
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Maria Laura Zenclussen,
National Scientific and Technical Research
Council (CONICET), Argentina

REVIEWED BY

Ann-Kristin Östlund Farrants,
Stockholm University, Sweden
Marta Tesone,
University of Buenos Aires, Argentina

*CORRESPONDENCE

Guizhi Ma

sandy0539@126.com

Xi Wu

wuxi533@163.com

†These authors have contributed
equally to this work and share
first authorship

RECEIVED 24 October 2024
ACCEPTED 07 April 2025

PUBLISHED 28 April 2025

CITATION

Liu L, Ge D, Lin Y, Han Z, Zhao H,
Cao L, Wu X and Ma G (2025)
Epigenetic regulation in oogenesis
and fetal development: insights
into m6A modifications.
Front. Immunol. 16:1516473.
doi: 10.3389/fimmu.2025.1516473

COPYRIGHT

© 2025 Liu, Ge, Lin, Han, Zhao, Cao, Wu and
Ma. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums
is permitted, provided the original author(s)
and the copyright owner(s) are credited and
that the original publication in this journal is
cited, in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Review

PUBLISHED 28 April 2025

DOI 10.3389/fimmu.2025.1516473
Epigenetic regulation in
oogenesis and fetal
development: insights
into m6A modifications
Lusheng Liu1,2†, Danxia Ge3†, Yumeng Lin4†, Zhongyu Han1†,
Heng Zhao5, Liqin Cao6, Xi Wu6* and Guizhi Ma1*

1Department of Acupuncture and Moxibustion, Shanghai Traditional Chinese Medicine (TCM)-
Integrated Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China, 2Shanghai
Clinical Medical College of Integrated Traditional Chinese and Western Medicine, Shanghai University
of Traditional Chinese Medicine, Shanghai, China, 3Department of Critical Care Medicine, Traditional
Chinese Medicine Hospital of, Ningbo, Zhejiang, China, 4Nanjing Tongren Hospital, School of
Medicine, Southeast University, Nanjing, China, 5Shanghai TCM-Integrated Hospital, Shanghai
University of Traditional Chinese Medicine, Shanghai, China, 6Department of Gynecology, Shanghai
TCM-Integrated Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China
The unique physiological structure of women has led to a variety of diseases that

have attracted the attention of many people in recent years. Disturbances in the

reproductive systemmicroenvironment lead to the progression of various female

tumours and pregnancy disorders. Numerous studies have shown that

epigenetic modifications crucially influence both oogenesis and foetal

development. m6A, a modification at the mRNA level, consists of three parts,

namely, writers, erasers, and readers, which are involved in several biological

functions, such as the nucleation and stabilisation of mRNAs, thereby regulating

the development of reproductive system diseases. In this manuscript, we

delineate the constituents of m6A, their biological roles, and advancements in

understanding m6A within the maternal–foetal immunological context. In

addition, we summarise the mechanism of m6A in gynaecological diseases and

provide a new perspective for targeting m6A to delay the progression of

reproductive system diseases in clinical practice.
KEYWORDS

RNA modification, epigenetic modification, female reproductive diseases, reproductive
system neoplasms, treatment
1 Introduction

In recent years, the incidence of female reproductive system diseases has steadily

increased, and these diseases have become a common problem worldwide, seriously

affecting women’s quality of life (1). Common gynaecological diseases include benign

diseases, such as endometriosis, premature ovarian failure, and adenomyosis; diseases

during pregnancy, such as preeclampsia, recurrent miscarriage, and gestational diabetes;
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1516473/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1516473/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1516473/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1516473/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1516473&domain=pdf&date_stamp=2025-04-28
mailto:sandy0539@126.com
mailto:wuxi533@163.com
https://doi.org/10.3389/fimmu.2025.1516473
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1516473
https://www.frontiersin.org/journals/immunology


Liu et al. 10.3389/fimmu.2025.1516473
and malignant tumours, such as cervical cancer (CC), ovarian

cancer (OC), and endometrial cancer (EC). Therefore, there is an

urgent need to understand the pathogenesis of female reproductive

system diseases and find specific biomarkers, so as to improve the

quality of life of women.

The N6-methyladenosine (m6A) modification, a form of

internal chemical alteration within RNA, was first identified in

the 1970s. This process involves the methylation of the nitrogen

atom at the 6th position of the adenine (A) base within RNA,

catalysed by methyltransferases. This modification is prevalent in

both messenger RNA (mRNA) and non-coding RNA (ncRNAs)

(2). Through writers, erasers, and readers, m6A is implicated in

diverse mechanisms and metabolic processes, including pre-mRNA

splicing, export, and translation; the regulation of translation

efficiency; mRNA stability; the prevention or delay of mRNA

degradation; and the processing of noncoding RNAs (3–5). M6A

is associated with female reproductive system function, and some

abnormal m6A modifications have also been observed to be

involved in the generation, metastasis, and drug resistance of

cancer cells (6). Further studies revealed that m6A methylation

affects mainly carcinogenesis and malignant tumour progression by

regulating gene expression in cancer (7, 8). Thus, the potential

association of aberrant m6A with cancer was documented.

This article reviews the latest research progress on the biological

role of m6A in gynaecological tumours and pregnancy-related

diseases and discusses the mechanism of m6A regulatory proteins

in the proliferation, invasion and metastasis of gynaecological

tumours. This article also discusses the research progress and

future directions of m6A modification in the maternal–foetal

immune environment and the diagnosis and prognostic

evaluation of gynaecological diseases, with the aim of revealing

the potential role of RNA methylation in female reproductive

system diseases to gain a deeper understanding of these diseases.
2 Mechanisms and regulation of m6A
RNA methylation

2.1 Writers

The m6A writer is a methyltransferase with dynamic, reversible

properties during the formation process and many proteins function

as writers, including methyltransferase-like3(METTL3),

methyltransferase-like5 (METTL5), methyltransferase-like 14

(METTL14), methyltransferase-like 16 (METTL16), Wilms tumour

type 1 associated protein (WTAP), Vir-like m6A methyltransferase-

associated protein (VIRMA), RNA-binding motif 15/15B (RBM15/

15B, zinc finger CCCH-containing type 13 (ZC3H13, KIAA0853),

and methyltransferase-like 16 (METTL16) (9–11) (Figure 1).

METTL3 was the first methyltransferase shown to be involved in

m6A methylation in 1997, and its subunits play critical roles in the

catalytic process to facilitate the transfer of adenine from S-

adenosylmethionine (SAM) moieties to RNA (12). Until 2017, there

were relevant studies on the role of METTL3 as an m6A

methyltransferase in human cancer. It has been shown that METTL3
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acts as an oncogene in AML and its activity depends on interaction

with the CAAT-box binding protein CEBPZ, which promotes

METTL3 localisation to chromatin and induces m6A modification

on specific mRNA transcripts such as SP1 and SP2 (13).

The oncogene role of METTL3 in AML has been well-established

and its overexpression and oncogenic activity have subsequently been

revealed in a variety of cancer types, including hepatocellular

carcinoma, gastric cancer, and non-small cell lung cancer (14–17). In

gastric cancer, elevated expression levels of METTL3 were

demonstrated to be an independent poor prognostic indicator (18).

In bladder cancer, METTL3 overexpression has been shown to be

associated with unfavourable prognostic outcomes, and this

overexpression promotes methylation of specific mRNA molecules

(19). In the female reproductive system, overexpression of METTL3 is

thought to have a role in promoting oocyte maturation. In the genital

vesicle stage of oocytes, the loss of function of Mettl3 severely inhibits

meiotic maturation of oocytes, and its inactivation may lead to

abnormal oocyte development, affect the stability of ovulation and

meiosis, and then cause reproductive system diseases such as

infertility (20).

METTL14 and METTL3 are molecular homologues that form

stable heterodimeric complexes, and METTL14 can promote RNA

recognition and binding by stabilising the conformation of

METTL3, providing structural support, and enhancing its

catalytic activity (21–25). METTL14 was initially found to be

overexpressed in acute myeloid leukaemia and plays a key

oncogenic role in the initiation and development of the disease

(26). METTL14 has also been shown to be downregulated and

exhibit tumour suppressive effects in some cancers. In patients with

endometrial cancer, METTL14 levels are decreased in tumour

samples, promoting the proliferation of endometrial cancer

cells (27).

It has been shown that in hepatocellular carcinoma, down-

regulation of METTL14 and m6A expression is significantly

associated with the high metastatic ability of tumours and the

prognosis of patients (28). In breast cancer, the expression levels

of METTL14 and ALKBH5 regulate each other and together

promote tumour development by regulating m6A modification

levels in specific transcripts associated with epithelial-

mesenchymal transition (EMT) and angiogenesis (29).

