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ABSTRACT

Background: Atrial septal defect (ASD) is one of the common congenital heart diseases. The MYH6 gene has a
critical role in cardiac development but the role of MYH6 promoter variants in patients with ASD has not been
explored. Methods: In 613 subjects including 320 ASD patients, we investigated the MYH6 gene promoter var-
iants and verified the effect on gene expression by using cellular functional experiments and bioinformatics ana-
lysis. Results: Eleven variants were identified in theMYH6 gene promoter, of which four variants were found only
in ASD patients, and two variants (g.3434G>C and g.4524C>T) were identified for the first time. Cellular func-
tional experiments indicated that all four variants reduced the transcriptional activity of theMYH6 gene promoter
(p < 0.05). Subsequent analysis through the JASPAR (A database of transcription factor binding profiles) suggests
that these variants may alter transcription factor binding sites, which may in turn lead to changes in myocardin
subunit expression and ASD formation. Conclusions: Our study for the first time focuses on variants in the pro-
moter region of the MYH6 gene in Chinese patients with ASD and the discovered variants have functional sig-
nificance. The study provides new insights in the role of theMYH6 gene promoter region to better understand the
genetic basis of ASD formation and facilitates clinical diagnosis.
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1 Introduction

Congenital defects pose a serious threat to the health of newborns, the most common of which is
congenital heart disease (CHD) (about one-third of the total) [1]. CHD affects approximately 1 in
100 births and is a major risk factor for termination of pregnancy and fetal death [1,2]. Although the
mortality rate of CHD has declined with major improvements in medical treatments, CHD remains the
leading cause of death in the first year of life, affecting millions of newborns each year. In fact, CHD
causes morbidity and hospitalization in children, increases the health care burden, and often requires
lifelong follow-up, making it a worldwide public health challenge [3]. CHDs include isolated occurrences
and multiple defects occurring simultaneously, and their severity is determined by the location and
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combination of associated anatomical defects. The causes of these malformations are usually considered
multifactorial, in which genetic variation is one of the key causes [4]. It is estimated that the presence of
nearly 30% of confirmed cases is due to genetic as well as maternal factors, some of which coincide with
other disorders, such as Down syndrome [4–6]. The same type of CHD may be caused by alterations in
different genes, and alterations in individual genes may result in different CHDs [7,8]. After decades of
research, a large number of genes have now been identified in association with the development of CHD,
including structural proteins, transcription factors, and cell signaling molecules that are important for
heart development [9].

Atrial septal defect (ASD) is considered one of the most common CHDs, and its incidence is about
10%–20% of all CHDs [2,10]. With the improvement of echocardiographic recognition of clinically
asymptomatic ASDs, there is a tendency to increase the detection rate of its occurrence [11,12]. Many
isolated ASDs do not produce severe symptoms, which makes many ASDs difficult to detect in
childhood, resulting in many ASD patients to receive treatment in adulthood. The surgical procedure for
adults with ASD has a higher mortality rate and a higher incidence of complications such as right heart
dilation, arrhythmias, pulmonary hypertension, and complete atrioventricular block [6]. Over the past two
decades, the treatment of ASD has evolved considerably, not only through surgery, but also through
catheter closure, but the cost of treatment is still a huge burden [13]. This prompts us to raise awareness
of ASD and reduce its occurrence at the root. Genetic variation has been shown to be an important cause
of ASD [14], but many of the genes that have an impact on the formation of ASD remain undiscovered,
and thus there is still much work needed to be done.

