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Objective: This study aimed to identify maternal circulating exosomal miRNAs as
potential non-invasive biomarkers for the early detection of fetal ventricular septal
defects (VSDs).

Methods: In total, 182 pregnant women, comprising 91 VSD cases and 91 matched
controls, were included in this study. Exosomes were isolated; dysregulated exosomal
miRNAs were profiled using next-generation sequencing. Differential abundance
of miRNAs was verified using quantitative real-time polymerase chain reaction
(QRT-PCR). Diagnostic accuracy was evaluated by constructing receiver operating
characteristic (ROC) curves.

Results: In total, 77 serum exosomal miRNAs were found to be differentially expressed
in the VSD group compared to their expression in the control group. Among these,
five downregulated exosomal miRNAs were validated using gRT-PCR. hsa-miR-146a-
5p was identified to be capable of distinguishing VSD cases from controls (area under
the ROC curve [AUC]: 0.997; p < 1.00E-05).

Conclusion: Circulating exosomal miRNAs, particularly hsa-miR-146a-5p, may be
predictive biomarkers for the non-invasive prenatal diagnosis of fetal VSDs.

Keywords: VSD, biomarker, serum exosomes, miRNA, prenatal diagnosis

INTRODUCTION

Congenital heart disease (CHD) is the most common type of birth defect and has an incidence of
nearly 8 of every 1,000 live births worldwide (Erikssen et al., 2015). CHD represents approximately
a third of all congenital anomalies and is the main cause of infant death (Hoffman and Kaplan,
2002). Ventricular septal defect (VSD), a major type of CHD, accounts for 20-30% of CHD cases.
VSDs occur in nearly 1 of every 500 live births, and morbidity is even more common during the
prenatal period (Bjornard et al., 2013). Consequently, early prenatal diagnosis is very important for
timely surgical intervention and improved prognosis for both the mother and fetus.

Currently, the diagnosis of CHD is mainly dependent on fetal echocardiography during 22—
28 weeks of pregnancy. However, CHD diagnosis with the use of echocardiography is partially

Frontiers in Genetics | www.frontiersin.org

1 September 2021 | Volume 12 | Article 717208


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2021.717208
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2021.717208
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2021.717208&domain=pdf&date_stamp=2021-09-09
https://www.frontiersin.org/articles/10.3389/fgene.2021.717208/full
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Jin et al.

Exosomal miRNAs and Fetal Ventricular Septal Defect

limited by the skill of the operator, quality of equipment, and
lack of process standardization. Therefore, there is an urgent
need to identify early biomarkers in the maternal blood to
enable accurate screening of fetal CHDs for more sensitive
prenatal diagnosis. Recently, exosomal miRNAs have attracted
considerable attention as disease biomarkers. In this study, we
focused on identifying biomarkers of fetal VSDs by profiling
maternal serum exosomal miRNAs.

Exosomes are extracellular vesicles (EVs) that contain
macromolecules such as proteins, miRNAs, and mRNAs that
can modulate target cell biology and function (Vlassov et al.,
2012; Patil et al., 2019). Multiple lines of evidence indicate
that exosomal miRNAs communicate between tissues and
organs during organogenesis and repair (Hayashi and Hoffman,
2017; Hayashi et al., 2017). For example, exosomal miR-133a
was found to improve cardiac function in a rat myocardial
infarction model by reducing fibrosis and hypertrophy and
by increasing vascularization and cardiomyocyte proliferation
(Izarra et al., 2014).

Although exosomal miRNAs in maternal circulation have
gained much interest for the detection of pregnancy-associated
disorders, few studies have focused on the connection between
exosomal miRNAs and fetal CHDs. We hypothesized that
maternal serum exosomal miRNAs are potential candidate
biomarkers for early prenatal detection of fetal VSDs.

In our study, we investigated miRNAs in EVs isolated from
maternal serum as potential non-invasive screening biomarkers
for fetal VSD. We analyzed exosomal miRNA profiles of maternal
serum from pregnant women carrying fetuses with VSD as well
as from pregnant women carrying normal fetuses as a control.
The study identified hsa-miR-146a-5p as a potential novel early
detection marker for VSD.

