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Molecular and cellular role of variants of the promoter region
of HAND1 gene in sporadic and isolated ventricular septal defect
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Abstract

Ventricular septal defect (VSD) is the most common type of congenital heart disease. HAND1 gene plays a crucial role
in the development of the heart, but the role of the variants in the HAND1 gene promoter region in patients with VSD has
not been explored yet. From 588 participants (300 with isolated and sporadic VSD and 288 healthy controls), DNA was
extracted from blood samples. Variants at the HANDI1 gene promoter region were analyzed through Sanger sequencing.
Subsequently, cell functional validation was conducted through cell experiments, including dual-luciferase reporter gene
analysis, electrophoretic mobility shift analysis, and bioinformatics analysis was also conducted. The promoter region of
HANDI1 gene had a total of 9 identified variant sites. Among them, 4 variants were exclusively found in VSD patients, and
1 variant (g.3631A>C) was newly discovered. Cell functional experiments indicated that all four variants decreased the
transcriptional activity of HAND1 gene promoter with three of them reached statistical significance (p <0.05). Subsequent
analysis using JASPAR (a transcription factor binding profile database) suggests that these variants may alter the binding
sites of transcription factors, potentially contributing to the formation of VSD. Our study for the first time identified variants
in the promoter region of HANDI gene in Chinese patients with isolated and sporadic VSD. These variants significantly
decreased the expression of HAND1 gene, impacting transcription factor binding sites, and thereby demonstrating patho-
genicity. This study offers new insights into the role of HANDI gene promoter region, contributing to a better understanding
of the genetic basis of VSD formation.
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Introduction

Congenital heart disease (CHD) is a type of anatomical, struc-
tural, and functional abnormality caused by obstacles or devel-
opmental anomalies in the formation of the heart and major
blood vessels during embryonic development, or the failure of
channels that should naturally close after birth [1]. In clinical
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terms, CHD can be classified into at least 21 types based on
anatomical or hemodynamic criteria. This includes ventricular
septal defect (VSD), atrial septal defect (ASD), patent ductus
arteriosus (PDA), tetralogy of Fallot (TOF), among others.
Among them, ASD, VSD, and TOF are the most common con-
genital heart disease [2]. CHD is the leading cause of death in
infants with congenital defects, accounting for approximately
23.8% of deaths among newborns with congenital defects.
With the widespread application of prenatal diagnosis and
postnatal screening for CHD, the incidence of CHD is gradu-
ally increasing. It greatly impacts population quality and qual-
ity of life, bringing a heavy economic burden and psychologi-
cal pressure to families and society. Therefore, research based
on human genetics is crucial for improving the diagnosis and
treatment of CHD patients. However, the underlying causes of
CHD are not yet fully understood. Despite the long-standing
belief that both genetic and environmental factors contribute
to the pathogenesis of CHD, epidemiological findings suggest
that genetic factors are the primary cause of CHD [3].
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VSD is one of the most common CHD, accounting for 40%
of all cardiac defects [4]. It has been reported that the inci-
dence of VSD in newborns screened by high-sensitivity color
Doppler echocardiography can reach up to 5% [5]. Genetic
variants have been confirmed to be closely associated with
VSD. However, many genes that influence VSD formation
have yet to be discovered.

The gene known as heart and neural crest derivatives
expressed (HAND), a member of the basic helix-loop-helix
(bHLH) family, consists of HAND1 and HAND2. The tran-
scription factor encoded by HAND1 (NG_052889.1) is cru-
cial in trophoblast cell differentiation and cardiac develop-
ment [6]. Located on chromosome 533, HANDI encodes
a transcription factor consisting of 215 amino acids. HAND1
can directly transactivate its downstream target genes and col-
laborate with transcription factors like GATA4 and Nkx25 to
activate downstream target genes, such as the ANF promoter
[7, 8]. Loss-of-function variants in HAND1 may impact nor-
mal cardiac development and structural remodeling, leading to
CHD. HANDI is expressed in the embryonic and adult heart
in humans and vertebrates [9, 10], playing a crucial role in fetal
myocardial cell proliferation, differentiation, cardiac morpho-
genesis, and exec. In mice, the biallelic knockout of HAND1
results in cardiac looping defects, impaired ventricular devel-
opment, heart failure, abnormal cardiac septation, and embry-
onic death [11]. Specific deletion of HAND1 in the mouse
heart may lead to atrioventricular valve malformations, cardiac
outflow tract abnormalities, VSD, and abnormal ventricular
growth and maturation [12]. Overexpression of HANDI in
the adult mouse heart can cause myocardial hypertrophy [13].

