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Amniotic fluid (AF)-derived exosomal miRNA have been explored as potential contributors to the 
pathogenesis of Tetralogy of Fallot (TOF). This study aimed to investigate the expression profiles of 
AF-derived exosomal miRNAs and their potential contribution to TOF development. Exosomes were 
isolated from AF samples obtained from pregnant women carrying fetuses diagnosed with TOF. AF-
derived exosomal miRNAs expression profiles were generated using the Agilent human miRNA Array 
V21.0, comparing 5 TOF samples with 5 healthy controls. Differential expression analysis identified 257 
significantly dysregulated miRNAs in the TOF group. KEGG pathway enrichment analysis revealed that 
the predicted targets of these differentially expressed miRNAs were enriched in pathways associated 
with congenital disorders. Notably, 25 of these miRNAs were previously reported to be regulated by 
both Notch and Wnt signaling pathways, which are critical to heart development. Further investigation 
using mouse embryonal carcinoma P19 cells revealed that miR-10a-5p overexpression inhibited 
cardiomyogenic differentiation, as evidenced by the suppression of cardiomyocyte marker genes like 
TBX5. A dual-luciferase reporter assay confirmed TBX5 as a direct target of miR-10a-5p, suggesting 
a regulatory mechanism involving their interaction. In summary, our study demonstrates that 
miR-10a-5p may contribute to the pathogenesis of TOF by impairing cardiomyocyte differentiation 
through direct targeting of TBX5. These findings enhance our understanding of TOF and its molecular 
underpinnings.

Congenital heart disease (CHD) is the prevalent form of birth defect, occurring in approximately 5–10 per 1,000 
live births1. Among CHDs, Tetralogy of Fallot (TOF) is the most common cyanotic subtype, affecting around 2 to 
3 per 10,000 children and accounting for 10–15% of infants with CHDs2. The pathophysiology of TOF involves 
four primary components: ventricular septal defects, obstruction of the right ventricular outflow tract, aortic 
dextroposition, and right ventricular hypertrophy. These abnormalities manifest during the initial eight weeks 
of fetal development. Prenatal detection of TOF is increasingly achieved through obstetric scanning3. However, 
our understanding of the intricate genetic basis underlying TOF remains incomplete. Several genes encoding 
transcription modulators, signal transduction molecules, and structural proteins have been implicated in TOF 
pathogenesis4. Notably, mutations in genes such as PTPN11, TBX5, and JAG1 have been strongly associated 
with an increased risk of TOF, highlighting their significant roles in the disease process. Variations within the 
PTPN11gene’s linkage disequilibrium block can disrupt Ras/MAPK signaling, contributing to congenital heart 
disease5. A specific TBX5mutation, E128X, produces a truncated protein, potentially impacting its function 
and associating with CHD6. Additionally, JAG1mutations, encompassing both protein-truncating and missense 
variations, have been observed in some non-syndromic TOF cases7. Moreover, whole exome sequencing by 
Page et al. identified NOTCH1 and FLT4 as commonly harboring genetic variants associated with TOF8. These 
findings underscore the genetic complexity underlying TOF development. Despite these advancements, the 
precise molecular mechanisms contributing to fetal TOF development are still not fully elucidated.

Amniotic fluid (AF), a complex biological fluid, consists of secretions from fetal organs such as the lungs, 
gastrointestinal tract, placenta, and amniocytes9. It also contains cells from organs like the heart, kidney, liver, 
and hematopoietic lineages, providing a reflection of fetal health and serving as a valuable source of biomarkers 
for assessing fetal structural maturation or degradation10. Recent studies have highlighted the significance 
of AF in providing insights into the process of fetal organogenesis, particularly regarding the respiratory, 
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cardiovascular, and excretory systems11,12. Amniocentesis, a commonly employed clinical procedure during the 
second trimester, allows for the collection of AF to identify fetal malformations and evaluate certain pregnancy-
related complications, including fetal infections and chromosomal abnormalities13. It is important to note that 
amniocentesis is a safe and feasible procedure with a very low complication rate14,15.

Exosomes are specialized extracellular vesicles (EVs) that measure between 30 and 200 nm in size and are 
derived from various cell types16,17. These membranous vesicles are found in almost all biological fluids, including 
AF18. AF-derived extracellular vesicles serve as representatives of their parent cells and are believed to play 
crucial roles in regulating important biological processes19. Growing evidence suggests that EVs, particularly 
exosomes, contain potential biomarkers that could enhance clinical risk assessment and fetal management20,21. 
Notably, exosomes are rich in miRNAs, mRNAs, and proteins22. miRNAs, a class of small noncoding RNA 
molecules approximately 18 to 22 nucleotides long in their mature form, have garnered significant attention 
due to their evolutionary conservation and their vital roles in translational repression or mRNA degradation. 
Numerous miRNAs have been identified as being implicated in the progression, pathogenesis, and remodeling 
of cardiovascular diseases23.

