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Abstract

Tetralogy of fallot (TOF) in the fetus is a typical congential heart disease that occurs during the early embryonic
period, being characterized by the abnormal development of conus arteriosus. The early diagnosis and prevention of
fetal TOF is very important and there is a great need for exploring the pathogenesis of it in clinic. In this study, there
were three cases being detected with TOF by fetal echocardiogram and confirmed by autopsy. We characterize the
difference of expression of INcRNAs and mRNAs through sequencing analysis of 3 pairs of myocardial tissues of fetal
TOF and those of age-matched controls. Compared with normal group, there were 94 differentially expressed IncR-
NAs and 83 mRNA transcripts in TOF (P <0.05). Correlation analysis between IncRNA and mRNA further showed that
differentially expressed IncRNA can be linked to mRNAs, suggesting the potential regulator role of INcRNA in mRNA

expression. Our data serve as a fundamental resource for understanding the disease etiology of TOF.
Keywords: Fetal tetralogy of fallot, Fetal echocardiogram, Autopsy, INCRNA, mRNA, Interactive effect

Introduction
Tetralogy of fallot (TOF) in the fetus is a typical congen-
tial heart disease that occurs during the early embryonic
period [1]. Of infants born with congenital heart disease,
approximately 3.5% will have TOF, which is 0.28 per
1000, or 1 in 3600, live births [2]. The natural mortality
of infant TOF even reaches up to 90% if the compro-
mised cases has not been surgically corrected in time [3].
Males and females are equally affected. TOF occurs when
the early embryo fails to follow the normal biology pro-
cedures (usually happens in the first eight weeks). Thus,
the early diagnosis and prevention of fetal TOF is very
important and enthusiasm has been raised to explore the
etiology of TOF [4-6].

Previous studies reported that the occurrence of fetal
TOF may be caused by genetic and/or environmental
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factors [7]. And there are no genetic anomalies identi-
fied in most cases with TOF [8]. However, in some cases,
multiple genetic factors are considered to be relevant to
the ocurrance of fetal TOF, or TOF appears as a manifes-
tation of a genetic syndrome. In these cases, a few causa-
tive genes have been identified [9, 10]. Recent studies
have found that abnormal expression of long noncoding
RNAs (IncRNA) is closely associated with pathological
physiology progression and prognosis of TOF [11, 12].
As a consequence, the role of IncRNA in investigating the
molecule pathology mechanism of fetal TOF has been
increasingly attentioned. IncRNAs are a class of RNA
transcripts with a length of over 200 nucleotides which
can regulate gene expression [13]. More and more evi-
dences now suggest that IncRNAs are important for the
development of heart. Compared with protein-coding
mRNAs and other non-coding RNAs, IncRNAs have
higher tissue specificity, which makes them more likely
to be used as new diagnostic and prognostic biomark-
ers [14]. However, investigation of IncRNA in fetal TOF
remains lacking.
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In this study, we detailedly characterized the expres-
sion differences of IncRNAs and mRNAs in fetal myocar-
dial tissues between TOF and normal fetuses, and further
checked whether IncRNAs potentially regulate mRNA
expression in a TOF depengdent manner, in order to
provide fundamental information for designing targeted
therapy and diagnostic biomarkers for TOF.

Methods

Study subjects

This was a prospective study performed on fetuses who
were identified with TOF by fetal echocardiogram in our
hospital between March 2019 and December 2020. The
criteria for TOF inclusion were as following: (1) confir-
mation the diagnosis of TOF, (2) absence of other struc-
tural malformations. (3) low risk of cell-free fetal DNA
testing and chromosome microarray analysis (CMA) at
first trimester. The criteria for controls inclusion were
as following: (1) absence of structural malformations,
(2) obtainment of myocardial tissues from gestation age-
matched fetuses were during the same period were ran-
domly selected as controls [15]. It should be pointed out
that the myocardial tissues of TOF and controls were
obtained from those that developed spontaneous prema-
ture labor or unexplained intrauterine death, and further
genetic examination was required by the parents in order
to give genentic reference data for their next pregnancy.
As VSD and overriding aortic artery were not available
for the collection of tissue sample, and the right ventricu-
lar hypertrophy was not significant enough in the TOF
fetus, so we took stenosis of the pulmonary artery wall
and the the corresponding sites were taken in the control
group. The protocol was approved by the Ethics Commit-
tee of the Affiliated Suzhou Hospital of Nanjing Medi-
cal University (KL901184) and all parents signed written
informed consents.

Fetal ultrasonography

Fetal GA was determined based on the crown-rump
length by ultrasound in the first trimester. All fetuses
underwent a routine obstetric ultrasound scan to exclude
the presence of other intracardiac and extracardiac mal-
formations. Fetal TOF is characterized by the obstruc-
tion of right ventricular outflow tract (RVOT), subaortic
ventricular septal defect (VSD), and large aorta overrid-
ing over both ventricles. Suspected cases with TOF were
referred to two highly experienced fetal cardiologists to
make the diagnosis in a blind fashion. If a dispute arose,
then the final decision was made by a third qualified car-
diologist. Ultrasound Equipment.A VolusonTM E8 ultra-
sound system (GE Healthcare Ultrasound, Milwaukee,
WI, USA) coupled with a C1-5-D transducer (frequency
2—-5 MHz) was used.
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Autopsy examination

Unfortunately, spontaneous premature labor or unex-
plained intrauterine death occurred in a few fetuses with
TOF and the controls. With written informed consents
from the parents, a detailed autopsy was performed to
confirm the ultrasound diagnosis. Myocardial tissue sam-
ples were collected and flash frozen in liquid nitrogen for
further research.

