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In placental mammals, reproductive success, and maternal-fetal health substantially
depend on a well-being placenta, the interface between the fetus and the mother.
Disorders in placental cells are tightly associated with adverse pregnancy outcomes
including preeclampsia (PE), fetal growth restriction, etc. MicroRNAs (miRNAs) represent
small non-coding RNAs that regulate post-transcriptional gene expression and are
integral to a wide range of healthy or diseased cellular proceedings. Numerous miRNAs
have been detected in human placenta and increasing evidence is revealing their
important roles in regulating placental cell behaviors. Recent studies indicate that
placenta-derived miRNAs can be released to the maternal circulation via encapsulating
into the exosomes, and they potentially target various maternal cells to provide
a hormone-like means of intercellular communication between the mother and the
fetus. These placental exosome miRNAs are attracting more and more attention due
to their differential expression in pregnant complications, which may provide novel
biomarkers for prediction of the diseases. In this review, we briefly summarize the
current knowledge and the perspectives of the placenta-derived miRNAs, especially the
exosomal transfer of placental miRNAs and their pathophysiological relevance to PE.
The possible exosomal-miRNA-targeted strategies for diagnosis, prognosis or therapy
of PE are highlighted.
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INTRODUCTION

The placenta is a transient organ that plays a central role in maternal and fetal health
during pregnancy (Anin et al., 2004). Serving as the interface between the fetal and maternal
environments, human placenta performs many critical functions throughout the gestation, such
as exchange of gases, nutrients and waste products between the mother and the growing
fetus (Cross, 1998). Human placenta is also an endocrine gland that modulates maternal
physiological and metabolic events and provides an immune-protective milieu in which the
semi-allogenic fetus can develop (Regnault et al., 2002). Human placenta develops from
the trophectoderm, the outer layer of the pre-implantation embryo. Highly proliferative,
undifferentiated primitive cytotrophoblast (CTB) cells that are derived from the trophectoderm
give rise to differentiated trophoblast cells, mainly including villous syncytiotrophoblast
(STB), cytotrophoblast (CTB), and extravillous trophoblast (EVT; Ji et al., 2013). Defects
in placental development, especially the dysregulation of trophoblast differentiation, are
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tightly associated with fetal loss and pregnant complications, such
as preeclampsia (PE), and fetal growth restriction (FGR; Knofler
et al., 2019).

MicroRNAs (miRNAs) are endogenous, small non-coding
single-stranded RNAs, on average 22nt in length, which can
regulate gene expression primarily through post-transcriptional
repression or messenger RNA degradation in a sequence-
specific manner (Bartel, 2009). Most miRNAs are transcribed as
precursors (either pri-miRNA or pre-mRNA) before capping and
polyadenylation, and their biogenesis requires several enzymes,
including Drosha, DGCR8, Dicer, and Argonaute (Ago) 2
(Donker et al., 2007). In recent years, the remarkable roles
of miRNAs in cellular proceedings under healthy or diseased
conditions have been increasingly recognized (Aghdam et al.,
2019; Mirzaei and Hamblin, 2020; Sadri Nahand et al., 2020;
Davoodvandi et al., 2021; Razavi et al., 2021). In particular, several
studies have shown that knocking out the key enzymes in the
miRNA processing results in embryonic arrest or even embryonic
death (Bernstein et al., 2003; Alisch et al., 2007; Suh et al.,
2010), indicating the significance of miRNAs in the regulation of
pregnant process.

Human placenta is a transient organ with fast development
characteristics and transcriptome diversity. By far, over 1000
mature miRNAs are identified in human genomes (Friedlander
et al., 2014), among which more than 600 miRNAs have been
found in human placenta (Mouillet et al., 2015), and a series
of differential miRNAs have been demonstrated in the placentas
from complicated pregnancies including PE (Pineles et al., 2007;
Ura et al., 2014; Xu et al., 2014). In addition, in vitro and
in vivo studies have revealed the vital roles of these placenta-
derived miRNAs in the regulation of trophoblast cell behaviors
and the occurrence of PE (Xu et al., 2014; Awamleh and Han,
2020; Dong et al., 2020). In addition to the intracellular silencing
functions, an attractive feature of the placenta-derived miRNAs is
their capability of releasing to the maternal circulation via being
encapsulated into the exosomes, and thus potentially targeting
various maternal cells to provide a hormone-like means of
intercellular communication between the mother and the fetus
(Chen et al., 2012).

In this article, we briefly summarize the current knowledge of
the placenta-derived miRNAs, especially the exosomal transfer
of placental miRNAs and their pathophysiological relevance to
PE. The miRNA-targeted promising strategies for the diagnosis,
prognosis or therapy of PE are highlighted.

EXPRESSION AND FUNCTION OF
PLACENTA-DERIVED MIRNAS DURING
PREGNANCY

Placental development is a complicated process during which
various subtypes of cells dynamically differentiate and interact
with each other throughout gestation (Ji et al., 2013). The
expression timing and cellular localization of miRNAs may
change along gestation, indicating their time-dependent, and/or
cell-type-dependent working mechanisms in the placenta. This
point has been well-reflected in many studies. For instance,
the higher expression of placental miR-18a at early gestation,

as well as its specific localization in invasive EVTs are in
consistence with its functions to regulate trophoblast cell invasion
through targeting TGF-β/Smad2 signaling (Xu et al., 2020). The
hypoxia-induced miRNA, miR-210, is transcribed in various
subtypes of placental trophoblasts at early gestation in human
beings and mice. It participates in modulating trophoblast
cell proliferation, invasion, apoptosis, syncytialization, and
angiogenesis by targeting various genes (Anton et al., 2013;
Wang H. et al., 2020). Deficiency in miR-210 leads to failure in the
response of the placenta to maternal hypoxia, especially at early
fetal growth stage (Bian et al., 2020).

To date, emerging evidence has demonstrated the significance
of miRNAs as regulators of various cell behaviors in human
placenta. For instance, let-7a, miR-377, miR-675, miR-145, and
miR-518b, etc., are involved in the regulation of trophoblast cell
proliferation (Forbes et al., 2012; Gao et al., 2012; Doridot et al.,
2013; Liu et al., 2018), miR-34a, miR-29b, miR-376c, miR-195,
miR-210, and many others have roles in modulating trophoblast
cell differentiation toward the invasive pathway (Pang et al., 2010;
Fu et al., 2013; Li et al., 2013; Luo et al., 2014; Wu et al., 2016).
The placental steroidogenesis can be regulated by miR-210, miR-
518c, and miR-22 (Ishibashi et al., 2012; Shao et al., 2017), and
the mitochondrial respiration activities and apoptosis of placental
cells are associated with miR-210 and miR-195 (Wang et al.,
2018; Anton et al., 2019). However, these functional outcomes are
vastly based on in vitro studies using various cell models, and the
relevant in vivo evidence using genetically manipulated mouse
models has been largely lacking.

Among the placenta-derived miRNAs, there exists a placenta-
specific miRNA cluster termed the chromosome 19 miRNA
cluster (C19MC). The C19MC is the largest cluster of miRNAs in
the human genome, and contains 46 highly homologous miRNA
genes within a ∼100 kb genomic region (Bortolin-Cavaille et al.,
2009). The miRNAs in this cluster are predominantly expressed
in the primate placenta and some fetal tissues as well as various
tumor cells (Bentwich et al., 2005; Zhang et al., 2008; Setty et al.,
2020). During pregnancy, they are highly expressed in placental
trophoblasts, and released into maternal circulation which are
eliminated after delivery (Luo et al., 2009; Donker et al., 2012).
Although the full repertoire of the biological actions of C19MCs
remains to be established, a recent study by Mouillet et al.
(2020) have proved the roles of one of the C19MC members,
miR-519d-3p, in promoting trophoblast cell proliferation and
decreasing cell migration abilities. In addition, C19MC miRNAs
are detected in embryonic stem (ES) cells, and their expression
drops considerably when ES cells begin to differentiate, indicating
their roles in the maintenance of the undifferentiated status
(Stadler et al., 2010). Several members of C19MC miRNAs,
such as miR-519, miR-517a, and miR-517c, also exhibit tumor-
suppressive activity via triggering cell senescence (Marasa et al.,
2010) or inhibiting cell proliferation (Liu et al., 2013).