WTAP is a ubiquitously expressed nuclear protein whose

transcription is regulated by WT-1 and interacts with the

METTL3/METTL14 complex to affect m6A RNA methylation,

thereby regulating gene transcription and RNA splicing. WTAP

regulates transcription and translation of niche factors by placing

m6A markers directly or indirectly on transcripts encoding niche

factors (30). In acute myeloid leukaemia, WTAP has been shown to

be up-regulated at its expression level and plays an important role in

the proliferation and differentiation of tumours (31). In a zebrafish

embryo model, a decrease in WTAP or METTL3 expression levels

results in abnormal tissue differentiation and increased rates of

apoptosis (9). WTAP has been identified as a prototypical

biomarker of OC development and spread (32, 33). Liu et al.

found that WTAP expression was higher in EC tissues than in

surrounding normal tissues (34).
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As an RNA-binding protein, RBM15 and RBM15B promote the

recognition and assembly of mRNA molecules containing specific

sequences by METTL3 and WTAP through their RNA-binding

domains, which is critical for the precise regulation of m6A

methylation. HAKAI protein plays a bridge role in this process,

which mediates the binding of mRNA to methylation complexes and

participates in the regulation of mRNA degradation. In particular,

HAKAI ensures the stability of the sequence characteristics and

functional status of mRNAs after m6A methylation, which has a

crucial role for the accurate transmission of genetic information and

the function of mRNAs in subsequent cellular processes, such as

protein translation.

KIAA1429 can bind to WTAP, mediate the formation of the

METTL3/METTL14/WTAP complex, preferentially bind to the

3’UTR and participate in alternative polyadenylation (APA) while

preventing target RNA coding through selective methylation

(10, 35).

METTL16 is a catalytically active m6A methyltransferase that

regulates the homeostasis of the SAM content via the splicing of the

U6 snRNP (36). METTL16 binds directly to MAT2A mRNA

precursors, which have a conserved hairpin structure in the 3

‘untranslated region (UTR) and affect alternative splicing of

MAT2A and homeostasis of SAM content in cells. In addition, in

mice, METTL16 also regulates SAM synthase expression, which in

turn impacts early embryonic development (37, 38). Previous

studies have shown that METTL16 expression levels are

upregulated in multiple cancer types and are associated with poor
Frontiers in Immunology 03
prognosis, including gastric cancer, hepatocellular carcinoma,

pancreatic cancer, and acute myeloid leukaemia (39–43).
2.2 Erasers

The m6A eraser is a demethylase that removes m6A methylation

from the targeted RNAs, unlike other m6A proteins, and only the

AlkB homologue 5 (ALKBH5) protein and fat mass and obesity-

associated (FTO) protein have been identified as erasers (44–46).

FTO, as the first m6A demethylase identified, was examined

and assigned to the AlkB family. It has the ability to remove m6A as

well as n6, 2′ -O-dimethyladenosine (5′cap m6Am) from the mRNA

interior, thereby affecting m6A modification (47, 48). In addition,

FTO localises predominantly in the nucleus and regulates about

10% of m6A modifications in all cell lines (49, 50). Recently, the

discovery of the demethylase FTO revealed its reversible control of

the kinetics of the m6A methylation process under physiological

and pathological conditions (47, 48).

In CC, the interaction of FTO with E2F1 and MYC significantly

decreased their translation efficiency. When E2F1 or MYC

expression levels are elevated, they are able to complement the

loss-of-function of FTO and have negative effects on cell

proliferation and migration, suggesting that these two genes may

play a mutually regulated role in CC cells (51). Wang and colleagues

have suggested that FTO influences the destiny of lncRNA, thereby
FIGURE 1

Shows the regulatory mechanism of m6A modification, which consists of three major parts and elaborates its working principle. N6-
methyladenosine (m6A) is methylated by a methyltransferase complex containing METTL3, METTL14, WTAP, and KIAA1429, and these proteins called
“writers” are responsible for adding the m6A modification; while “erasers” FTO and ALKBH5 are responsible for reversibly removing m6A. The reader
proteins YTHDC1/2, YTHDF1/2/3, and IGF2BP1/2/3 are responsible for performing the biological functions of m6A, including translation, decay,
splicing, and post-transcriptional regulation of RNA.
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advancing the progression of CC, and have shown that decreasing

m6A levels stabilises HOXC13-AS in CC cellular contexts (52).

ALKBH5 is another m6A demethylase, and although FTO

belongs to the same ALKB family, the two “erasers” function

differently because of their differential expression in different

tissues (53, 54). ALKBH5 can not only reverse m6A methylation

but also affect mRNA export and RNA metabolism. ALKBH5 is

classified as a nonheme oxygenase that is typically found in the

nucleus and is generally expressed at low levels in the cytoplasm.

ALKBH5 expression is significantly higher in OC tissues than in

normal ovary, yet it is comparatively lower in OC cell lines than in

cultured normal ovarian cells (55). Under hypoxia, the expression

of ALKBH5 in breast cancer cells was up-regulated by hypoxia-

inducible factor, which resulted in a decrease in the m6A

modification level of NANOG mRNA, which in turn increased

the NANOG protein level and promoted the enrichment of breast

cancer stem cells (56). In addition, it has been found that high

ALKBH5 expression in glioblastoma stem cells is associated with

poor clinical outcome in glioblastoma patients (57).
2.3 Readers

The m6A “reader” proteins are composed of a group of YTH

domain-containing proteins, which include YTHDF1, YTHDF2,

and YTHDF3, as well as YTHDC1 and YTHDC2. Additionally, this

category encompasses IGF2BP, a protein that binds the mRNAs of

insulin-like growth factors, and the HNRNP family, which are

involved in the processing and regulation of RNA within the cell

nucleus (58, 59). With increasing m6A “reader” research, these

proteins have been shown to potentially change the fate of

modified mRNAs.

For example, after YTHDF1 attaches to the m6A-modified site,

it brings in the EIF3A complex, which is a transcription initiation

factor, to stimulate the commencement of translation. This process

facilitates the aggregation of ribosomes into polyribosomes, thereby

enhancing the efficiency of protein synthesis (60). The YTH domain

family proteins YTHDF1 and YTHDF3 accelerate the translation of

mRNAs by recruiting translation initiation factors, whereas

YTHDF2 synergises with YTHDF3 and YTHDF1 to reduce

mRNA stability, strengthen the decay and demethylation of their

RNAs, and induces the degradation of m6A-modified target

mRNAs (61, 62). YTHDF2, as the first m6A reading protein to be

discovered, has generally been demonstrated to play an oncogene

role in a variety of cancers. Li et al. showed a close correlation

between increased YTHDF2 protein levels and OC tissue in the

clinic (63). In prostate cancer, YTHDF2 expression was increased in

cancer tissues compared with adjacent normal tissues (64).

YTHDC1 binds competitively to SRSF3 and SRSF10 to

recognise methylated mRNAs and regulate the alternative splicing

of mRNAs (65–67). Furthermore, YTHDC1 plays a pivotal role in

the nuclear export of mRNA, facilitating its transfer to the

cytoplasmic receptor NXF1, which is crucial for mRNA transport

out of the nucleus (68). YTHDC2 binds to m6A, promotes the

efficient translation of target genes, mediates RNA decay, and
Frontiers in Immunology 04
decreases mRNA stability. The m6A reader YTHDC2 is essential

for accelerating translation via m6A (69).

HNRNPS family proteins include HNRNPC, HNRNPG, and

HNRNPA2B1 (70). HNRNPA2B1 interacts with RNA and

regulates the alternative splicing of genes modified by m6A. The

secondary structure of m6A-modified mRNA changes, regulating

gene expression and enabling it to bind HNRNPC (71).

HNRNPA2B1 was identified as an m6A reading protein thanks to

its ability to promote alternative splicing of exons with METTL3.

Meanwhile, the binding of HNRNPA2B1 to DGCR8 protein

provides it with the function to process pre-miRNAs (58).

The IGF2BP family, consisting of IGF2BP1, IGF2BP2, and

IGF2BP3, is known to increase translation and engage in the

regulation of cellular metabolism. These proteins recognise m6A

modification sites on target mRNAs, thereby stabilising these

mRNAs and modulating their translational efficiency (72, 73).