Our recent studies have revealed variants in the promoter
region of the genes related to the heart development in VSD
and other CHD. The promoter region was studied in VSD
patients regarding ISL1 [14], MEF2C [15], MYHS6 [16],
CITED?2 [17] and other CHD [18-23]. Given that the pro-
moter region is the primary regulatory area of gene expres-
sion, we hypothesize that variants in HAND1 promoter
may be closely related to the occurrence and development
of VSD. This study aimed to discover the possible variants
in the promoter region of HAND1in the Chinese patients
with VSD. Further cellular functional studies were also per-
formed to demonstrate the pathological role of the variants
in the heart development.

Materials and method

Study participants

This study recruited a total of 588 participants, includ-
ing 300 cases of sporadic and isolated VSD patients and a

matched control group of 288 healthy individuals in terms of
age and gender. All patients underwent VSD repair surgery
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at TEDA International Cardiovascular Hospital, Tianjin,
China. Patients with a family history of VSD or CHD or
other genetic diseases were excluded. The health controls
were confirmed through cardiac Doppler ultrasound with-
out CHD or other diseases. In accordance with the Helsinki
Declaration, the study was approved by the Ethics Commit-
tee of TEDA International Cardiovascular Hospital (Clinical
Research Ethics Review Number: [2021]-0715-4). Written
informed consent was obtained from the parents or guard-
ians of all participants after explaining the details. Figure 1
illustrates the flowchart of this study.

Genomic DNA extraction and sequence analysis

Using the blood genomic DNA extraction kit (centrifuge
column type), DNA was extracted from 200 pl blood sam-
ple, resulting in a final 50 pl DNA product to be stored
at —20 °C. The promoter sequence of HAND1 gene
(1681 bp, from — 1560 to + 121 bp to the transcription start
site) was obtained from the GenBank database (NCBI,
NG_052889.1). Two pairs of PCR primers were designed
and the primer sequences are listed in Table 1. The PCR
reaction cycle was set as follows: pre-denaturation at 95 °C
for 5 min, denaturation at 95 °C for 30 s, annealing at 61 °C
for 30 s, extension at 72 °C for 1 min/45 s for a total of
35 cycles, and final extension for 3 min. The PCR prod-
ucts obtained were subjected to Sanger sequencing, and the
sequencing results of patients and healthy controls were
compared by Chromas 2.6.5 and DNAMAN 6.0 software
to screen for variants.

Human subjects

[ |
Isolated and sporadic | _Matched the age and sex [ Normal control
VSD patients(n=300) = of the experimental group | Subjects (n=288)
L t ]
Genomic DNA extraction

'

Sanger sequence and analysis

Cell functional experiments
[ I 1
Dual Luciferase Electrophoretic Transcription factor
reporter gene assay mobility shift assay binding sites prediction
|

1
Confirm the pathologies of the variants

Fig. 1 Research process diagram. A total of 588 subjects participated
in this study, including 300 patients with VSD. Sequential analysis,
cell function experiments, electrophoretic mobility shift analysis, and
bioinformatics analysis were conducted
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Table 1 The primer list used in

. Primers name Sequences Location
this study

PCR primers

HAND1pro-F, 5'-CCCTACCGGACCTCGAGAAA-3’ 3378-3397
HAND1pro-R, 5'-GTAACGACCCCGTGCACAAG-3' 43834402
HANDIpro-F, 5'-GTAACGACCCCGTGCACAA-3' 4384-4401
HANDI1pro-R, 5'-GCATGGAGCGGCGTTAATAG-3' 5205-5224
Sequencing primers

