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RESUME

The prevalence of recurrent pregnancy loss (RPL) in women ranges from 1to 5 %. Among
the known causes of RPL, the role of post-translational protein modifications (PTMP)
has been studied in recent years. These are protein structure transformations that com-
plete the formation of their molecule or participate in the regulation of the functions
of this molecule, catalyzed by specific enzymes.

The aim. To assess the role of PTMP in the pathogenesis of RPL, as well as to determine
potential biomarkers and therapeutic targets of RPL.

Material. A search of publications by keywords was conducted in the electronic data-
bases PubMed/MEDLINE and Google Scholar, published before December 2024.
Results. PTMB plays an important role in the processes of trophoblast invasion, en-
dometrial decidualization and embryo implantation, which makes them significant
for understanding reproductive dysfunction. The use of mass spectrometry to study
PTMB opens up new possibilities for the diagnosis and prognosis of RPL. Epigenetic
therapy of RPL demonstrates efficacy and a lower probability of side effects compared
to traditional methods. Despite significant prospects, research in this area is accom-
panied by difficulties associated with heterogeneity of terminology and ethical issues.
Conclusion. PTMB in the context of RPL can contribute to the improvement of diag-
nostic and therapeutic strategies in reproductive medicine. Further development
of methodologies for studying PTMB is needed.
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PE3IOME

PacnpocmpaHeHHOCMb  NpuUBbIYHO20 HesbiHAWUBAHUs 6epemeHHocmu  (ITHB)
y XeHWUH no scemy Mupy cocmassigsem om 100 5 %. Cpedu uzgecmHoix npu4quH [1Hb
8 Nociie0HuUe 200bl U3y4aemcs posie NOCMMPAHCAAYUOHHbIX MooupuKkayuli 6esKkos
(IMTMb) - npespaweHua cmpykmypbl 6e/1Ko8, 3asepliaroujue popMupo8aHuUe ux Mo-
JIeKyJ16l UNU ydacmeytoujue 8 pe2ynayuu yHKyut 3moul Mosiekysibl, U Kamanusupye-
Mble cneyuguyeckumu hepmeHmamul.

Leno. OueHums posb [NTMb 8 namoeexese [THb, a mak»e onpedenums NomeHyuasb-
Hble buomapkepol U mepanesmudeckue muwieHu [THb.

Mamepuan. [IpogedeH nouck nybukayuli No K/1ro4YessiM C/108aM 8 371eKMPOHHbIX
6azax 0aHHbix PubMed/MEDLINE u Google Scholar, onybnukosaHHbix 0o Oekabpsa
2024 2.

Pesynemamel. [TTMb uzparom 8axxHyto posib 8 npoueccax uHeasuu mpogobiacmad,
Oeyudyanusayuu 3HOOMempua U UMNIaHmMayuu 3mM6puoHa, Yymo Oesiaem UX 3HA-
YUMbIMU 019 NOHUMAHUA HApyweHul penpodykmusHoU (yHKYuu. Vicnone3osarue
macc-cnekmpomempuu 0715 ucciedosarus [NNTMbB omkpeigaem Ho8ble 803MOXHOCMU
014 duazHocmuku u npozHo3sa [MHb. SnuzeHemuyeckas mepanua [NHb demoHcmpu-
pyem 3¢hgheKmusHOCMb U MeHbUWYIO 8epOAMHOCMb NOOOYHbIX 3hghekmos no cpas-
HeHUlo ¢ MpAaocuyUOHHbIMU Memooamu. HecMompsa Ha 3Ha4umele nepcnekmusbl,
uccedo8aHua 8 amotli 067acmu conpo8oXOaromca MpyoOHOCMAMU, C8A3AHHbIMU
C HEOOHOPOOHOCMbIO MEPMUHOI02UU U SMUYECKUMU 80NPOCAMU.

3aknwyeHue. [ITMb 8 koHmekcme MHb moxem cnocobcmeosames yydweHUr0
oduazHoCcmMuYeckKux U mepanesmuyeckux cmpameauli 8 penpodykmusHol Meou-
yuHe. Heobxodumel daneHeliwue pazpabomku memodosioauli 0514 usyyeHus [NTMb.

Knioueenle cnoea: npusbidHoe He8bIHAWUBAHUE 6epeMeHHOCMU, NOCMMPAHC-
JIAYUOHHbIE MOduUKayuu 6esikos; MAcc-cNeKmpoMempus, 3nuz2eHemuyeckas
mepanus

Ona untuposBanusa: 3uraHwuH A.M., linkke 6., MycnHa A.M., baaHoBa P.P, ®ponos AJl.
MocTTpaHCnsUUOHHbIE MoardUKaLmy 6eNKOB 1 NX POJib B MPUBbIYHOM HEBbIHALIVIBAHWM
6epeMeHHOCTM: MPOrHO3bl U AnarHoctuka. Acta biomedica scientifica. 2025; 10(5): 38-51.
doi: 10.29413/ABS.2025-10.5.4
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INTRODUCTION

Recurrent pregnancy loss (RPL), or habitual mis-
carriage, is a woman'’s history of two or more clinical
pregnancy losses before 22 weeks of gestation, ac-
cording to Russian clinical guidelines [1]. The Europe-
an Society of Human Reproduction and Embryology
(ESHRE) defines RPL as two or more pregnancy loss-
es before 24 weeks [2]. The prevalence of RPL ranges
from 1 % to 5 %, but its true incidence is difficult to es-
timate due to heterogeneity in definitions and crite-
ria [3]. The etiology of RPL remains unresolved and in-
cludes many modifiable and non-modifiable factors.
Even after a thorough assessment of the etiology
and risk factors for RPL, up to 75 % of cases remain
unexplained [3].

