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Abstract

The placenta is essential for a successful pregnancy and healthy intrauterine development in mammals. During human preg-
nancy, the growth and development of the placenta are inseparable from the rapid proliferation, invasion, and migration of
trophoblast cells. Previous reports have shown that the occurrence of many pregnancy disorders may be closely related to the
dysfunction of trophoblasts. However, the function regulation of human trophoblast cells in the placenta is poorly understood.
Therefore, studying the factors that regulate the function of trophoblast cells is necessary. MicroRNAs (miRNAs) are small,
non-coding, single-stranded RNA molecules. Increasing evidence suggests that miRNAs play a crucial role in regulating
trophoblast functions. This review outlines the role of miRNAs in regulating the function of trophoblast cells and several

common signaling pathways related to miRNA regulation in pregnancy disorders.

Keywords MicroRNAs - Trophoblast cells - Placenta - Pregnancy disorders

Introduction

The placenta is the first organ for human development and
is of great importance for transporting nutrients and oxygen
between the mother and fetus [1, 2]. It has been reported
that trophoblast cells are the main cells in the placenta [3].
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The term “trophoblast” was first used in 1889 to describe
the cells that exchange materials between the mother and
fetus [4]. So far, trophoblasts have been extensively studied
in vivo and in vitro. During human pregnancy, first, human
embryonic cells differentiate into two types of cells, namely,
inner cell mass (ICM) and trophectoderm (TE). Then, they
develop into the embryo and the key part of the placenta,
respectively [5]. In the human placenta, TE differentiates
into trophoblast stem cells (TSCs), which further differenti-
ate into a type of highly proliferative cell population called
cytotrophoblasts (CTBs) [6]. On the one hand, rapidly pro-
liferating CTBs form syncytiotrophoblast (STB) through cell
fusion to transport oxygen and nutrients from maternal blood
[7, 8]. On the other hand, the rapidly proliferating CTBs
break away from the STB layer, invade the maternal endo-
metrium and myometrium, and differentiate into invasive
extravillous trophoblast cells (EVTs) [9], which then reshape
the artery and widen the diameter to ensure that the fetus has
sufficient blood supply [10-13].

Trophoblast cells have a variety of biological functions,
including invasion, proliferation, migration, differentia-
tion, apoptosis, autophagy, pyroptosis, ferroptosis, cellular
metabolism, and angiogenesis [14]. Trophoblast cell func-
tion maintenance plays a key role in human placenta devel-
opment. Among them, the proliferation and differentiation
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of trophoblast cells continue throughout the development of
the human placenta [15, 16], and the migration and invasion
transfer trophoblast cells to maternal decidua and myome-
trium and widen the inner diameter of arteries to provide
nutritional support for the embryo [17, 18]. In summary,
maintaining normal trophoblast cell function is essential for
healthy placental development and successful pregnancy.
However, so far, the regulatory factors of trophoblast cell
function are largely unclear, which limits their application
in the treatment of placental abnormalities or pregnancy
disorders [19-22].

The biological function of human placental trophoblasts
is a complex process that involves multiple regulatory fac-
tors. It has been found that many factors can regulate the
growth and development of the placenta by targeting tropho-
blast cells, such as immune cells [23], transcription factors
[24, 25], extracellular matrix components [26], and epige-
netic modifications [27]. Among them, epigenetics refers to
the heritable changes in gene function that ultimately lead to
phenotypic changes without changes in the DNA sequence
of the gene [28], and it mainly includes histone modifica-
tion, DNA methylation, and non-coding RNAs (ncRNAs)
[29, 30]. Several lines of evidence suggest that ncRNAs,
especially miRNAs, play an important role in regulating
trophoblast function [31].

Pregnancy disorders

The placenta not only plays a role during pregnancy but
also has a profound impact on the future health of the fetus
and mother [3]. Abnormal placenta development is closely
related to many pregnancy disorders [32]. It has been
reported that pregnancy disorders, such as hypertensive dis-
orders of pregnancy (HDP), intrauterine growth restriction
(IUGR), gestational diabetes mellitus (GDM), unexplained
stillbirth, and miscarriage account for a large proportion of
morbidity and mortality in mothers and newborns [33-35].
Among them, HDP is the leading cause of maternal and
perinatal death [36, 37]. There are four main forms of HDP:
chronic hypertension, gestational hypertension, pre-eclamp-
sia-eclampsia, and chronic hypertension with superimposed
pre-eclampsia [37]. Notably, pre-eclampsia (PE) is the most
alarming pregnancy disorder [38]. PE is defined as new-
onset hypertension with proteinuria and/or end-organ dys-
function after 20 weeks of gestation [39, 40]. Eclampsia is
defined as a new-onset generalized tonic—clonic seizure in
women with PE and is one of the serious complications of
PE [41, 42].

