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The transplacental transfer of maternal antibodies to the fetus is a critical mechanism for infant protection and perinatal disease.
Hemolytic disease of the fetus and newborn (HDEN) is a representative fetal disease caused by transplacental transfer of maternal
IgG antibodies. However, it is unclear whether placental-related miRNAs are expressed in Rh-HDEN. Through the investigation
of the miR-181a-5p and miR-125b-2-3p levels in maternal plasma using qPCR, we found that both miR-181a-5p and miR-125b-
2-3p were highly expressed in maternal plasma of newborns with Rh-HDFN compared with healthy controls, indicating the
potential roles of these two miRNAs in Rh-HDFN. To demonstrate whether dysregulation of miR-125b-2-3p and miR-181a-5p
contributes to Rh-HDFN development, we analyze the placental miRNA-/mRNA sequencing data (GSE73714) using weighted
gene coexpression network analysis (WGCNA), miRNA target predictive databases, and DAVID (Database for Annotation,
Visualization, and Integrated Discovery). The results showed that miR-125b-2-3p and miR-181a-5p could regulate several
biological processes including cytoplasmic microtubule organization and angiogenesis. Moreover, core promoter sequence-
specific DNA binding and protein binding were highly enriched molecular functions, indicating the potential roles of
transcriptional regulation. Further pathway enrichment showed that miR-181a-5p and miR-125b-2-3p could regulate several
biological pathways that were closely related to placental function, including the FoxO signaling pathway, focal adhesion,
mTOR signaling pathway, and central carbon metabolism in cancer. In conclusion, the present results first revealed miRNA
expression in the maternal circulation of newborns with Rh-HDFN, which could be caused by dysfunction of the placenta.

1. Introduction

The transplacental transfer of maternal IgG antibodies to the
fetus is a critical mechanism for infant protection, while
their humoral response is inefficient [1]. However, in some
circumstances, the placental transmission of antibodies is
detrimental to the neonate [2]. Hemolytic disease of the
fetus and newborn (HDFN) is a representative fetal disease
caused by transplacental transfer of maternal IgG antibodies,
a severe complication of maternal and fetal blood group

incompatibility [3]. ABO isoimmunization is the common
etiology of HDEN, while Rh isoimmunization rarely occurs
in the Chinese population [4]. Although it remains the lead-
ing cause of HDFN in the European population, thus far,
there have been only a few publications about Rh-negative
HDEN (Rh-HDEN) in Chinese patients, mainly because of
ethnic specificity [4-6]. With the development of Rh-D
immunoprophylaxis, the risk of Rh-HDFN was decreased.
Two percent of newborns suffer from Rh-HDFN, which
may cause severe complications, such as kernicterus, demise,
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miscarriage, or perinatal death [7]. Because sensitized mater-
nal IgG antibodies in fetal circulation are the leading cause
of Rh-HDNEF, the placenta plays a central regulatory role
in sensitized IgG transfer. Therefore, any biologically active
molecules that affect the function of the placenta may
become modulators of Rh-HDFN, including miRNAs [8].

Normal proliferation/differentiation of human placental
trophoblasts contributes to the functional normality of the
placenta [9]. Several studies have suggested that placental
trophoblasts at the feto-maternal interface produce a broad
repertoire of miRNA species, which not only have an impor-
tant epigenetic role during the development of the fetus but
also play a crucial role in pregnancy-related complications
and infant diseases [8, 10-12]. A previous study showed that
miR-181a-5p and miR-125b-2-3p were highly expressed in
villous trophoblasts and some villous stromal cells [13, 14].
In addition, their results suggested that miRNAs could be
secreted from human trophoblast cells into maternal plasma
and that the amount of miRNA is related to the intracellular
level of miRNAs. In particular, a recent study showed that
overexpression of miR-181a-5p compromised the integrity
of the endothelial barrier in the placenta, further indicating
the critical roles of miRNA in the placental barrier [15].
However, the role of miRNAs remains unclear in Rh-
HDEFN. In the present study, two miRNAs, miR-181a-5p
and miR-125b-2-3p, were further investigated in the plasma
of pregnant women in the perinatal period to analyze their
potential value in Rh-HDFN, given their functional role in
the placenta and heart tissue of the fetus with Down’s syn-
drome [11, 16]. Meanwhile, the target genes of miR-181a-
5p and miR-125b-2-3p and their associated pathways were
identified by the weighted correlation network analysis
(WGCNA) and the DAVID (Database for Annotation, Visu-
alization, and Integrated Discovery) database to explain the
potential roles of miRNAs in Rh-HDFN.