Achieving satisfactory pregnancy outcomes
through available treatment methods remains a com-
plex and challenging process, particularly in cases
of unexplained recurrent miscarriages. Furthermore,
RPL causes significant suffering to many families
and results in serious socio-economic losses [3].

In recent years, the importance of post-transla-
tional modifications (PTMs) of proteins in various
physiological and pathological processes has become
known [4]. PTMs of proteins are transformations
of protein structure catalyzed by specific enzymes
that complete the formation of a protein molecule
or participate in the regulation of its functions. PTMs
of proteins are the process of adding or removing
chemical groups from amino acid residues in a poly-
peptide chain, which increases the functional diversi-
ty of proteins and is defined as modification of amino
acid side chains after protein synthesis [5]. These mod-
ifications influence cell growth and differentiation,
participate in maintaining the integrity of the cell cy-
cle and apoptosis, and regulate numerous biological
processes. Research into PTMs of proteins is actively
conducted in the context of oncological, cardiovascu-
lar, and metabolic diseases [6].

Pregnancy is the result of the interplay of mul-
tiple regulatory systems, and an abnormality at any
of these stages can lead to pregnancy termination.
Recent genetic studies have confirmed that the fre-
quency of aneuploidy in RPL and sporadic miscarriag-
es is not statistically significantly different. This in-
dicates that the underlying mechanisms of sporadic
miscarriage and RPL may be analogous [7].

PTMs of proteins play an important role in regulat-
ing embryo implantation, embryonic development,
placental formation, and the maternal and fetal im-
mune response, which is crucial for understanding
the pathological mechanisms of RPL [5]. Studying
PTMs of proteins may shed light on the role of mod-
ified proteins in the RPL pathogenesis and facili-
tate the development of more effective diagnostic/
prognostic tools and more targeted treatments.
However, the number of studies examining the role
of PTMs of proteins in RPL remains limited to date,
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and the data obtained are not systematized, which
serves as the basis for this review.

THE AIM OF THE REVIEW

To assess the role of PTMs of proteins in the patho-
genesis of RPL, as well as to determine potential bio-
markers and therapeutic targets of RPL.

MATERIALS AND METHODS

Publication search strategy

We searched PubMed/MEDLINE and Google
Scholar for publications. The search strategy includ-
ed the following keywords and their combinations
in Russian and English: nprBbiuHOe HeBblHaWMBaHKe
6epeMeHHOCTY; MOCTPAHCNALNOHHbIE MoaudbuKauum
6enKkoB; MMUKo3UNupoBaHue; ¢ocdopunnupoBaHue;
CyMOVNMpPOBaHue; YOUKBUTUHMPOBAHWE; METUINPO-
BaHWe; aueTUNMPOBaHNE; NAIbMUTOMANPOBaHMe; (mis-
carriage; pregnancy loss; posttranslational modifica-
tions; glycosylation; phosphorylation; sumoylation;
ubiquitination; methylation; acetylation; palmitoyla-
tion). The search was performed among studies pub-
lished up to December 2024.

All authors independently screened the titles
and abstracts of the identified articles. When relevant
studies were identified, the full text of the correspond-
ing article was retrieved. Duplicates and incomplete
versions of articles were excluded. Full-text versions
ofarticles were assessed for compliance with the follow-
ing inclusion criteria: the article was published in En-
glish or Russian between 2014 and 2024; it was pub-
lished in a peer-reviewed scientific journal; the article
is a literature review, experimental study, or clinical
trial that contains the specified keywords; the article
describes the role of the specific PTMs of proteins in re-
productive function.

RESULTS AND DISCUSSION

PTMs of proteins are a non-template process
and are responsible for the formation of multiple
protein forms. Approximately 400 types of PTMs
of proteins reactions are known, each affecting
a limited range of proteins. It has now been estab-
lished that protein synthesis does not end at the ri-
bosomes; afterward, the next stage of protein trans-
formation begins is processing, or PTMs of proteins.
After a peptide (protein) chain has been released
from the ribosome, it assumes its biologically ac-
tive form, i.e., folds in a specific manner. However,
this process is not always possible until the newly
formed polypeptide chain undergoes processing,
which is the final stage of protein biosynthesis.
PTMs of proteins occur in the rough endoplasmic



reticulum, where ribosomes are located on its sur-
face, as well as in the Golgi complex. The function-
al significance of PTMs of proteins reactions is that
they enable the activity of a protein or entire groups
of proteins to be controlled in response to the chang-
ing cellular requirements. The specificity of these
interactions opens up the possibility of selective-
ly influencing the processing and, consequently,
the function of specific proteins [8].

Advances in mass spectrometry over the past two
decades have significantly expanded the number
of known PTMs of proteins in biology, and as instru-
mentation continues to improve, this number is like-
ly to continue to grow. The following is a description
of some PTMs in proteins that have already been
studied in detail.

GLYCOSYLATION

Glycosylation is a common and complex pro-
cess in PTMs of proteins. It is based on a mechanism
through which certain amino acid residues in proteins
are linked to carbohydrates, forming glycosidic bonds
under the influence of enzymes called glycosyltrans-
ferases, which mediate various biological functions
and modulate protein activity [9].