SECRETION AND FUNCTION OF
PLACENTAL MIRNAS IN EXOSOMES

Exosomes are small extracellular vesicles of endocytic origin (van
der Pol et al., 2016). They can be released by many cells and
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are found in body fluids, including peripheral blood, lymph, and
milk, etc. (Akers et al., 2013). The significance of exosomes in
the progression, diagnosis and treatment of various diseases have
been suggested (Asgarpour et al., 2020; Ghaemmaghami et al.,
2020; Hashemian et al., 2020; Nahand et al., 2020). Interestingly,
during pregnancy, the number of exosomes in maternal plasma
appears to be significantly increased from the first trimester
(Sarker et al., 2014), and reaches a maximum level at term (Jin
and Menon, 2018). It is estimated that the concentration of
exosomes in maternal peripheral blood is 20-fold higher than
non-pregnant control (Sabapatha et al., 2006), and returns to
non-pregnant levels within 48 h of delivery (Salomon et al.,
2014). In pregnant complication such as PE, the level of maternal
circulating exosome is progressively higher than normal pregnant
controls (Chiarello et al., 2018).

Exosomes contain multifaceted cargoes, including proteins,
lipids, DNAs, mRNAs, miRNAs, LncRNAs, tRNA, and tRNA
associated fragments (Sarker et al., 2014; Jeppesen et al., 2019).
The selective sorting of miRNAs into exosomes is attributed to
the help of specific RNA-binding proteins, such as hnRNPA2B1

and Ago-2. Other membrane proteins including Caveolin-
1 and Neural Sphingomyelinase 2 are also involved in this
process (Groot and Lee, 2020). The observations by Valadi
et al. (2007) first demonstrated the mechanisms of genetic
exchange between different cells by the exosome transfer of
miRNAs. Later on, Luo et al. (2009) indicated the extracellular
release of placental miRNAs via exosomes into maternal blood.
By far, accumulating studies have identified many exosome-
packaged placental miRNAs and their release into extracellular
compartments and maternal blood (Kambe et al., 2014; Ouyang
et al., 2014; Mitchell et al., 2015; Chang et al., 2017; Chiarello
et al., 2018; Zhao et al., 2018; Czernek and Duchler, 2020; Li
et al., 2020; Yadava et al., 2020; Yang et al., 2020; Wang Y. et al.,
2020). The placental exosomal miRNAs may target other cells
at the feto-maternal interface in paracrine manner (Takahashi
et al., 2017; Wang Y. et al., 2020), or transfer to maternal
recipient cells and play endocrine functions (Kambe et al., 2014;
Zhao et al., 2018; Ma et al., 2020). What’s more, bidirectional
trafficking of exosomal miRNAs between the placenta and the
fetal compartment has been suggested (Chang et al., 2017;

FIGURE 1 | Potential trafficking routes and working mechanisms of exosomal miRNAs during pregnancy. Placenta-derived exosomal miRNAs may be delivered to
maternal or fetal circulation, and affect various cell events in targeting organs. The mother or fetus-derived exosomal miRNAs may also traffic to the placenta to
regulate placental development. Note the dashed lines indicate the uncertainty of evidence by far, the blue arrow indicates endocrine manner and the blue arrow
head indicates paracrine manner.
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Shen et al., 2018; Yang et al., 2019; Yadava et al., 2020; Wang D.
et al., 2020). We summarize the recognition of the placental
exosomal miRNAs in Figure 1, and example some representative
studies as below:

1) The placenta-derived exosomal miRNAs transfer to the
maternal circulation and modulate maternal immune cells
to protect the fetus from the maternal immune attacks.
In vivo and in vitro studies have demonstrated the
dramatical repression of PRKG1 expression in maternal
NK cells by exosomal miR-517-3p (Kambe et al., 2014),
and the downregulation of IL-24 and thus the suppression
in the proliferative capacity and anti-inflammatory effect
of macrophage by exosomal miR-203a-3p (Ma et al.,
2020). In cattle, the placental exosome-derived bta-miR-
499 inhibits the activation of NF-κB via Lin288/let-7 axis,
thereby attenuates the inflammatory responses and forms
an immune-tolerant microenvironment in the uterus.
Inhibition of miR-499 lead to inflammatory deregulation
and increased risk of pregnancy failure (Zhao et al., 2018).

2) Trophoblast cell behaviors can be regulated by exosomal
miRNAs derived from the neighboring or distant
placental cells. Exosomal miR-520c-3p of villous CTB
origin can inhibit cell invasiveness via downregulating
CD44 expression levels in targeted EVT cells (Takahashi
et al., 2017). In vivo and in vitro results indicate the
roles of placental exosomal miR-15a-5p in suppressing
trophoblast cell proliferation, invasion, and apoptosis
through downregulating CDK1 expression and hampering
PI3K/AKT signaling, which is closely associated with PE
progression (Wang Y. et al., 2020).

3) The placenta-derived exosomal miRNAs may regulate fetal
vasculogenesis and angiogenesis. A study from Shen et al.
(2018) showed the downregulation of eNOS expression
in human umbilical vein endothelial cells by exosomal
miR-155 of placenta origin, indicating the potential
delivery of placental miRNAs to the fetal part. However,
ex vivo or in vivo evidence that supports the transfer of
placental exosomes from the placenta to the fetus remains
largely lacking.

4) A potential mode of exosomal miRNAs-mediated fetus-
to-placenta signaling has been suggested. For instance,
miR-133b in human umbilical cord mesenchymal stem
cell (MSC)-derived exosomes boosts trophoblast cell
proliferation, migration, and invasion via targeting SGK1
gene (Wang D. et al., 2020). Exosomal miR-146a-5p and
miR-548e-5p derived from amniotic fluid-MSCs exert anti-
inflammatory effects on human trophoblast cells, and
their dysregulation are associated with the occurrence
of preterm birth (Yang et al., 2019). Umbilical artery-
derived miR-15b-5p can be delivered to the placenta, and
can repress the expression levels of Aplein and cytokines
including IL-1, IL-6, IL-8, and TNF-α, and thus is believed
to play roles in the onset of labor (Yadava et al., 2020).
In addition to target trophoblast cells, the maternal and
umbilical cord blood-derived exosomes can effectively
influence endothelial cells, which is closely associated

with the encapsulation of miRNAs into the exosomes
(Jia et al., 2018). In pigs, miR-150 in umbilical cord
blood-derived exosomes exhibits a pro-angiogenic effect by
stimulating the proliferation and migration of endothelial
cells. A reduced expression of this exosomal miRNA leads
to intrauterine growth restriction of the fetus (Luo et al.,
2018). However, more evidence from appropriate in vivo
models are needed to clarify the working mechanisms of
exosome transfer from the fetus to the placenta.

CLINICAL IMPLICATIONS OF THE
PLACENTA-DERIVED MIRNAS FOR PE

Exploring the Pathogenesis of PE Using
Placenta-Derived miRNAs
Preeclampsia has long been the leading cause of maternal
and fetal morbidity and mortality, affecting approximately 2–
7% of pregnancies. It is defined as the sudden onset of
hypertension after the 20th week of gestation in pregnant
women who had no preexisting hypertension, accompanied
by significant proteinuria or multi-system symptoms, such as
pulmonary oedema, seizures, or oliguria (Sibai, 2003). A well-
accepted theory is that defects in placenta development, especially
the dysregulation of trophoblastic behaviors, are predominant
causes of the disease.

Great efforts have been put to identify genes or signaling
pathways that are associated with the deregulation of trophoblast
differentiation and the development of PE (Ji et al., 2013; Staff,
2019). A great number of differential miRNAs in PE placentas
have been screened, and a series of in vivo and in vitro results
have demonstrated the participation of these aberrantly expressed
miRNAs in PE-associated placental defects (Pang et al., 2010; Ji
et al., 2013; Anton et al., 2019; Xu et al., 2020).

For PE, a big challenge is the discrepancy between the key
pathophysiological changes that are initiated well before the
20th week of gestation and the clinical symptoms that are
not manifested until after that. Therefore, a critical thought is
whether these differential placental miRNAs really contribute to
the pathological change of PE or they are just the consequences
of the disorder at late gestation (Baker and Delles, 2013). As
stated above, placental miRNAs can be released to maternal
circulation during pregnancy in pregnant women (Luo et al.,
2009). Identification of the differential miRNAs in maternal
blood at early-to-mid gestation in PE patients may provide
valuable hints of the pathophysiological placental factors (Gunel
et al., 2011). Our previous results have revealed several miRNAs
(including miR-376c, miR-18a, miR-19b1, miR-92a1, miR-210,
and miR-195) that exhibit significantly aberrant concentrations
in the plasma of PE patients from gestational weeks 15–19
to term. These miRNAs in the placenta potentially contribute
to compromised cell differentiation and functional homeostasis
(Fu et al., 2013; Xu et al., 2014; Wang et al., 2018). However,
results of genetic manipulation of these small RNAs in mice
are lacking. Knocking down of miR-210 leads to relatively
weak influence on fetal development (Krawczynski et al., 2016;
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TABLE 1 | A brief summary of the differential exosomal miRNAs in the plasma from PE patients.