HAND1pro-F, 5'-CCCTACCGGACCTCGAGAAA-3’ 3378-3397
HANDIpro-F, 5'-GTAACGACCCCGTGCACAA-3’ 4384-4401

The double-stranded biotinylated oligonucleotides for the EMSA

2.3592C>A-F
2.3592C>A-R
2.3631A>C-F
2.3631A>C-R
2.3658T>C-F
2.3658T>C-R
g.3754T>C-F
g.3754T>C-R

5-TCCCCCTCCCCTCGA(C/A)TTTGCTTTGAAGAGA-3’
5'-TCTCTTCAAAGCAAA(G/T)TCGAGGGGAGGGGGA-3'
5'TCTACCACACCG(A/C)GGGAGGGGGCGTTGA-3’
5'"TCAACGCCCCCTCCC(T/G)CGGTGTGGTAGA-3'

5" TTGAGCTGAGAAAGG(T/C)TGAGAGAATGAGGGA-3'
5 TCCCTCATTCTCTCA(A/G)CCTTTCTCAGCTCAA-3’

5" TTGAAGCGTCACCAC(T/C)CCGGGATTCCCAGAT-3'
5'-ATCTGGGAATCCCGG(A/G)GTGGTGACGCTTCAA-3'

Nucleotide sequences for JASPAR prediction of TFBS

2.3592C>A-F
2.3631A>C-F
2.3658T>C-F
g.3754T>C-F

5'-TCCCCCTCCCCTCGA(C/A)TTTGCTTTGAAGAGA-3’
5S'TCTACCACACCG(A/C)GGGAGGGGGCGTTGA-3'

5" TTGAGCTGAGAAAGG(T/C)TGAGAGAATGAGGGA-3'
5" TTGAAGCGTCACCAC(T/C)CCGGGATTCCCAGAT-3'

According to the genomic DNA sequence of HAND1 gene (NG_052889.1), design PCR primers. The tran-
scription start site is at the position of 5033(+ 1)

EMSA electrophoretic mobility shift assay, TFBS transcription factor binding sites, F' forward, R reverse

Plasmid construction, cell cultivation,
and transfection

To clarify whether variants affect the promoter activity, the
promoter region of HAND1 gene was inserted into the Kpnl
and HindIII cloning sites of the pGL3-Basic vector. Sub-
sequently, the plasmid carrying the target gene was trans-
formed into Escherichia coli DH5a chemically competent
cells, followed by incubation in medium at 37 °C with agita-
tion at 200 rpm for 16 h. Plasmids (pGL3-Basic, pGL3-WT,
pGL3-V3592, pGL3-V3631, pGL3-V3658, pGL3-V3754)
were extracted using the Star Prep rapid plasmid mini-prep
kit (GenStar, China). On the day before transfection, cells
were transferred to six-well plates and cultured in com-
plete MEM/DMEM (10% fetal bovine serum + 1% penicil-
lin—streptomycin). When cells reached 60-80% confluence,
the pGL3-Basic-HAND1 promoter plasmid (2.5 ng) and
the Renilla luciferase plasmid pRL-SV40 (0.25 ng) were
co-transfected into HL-1 cells. pRL-SV40 served as an
internal control, and an empty pGL3-Basic vector served
as a negative control. Cells were further incubated in the
six-well plate for 24-48 h, and their status was observed.
Subsequently, dual-luciferase reporter gene assays were
conducted.

Dual luciferase reporter gene assay

The transfected cells were collected and lysed, and an equal
volume of reporter gene cell lysate was taken as a blank
control. The RLU values of firefly fluoresceinase as well
as sea kidney fluoresceinase were measured according to
the instructions of the Dual Fluoresceinase Reporter Gene
Detection Kit (Beyotime, China) using the specified Dual
Fluoresceinase Reporter Gene Detection System (Beyotime
Biotechnology, Beijing, China). The degree of activation
of the target reporter gene was compared between different
samples based on the ratios obtained. The experiment was
independently repeated three times, with three replicates
each time. Figure 2 shows the specific experimental process.