There are several types of glycosylation, includ-
ing N-, O-, C-, S-, and P-glycosylation. Each type
of glycosylation has its own unique characteristics
and functions, and can influence the stability, longev-
ity and functional activity of proteins. These processes
are also important for cell adhesion and interactions
between cells in the immune system.

O-Glucosamination (O-GIcNAcylation) is a common
PTM of proteins that significantly influences the func-
tional properties of proteins. This process is regulat-
ed by two important enzymes: O-GIcNAc transferase
(OGT), which adds the glucosamine residue, and O-Glu-
cosaminase (OGA), which removes it. O-Glucosam-
ination plays a crucial role in maintaining genomic
stability, epigenetic regulation, regulation of protein
synthesis and degradation, metabolic pathways, sig-
naling cascades, and apoptosis. Research suggests
that OGT may be associated with various pathologies,
including adverse changes in fetal nervous system
development [10]. This emphasizes the significance
of O-Glucosaminylation in understanding not only typ-
ical physiological processes, but also the pathological
mechanisms underlying numerous diseases.

OGA expression is essential for embryon-
ic and fetal viability. In the study conducted by de
Lima Castro M. et al. (2023), an increase in perinatal
mortality was observed among experimental mice
with the OGA gene deleted. This phenomenon is like-
ly associated with the dynamics of circulating glucose
levels and a decrease in glycogen storage in the liver,
indicating the sensitivity of glycosylation to the meta-
bolic state of the body [11].
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Hypoxia that occurs during placental develop-
ment is one of the main causes of various pregnan-
cy complications, vascular placental abnormalities,
and miscarriage [12]. Increased O-Glucosamination
caused by OGA loss has a significant impact on pla-
cental function. This can lead to weakened vasculariza-
tion in the area between the mother’s blood vessels
and the placenta [13]. Ruane P.T. et al. suggested that
O-Glucosamination promotes accelerated trophoblast
differentiation [14]. Additionally, Liu J. et al. suggest
that cystathionine y-lyase (CSE) and nuclear receptor
subfamily 4, group A, member 3 (NR4A3) are activat-
ed by high levels of O-Glucosamination; this activa-
tion suppresses trophoblast syncytialization and leads
toH,S production [15].

O-Glucosamination serves as a key regulator
of transcriptional activity. Aquaporin-3 (AQP3) expres-
sion is enhanced by O-Glucosamination, which inter-
acts with transcription factor protein 1 (SP1). A decrease
in human placental trophoblast migration is observed
with AQP3 inhibition. One of the targets of O-Glucos-
amination at Ser40 is a histone H,A variant, which is es-
sential for trophoblast stem cell differentiation [16]. Hy-
poxia-inducible factor-1 alpha (HIF-1a) activity, which
is crucial for placental vascular development, increases
with decreased O-Glucosamination levels [17].

Placental growth and glucose and amino acid trans-
portare primarily controlled by two key protein kinases:
AMP - activated protein kinase (AMPK) and the mam-
malian target of rapamycin (mTOR). An important en-
zyme in the hexosamine biosynthetic pathway (HBP)
is fructose-6-phosphate amidotransferase, also known
as glutamine: fructose-6-phosphate amidotransferase
(GFAT). This enzyme plays a critical role in controlling
trophoblast proliferation via the PI3K/Akt/mTOR sig-
naling pathway, which is necessary for maintaining
optimal nutrient balance in the placenta [18].

AMPKregulates thelocalization, expression, and se-
lectivity of OGT. It has the ability to directly or indi-
rectly suppress mTOR activity and phosphorylate GFAT
protein, reducing its activity. In the human placenta,
it shapes the mTOR signaling pathway and maintains
OGT levels, thereby influencing trophoblast differen-
tiation [19].

Poor embryo quality and endometrial dysfunc-
tion are considered the main factors leading to RPL.
During oocyte maturation, OGA expression increases
and O-Glucosamination levels decrease. O-Glucosami-
nation improves cell proliferative, migratory, and inva-
sive abilities, as well as cell adhesion, which facilitates
successful embryo implantation by regulating endo-
metrial receptivity [20].

There is evidence that O-Glucosamination may
be associated with the development of chronic in-
flammatory processes in the placenta. Dysfunction
inthe regulation of the hexosamine signaling pathway
(HSP) and O-Glucosamination may be the mechanism
responsible for the embryotoxic effects caused by hy-
perglycemia [21]. Therefore, reduced glycosylation
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of the prominin-1 protein may also negatively impact
the ability of the blastocyst to implant in the uterus.

N-glycosylation. Within the context of N-glycosyla-
tion, the most active enzymes are N-acetylglucosamine
transferases V (GnT-V) and lll (GnTlIl). Although the role
of GnT-lll during pregnancy in healthy women and RPL
has not been fully elucidated, GnT-V is believed to in-
fluence trophoblast invasion by altering 1,6-GIcNAc
levels on integrin a5B1. N-glycosylation, a key regula-
tor of intercellular communication, plays an important
role in the normal function of the immune system.

Yu M. et al. found that N-glycosylation influences
endometrial receptivity [22]. Some studies have also
shown that alpha-1,3-mannosyltransferase (ALG3)
and components of the oligomeric Golgi complex
5 (COG5) may lead to congenital disorders of glyco-
sylation [23, 24]. These glycosylation mechanisms may
be closely linked to the pathogenesis of RPL.