Exosomal
miRNAs

Gestational weeks Sample size Method Changes
in PE
plasma

Diagnostic
capability

References

miR-885-5p 11–14 weeks Selection cohort: PE
(n = 19) and control
(n = 14); Validation cohort:
PE (n = 8) and control
(n = 8)

NGS and
qRT-PCR

↑ – Sandrim et al., 2016

miR-136 <20-week gestation PE (n = 20) and control
(n = 23)

qRT-PCR ↑ AUC = 1.00,
Sen = 95.00%,
Spe = 100.00%

Motawi et al., 2018

miR-494 <20-week gestation PE (n = 20) and control
(n = 23)

qRT-PCR ↑ AUC = 0.87,
Sen = 86.00%,
Spe = 95.00%

Motawi et al., 2018

miR-495 <20-week gestation PE (n = 20) and control
(n = 23)

qRT-PCR ↑ AUC = 0.94,
Sen = 90.00%,
Spe = 83.00%

Motawi et al., 2018

miR-153-3p Term PE (n = 20) and control
(n = 23)

Taqman qPCR ↑ – Li et al., 2020

miR-222-3p Term PE (n = 20) and control
(n = 23)

Taqman qPCR ↓ – Li et al., 2020

miR-224-5p Term PE (n = 20) and control
(n = 23)

Taqman qPCR ↓ – Li et al., 2020

miR-325 Term PE (n = 20) and control
(n = 23)

Taqman qPCR ↑ – Li et al., 2020

– PE (n = 20) and control
(n = 23)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-342-3p Term PE (n = 20) and control
(n = 23)

Taqman qPCR ↑ – Li et al., 2020

miR-532-5p Term PE (n = 20) and control
(n = 23)

Taqman qPCR ↓ – Li et al., 2020

miR-653-5p Term PE (n = 20) and control
(n = 23)

Taqman qPCR ↑ – Li et al., 2020

miR-203a-3p – PE (n = 36) and control
(n = 30)

qRT-PCR ↓ – Ma et al., 2020

miR-134 <13-week gestation PE (n = 4) and control
(n = 5)

miRNA array ↑ – Devor et al., 2020

miR-196b 26–40 weeks PE (n = 4) and control
(n = 5)

miRNA array ↓ – Devor et al., 2020

miR-302c 26–40 weeks PE (n = 4) and control
(n = 5)

miRNA array ↑ – Devor et al., 2020

miR-346 26–40 weeks PE (n = 4) and control
(n = 5)

miRNA array ↑ – Devor et al., 2020

miR-376c <13-week gestation PE (n = 4) and control
(n = 5)

miRNA array ↑ – Devor et al., 2020

miR-486-3p <13-week gestation PE (n = 4) and control
(n = 5)

miRNA array ↑ – Devor et al., 2020

miR-590-5p <13-week gestation PE (n = 4) and control
(n = 5)

miRNA array ↑ – Devor et al., 2020

miR-618 26–40 weeks PE (n = 4) and control
(n = 5)

miRNA array ↑ – Devor et al., 2020

miR-155 Term PE (n = 10) and control
(n = 10)

qRT-PCR ↑ – Shen et al., 2018

miR-486-1-5p The whole gestation PE (n = 15) and control
(n = 32)

NGS ↑ – Salomon et al., 2017

– PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-486-2-5p The whole gestation PE (n = 15) and control
(n = 32)

NGS ↑ – Salomon et al., 2017

(Continued)
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TABLE 1 | Continued

Exosomal
miRNAs

Gestational weeks Sample size Method Changes
in PE
plasma

Diagnostic
capability

References

– PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-125a-5p After the diagnosis of PE PE (n = 18) and control
(n = 20)

qRT-PCR ↑ – Xueya et al., 2020

miR-423-5p – PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-451a – PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-15a-5p – PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-92a-1-3p – PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-92a-2-3p – PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-103a-1-3p – PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-103a-2-3p – PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-126-3p – PE (n = 20) and control
(n = 10)

qRT-PCR ↑ – Wang Y. et al., 2020

miR-520a-5p 10–13 weeks PE (n = 43) and control
(n = 50)

qRT-PCR ↓ AUC = 0.63,
Sen = 60.47%,
Spe = 70.00%

Hromadnikova et al., 2019

miR-517-5p 10–13 weeks PE (n = 43) and control
(n = 50)

qRT-PCR ↓ AUC = 0.699,
Sen = 60.47%,
Spe = 84.00%

Hromadnikova et al., 2019

miR-525-5p 10–13 weeks PE (n = 43) and control
(n = 50)

qRT-PCR ↓ AUC = 0.698,
Sen = 51.16%,
Spe = 84.00%

Hromadnikova et al., 2019

miR-210 PE (24–39 weeks) and control
(30–39 weeks)

PE (n = 19) and control
(n = 34)

qRT-PCR ↑ – Biro et al., 2017

PE (31.00 ± 5.07 weeks) and
control (36.13 ± 3.00 weeks)

PE (n = 8) and control
(n = 8)

qRT-PCR No
significant
change

– Biro et al., 2019

PE, preelampsia; NGS, next generation sequencing; qRT-PCR, reverse transcription-real-time quantitative polymerase chain reaction; Taqman-qPCR, Taqman quantitative
polymerase chain reaction; AUC, area under curve; Sen, sensitivity; and Spe, specificity.

Bian et al., 2020). This may reflect the fine-tune features of
miRNAs to maintain cellular homeostasis, and also indicate the
complicated compensatory routes of various placental miRNAs
as well.

Circulating miRNAs Are Promising
Biomarkers for the Prediction of PE
Circulating miRNAs can be encapsulated into extracellular
vesicles including exosomes or bound to stabilizing proteins
(mainly Ago proteins; Arroyo et al., 2011). Plasma miRNAs
(including the vesicular form and the non-vesicular form) are
relatively stable, being not affected by experimental conditions
such as incubation temperature, pH or even RNase A treatment
(Chen et al., 2008; Mitchell et al., 2008; Arroyo et al., 2011).
The vesicle-packaged miRNAs are more resistant to degradation.
Although the exosomal miRNAs constitute only a fraction of the
whole plasma miRNA population, they exhibit unique changing

pattern PE patients (Biro et al., 2019; Li et al., 2020). Since
exosomal miR-885-5p is suggested as the potential predictive
marker for PE (Sandrim et al., 2016), increasing attention has
been put into this emerging field. The unique characteristics of
exosomal miRNAs make them rather promising as non-invasive
biomarkers for diagnosing or monitoring the development of
PE. We summarize the relevant progress in Table 1. Notably,
studies from Motawi et al. (2018) indicate significant increase in
miR-136, miR-494 and miR-495 in circulating exosomes from PE
patients before the 20th week of gestation, and receiver operating
characteristic curve analysis reveals promisingly high sensitivity
and specificity of these miRNAs to predict PE before the onset of
clinical manifestations.

It has to be noticed that the results from various studies
may show different changing patterns of the exosomal miRNAs
in PE patients (Biro et al., 2017, 2019). The variations may
attribute to the differences in sample size, the gestational
week at sampling, or the statistical method. Importantly,
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the studies using large-scale plasma samples in detailed time
points during gestation with normalized statistical methods are
needed to achieve reproducible results and confirm the clinical
sensitivity and specificity of exosomal miRNAs as the promising
biomarkers for PE.

Exosomal miRNAs Are Potentially Useful
Tools for the RNA-Based Therapies
for PE
In recent years, RNA-based medicine is receiving growing
attention for its diverse roles and promising therapeutic
capacity (Chow et al., 2020). Interestingly, the exosomes can be
engineered to load with miRNAs of interest and delivered to
the recipient cells and/or organs, reinforcing the possibility to
tailor exosomes as gene-delivery vehicles (Thomou et al., 2017).
One technology-barrier is difficulties in introducing anti-miR
into exosomes and delivering anti-miR to exosome-recipient cells
after intravenous administration. Recently, Yamayoshi (2020)
have constructed a novel drug delivery system using anti-
exosome antibody-oligonucleotide conjugates to functionally
inhibit circulating miRNAs, which sheds light on developing
strategy for PE treatment.