Cell nucleus protein extraction and electrophoretic
mobility shift experiment (EMSA)

Initially, Nuclear and cytoplasmic proteins were extracted
from HL-1 cells using the Nuclear and Cytoplasmic Pro-
tein Extraction Kit (Beyotime, China). Subsequently, the
protein concentration was determined using the enhanced
BCA protein assay kit (Beyotime, China) and the protein
was than stored at —20 °C for further use. Biotinylated
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Fig.2 Dual luciferase reporter gene experiment workflow. In order
to clarify whether variants have an impact on promoter activity, gene
expression vectors containing wild-type and variant-type plasmids
were constructed, and then transfected into mouse cardiac muscle

double-stranded oligonucleotides containing wild-type or
variant sequences of HAND1 gene promoter (Table 1) were
used as probes. The binding between HAND1 promoter and
transcription factors was examined using the electrophoretic
mobility shift assay (EMSA) kit (Beyotime, China) based on
the chemiluminescence method.

Transcription factor binding site prediction

The JASPAR database was used to predict the transcrip-
tion factor binding sites (TFBS) in HAND1 promoter region
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reporter gene experiment

[24]. The relative threshold was set at 85%. The wild and
variant-type nucleotide sequences are shown in Table 1.

Statistical analysis

All statistical analyses were conducted using SPSS 26.0.
Standard Student's t-test was employed to compare quanti-
tative experimental data. A value of p <0.05 is considered
statistically significant.
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Fig.3 Location of variants in HANDI1 gene promoter and sequenc-
ing chromatogram. A According to the genomic DNA sequence
of HAND1 gene (NG_052889.1), variants are named based on
the mutation points, with the transcription start site located at
position 5,033 of the first exon. The diagram illustrates the posi-
tions of 9 promoter variants in HANDI1 gene. B Sequencing

chromatograms of 4 variants found exclusively in VSD patients
[£.3592C>A(rs10062037), g.3631A>C, g.3658T>C(rs1287904093),
2.3754T>C(rs1430611116)]. The upper trace represents the wild
type, while the lower trace represents the mutated type, indicated by
arrows
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Fig.4 Dual luciferase reporter gene assay results. The diagram illus-
trates the relative transcriptional activity data of the wild-type and
variant-type HAND1 gene promoters in HL-1 cells, presented as the
mean +SD. The experiments were conducted three times, with three
replicates each time (*p <0.05, **p<0.01, ***p<0.001)

Results

Variants in HAND1 gene promoter region in VSD
patients and healthy controls

Sanger sequencing was performed on the DNA of
588 participants (300 with VSD and 288 healthy con-
trols), revealing a total of 9 variants. The mutation
locations are illustrated in Fig. 3A. Among these,
4 variants [g.3592C>A(rs10062037), g.3631A>C,

Fig.5 EMSA results. Bio- 2
tin probes were separately ‘60

subjected to EMSA analysis ?/?’Q
with four different variants of & \\S\ 4\
=)

wild-type and variant-type. It
=5
=)

was observed that four variants
[£.3592C>A(rs10062037),
2.3631A>C,
2.3658T>C(rs1287904093),
2.3754T>C(rs1430611116)]
in cells could either induce or
abolish the binding of transcrip-
tion factors. EMSA electropho-
retic mobility shift assay, WT'
wild type, VT variant type
8.3592C>A
(rs10062037)

2.3658T>C(rs1287904093), g.3754T>C(rs1430611116)]
were exclusive to VSD patients, as shown in sequencing
chromatograms (Fig. 3B), while the remaining 5 vari-
ants were found in both VSD patients and healthy con-
trols (Table 2). Notably, one of the four unique variants
(g.3631A>C) has not been reported before (HANDI1—
SNP—NCBI https://www.ncbi.nlm.nih.gov/snp/?term=
HANDI). Furthermore, the allele frequencies of these
four variants in East Asian populations were <0.001 in
ALFA, 1000 Genomes, 1000 Genomes_30x, and gno-
mAD—Genomes databases (https://www.ncbi.nlm.nih.
gov/snp/). Further validation through cellular functional
experiments was conducted for these variants.