The MYH6 (OMIM: 160710) gene located on chromosome 14q11.2 encodes the α subunit of the heavy
chain of cardiac myosin [15]. It is involved in the formation of the heart since the beginning of embryonic
development and is one of the most important subunits that constitute the composition of cardiac myosin
[16]. The variants of MYH6 have important implications for many types of CHD and cardiomyopathy,
including Shone complex, aortic constriction, hypoplastic left heart syndrome, hypertrophic
cardiomyopathy, and dilated cardiomyopathy [15–18]. MYH6 is abundantly expressed in atrial muscle,
and mutations in several exonic regions of the MYH6 gene have been found to contribute to the
formation of ASD [19,20]. Further, in the study of genetic effects on CHD, studies have been focused on
variants in non-coding regions [21]. The promoter in the non-coding region is one of the important
factors of gene transcription. As we previously reported, variants of the promoter region of CITED2 [22]
and MEF2C [23] resulted in the formation of CHD. However, no studies on the effect of variants in the
MYH6 promoter region on ASD have been reported.

Based on the above, we hypothesized that variants in the MYH6 promoter may affect MYH6 gene
expression and may be involved in the formation of ASD. To test this hypothesis, we designed the
present study to investigate the relationship between MYH6 gene promoter variants and ASD formation
by performing genetic and functional analysis of DNA sequences of MYH6 promoter region in
613 Chinese subjects (320 patients with ASD and 293 healthy controls).

2 Materials and Methods

2.1 Study Participants
A total of 613 subjects were enrolled in this study, including 320 isolated simple ASD patients and

293 healthy controls. All patients underwent ASD repair in TEDA International Cardiovascular Hospital,
Tianjin, China. Patients with a family history of CHD or concomitant genetic disorders of other diseases
were excluded. The healthy controls were clinically confirmed free of CHD by Doppler echocardiography
and other clinical examinations, and had no family history of relevant genetic diseases. This work was
performed in accordance with the principles of the Declaration of Helsinki and was approved by the
Ethics Committee of the TEDA International Cardiovascular Hospital. Written consent forms were
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informed and signed by the parents or guardians of the participants. The flow chart of this study is shown in
Fig. 1.

2.2 Sequence Analysis
Genomic DNA was extracted using a DNA extraction kit, and 50 μl of DNA was extracted from each

sample and stored at −80°C. The reference sequence of MYH6 gene promoter was obtained from GenBank
database (NCBI, NG_023444.1). The design of PCR primers was based on the reference sequence (NCBI:
NG_016169.1) to cover specific MYH6 promoter sequence (1638 bp, transcription start site −1791 to
−154 bp). The primer sequences are listed in Table 1. The amplification conditions were: denaturation at
95°C for 5 min, followed by 35 cycles (denaturation at 95°C for 30 s, annealing at 60°C for 30 s,
extension at 72°C for 105 s), and finally extension at 72°C for 10 min. The amplified DNA products
were collected for bidirectional Sanger sequencing, and the DNA sequences of patients were compared
with controls to screen variants. The primers for PCR and Sanger sequencing are shown in Table 1.

Figure 1: Study flow chart. A total of 613 subjects were recruited. DNAwas extracted from blood samples.
Sequence analysis and cellular function experiments were performed to identify the variants. ASD, atrial
septal defect; CHD, congenital heart defect

Table 1: List of primers used in this study

Primers name Sequences Location

PCR primers

MYH6-F1 5′-GGGGCCTCGAGTAACCTAGA-3′ 3209–3228

MYH6-R1 5′-CCCCCTGATTTGCCCAAGAA-3′ 4846–4827

Sequencing primers

MYH6-F1 5′-GGGGCCTCGAGTAACCTAGA-3′ 3209–3228

MYH6-R2 5′-CCCCCTGATTTGCCCAAGAA-3′ 4846–4827
(Continued)
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2.3 Plasmid Construction, Cell Culture and Transfection
To determine whether the variants affect the activity of promoter, we inserted the MYH6 gene promoter