Microarray analysis

Microarray analysis for the expression of IncRNAs and
mRNAs was performed by Shanghai Gminix Biologi-
cal Information Company (Shanghai, China), and the
accession number for the microarray data reported in
this paper is Gene Expression Omnibus database GEO:
184,905. Bioinformatic pipelines for array data analysis
were described previously [16].

Methods for IncRNA-seq

1. Sample qualification and quantification Total RNA
was qualified and quantified as follows: (1) the RNA
sample was firstly qualified using 1% agarose gel elec-
trophoresis for possible contamination and degrada-
tion; (2) RNA purity and concentration were then
examined using NanoPhotometer® spectrophotome-
ter; (3) RNA integrity and quantity were finally meas-
ured using RNA Nano 6000 Assay Kit of the Bioana-
lyzer 2100 system.

2. Library preparation
RNAlibrary for IncRNA-seq was prepared as rRNA
depletion and stranded method.

3. Sequencing
After library preparation and pooling of differ-
ent samples, the samples were subjected for Illu-
mina sequencing. Commonly, the IncRNA-seq use
PE150 (paired-end 150nt) sequencing for 12G raw
data.

4. Quality control for raw data
Raw data (raw reads) of FASTQ format were firstly
processed through in-house perl scripts. In this step,
clean data (clean reads) were obtained by removing
following reads: (1) reads with 5 adapter; (2) reads
without 3" adapter or insert sequence; (3) reads with
more than 10% N; (4) reads with more than 50%
nucleotides with Qphred <=20; (5) reads with ploy
A/T/G/C. Adapter trimming for the removal of
adapter sequences from the 3’ ends of reads was also
performed. At the same time, Q20, Q30 and GC con-
tent of the clean data were calculated. All the down-
stream analyses were based on the clean data with
high quality.

5. Mapping and assembly
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Cleanreads for each sample were first mapped to a
reference genome with the softwareHISAT2. Reads
alignment results were transferred to the program
StringTie fortranscript assembly.

6. Identification of IncRNA

All the transcripts were merged using Cuffmerge soft-
ware. LncRNAs were then identified from the assembled
transcripts following four steps: (1) Removal of lowly
expressed transcripts with FPKM<0.5; (2) removal of
short transcripts<200 bp and <2 exons; (3) removal
of the transcripts with protein-coding capability using
CNCI, Pfam and CPC2 database; (4) removal of the
transcripts mapped within the 1 kb flanking regions of
an annotated gene using Cuffcompare. Novel IncRNAs
were named following rules of HGNC (The HUGO Gene
Nomenclature Committee). The characteristics of novel
IncRNA was compared with known IncRNA and mRNA.

Methods for mRNA-seq

RNA quantification and qualification (DRNA degrada-
tion and contamination was monitored on 1% agarose
gels. @ RNA purity was checked using the NanoPhotom-
eter® spectrophotometer (IMPLEN, CA, USA). @ RNA
integrity was assessed using the RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technolo-
gies, CA, USA).

Library preparation for Transcriptome sequencing A
total amount of 1 pg RNA per sample was used as input
material for the RNA sample preparations.

Clustering and sequencing (Genchem Experimental
Department) The clustering of the index-coded sam-
ples was performed on a cBot Cluster Generation Sys-
tem using TruSeq PE Cluster Kit v3-cBot-HS (Illumia)
according to the manufacturer’s instructions. After clus-
ter generation, the library preparations were sequenced
on an Illumina Novaseq platform and 150 bp paired-end
reads were generated. Data Analysis Quality control Raw
data (raw reads) of fastq format were firstly processed
through in-house perl scripts.

Reads mapping to the reference genome Reference
genome and gene model annotation files were down-
loaded from genome website directly. Index of the refer-
ence genome was built using Hisat2 v2.0.5 and paired-end
clean reads were aligned to the reference genome using
Hisat2 v2.0.5. We selected Hisat2 as the mapping tool for
that Hisat2 can generate a database of splice junctions
based on the gene model annotation file and thus a bet-
ter mapping result than other non-splice mapping tools.
Novel transcripts prediction The mapped reads of each
sample were assembled by StringTie (v1.3.3b) in a ref-
erence-based approach. StringTie uses a novel network
flow algorithm as well as an optional de novo assembly
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step to assemble and quantitate fulllength transcripts
representing multiple splice variants for each gene locus.

Quantification of gene expression level feature Counts
v1.5.0-p3 was used to count the reads numbers mapped
to each gene. And then FPKM of each gene was calcu-
lated based on the length of the gene and reads count
mapped to this gene. FPKM, expected number of Frag-
ments Per Kilobase of transcript sequence per Millions
base pairs sequenced, considers the effect of sequencing
depth and gene length for the reads count at the same
time, and is currently the most commonly used method
for estimating gene expression levels.

Statistical analysis

Differentially expressed mRNAs and IncRNAs

The abundances of both mRNAs and IncRNAs expres-
sion data sets were log-transformed and t-test was then
applied to assess the difference in expression between
groups. Values were considered statistically significant at
P<0.05.