CONCLUSION AND PERSPECTIVES

The discovery of placenta-derived miRNAs and their multiple
roles in maintaining healthy pregnancy undoubtedly represent
one of the most exciting progresses in recent years. In addition
to the canonical intracellular silencing functions, placenta-
derived miRNAs can also be released to the maternal or fetal
circulation via encapsulating into the exosomes, and therefore
potentially target various recipient cells to provide a non-
hormonal means of intercellular communication between the
mother and the fetus. Furthermore, unique exosomal miRNA
profiling is potential diagnostic or predictive and prognostic
tool for pregnant complications such as PE, and provides novel
treatment targets for the disease.

There exist several interesting topics that require further
investigations. First, studies regarding exosomal miRNA in
pregnant women have been predominantly focusing on the total
exosomal miRNAs, while seldom identifying their diverse origins.
A recent report reveals that the origin of exosomes determines

its target cells and the transfer activity (Sancho-Albero et al.,
2019), indicating the importance of further clarifying whether the
circulating exosomal miRNAs in the pregnant women are derived
from the placenta, the fetus or various maternal organs. This may
greatly deepen our understanding of the mechanisms underlying
the complicated fetal-maternal interactions during gestation. To
follow this concern, the precise trafficking routes and the specific
targeting cells or organs of the placental exosomal miRNAs are
yet to be clarified. Proper in vivo and ex vivo models should
be constructed to address this point, which is indispensable
for developing exosomal miRNA-based therapeutic strategies for
pregnant complications such as PE. Finally, the convenient and
controllable detection of exosomal miRNA remains challenging,
because the adequately simple and robust assay platforms are
lacking. A recent wok by Xia et al. (2021) has developed a
colorimetric strategy to detect exosomal miR-21 by switching the
visible-light-induced oxidase mimic activity of acridone derivate.
This may provide a feasible tool for the application in exosomal
miRNAs-based diagnosis of PE.

AUTHOR CONTRIBUTIONS

PX and YM drafted the manuscript. HW participated in reference
mining. Y-LW designed and supervised the study, and revised the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by grants from the National
Key Research and Development Program of China
(2016YFC1000401, 2017YFC1001404, and 2018YFC1004100),
the National Natural Science Foundation (81730040 and
21806093), and the China Postdoctoral Science Foundation
(2017M621482 and 2019T120342).

ACKNOWLEDGMENTS

We thank Dr. Shao Chin Lee at Jiangsu Normal University, for
his critical comments to the manuscript.

REFERENCES
Aghdam, A. M., Amiri, A., Salarinia, R., Masoudifar, A., Ghasemi, F., and Mirzaei,

H. (2019). MicroRNAs as diagnostic, prognostic, and therapeutic biomarkers
in prostate Cancer. Crit. Rev. Eukaryot. Gene Exp. 29, 127–139. doi: 10.1615/
CritRevEukaryotGeneExpr.2019025273

Akers, J. C., Gonda, D., Kim, R., Carter, B. S., and Chen, C. C. (2013). Biogenesis of
extracellular vesicles (EV): exosomes, microvesicles, retrovirus-like vesicles, and
apoptotic bodies. J. Neurooncol. 113, 1–11. doi: 10.1007/s11060-013-1084-8

Alisch, R. S., Jin, P., Epstein, M., Caspary, T., and Warren, S. T. (2007). Argonaute2
is essential for mammalian gastrulation and proper mesoderm formation. PLoS
Genet. 3:e227. doi: 10.1371/journal.pgen.0030227

Anin, S. A., Vince, G., and Quenby, S. (2004). Trophoblast invasion. Hum. Fertil.
7, 169–174. doi: 10.1080/14647270400006911

Anton, L., Devine, A., Polyak, E., Olarerin-George, A., Brown, A. G., Falk, M. J.,
et al. (2019). HIF-1alpha stabilization increases miR-210 eliciting first trimester
extravillous trophoblast mitochondrial dysfunction. Front. Physiol. 10:699. doi:
10.3389/fphys.2019.00699

Anton, L., Olarerin-George, A. O., Schwartz, N., Srinivas, S., Bastek, J., Hogenesch,
J. B., et al. (2013). miR-210 inhibits trophoblast invasion and is a serum
biomarker for preeclampsia. Am. J. Pathol. 183, 1437–1445. doi: 10.1016/j.
ajpath.2013.07.021

Arroyo, J. D., Chevillet, J. R., Kroh, E. M., Ruf, I. K., Pritchard, C. C., Gibson,
D. F., et al. (2011). Argonaute2 complexes carry a population of circulating
microRNAs independent of vesicles in human plasma. Proc. Natl. Acad. Sci.
U.S.A. 108, 5003–5008. doi: 10.1073/pnas.1019055108

Asgarpour, K., Shojaei, Z., Amiri, F., Ai, J., Mahjoubin-Tehran, M., Ghasemi, F.,
et al. (2020). Exosomal microRNAs derived from mesenchymal stem cells:

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 March 2021 | Volume 9 | Article 646326

https://doi.org/10.1615/CritRevEukaryotGeneExpr.2019025273
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2019025273
https://doi.org/10.1007/s11060-013-1084-8
https://doi.org/10.1371/journal.pgen.0030227
https://doi.org/10.1080/14647270400006911
https://doi.org/10.3389/fphys.2019.00699
https://doi.org/10.3389/fphys.2019.00699
https://doi.org/10.1016/j.ajpath.2013.07.021
https://doi.org/10.1016/j.ajpath.2013.07.021
https://doi.org/10.1073/pnas.1019055108
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-646326 March 7, 2021 Time: 16:23 # 8

Xu et al. Placenta-Derived miRNAs in Pregnancy

cell-to-cell messages. Cell Commun. Signal. 18:149. doi: 10.1186/s12964-020-00
650-6

Awamleh, Z., and Han, V. K. M. (2020). Potential pathophysiological role of
microRNA 193b-5p in human placentae from pregnancies complicated by
preeclampsia and intrauterine growth restriction.Mol. Biol. Rep. 47, 6531–6544.
doi: 10.1007/s11033-020-05705-y

Baker, A. H., and Delles, C. (2013). Is microRNA-376c a biomarker or mediator of
preeclampsia? Hypertension 61, 767–769. doi: 10.1161/HYPERTENSIONAHA.
111.00087

Bartel, D. P. (2009). MicroRNAs: target recognition and regulatory functions. Cell
136, 215–233. doi: 10.1016/j.cell.2009.01.002

Bentwich, I., Avniel, A., Karov, Y., Aharonov, R., Gilad, S., Barad, O., et al. (2005).
Identification of hundreds of conserved and nonconserved human microRNAs.
Nat. Genet. 37, 766–770. doi: 10.1038/ng1590

Bernstein, E., Kim, S. Y., Carmell, M. A., Murchison, E. P., Alcorn, H., Li, M. Z.,
et al. (2003). Dicer is essential for mouse development. Nat. Genet. 35, 215–217.
doi: 10.1038/ng1253

Bian, X., Liu, J., Yang, Q., Liu, Y., Jia, W., Zhang, X., et al. (2020). miR-210 regulates
placental adaptation to maternal hypoxic stress during pregnancydagger. Biol.
Reprod. 104, 418–429. doi: 10.1093/biolre/ioaa187

Biro, O., Alasztics, B., Molvarec, A., Joo, J., Nagy, B., and Rigo, J. Jr. (2017).
Various levels of circulating exosomal total-miRNA and miR-210 hypoxamiR in
different forms of pregnancy hypertension. Pregnancy Hypertens 10, 207–212.
doi: 10.1016/j.preghy.2017.09.002

Biro, O., Fothi, A., Alasztics, B., Nagy, B., Orban, T. I., and Rigo, J. Jr. (2019).
Circulating exosomal and Argonaute-bound microRNAs in preeclampsia. Gene
692, 138–144. doi: 10.1016/j.gene.2019.01.012

Bortolin-Cavaille, M. L., Dance, M., Weber, M., and Cavaille, J. (2009). C19MC
microRNAs are processed from introns of large Pol-II, non-protein-coding
transcripts. Nucleic Acids Res. 37, 3464–3473. doi: 10.1093/nar/gkp205

Chang, G., Mouillet, J. F., Mishima, T., Chu, T., Sadovsky, E., Coyne, C. B., et al.
(2017). Expression and trafficking of placental microRNAs at the feto-maternal
interface. FASEB J. 31, 2760–2770. doi: 10.1096/fj.201601146R