MATERIALS AND METHODS
Study Design and Participants

The study was conducted on a retrospective cohort of pregnant
women at 16-18 weeks of gestation who were admitted to the
prenatal diagnosis center of Zhejiang Jiaxing Maternal and Child
Health Care Hospital between January 2017 and January 2020.
The cohort consisted of 91 pregnant women carrying fetuses
with isolated VSD and 91 women carrying normal fetuses, as
identified by prenatal cardiac ultrasound scanning. The disease
and control groups were matched by maternal age, gestational
age, and sampling date. All participants remained healthy
and had no family genetic history. The clinical characteristics
of the subjects are summarized in Table 1. The study was
approved by the ethics committee of Jiaxing Maternal and Child
Health Care Hospital, and informed consent was obtained from
all participants.

The study was divided into two stages. In the first stage
(biomarker discovery), we created nine pools of serum samples
from 36 VSD samples and 36 control samples, with each
pool consisting of four samples. We then identified the
differential miRNA profiles of the 2 groups by sequencing.
In the second stage (biomarker validation), we conducted

quantitative reverse transcription polymerase chain reaction
(qQRT-PCR) on samples from the remaining 55 pregnant women
carrying fetuses with VSD and 55 women carrying normal
fetuses to validate the miRNAs that were identified in the
first stage. A receiver operating characteristic (ROC) curve
was used to assess the accuracy of maternal serum miRNA in
predicting fetal VSD.

Serum Sample Preparation and Exosome

Isolation
Each 4-mL serum sample pool was centrifuged twice (at 1,600 x g
for 10 min and at 16,000 x g for 10 min) to remove cell
debris and blood platelets. The supernatant was transferred to
Eppendorf tubes for exosome isolation, miRNA extraction, and
miRNA sequencing. Circulating exosomes were isolated from
serum using Ribo™ Exosome Isolation Reagent according to the
manufacturer’s instructions (Guangzhou, China).

The remaining samples (55 VSD and 55 control) were used to
validate the miRNA sequencing results via real-time qRT-PCR.

Transmission Electron Microscopy (TEM)
Serum exosome samples (20 L) were transferred to a copper
mesh. Next, the sample was stained and fixed with 2% uranyl
acetate for 1-10 min. The mesh was placed on a filter paper
and air-dried. The morphological features of the exosomes were
examined and visualized using TEM (Tecnai G2 Spirit Biotwin,
FEI, United States) at a magnification of 44,000 x (200 nm).

Nanoparticle Tracking Analysis (NTA)
The exosome particle quantity, size, distribution, and
concentration were measured using NTA at VivaCell Biosciences
with ZetaView PMX 110 (Meerbusch, Germany) and the
corresponding software ZetaView 8.04.02.

Isolated exosome samples were appropriately diluted in
1 x phosphate-buffered saline (PBS), and NTA measurements
were recorded and analyzed at 11 positions. The ZetaView
system was calibrated using 110-nm polystyrene particles. The
temperature was maintained at approximately 23-30°C.

Western Blot Analysis

Exosomal protein was dissolved in radioimmunoprecipitation
assay lysis buffer, and the total protein concentration was
determined by a BCA protein assay. Approximately 60 pg
of protein was subjected to 8-12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a polyvinylidene fluoride membrane. The membrane was
blocked for 1 h with 5% bovine serum albumin, and incubated
with antibodies against CD63, CD9, and CD81(Abcam) at 4°C
overnight, followed by incubation with a secondary antibody
[goat anti-rabbit IgGH&L (HRP); Thermo Pierce] at 4°C
for 1 h. Specific proteins were detected using SuperSignal®
West Dura Extended Duration Substrate according to the
manufacturer’s instructions.

Total RNA Extraction From Exosomes
Total RNA was extracted and purified from exosomes using the
Liquid miRNA Kit/HiPure Serum/Plasma miRNA Kit (Megan,

Frontiers in Genetics | www.frontiersin.org

September 2021 | Volume 12 | Article 717208


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Jin et al.

Exosomal miRNAs and Fetal Ventricular Septal Defect

TABLE 1 | Clinical characteristics of pregnant women carrying fetuses with VSD and normal (control) fetuses in RNA sequencing and gRT-PCR analyses.