Functional annotation of differential mRNAs

For differentially expressed gene abundances, we first
generated their corresponding ENSEMBL ids [17]. Next,
the ENSEMBL ids of differentially expressed genes were
feed into g:Profile [18], a web-based tool to carry out
functional pathway enrichment analysis. An association
with P <0.05 was treated as significant.

Protein to protein interactions of differential mRNAs

We applied STRING [19] to check if there are potential
protein to protein interactions (PPIs) between differen-
tial mRNAs. The clustering of PPIs is based on k-means
method.

Interactions between mRNAs and IncRNAs

The potential interactions between differentially expressed
IncRNAs and mRNAs were assessed by using Spearman
correlation. An association with P<0.05 was treated as
significant.

IncRNAs target mRNA prediction

We applied LncRNA2Target V3 [20] to check if the iden-
tified IncRNA-mRNA relationships that show difference
between TOF and control have existing experimental
confirmations i.e., if certain IncRNA can regulate certain
mRNA in experiential sitting.

Results

Basic characteristics of participants

There were three fetuses with TOF and three gesta-
tion-age matched controls were included in this study.
The family histories of all the subjects did not suggest
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Table 1 The results of the genomic microarray analysis
suggested normal results

Case Gestation age Cell-free fetal DNA testing (z-score)
(weeks)
Trisomy 21  Trisomy 18  Trisomy 13
TOF1 19.28 0.17 -0.27 0.26
TOF2 23.14 0.28 -1.01 -0.71
TOF3 1884 0.11 0.19 -047
Con1 1942 0.19 0.21 0.27
Con2 2342 0.31 0.16 0.14
Con3 18.56 0.29 -0.08 -0.28
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of the three families had already welcomed a healthy
baby.

Key echocardiographic features of fetal TOF

The key echocardiographic features of fetal TOF was as
following: (1)anteriorly deviation of the conal septum,
creating the obstruction of RVOT (subpulmonic, pul-
monary valve, or supravalvar pulmonary stenosis), (2)
large and malalignment subaortic VSD, and (3) large
aorta overriding VSD and over both ventricles. To be
specific, in the view of the outflow tract of left ventri-
cle, malalignment VSD and overriding aorta was iden-

Fig. 1 Ultrasonographic observation of fetal TOF. A In the left ventricular outflow tract view, a malalignment-type VSD was detected, and the aorta
root overrode the ventricular septum. B In the short axis view of great arteries, the conal septum moved anteriorly, and stenosis of the RVOT and
PA were identified. C The diameters of branch pulmonary arteries were slightly small but closed to normal. D The typical “double-peak” pattern in
systole of spectral Doppler ultrasound in the PA confirmed stenosis of the PA

M4

anything out of the ordinary. Cell-free fetal DNA test-
ing of them showed low risks of trisomies 21, 18 and 13.
Mean GA at diagnosis was 22.44 week, Mean maternal
age was 32.67 years. The results of the genomic micro-
array analysis suggested normal results and presented
in Table 1. There is a clinico-diagnositic flowchart to
explain the antenatal management in different cases in
supp Fig. 1. Before completion of this manuscript, two

tified, with the overriding rate <50%. And in the short
axis view of great arteries, deviation of the conal sep-
tum anteriorly into RVOT and pulmonary stenosis (PS)
were confirmed, with the size pulmonary annulus being
smaller than the aortic annulus (Fig. 1). In addition,
absence of ductus arteriosus, right aortic arch may be
associated in some cases.
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: obstruction of
RVOT

Fig. 2 Autopsy findings of fetuses with TOF. A The anterior surface view of the fetal heart showed that the PA was significantly smaller than the
aorta. Interestingly, the ductus arteriosus connected the PA and the right common carotid artery. B Then, the RV and RVOT opened, and a muscular
obstruction of the RVOT and a small PA were clearly identified. C A perimembranous VSD was observed from the RV, and the root of the aorta
overrode the ventricle septum. D The LV was opened, and the perimembranous VSD and the overriding of the aorta were confirmed

Autopsy findings

After careful inspection of the surface of the body and
extracardiac organs, the autopsy focused on the heart. To
more clearly show the intracardiac structures, both the
heart and the lung were removed from the chest. Firstly,
from the anterior view of the heart, the PA was signifi-
cantly smaller than the aorta, which suggested the pres-
ence of PS. As we expected, right ventricular hypertrophy
was not observed. Secondly, the RVOT was opened from
the apex to pulmonary trunk, and the significant small
diameter of the PA confirmed the ultrasound diagnosis
of PS. Third, the ventricle septum was checked carefully
from the right side, and a large perimembranous VSD
was found. Through the VSD, the root of the aorta could
be easily seen. Lastly, the LV was opened from the left
atrium to left ventricle, and the VSD could be seen from
the left side. The malalignment of the ventricle septum
and the anterior wall of the aorta suggested that the aorta
root overrode the ventricular septum. In summary, the
autopsy confirmed the prenatal diagnosis of TOF. Inter-
estingly, in one case with TOF, the autopsy demonstrated
that the ductus arteriosus connected the PA and the right
common carotid artery, which was missed by ultrasound
(Fig. 2).

Differentially expressed IncRNAs
After quality check, we have in total detected 20,473
IncRNAs and 94 of them showed significant differences

between the control and fetal TOF group (P <0.05, Table
S1). Upon them, 21 were significantly up-regulated while
73 were significantly down-regulated in fetal TOF group.
Standardized expression of differentially expressed IncR-
NAs were shown in the heatmap (Fig. 3).

