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ABSTRACT

Female infertility is one of the least investigated forms of reproductive dysfunction. This review presents promising molecular
factors associated with infertility and analyzes the mechanisms involved in its manifestation and progression. Globally, up to
17.5% of couples experience infertility, which can negatively affect individual health and society as a whole. Female-related
factors account for approximately 37% of cases. The presence of numerous factors associated with chronic inflammatory
diseases of the reproductive system, including genetic and environmental influences, pose significant challenges for treatment
of this patient population. Epigenetic mechanisms represent promising targets for regulation. MicroRNAs (miRNAs) are short
non-coding RNA sequences that are approximately 18—25 nucleotides long. They regulate a wide range of various physiological
processes within the cell, including cell growth, signal transduction, apoptosis, and pathological processes. Several miRNAs,
including miR-324, miR-155, miR-335-5p, miR-9119, miR-23a, miR-27a, and miR-146b-5p, may be associated with female
infertility. The role of long non-coding sequences influencing the activity of key targets involved in granulosa cell maturation is
also highlighted. These factors have been shown to act as regulatory RNAs and mediate the decidualization of stromal cells.
Particular attention is given to circulating miRNAs such as let-7b, miR-29a, miR-30a, miR-140, and miR-320a.
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1 CBMpCKMiA rocynapCTBeHHbIN MeaULIMHCKIUIA YHuBepcuTeT, T. ToMck, Poccus;
2 HayyHo-MCCenoBaTENbCKUM MHCTUTYT OHKONOrMU — TOMCKUIA HaLMOHANbHbIA UCCTIE[I0BATENbCKUA MeAULIMHCKIIA LeHTp, T. ToMck, Poccus

AHHOTALUA

YeHckoe becrnnogme OTHOCUTCS K OHOM U3 HaMMeHee M3ydYeHHbIX GOpM penpoayKTMBHONM natonorun. B 063ope npepcras-
NeHbl NepCreKTUBHbIE MOMEKYNSPHbIE (aKTOpbI, CBA3aHHbIE C pa3BUTUEM becrnoams, NpoaHanM3vpoBaHbl MeXaHU3Mbl, y4a-
CTBYIOLUME B MaHMdecTaumm 1 NporpeccupoBaHum faHHoi natonorum. [lo 17,5% nap B Mupe cTankusalotca ¢ npobnemMamm
becnnoams, 4To MOXKET HeraTMBHO CKa3aTbCA Ha 3[,0pOBbE CaMUX Nap M obLecTBa B LenoM. eHckue GaKTopbl — NpuyKHa
npumepHo 37% cnydaes becnnoaus. Hannuue 6onbluoro KonmyecTsa aKkTopoB, aCCOLMMUPOBAHHBIX C Pa3BUTUEM XPOHUYECKUX
BOCMaUTENbHBIX 3aD0NeBaHui PeNpPOAYKTUBHOI CUCTEMBI, B T. Y. FEHETUYECKUX, a TaKKe (haKTOPOB BHELLHEN CPeAbl, ABNSET-
CAl CyLLLeCTBEHHOM CIOXKHOCTBIO B JIEYEHUM [AHHOW KaTeropuu NauMeHTOB. 3NUreHeTUYECKMe MexaHW3Mbl NPeaCTaBnslT Co-
Dol nepcneKTMBHbIE MULLEHU ans perynaunu. MukpoPHK — KopoTkue nocnenosatensHocTh Hekoampytowwein PHK npuMepHo
ot 18 no 25 Hykneotnaos. OHM TaKXKe OKa3biBakOT rMybOKoe BO3AECTBUE HA Pa3nMyHble (U3MONOrUYeCKMe NPOLLECCHI BHYTPU
KJIETKM, BKJT04AsA KNETOYHbIN pOCT, nepefady CUrHasoB, anonTo3 1 NaToNnorMyeckue npouecckl. miR-324, miR-155, miR-335-5p,
miR-9119, miR-23a, miR-27a u miR-146b-5p MoryT ObITb accoUMMpOBaHbI C pa3BUTUEM XeHcKoro becnioams. 0603HaueHa ponb
AJMHHBIX HEKOMPYIOLLMX NOCNe0BaTeNIbHOCTEN, BIMSIOLLMX HA aKTUBHOCTb KITIOUEBbIX MULLIEHEN, ONpeaensioLLMX CO3peBaHue
rpaHynésHbIX KneToK. loKasaHo, 4To AaHHble aKTopbl CNocobHbI BbICTYNaTh B KadecTse perynatopHoit PHK v onocpenosatb
Aeunoyann3aumio CTPOMabHbIX KNeToK. BoisiBneHo, uto ocoboe 3HaueHne npuaaétcs umpkynupylowmum MukpoPHK let-7b,
miR-29a, miR-30a, miR-140, miR-320a.
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BACKGROUND