region, with or without variants, into the KpnI and SacI sites of pGL6 basic (firefly luciferase reporter vector).
The PCR primers with expression vectors for KpnI and SacI sites are shown in Table 1. Subsequently, the
expression-loaded plasmids with the target genes were transformed into E. coli receptor cells, transferred into
the medium, and incubated for 16 h at 37°C and 200 rpm for propagation. According to the experimental
protocol, we extracted plasmids from E. coli using a plasmid miniprep kit (Beyotime Biotechnology,
Shanghai, China). The pGL6 basic-MYH6 promoter plasmids were co-transfected with pRL-SV40
(Renilla luciferase reporter plasmid) at a 5:1 ratio into HEK-293 cells and cultured for 24–48 h in six-
well plates. The pRL-SV40 was used as the internal control. The empty pGL6-basic was used as a
negative control. The cells were cultured in minimum essential medium without antibiotics added with
10% fetal bovine serum for 24–48 h (1 × 106 cells per 2.5 ng plasmid DNA transfection). This was
followed by a dual luciferase activity assay.

2.4 Analysis by Dual Luciferase Reporter Gene Assay
After transfection is completed, the cells were collected and lysed sufficiently to retain the lysate, which

was dripped into a 96-well plate. Firefly and Renilla luciferase activities of the cell lysates were measured by
sequentially adding reagents from the Dual Luciferase Reporter Assay Kit (Beyotime Biotechnology,
Shanghai, China) according to the instructions. The empty vector pGL6-basic plasmid and blank vector

Table 1 (continued)

Primers name Sequences Location

MYH6-R1 5′-GACTTGACCGTGTCTGTGC-3′ 4135–4154

Primers containing restriction sites

MYH6-KpnIa 5′-CGGGGTACCGGGGCCTCGAGTAACCTAGA-3′

MYH6-SacIa 5′-AAAAGTACTCCCCCTGATTTGCCCAAGAA-3′

The double-stranded biotinylated oligonucleotides for the EMSA

g.3434G>C-F 5′-CCACATCTTAATGGAAA(G/C)TGCTCCTACCCAGAGAA-3′

g.3434G>C-R 5′-TTCTCTGGGTAGGAGCA(C/G)TTTCCATTAAGATGTGG-3′

g.3929C>A-F 5′-CCCTCACCCACCC(C/A)CCTCCTCTCTCAGGCCCTAGGATTA-3′

g.3929C>A-R 5′-TAATCCTAGGGCCTGAGAGAGGAGG(G/T)GGGTGGGTGAGGG-3′

g.4377T>C-F 5′-AGGAGACCAGGCATGGCACT(T/C)ATGCAGACTGAGGCCA-3′

g.4377T>C-R 5′-TGGCCTCAGTCTGCAT(A/G)AGTGCCATGCCTGGTCTCCTT-3′

g.4524C>T-F 5′-TAACAGCAGGAAGATGCTCC(C/T)AGCCTGGGACTGTGTGA-3′

g.4524C>T-R 5′-TCACACAGTCCCAGGCT(G/A)GGAGCATCTTCCTGCTGTTA-3′

Nucleotide sequences for JASPAR prediction of TFBS

g.3434G>C-F 5′-CCACATCTTAATGGAAA(G/C)TGCTCCTACCCAGAGAA-3′

g.3929C>A-F 5′-CCCTCACCCACCC(C/A)CCTCCTCTCTCAGGCCCTAGGATTA-3′

g.4377T>C-F 5′-AGGAGACCAGGCATGGCACT(T/C)ATGCAGACTGAGGCCA-3′

g.4524C>T-F 5′-TCACACAGTCCCAGGCT(G/A)GGAGCATCTTCCTGCTGTTA-3′
Note: PCR primers are designed based on the genomic DNA sequence of theMYH6 gene (NG_023444.1). The transcription start site is at the position
of 5,001 (+1). Aprotective bases are presented in bold. EMSA, electrophoretic mobility shift assay; TFBS, transcription factor binding sites; F,
forward; R, reverse.

10 CHD, 2023, vol.18, no.1



were used as negative controls, and pRL-SV40 was used as an internal reference control to correct variations
in transfection efficiency. All experiments were independently replicated four times.