Differentially expressed mRNAs

In total, 19,371 mRNAs have been detected and com-
pared with the control group, we identified 83 differen-
tially expressed mRNAs, including 41 up-regulated and
42 down-regulated of fetal TOF group (P<0.05, Fig. 4,
Table S2). The most significantly up-regulated and down-
regulated mRNA transcripts were MLLT1 and APH1B
respectively. We further verified two mRNAs by qPCR
and found BMP10 and TDFG1 were down-related in
TOF fetus compared with controls, which are consist-
ented with the microarray analysis results (Supp Fig. 2).

Functional enrichment of differentially expressed mRNAs

The function of abnormal expression of mRNA analyzed
by software showed that some involved in the path-
ways of the pathogenesis of many tissues and organs,
such as seminal vesicle, glandular cells, breast, colon,
endothelial cells, salivary gland, glandular cells, epider-
mis, stomach. The mRNAs included MLLT1 + ATP8B2
» APOBEC3C » PRKX » DDX3Y » TUBGCP2
» NDUFAS8 » HTRA3 » EDF1 and et al. (Fig. 5).
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Fig. 3 Differentially expressed INcRNAs were shown in the heatmap
between the control and fetal TOF group. The darkness of color
represents the mean abundance of normalized expression levels
across samples between groups

Protein to protein interactions between differentially
expressed mRNAs

By using STRING to check potential protein to pro-
tein interactions (PPI) between differential mRNAs, we
showed that there were three PPI clusters (Fig. 6). Sug-
gesting some proteins that may jointly contribute toward
a specific cellular process that may important for TOF.

Potential interactions between IncRNAs and mRNAs
Correlation analysis of IncRNAs and mRNAs showed
that differentially expressed IncRNAs were closely related
to mRNAs (Table S3). We found positive correlations
of IncRNAs and mRNAs, including TCONS_00005490-
XLOC_002569 and ATP8B2, n324056 and PPIAL4A,
ENSTO00000415883 and NDUFB2, ENST00000445967 and
TLR4, TCONS_00021936-XLOC_010529 and MAGEH]1,
n339687 and EDA, NR_038883 and ZFY, NR_001545
and DDX3Y, NR_001545 > NR_038883 and KDM5D,
n338336 and Cl7orf65. More interestingly, we found
negative correlations of IncRNAs and mRNAs, includ-
ing TCONS_00003990-XLOC_001813 and PPIAL4A,
TCONS_00014231-XLOC_006288 and PRLR, n338858
and WDR27, n326323 and EDF1, ENST00000412266 and
LGALS3BP.

We further checked if there were existing experimental
evidences to confirm the reported IncRNA-mRNA rela-
tionships with LncRNA2Target V3. However, we didn’t
find any existing evidences, suggesting that our results
might be novel, but further experimental validations are
essential to confirm those results.

Discussions

Fetal TOF is a conotruncal malformation and is com-
monly seen in the clinic. It is not difficult to detect and
identify fetal TOF via fetal echocardiogram, especially
in the second and third trimesters. In fact, an increasing
number of cases are identified during the first trimester.
The degree of PS is the determining factor for predicting
the prognosis of fetal TOF in vivo. If possible, autopsy
allowed for a better understanding of all the anatomic
abnormalities in fetal TOF, facilitating an improve-
ment of the prenatal diagnostic rate and furthering basic
research.

Some researchers have found that differences of IncR-
NAs could be detected in the body fluids of patients
with TOF, which is effective evidence for the further
study of IncRNA as a biomarker of TOF [21]. Zhang X
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Fig. 4 Differentially expressed mRNAs were shown in the heatmap
between the control and fetal TOF group. The darkness of color
represents the mean abundance of normalized expression levels
across samples between groups

et al. found that four hub IncRNAs that regulate mRNA
expression through miRNAs in heart tissues of 22
children with TOF [22]. Jing Ma et al. found IncRNA
TBX5-AS1:2 was involved in TOF and Quan Wang
et al. reported that IncRNA HA117 was expressed
increasingly and caused to adverse short-term out-
comes from TOF patients [11, 12].

More deeply, we detected IncRNAs and mRNAs in
myocardial tissues of fetal TOF and control groups
and found the 94 differentially expressed IncRNAs,
which could be very important for the development of
fetal TOF and be candidate for early prevention and
intervention. Currently, the roles of theses abnormally
expressed IncRNAs in TOF are not reported. We found
83 abnormally expressed mRNAs in fetal TOF com-
pared with normal controls, which could be target gene
to participate in the pathological process of fetal TOF.
At present, there are only two abnormally expressed
mRNAs in fetal TOF detected by us are reported in
heart diease, which are PURA and ALDH1A2. Marilene
Pavan et al. reported that the genetic variation of
ALDH1A2 was present in TOF, but not a significant
risk of congenital heart disease [23]. Miriam S. Reu-
ter reported that recurrent variants p.(Phe271del) in
PURA leaded to structural heart defects [24].