Infertility is a disease of the reproductive system de-
fined as the inability to achieve a clinical pregnancy after
>12 months of regular unprotected sexual intercourse [1]. Up
to 17.5% of couples experience infertility worldwide, which
can negatively affect both individuals and society as a whole.
Female factors account for approximately 37% of infertility
cases [2].

In developed countries, the most common causes of fe-
male infertility are ovulatory disorders, occurring in 24.8% of
cases of female infertility [1]. Ovulatory disorders include hy-
pothalamic amenorrhea, polycystic ovary syndrome (PCOS),
hyperprolactinemic anovulation, and thyroid dysfunction [3].

Globally, approximately 15% of couples of reproduc-
tive age—at least 48.5 million—encounter difficulties con-
ceiving [3]. At present, this public health issue affects 20%-
30% of women of reproductive age. Approximately 10%—15%
of couples aged 20-45 years experience infertility [4—6]. Ac-
cording to the World Health Organization, infertility may affect
nearly 80 million women worldwide [7].

Infertility can become a hopeless challenge for couples,
leading to stress. Couples facing infertility are at higher risk
for developing serious mental health conditions, such as an-
xiety and depression, than healthy couples [8, 91.

Female infertility is described as infertility primarily
caused by female factors such as ovulatory dysfunction, di-
minished ovarian reserve, reproductive tract disorders, and
chronic diseases [7]. Primary female infertility is diagnosed
in women who have never given birth and secondary infertili-
ty in those who have previously had a live hirth or miscarriage
but are currently unable to achieve clinical pregnancy. In ad-
dition to physiological and age-related factors, conditions as-
sociated with the pathophysiology of the reproductive organs
and other factors such as environmental exposures and life-
style contribute to female fertility [10].

MOLECULAR AND BIOLOGICAL
MECHANISMS OF INFERTILITY

Currently, various factors are associated with impaired oocyte
maturation, including genetic causes and environmental in-
fluences [11]. However, recently, the condition of the immune
system has been of greatest interest to researchers [12]. For
example, in the peritoneal fluid of women with endometriosis,
increased levels of tumor necrosis factor alpha (TNF-a), inter-
leukin (IL)-6, and IL-8 have been observed [12]. In the uterine
cavity, cytokines stimulate prostaglandin production by endo-
metrial cells, leading to overexpression of other inflammatory
cytokines. Moreover, these cytokines initiate inflammatory re-
sponses, promote angiogenesis, and participate in tissue inju-
ry and regeneration. Excessive levels of cytokines may impair
follicular steroidogenesis and development, ovulation, and
implantation, adversely affecting the possibility of achieving
a natural pregnancy [12].
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Furthermore, lipid peroxidation plays a crucial role in in-
fertility-associated processes [2]. Physiological levels of re-
active oxygen species are critical for essential regulatory
functions in folliculogenesis, oocyte maturation, endometri-
al cycling, luteolysis, implantation, embryogenesis, and preg-
nancy maintenance via various signaling pathways.