In recent investigations, miRNAs have been explored as potential etiological factors in the development of 
TOF. Zhang et al. employed microarray analysis to identify 18 miRNAs displaying significant alterations in 
expression within the right ventricular outflow tract tissue of infants afflicted with TOF24. Similarly, Grunert et 
al. demonstrated that several miRNAs exhibited differing levels of target gene expression associated with TOF25. 
Exosomal miRNAs, a type of small noncoding RNA found within exosomes, are known to possess greater 
stability compared to free miRNAs, exerting prolonged effects on the expression of disease-related genes26. 
Recent studies have indicated that exosomal miRNAs are actively involved in intercellular communication and 
paracrine signaling across a range of biological processes27. These findings have sparked interest in exploring the 
potential of exosomal miRNAs derived from amniotic fluid as valuable candidates for directly investigating the 
etiology of TOF.

To date, no studies have explored the potential correlation between exosomal miRNAs derived from AF and 
the prenatal development of TOF. Therefore, the objective of this study was to investigate the expression patterns 
of exosomal miRNAs in AF and elucidate their involvement in TOF development. Our findings revealed that 
25 exosomal miRNAs derived from AF exhibited the potential to regulate the expression of genes associated 
with congenital heart disease, thus representing promising candidate miRNAs implicated in TOF. Among these 
miRNAs, miR-10a-5p emerged as a suppressor of cardiomyocyte marker gene expression, suggesting its ability 
to modulate cardiomyogenic differentiation by targeting TBX5. Considering that AF-derived exosomal miRNAs 
can provide direct insights into the maturation and degradation of fetal structures, our study contributes to a 
better understanding of the etiology of fetal TOF and offers the potential for early diagnosis, facilitating timely 
intervention.

Methods
Ethics statement and AF samples
A total of eighteen pregnant women, aged between 21 and 37 years, were recruited for this study during the 
gestational period of 19 to 22+6 weeks. Among the participants, nine women were carrying fetuses diagnosed 
with TOF through fetal echocardiography (Figure S1), while the remaining nine were carrying healthy fetuses, 
but had indications for prenatal diagnosis during the second trimester of pregnancy. These women in the control 
group underwent the procedure for standard prenatal diagnostic indications, such as advanced maternal age, 
family history of genetic disorders, or other relevant clinical factors. Fetal echocardiographic examinations were 
conducted on all pregnant women by two independent operators (G.R.L and Q.Y.C) in accordance with the 
guidelines provided by the American Society of Echocardiography. Nonsmoking status and absence of genetic 
or chronic disorders were inclusion criteria for all participants in this study. The clinical characteristics of the 
pregnant women are presented in Table 1. Maternal age, gestational age, number of deliveries, and body mass 
index (BMI) did not show significant differences between the TOF group and the control group (P > 0.05). The 
gestational week was determined based on the last menstrual period and an ultrasound scan conducted between 
gestational weeks 11 and 13+6. Fetuses with abnormal karyotypes were excluded from the study. AF samples were 
collected by amniocentesis at the Second Affiliated Hospital of Fujian Medical University from January 2019 to 
June 2020, following the acquisition of informed consent from the pregnant women before any study procedures 
were performed. This study received approval from the Ethics Committee of the Second Affiliated Hospital of 
Fujian Medical University (NO. 2019 − 233). All experimental procedures adhered to the principles outlined in 
the World Medical Association Declaration of Helsinki.

Characteristics Control group (n = 9) TOF group (n = 9)

Maternal age (years) 29.8 ± 5.5 28.0 ± 6.7

Gestational age (weeks) 20.5 ± 0.9 21.2 ± 2.1

Number of deliveries 2.4 ± 0.9 2.0 ± 1.2

Body mass index (kg/m2) 21.9 ± 1.7 22.1 ± 2.8

Table 1.  Clinical characteristics of healthy pregnant women (control group) and pregnant women carrying 
fetuses with TOF (TOF group). Values are the mean ± SD.
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AF-derived exosomes isolation and characterization
Exosomes were obtained from AF samples (10 ml) using a differential ultracentrifugation method28. Initially, 
the AF was subjected to centrifugation at 300×g to eliminate cells, followed by centrifugation at 2,000×g for 
30 min to remove cellular debris. Subsequently, the resulting supernatant underwent centrifugation at 12,000×g 
for 45  min. The resulting supernatant was carefully transferred to an ultracentrifuge tube and subjected to 
centrifugation at 110,000×g for 2 h. The resulting pellet was resuspended in 10 ml of phosphate-buffered saline 
(PBS), filtered through a 0.22-µm filter (Millipore, USA), and subjected to centrifugation at 110,000×g for 
70 min. This step is repeated twice. Finally, the resulting pellet, containing the concentrated exosome population, 
was resuspended in 50 µl of PBS and stored at −80 °C until further use.