More importantly, we constructed the correlation
analysis of IncRNAs and mRNAs from the both abnor-
mally expressed IncRNAs and mRNAs. It is more
meaningful for negative correlation of IncRNAs and
mRNAs, and n326323 and endothelial differentiation-
related factor 1 (EDF1) are important one couple. The
function of IncRNA n326323 is not reported at pre-
sent, and it might be important in heart development
and lead to fetal TOF. For the target gene of IncRNA
n326323, EDF1 was reported as a stem-cell-like gene in
early development of endothelial cells, highly expressed
in MSC [25]. EDF1 was also a protein that could regu-
late an immediate-early transcriptional response, and
was a ZNF598-independent sensor, stabilizing GIGYF2
to inhibit translation initiation [26, 27]. Furthermore,
EDF1 was a transcriptional coactivator of PPARy, and
was required for VEGF-induced transcriptional activity
of PPARy in human endothelial cells [28]. EDF1 initi-
ated the activation of lipogenic gene program cooper-
ated with IncRNA Blncl, which suggested IncRNA
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Fig. 5 The function of abnormal expression of mMRNA showed that some were involved in the pathways of the pathogenesis of many tissues and

stats
Term ID Padij . ~log1o(pad;j)
HPA:0430000 1.948x103
HPA:0430051 1.948x10°3
HPA:0050000 1.031x1072
HPA:0050051 1.101x1072
HPA:0130201 1.262x10°2
HPA:0420000 1.610x10-2
HPA:0420051 1.610x10-2
HPA:0180000 1.971x10-2
HPA:0180051 1.971x10°2
HPA:0550052 2.353x10°2

could interacte with EDF1 [29]. These indicated that
IncRNA n326323 might negatively regulate EDF1 gene,
which played an important role in the development of
heart.

Prolactin receptor (PRLR) is another candidate
gene that could be negatively regulated by IncRNA
TCONS_00014231-XLOC_006288. PRLR gene was
important for the reproduction and growth [30]. The
silencing of PRLR gene leaded to the inhibition of
hippocampal neuron apoptosis, which indicated the
role of PRLR in cell apoptosis [31]. And PRLR protein
expression was increased in hypertrophy hearts, and
involved in the development of cardiac hypertrophy
[32]. PRLR was also a gene (PRLRa) which played an
important role for the regulation of osmotic and related
to the abnormal renal development [33]. LGALS3BP is
another candidate gene that could be negatively regu-
lated by IncRNA ENST00000412266, which plays a role
in lipid metabolism and other different pathways [34].
The protein expression of LGALS3BP was upregulated
in leukocyte migration and invasion, and involved in
the progression of inflammation [35]. Recently study
reported that LGALS3BP protein could interact with
SARS-CoV-2 spike glycoprotein, which is an important
clue for its function in the treatment of SARS-CoV-2
[36].

WDR27 is another candidate gene that could be neg-
atively regulated by IncRNA n338858. WDR27 was
reported to be cilia/basal body localization and partici-
pated in the evolution of ciliary processes [37]. WDR27
was loci associated with insomnia symptoms (in males)
[38], included in the third most significantly associated

SNP of type 1 diabetes [39], and was a genome-wide sig-
nificant loci associated with eye shape [40]. PPIAL4A is
a very interesting gene that could not only be negatively
regulated by TCONS_00003990-XLOC_001813, but also
positively regulated by IncRNA n324056, and its func-
tion is unknown, which is worth furthermore research.
At present, the roles of these couples of mRNAs and
IncRNAs are not reported in fetal TOF, which are
needed to explore.

In summary, fetal TOF was prenatally diagnosed by
fetal echocardiogram and confirmed by pathological
observations. LncRNAs and mRNAs expression pro-
files were used in this study to screen out the IncRNAs
related to fetal TOF and the related function involved,
but whether they are specific IncRNAs for TOF needs
to be verified by more cases and further confirmed by
in vitro and in vivo experiments. These abnormal IncR-
NAs screened in fetal TOF heart tissues are promising
as molecular markers or gene therapy targets for early
diagnosis and treatment of fetal TOF. We also acknowl-
edge that due to the limited samples size, the reported
differential IncRNAs and mRNAs in TOF still need con-
firmation either by further studies.

Conclusion

— No significant changes were found in DNA level of
TOF fetus, but the characterization of TOF was
found by ultrasound and autopsy. Therefore, we fur-
ther conducted microarray sequencing to find the
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pathogenic cause of TOF from mRNA and IncRNA — These abnormal IncRNAs and mRNAs screened in
levels. fetal TOF heart tissues are promising as molecular

— LncRNAs and mRNAs expression profiles were markers or gene therapy targets for early diagnosis
used in this study to screen out the IncRNAs/ and treatment of fetal TOF.

mRNAs related to fetal TOF and the related function
involved.



Gou et al. BMC Pregnancy and Childbirth (2022) 22:853

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512884-022-05190-0.

Additional file 1: Supp Fig. 1. A clinico-diagnositicflowchart of the
antenatal management in different cases. SuppFig. 2. The differential
expression mRNAswere verified by RT-PCR in TOF patients and Controls.

Additional file 2: Table S1. Differential INcRNAs between TOF and control
groupincluding 21 up- and 73 down-regulated IncRNAs. Table S2. Dif-
ferential MRNAs between TOF and control groupincluding 41 up- and 42
down-regulated genes. Table S3. IncRNA correlations to mRNA showed
difference betweenTOF and control group.

Acknowledgements
We appreciated Ping Li for good suggestions of the manuscript.

Authors’ contributions

study design, GZS and YXX; myocardial tissue samples resources, GZS, JHJ and
YZ; data curation, ZQ and ZY; writin draft preparation and review, GZS and
YXX; supervision, YXX; funding acquisition, YXX, GZS and ZQ. All authors have
read and agreed to the published version of the manuscript.