Infertility is a heterogeneous condition, with genetic fac-
tors accounting for approximately 50% of all cases [10]. Next-
generation sequencing, including whole-genome sequenc-
ing and whole-exome sequencing (WES), has accelerated
the identification of potentially pathogenic variants (popula-
tion polymorphisms) and private mutations [13].

In their study, Wang et al. [14] identified the genetic causes
of oocyte maturation arrest (OMA), a disease that leads to fe-
male infertility and is a major cause of in vitro fertilization
failure. OMA can occur at different stages of meiosis, and se-
veral genes involved in key processes, such as homologous
recombination, spindle assembly, zona pellucida formation,
and translational repression, have been implicated in its de-
velopment [3].

Feng et al. (2016) conducted WES of five members of
a four-generation family, three of whom experienced infertili-
ty due to oocyte meiotic arrest at meiosis | [15]. Then, Sanger
sequencing of the candidate gene TUBB8 was performed on
DNA from these individuals, additional relatives, and mem-
bers of 23 other unrelated families affected by OMA. Conse-
quently, seven mutations in the primate-specific TUBB8 gene
were identified, which were responsible for meiosis | arrest
in 7 of 24 families. TUBB8 expression is unique to oocytes
and early embryos, wherein it represents nearly all B-tubulin
expressions. These mutations impair chaperone-mediated
folding and a/B-tubulin heterodimer assembly, disrupt mi-
crotubule behavior in cultured cells, alter microtubule orga-
nization in vivo, and lead to severe spindle assembly defects
and maturation arrest when manifested in mouse and human
oocytes. TUBB8 mutations induce dominant-negative effects
that impair microtubule behavior, meiotic spindle assembly,
and maturation in oocytes, resulting in female infertility [15].

Subsequently, Feng et al. (2016) sequenced TUBBS in
oocytes arrested during maturation [16]. Seven heterozygous
missense mutations and two homozygous mutations were
determined. These mutations caused in vitro folding defects,
varying degrees of microtubule disruption when expressed
in cultured cells, and impaired meiotic spindle assembly
in mouse oocytes at different extents. Some of the newly
identified TUBB8 mutations led to phenotypic variability. For
example, oocytes carrying one of the three missense muta-
tions (i.e., 1210V, T238M, and N348S) extruded the first po-
lar body. Moreover, these oocytes could be fertilized, although
the resulting embryos exhibited developmental arrest. The pa-
tient-derived oocytes were homozygous. Mutations that pre-
vent the expression of a functional TUBB8 polypeptide contain
identifiable spindles. Thus, Feng et al. expanded the pheno-
typic spectrum of oocyte dysfunction associated with TUBB8
mutations, emphasizing the independent nature of meiosis
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and human oocyte differentiation and broadening the group
of genetic disorders classified as tubulinopathies [16].

Chen et al. revealed a homozygous mutation in PATL2
in a consanguineous family with OMA at the prophase | stage
and biallelic PATL2 mutations in members of four additional
families. Furthermore, they attributed the phenotypic variabi-
lity in these patients to the extent of PATLZ dysfunction, with
more severe impairment resulting in oocyte arrest at earli-
er stages [17].

A research team from the American College of Medical
Genetics and Genomics hypothesized that genetic disorders
predispose individuals to infertility and subsequent medical
conditions. The exomes of 197 women with unexplained in-
fertility were sequenced to detect pathogenic and potential-
ly pathogenic gene variants. In four women (2%), pathogen-
ic or potentially pathogenic variants in BRCAT or BRCA2 were
found, indicating a high risk of breast or ovarian cancer [18].

In a study, Huang (2014) described a form of infertility with
autosomal recessive inheritance characterized by abnormal
oocytes lacking the zona pellucida. A homozygous frameshift
mutation in ZP1 was observed in six family members. In vitro
studies showed that defective ZP1 and normal ZP3 proteins
were distributed throughout the cell and were not expressed
on the cell surface. This indicated that aberrant ZP1 causes
ZP3 sequestration in the cytoplasm, preventing the formation
of the zona pellucida around the oocyte [19].

