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Abstract. Ventricular septal defect (VSD) is the most 
common type of congenital heart disease (CHD). The 
single gene mutations or absences that contribute to VSD 
development are well established; however, the aim of the 
present study was to measure gene expression variation 
between VSDs and normal fetal myocardial tissue. TWIST1, 
an important tumor biomarker, is a basic helix-loop-helix 
transcription factor that regulates cell proliferation, migra-
tion and differentiation in embryonic development and 
transformed tumor cells. Although growing evidence 
demonstrates that TWIST1 participates in a variety of 
human neoplastic diseases, the role of TWIST1 in VSD has 
remained elusive. Twenty-six VSD fetal myocardial tissue 
samples and 12 normal samples at matched gestational 
weeks (22-28 weeks) were included in the present study. 
Using reverse transcription quantitative polymerase chain 
reaction (PCR) and real-time PCR, it was demonstrated 
that TWIST1 mRNA was reduced by almost two-fold in the 
VSD samples compared with the normal samples. Western 
blot analysis also revealed that TWIST1 expression was 
decreased by ~three-fold (P=0.001) in the VSD samples 
compared with that in the normal samples. Of note, five 
complete ventricular (also called functionally univentricular 
or single ventricular) septal ageneses were identified among 

the specimens. For the five complete ventricular septal 
agenesis samples, similar results to those for other VSD 
fetal myocardial tissues were obtained. In conclusion, the 
results of the present study showed that TWIST1 mRNA and 
protein levels were reduced in VSDs. The present study was 
the first, to the best of our knowledge, to report that TWIST1 
is not only a tumor biomarker, but may also be involved in 
the pathogenesis of VSD.

Introduction

Congenital heart disease (CHD) is the most prevalent neonatal 
disorder in humans; it is the leading cause of non-infectious 
infant mortality and affects 4-10 out of every 1,000 live 
births (1-3). Ventricular septal defect (VSD) is the most 
common type of CHD and is present in 30-50% of all cases of 
CHD (2,4,5). The pathogenesis of VSD is multifactorial, with 
genetic and environmental factors having important roles (6-7). 
Although the embryology and physiology of VSD are widely 
known, its etiology and underlying molecular mechanism have 
remained elusive.

TWIST1 belongs to the helix-loop-helix (bHLH) family 
of transcription factors, is highly conserved and is involved 
in embryonic development (8,9). An animal experiments 
showed that primary chicken which had lost TWIST1 gene 
expression presented with impaired endocardial cushion 
development (10). A study on Twist1-null mice revealed 
that Twist1 is a novel bHLH within the cardiac outflow 
tract (OFT) development (11). In humans, although growing 
evidence suggests that TWIST1 is an important tumor 
biomarker (12-14), little is known about this gene's involve-
ment in human heart development, particularly its implication 
in VSD.

Based on previous studies, the present study hypothesized 
that TWIST1 may have an important role in the development 
of VSD. Mutation or loss of numerous types of single genes 
have been predicted to result in VSDs (15-18); however, the 
underlying molecular mechanism by which reduced expres-
sion of a certain gene or a transcription factor may cause 
defects in cardiac septation, particularly VSDs, has remained 
elusive. The aims of the present study were to determine the 
differential expression of TWIST1 mRNA and protein levels in 
normal and VSD human fetal heart tissues and correlate any 
observed changes to the etiology of VSD.
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Materials and methods

Tissue samples. All fetal myocardial tissues were obtained 
from the Department of Obstetrics and Gynecology at 
Shengjing Hospital of China Medical University (Shenyang, 
China) from October 2011 to June 2013. All subjects with 
chromosomal disorders, for example 22q11 deletion syndrome 
and 21-trisomy syndrome (19,20), were excluded. The 26 VSD 
specimens were diagnosed prenatally with CHDs using 
three-dimensional echocardiography. The diagnoses were 
confirmed by pathological autopsy. Myocardial tissue samples 
from 12 normal fetuses at 22-28 weeks of gestation were 
collected during surgery for pregnancy termination due to 
spontaneous abortion or trauma to the pregnant women. All 
tissue samples were snap frozen in liquid nitrogen and then 
stored at ‑80˚C until use in order to exclude any tissue hetero-
geneity that may affect results. All fetal myocardial tissues 
(with or without VSD) were sampled using the same proto-
cols. Each pregnant woman or her relatives provided written 
informed consent; the Ethics Committee of the National 
Research Institute for Family Planning (Shenyang, China) 
approved the study. The study protocol followed the principles 
of the Declaration of Helsinki. The characteristics of the study 
subjects are shown in Tables I and II.