2. Materials and Methods

2.1. General Data. We enrolled 26 Chinese pregnancies in
the present study, including 13 pregnancies with Rh-
HDFEN newborns and 13 pregnancies with healthy new-
borns. They were admitted to the Second Affiliated Hospital
of Chongging Medical University and the First People’s
Hospital of Neijiang, Sichuan Province, from January 2016
to September 2020. These pregnancies were divided into 2
groups: the Rh-HDEN group (n =13 pregnancies) and the
control group (n = 13 pregnancies). All enrolled pregnancies
were clinically diagnosed by physical examination and labo-
ratory investigations, including routine blood tests, liver
function tests, kidney function tests, and coagulated and
anticoagulated blood tests from mothers and newborns
according to the Chinese National Standardized Protocols
for Clinical Laboratory, 4th version, polybrene tests,
Coombs tests, antibodies against the Rh group (anti-D,
anti-E, anti-e, anti-C, and anti-c), and the ant-A and anti-
B groups. Patients’ inclusion criteria were an uncomplicated
pregnancy, gestational age at venipuncture between 20-42
weeks, high-risk pregnancies with Rh-HDFN newborns,
and pregnancies with healthy newborns. Pregnancies’ exclu-
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sion criteria were those with pregnancies with severe liver
dysfunction, kidney dysfunction, severe infectious diseases,
cognitive disorder, communication disorder, and pregnan-
cies who did not cooperate with the experiment. The
research ethics committee approved the research protocol
for experimental and clinical studies at the Faculty of the
First People’s Hospital of Neijiang City, Sichuan Province,
and written informed consent was obtained from all preg-
nancies enrolled in the study. Whole peripheral blood
samples of all pregnancies were withdrawn in EDTA vacu-
tainer tubes. All blood samples were processed at 4°C and
then stored at -80°C for final miRNA extraction. The pla-
centas were collected and placed in 5 volumes of RNAlater
solution (ThermoFisher Scientific, Shanghai, China) within
15 minutes of delivery. All samples were stored at —4°C
overnight and then moved to -20°C until laboratory proce-
dures were performed.

2.2. miRNA Isolation. miRNA was extracted from 200 uL of
plasma using the miRcute serum/plasma miRNA isolation
kit (Tiangen Biotech, Beijing, China) following the manufac-
turer’s instructions. After washing miRNAs were eluted in
30 uL DEPC water. The RNA quantity was assessed by Nano-
Drop 2000C (Thermo Scientific). The cDNA was synthesized
using the miRcute miRNA First-Strand cDNA Synthesis Kit
(Tiangen Biotech, Beijing, China) on an ABI Veriti Thermal
Cycler PCR System (Thermo Fisher Scientific, MA, USA).

2.3. Real-Time PCR. The cDNA was synthesized using the
miRcute miRNA First-Strand cDNA Synthesis Kit (Tiangen
Biotech, Beijing, China) on an ABI Thermal Cycler PCR Sys-
tem (Thermo Fisher Scientific, MA, USA). The target miR-
NAs were amplified using the SYBR PCR Master Mix kit.
RNUG6-1 was used as the endogenous reference control. Neg-
ative controls were also used to exclude any potential con-
tamination. PCR amplification 40 cycles were followed,
consisting of 15 seconds DNA denaturation at 95°C, 30 sec-
onds annealing, and amplification at 60°C. The primer
sequences for each miRNA included in the study are shown
in Table 1, and all primers are designed and synthesized by
Shanghai Sangon Biotechnology Co., Ltd.