Increased expression of IGF2BP family proteins has already been

observed in previous cancer-related studies (74). It can enhance the

stability and translation efficiency of specific target mRNA

transcripts in cervical cancer cells by recognising and combining

m6A modifications, thereby promoting proliferation, colony

formation, migration, and invasion of tumour cells (59).
2.4 m6A in mRNA nucleation

Following a complex series of processing, mRNAmolecules that

complete maturation in the nucleus are transported into the

cytoplasm for protein synthesis. Throughout this process, the

m6A modification is crucial for the regulation of mRNA

translation, as it generates specific spatial hindrances that

influence the translational machinery. The mRNA molecule that

has been modified by m6A is identified by the nuclear protein

YTHDC1. Through interactions with splicing factors and the

nuclear export adapter protein SRSF3, YTHDC1 ensures the

efficient handover of the mRNA to the nuclear export receptor

NXF1 (66). YTHDC1, in complex with SRSF3, mediates RNA-

NXF1 binding to increase nuclear mRNA export (66). In addition,

FMRP, a reader of m6A-modified RNA, plays an integral role in

exportin 1 (XPO1)-mediated nuclear export (75, 76).
2.5 m6A in mRNA translation

The m6A modification increases translation efficiency through

interactions with translation-related proteins. m6A-related

translational regulation plays an essential role in a variety of

cancers, as well as some normal physiological processes. METTL3

can recognise m6A located in the 5 ‘UTR and 3’ UTR, thereby

accelerating translation (77). In addition, METTL3 interacts with

eIF3, which further interacts with proteins associated with the cap

structure of mRNAs to form mRNA loops.

METTL3 also affects ribosome biogenesis by regulating PES1

expression (78). Rui Su et al. reported that METTL16 can directly

interact with eIF3a, eIF3b, and rRNA to promote translation and
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accelerate the assembly of translation initiation complexes in the

cytoplasm (40). Interactions between YTHDFs and the translation

machinery have been shown to increase translation efficiency.

However, the precise mechanism by which YTHDF2 functions

remains to be fully elucidated (79, 80). YTHDF1 facilitates the

translation and elongation of the Snail mRNA by engaging with

eEF2 and connects with ribosomes via cap-dependent initiation,

interacting with eIF4G and eIF3. The effect of YTHDF1 is not

limited to synergy with other translation factors, which can also

increase eIF3C expression in an m6A-dependent manner (81).

YTHDF3 augments cap-independent translation during breast

cancer brain metastasis by promoting the interaction of eIF3a with

the m6A residue located in the 5’ UTR of the YTHDF3 mRNA (80).

Although the eIF4 complex is required for the standard translation

initiation process, YTHDF1 can initiate translation independently

of the eIF4 complex by interacting with eIF3A and 3B (82).

YTHDF3 works in concert with YTHDF1 to increase translation

by interacting with the 40S ribosomal subunit (61). YTHDC2, a

protein with RNA helicase activity, can improve the translation

efficiency, but at the same time, it also leads to a decrease in mRNA

abundance (83, 84).
2.6 m6A and mRNA stability

The m6A protein machinery is crucial for maintaining mRNA

stability, regulating RNA metabolism, and sustaining the

equilibrium of gene expression. Transcripts containing m6A-

induced RNA decay via an m6A reader. The m6A modification

exerts context-specific effects on mRNA stability, thereby regulating

gene expression and contributing to cellular homeostasis (11, 85).

Additional experimental findings indicate that the m6A

modification exerts a dual influence on mRNA stability (86–88).

In particular, after YTHDF2 binds to m6A-modified mRNA, its

degradation can proceed through at least two different pathways.

On the one hand, when the binding domain of the temperature-

sensitive protein HRSP12 and the cleavage domain for the

endoribonuclease RNase P/MRP are located before and after the

YTHDF2 binding domain, HRSP12 acts as an adaptor to link

YTHDF2 with RNase P or MRP, thus promoting rapid

degradation of RNA bound to YTHDF2 through the

endoribonuclease route. On the other hand, YTHDF2 is capable

of directly engaging the CCR4/NOT complex, which is associated

with exosomes and processing bodies (P-bodies), to induce

deadenylation, thereby initiating the breakdown of mRNAs that

carry m6A modifications (89, 90). FTO can inhibit YTHDF2-

mediated m6A-dependent RNA decay, thereby increasing MYC

mRNA stability (91).

The YTHDF1 protein induces degradation by binding to the 3’-

UTR m6A modification site of the MAT2A mRNA. YTHDF3 acts

synergistically with YTHDF2 to induce the degradation of mRNA

(61). Unlike YTHDF2, IGF2BP1/2/3 can increase mRNA stability

by binding to RNA stabilisers. In addition, the FMRP and PRRC2A

proteins enhance mRNA stabilisation in a manner dependent on

the m6A modification by recognising m6A-modified mRNAs
Frontiers in Immunology 05
(86, 87). The intricacies of the mechanism regulating the m6A

protein machinery have not been fully elucidated, necessitating

future research to delve deeper into its precise mechanisms and

identify additional RNA-binding proteins that may interact with

this system.
3 m6A RNA methylation in female
reproductive physiology

RNA methylation, especially m6A modification, plays a crucial

role in oocyte maturation and early embryonic development, and

plays an important regulatory role in gametogenesis and embryonic

development. Oocyte maturation refers to the resumption of

meiosis in oocytes in dominant follicles a few hours before

ovulation and continued development from diplotene in the first

meiotic prophase to metaphase in the second meiotic prophase

(92) (Figure 2).

During oocyte maturation, it is often accompanied by a series of

processes such as RNA storage, translation and degradation to

maintain the homeostasis of relative changes in transcript dose in

the transcriptome, so the precise regulation of intracellular RNA

post-transcriptional levels appears to be particularly important

during oocyte maturation, which has a very important role for egg

quality, fertilisation process and early embryonic development (93).

For example, Qi et al. showed that hypermethylated mRNAs were

mainly enriched in progesterone-mediated oocyte maturation and

cell cycle pathways, implying that m6A modification is involved in

RNA translational regulation during oocyte maturation (94). Ivanova

et al. further showed that YTHDF2 precisely regulates m6A

modification-mediated mRNA degradation during oocyte

maturation (95). In addition, the importance of METTL3 in oocyte

maturation was highlighted by the study of Xia et al. by the arrest of

oocyte maturation development in METTL3 mutants (96).

Embryonic development refers to the process from zygote

development to embryo detachment from the oolemma. In early

embryonic development, m6Amodification similarly plays a critical

role. Wu et al. revealed the important and unique significance of

m6A modification during MZT through egg and embryo samples

deficient in m6A modification (97). In addition, m6A modification

in combination with miRNAs regulates the process of embryonic

development, and a study by Hao et al. (98). MiR-670 was shown to

play a key role in embryonic development by regulating IGF2BP1

expression through m6A modification. In summary, m6A

modification plays an integral role in oocyte maturation and early

embryonic development by precisely regulating RNA metabolism

and stability, and its dynamic changes are essential for maintaining

normal reproductive and developmental processes.
3.1 Germ cell development

Many studies have underscored the pivotal function of the m6A

modification in governing cellular activities within the female

reproductive system, including proliferation, differentiation,
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metabolic processes, and the cell cycle. Recent findings highlight the

importance of the m6A modification during egg development. This

conclusion is rooted in the observed significant differential

clustering of m6A-modified genes in key signalling pathways

involved in steroid synthesis, granulosa cell growth, and follicular

maturation (99).

During the stages of egg maturation and late embryonic

development, the RNA methylation process is involved in the fine

regulation of RNA translation (94). Because transcriptional activity is

not active during the initial stages of embryonic development, tight

control of the translation process is essential for oocyte maturation

(100). If the methylation level of maternal RNA is too high, it may

interfere with the normal translation mechanisms and reduce the

synthesis of proteins required for embryonic development and

oocytes. In addition, recent findings support the role of m6A-related

proteins in regulating ovulation processes, particularly METTL3, 14,

YTHDC1/2, YTHDF1/2/3, and KIAA1429.

The absence of METTL3 function can lead to the blockade of the

gamete maturation process, which in turn affects the reproductive

capacity of individuals. This effect may be associated with a reduction

in m6A modification levels, which may interfere with the normal

expression of key genes involved in sex hormone synthesis and

gonadotropin signalling pathways (101). When METTL3 activity is

inhibited in oocytes, abnormal follicles form, which in turn affect the

ovulatory process. In addition, the ability of METTL3 to regulate

oocyte meiotic stability is enhanced by an m6A modification-

dependent mechanism through cooperation with ITSN2, a protein

that plays a restorative role during oocyte meiosis. In the presence of

decreasedMETTL3 expression, females are unable to produce mature

MII oocytes, and GV oocytes are smaller than normal in number and

size, suggesting that METTL3 acts as an m6A methyltransferase to

promote oocyte development by maintaining the stability of maternal
Frontiers in Immunology 06
mRNAs during GV (20). Although a reduction in METTL3 does not

affect meiotic resumption, oocytes lacking METTL3 are defective in

the formation of the first polar body and spindle.