Funding

This research was funded by Natural Science Foundation of Juangsu Province
for Younth (BK20190189), Younth Program of National Natural Science
Foundation of China (82000379) and Suzhou Science and Technology Project
(SYSD2019188, SYSD2020191, SKJY2021128).

Availability of data and materials

The accession number for the microarray data reported in this paper is Gene
Expression Omnibus database GEO: 184,905.

The web links are https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE184905.

Enter token efwbsyaextyjbgh into the box.

Declarations

Ethics approval and consent to participate

All methods were performed in accordance with the relevant guidelines

and regulations approved by the Ethics Committee of the Affiliated Suzhou
Hospital of Nanjing Medical University (KL901184) and informed consent was
obtained from all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

!Cardiovascular Disease Center, The Affiliated Suzhou Hospital of Nan-

jing Medical University, Jiangsu 215008 Suzhou, PR. China. 2Department

of Ultrasonography, The Fourth Affiliated Hospital of Anhui Medical University,
23000 Hefei, Anhui, PR. China. *Department of Ultrasonography, The Affiliated
Suzhou Hospital of Nanjing Medical University, 215008 Suzhou, Jiangsu, PR.
China. “Department of Pharmacology, The Affiliated Suzhou Hospital of Nan-
jing Medical University, Jiangsu 215008 Suzhou, PR. China.

Received: 17 August 2022 Accepted: 7 November 2022
Published online: 19 November 2022

References
1. Hoffman J, Kaplan S. The incidence of congenital heart disease. J Am Coll
Cardiol. 2002;39:1890-900.

Page 10 of 11

Gil Wernovsky, Robert H. Anderson, Krishna Kumar,Kathleen Mussatto,
Andrew N. Redington, James S. Tweddell and Justin T. Tretter. " Anderson’s
Pediatric Cardiology". Fourth Edition, 2020:2924.

Villafafie J, Feinstein JA, Jenkins KJ, Vincent RN, Walsh EP, Dubin AM, Geva
T, Towbin JA, Cohen MS, Fraser C, Dearani J, Rosenthal D, Kaufman B, Gra-
ham TP Jr. Adult Congenital and Pediatric Cardiology Section, American
College of Cardiology. Hot topics in tetralogy of Fallot. J Am Coll Cardiol.
2013;62(23):2155-66.

Smith CA, McCracken C, Thomas AS, Spector LG, St Louis JD, Oster

ME, Moller JH, Kochilas L. Long-term outcomes of tetralogy of Fallot:

a study from the Pediatric Cardiac Care Consortium. JAMA Cardiol.
2019/4(1):34-41.

Cuypers JA, Menting ME, Konings EE, Opi¢ P, Utens EM, Helbing WA, Wit-
senburg M, van den Bosch AE, Ouhlous M, van Domburg RT, Rizopoulos
D, Meijboom FJ, Boersma E, Bogers AJ, Roos-Hesselink JW. Unnatural his-
tory of tetralogy of Fallot: prospective follow-up of 40 years after surgical
correction. Circulation. 2014;130(22):1944-53.

Zhang J, Liang D, Cheng Q, Cao L, Wu Y, Wang Y, Han S, Yu Z, Cui X, Xu T,
Ma D, Hu P, Xu Z. Peptidomic Analysis of Fetal Heart Tissue for Identifica-
tion of Endogenous Peptides Involved in Tetralogy of Fallot. DNA Cell Biol.
2017;36(6):451-61.

Zhao'Y, Kang X, Gao F, Guzman A, Lau RP, Biniwale R, Wadehra M,
Reemtsen B, Garg M, Halnon N, Quintero-Rivera F, Van Arsdell G, Cop-
pola G, Nelson SF, Touma M. Gene-environment regulatory circuits

of right ventricular pathology in tetralogy of fallot. J Mol Med (Berl).
2019,97(12):1711-22.

Peng R, Zheng J, Xie HN, He M, Lin MF. Genetic anomalies in fetuses with
tetralogy of Fallot by using high-definition chromosomal microarray
analysis. Cardiovasc Ultrasound. 2019;17(1):8.

Morgenthau A, Frishman WH. Genetic Origins of Tetralogy of Fallot.
Cardiol Rev. 2018;26(2):86-92.

. Page DJ, Miossec MJ, Williams SG, Monaghan RM, Fotiou E, Cordell HJ,

Sutcliffe L, Topf A, Bourgey M, Bourque G, Eveleigh R, Dunwoodie SL,
Winlaw DS, Bhattacharya S, Breckpot J, Devriendt K, Gewillig M, Brook JD,
Setchfield KJ, Bu'Lock FA, O'Sullivan J, Stuart G, Bezzina CR, Mulder BJM,
Postma AV, Bentham JR, Baron M, Bhaskar SS, Black GC, Newman WG,
Hentges KE, Lathrop GM, Santibanez-Koref M, Keavney BD. Whole Exome
Sequencing Reveals the Major Genetic Contributors to Nonsyndro-
mic Tetralogy of Fallot. Circ Res. 2019;124(4):553-63.

. MaJ,Chen S, Hao L, Sheng W, Chen W, Ma X, Zhang B, Ma D, Huang G.

Hypermethylation-mediated down-regulation of INCRNA TBX5-AS1:2 in
Tetralogy of Fallot inhibits cell proliferation by reducing TBX5 expression.
J Cell Mol Med. 2020;24(11):6472-84.