The morphology of exosomes was characterized using transmission electron microscopy (TEM). 
Approximately 20 µl of exosomes was fixed with 2% glutaraldehyde, followed by counterstaining with 4% uranyl 
acetate, and stored at 4 °C until TEM analysis. Fixed exosomes were then placed onto formvar-coated 200-mesh 
copper grids and allowed to air-dry at room temperature for 2 min. Subsequently, the grids were negatively 
stained with phosphotungstic acid. Images were captured using a transmission electron microscope (FEI, USA) 
operated at 60 kV.

The size distribution of particles within the range consistent with exosomes was determined using nanoparticle 
tracking analysis (NTA). Each diluted exosome sample was subjected to three 60-second video recordings using 
a nanoparticle tracking analyzer (Nanosight, UK). Prior to the nanoparticle analysis, the Nanosight system was 
calibrated and the automatic measurement settings were configured. The samples were initially diluted at a ratio 
of approximately 1,000-fold, and if necessary, the concentration was adjusted to ensure that it fell within the 
optimal working range (20–40 particles per frame) of the instrument.

Exosomal miRNA microarray and data analysis
The microarray analysis of the isolated exosomes was conducted by CapitalBio Corporation (Beijing, China, 
Report NO.: JD-YX-2019-0856-JSFU-01) using the Agilent (Santa Clara, CA, USA) human miRNA Array V21.0. 
The Agilent array design consisted of eight identical arrays per slide (8 × 60 K format), with each array containing 
probes targeting 2,549 human mature miRNAs based on miRBase R21.0. Each miRNA was probed 30 times 
for accurate detection. The microarray experiments were performed following the manufacturer’s instructions. 
Briefly, miRNAs were labeled using the miRNA labeling reagent (Agilent, USA). Total RNA was dephosphorylated 
and ligated with pCp-Cy3, and the labeled RNA was subsequently purified and hybridized to the miRNA arrays. 
The resulting images were scanned using a microarray scanner (Agilent, USA), and the data were gridded and 
analyzed using Agilent feature extraction software version 10.10. The miRNA array data obtained were processed 
using GeneSpring software V13 (Agilent) for tasks such as summarization, normalization, and quality control. 
For data preprocessing, the default 90th percentile normalization method was employed. Differentially expressed 
(DE) miRNAs were identified by applying threshold criteria of P-value < 0.05 and |log2(fold change)| ≥ 1, which 
are considered statistically significant. Further analysis involved log2 transformation and median-centering of 
the data based on miRNA expression, utilizing the Adjust Data function in CLUSTER 3.0 software. To create 
a hierarchical clustering, average linkage was applied. Finally, the resulting clustering tree was visualized using 
Java Treeview (Stanford University School of Medicine, Stanford, CA, USA).

Bioinformatics analysis
The bioinformatics analysis workflow is illustrated in Figure S2. To identify the target genes of differentially 
expressed (DE) miRNAs, we utilized the miRWalk 3.0 database, which incorporates two predictive algorithms: 
TargetScan and miRDB. From the miRWalk 3.0 database, we obtained a comprehensive list of 74 miRNAs 
regulated by Notch signaling and 210 miRNAs regulated by Wnt signaling29. Subsequently, we conducted gene 
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses on the miRNA target 
genes30. To refine the list of genes, the KEGG DISEASE and OMIM databases were used to identify genes with 
established roles or predicted associations with TOF and CHD.

P19 cells culture and cardiogenic differentiation
P19 cells were acquired from the American Type Culture Collection (ATCC, Manassas, USA) (Lot NO. 63084358). 
The cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS) (Corning, USA), 100 µg/ml streptomycin, and 100 U/ml penicillin. The cell culture 
was maintained in a humidified incubator at 37 °C with 5% CO2. To initiate cardiogenic differentiation, P19 
cells were grown as cell aggregates on bacteriologic dishes using DMEM containing 10% FBS and 1% dimethyl 
sulfoxide (Sigma-Aldrich, USA) for 4 days. Subsequently, the cell aggregates were transferred to culture flasks 
containing DMEM with 10% FBS. The P19 cells were harvested after 0, 5, or 10 days of differentiation.

Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was isolated from the isolated exosomes using TRIzol reagent (Invitrogen, USA), and subsequently, 
cDNA was synthesized from the RNA using the miRNA First Strand cDNA Synthesis Kit (Sangon Biotech, 
China) following the manufacturer’s instructions. The qRT-PCR was performed using the SYBR® Prime Script™ 
RT-PCR Kit (Invitrogen, USA). The primer sequences can be found in Table S1. All reactions were carried out in 
triplicate. The relative expression levels of the miRNAs were normalized to the levels of U6 small nuclear RNA, 
and the fold change was calculated using the 2-∆∆Ct method. The results were represented as the fold change 
relative to the control.
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Transfection of the miRNA mimic and inhibitor
Prior to transfection, cells were cultured in 12-well or 6-well plates for a duration of 24  h. The transfection 
was carried out using Lipofectamine 3000 (Invitrogen, USA) with a final concentration of 50 nM for both the 
miRNA mimic and negative control (Sangon Biotech, China). Twenty-four hours after transfection, the cells 
were used for subsequent experiments. The sequences for the miRNA mimic and negative control used in the 
transfection are provided in Table S2.

Dual-luciferase reporter assay
To identify miR-10a-5p target binding sites within the 3’-untranslated region (UTR) of TBX5 mRNA, HEK293 
cells were plated in 24-well plates and co-transfected with either the wild-type or mutant (carrying a single 
point mutation) TBX5 3’-UTR reporter plasmids using Lipofectamine 3000. After 24 h, the cells were further 
transfected with the miR-10a-5p mimic or inhibitor (Sangon Biotech, China). Following an additional 24-hour 
incubation period, the cells were collected for the luciferase activity assay, which was conducted using the Dual-
Luciferase Reporter Assay System (Promega, Germany).

Statistical analysis
Statistical analyses were conducted using version 3.5.2 of the R statistical package. All experiments were 
independently performed in triplicate to ensure reproducibility, and the quantitative data are presented as 
mean ± standard deviation (SD). Statistical analyses were carried out utilizing Prism 7 software (GraphPad, 
Canada). To compare two groups, a two-tailed Student’s t-test was employed. Statistical significance was defined 
as a P-value less than 0.05 (P < 0.05). Hierarchical clustering was carried out to assess the expression levels 
of differentially expressed miRNAs (DE-miRNAs). The resulting clusters were visualized through the use of a 
heatmap.

Results
Extraction and identification of AF-derived exosomes by TEM and NTA
AF-derived exosomes were isolated using a differential ultracentrifugation method (Fig. S3). TEM analysis 
revealed the presence of cup-shaped particles with a size range of approximately 50–200 nm, confirming their 
characteristic exosomal morphology (Fig. 1A). NTA demonstrated a high concentration of vesicles within the 
typical exosomal size range of 50–200 nm, while larger vesicles were notably absent (Fig. 1B). Collectively, our 
findings provide definitive evidence for the existence of exosomes in AF. Moreover, we have successfully verified 
an optimized exosome isolation method specifically tailored for AF samples.

Screening of DE-miRNAs
To ascertain the distinct expression patterns of AF-derived miRNAs between TOF and control groups, we 
compared exosome samples from 5 fetuses with TOF and 5 normal control fetuses. Employing a cut-off filter 
with criteria of fold change ≥ 2 and adjusted P-value < 0.05, we identified a total of 257 differentially expressed 
miRNAs (DE-miRNAs). Among these, 104 miRNAs exhibited up-regulation, while 153 miRNAs displayed 
down-regulation in the TOF group (Fig. 2A). The clustering analysis demonstrated clear separation of miRNA 
expression between the TOF (T1-T5) and control (N1-N5) groups. Notably, the genomic locations of the DE-
miRNAs were randomly dispersed across various human chromosomes, without the presence of any discernible 
clusters (Fig. 2B).

DE-miRNAs identified in our study were compared with previous studies on TOF. Upon comparison with 
two other studies that analyzed miRNAs in the right ventricular myocardia of TOF patients compared to healthy 
hearts, we found that approximately 13.6% (35 out of 257) of the DE-miRNAs overlapped. Notably, miR-193b-
3p, miR-204-5p, miR-10a-5p, and miR-222-3p exhibited altered expression in all three studies25,31 (Fig. 2C). 
Furthermore, we conducted a comparison between our DE-miRNAs and the altered circulating miRNAs in 
the maternal sera of pregnant women carrying fetuses with TOF, as well as the circulating miRNAs in the sera 
of TOF patients from two other studies32,33. It was found that approximately 6.6% (17 out of 257) of the DE-
miRNAs overlapped between these two studies (Fig. 2D). Specifically, miR-15b-5p and miR-26a-5p exhibited 
altered expression in all three studies.