The development of pregnancy disorders is known as a
complex process, accompanied by dynamic changes in vari-
ous cells and molecules in the placenta. During human pla-
cental development, the walls of the uterine spiral arteries
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undergo reactive changes called vascular remodeling. When
the free CTBs come into contact with the extracellular
matrix, they differentiate into interstitial extravillous troph-
oblast cells GEVTs) [43]. When iEVTs invade the arterial
lumen, they differentiate into endovascular extravillous
trophoblast cells (enEVTs) [44, 45]. Next, enEVTs degrade
the media and smooth muscle and replace the endothelium
in the maternal arteries to form high-volume, low-resistance
vessels to ensure adequate blood flow to the placenta as the
fetus grows and progresses during pregnancy (Fig. 1) [28].
Nevertheless, the failure of vascular remodeling can lead
to a series of pregnancy disorders, such as PE, GDM, and
IUGR [46]. Hence, trophoblast function plays a crucial role
in vascular remodeling and contributes to the occurrence
and development of pregnancy disorders. Understand-
ing the functional regulation of the trophoblast is of great
importance for the prevention and treatment of pregnancy
disorders.

MiRNA:s in placental development
and pregnancy disorders

MicroRNAs (miRNAs) are small, endogenous, ncRNA
molecules with gene regulatory activities [47, 48], and they
play a key role in the regulation of various pathophysiologi-
cal processes in the human body [49]. During embryonic
development, miRNAs regulate multiple stages: gamete
development, embryonic development, and placentation
[50]. Trophoblasts are the main source of multiple circu-
lating miRNAs in the peripheral blood of pregnant women
[51-54], such as miR-519a-3p, miR-187-5p, miR-204-5p,
and miR-449a [23]. Trophoblasts express three miRNA clus-
ters, namely, chromosome 19 miRNA clusters (C19MC),
chromosome 14 miRNA clusters (C14MC), and miR-371-3
clusters [48, 53, 55]. Studies have shown that these miRNA
clusters are related to the development of the placenta [56],
the expression of miRNAs in C14MC gradually decreased
during pregnancy, while the expression of C19MC and miR-
371-3 cluster members increased significantly [52, 57]. The
above evidence suggests that miRNAs may serve as serum
markers associated with human pregnancy.

In addition, accumulating studies suggest that the dif-
ferential expression of various circulating miRNAs during
pregnancy is closely related to the occurrence and develop-
ment of pregnancy disorders, such as PE, GDM, IUGR, and
recurrent pregnancy loss (RPL) [58-61]. Compared with
normal pregnant women, the expression profile of circulat-
ing miRNA in PE patients has changed, among which the
up-regulated miRNAs were miR-125b [62], miR-182-5p
[63], miR-210 [64], and miR-125a-5p [65], down-regu-
lated miRNAs are miR-218-5p [66], miR-320a [67], miR-
525-5p [68], etc. Furthermore, to date, 32 different types
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Fig. 1 Remodeling of normal and abnormal spiral arteries. Extravil-
lous trophoblast cells widen the inner diameter of the artery through
invasion and migration, completing the remodeling of the spiral
artery. Dysregulation of extravillous trophoblast cell migration and
invasion can lead to failure of spiral arterial remodeling and inade-

of circulating miRNAs have been identified that are highly
differentially expressed in GDM women compared to non-
GDM women [69]. Taken together, miRNAs present in the
maternal circulation have the potential to provide new diag-
nostic and therapeutic targets for pregnancy disorders.

MiRNAs regulate the trophoblast cell
function in pregnancy disorders

Numerous studies have demonstrated that certain members
of the miRNA cluster are involved in regulating the bio-
logical function of trophoblast, especially invasion [70-72],
proliferation [73, 74], migration [75], differentiation [66],
apoptosis [14, 72], autophagy [76], pyroptosis [77], ferrop-
tosis [78], cellular metabolism [79, 80], and angiogenesis of
trophoblast cell [81, 82].

MiRNAs regulate trophoblast invasion

Placental trophoblasts invade the connective tissue of the
mother’s uterus and remodel the uterine spiral arteries,
resulting in an increase in the diameter of the spiral artery
and ensuring that the placenta can obtain sufficient blood
supply [83, 84]. Trophoblasts’ invasion ability abnormally

Spiral Artery Remodeling
(Abnormal)

Uterine Epithelium

quate fetal nutrition. ICM, inner cell mass; CTBs, cytotrophoblasts;
STB, syncytiotrophoblast; iEVTs, interstitial extravillous trophoblast
cells; enEVTs, extravillous trophoblast cells; NK, natural killer cell;
DSC, decidual stromal cells

leads to placenta implantation failure, causing a series of
pregnancy disorders, such as IUGR, PE, stillbirth, and recur-
rent miscarriage [17].