2.4. Enrichment of the miR-181a-5p- and miR-125b-2-3p-
Related mRNAs by WGCNA. Publicly available RNA-Seq
and miRNA-Seq data were obtained (GEO dataset ID:
GSE73714) from paired villous trophoblast and decidual
basalis specimens collected from spontaneous idiopathic
preterm birth or term birth [17]. The expression of miR-
181a-5p and miR-125b-2-3p, sex, and gestational age pla-
cental compartment was obtained from miRNA-seq of
GSE73714. mRNA quantification with log2 (RSEM>1) was
included in the WGCNA. The “WGCNA” package was used
to enrich the miR-181la-5p- and miR-125b-2-3p-related
mRNA based on the expression of miRNAs and mRNAs
from the placenta as previously performed methods [18]. A
power of 8 was selected, following which the networks’ con-
nectivity distributions approximate the power law, indicat-
ing that the network possesses scale-free topology.
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TaBLE 1: Primers sequence in the present study.

Gene symbol

. I A/
Primer sequence from 5'-3

MirBase/NCBI reference no.

F: CATTCAACGCTGTCGGTGAGT

miR-181a-5p

MIMATO0000256

R: CTACGTCGTATCGTCATCTGAC

F: ACAAGTCAGGCTCTTGGGAC

miR-125b-2-3p

MIMATO0004603

R: CTACGTCGTATCGTCATCTGAC

F: TGGCCCCTGCGCAAGGATG

RNU6-1

R: CTACGTCGTATCGTCATCTGAC

NR_004394.1

2.5. Prediction of Target Genes of Differential miRNAs by
Database. The target genes of miR-181a-5p and miR-125b-
2-3p were identified by using the miRWalk, miRanda,
miRDB, RNA22, and TargetScan databases in the miRWalk
2.0 online tool (http://zmf.umm.uni-heidelberg.de/apps/
zmf/mirwalk2/miRretsys-self.html). The target genes were
further reduced by selecting those commonly predicted by
at least three databases.

2.6. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) Analyses. The list of identified target
genes of miR-181a-5p and miR-125b-2-3 was uploaded to
the DAVID (https://david.ncifcrf.gov) for functional annota-
tion including biological process, cell component, molecular
function, and KEGG pathways. Those significant GO terms
and pathways were selected (p < 0.05), and the top 15 GO
terms and pathways were visualized using the “ggplot2”
package in R 4.0.5.

2.7. Statistical Methods. SPSS20.0 software (Bizinsight
(Beijing) Information Technology Co., Ltd) was used for sta-
tistical analysis, and the experimental graphics were drawn
using GraphPad Prism 7 software. The measurement values
are presented as the mean+standard deviation (mean +
SD), and the t-test was used to analyze the two groups.
The comparison between the two groups was analyzed
by t-test. p < 0.05 was considered a significant difference.

3. Results

3.1. Differential Expression of miR-181a-5p and miR-125b-2-
3p in Maternal Peripheral Blood of Fetuses with Rh-HDFN
and Healthy Controls. A total of 26 pregnant women who
met our inclusion criteria were included in this study,
including 13 controls with normal pregnancies and 13
patients with Rh-HDFN. Table 2 indicates the general
characteristics of the subjects in the study. While no sig-
nificant difference was noted in the terms of body mass
index (BMI) (p=0.170), gestational age (p=0.605), Hb
(p=0.098), ALT (p=0.523), AST (p=0.846), cholesterol
level (p=0.988), T-bil (p=0.715), and direct-bil levels
(p=0.815), the maternal age from Rh-HDEN group was
older than the normal group (p=0.050).

The data presented in Figures 1(a) and 1(b) demonstrates
that there was a highly significant increase in the expression of
miR-181a-5p (4.56 + 0.92-fold change, p < 0.0001) and miR-
125b-2-3p (6.39 + 0.68-fold change, p < 0.0001) in maternal
peripheral blood of the RH-HDEN group compared with the

TasLE 2: Clinical demographic data in the Rh-HDFN and control
groups.