Chen, X., Ba, Y., Ma, L., Cai, X., Yin, Y., Wang, K., et al. (2008). Characterization
of microRNAs in serum: a novel class of biomarkers for diagnosis of
cancer and other diseases. Cell Res. 18, 997–1006. doi: 10.1038/cr.2008.
282

Chen, X., Liang, H., Zhang, J., Zen, K., and Zhang, C. Y. (2012). Secreted
microRNAs: a new form of intercellular communication. Trends Cell Biol. 22,
125–132. doi: 10.1016/j.tcb.2011.12.001

Chiarello, D. I., Salsoso, R., Toledo, F., Mate, A., Vazquez, C. M., and Sobrevia,
L. (2018). Foetoplacental communication via extracellular vesicles in normal
pregnancy and preeclampsia. Mol. Aspects Med. 60, 69–80. doi: 10.1016/j.mam.
2017.12.002

Chow, M. Y. T., Qiu, Y., and Lam, J. K. W. (2020). Inhaled RNA therapy: from
promise to reality. Trends Pharmacol. Sci. 41, 715–729. doi: 10.1016/j.tips.2020.
08.002

Cross, J. C. (1998). Formation of the placenta and extraembryonic membranes.
Ann. N. Y. Acad. Sci. 857, 23–32. doi: 10.1111/j.1749-6632.1998.tb10104.x

Czernek, L., and Duchler, M. (2020). Exosomes as messengers between mother and
fetus in pregnancy. Int. J. Mol. Sci. 21:4264. doi: 10.3390/ijms21124264

Davoodvandi, A., Marzban, H., Goleij, P., Sahebkar, A., Morshedi, K., Rezaei, S.,
et al. (2021). Effects of therapeutic probiotics on modulation of microRNAs.
Cell Commun. Signal. 19:4. doi: 10.1186/s12964-020-00668-w

Devor, E., Santillan, D., Scroggins, S., Warrier, A., and Santillan, M.
(2020). Trimester-specific plasma exosome microRNA expression
profiles in preeclampsia. J. Matern. Fetal. Neonatal Med. 33, 3116–3124.
doi: 10.1080/14767058.2019.1569614

Dong, D., Khoong, Y., Ko, Y., and Zhang, Y. (2020). microRNA-646 inhibits
angiogenesis of endothelial progenitor cells in pre-eclamptic pregnancy by
targeting the VEGF-A/HIF-1alpha axis. Exp. Ther. Med. 20, 1879–1888. doi:
10.3892/etm.2020.8929

Donker, R. B., Mouillet, J. F., Chu, T., Hubel, C. A., Stolz, D. B., Morelli, A. E.,
et al. (2012). The expression profile of C19MC microRNAs in primary human
trophoblast cells and exosomes. Mol. Hum. Reprod. 18, 417–424. doi: 10.1093/
molehr/gas013

Donker, R. B., Mouillet, J. F., Nelson, D. M., and Sadovsky, Y. (2007). The
expression of Argonaute2 and related microRNA biogenesis proteins in normal

and hypoxic trophoblasts. Mol. Hum. Reprod. 13, 273–279. doi: 10.1093/
molehr/gam006

Doridot, L., Miralles, F., Barbaux, S., and Vaiman, D. (2013). Trophoblasts,
invasion, and microRNA. Front. Genet. 4:248. doi: 10.3389/fgene.2013.00248

Forbes, K., Farrokhnia, F., Aplin, J. D., and Westwood, M. (2012). Dicer-dependent
miRNAs provide an endogenous restraint on cytotrophoblast proliferation.
Placenta 33, 581–585. doi: 10.1016/j.placenta.2012.03.006

Friedlander, M. R., Lizano, E., Houben, A. J., Bezdan, D., Banez-Coronel, M.,
Kudla, G., et al. (2014). Evidence for the biogenesis of more than 1,000 novel
human microRNAs. Genome Biol. 15:R57. doi: 10.1186/gb-2014-15-4-r57

Fu, G., Ye, G., Nadeem, L., Ji, L., Manchanda, T., Wang, Y., et al. (2013).
MicroRNA-376c impairs transforming growth factor-beta and nodal signaling
to promote trophoblast cell proliferation and invasion. Hypertension 61, 864–
872. doi: 10.1161/HYPERTENSIONAHA.111.203489

Gao, W. L., Liu, M., Yang, Y., Yang, H., Liao, Q., Bai, Y., et al. (2012). The imprinted
H19 gene regulates human placental trophoblast cell proliferation via encoding
miR-675 that targets Nodal Modulator 1 (NOMO1). RNA Biol. 9, 1002–1010.
doi: 10.4161/rna.20807

Ghaemmaghami, A. B., Mahjoubin-Tehran, M., Movahedpour, A., Morshedi, K.,
Sheida, A., Taghavi, S. P., et al. (2020). Role of exosomes in malignant glioma:
microRNAs and proteins in pathogenesis and diagnosis. Cell Commun. Signal.
18:120. doi: 10.1186/s12964-020-00623-9

Groot, M., and Lee, H. (2020). Sorting mechanisms for MicroRNAs into
extracellular vesicles and their associated diseases. Cells 9:1044. doi: 10.3390/
cells9041044

Gunel, T., Zeybek, Y. G., Akcakaya, P., Kalelioglu, I., Benian, A., Ermis, H., et al.
(2011). Serum microRNA expression in pregnancies with preeclampsia. Genet.
Mol. Res. 10, 4034–4040. doi: 10.4238/2011.November.8.5

Hashemian, S. M., Pourhanifeh, M. H., Fadaei, S., Velayati, A. A., Mirzaei, H.,
and Hamblin, M. R. (2020). Non-coding RNAs and exosomes: their role in the
pathogenesis of sepsis. Mol. Ther. Nucleic Acids 21, 51–74. doi: 10.1016/j.omtn.
2020.05.012

Hromadnikova, I., Dvorakova, L., Kotlabova, K., and Krofta, L. (2019).
The prediction of gestational hypertension, preeclampsia and fetal growth
restriction via the first trimester screening of plasma exosomal C19MC
microRNAs. Int. J. Mol. Sci. 20:2972. doi: 10.3390/ijms20122972

Ishibashi, O., Ohkuchi, A., Ali, M. M., Kurashina, R., Luo, S. S., Ishikawa, T., et al.
(2012). Hydroxysteroid (17-beta) dehydrogenase 1 is dysregulated by miR-210
and miR-518c that are aberrantly expressed in preeclamptic placentas: a novel
marker for predicting preeclampsia. Hypertension 59, 265–273. doi: 10.1161/
HYPERTENSIONAHA.111.180232

Jeppesen, D. K., Fenix, A. M., Franklin, J. L., Higginbotham, J. N., Zhang, Q.,
Zimmerman, L. J., et al. (2019). Reassessment of exosome composition. Cell
177, 428.e18–445.e18. doi: 10.1016/j.cell.2019.02.029

Ji, L., Brkic, J., Liu, M., Fu, G., Peng, C., and Wang, Y. L. (2013). Placental
trophoblast cell differentiation: physiological regulation and pathological
relevance to preeclampsia. Mol. Aspects Med. 34, 981–1023. doi: 10.1016/j.mam.
2012.12.008

Jia, L., Zhou, X., Huang, X., Xu, X., Jia, Y., Wu, Y., et al. (2018). Maternal and
umbilical cord serum-derived exosomes enhance endothelial cell proliferation
and migration. FASEB J. 32, 4534–4543. doi: 10.1096/fj.201701337RR

Jin, J., and Menon, R. (2018). Placental exosomes: a proxy to understand pregnancy
complications. Am. J. Reprod. Immunol. 79:e12788. doi: 10.1111/aji.12788

Kambe, S., Yoshitake, H., Yuge, K., Ishida, Y., Ali, M. M., Takizawa, T., et al. (2014).
Human exosomal placenta-associated miR-517a-3p modulates the expression
of PRKG1 mRNA in Jurkat cells. Biol. Reprod. 91:129. doi: 10.1095/biolreprod.
114.121616

Knofler, M., Haider, S., Saleh, L., Pollheimer, J., Gamage, T., and James, J. (2019).
Human placenta and trophoblast development: key molecular mechanisms and
model systems. Cell Mol. Life Sci. 76, 3479–3496. doi: 10.1007/s00018-019-
03104-6

Krawczynski, K., Mishima, T., Huang, X., and Sadovsky, Y. (2016). Intact feto-
placental growth in microRNA-210 deficient mice. Placenta 47, 113–115. doi:
10.1016/j.placenta.2016.09.007