Dual luciferase reporter gene assay genetic test
results

Wild and variant-type of HAND1 gene promoter were gen-
erated to construct a reporter gene expression vector (pGL3-
Basic). This includes pGL3-Basic, pGL3-WT, pGL3-V3592,
pGL3-V3631, pGL3-V3658, and pGL3-V3754. These vec-
tors, along with pRL-SV40, were co-transfected into HL-1
cells, and after 48 h of cultivation, their dual luciferase activ-
ity was measured. The transcriptional activity of the wild-
type HANDI gene promoter was set as 100%. As shown in
Fig. 4, the luciferase reporter gene detection activity of the
four variants found exclusively in VSD patients was reduced
and three of them reached statistical significance (p <0.05).

& &
@Q‘ @Q‘
&L @
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b

8-3631A>C

8-3658T>C
(rs1287904093)

8-3754T7>C
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Table 3 Predicted TFBS and mutant-affected promoter activity by JASPAR database

Variants Binding sites for transcription factors Pro-
- moter
Create Disrupt activ-
ity
2.3592C>A(rs10062037)  HOXAS, PAX4, FOXA1, FOXD2, POU2F3 HNF4A, HNF4G l
2.3631A>C E2F1, E2F8, TFAP2A, E2F4, ZBTB33, ZIC1, SP2, EHF, EGR3, ZSCAN22 l
ZIC3, ZIC4, ZICS, ZIC5, TBX6
2.3658T>C(rs1287904093) FEZF1, FEZF2, ZNF264 NR4A2, NKX2-5, SNAI2, NR2C2, NR1I3, l
ZNF627

2.3754T>C(rs1430611116)

SP1, KLF1, KLF2, KLF4, KLFS, KLF6, KLF10,

NKX2-3, NKX2-8, ZNF671, GLI4, TEAD4::ELK1 |

ZBTB7C, RXRG, NR2C1, SOX18, ZNF28,

YBXI1, ZNF571, ZNF846

— —

Create TFBS: HOXAS, PAX4, FOXA1, POU2F3, FOXD2, E2F1,
E2F4, TFAP2A, ZBTB33, ZIC1, ZIC3, ZIC4, ZICS, TFDP1,E2F8,

/| TBX6, FEZF1, FEZF2, ZNF264, KLF4, SP1, KLF1, KLF2, KLFS5,

ZNF571, ZNF846

KLF6, KLF10, ZBTB7C, RXRG, NR2C1, SOX18, ZNF28, YBX1,

~ELK1

Disrupt TFBS: HNF4A, HNFAG, SP2, EHF, EGR3,
ZSCAN22, NR4A2, NKX2-5, SNAI2, NR2C2,
NR1I3, ZNF627, NKX2-3, NKX2-8, ZNF671, GLI4,

N/

N

|VSD

100
sS\©
_eno'®
oW e a
Protein
Cardiomyocyte

Fig.6 The impact of HANDI gene promoter region variation on certain transcription factors and cardiac development. TFBS transcription factor

binding site, VSD ventricular septal defect

The results of EMSA

We used wild and variant-type biotin-labeled double-
stranded probes for EMSA analysis of the four variants found
exclusively in VSD patients. The biotinylated oligonucleo-
tides for EMSA are listed in Table 1. As shown in Fig. 5, the
arrows indicate bands with different brightness and darkness