RNA sequencing qRT-PCR
Characteristic VSD (n = 36) Control (n = 36) P VSD (n = 55) Control (n = 55) P
Gestational age (weeks) 16.74 £ 0.50 16.84 £+ 0.46 0.38 16.75 £ 0.59 16.78 £ 0.59 0.76
Maternal age (years) 29.69 + 4.66 28.61 +4.03 0.29 28.96 +4.79 28.61 +4.16 0.68
VSD, ventricular septal defects.
AANCT

China). The quantity and integrity of exosomal RNA yield
were assessed using Qubit®2.0 (Life Technologies, United States)
and the Agilent 2200 TapeStation (Agilent Technologies,
United States), respectively.

MiRNA Library Construction and

Sequencing

Exosomal RNA (50 ng) from each sample pool was used to
prepare small RNA libraries using the NEBNext® Multiplex
Small RNA Library Prep Set for Illumina (NEB, United States)
according to the manufacturer’s instructions. Small RNAs were
reverse transcribed and amplified by PCR. Next, PCR products
were sequenced by HiSeq 2500 (Illumina, United States) with a
single-end 50-bp from Ribobio Co., Ltd. (Ribobio, China).

Bioinformatics Analysis

To predict the target genes of the differentially expressed
miRNAs, data from TargetScan, miRDB, miRTarBase, and
miRWalk were integrated into our proprietary database. Only
overlapping results of the four databases were accepted as
potential target genes. Gene ontology (GO) analysis provides
meaningful gene and gene products and covers three domains:
biological processes (BP), cellular component (CC), and
molecular function (MF). A p-value < 0.05 indicates a score
representing significant GO-annotation enrichment for the
differentially expressed genes. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) database was used to analyze signaling
pathways related to target genes. The p-value was determined by
Fisher’s exact test.

Validation of Exosomal miRNA

Expression by qRT-PCR

The Bulge-Loop™ miRNA qRT-PCR Starter Kit (Ribobio,
China) and miRNA-specific stem-loop primers were used
to reverse transcribe total RNA. Based on the results of
target gene prediction and enrichment analysis as well as
literature, five exosomal miRNAs (hsa-miR-186-5p, hsa-miR-
199a-3p, hsa-miR-146a-5p, hsa-miR-181a-5p, and hsa-miR-
3158-3p) were selected to validate the miRNA sequencing
results using an independent cohort of 110 exosomal samples
(VSD, n = 55; control, n = 55) via qRT-PCR. Extracted
RNA was reverse transcribed into cDNA, which was subjected
to real-time qRT-PCR using a Bulge-Loop™ miRNA qRT-
PCR Starter Kit on a CFX Real-time PCR system (Bio-
Rad, United States). Cel-miR-39 was added as an external
control and normalized for technical variation between the
samples, as described previously (Sohn et al, 2015). The

relative expression of miRNAs was calculated using the 2~
method. Primer sequences of the five miRNAs are listed in
Supplementary Table 1.

Statistical Analysis
A two-tailed Students f-test was used to assess statistical

significance; p < 0.05 and fold change > 2 were
considered  statistically  significant. ROC curve and
area under curve (AUC) were wused to assess the
sensitivity and specificity of the exosomal miRNAs
for prenatal diagnosis of fetal VSD. All statistical
calculations were performed wusing SPSS 23.0 and
GraphPad Prism 6.0.

RESULTS

Patient Characteristics

The total miRNA of the maternal serum exosomes

from nine VSD sample pools and nine control sample
pools was extracted for miRNA sequencing. The clinical
characteristics of the 72 participants in the first stage and
the other 110 participants in the second stage are shown in
Table 1. There were no statistically significant differences
between the two groups.

Validation of Extracted Exosomes

Exosomes extracted from the nine VSD sample pools and
nine control sample pools were assessed by TEM, NTA, and
western blotting. As shown in Figure 1A, TEM analysis
revealed a non-uniform distribution of cup-shaped structures
in alveolar exosomes, with size ranging from 50 to 200
nm in diameter, in a dark background. NTA indicated that
the isolated serum exosomes in the VSD samples had a
mean diameter of 122.8 nm and those from the control
samples had a mean diameter of 131.2 nm (Figure 1B); the
differences between the two groups were not statistically
significant. Furthermore, we selected serum
(n = 5 per group) to evaluate the presence of the exosomal
protein markers CD9, CD63, and CD81 through western
blotting; the characteristics of the VSD and control samples
were not significantly different (Figure 1C). Therefore,
we can confirm that all obtained vesicles exhibited the
major characteristics of exosomes and could be used in the
following experiments.