Pathway enrichment analysis of DE-miRNAs
To explore the potential functions of the 257 DE-miRNAs, we utilized the miRWalk 3.0 database to predict 
their target genes. This analysis yielded a total of 3,234 genes that were identified as putative target genes (Table 
S2). Subsequently, we assessed these target genes through gene enrichment and KEGG pathway analysis. The 
KEGG disease and pathway enrichment analysis revealed that these target genes were associated with signaling 
pathways implicated in congenital disorders (Fig.  3A). Notably, among the top 20 enriched pathways, the 
Wntsignaling pathway was prominently featured. This pathway has been widely recognized for its crucial role 
in regulating vertebrate heart development8,34,35 (Fig. 3B). Further analysis using GO revealed that these genes 
were primarily enriched in the Wnt signaling pathway (GO-BP), glutamatergic synapse (GO-CC), and protein 
kinase binding (GO-MF) (Fig. 3C and E). These findings suggest that the identified pathways play an important 
role in the development of TOF.

Expression of 25 DE-miRNAs and construction of the miRNA-target genes network involved 
in heart development
The pivotal roles of the Notch and Wntsignaling pathways in governing vertebrate heart development, particularly 
in the context of TOF, have been extensively documented8,35. In alignment with this knowledge, our study 
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focused on elucidating the involvement of miRNAs in these pathways. Intriguingly, among the 257 DE-miRNAs 
identified in our investigation, a subset of 25 DE-miRNAs emerged as participants in both the Notch and Wnt 
signaling pathways (Fig. 4A). Among these, 23 miRNAs exhibited up-regulation and 2 miRNAs exhibited down-
regulation (Fig. 4B). This compelling evidence suggests that these 25 DE-miRNAs may play a crucial role in the 
aberrant heart development observed in fetuses with TOF.

To investigate the potential mechanisms by which these 25 DE-miRNAs may contribute to the pathogenesis 
of TOF, we employed the miRWalk3.0 database to predict the target genes of these DE-miRNAs. Our 
comprehensive analysis revealed that 2,760 genes could potentially be targeted by these 25 DE-miRNAs (Table 
S3). Subsequently, we subjected the predicted target genes to further analysis to elucidate their functional 
relevance in the context of congenital heart defects. To accomplish this, we utilized the KEGG DISEASE and 
OMIM databases to identify a curated list of 82 genes with validated associations with TOF and CHD (Table S4-
S5). Finally, from the pool of 82 genes, we identified 24 genes as the target genes of 18 out of the 25 DE-miRNAs 
(Fig. 4C). The regulatory influence of these miRNAs on the expression of these genes holds significant potential 
in terms of modulating heart development and contributing to CHD.

Impact of miRNAs on cardiomyogenic differentiation of P19 cells
To validate the findings obtained through microarray analysis, a total of six miRNAs (miR-200a-3p, miR-10a-
5p, miR-30b-5p, miR-16-5p, miR-193b-3p, and miR-205-5p) were chosen for further analysis, encompassing 
those exhibiting the highest fold changes in expression between TOF and healthy tissues, as well as those 
demonstrating the greatest consistency among the samples. To authenticate the expression levels of these six 
miRNAs, we performed qRT-PCR analysis. Initially, we tested 5 TOF samples and 5 healthy samples that had 
been used in the microarray analysis. Additionally, an additional set of four TOF samples and four healthy 
samples was examined. The qRT-PCR results were consistent with the observations made through microarray 
analysis, reinforcing the reliability of our findings (Fig. 5A).

Subsequently, we proceeded to investigate the potential involvement of the DE-miRNAs in cardiomyogenic 
differentiation. Among the 25 DE-miRNAs, two miRNAs, namely miR-200a-3p and miR-10a-5p, exhibited 

Fig. 1.  Identification of human AF-derived exosomes by TEM, NTA and western blot. (A) Representative 
TEM image of AF-derived exosomes. (B) Representative results of NTA analysis of exosomes from human AF.
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the most substantial fold changes and were found to interact with several known genes crucial for heart 
development36. Consequently, miR-200a-3p and miR-10a-5p were selected for further functional analysis. 
To assess the impact of miR-200a-3p and miR-10a-5p on cardiomyogenic differentiation, we conducted 
transfection experiments in P19 cells using miRNA mimics or mimic controls. Subsequently, these transfected 
cells were induced to differentiate into cardiomyocytes. We then examined the expression of mRNA markers 
specific to terminally differentiated cardiomyocytes, such as NKX2.5, TBX5, and GATA4, which are known to 
play key roles in cardiomyocyte development. It is worth mentioning that the expression of these cardiomyocyte 
marker genes was not detectable in undifferentiated P19 cells. However, their expression significantly increased 
on day 10 of differentiation. Intriguingly, the overexpression of miR-10a-5p resulted in the negative regulation 
of cardiomyocyte marker gene expression during the differentiation process of P19 cells into cardiomyocytes 
(Fig.  5B). Conversely, the overexpression of miR-200a-3p only suppressed the expression of GATA4 on day 
10 (Fig.  5C). These findings provide compelling evidence that the upregulation of miR-10a-5p impedes the 
expression of cardiomyocyte marker genes during the cardiomyogenic differentiation of P19 cells.