L-Ascorbic acid treatment significantly reduces METTL14

mRNA levels in porcine oocytes, which may enhance the meiotic

maturation and developmental competence of these cells (102).

These findings suggest that METTL14 may play a critical role in

oocytes during ovulation.

Several studies have shown that YTH domain-containing

proteins such as YTHDC1/2 and YTHDF1/2/3 are essential for

the ovulatory process (103–107). The oocyte maturation process is

significantly affected by the YTHDC1 protein, and the loss of

YTHDC1 is lethal to the embryo. Specifically, deletion of the

m6A-modified reader YTHDC1 results in extensive changes in

the polyadenylation pattern of the 3’-UTR, which affects

microRNAs as well as protein-binding sites that are quite

abundant in the 3’-UTR. When YTHDC1 function is inhibited

after birth, female mice suffer a loss of fertility and are unable to

form secondary and antral follicles. Notably, YTHDC1 deficiency

also results in defective RNA metabolism and particle accumulation

in oocytes, and these changes significantly affect oocyte maturation

and ovulation processes (103).

Deletion of the YTHDC2 gene did not affect mouse survival but

caused male mice to lose fertility and female mice to have a reduced

ovarian size (106). YTHDC2 increases the efficiency of the translation

process, stabilises target proteins by recognising m6A modifications,

and may be involved in regulating self-renewal mechanisms in female

germline stem cells. In the testes of male mice, YTHDC2 helps mitigate

reproductive toxicity and cell cycle arrest (108).

Diminishing the expression of the YTHDF1 gene has been

shown to curtail the self-renewal capacity of female germline stem

cells in mice. Compared with cells derived from Sando’s inbred
FIGURE 2

RNA methylation plays a pivotal role in early follicle development.
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mouse embryos resistant to thioguanine and valine, these female

mouse germline stem cells presented significant differences in global

m6A levels mediated by METTL3, ALKBH5, YTHDF1/2, and

YTHDC1/2 (109). In contrast to cells originating from Sando’s

inbred mouse embryos, which are resistant to thioguanine and

valine, notable disparities in the overall m6A levels were observed

among these female mouse germline stem cells, particularly with

respect to the expression of METTL3, ALKBH5, YTHDF1/2, and

YTHDC1/2 (81). The loss of YTHDF2, on the other hand, blocks

the degradation of m6A-modified mRNAs, which in turn affects

oocyte quality (110). When YTHDF2 and YTHDF3 are mutated at

the same time, they impair the normal development of the female

gonad (111). These findings support earlier findings that the m6A

modification and its associated proteins and mechanisms remain

consistent among regulators of gametogenesis (112).

KIAA1429, which is recognised as a novel enzyme associated

with m6A methylation, plays a critical role in oogenesis. Studies

have indicated that in the absence of KIAA1429, oocytes exhibit

disrupted regulation of apoptosis and proliferation in granulosa

cells during the early stages of folliculogenesis. Additionally,

abnormalities in chromatin structure and RNA metabolism are

observed, suggesting that KIAA1429 is essential for maintaining the

normal developmental trajectory of oocytes (113). Several other

m6A recognition proteins, such as IGF2BP2 and IGF2BP3, are

essential for DNA repair and the stability of maternal mRNAs

during meiosis during the maturation stage of eggs (63). While

preserving mRNA stability, m6A may also be involved in oocyte

maturation through various metabolic pathways. Currently, the

significant role of the m6A modification in oogenesis is widely

acknowledged; however, its potential as a therapeutic target for

treating ovulatory disorders requires further in-depth investigation.
3.2 Embryo development

Many studies have shown that m6A-related proteins, including

METTL3, METTL5, IGF2BP2, and IGF2BP3, are also involved in

embryonic development. The absence of METTL3 has been noted to

lead to increased levels of naïve pluripotency transcripts within mouse

embryonic stem cells, an alteration that impedes the initiation of cell

differentiation and their subsequent developmental progression (85).

Similarly, studies have revealed the methylation of 18S rRNA by

METTL5. When METTL5 was knocked down, mouse embryonic

stem cells (mESCs) lost their pluripotency profile.

In vitro, although the loss of IGF2BP2 did not affect the process

of egg formation, general decreases in transcriptional and

translational activities were observed at the two-cell stage of

embryonic development. IGF2BP2 significantly contributes to the

advancement of embryonic development to the blastocyst phase

and increases the overall quality of embryos through the

modulation of IGF2 expression (114).

The IGF2BP3 protein has a strong affinity for maternal mRNA,

preserving its stability by preventing its degradation during the

initial phases of embryogenesis. In the absence of IGF2BP3, the

degradation rate of maternal RNA is accelerated. IGF2BP3
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deficiency does not negatively affect oocyte development, and

these cells are still able to develop normally. Notably, cell division

is impaired in cells with IGF2BP3 mutations, which may have an

impact on other aspects of early embryonic development (115).
3.3 Foetal growth

In addition to its influence on female germ cell development

and embryogenesis, the m6A demethylase FTO plays a significant

role in foetal growth. Studies have shown that FTO activity may

affect the process of foetal development by regulating the expression

of genes associated with foetal growth through specific molecular

mechanisms (116). In newborns with low birth weights, m6A

modification levels in the 5’ untranslated region (UTR) are

higher, whereas m6A modification levels near the stop codon

region are relatively lower than those in normal weight children

of the same age (117, 118).

In particular, the expression of the FTO protein and the levels of

the m6A modification on mRNA were significantly increased in the

placentas of pigs with low birth weights under conditions of

maternal obesity. Furthermore, in these low-birth-weight foetuses,

the expression patterns of key genes involved in lipid metabolism

and angiogenesis differed from those in normal foetuses.

Researchers have hypothesised that elevated m6A levels might be

involved in the regulation of the expression of key genes within

placentas associated with low birth weight (119).
3.4 m6A functions in the innate immune
response

Innate immunity constitutes a fundamental barrier against

pathogen invasion, and a series of innate defensive cells, such as

mononuclear phagocytes (MFs), natural killer (NK) cells, and

dendritic cells (DCs), play key roles at the maternal–foetal

interface. These cells have the ability to rapidly recognise invasive

microorganisms and heterologous RNAs, which in turn trigger

defence mechanisms against nonself pathogens (120, 121).

m6A modifications and their associated proteins are pivotal

mediators of innate immune responses. They modulate the innate

immune system by controlling mechanisms underlying cellular

recognition and responses to external pathogens, unmodified tRNAs,

exogenous RNAs, and aberrant endogenous RNAs. Specific knockout

of the METTL3 gene in dendritic cells blocks the maturation of these

cells when they encounter lipopolysaccharide (LPS), impairing their

phenotype and normal function (122). In the innate immune system,

macrophages constitute another indispensable cell population, and an

analysis of RNA-binding proteins using CRISPR screening techniques

identified preferential targets of m6A methylases that control LPS-

induced macrophage activation. METTL3-deficient macrophages

produced small amounts of TNF-a upon LPS stimulation. However,

the suppression of METTL3 in macrophages notably amplified the

production of proinflammatory cytokines such as TNF-a, IL-6, and
nitric oxide (NO) (123).
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The specific depletion of the m6A methylase METTL14 in

macrophages disrupts the differentiation of CD8+ T cells, which

in turn weakens the ability of these cells to clear tumours (124).

Natural killer (NK) cells are crucial for the defence against tumours

and viral infections. As an m6A-binding protein, YTHDF2

expression is significantly increased when NK cells are activated

by cytokines, tumour cells, or viruses. Elevated levels of YTHDF2

are implicated in modulating the tumour suppressor functions of

NK cells and are linked to the final maturation stages of NK cells.

This maturation is vital for governing the migration and function of

NK cells, thereby influencing their capacity to exert antitumour and

antiviral effects within the organism (125). However, the impacts of

the m6A modification on the development and functions of

macrophages and NK cells are not yet fully understood and

require further research and scrutiny.
3.5 Maternal–foetal immune
microenvironment

At the maternal–foetal interface, the equilibrium of the immune

microenvironment is orchestrated by the dynamic interplay

between placental and maternal cells, a balance that is subject to

changes across the continuum of pregnancy. Placental trophoblasts

serve as innate immune cells, engaging in communication with

maternal cells to ensure that the embryo develops in an optimal

immune environment conducive to its growth and well-being.

Indeed, any dysfunction in placental cells or maternal decidual

cells can precipitate pregnancy complications, with early pregnancy
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loss, including recurrent miscarriage, being a notable example. RNA

methylation is crucial for modulating transcription across a

spectrum of cellular processes. Many studies have underscored

the pivotal function of m6A and its regulatory components

throughout the process of embryo implantation. They play

substantial roles in governing the behaviour of innate and

adaptive immune cells, tuning immune responses, and shaping

local and systemic immune contexts, which may subsequently affect

the immune environment at the maternal–foetal junction.