It was found that there are several miRNAs in the regu-
lation invasion of trophoblast cells in pregnancy disorders
[85, 86], such as miR-218-5p [66], miR-125b [62, 87], miR-
182-5p [63], and miR-210 [64], which promote or inhibit
the invasion of trophoblast cells by acting on target genes.
Transforming growth factor-beta2 (TGF-p2) is a multifunc-
tional polypeptide growth factor that mainly transmits sig-
nals through the complex of type I and type II serine and/
or threonine receptors and plays an important role in many
cellular biological processes, such as cell invasion, prolifera-
tion, differentiation, and angiogenesis. In PE placentas, miR-
218-5p promoted the invasion of trophoblasts by repressing
TGF-B2 expression [66]. Unlike miR-218-5p, miR-125b
and miR-182-5p in the trophoblast cells of the placenta of
patients with PE are significantly up-regulated [62, 63].
The voltage-gated potassium channel Kv1.1 (KCNA1), as
a selective potassium channel protein in the repolarization
of the cell membrane, was closely associated with tropho-
blast invasion. Mechanistic studies have found that miR-
125b can prevent the invasion of trophoblasts by targeting
KCNAT1 [87]. MiR-182-5p inhibited the invasion of placen-
tal trophoblasts by down-regulating the Rnd subclass of the
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Rho family of small guanosine triphosphate (GTP)-bind-
ing proteins (RND?3) [63]. In PE, it is well established that
miR-210 is a widely studied miRNA [88, 89], miR-210
suppresses trophoblast cell invasion by down-regulating
multiple target genes expression, such as potassium chan-
nel modulatory factor 1 (KCMF1), thrombospondin type-1
domain-containing 7A (THSD7A), the central scaffold
protein in the bacterial ISC iron-sulfur (Fe-S) cluster bio-
synthesis system (ISCU), Jigged 1, and extracellular signal-
regulated kinase (ERK) pathway [90, 91].

MiRNAs regulate trophoblast proliferation

Appropriate trophoblast proliferation is essential for normal
fetal growth and pregnancy [92]. The proliferation of tropho-
blasts exists at every stage in the development of the human
placenta. CTBs contribute to the rapid growth of the early
placenta through high-speed proliferation [93]. The prolif-
erating trophoblast cells merge with one another to form
STB, which facilitates the delivery of nutrients and oxygen
in the pregnant woman to the uterus. The rapidly proliferat-
ing CTBs differentiate to form EVTs, which then invade the
uterine artery and reshape the spiral artery to ensure that the
fetus has sufficient perfusion [93]. However, if trophoblast
proliferation is insufficient, many pregnancy disorders, such
as PE, IUGR, spontaneous abortion, and placenta accrete,
will inevitably occur [94].

MiRNAs are involved in the bidirectional regulation
of trophoblast proliferation [95]. In pregnancy disorders,
significant differences exist in the expression profiles of
four miRNAs, namely, miR-137, miR-125a-5p, miR-320a,
and miR-525-5p. miR-137 was significantly up-regulated
in GDM, while protein kinase AMP-activated catalytic
subunital (PRKAA1) was down-regulated. Next, miR-137
was found to inhibit trophoblast cell proliferation by target-
ing the PRKAA 1/interleukin-6 (IL-6) axis [96]. In PE, the
expression levels of miR-125a-5p up-regulated, whereas
miR-320a and miR-525-5p down-regulated [65, 67, 68, 96,
97]. MiR-125a-5p and miR-320a inhibit the proliferation of
trophoblasts by targeting vascular endothelial growth factor
A (VEGFA) and interleukin-4 (IL-4), respectively [65, 67,
96]. Homeobox D10 (HOXD10) is an important regulator
of gene transcription and plays a crucial role in cell prolif-
eration, survival, and invasion. The placenta of PE patients
showed low expression of MiR-525-5p and high expression
of HOXD10, while inhibition of MiR-52-5p/overexpression
of HOXD1 inhibited proliferation and invasion of tropho-
blasts [68].

MiRNAs regulate trophoblast migration

Proper trophoblast migration is essential for a successful
pregnancy [98, 99]. In the human placenta, CTBs migrate
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into the endometrium and myometrium and transform into
EVTs to prepare for the invasion of spiral arteries by tropho-
blast cells [100]. However, insufficient trophoblast migration
results in hypoperfusion of the placenta [101], which may
lead to a series of pregnancy disorders [102—-105].

MiRNAs are involved in the regulation of trophoblast
migration positively or negatively [90, 106]. Tao found that
placental miR-124-3p was significantly up-regulated in PE
patients, and miR-124-3p inhibited the migration of tropho-
blast cells by targeting the placental growth factor (PLGF).
PLGF is mainly synthesized by trophoblast cells and plays
an important role in promoting placental development [77].
In PE patients, miR-182-5p and miR-125a-5p expression
levels were up-regulated, and trophoblast migration was
inhibited by targeting RND and VEGFA3, respectively [63,
65, 107-109]. In addition, compared with normal placen-
tas, the expression of miR-18b was down-regulated in the
placental tissue of PE patients, while the level of its target
gene notch homolog protein 2 (Notch2) was increased. When
trophoblast cells were transfected with mimics of miR-18b,
the expression level of Notch2 decreased and the migration
ability of trophoblast cells was enhanced [110].

MiRNAs regulate trophoblast differentiation

The development of the early placenta is under hypoxic con-
ditions, whereas late placental development is carried out
under aerobic conditions [111]. During the entire process
of placental development, the rapidly proliferating CTBs
continue to differentiate into STBs and EVTs to prepare suf-
ficient nutrients and oxygen for the growth and development
of the placenta [101, 112, 113]. However, if differentiation
is destroyed, serious pregnancy disorders occurred [114].