Fig. 2.  Differentially expressed miRNAs in TOF AF-derived exosomes compared to AF-derived exosomes 
from healthy controls. (A) Heatmap based on the 257 DE-miRNAs in AF-derived exosomes from healthy 
controls (N1-N5) and fetuses with TOF (T1-T5). (B) The genomic locations of DE-miRNAs are distributed 
throughout the human chromosomes. (C) Overlap of DE-miRNAs in AF-derived exosomes from fetuses with 
TOF identified in the present study and differentially expressed myocardial miRNAs in TOF patients identified 
in previous studies. (D) Overlap of DE-miRNAs in AF-derived exosomes from fetuses with TOF identified in 
the present study and differentially expressed circulating miRNAs in TOF patients and circulating miRNAs in 
women carrying fetuses with TOF identified in previous studies.

 

Scientific Reports |           2025 15:96 6| https://doi.org/10.1038/s41598-024-83576-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


TBX5 as a target of miR-10a-5p
To elucidate the molecular mechanism underlying the role of miR-10a-5p in fetal heart development, we utilized 
miRBase and TargetScan databases to predict potential target genes. Among the predictions generated by these 
algorithms, TBX5 emerged as the most probable target of miR-10a-5p during cardiomyogenic differentiation. 
Our bioinformatics analysis indicated that the 3’-untranslated region (3’-UTR) of TBX5 mRNA contains a 
putative binding site for miR-10a-5p (Fig. 6A).

To confirm the functional interaction between miR-10a-5p and TBX5, we cloned the segment of TBX5-
3’ UTR-WT containing the complementary site for miR-10a-5p, as well as a mutated version (TBX5-3’ UTR-
Mut), into a dual luciferase reporter system (Fig. 6B). The results of the assay revealed a significant decrease in 
relative luciferase activity in cells expressing TBX5-WT when transfected with the miR-10a-5p mimic, while no 
significant change was observed in cells expressing the mutant TBX5. Moreover, co-transfection of the miR-10a-
5p inhibitor with the TBX5-WT reporter led to an increase in luciferase activity, further supporting the specific 
interaction between miR-10a-5p and the 3’ UTR of TBX5 mRNA (Fig. 6C). Collectively, these findings provide 
compelling evidence that TBX5 is indeed targeted by miR-10a-5p, and the interaction between miR-10a-5p and 
the 3’-UTR of TBX5 mRNA plays a role in the regulation of TBX5 protein expression.

Discussion
TOF is the most prevalent cyanotic heart defect. While the etiology of idiopathic TOF (cases without 22q11.2 
deletion) remains uncertain, it is likely influenced by a combination of subtle genetic, structural genomic, 
or epigenetic alterations interplaying with environmental stimuli1. Noncoding RNAs, which regulate gene 
expression at the posttranslational level, have emerged as key players in various cellular pathways and disease 
processes, including normal and abnormal heart development37. Specifically, miRNAs have been implicated in 
a range of biological processes and diseases, including TOF38. AF contains crucial factors for fetal development 
and provides valuable insights into the maturation and degeneration of fetal structures. In our study, we utilized 

Fig. 3.  Target prediction of differentially expressed miRNAs. (A) KEGG disease enrichment analysis of the 
target genes of DE-miRNAs. (B) The top 20 KEGG pathways based on gene enrichment of DE-miRNAs, 
including the Wnt pathway. GO-based gene enrichment analysis of the DE-miRNAs including biological 
process (C), cellular component (D) and molecular function (E).
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TEM, NTA, and western blotting techniques to confirm the presence of exosomes in AF. Subsequently, we 
conducted a microarray analysis to compare the miRNA profiles of exosomes derived from AF samples obtained 
from fetuses diagnosed with TOF and healthy fetuses. Through this analysis, we identified a panel of 25 miRNAs 
present in AF-derived exosomes that are likely to play significant roles in the embryonic development of the 
heart.