2.5 Preparation of Nuclear Extracts and Determination of Electrophoretic Mobility Shift Assay (EMSA)
Transcription factors (TFs) regulate the target gene expression by recognizing TF binding sites (TFBS)

located in cis-regulatory regions of target genes (promoters, enhancers) and interact with DNA in a specific
manner [24]. EMSA assay was used to detect the effect of variants identified inMYH6 promoter on potential
transcription factors in the present study. First, nuclear proteins were extracted from HEK-293 cells and HL-
1 cells using Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime Biotechnology, Shanghai, China).
Subsequently, nuclear protein concentrations were measured using the Enhanced BCA Protein Assay Kit
(Beyotime Biotechnology, Shanghai, China) after storage at −80°C. Biotinylated double-stranded
oligonucleotide probes were prepared based on the MYH6 gene promoter with or without variants,
annealed at 95°C for one hour and prepared for further use.

EMSA chemiluminescence kit (Beyotime Biotechnology, Shanghai, China) was used with equal
amounts of probe (0.25 pM) and nuclear extract (2.0 mg) in each tube, according to the manufacturer’s
protocol. Sequences of probes are shown in Table 1. The experimental procedure for the preparation of
probe, nuclear protein, and EMSA is shown in Figs. 2A and 2B.

2.6 TFBS Prediction
In view of the importance of TF-promoter interactions in the study of gene expression regulation, there

are several computational approaches to model and predict TFBS. The JASPAR database (https://jaspar.
genereg.net/) is a widely used open access database that allows prediction of TFBS on promoter region
from multiple data modules [25]. To further investigate whether variants affected original TFBS in MYH6
gene promoter, we used JASPAR to go through the list of all potentially affected binding sites for the
identified variants, with the relative spectrum score threshold set at 85%. The filtered differential TFBS
were subjected to comparative analysis. The wild-type and variant-type nucleotide sequences are shown
in Table 1.

2.7 Statistical Analysis
Quantitative data were expressed as mean ± standard deviation and compared using one-way ANOVA.

All statistical analyses were performed using SPSS 25.0 software. p < 0.05 was considered statistically
significant.

3 Results

3.1 Variants Identified by DNA Sequencing in Patients with ASD
In the present study, 11 variants were identified by Sanger sequencing. All these variants are summarized

in Table 2. Their locations are shown in Fig. 3A and their sequencing chromatograms are shown in Figs. 3B
and 3C. Among these 11 variants, 4 variants [g.3434G>C, g.3929C>A (rs933962908), g.4377T>C
(rs373958405) and g.4524C>T] were found only in ASD patients, while the other 7 variants were found
in both ASD patients and healthy controls (Table 2). Remarkably, two of these four variants (g.3434G>C
and g.4524C>T) have not been reported. The allele frequency of the variant g.3929C>A (rs933962908)
variant was <0.001 (T = 0.00018) in the NCBI SNP database, and this variant occurred in the same
patient who also had the variant g.3434G>C. These four variants were further investigated in cellular
function experiments to test the possible pathogenic effect whereas the other seven variants found in both
ASD patients and controls were excluded from further studies.
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Figure 2: EMSA procedure. (A) Preparation of biotin double-stranded oligonucleotide probes. The
designed single-stranded nucleotide sequences were labeled with biotin. The complementary sequences
were annealed and hybridized. (B) Biotin probes were crossed to the wild-type and variant-type of the
four variants respectively, nuclear proteins were extracted from HEK-293 cells and HL-1 cells, and then
subjected to EMSA separately. Four variants (g.3434G>C, g.3929C>A, g.4377T>C and g.4524C>T)
were seen to create or abolish the binding of TFs in HEK-293 cells. EMSA, electrophoretic mobility shift
assay; WT, wild-type; VT, variant-type; TF, transcription factor
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3.2 Regulatory Variants Alter the Activity of the MYH6 Gene Promoter
The wild-type and variant-type MYH6 gene promoters were cloned into the firefly luciferase reporter