MiRNAs have been demonstrated to participate in the
regulation of trophoblast cell differentiation [115—-117]. The
most common ones are the miR-17-92 cluster and the miR-
106a-363 cluster. MiR-17-92 cluster encodes six miRNAs
(miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-
92a-1). The miR-106a-363 cluster also encodes six miRNAs
(miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2, and
miR-363) [118]. It was found that the miR-17-92 cluster
and miR-106a-363 cluster were significantly up-regulated
in CTBs while down-regulated in STBs. In PE, up-regulated
miR-106a and miR-19b inhibit the differentiation of placen-
tal trophoblasts by inhibiting human CYP19A1 (hCYP19A1)
and human GCM1 (hGCM1) expression, respectively [118].
hCYP19A1 is closely related to the synthesis of estrogen in
pregnant women, which can promote placental angiogenesis
and increase uteroplacental blood flow [119-121]. Elevated
levels of miR-106a and miR-19b can cause insufficient STB
cells in maternal blood and decreased angiogenesis of endo-
metrium, leading to pregnancy disorders.
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MiRNAs regulate trophoblast apoptosis

Apoptosis is a basic biological phenomenon and a basic
measure to maintain the dynamic balance of the number of
cells in the body. During the embryonic development stage,
excess and mission-completed cells are removed through
apoptosis, thereby ensuring the normal development of
the embryo. Numerous studies have discovered that proper
trophoblast apoptosis is beneficial to fetus growth and devel-
opment. Insufficient and excessive apoptosis of trophoblast
can lead to a series of pregnancy disorders [122, 123].

It was shown that intervention of trophoblast cell apopto-
sis may be a direction to prevent pregnancy disorders, espe-
cially regulating by miRNAs [124]. Pregnancy disorders can
occur if trophoblast apoptosis is inhibited, such as PE, GDM,
and IUGR. In the placenta of patients with GDM, miR-29b
inhibited trophoblast cell apoptosis by targeting the hypoxia-
inducible factor 3alpha gene (HIF3A) [77, 125]. HIF3A is
a negative regulator of hypoxia-inducible gene expression,
which regulates many adaptive responses to low oxygen ten-
sion (hypoxia) and has been shown to play a key role in cell
metabolism and apoptosis. Moreover, excessive trophoblast
apoptosis also brings a series of pregnancy disorders. In PE,
one of the most up-regulated miRNAs is miR-30a-3p, which
promotes trophoblast apoptosis through the targeted inhibi-
tion of insulin-like growth factor 1 (IGF-1) [72, 126]. Com-
pared with normal pregnant women, miR-141 and miR-34a
were significantly up-regulated in PE; miR-141 and miR-
34a promoted trophoblast apoptosis by targeting C-X-C
motif chemokine ligand 12 (CXCL12p) and anti-apoptosis
member B-cell CLL/lymphoma 2 (BCL-2) gene expression,
respectively [72, 123, 126].

MiRNAs regulate trophoblast autophagy,
pyroptosis, and ferroptosis

Autophagy, a type of programmed cell death, is a physi-
ological mechanism for maintaining cellular homeostasis
and nutrient cycling. Autophagy plays a crucial role in pla-
centa formation and embryonic development [127]. Mod-
erate trophoblast autophagy is important for maintaining a
healthy pregnancy, and inappropriate trophoblast autophagy
may interfere with cellular homeostasis and lead to placen-
tal abnormalities, which can lead to a range of pregnancy
disorders [128]. It was found that in PE, LET-7I inhibits
trophoblast autophagy by down-regulating the expression
of autophagy-related 4B cysteine peptidase (Atg4B) [129].
Notably, the placenta is not only a conduit for material
exchange between mother and baby, but it also provides a
physical barrier to microbial invasion. Recently, accumu-
lating studies suggest that intrauterine viral infection is the
main cause of pregnancy disorders, such as PE, repeated
miscarriages (RM), and IUGR. Studies have found that

trophoblast autophagy may play a key role in intrauterine
viral infection, and some miRNAs in the C19MC family
are involved in the regulation of trophoblast autophagy. In
the placenta of patients with intrauterine virus infection,
miR517-3p, miR516b-5p, and miR512-3p promote tropho-
blast autophagy. However, the specific molecular mechanism
remains to be further studied [130]. Therefore, excessive
autophagy may be an important mechanism of pregnancy
disorder induced by intrauterine virus infection.

Pyroptosis is a new type of programmed cell death,
which is characterized by dependence on caspases (mainly
caspase-1, 4, 5, 11), accompanied by inflammatory factor
release [131-133]. Excessive inflammation can lead to a
variety of pregnancy disorders, such as PE, premature birth,
or miscarriage in pregnant women [134]. Downregulated
miR-520c-3p inhibits trophoblast pyroptosis by targeting the
SET domain containing lysine methyltransferase 7 (SETD7)
in placental tissue from PE patients [135]. Unlike miR-
520c-3p, miR-124-3p was significantly up-regulated in PE
patients, and miR-124-3p promotes trophoblast pyroptosis
by inhibiting the expression of PLGF [77].

Ferroptosis is a novel iron-dependent programmed cell
death [136]. Ferroptosis plays a crucial role in pregnancy
disorders by causing damage to trophoblast cells [136—138].
Compared with normal placental tissue, the expression of
miR-30b-5p was significantly up-regulated in the placenta
of patients with PE, miR-30b-5p induces the expression of
Ferroportinl (an iron exporter) by down-regulating Cys2/
glutamate antiporter (system Xc—, SLC7A11), thereby
reducing glutathione (GSH) synthesis and increasing iron
accumulation, thereby promoting trophoblast ferroptosis.
Furthermore, the knockdown of miR-30b-5p slowed the
onset of PE in a rat placenta of an eclampsia model [78].