However, the role of the m6A modification at the maternal–foetal

interface remains insufficiently explored. In this review, we delve

into the critical functions of m6A during early embryonic

development and assess current studies on the regulatory effects

of m6A on immune cells and the tumour immune background. The

m6A modification is believed to have the potential to promote

embryonic development, bolster placentation, and aid in shaping

the immune microenvironment at the maternal–foetal interface. A

thorough comprehension of these key regulatory mechanisms may

clarify the path for innovative therapeutic strategies that leverage

RNA methylation, particularly during the early stages of pregnancy.
4 m6A modifications in female
reproductive system neoplasms

The m6A RNA modification is central to the regulation of gene

expression and cellular function, with evidence showing that the

dysregulation of m6A is associated with the pathogenesis of a range

of diseases, including gynaecological disorders (Figure 3).
FIGURE 3

Illustrates the important role of m6A regulators in female reproductive disorders. These factors play a crucial role in the pathological changes of the
female reproductive system, and they affect the pathogenesis of female reproductive disorders by regulating different molecular pathways and their
corresponding targets (in which up-regulated targets are marked in red and down-regulated targets are marked in blue).
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In tumour cells, the transcriptional process of epithelial cells

promotes carcinogenesis by regulating the expression levels of

m6A modification-related enzymes, including “writers”, “readers”,

and “erasers”. Specifically, up- or downregulation of the expression

levels of these enzymes can affect the dynamic balance of m6A

modifications, which in turn may drive tumour development (126–

128). The m6A RNA modification is central to the pathogenesis of

various cancers, with dysregulation of its modification patterns and

underlying mechanisms contributing to the progression, growth,

and spread of tumours by impacting the functional pathways of

both coding and noncoding RNAs. Notably, specific m6A-

modifying enzymes have been found to exert m6A-independent

effects on certain malignancies, providing novel insights for cancer

diagnostics and therapeutics.

Emerging research indicates that the m6A modification of

mRNAs is intricately involved in reproductive processes,

including oocyte maturation and the functionality of granulosa

cells, through the regulation of RNA splicing, nuclear export, RNA

degradation, and translation (129, 130). In addition, ROS-mediated

oxidative stress leads to granulosa cell apoptosis and promotes

follicular dysplasia, which can alter the m6Amodification; however,

how m6A participates in oxidative stress-induced ovarian cell

apoptosis remains unclear (131, 132).
4.1 Preeclampsia

Placental trophoblasts play a key role in EMT in the initial

stages of preeclampsia, a disease of placental origin. Upon the

interference of multiple factors, the EMT process of trophoblasts

may be abnormal, and this abnormality may lead to reduced

invasion of trophoblasts into the uterine spiral artery, which in

turn becomes a cause of preeclampsia (133). Numerous studies have

revealed that trophoblasts in the placenta of patients with

preeclampsia exhibit significantly increased levels of m6A

methylation, METTL3, and HNRNPC1/C2 (134).

These chemical modifications have been shown to influence

diverse biological attributes of placental trophoblasts. Some

research teams have observed significant increases in m6A

methylation and METTL3 expression levels in placental tissue

from preeclampsia patients. Reducing METTL3 activity has been

shown to significantly reduce m6A methylation levels in placental

trophoblasts from individuals with preeclampsia, which in turn

affects the expression of heterogeneous ribonucleoprotein complex

members C1/C2 (hnRNPC1/C2); in addition, this process involves

the maturation of miRNA 497-5p/145-5p (135). In the placenta of

preeclampsia patients, the protein expression level of METTL14 has

been shown to increase (136).

An in-depth exploration of the mechanism of action of METTL14

revealed that it was able to upregulate the expression of the FOXO3a

gene through an m6A-dependent pathway, a process that not only

promoted the autophagy and death of trophoblasts but also inhibited

their proliferation and invasion (137). Compared with those in healthy

placental tissue, no consensus is available on the changes in ALKBH5

and FTO levels in preeclamptic placentas. Some studies have suggested
Frontiers in Immunology 09
that the expression levels of these two proteins do not differ

significantly in preeclamptic placentas, implying that their

involvement in this condition might not be directly linked to their

expression levels. Instead, it could be related to alternative regulatory

mechanisms or functional alterations (134).

However, others have reported a significant increase in the

expression level of ALKBH5 in placentas from preeclampsia

patients, as well as in cells subjected to hypoxia or reoxidation

(138). At the mechanistic level, the expression of the RNA

demethylase ALKBH5 is notably elevated in placental tissues

affected by preeclampsia. This increase in ALKBH5 expression

decreases the stability of the PPARG mRNA, thereby disrupting

its normal translation. Consequently, this process affects the

demethylation of ALCAM by the histone demethylase KDM3B,

causing a decrease in ALCAM expression. This chain of molecular

events is implicated in the pathogenesis of preeclampsia (138).

Recent explorations of the pathomechanism of preeclampsia have

focused mostly on the IGF2BP protein family, which is expressed at

low levels in preeclamptic placental samples (139). IGF2BP3

contributes to increasing circRNA PAPPA2 stability by recognising

and binding m6A modifications. In addition, the MNSFb protein can

directly interact with IGF2BP2 and enhance the invasion and

migration of trophoblast cells (e.g., JEG-3 and HTR8/SVneo) (139).

A sequencing analysis of m6A-modified RNA in PE placentas

revealed that circRNA m6A methylation levels were increased in

preeclamptic placentas compared with normal placentas. Recent

studies have shown that the YTHDC1 protein maintains the normal

function of trophoblasts by accelerating the degradation of m6A-

modified circMPP1 (140). Recent studies have shown that YTHDF3

expression levels increase in trophoblast cells under hypoxic conditions

and that its inhibition of IGF1R gene expression by the m1A

modification leads to decreased trophoblast invasion (141). Because

hypoxia is involved in the pathogenesis of preeclampsia, YTHDF3may

be involved in the pathogenesis of preeclampsia.
4.2 Abortion

Spontaneous abortion represents one of the most prevalent

complications encountered in pregnancy. Controlling the invasion of

trophoblasts and reducing their atypical growth and division can

reduce the impact on the health of the placenta in utero. Thus,

trophoblasts are essential for the formation of the placenta. During

pregnancy, dysfunction of trophoblast molecules may trigger serious

pregnancy problems (142, 143). When human trophoblasts are

exposed to BPDE, METTL14 expression levels are increased

compared with those before exposure, which was also observed in

the placental villous tissue of women with recurrent miscarriages.

Increased ALKBH5 levels in the placental villous tissue of those

with recurrent miscarriages may explain the noted decrease in

global m6A modification levels. ALKBH5 may affect trophoblast

invasiveness by reducing CYR61 mRNA stability through an m6A-

dependent mechanism (144). The expression levels of FTO, an RNA

demethylase, are decreased in women who experienced a
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spontaneous abortion. These findings suggest that the abnormal

accumulation of m6A at the maternal–foetal interface may be a

factor contributing to spontaneous abortion (145).

The m6A modification may increase IGFBP3 transcript levels,

which in turn may increase MMP2 activity while decreasing the

expression of its specific inhibitor tissue inhibitor TIMP-1.

Eventually, spontaneous abortion occurs (146).
4.3 Endometriosis

Endometriosis, an oestrogen-independent condition, is

characterised by the ectopic occurrence of endometrial-like tissues

outside the uterine cavity. Patients typically present with intense

pelvic pain and infertility, significantly impairing their daily life and

productivity (147–149). Many studies have shown that the

pathogenesis of endometriosis may be related to m6A, and some

of these regulators, including METTL3, YTHDF2, YTHDF3,

HNRNPC, HNRNPA2B1, and FTO, are significantly dysregulated

in the ectopic endometrium (150).

Histopathological assessments of endometriosis patients have

indicated a notably lower m6A modification level in endometrial

tissues than in healthy control tissues, a finding that may be

correlated with the decreased expression of METTL3. This

finding suggests that decreased METTL3 expression enhances the

migration and invasiveness of human endometrial stromal cells

(HESCs) by inhibiting the DGCR8-mediated transformation of pri-

miRNA126 to mature miRNA126, which in turn accelerates

endometriosis development. On the other hand, METTL3

overexpression has the opposite effects, which may provide ideas

for further studies of endometriosis (151).