Control Rh-HDFN

Mean + SD Mean+SD 7 value
Maternal age (years) 34.00£0.69 36.46+0.97  0.050
BMI (kg/mz) 28.59+0.69 27.00+0.90 0.170
Gestational age (weeks) 38.79+0.30  39.00+0.26 0.605
Hb (g/L) 125.1 +4.31 116.5+2.45 0.098
ALT (U/L) 19.77+4.55 28.85+13.25 0523
AST (U/L) 24.85+3.34 26.08+£5.28 0.846
Cholesterol (mmol/L) 5.83+0.44 5.87+0.21 0.988
T-bil (umol/L) 8.43+0.81 7.84+1.38 0.715
Direct-bil (ymol/L) 2.65+0.21 2.56+0.29 0.815

control group. To further evaluate whether the expression
of miR-181a-5p and miR-125b-2-3p was also differential
in the placenta between the RH-HDEN and the healthy
control, we collected three placental of RH-HDFN and
seven healthy placentas. As shown Figures 1(c) and 1(d),
both miR-181a-5p (14.27 +3.15-fold change, p=0.0019)
and miR-125b-2-3p (27.27 £ 9.21-fold change, p=0.0181)
are much higher expressed in placentas of the RH-HDFN
than the healthy control.

3.2. Construction of a Weighted Coexpression Network Based
on Placental mRNA Expression Profiles Related to miR-181a-
5p and miR-125b-2-3p. To investigate whether the func-
tions of miR-181a-5p and miR-125b-2-3p were related to
placental mRNA expression, WGCNA was employed. A
coexpression network was constructed by using the pla-
cental miRNA and mRNA expression profile data. To
obtain a network that meets the scale-free topology crite-
rion, different soft-thresholding power ranges from 1 to
20 were calculated. The soft thresholding power value
was selected as 3=8 to ensure that a scale-free network
(scale-free R2=0.81) was constructed (Figures 2(a)-2(d)).
Then, the genes were clustered into modules by hierarchi-
cal clustering according to expression values, and the most
similar modules were merged by setting the MEDissThres
cutting line to 0.2 (Figure 2(e)). Finally, 22 mRNA gene
modules were identified after merging similar modules
with a similarity higher than 80% (Figure 2(e)). The size
of mRNA modules ranges from a minimum of 64 mRNAs
in the light yellow module to the 1255 mRNAs of the
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FIGURE 1: The expression of miR-181a-5p and miR-125b-2-3p in maternal plasma or placenta of Rh-HDEN fetuses and healthy controls. (a)
The expression of miR-181a-5p in maternal plasma of Rh-HDFN fetuses and healthy controls. (b) The expression of miR-125b-2-3p in
maternal plasma of Rh-HDEN fetuses and healthy controls. (c) The expression of miR-181a-5p in the placenta of Rh-HDFN fetuses and
healthy controls. (d) The expression of miR-125b-2-3p in the placenta of the Rh-HDEFN fetuses and the healthy controls.

turquoise module. Only 99 mRNAs were not classified in
any of the correlated modules and were then grouped in
the gray module (Table S1).

3.3. Identification of miR-181a-5p- and miR-125b-2-3p-
Related Functional Modules in the Placenta. The association
between several gene expression modules was examined,
including the expression of miR-181a-5p and miR-125b-2-
3p, as the main parameters. Interestingly, a similar set of
gene modules was clustered between the expression of
miR-181a-5p and miR-125b-2-3p (Figure 3). In parallel, we
examined the association between each module and some
clinical traits, including sex, gestational age, and placental
tissue compartment (villous trophoblast and basal plate
decidual basalis). Most of the clinical traits that impacted
gene expression were independent from each other
(Figure 3).

Regarding modules related to the expression of miR-
181a-5p and miR-125b-2-3p, some of them were positively
correlated with the expression of miR-181a-5p and/or
miR-125b-2-3p, while some of them were negatively corre-
lated with the expression of miR-181a-5p and/or miR-
125b-2-3p. Interestingly, these modules related to the
expression of miR-18la-5p and miR-125b-2-3p were
always negatively correlated with gestational age or placen-
tal tissue compartment. Given that miRNAs are key nega-
tive regulators of gene expression, we further examined the
specific modules (skyblue 3 and dark orange) that showed

the strongest negative correlation with both miR-181a-5p
and miR-125b-2-3p expression and a positive correlation
with the other clinical traits (Figure 3).