Other functions regulated by miRNAs

The oxygen concentration in the early stage of placental devel-
opment is relatively low [139], and trophoblast cells mainly
synthesize ATP through glycolysis and lactic acid fermenta-
tion to maintain the energy supply of tissues [140]. Pieces of
evidence show that miRNAs regulate trophoblast metabolism
through corresponding targets to adapt to changes in oxygen
levels throughout pregnancy [140]. Compared with normal
pregnant women, the expression of miR-143 in the placenta
of GDM patients is down-regulated, and miR-143 improves
mitochondrial function by up-regulating the expression of
mitochondrial complexes 1, 2, and 3, which in turn increased
trophoblast metabolism to adapt to changes in oxygen levels
throughout pregnancy [141]. Mitochondrial dysfunction in
the placenta of patients with pregnancy disorders has been
reported to be closely associated with uncontrolled oxidative
stress (OS). In the placenta of GDM patients, the up-regulated
miR-130b-3p contributes to its OS by targeting the inhibition
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of peroxisome proliferator-activated receptor-gamma co-acti-
vator-1alpha (PGC-1a) expression [142]. MiR-199a-5p, which
is overexpressed in the placenta of patients with IUGR, may
play a role in placental OS and mitochondrial function dam-
age, but the mechanism remains unclear [143].

Placental vascularization is critical for meeting the meta-
bolic demands of a rapidly growing fetus [141]. Delayed or
reduced placental vascular development can lead to a variety
of pregnancy disorders, such as early embryo arrest (EEA),
recurrent spontaneous abortion (RSA), and PE [16]. Early
growth response factor 1 (EGR1) is a nuclear transcription
factor related to cell proliferation, differentiation, and angio-
genesis, which is involved in the regulation of multiple biologi-
cal functions. In the placenta of EEA patients, up-regulated
miR-518b inhibits placental angiogenesis by targeting EGR1
[144]. Compared with normal pregnant rats, overexpressed
miR-126 in the placenta of RSA model rats inhibited placental
angiogenesis by inhibiting the expression of VEGF. In addi-
tion, the down-regulation of miR-126 also resulted in endothe-
lial dysfunction of placental vessels, which further supports
the importance of miR-126 in placental vascular development
[145-147]. In TUGR, it has been found that deletion of the
miR-290 cluster in mice leads to disturbance of the labyrin-
thine vasculature, which in turn inhibits angiogenesis, but the
exact mechanism still needs further investigation [74]; this also
provides strong evidence that miRNAs are important regula-
tors of placental vascular development. Of note, up to now,
there is no evidence that miRNAs are involved in the regula-
tion of trophoblast angiogenesis positively.

Among the ways in which miRNAs regulate the function
of trophoblast cells, there are several different ways: one
miRNA regulates several biological functions, or one bio-
logical function is regulated by multiple miRNAs. For exam-
ple, miR-124-3p regulates migration, invasion, and apoptosis
of trophoblast cells [77]. MiR-182-5p regulates trophoblast
migration and invasion [63]. The invasion of trophoblasts
may be regulated by multiple miRNAs, such as miR-218-5p,
miR-125b, and miR-182-5p [63, 66, 87]. The proliferation of
trophoblast cells is regulated by miR-137, miR-320a, miR-
125a-5p, and miR-525-5p [65, 67, 68, 96]. These pieces of
evidence indicate that the regulation of miRNAs is a com-
plex network in trophoblast cells (Table 1) and miRNAs may
be used as specific non-invasive biomarkers and potential
targets for the treatment of pregnancy disorders.

Related pathways of miRNA regulation
of trophoblast cell function

The activity and function of trophoblasts involve a variety of
molecular pathways. MiRNAs play a crucial role in regulat-
ing the function of trophoblast by inhibiting or promoting
gene expression in related pathways.
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TGF-B

TGF-p is a multifunctional cytokine involved in the regula-
tion of various cellular biological functions, such as cell
invasion, proliferation, migration, differentiation, apoptosis,
and autophagy [148]. TGF-p belongs to the TGF superfam-
ily, which contains more than 30 cytokines, such as Nodal,
bone morphogenetic proteins (BMPs), activins/inhibins,
growth and differentiation factors (GDFs), inhibins, and
anti-Miillerian hormone (AMH) [149]. The TGF-f signal-
ing pathway involves activation of the tetramers that make
up type I and type II receptors, which in turn activate and
phosphorylate intracellular effectors, namely, Sma- and
Mad-related proteins (SMADs) [150, 151]. Numerous stud-
ies have demonstrated that the TGF-f pathway plays a key
role in regulating the invasion and migration of trophoblast
cells [152—154]. Multiple cytokines in the TGF-f family
are targets of aberrant miRNA expression in pregnancy dis-
orders [150]. Compared with normal pregnant women, the
expression of miR-378a-5p was significantly decreased in
PE patients; miR-378a-5p promotes trophoblast invasion,
proliferation, and migration by targeting Nodal [154, 155].
Up-regulated miR-140-5p in patients with HDP promotes
trophoblast invasion and migration by downregulating the
activity of the TGF-p/Smad pathway [156]. Activin type ITA
receptor (ActRIIA) and activin type IIB receptor (ActRIIB)
are target genes that regulate certain key proteins in the
TGF-p pathway [157]. It was found that down-regulated
miR-195 in the placenta of patients with PE inhibited troph-
oblast invasion by inhibiting the expressions of ActRIIA
and ActRIIB [158]. Taken together, miRNAs can regulate
trophoblast function by targeting the TGF-f§ pathway.