€xosomes
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FIGURE 1 | Identification of exosomes from maternal circulation. (A) Transmission electron microscopy results of exosomes from VSD and control samples. Scale
bar: 200 nm. (B) Representative Nanoparticle Tracking Analysis (NTA) profiles for one VSD-extracellular vesicle (EV) and one Control-EV sample. (C) Exosomal
membrane markers confirmed by western blotting (common markers enriched in exosomes: CD9, CD63, and CD81) in VSD and control groups (n = 5 per group)

Frontiers in Genetics | www.frontiersin.org 4 September 2021 | Volume 12 | Article 717208


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Jin et al.

Exosomal miRNAs and Fetal Ventricular Septal Defect

A
The Difference of miRNA Profiles
©
o
2
o .
- ¢ up-expressed miRNA
¢ down-expressed miRNA
equally—expressed miRNA
<
o
2 4
Py RE
N
I r
o s,
<& ¥

16402 1e+04 16406

CK

FIGURE 2 | Sequencing-generated exosomal miRNA expression profiles for the serum of women carrying fetuses with VSD (n = 9) or normal fetuses (control, n = 9).
(A) Scatter plots are used to illustrate the differential exosomal miRNA expression profiles between the VSD and control groups. Red, miRNAs with higher
expression; green, MIRNAs with lower expression; gray, miRNAs with equal expression. (B) Unsupervised hierarchical clustering analysis of miRNAs detected in all
18 samples (A, VSD group; CK, control group). Rows, miRNAs; columns, cases. The color legend across the top illustrates relative miRNA expression levels: blue for
low expression and red for high expression (change > 2-fold as a cut-off; p < 0.05; expression level > 10).
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Differences in Circulating Exosomal
miRNA Profiles Between Pregnancies
With Fetal VSD and Those With Normal

Fetuses

The serum exosomal miRNA profiles of nine VSD sample pools
and control sample pools were analyzed by sequencing. The
differential exosomal miRNA expression profiles were analyzed
between the VSD and control groups (Figure 2A). Unsupervised
hierarchic clustering revealed a differential expression pattern
between the two groups. In total, 77 miRNAs were identified to be
differentially abundant between the VSD group and the control
group, including 12 and 65 miRNAs that were upregulated and
downregulated, respectively, in the VSD group (Figure 2B and
Supplementary Table 2).

GO Terms and KEGG Pathway Analysis
of Differentially Expressed Exosomal

miRNAs

The top 10 GO categories for dysregulated miRNAs ranked by
enrichment score [—log10(p-value)] are presented in Figure 3A.
GO analysis indicated that the dysregulated miRNAs were
mainly localized or interacted in the intracellular organelles,
intracellular part, and cell part. These miRNAs are primarily
involved in single-organism cellular processes, cellular processes,
developmental processes, and single-organism developmental

processes, but they also have roles in binding, organic cyclic
compound binding, protein binding, catalytic activity, ion
binding, and nucleic acid binding.

KEGG pathway analysis revealed 237 pathways that were
significantly enriched (p < 0.05) for targets of deregulated
miRNAs. As shown in Figure 3B, the target genes of the
altered miRNAs are mostly involved in “Signaling transduction,”
“Cellular community,” or other pathways. Our data showed that
the top 20 pathways of altered miRNAs included the PI3K-Akt,
MAPK, cAMP, and Hippo signaling pathways. These results are
consistent with the fundamental functions of exosomes.

Selection and Validation of Serum
Exosomal miRNAs as Potential
Circulating Biomarkers for Fetal VSD

The following criteria were applied to prioritize the candidate
exosomal miRNAs: (1) reads > 100; (2) | log2FoldChange]
> 2; (3) p-value < 1.00E-05. Fifteen miRNAs were selected, of
which five exosomal miRNAs (hsa-miR-186-5p, hsa-miR-199a-
3p, hsa-miR-146a-5p, hsa-miR-181a-5p, and hsa-miR-3158-3p)
were shortlisted based on their fold changes and bioinformatics
analysis as well as the literature associated with CHD (Kopke
etal., 2015; Secco et al., 2018; Lei et al., 2019). The utility of these
5 miRNAs as biomarkers for fetal VSD was validated by qRT-PCR
in an independent cohort of 110 serum samples (55 VSD samples
and 55 control samples) (Table 1). However, hsa-miR-3158-3p
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was excluded from subsequent analyses because it showed CT
values > 35 in qRT-PCR. As shown in Figure 4, of the remaining
four miRNAs, hsa-miR-146a-5p and hsa-miR-199a-3p expression
levels were significantly downregulated in the VSD group than
in the control group, consistent with the sequencing results.
The expression levels of the remaining two miRNAs (hsa-miR-
186-5p and hsa-miR-181a-5p) were not significantly different
between the two groups. Thus, we conducted ROC analysis for
hsa-miR-146a-5p and hsa-miR-199a-3p.