3.4. Identification of miR-181a-5p and miR-125b-2-3p Target
Genes in the Placenta by Combining the Results from
WGCNA and the Database. Because miRNAs play biological
functions by binding to their specific target genes, we first
used the miRWalk, miRanda, miRDB, RNA22, and TargetS-
can databases to predict target genes for miR-125b-2-3p and
miR-181a-5p. The genes that were commonly predicted by
at least three databases were used as putative target genes.
In total, 5239 putative target genes were identified (Supple-
mentary Table S2), including 2308 target genes of miR-
125b-2-3p and 2931 target genes of miR-181a-5p. To more
accurately identify miRNA targets, the inversely correlated
module genes (skyblue 3 and dark orange) with miR-125b-
2-3p or miR-18la-5p expression were intersected with
predictive target mRNAs in the database. Finally, 109
target genes were identified, including 31 targets that were
commonly regulated by miR-125b-2-3p and miR-181a-5p
(Supplementary Table S3). The miRNA-mRNA (miR-
125b-2-3p, miR-181a-5p, and their target genes) regulatory
network is shown in Figure 4.

3.5. The Regulatory Roles of miR-181a-5p and miR-125b-2-3p
in Placental Function. To assess the biological functions of
miR-181a-5p and miR-125b-2-3p in the placenta, their
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based on the minimum number of genes in the module being 50.

functions and pathways of targeted genes were analyzed by
using the DAVID database. In total, 109 target genes were
enriched in 14 gene ontology (GO) terms, including seven
biological processes, five cell components, and two molecu-
lar functions (Figure 5(a) and Supplementary Table S4).

The enriched biological processes included regulation of
transcription,  cytoplasmic  microtubule organization,
morphogenesis of an epithelial fold, phosphatidylinositol-
mediated signaling, and angiogenesis, which were linked to
placental function, and maintenance of the functional
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between the module eigengene of modules and the clinical features, miR-181a-5p, and miR-125b-2-3p expression analyzed via WGCNA.
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red box indicates the module of interest in the study. p < 0.05 was considered statistically significant.

integrity of the placental barrier. Core promoter sequence-
specific DNA binding and protein binding were highly
enriched molecular functions, further indicating the
potential roles of transcriptional regulation.

Furthermore, the target genes of miR-18la-5p and
miR-125b-2-3p were enriched in several pathways,

including the FoxO signaling pathway, prostate cancer,
endometrial cancer, focal adhesion, hepatitis C, non-
small cell lung cancer, mTOR signaling pathway, and
central carbon metabolism in cancer, which correlated
with placental function (Figure 5(b) and Supplementary
Table S5).
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4. Discussion

The placenta is a transient organ that not only plays a central
role in maternal and fetal health during pregnancy but also
plays a crucial role in the transplacental transfer of maternal
IgG antibodies in Rh-HDEN [19]. Although Rh-D immuno-
prophylaxis has developed, the incidence of Rh-HDEN has
dramatically dropped in recent decades. The precise predic-
tion of Rh-HDEFN is one of the final goals in maternal-fetal
medicine to avoid severe complications and consequences
[20]. Given the critical roles of miRNAs in placental devel-
opment and functions, miRNAs are considered ideal candi-
date biomarkers that are ascribable to their stability and
tissue specificity.

Our study revealed significantly higher expression of
miR-125b-2-3p and miR-181a-5p in maternal peripheral
blood of newborns with Rh-HDEFN than in that of healthy
newborns. The expression of miR-125b-2-3p and miR-
181a-5p was 6.39- and 4.56-fold higher in maternal periph-
eral blood of newborns with Rh-HDFN than in normal new-
borns, respectively. Such expression patterns could serve as
potential noninvasive biomarkers for the prediction of Rh-
HDEN. Although several previous studies confirmed the
diagnostic potential for miRNAs as biomarkers for
pregnancy-specific diseases, the present study first reported
the roles of miRNAs in Rh-HDEFN [11]. MiR-181a-5p has
been extensively studied in developing benign and malig-
nant diseases [21]. In reproductive systems, miR-181a-5p
was reported to mediate the effects of anti-Miillerian hor-
mone on follicular development, trophoblast differentiation,
and placental development [9, 22]. Similarly, miR-125b-2-3p
has been recognized for its diverse role in vascular diseases
and carcinogenesis [23, 24]. Recent studies demonstrated
that miR-125b-2-3p was upregulated in preeclamptic pla-
centas and could be exported from the human placenta into
maternal circulation [25]. Although IgG antibody transpla-
cental transfer was thought to be a crucial factor in Rh-
HDEN, there was evidence that IgG transfer depends on
maternal levels of total IgG, gestational age, placental integ-
rity, and IgG subclass [1], suggesting the necessity and ratio-
nality to explain Rh-HDEN by studying placenta-related