Protein O-fucosylation. Protein O-fucosyltrans-
ferase 1 (poFUT1) is a key enzyme that catalyzes
the O-fucosylation of proteins that affect embryo
implantation. This enzyme regulates cyclin protein
production and activates the MAPK and PI3K/Akt sig-
naling pathways, which promotes trophoblast prolif-
eration [25]. Epiregulin enhances poFUT1 expression
by increasing the O-fucosylation of plasminogen acti-
vator and activating the PI3K/Akt signaling pathway.
This, in turn, promotes the epithelial-mesenchymal
transition (EMT) of the trophoblast and improves em-
bryo implantation.

PoFUT1 also positively correlates with O-fucosyla-
tion of the Notch1 molecule within certain limits. A de-
crease in poFUTT1 activity is accompanied by a decrease
in Notch1 activity, which leads to a decrease in the tran-
scriptional activity of prolactin and insulin-like growth
factor binding protein-1 (IGFBP1), as well as to impaired
decidualization of endometrial stromal cells [26]. Fu-
cosyltransferase IV (FUT4) plays an important role
in the biosynthesis of al,3-fucosylated glycans car-
ried by glycoproteins. The miR-200¢/FUT4/a-1,3-fuco-
sylation (LeY)/CD44/Wnt/B-catenin signaling cascade
significantly contributes to uterine receptivity. MiR-
200c inhibits a-1,3-fucosylation, while LeY activates
CD44 by interacting with FUT4, leading to inhibition
of the Wnt/B-catenin signaling pathway and decreased
endometrial receptivity [27].

Thus, protein glycosylation significantly influenc-
es the functions of trophoblast, decidual stromal cells,
and decidual immune cells, playing an important role
in maintaining immunological tolerance during preg-
nancy. Therefore, studies of protein glycosylation
processes are of significant interest in understanding
the immunopathogenesis of RPL.

PHOSPHORYLATION

Phosphorylation is the most common modifica-
tion of PTMs in proteins. It has been suggested that
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abnormal placentation or impaired trophoblast inva-
sion may be the main causes of RPL in women [28].
Decreased endometrial plasticity is also associated
with RPL. Patients with RPL exhibit a significant de-
crease in the expression levels of exocyst complex
component 2 (SEC5) in decidual macrophages, which
inhibits M2 polarization and STAT6 phosphorylation
[29]. M2 cells, in addition to reducing the inflamma-
tory response, play an important role in tissue repair
and maintaining fetal immune stability throughout
pregnancy.

Extravillous trophoblasts (EVT) are actively stim-
ulated to proliferate and invade when decidual mac-
rophages polarize into M2 in vitro. Formyl peptide
receptor 2 (FPR2) can regulate trophoblast func-
tions through the PI3K/AKT signaling pathway [30].
The ability of EVTs and primary cell lines to migrate
and invade is significantly reduced by high levels
of ezrin protein and its activated phosphorylat-
ed form. According to Gao L. et al.,, increased levels
of trophoblast-produced lactic acid in the decidua
of women with RPL can induce macrophage polar-
ization in M1, which occurs via the HIF-1a/SRC/LDHA
pathway. RPL is also associated with abnormal 3-in-
tegrin expression [31].

Cai X. et al. demonstrated that phosphorylat-
ed Nur77 protein controls endometrial receptivity
via the PB3-integrin/FAK pathway [32]. STAT3 hyper-
phosphorylation is observed in RPL, which inhibits
the proliferation of regulatory T lymphocytes (Treg)
and reduces the secretion of transforming growth
factor (TGF)-1B and interleukin (IL)-10 [33]. High lev-
els of SPARCL protein are responsible for decreased
ERK phosphorylation and Fos and Jun expression,
which suppresses EVTs migration and invasion [34].
By suppressing STAT3 phosphorylation, insufficient
indoleamine 2,3-dioxygenase (IDO) activity can impair
trophoblast proliferation and migration, ultimately
leading to RPL.

The activity of various signaling pathways is regu-
lated through modifications in phosphorylation. Due
to the significant impact of protein phosphorylation
on most vital processes, it is crucial to develop meth-
ods for targeting specific phosphorylated molecules.
Continued developments in phosphorylation technol-
ogy and research are opening up new opportunities
for the diagnosis and treatment of RPL.

SUMOYLATION

Sumoylation involves the addition of small
ubiquitin-like modifiers (SUMO) to specific targets
in a covalent and reversible manner. Four differ-
ent SUMO subtypes have been identified. Notably,
they appear to exhibit spatial specificity: SUMO-1
is localized to the nuclear envelope of oocytes, while
SUMO-2 and SUMO-3 are located intranuclearly.
During meiosis, SUMO-1 is predominantly localized



to the spindle poles, while SUMO-2 and SUMO-3 are
concentrated in the centrosome [35]. These obser-
vations suggest a specific role for SUMO in oocyte
development.

Sumoylation is regulated by the sentinel-specific
protease (SENP) family [35]. Septin2 can be modified
by SUMO; septins are required for chromosome con-
gression and meiotic progression [35].