HNRNPA2B1 and HNRNPC are involved in the regulation of

immune responses, and their abnormal expression is closely related to

the pathogenesis of endometriosis. Therefore, they can be used as

biomarkers of endometriosis to assist with diagnosis and treatment

(150). Although research on the role of the mechanisms of m6A-

related proteins in endometriosis is still limited, the existing studies

have highlighted their substantial effects on this condition. These

insights are anticipated to yield potential biomarkers and therapeutic

targets, paving the way for the improved clinical management

of endometriosis.
4.4 Adenomyosis

Adenomyosis is a relatively common uterine disease of the

female reproductive system that is characterised by the excessive

proliferation of abnormally accumulated epithelial cells and stromal

fibroblasts in the endometrium, causing hypertrophy and

hyperplasia of adjacent smooth muscle cells (152–154). Currently,

the pathophysiological mechanisms underlying adenomyosis are

not fully understood, and effective biomarkers and treatment

options are lacking.
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Zhai et al. reported that the m6A protein machinery is involved in

the development of adenomyosis. Notably, regulators of m6A RNA

methylation, including METTL3, ZC3H13, and FTO, are expressed at

reduced levels in the myometrium of individuals with adenomyosis,

consequently affecting global m6A levels (155). A correlation between

the significant upregulation of IGF1 and DDT gene expression levels

and a reduction in METTL3 expression levels has already been

validated. A number of additional potential target genes, such as

cadherin 3 (CDH3), placenta-specific protein 8 (PLAC8), and sodium

channel b-subunit 4 (SCN4B), have been shown to significantly

contribute to processes such as cell adhesion, muscle contraction, and

immune responses within the myometrium of patients with

adenomyosis. Previous studies have indicated that these genes

participate in the regulation of epithelial cell proliferation andmigration.

Therefore, the pathogenesis of adenomyosis may be related to

the cellular processes associated with these genes (155, 156). These

studies provide new perspectives and possible therapeutic directions

for the diagnosis and treatment of adenomyosis. However, these

experimental results have not been validated in animal models or in

clinical trials. Therefore, future studies need to further explore its

mechanism of action and discover its diagnostic markers and

therapeutic targets.
4.5 Polycystic ovary syndrome

PCOS is a highly complex disease with an uncertain aetiology in

the metabolic and endocrine fields. Patients often show clinical

associations with obesity, insulin resistance (IR), and cardiovascular

disease (157, 158). In addition, obesity not only exacerbates metabolic

disorders but also adversely impacts oocyte quality and may interfere

with endometrial receptivity, factors that collectively influence fertility

in women of reproductive age (159, 160). Recent studies have revealed

elevated levels of the m6A modification in luteinised granulosa cells

(GCs) from patients with PCOS. The loss of the m6A modification of

the FOXO3mRNAwas also observed in luteinised granulosa cells from

PCOS patients. By selectively knocking down m6A methyltransferases

or demethylases, researchers have observed a change in FOXO3

expression in luteinised GCs from controls but not in those from

PCOS patients. This series offindings suggests the possible inhibition of

m6A-mediated transcriptional regulation of the FOXO3 gene in

luteinised GCs from PCOS patients. FOXO3 is a key target of

METTL3, which modifies the FOXO3 3’-UTR-untranslated region,

increasing its stability and activating its autophagy-related pathway

through a YTHDF1-dependent mechanism (161). Interestingly,

autophagy is prevalent in ovarian tissue from patients with polycystic

ovary syndrome (PCOS). In luteinised granulosa cells from PCOS

patients, FTO facilitates m6A demethylation by downregulating the

m6A modification of the FLOT2 mRNA, a mechanism that correlates

with insulin resistance and a phenotype characterised by an elevated

proliferation rate and diminished apoptosis in these cells (162). The

above studies may reveal the potential pathogenesis of and future

treatment ideas for PCOS, and more studies on PCOS are needed.
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4.6 Primary ovarian insufficiency

Primary ovarian insufficiency (POI), also known as premature

ovarian failure, is a clinical condition characterised by persistent

amenorrhea, elevated follicle-stimulating hormone (FSH) levels,

and reduced oestrogen levels in women under the age of 40. The

exact pathomechanism of this condition has not been fully

elucidated, but chemotherapeutic agents, particularly alkylating

agents such as cyclophosphamide (CTX), may lead to impaired

ovarian function by affecting m6A RNA methylation levels

(163–165).

Specifically, CTX has been reported to increase m6A

methylation levels and the expression of the methyltransferases

METTL3 and METTL14 in a concentration- and time-dependent

manner while decreasing the expression levels of the demethylase

FTO and the effector protein YTHDC1 in human granulosa cells

and mouse models (166). In a previous study, an increase in m6A

levels and a decrease in FTO expression were observed in POI

patients. In addition, the incidence of apoptosis increases, whereas

the proliferation decreases in granulosa cells in which FTO

expression is knocked down (132).

Increased levels of the m6A modification of mRNAs were

observed in male mice deficient in the ALKBH5 gene. These mice

presented a notable decrease in the sperm count and abnormal

sperm morphology, along with altered sperm motility. In addition,

mice lacking ALKBH5 may undergo apoptosis during the

metaphase and coarse stages of spermatocytes, which is

accompanied by disturbances in spermatogenesis. Given that

ALKBH5 is expressed in the reproductive tissues of both males

and females, it is inferred to play a significant role in germ cell

development (167). Dysregulated levels of m6A modifiers could

impact oocyte maturation by influencing cell division processes

during meiosis.
4.7 Endometrial cancer

EC, which is prevalent in developed countries, typically arises

from the endometrial epithelium and affects perimenopausal and

postmenopausal women. Its diagnosis and treatment often

necessitate invasive evaluations and surgical procedures (168, 169).

The standard therapeutic approaches for endometrial cancer (EC)

include surgical intervention, radiation therapy, hormone treatment,

and targeted therapy (170). The prognosis is usually optimistic if the

disease is diagnosed early and treated with surgery (171). However,

patients with advanced or poorly differentiated EC face a high risk of

recurrence and a poor prognosis even after multimodal treatment

because of its invasive metastatic properties (172). Thus, exploring

and investigating biomarkers and their molecular mechanisms in EC

are essential to improve patient outcomes.

In EC, abnormal expression or dysfunction of m6A regulatory

proteins may lead to the abnormal regulation of tumour-related

genes, which leads to the development and progression of EC. In a

2018 study, mutations in METTL14 or decreased expression of

METTL3 resulted in decreased m6A methylation levels in
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endometrial tumours, and this decrease promoted the proliferation

and tumour formation of EC cells by activating the AKT signalling

pathway and its regulators PHLPP2 and mTORC2 (27). Another

study in the same year revealed that specific knockdown of the m6A

methylase METTL14 in macrophages impaired the antitumour

activity of CD8+ T cells, a phenomenon that was also observed in

colorectal cancer, providing a new perspective for studies of the

immune microenvironment in EC (173).

IGF2BP1 increases PEG10 mRNA expression by recognising

the m6Amodification site in the PEG10 mRNA, thereby promoting

the proliferation of EC cells (174). In addition, the expression level

of PADI2 is increased in EC and increases the expression of

IGF2BP1, which in turn binds to the m6A locus in the 3’

untranslated region of the SOX2 mRNA and increases its

stability, leading to the malignant progression of EC (175, 176).

IGF2BP1 expression is increased in EC, and this high level of

expression is strongly associated with a poor patient prognosis

(177). IGF2BP1 is also involved in arginine guanidinium

methylation in EC, and dysregulation of IGF2BP1 expression

mediated by the PADI2/MEK1/ERK signalling pathway leads to

the upregulation of SOX2 expression and subsequently promotes

the malignant phenotype of EC cells (176). High expression levels of

IGF2BP1 are also strongly associated with a poor prognosis for EC

patients. These findings reveal multiple roles for IGF2BP1 in EC

development, including promoting cell proliferation, regulating the

tumour cell cycle, and promoting tumour progression.

In EC, a decrease in the level of m6A-modified RNA leads to a

significant decrease in the expression level of KIAA1429 (176). The

expression of the KIAA1429 gene is closely associated with nuclear

metabolism. However, in liver cancer, KIAA1429 is known to

promote l iver tumour progress ion by regulat ing the

posttranscriptional modification of GATA binding protein 3

(GATA3), a highly conserved essential transcription factor that is

widely expressed in a variety of tissues, in an N6-methyladenosine-

dependent manner (178). The specific mechanism of action of

KIAA1429 in EC remains to be further elucidated.

In EC, ALKBH5 expression is notably elevated under hypoxic

conditions, facilitating SOX2 transcription via mRNA

demethylation. This process sustains the stem-like features and

tumourigenic potential of endometrial cancer stem cells (ECSCs),

thereby driving the aggressive progression of EC (179). Consistent

observations from studies in 2020 have indicated that ALKBH5

levels are elevated in EC tissues. By diminishing the m6A

methylation of IGF1R, ALKBH5 increases the stability of the

IGF1R mRNA, stimulates IGF1R translation, and activates the

IGF1R signalling cascade, consequently fuelling the proliferation

and invasive capabilities of EC cells (180, 181).