Li, H., Ouyang, Y., Sadovsky, E., Parks, W. T., Chu, T., and Sadovsky,
Y. (2020). Unique microRNA signals in plasma exosomes from
pregnancies complicated by preeclampsia. Hypertension 75, 762–771. doi:
10.1161/HYPERTENSIONAHA.119.14081

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 March 2021 | Volume 9 | Article 646326

https://doi.org/10.1186/s12964-020-00650-6
https://doi.org/10.1186/s12964-020-00650-6
https://doi.org/10.1007/s11033-020-05705-y
https://doi.org/10.1161/HYPERTENSIONAHA.111.00087
https://doi.org/10.1161/HYPERTENSIONAHA.111.00087
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1038/ng1590
https://doi.org/10.1038/ng1253
https://doi.org/10.1093/biolre/ioaa187
https://doi.org/10.1016/j.preghy.2017.09.002
https://doi.org/10.1016/j.gene.2019.01.012
https://doi.org/10.1093/nar/gkp205
https://doi.org/10.1096/fj.201601146R
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1016/j.tcb.2011.12.001
https://doi.org/10.1016/j.mam.2017.12.002
https://doi.org/10.1016/j.mam.2017.12.002
https://doi.org/10.1016/j.tips.2020.08.002
https://doi.org/10.1016/j.tips.2020.08.002
https://doi.org/10.1111/j.1749-6632.1998.tb10104.x
https://doi.org/10.3390/ijms21124264
https://doi.org/10.1186/s12964-020-00668-w
https://doi.org/10.1080/14767058.2019.1569614
https://doi.org/10.3892/etm.2020.8929
https://doi.org/10.3892/etm.2020.8929
https://doi.org/10.1093/molehr/gas013
https://doi.org/10.1093/molehr/gas013
https://doi.org/10.1093/molehr/gam006
https://doi.org/10.1093/molehr/gam006
https://doi.org/10.3389/fgene.2013.00248
https://doi.org/10.1016/j.placenta.2012.03.006
https://doi.org/10.1186/gb-2014-15-4-r57
https://doi.org/10.1161/HYPERTENSIONAHA.111.203489
https://doi.org/10.4161/rna.20807
https://doi.org/10.1186/s12964-020-00623-9
https://doi.org/10.3390/cells9041044
https://doi.org/10.3390/cells9041044
https://doi.org/10.4238/2011.November.8.5
https://doi.org/10.1016/j.omtn.2020.05.012
https://doi.org/10.1016/j.omtn.2020.05.012
https://doi.org/10.3390/ijms20122972
https://doi.org/10.1161/HYPERTENSIONAHA.111.180232
https://doi.org/10.1161/HYPERTENSIONAHA.111.180232
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1016/j.mam.2012.12.008
https://doi.org/10.1016/j.mam.2012.12.008
https://doi.org/10.1096/fj.201701337RR
https://doi.org/10.1111/aji.12788
https://doi.org/10.1095/biolreprod.114.121616
https://doi.org/10.1095/biolreprod.114.121616
https://doi.org/10.1007/s00018-019-03104-6
https://doi.org/10.1007/s00018-019-03104-6
https://doi.org/10.1016/j.placenta.2016.09.007
https://doi.org/10.1016/j.placenta.2016.09.007
https://doi.org/10.1161/HYPERTENSIONAHA.119.14081
https://doi.org/10.1161/HYPERTENSIONAHA.119.14081
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-646326 March 7, 2021 Time: 16:23 # 9

Xu et al. Placenta-Derived miRNAs in Pregnancy

Li, P., Guo, W., Du, L., Zhao, J., Wang, Y., Liu, L., et al. (2013). microRNA-
29b contributes to pre-eclampsia through its effects on apoptosis, invasion
and angiogenesis of trophoblast cells. Clin. Sci. 124, 27–40. doi: 10.1042/
CS20120121

Liu, M., Wang, Y., Lu, H., Wang, H., Shi, X., Shao, X., et al. (2018). miR-518b
enhances human trophoblast cell proliferation through targeting Rap1b and
activating Ras-MAPK signal. Front. Endocrinol. 9:100. doi: 10.3389/fendo.2018.
00100

Liu, R. F., Xu, X., Huang, J., Fei, Q. L., Chen, F., Li, Y. D., et al. (2013). Down-
regulation of miR-517a and miR-517c promotes proliferation of hepatocellular
carcinoma cells via targeting Pyk2. Cancer Lett. 329, 164–173. doi: 10.1016/j.
canlet.2012.10.027

Luo, J., Fan, Y., Shen, L., Niu, L., Zhao, Y., Jiang, D., et al. (2018). The pro-
angiogenesis of exosomes derived from umbilical cord blood of intrauterine
growth restriction pigs was repressed associated with MiRNAs. Int. J. Biol. Sci.
14, 1426–1436. doi: 10.7150/ijbs.27029

Luo, R., Shao, X., Xu, P., Liu, Y., Wang, Y., Zhao, Y., et al. (2014). MicroRNA-210
contributes to preeclampsia by downregulating potassium channel modulatory
factor 1. Hypertension 64, 839–845. doi: 10.1161/HYPERTENSIONAHA.114.
03530

Luo, S. S., Ishibashi, O., Ishikawa, G., Ishikawa, T., Katayama, A., Mishima, T.,
et al. (2009). Human villous trophoblasts express and secrete placenta-specific
microRNAs into maternal circulation via exosomes. Biol. Reprod. 81, 717–729.
doi: 10.1095/biolreprod.108.075481

Ma, H. Y., Cu, W., Sun, Y. H., and Chen, X. (2020). MiRNA-203a-3p inhibits
inflammatory response in preeclampsia through regulating IL24. Eur. Rev. Med.
Pharmacol. Sci. 24, 5223–5230. doi: 10.26355/eurrev_202005_21304

Marasa, B. S., Srikantan, S., Martindale, J. L., Kim, M. M., Lee, E. K., Gorospe,
M., et al. (2010). MicroRNA profiling in human diploid fibroblasts uncovers
miR-519 role in replicative senescence. Aging 2, 333–343. doi: 10.18632/aging.
100159

Mirzaei, H., and Hamblin, M. R. (2020). Regulation of glycolysis by non-coding
RNAs in cancer: switching on the warburg effect. Mol. Ther. Oncolytics 19,
218–239. doi: 10.1016/j.omto.2020.10.003

Mitchell, M. D., Peiris, H. N., Kobayashi, M., Koh, Y. Q., Duncombe, G., Illanes,
S. E., et al. (2015). Placental exosomes in normal and complicated pregnancy.
Am. J. Obstet Gynecol. 213, S173–S181. doi: 10.1016/j.ajog.2015.07.001

Mitchell, P. S., Parkin, R. K., Kroh, E. M., Fritz, B. R., Wyman, S. K., Pogosova-
Agadjanyan, E. L., et al. (2008). Circulating microRNAs as stable blood-based
markers for cancer detection. Proc. Natl. Acad. Sci. U.S.A. 105, 10513–10518.
doi: 10.1073/pnas.0804549105

Motawi, T. M. K., Sabry, D., Maurice, N. W., and Rizk, S. M. (2018). Role of
mesenchymal stem cells exosomes derived microRNAs; miR-136, miR-494 and
miR-495 in pre-eclampsia diagnosis and evaluation. Arch. Biochem. Biophys.
659, 13–21. doi: 10.1016/j.abb.2018.09.023

Mouillet, J. F., Goff, J., Sadovsky, E., Sun, H., Parks, T., Chu, T., et al.
(2020). Transgenic expression of human C19MC miRNAs impacts placental
morphogenesis. Placenta 101, 208–214. doi: 10.1016/j.placenta.2020.09.069

Mouillet, J. F., Ouyang, Y., Coyne, C. B., and Sadovsky, Y. (2015). MicroRNAs
in placental health and disease. Am. J. Obstet Gynecol. 213, S163–S172. doi:
10.1016/j.ajog.2015.05.057

Nahand, J. S., Vandchali, N. R., Darabi, H., Doroudian, M., Banafshe, H. R.,
Moghoofei, M., et al. (2020). Exosomal microRNAs: novel players in cervical
cancer. Epigenomics 12, 1651–1660. doi: 10.2217/epi-2020-0026

Ouyang, Y., Mouillet, J. F., Coyne, C. B., and Sadovsky, Y. (2014). Review: placenta-
specific microRNAs in exosomes - good things come in nano-packages.
Placenta 35(Suppl.), S69–S73. doi: 10.1016/j.placenta.2013.11.002