Jones K.T. noted that if securin remained un-
changed, meiotic progression via the anaphase-pro-
moting complex (APC) would be hampered [36].
In transgenic mouse models, knockdown of the desu-
moylation enzymes SENP1 and SENP2 results in preg-
nancies with nonviable embryos, as well as abnormal
placental trophoblast differentiation and cell prolif-
eration [37]. Yu H.l. et al. found that SENP2-mediated
extraembryonic and embryonic development requires
SUMO2/3 [38]. A study conducted by Huang C.J. et al.
showed that SENP7 deficiency results in progressive
embryonic transformation, with these embryos exhib-
iting varying degrees of DNA damage and difficulty
in progressing to the blastocyst stage [39]. Sumoyla-
tion is essential for oocyte maturation and is critical
for controlling the activity of cytoskeletal proteins [40],
but its specific molecular mechanism remains unclear.
Studies have shown that the absence of UCB9 in chick-
en cells leads to the cumulative accumulation of chro-
mosomal abnormalities [41]. Nacerddine K. et al. noted
that embryos lacking UCB9 died due to chromosome
segregation defects [42].

Polo-like kinase 1 (PLK1), a member of the polo-like
and serine/threonine kinase family, plays an important
role in the phosphorylation of serine-137 and thre-
onine-210, which significantly affects the activity of spin-
dle checkpoints. PLK1’s function in organizing micro-
tubules and spindle poles is linked to SUMO-1, and its
localization and kinetochore function in PLK1 are modi-
fied and regulated by SUMO-2/3 [43].

Errors in egg meiosis and cell cycle regulation
can predispose eggs to aneuploidy, potentially lead-
ing to miscarriage. Thus, SUMO studies provide
a new theoretical basis for screening euploid embryos,
thereby expanding our understanding of embryonic
development.

UBIQUITINATION

Ubiquitination is a post-translational modifica-
tion process that involves the covalent attachment
of ubiquitin to target proteins through a series of en-
zymatic reactions. Ubiquitination regulates various
cellular processes, such as DNA repair, the cell cycle,
autophagy, and transcriptional regulation. The en-
zymes responsible for ubiquitination are divided into
three classes: ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2), and ubiquitin li-
gases (E3). These enzymes are responsible for the ac-
tivation, binding, and ligation of ubiquitin, ensuring
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the normal course of ubiquitination. E1 proteins acti-
vate ubiquitin using ATP, with UBA1 being a member
of the E1 family and playing a key role in fertilization.
E2 proteins determine the specific mode of ubiqui-
tin chain attachment, while E3s link a target protein
to a specific E2, allowing for the selection of the type
of protein that is ubiquitinated. Deubiquitinating en-
zymes (DUBs) include several classes, such as ubig-
uitin-specific proteases (USPs), ovarian tumor prote-
ases (OTUs), ubiquitin carboxyl-terminal hydrolases
(UCHs), Josephin/MPN domain-associated metallo-
peptidases (JAMMs), and monocyte chemotactic pro-
tein-inducible proteins (MCPIPs) [44].

USP25 and USP36 are members of the deubiqg-
uitinating enzyme (DUB) family. A study conducted
by Ding J. et al. showed that USP25 levels are reduced
in placental villous tissue from patients with RPL.
The miR-27a-R3p/USP25 axis may influence tropho-
blast migration and invasion by controlling down-
stream Wnt signaling [45]. This finding highlights
the importance of USP25 in the process of trophoblast
invasion and possible mechanisms through which
it participates in the RPL pathogenesis.

Furthermore, it has been suggested that anoth-
er deubiquitinating enzyme, USP2a, may deubiquiti-
nate B-catenin, thus promoting trophoblast invasion
through the PI3K/Akt/GSK3[/B-catenin pathway [46].
Collectively, these findings suggest a potential role
for USP2a in the regulation of processes essential
for normal trophoblast development.

USP36, through its regulation of DHX33-DEAH
box RNA helicase, significantly contributes to ribo-
somal RNA synthesis and mRNA translation. Addi-
tionally, it controls nucleolar activity through deubig-
uitinization of proteins such as nucleophosmin/B23
and fibrillarin. USP36 deficiency at the morula stage in-
duces apoptosis, which, in turn, can cause preimplan-
tation death [47]. These data highlight the importance
of DUBs in regulating key processes in reproductive bi-
ology and indicate their potential role in reproductive
disorders.

E3 ubiquitin ligases are key components
of the ubiquitin-protease system, playing an im-
portant role in the regulation of invasion and mi-
gration of human placental trophoblasts. Such E3
ligases include B-TrCP, Fbxw8, Cullin family proteins,
and Cbl family proteins. These ligases are involved
in the control of the trophoblast cell cycle, includ-
ing apoptosis, proliferation, and differentiation.
Trophoblast apoptosis is regulated by proteins such
as Mcl-1 and MDM2, while proliferation and differen-
tiation depend on Fbxw8 [48]. MDM2 is also required
for maintaining cell cycle integrity, highlighting its
importance in cellular regulation. Underregulation
of SKP2 protein in decidual tissue has been associat-
ed with RPL.

Wu L. et al. suggest that MALAT1, an antisense
transcript associated with lung adenocarcinoma
metastasis, may recruit an E3 ligase to participate
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in trophoblast invasion [49]. Furthermore, E3 ubiquiti-
nation of MIB2 plays an important role in the control
of oocyte meiosis by activating DLL3, which regulates
oocyte meiosis through the AKT pathway [50].

Oocyte maturation is closely linked to oocyte
ubiquitination processes, which play an important
role in the regulation of meiosis. Cyclin B1 is a pro-
tein essential for this process. Ubiquitination of Be-
clin 1, an important regulator of autophagy, promotes
Vps34 activity, but the Wiskott-Aldrich syndrome
protein (WASP) inhibits Beclin 1 ubiquitination, lead-
ing to Vps34 inactivation and inhibition of autophagy
[51]. Furthermore, it was recently found that Inc-HZ08
promotes PI3K ubiquitination and degradation, which
suppresses trophoblast growth through activation
of the PI3K/pAkt/p21/CDK2 pathway, which in turn can
lead to miscarriage [52].