These findings were confirmed using mouse models with
the same mutations generated with the CRISPR/Cas9 gene-
editing system, allowing to conclude that ZP mutations ex-
hibit dosage effects that may cause female infertility in hu-
mans [20].

Further research focused on identifying candidate genes
that may cause meiotic arrest in mice when ablated but have
not yet been definitively associated with human infertility. Mu-
tations in numerous genes may lead to OMA. One such candi-
date is poly(A)-binding protein cytoplasmic 1-like (PABPCI1L),
which encodes a protein that binds to the elongated poly(A)
tail to stabilize polyadenylated messenger RNAs (mRNAs).
Female mice deficient in Pabpc1l are infertile; their oocytes
are dysmorphic, which fail to complete maturation due to im-
paired translational activation of maternal mRNAs [13].

Currently, noncoding nucleic acid sequences are gaining
attention [21]. Study of microRNAs provides new opportuni-
ties for the diagnosis, treatment, and prevention of disease.
Inhibited proliferation of granulosa cells (GCs) contributes
to abnormal follicular maturation [3]. It has been shown that
Inc-MAP3K13-7:1-dependent inhibition of DNA methyltrans-
ferase 1 regulates COKNTA/p21 gene expression and sup-
presses cell proliferation [22].

Extracellular Nucleic Acids and Their Role in the Patho-
genesis of Reproductive Organ Disorders

MicroRNAs (miRNAs) are short noncoding RNA sequen-
ces approximately 18—25 nucleotides in length. Although they
do not act as templates for protein synthesis, miRNAs are
crucial in gene expression regulation, influencing nearly half
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of all protein synthesis processes. Additionally, they induce
significant effects on various intracellular physiological func-
tions, including cell growth, signal transduction, apoptosis,
and pathologic processes [23].

MiRNAs can be detected within cells and in extracellular
fluids such as serum, plasma, urine, follicular fluid, and cere-
brospinal fluid. These molecules change in response to vari-
ous cellular states and may be biomarkers for screening and
predicting a wide range of diseases [24].

MiRNAs are present in various cells of the female repro-
ductive system; thus, dysregulation of their activity may im-
pair female reproductive potential [23]. They play a regula-
tory role in the uterine endometrium during the menstrual
cycle. Moreover, increasing evidence demonstrates a key role
of miRNAs in the proliferation and apoptosis of GCs, oocyte
maturation, and oocyte apoptosis [25]. Table 1 presents
the role of noncoding nucleic acid sequences in the devel-
opment of infertility. It highlights the involvement of miR-324
and miR-155 [26]. Notably, miR-155 expression was found
to be increases in the tissues of patients with PCOS. It has
been shown that miR-155 enhances the proliferation, migra-
tion, and invasion of KGN-derived GCs [26, 27].

Studies have shown differences in the number of ex-
pressed microRNAs between women with normal and those
with impaired reproductive function [27]. Additionally, dys-
regulation of microRNAs has been observed in various gyne-
cologic malignancies and female disorders associated with
infertility, such as PCOS, primary ovarian insufficiency, and
endometriosis [26].

Moreover, microRNAs may be useful for determining
the implantation window and improving outcomes of assis-
ted reproductive technologies. Patients with PCOS exhibit
lower miR-335-5p levels than those without PCOS. MiR-335-
5p downregulates SGK3 expression and stimulates granulo-
sa cell proliferation [28].

Upregulation of miR-9119 and miR-135a in the GCs of pa-
tients with PCOS may induce apoptosis [29]. In turn, miR-23a
and miR-27a induce granulosa cell apoptosis in vitro by acti-
vating the SMAD5-mediated FasL—Fas signaling pathway [30].

Liu et al. reported that miR-146b-5p is involved in the de-
velopment of PCOS in mice by yH2A phosphorylation suppres-
sion and Dab2ip/Ask1/p38-MAPK signaling pathway inactiva-
tion [20]. However, the role of miR-146b-5p in patients with
PCOS remains unclear. Decreased miR-146b-5p expression
has been observed in patients with PCOS [20].