Wang Q, Wang Z, Wu C, Pan Z, Xiang L, Liu H, Jin X, Tong K, Fan S, Jin X.
Potential association of long noncoding RNA HA117 with tetralogy of
Fallot. Genes Dis. 2018:5(2):185-90.

Wang X, Arai S, Song X, Reichart D, Du K, Pascual G, Tempst P,

Rosenfeld MG, Glass CK, Kurokawa R. Induced ncRNAs allosterically
modify RNA-binding proteins in cis to inhibit transcription. Nature.
2008;454(7200):126-30.

Mattioli K, Volders PJ, Gerhardinger C, Lee JC, Maass PG, Melé M, Rinn JL.
High-throughput functional analysis of INCRNA core promoters elucidates
rules governing tissue specificity. Genome Res. 2019;29(3):344-55.

Gou Z,Yan X, Ma J, Pan Q, Yang Z, Li S, Deng X. Ultrasound measurements
of aortic diameter at the diaphragmatic hiatus in normal and congenital
heart disease. Adv Ultrasound Diagnosis Therapy. 2018,02:123-7.

Yang J, Lin J, LiuT, ChenT, Pan S, Huang W, Li S. Analy-

sis of INCRNA expression profiles in non-small cell lung can-

cers (NSCLC) and their clinical subtypes. Lung Cancer. 2014;85(2):110-5.
Zerbino DR, Flicek P Howe KL, et al. Ensembl 2018. Nucleic Acids Res.
2021;49(D1):D884-91.

Raudvere U, Kolberg L, Kuzmin |, Arak T, Adler P, Peterson H, Vilo
J.giProfiler:a web server for functional enrichment analysis

and conversions of gene lists (2019 update). Nucleic Acids Res.
2019;47(W1):W191-8.

Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, Doncheva
NT, Legeay M, Fang T, Bork P, Jensen LJ, von Mering C. The STRING
database in 2021: customizable protein-protein networks, and functional
characterization of user-uploaded gene/measurement sets. Nucleic Acids
Res. 2021;49(D1):D605-12.


https://doi.org/10.1186/s12884-022-05190-0
https://doi.org/10.1186/s12884-022-05190-0
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184905
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184905

Gou et al. BMC Pregnancy and Childbirth

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

(2022) 22:853

Jiang Q, Wang J,Wu X, Ma R, Zhang T, Jin S, Han Z,Tan R, Peng J, Liu

G, LiY,Wang Y. LncRNA2Target: a database for differentially expressed
genes after INcRNA knockdown or overexpression. Nucleic Acids Res.
2015:43(Database issue):D193-6.

Fan X, SunY, Guo X, He C, Han B, Sun X. Long non-coding RNA LINCO1116
regulated miR-744-5p/SCN1B axis to exacerbate lung squamous cell
carcinoma. Cancer Biomark. 2020;28(4):473-82.

Zhang X, Gao Y, Zhang X, Zhang X, Xiang Y, Fu Q, Wang B, Xu Z. FGD5-AS1
Is a Hub IncRNA ceRNA in Hearts With Tetralogy of Fallot Which Regulates
Congenital Heart Disease Genes Transcriptionally and Epigenetically.
Front Cell Dev Biol. 2021;9:630634.

Pavan M, Ruiz VF, Silva FA, Sobreira TJ, Cravo RM, Vasconcelos M, Marques
LP, Mesquita SM, Krieger JE, Lopes AA, Oliveira PS, Pereira AC, Xavier-Neto
J.ALDH1A2 (RALDH2) genetic variation in human congenital heart
disease. BMC Med Genet. 2009;10:113.

Reuter MS, Chaturvedi RR, Liston E, Manshaei R, Aul RB, Bowdin S, Cohn

I, Curtis M, Dhir P, Hayeems RZ, Hosseini SM, Khan R, Ly LG, Marshall

CR, Mertens L, Okello JBA, Pereira SL, Raajkumar A, Seed M, Thiruvahin-
drapuram B, Scherer SW, Kim RH, Jobling RK. The Cardiac Genome Clinic:
implementing genome sequencing in pediatric heart disease. Genet
Med. 2020;22(6):1015-24.

Liu D, Wang, Ye Y, Yin G, Chen L. Distinct molecular basis for endothe-
lial differentiation: gene expression profiles of human mesenchymal
stem cells versus umbilical vein endothelial cells. Cell Immunol.
2014,289(1-2):7-14.

Sinha NK, Ordureau A, Best K, Saba JA, Zinshteyn B, Sundaramoorthy E,
Fulzele A, Garshott DM, Denk T, Thoms M, Paulo JA, Harper JW, Bennett EJ,
Beckmann R, Green R. EDF1 coordinates cellular responses to ribosome
collisions. Elife. 2020,9:e58828.

Juszkiewicz S, Slodkowicz G, Lin Z, Freire-Pritchett P, Peak-Chew SY,
Hegde RS. Ribosome collisions trigger cis-acting feedback inhibition of
translation initiation. Elife. 2020;202(9):e60038.

Cazzaniga A, Locatelli L, Castiglioni S, Maier J. The Contribution of EDF1 to
PPARgamma Transcriptional Activation in VEGF-Treated Human Endothe-
lial Cells. Int J Mol Sci. 2018;19(7):1830.

Zhao XY, Xiong X, Liu T, Mi L, Peng X, Rui C, Guo L, Li S, Li X, Lin JD. Long
noncoding RNA licensing of obesity-linked hepatic lipogenesis and
NAFLD pathogenesis. Nat Commun. 2018;9(1):2986.