miRNAs and mRNAs. The present study provided the first
evidence that high expression of miRNAs in the placenta
could be detected in the maternal circulation of RH-
HDEN. In addition, compared with maternal blood, the dif-
ferential expression of miR-181a-5p and miR-125b-2-3p in
the placenta between the RH-HDFN and the healthy control
was more noticeable, suggesting that placental miRNA could
be considered a new biomarker for monitoring RH-HDFN
development. However, an obvious limitation of this study
was that a limited sample was used. Due to the rarity of
Rh-HDEFN in Chinese individuals, it is necessary to collect
more samples to validate further the roles of miRNAs from
maternal peripheral blood in predicting Rh-HDFN.

By combining abnormal expression of miR-125b-2-3p
and miR-181a-5p in maternal circulation of Rh-HDFN and
the reported roles of miR-125b-2-3p and miR-181a-5p in
maternal circulation and placenta, miR-125b-2-3p and
miR-181a-5p probably play an important role in Rh-
HDEN. However, whether dysregulation of miR-125b-2-3p
and miR-181a-5p contributes to Rh-HDEN development
remains unknown. We constructed a coexpression network
of miR-125b-2-3p/miR-181a-5p and placental mRNA
expression to clarify this. Several modules related to the
expression of miR-181a-5p and miR-125b-2-3p were identi-
fied, which were always negatively correlated with gesta-
tional age or placental tissue compartment. In particular,
the skyblue 3 and dark orange modules showed the strongest
correlation with the expression of both miR-181a-5p and
miR-125b-2-3p, indicating their modulatory roles in the
two module genes. Given that miRNAs play biological func-
tions by regulating their target genes, we first predicted tar-
get genes for miR-125b-2-3p and miR-181a-5p using
several databases of miRNA target genes. To accurately
identify the target genes of miR-125b-2-3p and miR-181a-
5p, the intersecting genes of predictive target mRNAs in
the database and genes in the skyblue 3 and dark orange
modules were identified as target genes of miR-125b-2-3p
and miR-181a-5p. By analyzing the functions or pathways
of identified target genes, we found that the enriched biolog-
ical processes included regulation of transcription, cytoplas-
mic microtubule organization, morphogenesis of an
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epithelial fold, phosphatidylinositol-mediated signaling, and
angiogenesis, which were linked to placental function and
maintenance of the placental barrier. Core promoter
sequence-specific DNA binding and protein binding were
highly enriched molecular functions, further indicating the
potential roles of transcriptional regulation.

Furthermore, the target genes of miR-181a-5p and miR-
125b-2-3p were enriched in several cancer-related pathways,
including prostate cancer, endometrial cancer, non-small
cell lung cancer, and central carbon metabolism in cancer.
This result was consistent with the previous finding that sev-
eral pathways are shared between the placenta and cancer
cells at a molecular level [26]. Moreover, the focal adhesion,
FoxO signaling pathway, and mTOR signaling pathway have
important roles in placental function [27-30]. Recent evi-
dence suggests that the FoxO signaling pathway is essential
for placental morphogenesis in the developing embryo and
regulates placental barrier permeability [27]. In addition,
placental mTOR signaling not only plays a vital role in the
regulation of fetal growth [28] but also plays an important
role in placental growth signaling sensors, linking maternal
nutrient and growth factor concentrations to amino acid
transport by regulating placental barrier permeability [31].
Thus, the above results indicated that miR-181a-5p and
miR-125b-2-3p could be functional to maintain the perme-
ability and integration of the placental barrier, although
some experiments in Rh-HDFN placenta should be per-
formed in the future to verify our hypothesis.

5. Conclusion

In conclusion, we first revealed the abnormal expression of
miR-181a-5p and miR-125b-2-3p in the maternal circula-
tion of newborns with Rh-HDEFN, which could play a regu-
latory role in placental function. Therefore, miRNAs that are
specifically expressed in the placenta will be alternative and
promising biomarkers to predict Rh-HDFN.
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