The long noncoding RNA NEAT1 is retained in the nucle-
us, where it comprises a core structural component of sub-
nuclear organelles called paraspeckles [30]. It may regulate
transcription of numerous genes, including those involved
in cancer progression. The antisense long noncoding RNA
GNG12-AS1, located at the GNG12 gene locus, is considered
a regulator of G protein-mediated signaling pathways. Studies
have shown that GNG12-AS1 may influence signaling cascade
activity such as the AKT/GSK-3p/B-catenin pathway, there-
by affecting cell proliferation and migration [32]. It is believed
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Table 1. Non-coding nucleic acid sequences associated with infertility
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Type of sequence Mechanism of action Source
MicroRNA
miR-324 Regulate proliferation of KGN cells in PCOS. [25]
miR-155 Enhance proliferation, migration, and invasion of granulosa cells. [26, 271
miR-335-5p Decrease SGK3 expression and promote proliferation of granulosa cells. [28]
miR-9119 May induce apoptosis in granulosa cells of patients with PCOS. [29]
miR-23a Induce apoptosis in granulosa cells in vitro via activation of the SMAD5-mediated (301
miR-27a FasL-Fas signaling pathway.
miR-146b-5p Involved in PCOS pathogenesis in mice by suppressing yH2A phosphorylation and [20]
inactivating the Dab2ip/Ask1/p38-Mapk pathway.
Long noncoding nucleic acids
NEAT1 Produces long noncoding RNA (IncRNA), transcribed from the multiple endocrine [31, 32]
neoplasia locus. This IncRNA is retained in the nucleus and is a structural
component of paraspeckles. It may regulate transcription of numerous genes,
including those involved in cancer progression.
GNG12-AS1 Modulate the AKT/GSK-3p/B-catenin signaling cascade, crucial for cell division
and migration. Localized in extracellular exosomes.
ZEB2-AS1 Produce a spliced long noncoding RNA as a natural antisense transcript
corresponding to the 5’ UTR of zinc finger E-box binding homeabox 2 (ZEB2).
This transcript regulates ZEB2 expression and contributes to bladder cancer
progression.
LINC473 Participate in transcription, DNA matrix mediates decidualization of stromal cells [33]
through transcriptional regulation of PRL, IGFBP1, PGR, FOXO01, HOXA10, HOXATI,
and WNT4.
STAT3 Functions as a transcription factor. Its expression markedly increases
in endometrial stroma during decidualization, indicating its role in embryo
implantation.
Circulating nucleic acids
let-7b Expressed in granulosa and cumulus cells of mammalian and human ovaries; [35]
may predict blastocyst formation and growth.
miR-29a Highly expressed in rat uterus during embryo implantation. Expression is
regulated by blastocyst activation and uterine decidualization (regulatory role).
miR-30a Overexpression of miR-30a in cultured human granulosa cells enhances BCL2A]T,
IER3, and cyclin D2 expressions by suppressing FOXL2.
miR-140 Functions as a tumor suppressor, downregulated in breast cancer via ERa-
mediated signaling.
miR-320a Reflects the quantity and quality of mature oocytes; its intrafollicular expression

may vary with the quality of ovarian response in IVF patients.

Note: PCOS, polycystic ovary syndrome; IVF, in vitro fertilization.

to participate in G protein-coupled receptor-mediated sig-
naling cascades and has been detected in extracellular exo-
somes. ZEB2-AS1 encodes a spliced long noncoding RNA that
is a natural antisense transcript complementary to the 5’ un-
translated region(5’-UTR) of the zinc finger E-box binding ho-
meobox 2 (ZEB2) gene. This transcript regulates ZEB2 expres-
sion and may contribute to bladder cancer progression [31].