Hsa-miR-146a-5p possessed the highest diagnostic power
in discriminating fetuses with VSD and healthy fetuses,
with an AUC of 0.997 (95%CI, 0.9918-1; cut-off < 0.49;
sensitivity = 98.1%; specificity = 98.1%). The AUC of hsa-
miR-199a-3p was 0.6717 (95%CI, 0.56-0.7834; cut-off < 0.55;
sensitivity = 58.2%; specificity = 99.9%). These results indicate
that hsa-miR-146a-5p can distinguish cases of fetal VSD from
controls with high accuracy and may serve as an efficient and
non-invasive biomarker for the prenatal detection of fetal VSD
(Figure 5 and Table 2).

DISCUSSION

We retrospectively screened exosomal miRNAs from serum
of pregnant women carrying fetuses with VSD or carrying
normal fetuses at 16-18 weeks of gestation. In our study,
we first analyzed the expression profile of exosomal miRNAs
in maternal serum using sequencing technology, revealing 77
exosomal miRNAs that were differentially expressed in the
serum of women carrying VSD fetuses compared to that in
the serum of women carrying normal fetuses; of these 77
exosomal miRNAs, 12 were significantly upregulated and 65
downregulated in the VSD group. Following validation via
qRT-PCR and ROC analysis, we demonstrated exosomal hsa-
miR-146a-5p has high diagnostic performance in terms of
sensitivity and specificity in differentiating cases of fetal VSDs
from controls. These results imply that exosomal miRNAs may
be useful predictive biomarkers for the non-invasive prenatal
screening of fetal CHDs.

Previously, some studies have identified miRNAs in maternal
circulation to be non-invasive biomarkers for prenatal diagnosis
of CHDs (Zhu et al., 2013; Gu et al., 2019). However, currently,
there is a tendency to use serum exosomal miRNAs as a
promising non-invasive biomarker for detecting pregnancy-
associated disorders (Salomon et al., 2017; Biro and Rigo]r.,
2018; Fallen et al., 2018; Biro et al., 2019). Compared with
serum miRNAs, exosomal miRNAs are more sensitive, accurate,
and specific. Research has indicated that miRNAs isolated from
circulating serum exosomes are stable because the exosomal
membrane provides a protective function against endogenous
RNase (Whiteside, 2018). In addition, exosomal miRNAs are
selectively wrapped by mediating proteins or proteins that
identify miRNA motifs (Sanz-Rubio et al.,, 2018), explaining
why exosomes contain different miRNAs in healthy and
diseased individuals. Furthermore, exosomes are considered
long-distance signal transporters that could play a significant
role in communication between the embryo and mother

(Hayashi and Hoffman, 2017). The specificity and stability of
serum exosomal miRNAs as well as their functions provide
unique opportunities for the advancement of non-invasive
diagnostics, leading to the intense exploration of exosomal
miRNAs in the maternal serum as molecular biomarkers for
prenatal diagnosis of fetal CHD. To the best of our knowledge,
the present study is the first to propose serum exosomal hsa-
miR-146a-5p as a potential novel molecular biomarker for the
detection of fetal VSD.

GO category annotation and KEGG pathway enrichment
analyses were performed to gain insight into the biological
functions and molecular mechanisms of deregulated exosomal
miRNAs in the evolution of VSDs. The top 10 biological processes
identified in the present study include developmental processes,
particularly the single-organism developmental process. This
result indicates that dysregulated miRNAs might participate
in organism development during VSD pathogenesis. In KEGG
pathway analysis, some classical pathways, such as the PI3K-
Akt, MAPK, cAMP, mTOR, and Hippo signaling pathways
(Assenza et al., 2018; Luo et al., 2018; Romano, 2019; Rowton
et al.,, 2021), have been previously implicated in CHD, which
indicates the reliability of our experimental data. These pathways
play important roles in heart morphogenesis and all stages of
cardiac development. In addition, we identified other pathways,
such as signaling pathways regulating the pluripotency of
stem cells or axon guidance, which provide the impetus
for further study.