plasmid (pGL6-basic) reporter vector, and expression vectors were constructed, including blank, empty
pGL6-basic (negative control), pGL6-WT (wild-type MYH6 gene promoter), pGL6-3434C (g.3434G>C),
pGL6-3929T (g.3929C>A), pGL6-4377C (g.4377T>C) and pGL6-4524T (g.4524C>T). These
constructed vectors were then transfected into HEK-293 cells together with pRL-SV40 and dual
luciferase activity was measured. The transcriptional activities of the blank control and negative control
groups were much lower than the other five groups, approaching 0 (Fig. 4A). The four variant gene
promoters, found only in ASD patients, significantly reduced gene promoter expression activity and
luciferase expression [g.3434G>C and g.4377T>C (rs373958405) (p < 0.05); g.4524C>T (p < 0.01);
g.3929C>A (rs933962908) (p < 0.001)] (Fig. 4A). Fig. 4B shows the color Doppler echocardiograms of
patients with these four variants, indicating a large ASD in each of these three patients.

3.3 The Results of EMSA
We performed EMSA assays using wild-type or variant biotin-labeled double-stranded probes,

examining the four variants found only in ASD patients. The biotinylated oligonucleotides of EMSA are
shown in Table 1. As shown in Fig. 2B, the arrows indicate bands with different levels of lightness and
darkness, indicating that different numbers of TFs are bound at that location. When the bands are lighter,
it means that there were fewer TFs bound on the location. In contrast, when the bands are darker, it
means that there were more TFs bound on the location. Table 3 shows the TFs bound at the variant site,
either disrupted or created by the variants, predicted by JASPAR database (see below). Taken together,
these results demonstrated that the ability of the probe with four variants [g.3434G>C, g.3929C>A
(rs933962908), g.4377T>C (rs373958405), and g.4524C>T] to bind to TFs in HEK-293 cells and
HL-1 cells were either reduced or increased compared to the wild type.

Table 2: Variants within the MYH6 gene promoter in patients with ASD

Variations Positiona Genotypes ASDb Controlsb Frequency

g.3434G>C −1566 G > C 1 0 None

g.3929C>A(rs933962908) −1017 C > A 1 0 A = 0.00018

g.4377T>C(rs373958405) −623 T > C 1 0 C = 0.000125

g.4524C>T −476 C > T 1 0 None

g.3285A>G(rs17091776) −1715 A > G 60 42 G = 0.1048

g.3557G>T(rs191392051) −1443 G > T 18 10 T = 0.0038

g.3726A>G(rs178648) −1244 A > G 8 2 G = 0.0046

g.3816C>A(rs138953808) −1184 C > A 17 9 A = 0.0224

g.3931del(rs377182175) −1069 delC 5 4 delC = 0.0014

g.4208A>G(rs9788443) −972 A > G 61 45 G = 0.1767

g.4387T>C(rs73587609) −613 T > C 66 46 C = 0.0477
Notes: aVariants are located upstream (−) to the transcription start site at the position of 5,001 (+1) of the MYH6 gene (NG_023444.1).
bAllele frequency in groups. ASD, atrial septal defect.
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Figure 3: Locations and sequencing chromatograms ofMYH6 gene promoter variants. (A) Genetic variants
are named according to the genomic DNA sequence of the human MYH6 gene (Genbank accession number
NG_023444.1). The transcription start site is at position 5,001 in the first exon. (B) Sequencing
chromatograms of 4 variants found only in ASD patients. Top panels show wild-type and bottom panels
show variant-type, marked with arrows. (C) Sequencing chromatograms of 7 variants found in both ASD
patients and controls. Top panels show wild-type and bottom panels show variant-type, marked with
arrows. ASD, atrial septal defect
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Figure 4: Results of cellular function tests. (A) Relative transcriptional activity of wild-type and variants of
MYH6 gene promoters in HEK-293. Quantitative data are expressed as mean ± SD and are based on four
independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (B) Color Doppler
echocardiography shows ASD (arrow) in patients with variants of g.3434G>C, g.3929C>A
(rs933962908), g.4377T>C (rs373958405) and g.4524C>T. LA, left atrium; RA, right atrium; RV, right
ventricle; LV, left ventricle; ASD, atrial septal defect
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3.4 The TFBS Affected by Regulatory Variants
Based on the JASPAR core TF database, we predicted potential TFBS that could be disrupted or