Liu X, Ma L, Wang M, Wang K, Li J, Yan H, Zhu H, Lan X. Two indel variants
of prolactin receptor (PRLR) gene are associated with growth traits in
goat. Anim Biotechnol. 2020;31(4):314-23.

Tian RH, Bai Y, Li JY, Guo KM. Reducing PRLR expression and JAK2 activity
results in an increase in BDNF expression and inhibits the apoptosis of
CA3 hippocampal neurons in a chronic mild stress model of depression.
Brain Res. 2019;1725:146472.

Aguayo-Cerdn KA, Calzada-Mendoza CC, Méndez-Bolaina E, Romero-
Nava R, Ocharan-Herndndez ME. The regulatory effect of bromocriptine
on cardiac hypertrophy by prolactin and D2 receptor modulation. Clin
Exp Hypertens. 2020;42(7):675-9.

WU TS, Yang JJ, Wang YW, Yu FY, Liu BH. Mycotoxin ochratoxin A disrupts
renal development via a miR-731/prolactin receptor axis in zebrafish.
Toxicol Res (Camb). 2016 Jan;4(2):519-29. 5(.

Demerath EW, Guan W, Grove ML, Aslibekyan S, Mendelson M, Zhou

YH, Hedman AK, Sandling JK, Li LA, Irvin MR, Zhi D, Deloukas P, Liang

L, Liu C, Bressler J, Spector TD, North K, Li'Y, Absher DM, Levy D, Arnett
DK, Fornage M, Pankow JS, Boerwinkle E. Epigenome-wide association
study (EWAS) of BMI, BMI change and waist circumference in African
American adults identifies multiple replicated loci. Hum Mol Genet.
2015,24(15):4464-79.

Mohallem R, Aryal UK. Regulators of TNFa mediated insulin resistance
elucidated by quantitative proteomics. Sci Rep. 2020;10(1):20878.
Gutmann C, Takov K, Burnap SA, Singh B, Ali H, Theofilatos K, Reed E,
Hasman M, Nabeebaccus A, Fish M, McPhail MJ, O'Gallagher K, Schmidt
LE, Cassel C, Rienks M, Yin X, Auzinger G, Napoli S, Mujib SF, Trovato F,
Sanderson B, Merrick B, Niazi U, Sagi M, Dimitrakopoulou K, Ferndndez-
Leiro R, Braun S, Kronstein-Wiedemann R, Doores KJ, Edgeworth JD, Shah
AM, Bornstein SR, Tonn T, Hayday AC, Giacca M, Shankar-Hari M, Mayr M.
SARS-CoV-2 RNAemia and proteomic trajectories inform prognostica-
tion in COVID-19 patients admitted to intensive care. Nat Commun.
2021;12(1):3406.

37.

38.

39.

40.

Page 11 of 11

Nevers Y, Prasad MK, Poidevin L, Chennen K, Allot A, Kress A, Ripp R,
Thompson JD, Dollfus H, Poch O, Lecompte O. Insights into Ciliary Genes
and Evolution from Multi-Level Phylogenetic Profiling. Mol Biol Evol.
2017,34(8):2016-34.

Lane JM, Liang J, Vlasac I, Anderson SG, Bechtold DA, Bowden J, Emsley R,
Gill S, Little MA, Luik Al, Loudon A, Scheer FA, Purcell SM, Kyle SD, Lawlor
DA, Zhu X, Redline S, Ray DW, Rutter MK, Saxena R. Genome-wide asso-
ciation analyses of sleep disturbance traits identify new loci and highlight
shared genetics with neuropsychiatric and metabolic traits. Nat Genet.
2017,49(2):274-81.

Bradfield JP, Qu HQ, Wang K, Zhang H, Sleiman PM, Kim CE, Mentch FD,
Qiu H, Glessner JT, Thomas KA, Frackelton EC, Chiavacci RM, Imielinski M,
Monos DS, Pandey R, Bakay M, Grant SF, Polychronakos C, Hakonarson H.
A genome-wide meta-analysis of six type 1 diabetes cohorts identifies
multiple associated loci. PLoS Genet. 2011;7(9):21002293.

Cha S, Lim JE, Park AY, Do JH, Lee SW, Shin C, Cho NH, Kang JO, Nam JM,
Kim JS, Woo KM, Lee SH, Kim JYOhB. Identification of five novel genetic
loci related to facial morphology by genome-wide association studies.
BMC Genomics. 2018;19(1):481.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Prenatal diagnosis and mRNA profiles of fetal tetralogy of Fallot
	Abstract 
	Introduction
	Methods
	Study subjects
	Fetal ultrasonography
	Autopsy examination

	Microarray analysis
	Methods for lncRNA-seq
	Methods for mRNA-seq

	Statistical analysis
	Differentially expressed mRNAs and lncRNAs
	Functional annotation of differential mRNAs
	Protein to protein interactions of differential mRNAs
	Interactions between mRNAs and lncRNAs
	lncRNAs target mRNA prediction


	Results
	Basic characteristics of participants
	Key echocardiographic features of fetal TOF
	Autopsy findings
	Differentially expressed lncRNAs
	Differentially expressed mRNAs
	Functional enrichment of differentially expressed mRNAs
	Protein to protein interactions between differentially expressed mRNAs
	Potential interactions between lncRNAs and mRNAs


	Discussions
	Conclusion

	Acknowledgements
	References