miRNAs have been extensively studied in various pathophysiological processes and cardiovascular diseases, 
including TOF39. Previous research has highlighted the critical roles of specific miRNAs in heart development 
and function. For instance, Bittel et al. demonstrated the overexpression of miR-421 in the right ventricle 
tissues of infants with TOF, and its influence on the expression of SOX4, a key regulator in the Notch pathway40. 
Additionally, Liang et al. reported the significant downregulation of miR-940 in TOF patients, potentially due 
to its interaction with JARID2, thus implicating miR-940 in the development of TOF31. Additionally, aberrant 
expression of miR-1, miR-13341, and miR-2932 has been reported in TOF hearts. However, most of these 
investigations have focused on the analysis of miRNA expression profiles in the peripheral blood or cardiac 
tissues of TOF patients.

Fig. 4.  Expression of 25 DE-miRNAs and Construction of the miRNAs-mRNAs Interaction Network. (A) 
Overlap of DE-miRNAs in AF-derived exosomes from fetuses with TOF identified in the present study versus 
Notch-regulated and Wnt-regulated miRNAs. (B) Heatmap of the 25 of 257 miRNAs in this study overlapped 
with Notch-regulated and Wnt-regulated miRNAs simultaneously. (C) The predicted target genes of the 25 
DE-miRNAs were identified by screening the miRWalk3.0 database. The network map indicated that 18 DE-
miRNAs targeted 24 genes involving in tetralogy of Fallot and congenital heart diseases.
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In our study, we focused on miRNAs present in exosomes isolated from AF of TOF fetuses. AF-derived 
exosomes, released by fetal cells, carry valuable information about the overall physiological state of the fetus and 
offer potential insights into fetal organogenesis and degeneration, including cardiovascular development42. By 
utilizing microarray analysis, we identified 257 differentially expressed miRNAs in AF-derived exosomes from 
TOF fetuses compared to healthy fetuses. Interestingly, despite previous reports associating specific miRNAs 
(miR-1, miR-133, miR-499, miR-940, and miR-421) with TOF, we did not observe significant alterations in their 
expression profiles in our study. This discrepancy could be attributed to the different sources of the miRNAs, 
which may reflect distinct aspects of TOF pathogenesis. It is plausible that exosomal miRNAs derived from AF 
provide a more accurate representation of the genetic causes underlying TOF43.

Several recent studies have highlighted the decreased expression of genes associated with the Notch and Wnt 
signaling pathways in individuals with TOF8,34,35. Additionally, altered expression of several miRNAs predicted 

Fig. 5.  Effect of miR-10a-5p and miR-200a-3p on P19 cell differentiation. (A) Six miRNAs with the largest fold 
changes in expression between TOF and control group were validated in all 5 TOF and 5 healthy samples used 
for array analysis and in 4 additional paired samples by qRT-PCR analysis. The data were representative of at 
least three independent experiments. (B) P19 embryonic carcinoma stem cells were transfected with miR-
10a-5p mimic, and the cells were stimulated with 1% DMSO to induce differentiation into cardiomyocytes. 
qRT-PCR was used to analyze the expression of cardiomyocyte marker gene transcripts (TBX5, NKX2.5, and 
GATA4) during differentiation. The results show that upregulation of miR-10a-5p inhibited the expression of 
cardiomyocyte marker genes. (C) Overexpression of miR-200a-3p inhibited the expression of GATA4, but had 
no effect on the expression of TBX5 and NKX2.5. *P < 0.05, **P < 0.01 and ***P < 0.001.
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to interact with these pathways has been observed in TOF patients24,25,40. In our study, we aimed to identify DE-
miRNAs that have a direct impact on gene expression in TOF by comparing them to Notch- and Wnt-regulated 
miRNAs. Out of the 257 miRNAs analyzed, 25 overlapped with miRNAs regulated by Notch and Wnt signaling, 
including miR-19b32and let-7e-5p44, which have been implicated in TOF. Furthermore, the expression of several 
well-established TOF-associated genes, such as GATA4, NKX2.5, JAG1, FOXC2, TBX5, and TBX1, has been 
found to be correlated with TOF2,8. Cardiac development is a complex process, and even minor disruptions can 
have catastrophic consequences. Therefore, it is not surprising that numerous transcription factors and signaling 
pathways involved in cardiogenesis have been implicated in TOF2. These well-established TOF-related genes and 
pathways provide a solid foundation for comprehending the role of miRNAs in TOF development and have the 
potential to uncover valuable biomarkers for prenatal TOF diagnosis.