MAPK

Signal molecules related to the mitogen-activated protein
kinase (MAPK) pathway are a highly conserved family of
protein kinases, which plays a crucial role in signal trans-
mission between cells [150]. The MAPK pathway primar-
ily includes three pathways, namely, classic MAPK, c-Jun
amino-terminal kinase (JNK)/p38 MAPK (JNK/p38MAPK),
and extracellular signal-regulated kinase 5 (ERKS5). Among
them, the INK/p38MAPK pathway is mainly related to
inflammation and cell apoptosis, while the ERK pathway is
related to cell invasion, proliferation, migration, and differ-
entiation. Studies have discovered that MAPK pathway plays
an important role in regulating the biological function of
trophoblasts [159], especially in trophoblast cell migration
and invasion [160]. Recently, accumulating studies suggest
that fibroblast growth factors (FGFs) have many physiologi-
cal functions. Among them, the most important is activating
MAPK to promote the invasion and proliferation of tropho-
blast cells [161]. In IUGR, fibroblast growth factor 1 (FGF1)
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Table 1 Functions and targets of microRNAs

Function Pregnancy disorders MicroRNAs Targets Positive/negative References
regulation

Invasion PE miR-218-5p TGF-p2 + [66]

PE miR-125b KCNAL, GPC1 - [62]

PE miR-182-5p RND3 - [63]

PE miR-525-5p HOXD10 - [68]

PE miR-210 KCMF1, THSD7AISCU, - [90,91]

Jigged 1 ERK pathway

PE miR-378a-5p Nodal + [154, 155]

HDP miR-140-5p TGF-p/Smad + [156]

PE miR-195 ActRITA/ActRIIB - [158]

TUGR miR-210-3p FGF1 - [162]

RSA miR-410-5p ITGA6 - [163]

PE miR-519d-3p MMP-2 - [176]

PE miR-20b MMP-2 - [177]

PE miR-150-5p MMP-9 - [178]

PE miR-155 CCND1/eNOS - [185, 186]
Proliferation GDM miR-137 PRKAAI1/IL-6 - [96]

PE miR-125a-5p VEGFA - [65]

PE miR-320a IL-4 - [67]

PE miR-525-5p HOXD10 + [68]

PE miR-378a-5p Nodal + [154, 155]

RSA miR-410-5p ITGA6 - [163]

PE miR-144 PTEN + [171]
Migration PE miR-124-3p PLGF + [77]

PE miR-182-5p RND3 - [63]

PE miR-125a-5p VEGFA - [65]

PE miR-18b Notch2 + [110]

PE miR-378a-5p Nodal + [154, 155]

HDP miR-140-5p TGF-p/Smad + [156]

RSA miR-410-5p ITGA6 - [163]

PE miR-519d-3p MMP-2 - [176]

PE miR-20b MMP-2 - [177]
Differentiation PE miR-106a hCYP19A1 - [118]

PE miR-19b hGCM1 - [118]
Apoptosis GDM miR-29b HIF3A - [77, 125]

PE miR-30a-3p IGF-1 + [72, 126]

PE miR-141 CXCL12 + [123]

PE miR-34a BCL-2 + [126]
Autophagy PE LET-71 Atg4B - [129]

Intrauterine viral infection miR517-3p Unknown + [130]

Intrauterine viral infection miR516b-5p Unknown + [130]

Intrauterine viral infection miR512-3p Unknown + [130]
Pyroptosis PE miR-520c-3p SETD7 - [135]

PE miR-124-3p PLGF + [77]
Ferroptosis PE miR-30b-5p SLC7A11 + [78]
Cellular metabolism GDM miR-143 Mitochondrial complexes 1, 2,3 + [141]

GDM miR-130b-3p PGC-1la + [142]

IUGR miR-199a-5p Unknown + [143]
Angiogenesis EEA miR-518b EGRI1 - [14]

RSA miR-126 VEGF - [145-147]

IUGR miR-290 Unknown - [74]
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Table 1 (continued)