RNA isolation and cDNA synthesis. The TRIzol reagent 
(Invitrogen Life Technologies, Carlsbad, CA, USA) was used 
to extract total RNA from 50 mg heart tissue. A NanoDrop™ 
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA) was used to measure the RNA concentration. The 
260/280 nm absorbance ratios of the RNA samples ranged 
from 1.91 to 2.03 and they were stored at ‑80˚C until use. 
An aliquot (2 µg) of RNA from each sample was reverse 
transcribed into cDNA using the PrimeScript™ II 1st strand 
cDNA Synthesis kit (Takara, Dalian, China) according to the 
manufacturer's instructions.

Reverse transcription quantitative polymerase chain reaction 
(RT‑qPCR). The Sangon Company (Beijing, China) designed 
the primers, which were used according to the manufacturer's 
instructions. Details of the primers are listed in Table III. 
Taq DNA polymerase, 10X Taq Buffer, desoxyribonucleotide 
triphosphate mixture and cDNA template that was reverse 

transcribed from a previous reaction (all from Tiangen Biotech, 
Beijing, China) were used to amplify cDNA (100 ng/l) in vitro. 
RT‑PCR was performed as follows: 94˚C for 5 min; 35 cycles 
of 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 45 sec; 72˚C 
for 10 min using a Bio-Rad S1000 Thermal Cycler system 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). β-actin was 
used as an internal standard. PCR products were analyzed by 
electrophoresis on 2% agarose gels.

Real‑time PCR. Real-time PCR to quantify gene expression 
was performed using an ABI Prism 7000 Sequence Detection 
System (Applied Biosystems, Life Technologies, Thermo 
Fisher Scientific) with SYBR Premix Ex Taq™ II (Takara). 
The amplification conditions were: 95˚C for 30 sec; 40 cycles 
of 95˚C for 5 sec and 58˚C for 34 sec. The levels of β-actin 
mRNA were used to normalize the expression of the target 
genes. The 2-ΔΔCt method was used to compare differences 
in relative gene expression between the controls and VSD 
samples. Each measurement was repeated three times. A 
melting curve of the reaction products yielded a single peak 
in each experiment.

Western blot analysis. Frozen heart tissues from all samples 
were lysed in radioimmunoprecipitation buffer (C1053; 
Applygen Technologies Inc, Beijing, China) together with 
a protease inhibitor (P1265; Applygen Technologies). Total 
soluble protein lysates (80 µg) were boiled for 10 min and then 
subjected to 15% gradient SDS-PAGE (CW2384; CWBiotech, 
Beijing, China). After electrophoresis, the semi-dry transfer 
system (Bio-Rad Laboratories, Inc.) was used to transfer the 
proteins onto nitrocellulose membranes (0.45 µm; Bio-Rad 
Laboratories, Inc.). After blocking in 5% non-fat dried 

Table II. Clinical characteristics of the study population.
 
Characteristic VSD (n=26) Normal (n=12) Univentricular
 
Male, n (%) 19 (73.1) 7 (58.3) 5 (100)
Female, n (%)   7 (26.9) 5 (41.7) 0

VSD, ventricular septal defects.

Table I. Clinical classification of VSD in the subjects.
 