The transcription factors NKX2.5, GATA4, and TBX5are widely recognized genetic markers of cardiomyocyte 
differentiation45. In our experiments, we found that miR-10a-5p was significantly upregulated in AF-derived 
exosomes from TOF fetuses and had inhibitory effects on the expression of cardiomyocyte marker genes, 
particularly TBX5. TBX5, a member of the T-box transcription factor family, is a well-established regulator 
of tissue development46. To validate the direct interaction between miR-10a-5p and TBX5, we constructed a 
luciferase reporter plasmid and confirmed their interaction. Nevertheless, it is important to note that miR-10a-5p 
possesses numerous downstream target genes, and some of these genes may indirectly modulate the expression 
of TBX547,48. Therefore, solely relying on our in vitro experiments, we were unable to establish a definitive direct 
inverse relationship between miR-10a-5p and TBX5. Notably, previous studies have demonstrated that miR-
10a-5p directly targets TBX5 by binding to its 3’-untranslated region, which leads to the downregulation of 
TBX5 expression, thereby promoting apoptosis and reducing cell proliferation49. This interaction has significant 
implications for cardiac development, as TBX5 is a critical transcription factor involved in cardiomyocyte 
differentiation and heart morphogenesis50. The negative regulation of TBX5 by miR-10a-5p suggests a 
mechanism by which miR-10a-5p modulates cell proliferation and apoptosis in cardiac cells. These findings 
align with our results, indicating that the dysregulation of the miR-10a-5p/TBX5 axis may play a significant role 
in the pathogenesis of TOF.

Hence, based on our in vitro experiments, we were unable to establish a direct inverse relationship between 
miR-10a-5p and TBX5. However, recent advancements in induced pluripotent stem cells (iPSCs) have provided 
a valuable tool for in vitro modeling of CHD and have enabled a better understanding of the underlying 
mechanisms involved in different forms of CHD. CHD often arises from disturbances in cardiovascular cell 
differentiation and migration in vivo, and iPSC-derived cardiomyocytes have the potential to replicate the 
genetic and epigenetic alterations that contribute to the cellular basis of CHD. Collaborative efforts with the 
Pediatric Cardiac Genomics Consortium have sparked a multitude of ongoing research projects focused on 
utilizing hiPSC cardiomyocyte models to investigate various forms of CHD51. In line with this, our study 
utilized pluripotent P19 cells as a myocardial cell model to explore the influence of miR-10a-5p and TBX5 on the 
developmental mechanisms leading to cardiac structural malformations.

Our study provides novel insights into the role of AF-derived exosomal miRNAs in the pathogenesis of TOF. 
However, several limitations must be acknowledged. First, our sample size was relatively small, which may limit 
the generalizability of our findings. Larger cohort studies are necessary to validate these results. Second, while our 
control group consisted of pregnancies undergoing amniocentesis for standard prenatal diagnostic indications 
unrelated to TOF (such as advanced maternal age or family history of genetic disorders), the presence of other 
underlying conditions in these pregnancies cannot be entirely ruled out and may influence exosomal miRNA 
profiles. Finally, while we demonstrated the impact of miR-10a-5p on cardiomyocyte marker gene expression 

Fig. 6.  TBX5 is a direct target of miR-10a-5p. (A) The binding site of miR-10a-5p in the 3′-UTR of TBX5 was 
predicted by bioinformatics analyses. (B) Luciferase reporters expressing the wild-type or mutated 3′-UTR 
of TBX5 were designed according to miR-10a-5p seed sequences. (C) A dual-luciferase reporter assay was 
performed to verify that miR-10a-5p regulated the luciferase activity of TBX5 3’UTR- wild-type but did not 
influence that of Tbx5 3’UTR-mutated. **P < 0.01.
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in vitro, further investigation is necessary to fully elucidate the phenotypic effects of miR-10a-5p upregulation 
on cardiomyocyte differentiation in vivo, including direct assessment of differentiation kinetics and potential 
broader developmental consequences.

Conclusion
In conclusion, our study successfully confirmed the presence of exosomes in AF and provided initial insights 
into the dysregulated expression of miRNAs in exosomes derived from the AF of fetuses with TOF. Through our 
analysis, we identified 25 miRNAs that exhibited differential expression between AF-derived exosomes from TOF 
fetuses and those from healthy fetuses. Moreover, our findings demonstrated that miR-10a-5p exerts inhibitory 
effects on the expression of cardiomyocyte marker genes and may play a role in modulating cardiomyogenic 
differentiation by directly targeting TBX5. However, it is important to note that our understanding of the genetic 
mechanisms underlying TOF remains incomplete, and the outcomes presented in this study highlight the need 
for further investigations in this field.

Data availability
The data presented in this study is available on the GEO database (accession numbers: GSE186059).
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