Another study found that an OTU deubiquitinase,
which has specificity for linear linkages, can activate
the linear ubiquitin chain assembly machinery (LUBACQ).
This mechanism prevents autoubiquitination, which
is associated with linear polyubiquitin, and is linked
to cell death and type | interferon production [53]. Im-
portantly, many physiological processes in the body,
such as autophagy, cellular metabolism, and apopto-
sis, are mediated by protein ubiquitination.

However, despite significant progress in under-
standing the role of ubiquitination in various cellu-
lar processes, further research is needed to identify
the impact of ubiquitination on RPL and potential
therapeutic options.

METHYLATION

Protein methylation is an enzymatic process
in which methyl groups are transferred to specif-
ic amino acid residues in proteins. Common targets
for methylation include lysine, arginine, histidine, cys-
teine, and asparagine. This modification can influence
protein function, their interactions with other mole-
cules, and the regulation of various cellular processes.

Lysine residues can undergo different levels
of methylation: monomethylation, dimethylation,
and trimethylation. Conversely, arginine residues can
be monomethylated, as well as symmetrically or asym-
metrically dimethylated. These differences in the meth-
ylation process influence the functional properties
of proteins and their roles in cellular processes.

Protein methylation can be classified into two
main categories depending on which proteins are
modified: histone and non-histone. Histone methyla-
tion is largely associated with the regulation of gene
transcription, as it influences chromatin structure
and the accessibility of DNA to transcription ma-
chinery. Non-histone methylation, in turn, affects all
proteins and plays a crucial role in various cellular
functions, including transcriptional signaling, the cell
cycle, and metabolism.

Non-histone methylation, regulated by protein ar-
ginine methyltransferases (PRMTs) and protein lysine
methyltransferases, is an important mechanism that
influences cellular signaling pathways, protein sta-
bility, and mRNA translation, and is involved in many
critical biological processes. Arginine methyltransfer-
ase 1, 3, and 6 have been identified within the female
reproductive system, indicating their potential role
in the regulation of reproductive functions [54].

Studies have shown that PRMT1 plays a crucial
role in repairing damaged DNA, and mouse embryos
that have lack of this protein do not survive. The ab-
sence of PRMT3 also leads to reduced embryo size
and delayed growth and development [55]. These
data indicate that arginine methyltransferases play
a critical role in normal embryonic development
and may be associated with RPL.

Research has shown a link between PRMT3, asym-
metric dimethylarginine (ADMA), and nitric oxide
(NO), where ADMA, by inhibiting nitric oxide synthase
(NOS), is formed as a result of arginine methylation
in PRMT proteins [56]. A recent study has shown that
women with RPL have reduced NOS activity com-
pared to control subjects. This may adversely affect
pregnancy outcomes [56].

Furthermore, methylation of CXC, Rab,
and CAAX proteins is completed by a reaction cata-
lyzed by isoprenylcysteine carboxylmethyltransfer-
ase (LCMT). Studies have shown that LCMT-deficient
embryos die during the middle stages of gestation.
However, the precise mechanism through which LCMT
affects embryonic development is still not fully under-
stood [57].

Histone methylation plays a crucial role
in the regulation of gene expression and mainte-
nance of genomic stability, which in turn significantly
affects the embryonic development prior to implan-
tation. The methylation of histones such as H3K4,
H3K27, H3K9, and H3K36 is associated with important
processes that occur during the early stages of mam-
malian embryonic development [58]. Methylation
of the H3K9 residue, in particular, is involved in main-
taining genomic stability and in repressing the ex-
pression of cell type-specific genes. Abnormalities
in H3K9me3 reprogramming may lead to impaired ge-
nomic activation in zygotes, highlighting its impor-
tance for proper embryonic development [59]. G9a,
a key enzyme responsible for H3K9 methylation, plays
animportant role in processes associated with hypox-
ia, cancer, and early embryonic development. Studies
have shown that G9aMT expression and methylated
histone H3-K9 levels were significantly lower in fresh
endometrial decidual tissue from women with RPL
compared to average levels [60]. However, it remains
unclear how exactly H3-K9 methylation levels and G9a
activity relate to RPL. Understanding this interac-
tion may be critical for developing new approaches
to diagnosing and treating conditions associated
with RPL. Further research in this area is required



to clarify the precise mechanisms of histone methyla-
tion in relation to reproductive biology and its influ-
ence on pregnancy outcomes.

DNA methylation has been suggested as a po-
tential mechanism that contributes to RPL devel-
opment [61]. However, histone H3K27 methylation
also plays a significant role in DNA methylation-in-
dependent processes associated with imprinting.
Specifically, the H3K27me3 modification modulates
gene expression by suppressing its activity and in-
fluencing cellular differentiation, as well as contrib-
uting to the development and progression of vari-
ous diseases.

During embryonic development, dynamic chang-
es in H3K27me3 may indicate the choice of cellular
differentiation pathways. This marker is also involved
in the regulation of bivalent genes, maintaining
the pluripotency of embryonic stem cells. H3K27me3
has been identified as an imprinting marker, XIST,
which plays an important role in X-chromosome inac-
tivation [62].

