight regarding whether mela-
tonin is able to provide prophylactic and therapeutic ef-
fects for the treatment of reproductive diseases, such as
ovarian aging.
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