Group VSD sub-type of the sample Sample number

VSD Sub-arterial VSD S188 S1015 S1000 S211
 Perimembranous VSD M1005 M1014 M900 M1009 M501 M1001
  M198 M1012 M197 M204 M1007 M194
 Muscular VSD A1004 A203 A208 A1006 A1002
 Complete ventricular septal  CV191 CV183 CV189 CV1013 CV1003
 agenesis (functionally univentricular) 
Normal - N216 N178 N175 N176 N196 N199 N209 
 - N180 N170 N172 N187 N904

VSD, ventricular septal defects.
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milk (Wondersun, Inc., Harbin, China), the nitrocellulose 
membranes were incubated with mouse monoclonal anti-Twist1 
(1:500; sc-81417; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) and mouse monoclonal anti-β-actin (1:2,000; HC201-01; 
TransGen Biotech, Beijing, China) primary antibodies. After 
washing in phosphate-buffered saline containing Tween 20 
(TBST), the membranes were incubated with goat anti-mouse 
immunoglobulin G, horseradish peroxidase conjugate (1:3,000; 
HS201; TransGen Biotech). The membranes were washed 
again in TBST. The enhanced chemiluminescence detection 
reagents (CW0049; CWBiotech) were used to visualize the 
blots. ImageJ software (version 1.4.8; National Institute of 
Health, Bethesda, MD, USA) was used to quantify the protein 
levels.

Statistical analysis. Statistical analysis was performed using 
SPSS (version 13.0; SPSS Inc., Chicago, IL, US) and GraphPad 
Prism (version 5.0; GraphPad Software Inc., La Jolla, CA, 
USA). The Mann-Whitney test was used for comparisons 
between the normal controls and VSD groups. All statistical 
analyses were two-sided and P<0.05 was considered to indi-
cate a statistically significant difference. Values are expressed 
as the mean ± the standard error, typically from two to three 
independent experiments, each with three replicates.

Results

Clinical characteristics and evaluation of VSDs. Pregnant 
women underwent pre-natal screening using three-dimen-
sional echocardiography to judge whether the heart of their 
fetus may be affected by VSD. A normal image of a fetal 
four-chambered heart with no VSDs was used as a control 
(Fig. 1A). The three-dimensional echocardiography diag-
nosed 26 fetuses with VSD at 22-28 weeks of gestation. The 
sizes of the defects of the 26 VSDs ranged from 4.6-8 mm. 
The representative image shown in Fig. 1B had a VSD of 
5.5 mm. Pathological autopsy confirmed the diagnosis and 
gender of the 26 VSD specimens (73.1% male; 26.9% female). 
As shown in Table I, 12 cases had defects of the perimem-
branous septum, five were muscular VSDs and four were 
sub‑arterial type VSDs. There were five complete ventricular 
septal ageneses among the specimens. As shown in Table II, 
all five of these complete ventricular septal ageneses were 
from male fetuses.

TWIST1 expression in fetal myocardial tissue. RT-PCR 
was used to examine the expression of TWIST1 mRNA in 
the myocardial tissues of normal fetuses and those with 
VSD. Specific primers were designed using the TWIST1 
gene sequence from GenBank and primer specificity was 
checked using the basic local alignment search tool (BLAST; 

Figure 1. Three-dimensional echocardiographic images of fetal hearts. (A) A 
normal image of a fetal heart with no VSDs was used as a control. (B) A rep-
resentative three-dimensional echocardiographic image of 26 cases of VSDs, 
which shows disruption of the interventricular septum in the four-chamber 
view. The size of the defect in the heart shown here was 5.5 mm. RA, right 
atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; VSD, ven-
tricular septal defects.

Table III. Primers used in the present study.

Gene  Forward primer Reverse primer Product length (bp)

TWIST1 (human) 5'-GGAGTCCGCAGTCTTACGAG-3' 5'-TCTGGAGGACCTGGTAGAGG-3' 211
β-actin (human) 5'-TCGTGCGTGACATTAAGGAG-3' 5'-ATGCCAGGGTACATGGTGGT-3' 178

Figure 2. Reverse transcription polymerase chain reaction analysis of 
TWIST1 expression in human myocardial tissues. β-actin was used as the 
internal reference. The products were separated on a 2% agarose gel, stained 
with ethidium bromide and visualized under ultraviolet illumination. The 
lanes marked N and V contain the control and ventricular septal defect tem-
plates, respectively.
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http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome). TWIST1 
mRNA PCR products were not clearly detectable in VSD 
samples (n=4), but were clearly present in normal fetal heart 
tissues (n=4) (Fig. 2). Details of the primers are provided in 
Table III.