Interestingly, loss of H19/IGF2 imprinting has been
observed in the decidua of patients with RPL. This dis-
crepancy appears to be closely linked to a deficiency
in the inhibitory histone marker H3K27me3 [63]. This
methylation imbalance may indicate a potential pre-
disposition to RPL.

Fatima N. et al. used a structural equation mod-
el to substantiate the correlation between methyl-
transferases and embryonic development in patients
with RPL [64]. Such studies highlight the complexity
of the molecular mechanisms associated with methyl-
ation and demonstrate that methylated protein mod-
ifications may have unpredictable hidden implica-
tions for RPL therapy. This opens up new perspectives
for developing treatment approaches and understand-
ing the causes of RPL.

ACETYLATION

Acetylation is the process of transferring acetyl
groups to the lysine residues or N-terminus of a protein.
This mechanism is particularly important in regulat-
ing histone activity, where histone acetyltransferases
and deacetylases (HDACs) maintain cellular homeo-
stasis. Histone acetylation is associated with the acti-
vation of gene expression, while deacetylation often
leads to gene silencing.

Studies have shown that inhibiting HDAC en-
zyme activity with trichostatin A may limit tropho-
blast invasion. Moreover, trichostatin A also pro-
motes decidualization of endometrial stromal cells,
which is essential for maintaining normal reproduc-
tive function [65].

Histone acetylation is a crucial process that reg-
ulates cytokine expression. ATP citrate lyase (ACLY)
is an important regulator of this process. A study con-
ducted by Chen X. et al. showed a significant decrease
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in ACLY levels in the chorionic villi of placentas in pa-
tients with RPL compared to the control group. This
decrease leads to inhibition of histone acetylation
and causes an imbalance in the ratio of M2 and M1
macrophages, which may negatively affect immune re-
sponses in the placenta [66].

Additionally, Wang P. et al. noted that patients
with RPL have decreased HDAC levels in chorionic
villiand increased transcriptional activity of the tran-
scription factor EB (TFEB). Increased TFEB activity
leads to excessive activation of autophagy, which
may suppress trophoblast growth [67]. This sug-
gests that disturbances in acetylation mechanisms
and their regulators may contribute to the develop-
ment of RPL.

Class |HDACs (histone acetyl-independent deacety-
lases), including HDAC1, HDAC2, HDAC3, and HDACS,
play important roles in preimplantation embryonic de-
velopment and other vital processes such as checkpoint
activation and DNA repair. These enzymes are involved
in maintaining DNA methylation homeostasis and reg-
ulating gene expression, which is critical for normal em-
bryonic development. HDAC1 and HDAC2 promote ge-
nome-wide DNA methylation; embryos with impaired
function of these HDACs are destined to die at the mor-
ula stage [68]. This underscores theirimportance in ear-
ly embryonic development, when proper methylation
is essential for normal cellular differentiation and ge-
nomic stability.

HDACS3 deficiency also has consequences: as shown
in a study conducted by Bhaskara S. et al., its deficien-
cy leads to prolongation of the S-phase of the cell cy-
cle and DNA damage [69]. This suggests that HDAC3
has a critical role in cell cycle control and maintaining
genomic integrity in cells.

Furthermore, a study conducted by Kim T.H. et al.
noted decreased HDAC3 expression in the uterus
of patients with endometriosis-induced infertility
[70]. This opens up new perspectives for understand-
ing the connection between changes in HDAC activity
and reproductive disorders, which could lead to signif-
icant insights into the development of new therapeu-
tic approaches.

Overall, these data highlight the critical impor-
tance of class | HDACs for embryonic development
and reproductive function, as well as the need for fur-
ther study of their role in RPL.

Non-histone acetylation is an important pro-
cess in which acetyl groups are attached to ly-
sine residues of proteins other than histones. This
process is carried out by lysine acetyltransferases
(KATs) and lysine deacetylases (KDACs), which play
a key role in regulating protein functionality in cells
[71]. KAT families can be classified into three main
groups: GCN5, CBP/p300, and MYST, each with its
own specific functions and mechanisms of action.
These enzymes are involved in the acetylation
of various proteins, including transcription factors,
enzymes responsible for metabolism, and proteins
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involved in cell signaling, thereby influencing
a variety of cellular processes. Lysine deacetylases
(KDACs), on the other hand, are divided into two
main classes: Zn?**-dependent and NAD*-dependent
sirtuin deacetylases. Zn?**-dependent KDACs, such
as HDAC1 and HDAC2, play a role in deacetylation,
leading to the suppression of gene expression,
while NAD*-dependent sirtuin deacetylases (e.g.,
SIRT1) regulate various cellular processes, includ-
ing metabolism and aging. Although KAT and KDAC
have been studied, many aspects of their interac-
tions with specific substrates and the mechanisms
they use to regulate protein functionality remain
uncertain [71]. Further research in this area is ex-
pected to better understand the role of non-histone
acetylation in various physiological and pathophys-
iological processes, including RPL.

Thediscoveryofa-tubulinacetylationandthetran-
scription factor p53 has been an important step in our
understanding of the role of non-histone acetylation
in cellular processes. For example, post-ovulatory
oocyte aging is associated with abnormal a-tubulin
acetylation, which may impact female fertility [72].
Studies have shown that defects in a-tubulin acetyl-
ation mechanisms lead to impaired meiotic spindle
assembly in oocytes and sperm, thereby reducing
fertility and contributing to abnormalities in the mor-
phology of female and male gametes. These findings
suggest specific aspects that are relevant to germ
cells [73].