More specifically, we employed bioinformatics tools to predict
KEGG pathways and potential target genes of hsa-miR-146a-
5p. As indicated in Figure 6 and Table 3, TargetScan, miRDB,
miRTarBase, and miRWalk predicted that PMAIPI, NUMB,
ERBB4, IRAK1, and CCLS5 are potential target genes of hsa-miR-
146a-5p; these genes are closely related to cardiac morphogenesis
and development in five signaling pathways, including the Notch
and ErbB signaling pathways. Our study predicts that hsa-miR-
146a-5p participates in the Notch signaling pathway and that the
putative target gene NUMB is involved in cardiac morphogenesis.
In mice, Numb functions redundantly and has been shown to
be essential for epicardial development, cardiac progenitor cell
differentiation, outflow tract alignment, atrioventricular septum
morphogenesis, myocardial trabeculation, and compaction (Wu
and Li, 2015). Similarly, the ErbB signaling pathway plays an
essential role in heart morphogenesis and in all developmental
stages. ErbB4 plays an important role in cardiac development,
regulates myocardial function, and participates in remodeling
responses to physiology and pathology (Reichelt et al., 2017). In
addition, we found that hsa-miR-146a-5p participates in various
biological processes, such as inflammatory immune responses,
and that its target genes IRAKI and CCL5 are involved in the
Toll-like receptor and NOD-like receptor signaling pathways.
Nevertheless, future studies will focus on exploring the potential
functions of hsa-miR-146a-5p and the underlying mechanisms to
elucidate its association with CHDs.

The present study revealed that maternal serum exosomal hsa-
miR-146a-5p was significantly downregulated in the VSD group
compared to that in the control group, which indicates good
diagnostic value for distinguishing cases of VSDs from normal
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FIGURE 5 | ROC curve analysis between the VSD and control groups. (ROC curve (AUC) analysis indicted that the expression values of serum exosomal miRNAs
had good predictive accuracy). Exosomal hsa-miR-146a-5p in the cohort was the optimal cut-off point. ROC curve: Receiver operating characteristic curve.

TABLE 2 | Diagnostic efficiencies of serum exosomal miRNA in discriminating between fetuses with VSDs and controls.

miRNA n AUC 95%ClI P Cut-off Specificity Sensitivity Accuracy
miR-146a-5p 110 0.997 0.9918-1 <0.001 0.49086 0.9818182 0.9818182 0.9818182
miR-181a-5p 110 0.7002 0.6023-0.798 >0.05 1.46626 0.8727273 0.4909091 0.6818182
miR-186-5p 110 0.7084 0.6089-0.8079 >0.05 0.5602 0.8545455 0.5454545 0.7

miR-199a-3p 110 0.6717 0.56-0.7834 <0.05 0.55403 0.999996 0.5818182 0.7909091

VSD, ventricular septal defects; AUC, area under the receiver operating characteristic curve.

cases. It has been reported that miR-146a-5p is highly enriched in
human cardiac-resident mesenchymal progenitor cell (CPC) or
cardiosphere-derived cell (CDC) exosomes (Barile et al., 2014).
MiR-146a-5p has been shown to mediate some of the benefits

of CDC exosomes in a mouse model of myocardial infarction or
ischemia (Ibrahim et al., 2014). Well-known miR-146a-5p target
genes include Traf6, Smad4, Irak4, and Mpo, all of which encode
signaling mediators of the cell-death axes (Wangetal., 2013;
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FIGURE 6 | KEGG pathway analysis for the target genes of miR-146a-5p with the top 20 enrichment scores.
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TABLE 3 | The top 20 most significant enriched KEGG pathway terms and the target genes of hsa-miR-146a-5p.