TGF-f2 transforming growth factor beta-2, KCNAI the voltage-gated potassium channel Kv1.1, GPCI glypican-1, RND3 the Rnd subclass of
the Rho family of small guanosine triphosphate (GTP)-binding proteins, KCMFI potassium channel modulatory factor 1, THSD7A thrombos-
pondin type-1 domain-containing 7A, ISCU the central scaffold protein in the bacterial ISC iron-sulfur (Fe-S) cluster biosynthesis system, ERK
extracellular signal-regulated kinase, TGF-f transforming growth factor-p, ActRIIA activin type IIA receptor, ActRIIB activin type IIB receptor,
FGF1 fibroblast growth factor 1, ITGA6 the adhesion molecule integrin alpha-6, MMP-2 matrix metalloproteinase-2, MMP-9 matrix metallo-
proteinase-9, eNOS endothelial nitric oxide synthase, PRKAAI protein kinase AMP-activated catalytic subunit al, IL-6 interleukin-6, VEGFA
vascular endothelial growth factor A, IL-4 interleukin (IL)-4, HOXD10 homeobox D10, PTEN tensin homolog, PLGF placental growth factor,
Notch2 notch homolog protein 2, ACYP19A1 human CYP19A1, hGCMI human GCM1, HIF3A hypoxia-inducible factor 3alpha, /GF-1 insulin-
like growth factor 1, CXCLI2p C-X-C motif chemokine ligand 12, BCL-2 B-cell CLL/lymphoma 2, Atg4B autophagy-related 4B cysteine pepti-
dase, SETD7 SET domain containing lysine methyltransferase 7, SLC7A11 Cys2/glutamate antiporter, PGC-1a peroxisome proliferator-activated
receptor-gamma co-activator-1 alpha, EGRI early growth response factor 1

is the direct target of miR-210-3p. MiR-210-3p suppresses
the invasion of trophoblasts by inhibiting the expression
of FGF1 [162]. The adhesion molecule integrin alpha-6
(ITGA®6), as a member of the integrin family, can regulate
the biological function of trophoblast through MAPK sig-
nal pathway. In the placenta of RSA patients, miR-410-5p
down-regulated the proliferation, migration, and invasion
of trophoblast by inhibiting the expression of ITGA6 [163].

PI3K/AKT

Phosphatidylinositol-3-kinase (PI3K) is a dimer composed
of regulatory subunit p85 and catalytic subunit p110. PI3K,
which is activated by various extracellular factors, activates
protein kinase B (AKT) through phosphorylation, thereby
regulating cell biological functions [164]. Many patho-
physiological activities are inseparable from the PI3K/
AKT pathway. However, this pathway was terminated by
tensin homolog (PTEN) [165]. As a phosphatase, PTEN can
dephosphorylate Akt and prevent all downstream signaling
events regulated by Akt and is a negative regulator of PI3K.
Moreover, studies have shown that the different expression
levels of PTEN may lead to corresponding changes in cell
function, especially cell proliferation [166—169]. MiRNAs
have been demonstrated to participate in the regulation of
trophoblast cell functions by targeting PTEN [170]. For
example, compared with the normal pregnancy group, the
expression of miR-144 in the placenta of PE patients was
down-regulated, while the expression of PTEN was up-
regulated. MiR-144 promotes trophoblast proliferation by
repressing PTEN [171].

Matrix metalloproteinases

Matrix metalloproteinases (MMPS) are a large family,
which require Ca?*, Zn**, and other metal ions as cofac-
tors. Among them, matrix metalloproteinase-2 (MMP-2)
and matrix metalloproteinase-9 (MMP-9) play key roles
in regulating the function of trophoblast cells [172-174],
especially during gestational trophoblast cell invasion [175].
MMP-2 and MMP-9 can degrade elastin, collagen, and
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laminin, so that they can invade the extracellular matrix of
uterine decidua, integrate into the wall of the muscular spi-
ral artery, widen the arterial wall, and ensure that the fetus
gets enough nutrition. In addition, it is interesting to note
that MMP-2 and MMP-9 are direct targets of many miRNAs
in pregnancy-related disorders, such as miR-519d-3p, miR-
20b, and miR-150-5p [86, 176, 177]. In PE, up-regulated
miR-519d-3p and miR-20b target the down-regulation of
MMP-2 to inhibit trophoblast migration and invasion [176,
177]. Unlike miR-519d-3p and miR-20b, miR-150-5p, which
is upregulated in PE patients, promotes trophoblast invasion
by targeting MMP-9 expression [178].

Other pathways

In addition to the pathways discussed above, many other path-
ways, such as Wnt [179, 180], Notch [181, 182], EphrinB2-
EphB4 [183, 184], and endothelial nitric oxide synthase
(eNOS), affect the biological function of trophoblast cells. In
pregnancy disorders, especially PE and IUGR, multiple dys-
regulated circulating miRNAs impair the biological function
of trophoblast cells by targeting different signaling molecules.

Accumulating evidence suggests that in pregnancy disor-
ders, miRNAs target multiple signaling molecules to regulate
the biological functions of trophoblast cells (Fig. 2) [28].
For example, compared with normal pregnant patients, the
expression of miR-210 and miR-155 was up-regulated in the
placenta of PE patients. miR-210 suppresses trophoblast cell
invasion by down-regulating multiple target genes expres-
sions, such as KCMF1, THSD7A, ISCU, and Jigged 1 [90].
Up-regulated miR-155 inhibits trophoblast invasion by target-
ing Cyclin D1 (CCND1) and eNOS expression [185, 186].