@ Springer

levels, suggesting the binding of different amounts of tran-
scription factors at those positions. This verifies whether
the mutated genes affect the binding of transcription factors.
The results indicate that, compared to the wild type, probes
with four variants [g.3592C>A(rs10062037), g.3631A>C,
2.3658T>C(rs1287904093), g.3754T>C(rs1430611116)]
exhibit a significantly reduced or increased binding capacity.
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The TFBS affected by regulatory variants

Variants identified through this study are predicted to
potentially affect the binding sites of transcription factors in
HANDI1 gene promoter. The results indicate that the identi-
fied variants in this study may disrupt or create binding sites
for transcription factors. As shown in Table 3, they generate
34 binding sites for factors such as HOXAS, PAX4, FOXAL,
FOXD2, POU2F3, and disrupt 17 binding sites for factors
like HNF4A, HNF4G, SP2, EHF, EGR3.

Figure 6 is a schematic diagram combining JASPAR
database analysis, cell function experiments, and previous
reports. The Figure depicts how variants in HANDI1 gene
promoter region could potentially influence VSD.

Discussion

This study for the first time in patients with sporadic
and isolated VSD identified the variants in the promoter
region of HANDI1 gene and we have found that (1) among
the 588 participants, a total of 9 variants were identified,
with 4 variants [g.3592C>A(rs10062037), g.3631A>C,
2.3658T>C(rs1287904093), g.3754T>C(rs1430611116)]
found exclusively in patients with VSD. Importantly, the
variant g.3631A>C was identified for the first time; (2)
results from the dual-luciferase reporter gene assay indicated
that all four variants decreased the transcriptional activity
of HANDI1 gene promoter with three of them reached sta-
tistical significance (p < 0.05); (3) through EMSA and bio-
informatics analysis, it was discovered that these four vari-
ants are associated with changes in TFBS, and therefore the
decreased transcriptional activity of HANDI1 gene may be
related to the occurrence of VSD.

The protein encoded by the human HAND1 gene con-
tains an important structural domain (bHLH). HAND1 binds
to downstream target gene promoters through this domain
and also interacts with transcription factors. HAND1 gene
is significantly expressed in human and vertebrate embryos
as well as in the adult heart, playing a crucial role in fetal
cardiac development and postnatal cardiac remodeling. It
has been confirmed that variants in the HANDI gene can
cause VSD, left ventricular development defects, TOF, and
dilated cardiomyopathy [25-28].

It is well known that the promoter is a critical regula-
tory region in gene transcription regulation. The mutation
of the promoter can either decrease or increase the mRNA
level, thereby altering the protein level [29]. In this study,
the transcription activity of the wild-type and variant-type
HANDI gene promoters was examined using a dual lucif-
erase reporter gene assay. The results indicate that all four
variants in HAND1 gene promoter region significantly
reduced the transcriptional activity of HANDI.

Transcription factors can regulate the expression of target
genes by recognizing transcription binding sites within regu-
latory regions such as promoters and enhancers. They form
specific interactions with DNA [30]. We also conducted bio-
informatics analysis on four variants in the promoter region
of HANDI1 gene in VSD patients through EMSA and JAS-
PAR database utilization. The analysis confirmed that these
variants all lead to changes in cellular functions. Therefore,
variants in the promoter region of HANDI gene are highly
likely to play a crucial role in reducing the expression of
genes essential for cardiac morphogenesis during heart
development. This, in turn, affects heart development and
may ultimately lead to VSD.

Limitations

The interactions between the variants discovered in HAND1
gene promoter region and downstream genes need further
validation. Further, the biological effects of these variants
also need to be verified in animal models. These will be
taken account into our future studies.

Conclusion

In conclusion, our study for the first time identified variants
in the promoter region of HANDI gene in Chinese patients
with isolated and sporadic VSD. These variants significantly
decreased the expression of HAND1 gene, impacting tran-
scription factor binding sites, and thereby demonstrating
pathogenicity. These pathological changes are likely related
to the development of VSD. Therefore, this study provides
new insights into the molecular mechanisms and potential
causes of VSD related to genetic variants in the promoter
region of the HAND1 gene.
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