LINC473 functions as an RNA scaffold and mediates
stromal cell decidualization by regulating PRL, IGFBPI,
PGR, FOX01, HOXA10, HOXAT1, and WNT4 transcription [31].
STAT3 is a transcription factor whose expression in the en-
dometrial stroma markedly increases during decidualization
owing to its critical role in embryo implantation [33]. Human

endometrial epithelial cells provide a molecular environment
for blastocyst attachment by regulating the expressions of in-
tegrins, cadherins, and other adhesion molecules, contribu-
ting to the formation of a receptive endometrium [34].
Another class of markers includes circulating micro-
RNAs [34]. For example, let-7b is expressed in granulosa and
cumulus cells of mammalian ovaries, including those of hu-
mans, and may be a predictor of blastocyst formation and de-
velopment [35]. MiR-29a is highly expressed in the rat ute-
rus during embryo implantation; its expression is regulated
by blastocyst activation and uterine decidualization, indica-
ting a regulatory role [34]. Moreover, miR-30a is crucial in
oocyte maturation. lts overexpression in cultured human GCs
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promotes the expression of BCLZAT1, IER3, and cyclin D2 by
suppressing FOXL2 [35]. MiR-140 functions as a tumor sup-
pressor and is downregulated in breast cancer by ERa sig-
naling. MiR-320a reflects the quantity and quality of mature
oocytes, and its intrafollicular expression may be modula-
ted by the quality of ovarian response in patients undergoing
in vitro fertilization [35, 36].

CONCLUSION

Some noncoding nucleic acid fragments may play a critical
role in the development of female infertility. Investigating
the functions of these fragments and microRNAs in the con-
text of infertility may improve understanding of the mole-
cular mechanisms underlying this condition. Further studies
on the role of microRNAs in the development of infertility may
lead to novel diagnostic and therapeutic approaches.
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AOMO/JHUTE/IbHAA UHOOPMALIUA

Bknap, aBTopoB. M.M.A. — KoHUENTyanmM3aums, aHanms, pefakTMpoBaHie
pyKonwucuy, obLuee pykosorcTao; M.E.[l. — MeTogonorvs, Banuaauwms, uc-
CnefjoBaHue, co3aaHve YepHoBuKa; C.J1.B. — pepaktnpoBaHue pykonucy,
obuiee pyKoBoAcTB. Bee aBTopbl 0406puv pykonuce (Bepcuio Ans nybnu-
Kauum), a TaKKe COracunCh HeCTM OTBETCTBEHHOCTb 3a BCE acMeKThbl pa-
B0TbI, rapaHTVpys HafLNexXalliee PacCMOTPEHVE U PELLIEHME BOMPOCOB, CBSi-
3aHHbIX C TOYHOCTBIO U 0BPOCOBECTHOCTLIO Nioboi e& YacTu.

3Ttnyeckasn akcnepTusa. HenprMeHumo.

WcTounnkm dunaHcmposanus. OTcyTcTByioT.

PackpbiTe UHTepecoB. ABTOPLI 3aAB/AIOT 06 OTCYTCTBUW OTHOLLEHWI, Ae-
ATENbHOCTU W UHTEPECOB 3a NOCELHWE TPU MOAa, CBA3aHHbIX C TPETbUMM
mLaMK (KOMMEPYECKUMM 1 HEKOMMEPYECKUMM), UHTEPECHI KOTOPbIX MO-
rYT ObITb 3aTPOHYTHI COAEPIKAHMEM CTaTby.

OpuruHanbHoCTb. [1py C03AaHUM HaCcTOALLE PaboTbl aBTOPbI He UCMONb-
30Banv paHee 0nybnMKoBaHHbIE CBEAEHMS (TEKCT, UNMIOCTPALIMY, [laHHbIE).
JlocTyn K AaHHbIM. PefjaKUMOHHaA NOAMTUKA B OTHOLLEHWW COBMECTHOMO
CM0Mb30BaHNA AaHHbIX K HACTOALLIEN paboTe He MPUMEHNMA, HOBbIE [iaH-
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