Pang, R. T., Leung, C. O., Ye, T. M., Liu, W., Chiu, P. C., Lam, K. K., et al. (2010).
MicroRNA-34a suppresses invasion through downregulation of Notch1 and
Jagged1 in cervical carcinoma and choriocarcinoma cells. Carcinogenesis 31,
1037–1044. doi: 10.1093/carcin/bgq066

Pineles, B. L., Romero, R., Montenegro, D., Tarca, A. L., Han, Y. M., Kim, Y. M.,
et al. (2007). Distinct subsets of microRNAs are expressed differentially in the
human placentas of patients with preeclampsia. Am. J. Obstet Gynecol. 196,
e261–e266. doi: 10.1016/j.ajog.2007.01.008

Razavi, Z. S., Tajiknia, V., Majidi, S., Ghandali, M., Mirzaei, H. R., Rahimian, N.,
et al. (2021). Gynecologic cancers and non-coding RNAs: epigenetic regulators

with emerging roles. Crit. Rev. Oncol. Hematol. 157:103192. doi: 10.1016/j.
critrevonc.2020.103192

Regnault, T. R., Galan, H. L., Parker, T. A., and Anthony, R. V. (2002). Placental
development in normal and compromised pregnancies– a review. Placenta
23(Suppl. A), S119–S129. doi: 10.1053/plac.2002.0792

Sabapatha, A., Gercel-Taylor, C., and Taylor, D. D. (2006). Specific isolation of
placenta-derived exosomes from the circulation of pregnant women and their
immunoregulatory consequences. Am. J. Reprod. Immunol. 56, 345–355. doi:
10.1111/j.1600-0897.2006.00435.x

Sadri Nahand, J., Moghoofei, M., Salmaninejad, A., Bahmanpour, Z., Karimzadeh,
M., Nasiri, M., et al. (2020). Pathogenic role of exosomes and microRNAs in
HPV-mediated inflammation and cervical cancer: a review. Int. J. Cancer 146,
305–320. doi: 10.1002/ijc.32688

Salomon, C., Guanzon, D., Scholz-Romero, K., Longo, S., Correa, P., Illanes, S. E.,
et al. (2017). Placental exosomes as early biomarker of preeclampsia: potential
role of exosomal micrornas across gestation. J. Clin. Endocrinol. Metab. 102,
3182–3194. doi: 10.1210/jc.2017-00672

Salomon, C., Torres, M. J., Kobayashi, M., Scholz-Romero, K., Sobrevia, L.,
Dobierzewska, A., et al. (2014). A gestational profile of placental exosomes
in maternal plasma and their effects on endothelial cell migration. PLoS One
9:e98667. doi: 10.1371/journal.pone.0098667

Sancho-Albero, M., Navascues, N., Mendoza, G., Sebastian, V., Arruebo, M.,
Martin-Duque, P., et al. (2019). Exosome origin determines cell targeting and
the transfer of therapeutic nanoparticles towards target cells. J. Nanobiotechnol.
17:16. doi: 10.1186/s12951-018-0437-z

Sandrim, V. C., Luizon, M. R., Palei, A. C., Tanus-Santos, J. E., and Cavalli, R. C.
(2016). Circulating microRNA expression profiles in pre-eclampsia: evidence
of increased miR-885-5p levels. BJOG 123, 2120–2128. doi: 10.1111/1471-0528.
13903

Sarker, S., Scholz-Romero, K., Perez, A., Illanes, S. E., Mitchell, M. D., Rice, G. E.,
et al. (2014). Placenta-derived exosomes continuously increase in maternal
circulation over the first trimester of pregnancy. J. Transl. Med. 12:204. doi:
10.1186/1479-5876-12-204

Setty, B. A., Jinesh, G. G., Arnold, M., Pettersson, F., Cheng, C. H., Cen, L.,
et al. (2020). The genomic landscape of undifferentiated embryonal sarcoma
of the liver is typified by C19MC structural rearrangement and overexpression
combined with TP53 mutation or loss. PLoS Genet. 16:e1008642. doi: 10.1371/
journal.pgen.1008642

Shao, X., Liu, Y., Liu, M., Wang, Y., Yan, L., Wang, H., et al. (2017). Testosterone
represses estrogen signaling by upregulating miR-22: a mechanism for
imbalanced steroid hormone production in preeclampsia. Hypertension 69,
721–730. doi: 10.1161/HYPERTENSIONAHA.116.08468

Shen, L., Li, Y. J., Li, R. T., Diao, Z. Y., Yany, M. Y., Wu, M. F., et al. (2018). Placenta-
associated serum exosomal miR-155 derived from patients with preeclampsia
inhibits eNOS expression in human umbilical vein endothelial cells. Int. J. Mol.
Med. 41, 1731–1739.

Sibai, B. M. (2003). Diagnosis and management of gestational hypertension
and preeclampsia. Obstet Gynecol. 102, 181–192. doi: 10.1016/s0029-7844(03)
00475-7

Stadler, B., Ivanovska, I., Mehta, K., Song, S., Nelson, A., Tan, Y., et al. (2010).
Characterization of microRNAs involved in embryonic stem cell states. Stem
Cells Dev. 19, 935–950. doi: 10.1089/scd.2009.0426

Staff, A. C. (2019). The two-stage placental model of preeclampsia: an update.
J. Reprod. Immunol. 13, 1–10. doi: 10.1016/j.jri.2019.07.004

Suh, N., Baehner, L., Moltzahn, F., Melton, C., Shenoy, A., Chen, J., et al. (2010).
MicroRNA function is globally suppressed in mouse oocytes and early embryos.
Curr. Biol. 20, 271–277. doi: 10.1016/j.cub.2009.12.044

Takahashi, H., Ohkuchi, A., Kuwata, T., Usui, R., Baba, Y., Suzuki, H., et al.
(2017). Endogenous and exogenous miR-520c-3p modulates CD44-mediated
extravillous trophoblast invasion. Placenta 50, 25–31. doi: 10.1016/j.placenta.
2016.12.016

Thomou, T., Mori, M. A., Dreyfuss, J. M., Konishi, M., Sakaguchi, M., Wolfrum,
C., et al. (2017). Adipose-derived circulating miRNAs regulate gene expression
in other tissues. Nature 542, 450–455. doi: 10.1038/nature21365

Ura, B., Feriotto, G., Monasta, L., Bilel, S., Zweyer, M., and Celeghini, C. (2014).
Potential role of circulating microRNAs as early markers of preeclampsia.
Taiwan J. Obstet Gynecol. 53, 232–234. doi: 10.1016/j.tjog.2014.03.001

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 March 2021 | Volume 9 | Article 646326

https://doi.org/10.1042/CS20120121
https://doi.org/10.1042/CS20120121
https://doi.org/10.3389/fendo.2018.00100
https://doi.org/10.3389/fendo.2018.00100
https://doi.org/10.1016/j.canlet.2012.10.027
https://doi.org/10.1016/j.canlet.2012.10.027
https://doi.org/10.7150/ijbs.27029
https://doi.org/10.1161/HYPERTENSIONAHA.114.03530
https://doi.org/10.1161/HYPERTENSIONAHA.114.03530
https://doi.org/10.1095/biolreprod.108.075481
https://doi.org/10.26355/eurrev_202005_21304
https://doi.org/10.18632/aging.100159
https://doi.org/10.18632/aging.100159
https://doi.org/10.1016/j.omto.2020.10.003
https://doi.org/10.1016/j.ajog.2015.07.001
https://doi.org/10.1073/pnas.0804549105
https://doi.org/10.1016/j.abb.2018.09.023
https://doi.org/10.1016/j.placenta.2020.09.069
https://doi.org/10.1016/j.ajog.2015.05.057
https://doi.org/10.1016/j.ajog.2015.05.057
https://doi.org/10.2217/epi-2020-0026
https://doi.org/10.1016/j.placenta.2013.11.002
https://doi.org/10.1093/carcin/bgq066
https://doi.org/10.1016/j.ajog.2007.01.008
https://doi.org/10.1016/j.critrevonc.2020.103192
https://doi.org/10.1016/j.critrevonc.2020.103192
https://doi.org/10.1053/plac.2002.0792
https://doi.org/10.1111/j.1600-0897.2006.00435.x
https://doi.org/10.1111/j.1600-0897.2006.00435.x
https://doi.org/10.1002/ijc.32688
https://doi.org/10.1210/jc.2017-00672
https://doi.org/10.1371/journal.pone.0098667
https://doi.org/10.1186/s12951-018-0437-z
https://doi.org/10.1111/1471-0528.13903
https://doi.org/10.1111/1471-0528.13903
https://doi.org/10.1186/1479-5876-12-204
https://doi.org/10.1186/1479-5876-12-204
https://doi.org/10.1371/journal.pgen.1008642
https://doi.org/10.1371/journal.pgen.1008642
https://doi.org/10.1161/HYPERTENSIONAHA.116.08468
https://doi.org/10.1016/s0029-7844(03)00475-7
https://doi.org/10.1016/s0029-7844(03)00475-7
https://doi.org/10.1089/scd.2009.0426
https://doi.org/10.1016/j.jri.2019.07.004
https://doi.org/10.1016/j.cub.2009.12.044
https://doi.org/10.1016/j.placenta.2016.12.016
https://doi.org/10.1016/j.placenta.2016.12.016
https://doi.org/10.1038/nature21365
https://doi.org/10.1016/j.tjog.2014.03.001
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-646326 March 7, 2021 Time: 16:23 # 10