KAT6A, a lysine acetyltransferase, plays an im-
portant role in regulating the expression of a number
of developmental genes, including genes responsible
for the formation of the heart and nervous system
[74]. Abnormal protein acetylation has also been ob-
served in infants with congenital heart defects [75].

Studies of mitochondrial deacetylases, such
as Sirt3, have shown that they can modulate oxidative
stress in blood vessels and exert a protective effect
on endothelial function [76].

Therefore, numerous studies highlight that acetyl-
ation significantly influences embryonic development
through transcription, translation, and protein inter-
action mechanisms. These processes may play a cru-
cial role in RPL development, providing new theoret-
ical foundations and approaches for further research
in this area. Understanding the impact of non-histone
acetylation on reproductive health creates new oppor-
tunities for the development of therapeutic approach-
es aimed at improving pregnancy outcomes and off-
spring health.

PALMITOYLATION

Palmitoylation, or S-palmitoylation, is an important
PTM in proteins that results in the addition of palmitic
acid to proteins. This process is mediated by enzymes
such as palmitoyltransferases and depalmitoylases.
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Palmitoylation influences the subcellular localization,
stability, and functional activity of proteins, which
in turn may play a critical role in cellular signaling
and homeostasis [77]. This modification is particular-
ly important for regulating cellular activity, includ-
ing cell differentiation and apoptosis. Understanding
the mechanism of palmitoylation may aid in the devel-
opment of new therapeutic approaches for the treat-
ment of these pathologies.

Interestingly, some studies have found a direct
correlation between RPL and the palmitoylation pro-
cess [78-80]. This may open up new horizons for study-
ing the mechanisms underlying RPL and facilitating
the search for new solutions.

THE POTENTIAL OF PTMs IN PROTEINS
IN THE PREDICTION OF RECURRENT
PREGNANCY LOSS

Omics technologies, including genomics, epig-
enomics, transcriptomics, proteomics, and metabolo-
mics, provide a holistic and comprehensive approach
to studying biological systems. Proteomics, which
includes the study of PTMs in proteins, the subject
of this review, is the systematic and comprehensive
study of the types, structures, and functions of pro-
teins expressed within cells or tissues. Proteomic
methods used to analyze PTMs in proteins can be di-
vided into antibody-based and mass spectrometry
(MS)-based analyses. Protein microarrays, immuno-
histochemistry, and Western blotting have demon-
strated widespread popularity as effective tools
for antibody-based analysis of PTMs in proteins. MS-
based analysis is also a powerful method for study-
ing PTMs in proteins. However, most proteomic
studies investigating RPL have been performed us-
ing 2D-DIGE or quantitative methods such as iTRAQ
in combination with MS-based approaches. Through
the investigation of the relative associations between
protein modifications and physiopathological chang-
es, biomarkers for disease diagnosis can be identified.
By examining and integrating data obtained through
various omics approaches, it is possible to uncover
and gain a more profound understanding of underly-
ing molecular interactions and their related longitu-
dinal effects [6, 15].

Although RPL pathogenesis is somewhat under-
stood, specific diagnostic biomarkers and potential
regulatory targets for RPL have not been identified.
Therefore, researchers have carried out various omics
studies using decidual tissue, villous tissue, and blood
from patients with RPL. Several studies have so far pro-
vided insight into the potential use of PTMs in proteins
markers for RPL prognosis.

OPG and Syndecan-1 transcript and protein expres-
sion, which were significantly lower in decidual sam-
ples from women with RPL than in women with normal
pregnancies, are likely markers of RPL [6, 15].



PTMs IN PROTEINS AND NEW APPROACHES
TO THE TREATMENT OF RECURRENT
PREGNANCY LOSS

Epigenomics, the study of epigenetic modifica-
tions at the genome level, is closely related to PTMs
in proteins. The most important and well-studied
epigenetic modification is DNA methylation. Current
epigenetic studies of RPL primarily focus on DNA
methylation [54-57]. Epigenetic mechanisms are
well-established in fetal and maternal pathophysi-
ology. A new RPL risk gene, CREB5, was identified,
and Yu M. et al. showed that its hypomethylation
increased its expression and caused trophoblast
cell dysfunction, leading to recurrent pregnancy
loss [22]. Environmental factors that cause CREB5
hypomethylation should be the focus of further re-
search, as this may suggest approaches to causal
interventions to prevent RPL [22]. Epigenetic ther-
apy involves the application of medications or oth-
er methods to target these epigenetic processes.
Methylation analyses have identified new molecular
targets for epigenetic therapy. In therapeutic ap-
proaches, dCas9 may serve as a targetable platform
for various effector proteins. However, given the cur-
rent limitations, only a few epigenetic medications
have been introduced into clinical practice so far.
Further research into the field of epigenetic therapy
is therefore required.

CONCLUSION

PTMs in proteins play a significant role
in the pathophysiological mechanisms of RPL, affect-
ing processes such as trophoblast invasion and im-
plantation. The use of mass spectrometry has provid-
ed new opportunities for their investigation, allowing
for the identification of post-translational modifi-
cations that can be used as biomarkers. Epigenetic
therapies may offer more targeted and fewer adverse
effects compared to conventional RPL treatments,
emphasizing the need for continued research into
the relationship between PTMs in proteins and re-
productive health. However, research in this area fac-
es challenges, including inconsistent terminology
and ethical concerns, which hinder scientific collabo-
ration and require the development of new method-
ologies to better understand this field.
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