TWIST1 mRNA levels are decreased in myocardial tissue of 
fetuses with VSD. Real-time PCR was used to quantify the 
relative differences in expression between TWIST1 mRNA 
in myocardial tissues of normal fetuses and those with VSD. 
The expression of TWIST1 was two-fold higher in normal 
tissues compared with that in VSD tissues (Fig. 3). As shown in 
Table IV, TWIST1 mRNA relative expression levels [RQ (2-ΔΔCt) 
values] were significantly lower in fetuses with VSD compared 
with those from patients with normal fetal myocardial tissues 
(P<0.01). For the five complete ventricular septal agenesis 
samples, similar results were obtained to those for other VSD 
fetal myocardial tissues (P<0.05). These results should be 
further confirmed using an increased number of samples.

TWIST1 protein levels are decreased in myocardial tissue of 
fetuses with VST. Western blot analysis showed that TWIST1 
protein levels were significantly downregulated in the four 
fetuses with different VSD subtypes compared with those 
from four selected normal samples (Fig. 4A). To further 
confirm these results, an in‑depth analysis of the peak area of 
the TWIST1 protein band relative to β-actin was performed 
using ImageJ software for all samples (12 samples without 
and 26 samples with VSDs) (Fig. 4B). As shown in Table V, 
the results revealed that TWIST1 expression was decreased 
by ~three-fold (P=0.001) in the VSD samples compared 
with the normal samples. These data are consistent with the 
real-time PCR results shown in Fig. 3 and Table IV.

Discussion 

With the increased incidence of congenital heart disease, 
neonatal disorders have placed a heavy economic burden 
on patients and their families, with multiple surgeries 
required to correct the numerous anatomical defects (21,22). 
VSDs form a large proportion of CHDs and have attracted 
increasing attention from researchers (23). VSDs can be 
classified into four broad categories: Sub‑arterial, perimem-
branous and muscular VSD, as well as complete ventricular 
septal agenesis (functionally univentricular) (24,25). Of 
note, it was found that the VSD samples were predominantly 
from males (73.1% male; 26.9% female), particularly in 
the complete ventricular septal agenesis sub-group (100% 
male). This finding is consistent with the observations by 
Zhao et al (25), who found female predominance in mild 
CHD [small VSD/patent ductus arteriosus/atrial septal defect 
(ASD)] and male predominance in severe CHD (large VSD, 
functionally univentricular heart and tetralogy of Fallot). 
The results of the present study are in contrast with those of 
Sands et al (26), who reported that there were significantly 
more females in the group with VSDs compared with the 
control group (P=0.004). This discrepancy is likely caused 
by the differences in sample selection: Live birth neonates 
were used by Sands et al (26), while fetal myocardial tissue 

Table IV. Relative mRNA expression levels of TWIST1 in samples from controls and patients with VSD or univentricular septal 
angenesis.

 Control [RQ value VSD [RQ value  Univentricular 
Gene (2-ΔΔCt)a, n=12] (2-ΔΔCt), n=26] P-valueb [RQ value (2-ΔΔCt), n=5] P-valuec

TWIST1 11.04±2.892 4.738±0.625 0.010 3.675±1.126 0.039

Values are expressed as the mean ± standard error. aThe RQ values (2-ΔΔCt) for control 1 was set as 1 and used for normalization for all samples; 
bMann-Whitney test was performed; P<0.01 vs. control; cMann-Whitney test was performed; P<0.05 vs. control. VSD, ventricular septal 
defects.

Table V. Relative protein levels of TWIST1 in samples from 
controls and patients with VSD.

Gene Control (n=12) VSD (n=26) P-valuea

TWIST1 1.616±0.261 0.591±0.078 0.001

Values are expressed as the mean ± standard error. aMann-Whitney 
test was performed; P-value <0.01 vs. control. VSD, ventricular 
septal defects.

Figure 3. Real-time polymerase chain reaction analysis of TWIST1 gene 
expression in normal versus VSD samples. TWIST1 expression was reduced 
by 2-fold in the VSD samples compared with that in normal samples. Values 
are expressed as the mean ± standard error for independent cDNA analysis 
sets normalized to β-actin expression. **P<0.01 vs. normal group. VSD, ven-
tricular septal defects.
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with lethal embryonic defects was used in the present study. 
Thus, males with severe CHDs, including a large VSD or a 
functionally univentricular heart, would not survive to birth 
and would be missing from the analysis in the study by 
Sands et al (26).