In EC tissues, a marked increase in the expression of FTO has

been observed. Increased levels of FTO can facilitate the

demethylation of the m6A mark in the 3’ untranslated region (3’

UTR) of the HOXB13 mRNA, a modification that prevents

YTHDF2 from recognising the m6A site. This demethylation

leads to the activation of the WNT signalling pathway and

subsequent regulation of downstream protein expression,

ultimately promoting tumour metastasis and invasion (182, 183).
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In EC, the suppression of YTHDC1 is associated with increased

proliferation and invasion of cancer cells (184). However, YTHDF2

exerts the opposite effect and is capable of curbing the proliferation

and invasive behaviour of EC cell lines. Specifically, the m6A reader

YTHDF2 can identify and bind to the methylation site on the target

transcript insulin receptor substrate 1 (IRS1), a mechanism that

promotes the degradation of the IRS1 mRNA, thereby suppressing

IRS1 expression and consequently impeding the IRS1/AKT signalling

pathway to ultimately curb the tumourigenic potential of EC (185).

WTAP, which is recognised as an essentia l m6A

methyltransferase, facilitates the addition of m6A modifications to

mRNAs, particularly within the 3’ untranslated region (3’-UTR) of

transcripts such as CAV-1. A decrease in CAV-1 expression triggers

the activation of the NF-kB signalling cascade, thereby significantly

contributing to the progression of EC (186). Based on the

aforementioned research, a distinct correlation exists between

m6A regulators and their integral roles in both the clinical

treatment and diagnosis of various diseases.
4.8 Cervical cancer

Cervical cancer (CC) is indeed one of the most prevalent

gynaecological tumours globally, with a well-established link to

persistent human papillomavirus (HPV) infection, which is

identified as a significant risk factor for its development. In

summary, the TME significantly influences the initiation,

progression, and outcomes of CC (187). Although the widespread

use of HPV vaccines has reduced the incidence of CC to some

extent, because the early symptoms of CC are not obvious, early

detection and treatment are more difficult in clinical practice, with a

five-year survival rate of less than 20% and a poor prognosis for

patients with CC recurrence (188, 189). Hence, understanding the

molecular mechanisms of CC is crucial for identifying novel

therapeutic targets and enhancing clinical treatment approaches.

The m6Amodification is instrumental in the progression of CC,

with METTL3, in particular, shown to increase the proliferation and

invasiveness of CC cells (190). Wang et al. observed that METTL3

levels are substantially elevated in CC tissues and cell lines, closely

correlating with lymph node metastasis and unfavourable patient

outcomes (191). In terms of the molecular mechanisms, METTL3

can target the 3’-UTR of the hexokinase 2 (HK2) mRNA and

increase the stability of HK2 by recruiting YTHDF1, thereby

promoting the Warburg effect in CC (191).

Furthermore, METTL3 facilitates the m6A modification of

pyruvate dehydrogenase kinase 4 (PDK4), increases PDK4 mRNA

translation, stimulates cancer cell glycolysis, and subsequently

promotes the growth and progression of CC (192). Recent research

has revealed an innovative pathway through which METTL3

enhances the invasiveness of CC by suppressing miR-193b activity,

thereby upregulating “CCND1” expression and accelerating CC

progression and severity (193). An earlier study revealed that

elevated METTL3 levels in CC tissues were positively correlated

with the presence of CD33+ cells within the tumour and with the

clinical outcomes of patients (194). Elevated levels of METTL3 in CC
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tissues markedly increase the expression and stability of FOXD2-AS1,

thereby further promoting the malignancy of CC (195).

METTL14 stimulates the expression of the tumour

development and progression-associated protein seven in absentia

homologue 2 (Siah2). The suppression of Siah2 hinders the

proliferation and cytotoxic capabilities of T cells, as it sustains the

expression of PD-L1 on tumour cells. Moreover, an examination of

samples from patients subjected to anti-PD-1 immunotherapy

indicated that tumours exhibiting reduced Siah2 levels responded

more positively to the treatment (196).

FTO is highly expressed in human CC tissues and is closely

associated with disease progression and patient prognosis (51). At

the molecular level, FTO engages directly with the E2F1 and Myc

mRNAs. The suppression of FTO markedly impacts the translation

of these key oncogenes, subsequently curbing the proliferation and

migration of CC cells (51).

In addition, the expression of GAS5-AS1 was decreased in CC

tissues, and GAS5-AS1 combined with ALKBH5 and reduced the

m6A modification of GAS5, which increased its stability, inhibited

the proliferation and metastasis of CC cells, and affected the

prognosis of patients (197). However, different investigators have

different views on the relationship between FTO and CC, and some

studies have revealed how HOXC13-AS promotes the proliferation,

invasion, and EMT of CC cells by increasing the level of FZD6 and

activating the Wnt/b-catenin signalling pathway (198).

Zhou et al. discovered that FTO modulates the expression of b-
catenin by reducing m6A levels in the b-catenin mRNA, which in

turn increases the chemoresistance of cancer cells both in vivo and

in vitro (199). These findings reveal the multiple roles of FTO in CC

development and highlight its potential as a novel therapeutic

strategy and a critical target for prognostic evaluations.

YTHDF1 promotes translation of the RANBP2 protein through

an m6A-dependent mechanism but does not alter the expression

level of the RANBP2 mRNA, which in turn enhances the growth

and invasion of CC cells. It is significantly correlated with

unfavourable outcomes of CC (197).

Research indicates that the expression of the circRNA

circARHGAP12 is increased in CC tissues, where it stabilises the

FOXM1 mRNA through its interaction with IGF2BP2 in an m6A-

dependent manner, contributing to the malignancy of CC (200). A

separate study revealed that the long noncoding RNA KCNMB2-

AS1 is markedly overexpressed in CC and is correlated with an

unfavourable prognosis for patients. IGF2BP3 can identify and bind

to the m6A-modified site on KCNMB2-AS1, increasing its stability

and thus facilitating the progression of CC (201).

In addition, the IGF2BP3 and YTHDF1/eEF-2 complexes

increase PDK4 mRNA stability through the m6A modification

system, a process that promotes the glycolytic process of cancer

cells and accelerates CC development (192).
4.9 Ovarian cancer

OC is a common cause of death in women with gynaecologic

cancer, and its five-year survival rate is between approximately 30%
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and 40% (202, 203). Because early symptoms are not significant,

many patients are already in an advanced metastatic state at the

time of diagnosis, and the tumour has also spread to adjacent

tissues (204).

The presence of metastatic tumours is a major cause of high

mortality in OC patients. Although most patients’ symptoms can be

significantly relieved by appropriate treatment at an early stage,

approximately 70% of patients with advanced disease experience

relapse (205). The cure rate and survival rate for patients with

advanced OC have not improved significantly in recent years. This

lack of improvement is partly attributed to the absence of effective

early diagnostic screening and detection methods, coupled with

high rates of tumour metastasis and recurrence (206).

Consequently, a thorough investigation into the high-risk factors

and the precise molecular mechanisms underlying the progression

of OC is crucial for facilitating early intervention and treatment,

thereby increasing patient survival rates.

Proteins associated with the m6Amodification are instrumental

in the initiation and progression of OC (207). Recent studies have

shown that METTL3 plays a key role in the TME, and its increased

expression in OC tissues is significantly correlated with the clinical

characteristics of tumours. Luo et al. reported that the m6A

modification can affect antigen presentation processes in the

immune system and plays a critical role in cell infiltration in the

TME of OC (208).

Hua and colleagues showed that stable overexpression of

METTL3 under in vitro experimental conditions significantly

enhanced the ability of nude mouse cells to proliferate, form

tumours, migrate, invade, and form tumours (207). In contrast, in

cell lines in which METTL3 expression was downregulated by a

short hairpin RNA (shRNA), its function in cancer was effectively

inhibited. Further mechanistic analysis revealed that METTL3

increases AXL mRNA expression, a process that accelerates the

EMT, which in turn promotes the proliferation, tumour formation,

migration, and invasion of OC cells.

The proportion of apoptotic cells increases when METTL3

expression is suppressed in OC cells, a phenomenon that may

stem from the activation of mitochondria-mediated apoptotic

pathways. A study by Liang et al. revealed that METTL3 may also

play an active role in OC progression by increasing the

phosphorylation of AKT and the expression level of Cyclin D1. In

addition, METTL3 expression was significantly increased in OC

tissues compared with other tumour tissues.

However, the expression levels of METTL3 and m6A are

significantly increased in epithelial OC, and the degree of

malignancy is high (108). Therefore, METTL3 may be used as a

specific indicator of epithelial OC in the future.