Furthermore, it is interesting to note that certain proteins
in various pathways may interact with one another by acti-
vating or inhibiting other pathways. For example, the main
components of the IGF-1 signal can activate MAPK path-
ways and jointly regulate trophoblast cell biological function
[187]. Wnt and TGF-f pathways can negatively regulate the
expression of MMP-2/9 and down-regulate trophoblast cell
invasion [188, 189].
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MiRNAs regulate trophoblast biological functions through TGF-f
pathway, MAPK pathway, and PI3K/AKT pathway. TGF-f}, trans-
forming growth factor f; BMP, bone morphogenetic protein; GDF,
growth and differentiation factor; SMAD, Sma- and Mad-related
protein; ActRIIA, activin type IIA receptor; ActRIIB, activin type
IIB receptor; TGF-PRIIL, transforming growth factor-beta receptor II;

Conclusions and perspectives

This review summarized miRNAs that target correspond-
ing mRNAs and regulate the biological function of tropho-
blasts in pregnancy disorders, including trophoblast cell
invasion, proliferation, migration, differentiation, apopto-
sis, autophagy, pyroptosis, ferroptosis, cellular metabolism,
and angiogenesis through different pathways. Proper func-
tion of the trophoblast is essential for embryonic develop-
ment, while the abnormal function of the trophoblast may
lead to pregnancy disorders [190, 191]. Of note, pyroptosis
and ferroptosis are the most studied programmed cell death
modes in recent years, but few studies have investigated the
regulation of miRNAs in pregnancy disorders by regulating
pyroptosis and ferroptosis of trophoblast cells. Therefore,
plenty of work still needs to be done in determining the
types of placental miRNAs and related pathways. At pre-
sent, although hundreds of different miRNAs are known to
be expressed in the placental trophoblast, the pathways by
which most miRNAs regulate the biological functions of
trophoblast cells remain unclear. Besides, the maternal abil-
ity to maintain pregnancy and nurture the fetus also depends
on the strong endocrine function of the placenta, and troph-
oblast cells are the main endocrine cells in the placenta.

BMPR2, bone morphogenetic protein receptor-2; MAPK, mitogen-
activated protein kinase; ERK, extracellular signal-regulated kinase;
JNK, c-Jun NH2-terminal kinase; MAP3K, MAPK kinase; MAP2K,
MAPK kinase; MLK3, mixed-lineage kinase 3; ASKI, apoptosis
signal-regulating kinase 1; MEKK1, MEK kinase 1; PI3K, phosphati-
dylinositol-3-kinase; AKT, protein kinase B; PTEN, tensin homolog

However, to date, the regulation of miRNAs on the endo-
crine function of trophoblast cells has not been reported. In
summary, these studies indicate that more data are necessary
to investigate the mechanisms by which miRNAs regulate
the biological and endocrine functions of trophoblast cells.
NcRNAs are a class of non-protein-coding RNAs, which
mainly include miRNAs, circulating long non-coding
RNAs (IncRNAs), and circular RNAs (circRNAs). Among
them, numerous studies have demonstrated that miRNAs
regulate the function of trophoblast cells through differ-
ent targets in pregnancy and thus participate in the occur-
rence and development of pregnancy disorders, while the
application of IncRNAs and circRNAs in the regulation of
trophoblast cell function is relatively rare [192]. In addi-
tion, miRNAs are specifically expressed according to vari-
ous tissues, which can be directly collected from maternal
blood samples and the content is relatively stable [56, 193].
The above pieces of evidence suggest that miRNAs can
serve as ideal non-intrusive biomarkers in pregnancy dis-
orders. Therefore, in-depth exploration of the precise roles
of miRNAs in the regulation of trophoblast cells and active
promotion of the development of circulating miRNAs as
non-invasive biomarkers for pregnancy disorders will help
prevent and treat pregnancy disorders in the future.
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It is interesting to note that the differential expression
of IncRNA and circRNA is closely related to the occur-
rence and development of pregnancy disorders [190, 191,
194]. For example, so far, IncRNA H19 (H19) is one of
the most thoroughly studied IncRNAs [195], and H19 is
closely related to the occurrence and development of PE
and IUGR [192, 196, 197]. Compared with normal preg-
nant women, patients with early RSA have 123 differen-
tially expressed circRNAs, of which 78 are up-regulated
and 45 are down-regulated, but the specific mechanism
remains unclear [191]. Therefore, the differential expres-
sion of IncRNAs and circRNAs in pregnancy diseases may
be a focus for future pregnancy disorders research.

Recently, accumulating studies suggest that patients
with coronavirus disease 2019 (COVID-19) share many
similarities with those with pregnancy disorders. COVID-
19 patients are characterized by increased expression of
proinflammatory cytokines, such as IL-2, IL6, IL-17, and
tumor necrosis factor-alpha (TNFa) [198, 199]. During
the development of pregnancy disorders, pro-inflammatory
cytokines, such as IL-1p, IL-6, IL-17, and TNFa, are also
significantly increased [200, 201]. Moreover, there is an
increased incidence of preterm birth and low birth weight
in COVID-19-positive pregnant women [202]. In humans,
miRNAs can target inflammatory factors to regulate the
function of trophoblast cells, and then participate in the
occurrence and development of pregnancy disorders [67].
To date, no study has investigated whether miRNAs in
COVID-19-positive pregnant women can regulate preg-
nancy disorders by targeting the expression of related
inflammatory factors. Therefore, this research gap may be
the focus of future research.
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