Previous studies have shown that TWIST1, as a tumor 
biomarker, is overexpressed in different types of cancer, 
including gastric carcinomas (27), breast cancer (28), pancre-
atic cancer (29), esophageal squamous cell carcinoma (30) 
and colorectal cancer (31). During embryonic development, 
TWIST1 has an essential role in specification of the meso-
derm and differentiation of the mesoderm-derived tissues. 
It also regulates morphogenesis in a variety of developing 
organ systems, including the heart, in animal models (32). In 
the primary chicken endocardial cushion, Twist1 promoted 
cell proliferation (10). In Twist1 (-/-) mice, the cardiac OFT 
displayed defective maturation and tracking (11). The cardiac 
OFT and endocardial cushion are important in primordial 
heart development, suggesting that Twist1 is essential for 
normal heart development. The cardiac cushions separate into 
the atrioventricular septum; however, a relevant developmental 
disorder would lead to complete ventricular septal agenesis or 
subarterial VSD. The cardiac OFT functionally separates the 
aortic arch and pulmonary trunk; a relevant developmental 
disorder may result in a perimembranous VSD (21,24). 
Previous studies have shown that mice overexpressing TWIST1 
mutants in cardiomyocytes developed pathological cardiac 
remodeling, including ASD and VSD, induced by abnormal 
Akt signaling (enhancement or reduction) (33). TWIST1, also 
a valve progenitor marker (34), is expressed in newly formed 
mesenchymal cells of the atrio‑ventricular canal and outflow 
tract and has been shown to have roles in cell self-renewal, 
proliferation, migration and differentiation (35,36). Persistent 
TWIST1 expression was shown to increase cell prolifera-

tion (37,38); however, decreased expression of TWIST1 may 
cause VSD.

In the present study, the expression levels of TWIST1 
mRNA and protein in fetal myocardial tissue samples were 
measured using RT-PCR, real-time PCR and western blotting. 
The results suggested that TWIST1 was not only involved in 
fetal heart tissue development, but was also downregulated in 
myocardial cells of fetuses with VSD compared with that in 
normal fetuses. To the best of our knowledge, the present study 
was the first to show differences in TWIST1 mRNA as well as 
protein levels between myocardial tissues of fetuses with VSD 
and normal samples, suggesting that TWIST1 is a candidate 
target gene for VSD prevention as well as a prospective marker 
for VSD.

The strengths of the present study include the strict 
sample collection process. Data were obtained from freshly 
frozen cardiac tissue and may be more accurate than those 
from other studies using cardiac tissue fixed with formalin, 
which can cause random DNA base damage, thereby affecting 
PCR fidelity (39). The present study focused on an early time 
interval of cardiac development, namely embryonic hearts 
at 22-28 weeks of gestation while the embryo was in utero. 
This was earlier than the stages examined by other studies on 
cardiac development of newborns or children and it therefore 
provided more comprehensive and original information for the 
study of cardiac development in humans.

Several limitations of the present study should be consid-
ered. First, due to the difficulty of obtaining fetal myocardial 
tissue samples, it was not possible to obtain a sufficient 
number of complete gestational age-matched samples from 
fetuses with VSD and healthy controls. Second, it was not 
possible to obtain heart tissue samples at a variety of devel-
opmental stages during pregnancy due to the limitations of 
pre-natal diagnostic three-dimensional echocardiography 
techniques. According to previous studies, the earliest 
time-point at which a diagnosis of congenital heart disease 
in a fetus can be made is at 14 weeks of gestation; however, 
the diagnostic specificity is poor (40). Further studies using 
a larger number of samples are warranted to verify the find-
ings of the present study. In addition, based on the results of 
the present study obtained from clinical samples, associated 
in-depth studies will continue to investigate the molecular 
mechanisms responsible for downregulated gene expression 
in VSD.

In conclusion, the present study showed that TWIST1 
gene expression in fetal myocardial tissue was significantly 
decreased in VSD samples compared with that in normal 
control subjects. These findings made a significant contribu-
tion to the understanding of the development of human VSD 
and provided novel knowledge regarding the etiology of CHD.
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