generated by variants in the MYH6 gene promoter. The four variants were identified with a total of
43 potential new TFBS and 22 reduced TFBS. In reduced TFBS, multiple transcription factors play
important roles in cardiogenesis, such as NKX2-5, KLF4, TEAD1, DLX6, SP2, HOXA5, and MSX2 [26–
32], as shown in Table 3. Based on the results and the above analyses, as well as previous studies, we
established a schema describing the possible effects of MYH6 gene promoter region variants on ASD
formation, as shown in Fig. 5.

4 Discussion

This study for the first time found in Chinese ASD patients that (1) there are a total of 11 variants of
MYH6 gene promoter identified in the 613 patients enrolled in the study, of which 4 variants
[g.3434G>C, g.3929C>A (rs933962908), g.4377T>C (rs373958405) and g.4524C>T] are unique to ASD
patients. Interestingly, two of these four variants (g.3434G>C and g.4524C>T) are identified for the first
time. Besides, variants g.3929C>A and g.3434G>C occurred in the same patient; (2) all four variants
were found to result in a significant reduction in promoter transcriptional activity by a dual luciferase
activity cell function assay (p < 0.05); and (3) by EMSA and bioinformatics analyses these four variants
contributed to the alteration of TFBS and the reduced transcriptional activity of MYH6 gene is potentially
involved in the formation of ASD.

Myosin is one of the essential components of the myocardium and its heavy chain is mainly encoded by
MYH6 andMYH7 genes in myocardium.MYH6 gene can encode its own protein and affect the expression of
MYH7 gene [33]. Experimental animal studies have suggested that some mutations inMYH6 gene are lethal,
resulting in the inability to form myofibers properly during myocardial development and affecting the
formation of myocardial septa further [34].

Table 3: TFBS affected by variants (predicted by the JASPAR database)

Binding sites for transcription factors

Disrupted Created

g.3434G>C KLF4, TEAD1 TEAD3, TEAD4, PRDM1,
HES2, NKX2-3, NKX2-8, NKX3-2, SNAI2,
ISL2, HOXA4, HOXA6, GSX2, GSX1,
DLX3, DLX4, DLX6

PRDM4, IRF6

g.3929C>A
(rs933962908)

SP2, SP4, SP9, KLF7, KLF12, KLF14,
VEZF1 ZNF148, ZNF257, PATZ1

ZEB1, SPI1, TCF3, ERG, SNAI1, SNAI2,
ZBTB7C, KLF9, GLI3, KLF17, TCF12,
ZKSCAN5

g.4377T>C
(rs373958405)

NKX2-3, NKX2-4, NKX2-5, NKX2-8,
NKX3-1, NKX3-2, NOBOX, MSX2, NRL,
ISL2, POU5F1, DLX1, DLX2, DLX3,
DLX4, HOXA5, HOXA6, HOXA7,
HOXA8, HOXB6, BARHL1, BARHL2,
BARX1

TBX1, TBX3, TBX6, MGA, SNAI2,
NFATC3, RFX5, ZEB1

g.4524C>T ZFX
Note: TFBS, transcription factor binding sites.
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As a key gene in cardiac development, it has been shown that ASD can be developed by mutations in the
coding region of the MYH6 gene in humans [20,35] and by MYH6 knockdown in chicken embryos [34].
However, whether MYH6 gene variants in the promoter region affect the development of the atrial septum
has not been reported. In our study population (n = 613), four variants were identified in the MYH6
gene promoter region in three ASD patients with a frequency of 0.94% (3/320) in ASD patients and
0.49% (3/613) in the total study population.