Xu et al. Placenta-Derived miRNAs in Pregnancy

Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J. J., and Lotvall, J. O. (2007).
Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat. Cell Biol. 9, 654–659. doi: 10.1038/ncb1596

van der Pol, E., Boing, A. N., Gool, E. L., and Nieuwland, R. (2016). Recent
developments in the nomenclature, presence, isolation, detection and clinical
impact of extracellular vesicles. J. Thromb. Haemost. 14, 48–56. doi: 10.1111/
jth.13190

Wang, D., Na, Q., Song, G. Y., and Wang, L. (2020). Human umbilical cord
mesenchymal stem cell-derived exosome-mediated transfer of microRNA-133b
boosts trophoblast cell proliferation, migration and invasion in preeclampsia
by restricting SGK1. Cell Cycle 19, 1869–1883. doi: 10.1080/15384101.2020.
1769394

Wang, H., Zhao, Y., Luo, R., Bian, X., Wang, Y., Shao, X., et al. (2020). A positive
feedback self-regulatory loop between miR-210 and HIF-1alpha mediated by
CPEB2 is involved in trophoblast syncytialization: implication of trophoblast
malfunction in preeclampsiadagger. Biol. Reprod. 102, 560–570. doi: 10.1093/
biolre/ioz196

Wang, Y., Du, X., and Wang, J. (2020). Transfer of miR-15a-5p by placental
exosomes promotes pre-eclampsia progression by regulating PI3K/AKT
signaling pathway via CDK1. Mol. Immunol. 128, 277–286. doi: 10.1016/j.
molimm.2020.10.019

Wang, H., Zhang, L., Guo, X., Bai, Y., Li, Y. X., Sha, J., et al. (2018). MiR-
195 modulates oxidative stress-induced apoptosis and mitochondrial energy
production in human trophoblasts via flavin adenine dinucleotide-dependent
oxidoreductase domain-containing protein 1 and pyruvate dehydrogenase
phosphatase regulatory subunit. J. Hypertens. 36, 306–318. doi: 10.1097/HJH.
0000000000001529

Wu, H., Wang, H., Liu, M., Bai, Y., Li, Y. X., Ji, L., et al. (2016). MiR-195
participates in the placental disorder of preeclampsia via targeting activin
receptor type-2B in trophoblastic cells. J. Hypertens. 34, 1371–1379. doi: 10.
1097/HJH.0000000000000948

Xia, Y., Chen, T., Zhang, L., Zhang, X., Shi, W., Chen, G., et al. (2021). Colorimetric
detection of exosomal microRNA through switching the visible-light-induced
oxidase mimic activity of acridone derivate. Biosens. Bioelectron. 173:112834.
doi: 10.1016/j.bios.2020.112834

Xu, P., Li, Z., Wang, Y., Yu, X., Shao, X., Li, Y. X., et al. (2020). miR-18a contributes
to preeclampsia by downregulating Smad2 (Full Length) and reducing TGF-
beta signaling. Mol. Ther. Nucleic Acids 22, 542–556. doi: 10.1016/j.omtn.2020.
09.019

Xu, P., Zhao, Y., Liu, M., Wang, Y., Wang, H., Li, Y. X., et al. (2014). Variations
of microRNAs in human placentas and plasma from preeclamptic pregnancy.
Hypertension 63, 1276–1284. doi: 10.1161/HYPERTENSIONAHA.113.02647

Xueya, Z., Yamei, L., Sha, C., Dan, C., Hong, S., Xingyu, Y., et al. (2020).
Exosomal encapsulation of miR-125a-5p inhibited trophoblast cell migration
and proliferation by regulating the expression of VEGFA in preeclampsia.
Biochem. Biophys. Res. Commun. 525, 646–653. doi: 10.1016/j.bbrc.2020.02.
137

Yadava, S. M., Feng, A., Parobchak, N., Wang, B., and Rosen, T. (2020). miR-15b-
5p promotes expression of proinflammatory cytokines in human placenta by
inhibiting Apelin signaling pathway. Placenta 104, 8–15. doi: 10.1016/j.placenta.
2020.11.002

Yamayoshi, A. (2020). [Development of novel drug delivery system targeting
exosomal microRNA]. Yakugaku Zasshi 140, 625–631. doi: 10.1248/yakushi.19-
00218-3

Yang, C., Lim, W., Park, J., Park, S., You, S., and Song, G. (2019). Anti-inflammatory
effects of mesenchymal stem cell-derived exosomal microRNA-146a-5p and
microRNA-548e-5p on human trophoblast cells. Mol. Hum. Reprod. 25, 755–
771. doi: 10.1093/molehr/gaz054

Yang, H., Ma, Q., Wang, Y., and Tang, Z. (2020). Clinical application of exosomes
and circulating microRNAs in the diagnosis of pregnancy complications and
foetal abnormalities. J. Transl. Med. 18:32. doi: 10.1186/s12967-020-02227-w

Zhang, R., Wang, Y. Q., and Su, B. (2008). Molecular evolution of a primate-specific
microRNA family. Mol. Biol. Evol. 25, 1493–1502. doi: 10.1093/molbev/msn094

Zhao, G., Yang, C., Yang, J., Liu, P., Jiang, K., Shaukat, A., et al. (2018).
Placental exosome-mediated Bta-miR-499-Lin28B/let-7 axis regulates
inflammatory bias during early pregnancy. Cell Death Dis. 9:704.
doi: 10.1038/s41419-018-0713-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Xu, Ma, Wu and Wang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 March 2021 | Volume 9 | Article 646326

https://doi.org/10.1038/ncb1596
https://doi.org/10.1111/jth.13190
https://doi.org/10.1111/jth.13190
https://doi.org/10.1080/15384101.2020.1769394
https://doi.org/10.1080/15384101.2020.1769394
https://doi.org/10.1093/biolre/ioz196
https://doi.org/10.1093/biolre/ioz196
https://doi.org/10.1016/j.molimm.2020.10.019
https://doi.org/10.1016/j.molimm.2020.10.019
https://doi.org/10.1097/HJH.0000000000001529
https://doi.org/10.1097/HJH.0000000000001529
https://doi.org/10.1097/HJH.0000000000000948
https://doi.org/10.1097/HJH.0000000000000948
https://doi.org/10.1016/j.bios.2020.112834
https://doi.org/10.1016/j.omtn.2020.09.019
https://doi.org/10.1016/j.omtn.2020.09.019
https://doi.org/10.1161/HYPERTENSIONAHA.113.02647
https://doi.org/10.1016/j.bbrc.2020.02.137
https://doi.org/10.1016/j.bbrc.2020.02.137
https://doi.org/10.1016/j.placenta.2020.11.002
https://doi.org/10.1016/j.placenta.2020.11.002
https://doi.org/10.1248/yakushi.19-00218-3
https://doi.org/10.1248/yakushi.19-00218-3
https://doi.org/10.1093/molehr/gaz054
https://doi.org/10.1186/s12967-020-02227-w
https://doi.org/10.1093/molbev/msn094
https://doi.org/10.1038/s41419-018-0713-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Placenta-Derived MicroRNAs in the Pathophysiology of Human Pregnancy
	Introduction
	Expression and Function of Placenta-Derived Mirnas During Pregnancy
	Secretion and Function of Placental Mirnas in Exosomes
	Clinical Implications of the Placenta-Derived Mirnas for Pe
	Exploring the Pathogenesis of PE Using Placenta-Derived miRNAs
	Circulating miRNAs Are Promising Biomarkers for the Prediction of PE
	Exosomal miRNAs Are Potentially Useful Tools for the RNA-Based Therapies for PE

	Conclusion and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