YTH domain family proteins, through the chemical

modification of m6A, can affect the development of OC at

different levels . YTHDF1 and hnRNPA2 promote the

development and metastasis of OC by increasing the expression

levels of EIF3C and Lin28B, respectively, and are associated with a

poor prognosis (81, 209).

The binding of the YTHDF1 protein to m6A-modified TRIM29

promotes the translation of TRIM29 in cisplatin-resistant OC cells,
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enhances the cancer stem cell characteristics in cisplatin-resistant

OC cells, and then promotes the development of malignant

tumours. These findings suggest that it may become a potential

new target for OC treatment (109).

YTHDF2 increases proliferation and migration and inhibits

apoptosis in epithelial OC cells through the YTHDF2/m6A

regulatory axis while downregulating global mRNA m6A levels

(63). YTHDF2 is a new substrate of the FBW7 enzyme, and the

expression level of FBW7 is decreased in OC tissues. This decrease

is closely related to a poor prognosis and a decrease in the m6A

modification level. Further studies revealed that FBW7 triggers the

proteasomal degradation of YTHDF2, thereby counteracting its

tumour-promoting effect (210).

Recent studies on the tumour suppressor protein IFFO1 have

revealed how METTL3 and the YTHDF2 axis regulate the stability

of the IFFO1 mRNA through an m6A-dependent mechanism,

which in turn inhibits the invasive ability of OC cells and reduces

their drug resistance (211). When METTL14 is overexpressed, it

effectively inhibits granulosa cell proliferation by inactivating PI3K/

AKT/mTOR signalling. WTAP can regulate the proliferation and

invasion of high-grade serous OC (HGSOC) cells by activating the

AKT signalling pathway (212). Reducing the expression levels of

METTL14 and WTAP has limited effects on the tumour

development and behaviour of endometrioid epithelial OC cells

cultured in vitro (108).

WTAP might stimulate the growth and mobility of high-grade

serous ovarian cancer (HGSOC) cells and impede their apoptosis by

triggering the MAPK and AKT signalling pathways. Furthermore,

the long noncoding RNA UBA6-AS1 is able to recruit the RBM15

protein, which in turn increases the m6A methylation of the UBA6

mRNA, leading to the inhibition of UBA6 expression. This process

is associated with the increased proliferation, migration, and

invasion of ovarian cancer (OC) cells (213).

Zhang et al. discovered that FTO expression was elevated in OC

tissues, where it increased OC cell viability and autophagy by

stimulating AKT phosphorylation, thereby inhibiting apoptosis in

cancer cells (214). Unlike previous studies in which FTO was used

to promote tumourigenesis, a study focused on OC revealed that

FTO expression levels are decreased in this type of cancer and

inhibit tumourigenesis in vivo by affecting cAMP signalling

pathways and blocking the self-renewal process of OC stem

cells (215).

In epithelial ovarian cancer, ALKBH5 expression is notably

elevated, and its suppression reduces the activity of the EGFR/PI3K/

AKT signalling pathway (216). This process leads to an increase in

autophagy signalling and the suppression of OC cell proliferation

and invasion. Concurrently, research has indicated that ALKBH5 is

more abundantly expressed in OC tissues, with reduced expression

in OC cell lines, mirroring the expression pattern of TLR4. The

activation of the m6A modification by TLR4 bolstered the NF-kB
pathway, consequently increasing ALKBH5 expression levels (217).

Elevated expression levels of ALKBH5 in OC promote tumour

cell proliferation and migration and inhibit the autophagy process

by increasing BCL-2 mRNA stability, which in turn activates the

EGFR-PIK3CA-AKT-mTOR signalling pathway (218). ALKBH5
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overexpression is associated with OC with lymph node metastasis

and may promote lymphangiogenesis and the lymph node

metastasis of ovarian tumours by affecting the m6A modification

and the ITGB1/FAK signalling pathway (219). ALKBH5 forms a

regulatory loop with HOXA10 that can activate the JAK2/STAT3

signalling pathway by regulating the m6A demethylation of JAK2, a

process that causes epithelial OC (EOC) to become resistant to

cisplatin drugs (217).

IGF2BP1 increases SRF expression in an m6A-dependent

manner by preventing SRF mRNA degradation by miRNAs and

sustaining PDLIM7 and FOXK1 levels, thereby promoting tumour

cell proliferation and invasion in OC (220). In high-grade serous OC

(HGSOC), which presents mesenchymal features, the expression level

of IGF2BP1 increases significantly, promoting the invasive growth of

OC cells (221). In the same year, another study revealed that

increased IGF2BP2 protein expression promoted the proliferation

and invasion of OC cells by binding to circ0000745 and increasing its

stability (222). IGF2BP3 is an RNA-binding protein that is

upregulated in ovarian clear cell carcinoma (OCCC) and promotes

cancer cell proliferation and tumour formation (216).

In summary, METTL3/14, YTHDF1/2, WTAP, FTO, ALKBH5,

and IGF2BP1/2/3 play roles in promoting or inhibiting OC, and

these factors are expected to be tools for the diagnosis and treatment

of OC. However, many types of OC, including high-grade serous

OC, endometrioid OC, and clear cell OC, have been identified.

Whether the function of m6A is consistent in multiple OCs requires

further investigation.
5 Conclusions and perspectives

Despite significant advancements in the field, considerable

challenges remain in thoroughly understanding the role of m6A

RNA methylation in the context of infertility and various

reproductive diseases. This complex epigenetic modification is

known to play a crucial role in regulating gene expression, but its

specific mechanisms and implications in reproductive health issues

have not yet been fully elucidated. Researchers continue to

encounter difficulties in deciphering the intricate interplay

between m6A modifications and the molecular pathways that

contribute to fertility and the development of reproductive

disorders. The heterogeneity of patient populations, the

complexity of the female reproductive system, and the dynamic

nature of RNA methylation patterns all contribute to ongoing

challenges in this area of study.

First, the role of m6A modification in gynaecological tumours is

currently based primarily on bioinformatics analyses and animal

model research, with relatively few clinical trials. With the

identification of proteins associated with the m6A modification,

our understanding of the underlying mechanisms and signalling

pathways has significantly increased. Despite the recognition that

the m6A modification can either stimulate or suppress the

progression of gynaecological cancers, a comprehensive grasp of

the intricate processes driving oncogenesis is still lacking.

Accordingly, more clinical trials are needed to elucidate these
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mechanisms, facilitating the development of more potent

therapeutic strategies in the future.

Second, some m6A regulators may be associated with

gynaecological diseases that have yet to be explored. The intricate

operational mechanisms of m6A-related proteins within a range of

prevalent gynaecological disorders are not yet fully understood,

highlighting the need for additional investigations into how m6A

influences multiple pathways that govern gene expression.

Therefore, more in-depth studies are necessary to identify more

m6A regulators associated with gynaecological diseases.

Third, reports on m6A-specific modification sites are currently

limited, which limits their potential for clinical application.

Although m6A RNA methylation is thought to influence other

molecules, our understanding of its molecular mechanisms and

cellular effects on gynaecologic reproductive system diseases is not

comprehensive. Furthermore, the irregular expression patterns of

m6A-modified regulatory molecules in gynaecological malignancies

remain unclear. Enhancing the sensitivity and specificity of

pertinent biomarkers is essential for advancing the clinical

application of m6A regulators in diagnosis and therapeutics.

Fourth, research indicates that modulating m6A levels and the

protein machinery could target specific reproductive diseases;

however, clinical validation regarding safety, efficacy, and

potential adverse effects, particularly on a large scale, is still

pending. Currently, the m6A modification remains challenging

despite advances in gynaecologic oncology research.

Fifth, no consensus is available on whether m6A modifications

differ in their impacts on different tumour subtypes. More in-depth

studies are needed to obtain answers for this question. The

regulatory mechanisms associated with the m6A modification

have been exhaustively explored in many types and different

pathological stages of gynaecological malignancies.

In conclusion, the study of the m6A modification has emerged

as a focal point of scientific inquiry, garnering significant attention

for its potential implications across various fields of research. It is

instrumental throughout the metabolic journey of mRNA, from its

synthesis in the nucleus to its translation and ultimate degradation

within the cytoplasm, thereby determining the ultimate fate of the

mRNA. Relative to other relevant reviews, this manuscript provides

an exhaustive examination of the relationship between the m6A

modification and the physiological and pathological aspects of the

female reproductive system. It encompasses a wide range of

conditions, from germ cell genesis and embryonic development to

benign and malignant diseases affecting female reproductive organs.

The hope is that the m6A modification will become a pivotal factor

in diagnosing and treating gynaecological conditions in the future.
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