Term ID p Gene IDs Genes
Chagas disease (American trypanosomiasis) hsa05142 0.00104666 3,654; 6,352 IRAK1; CCL5
Toll-like receptor signaling pathway hsa04620 0.00108614 3,654; 6,352 IRAK1; CCL5
Pyrimidine metabolism hsa00240 0.04690483 7,372 UMPS
Thyroid cancer hsa05216 0.01349153 8,030 CCDC6
Apoptosis—multiple species hsa04215 0.01527736 5,366 PMAIP1
Prion diseases hsa05020 0.01616913 6,352 CCL5
Notch signaling pathway hsa04330 0.02194705 8,650 NUMB
Drug metabolism—other enzymes hsa00983 0.02106023 7,372 UMPS
Type Il diabetes mellitus hsa04930 0.02194705 5,681 PRKCE
Staphylococcus aureus infection hsa05150 0.02592837 3,075 CFH
NOD-like receptor signaling pathway hsa04621 0.02592837 6,352 CCL5
Cytosolic DNA-sensing pathway hsa04623 0.02901436 6,352 CCL5
Epithelial cell signaling in Helicobacter pylori infection hsa05120 0.03077363 6,352 CCL5
p53 signaling pathway hsa04115 0.03121298 5,366 PMAIP1
Leishmaniasis hsa05140 0.0334069 3,654 IRAK1
Pertussis hsa05133 0.03384512 3,654 IRAK1
Platinum drug resistance hsa01524 0.03384512 5,366 PMAIP1
Complement and coagulation cascades hsa04610 0.03559613 3,075 CFH
Aldosterone synthesis and secretion hsa04925 0.03647051 5,681 PRKCE
ErbB signaling pathway hsa04012 0.03952494 2,066 ERBB4

Gao et al., 2015). Transfer of exosomal miR-146a-5p suppresses
genes involved in cell death and may play a significant role in
protecting against myocardial ischemia and inhibiting myocyte
death (Milano et al., 2020). Thus, exosomal miR-146a-5p can
be considered to mediate cardioprotective effects. Our results
showed that exosomal miR-146a-5p in maternal serum was
markedly decreased in the VSD group compared with that in
the matched control group. We speculate that the potential

protective effects of maternal serum exosomal miR-146a-5p on
fetal heart deserve further detailed studies. We hypothesize that
during embryogenesis, miR-146a-5p is transported across the
placental barrier to the fetus via exosomes, where they are
taken up by cardiomyocytes and contribute to the onset of
cardiomyogenesis. This study is the first to confirm that the
aberrant expression of maternal serum exosomal miR-146a-5p is
associated with fetal VSD. Consistent with our data, miR-146a
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-5p was observed to be downregulated in myocardial infarction
(Bukauskas et al., 2019), and recent studies have shown that a
decrease in miR-146a-5p expression in the circulating plasma of
pregnant women occurred prior to preeclampsia compared to
women with normal pregnancies, and thus, miR-146a-5p could
be used as a prognostic biomarker (Dayan et al., 2018). In this
study, we further verified the diagnostic role of serum exosomal
miR-146a-5p in the prenatal diagnosis of fetal VSD. However, the
function and underlying mechanism of exosomal miR-146a-5p in
fetal CHDs remain unclear. However, these findings on exosomal
miR-146a-5p may provide a new direction for future studies and
development of clinical strategies to prevent fetal CHD.

However, this study has some limitations. First, although
our study successfully identified exosomal hsa-miR-146a-5p as
a promising VSD-related biomarker for prenatal diagnosis, the
number of pregnant women carrying fetuses with VSD enrolled
in the present study was limited. Additionally, the heterogeneity
and genetic background of pregnant women could impact the
accuracy of the diagnostic value of exosomal miRNAs. Further
studies are necessary to assess these exosomal miRNA signatures
in a larger independent cohort of patients and controls. Second,
we focused on fetal VSD in this study, and in future research, we
will elucidate the prognostic value of exosomal miRNAs isolated
from maternal serum in the detection of the diverse subtypes of
CHD. Third, all dysregulated exosomal miRNAs were identified
in the maternal blood, and thus, we could not determine the exact
origins of the diagnostic serum exosomal miRNA biomarker.
Whether they are derived from the embryos, placenta, or mother
requires further investigation.

CONCLUSION

This study demonstrated the diagnostic value of exosomal hsa-
miR-146a-5p in the serum of pregnant women carrying fetuses
with, with excellent sensitivity and specificity. Our findings
highlight the potential clinical utility of serum exosomal miRNAs
as an alternative for the diagnosis of fetal CHDs. Further
large-scale validation and blinded clinical trials are required to
confirm the potential applicability of these markers in prenatal
VSD diagnosis, and additional exploration and optimization are
imperative to uncover the underlying molecular mechanism of
exosomal hsa-miR-146a-5p in VSD pathogenesis.
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