Figure 5: The schema describing the role of variants of MYH6 gene promoter. The schema illustrates the
role of variants in the promoter region of the MYH6 gene identified from the present study and relates to
the analysis of the JASPAR database and the results of previous studies. To summarize, the variants in
the MYH6 gene promoter identified in the study may alter the TFBS cluster, which leads to altered gene
expression and consequently affects the formation of cardiac myosin heavy chain. And this is directly
related to the development of ASD. In addition, variation in the MYH6 promoter affects NKX2-5, KLF4,
TEAD1, DLX6, SP2, HOXA5, and MSX2, and the binding of transcription factors such as may lead to the
formation of ASD. TF, transcription factor; TFBS, transcription factor binding sites; ASD, atrial septal defect

CHD, 2023, vol.18, no.1 17



The promoter of the MYH6 gene has been used to induce the desired phenotype in mouse studies [36],
indicating that the MYH6 promoter plays an irreplaceable role in the formation of the heart. In this study,
we measured the transcriptional activity of the variant promoter regions by means of dual fluorescein
reporter analysis. The present study demonstrates that the transcriptional activity of the promoter at the
variant region of MYH6 was decreased. This would most likely lead to low expression of the MYH6 gene
and has significant pathological role in the formation of the atrial septum, as mentioned above [20,34,35].

Furthermore, the present study demonstrated that all four variants [g.3434G>C, g.3929C>A
(rs933962908), g.4377T>C (rs373958405) and g.4524C>T] found only in ASD patients had altered
binding affinity for the extracted nuclear proteins. This result is in accordance with previous studies
indicating that variations in the promoter region lead to altered binding to TFs and contribute to a number
of diseases [22,37].

The promoter can regulate transcriptional activity by binding to TFs [38]. According to the JASPAR
database prediction analysis, the four variants [g.3434G>C, g.3929C>A (rs933962908), g.4377T>C
(rs373958405), and g.4524C>T] found in the present study in the ASD patients have been predicted to
have a large number of TFBS disrupted. In contrast, only a small amount of TFBS was produced in the
variants. While in the analysis of these TFBS, variant g.4377T>C (rs373958405) has an important TFBS
NKX2-5 disrupted that is noteworthy. NKX2-5 has been demonstrated in many studies to play an
important role in cardiac development [39,40], and has an essential relationship with the formation of the
atria [29,41]. In fact, it has been shown that NKX2-5 promotes the expression of MYH6 gene [42]. In
addition, the other three variants also disrupted a number of TFBS with key roles in cardiovascular
development and repair, such as KLF4, TEAD1, DLX6, SP2, HOXA5, and MSX2 [26–28,30–32]. There
are also other disrupted TFBS whose role in cardiovascular development has not been clarified (Table 3).

Fig. 5 shows a diagram that describes the role of variants in the MYH6 gene promoter found in the
present study. The low expression of MYH6 gene promoter activity caused by the variants may contribute
to the formation of ASD. In addition, variants in the MYH6 promoter region may interfere with the
formation of transcriptional regulatory complexes with related TFs, such as NKX2-5, KLF4, SP2,
HOXA5, and MSX2, affecting the development of the atrial septum and resulting in the formation of ASD.

5 Limitation

We realize that this study has some limitations. Whether the effect of the variants found in this study
directly leads to the development of ASD needs further studies to confirm. As we described in the Fig. 5,
there are other genes that may interact with the MYH6 in the development of the heart. The results from
the cellular experiments may be further validated in animal models. Further, in a larger cohort of ASD
patients, it is possible to discover more variants in the MYH6 promoter that possibly have pathogenic role
in the development of ASD. These will be our future direction of study.

6 Conclusions

In summary, our study identified 11 variants in the promoter region of the MYH6 gene in Chinese
patients with ASD. Four of them were found only in ASD patients, and two of them were identified for
the first time. In addition, cell function experiments, EMSA and bioinformatics analysis showed that these
four variants significantly altered MYH6 gene expression and affected the binding of TFs, which may
facilitate the development of ASD. Therefore, the present study provides insights into further
understanding of the role of gene promoter region in ASD formation and into the mechanisms of ASD
formation.
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