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a b s t r a c t

Mutations in cardiac transcription factor genes, such as GATA-4, NKX2-5 and TBX5 genes, have been asso-
ciated to the patients with familial and isolated congenital heart disease (CHD). Little work has been done
on the epigenetic causes for CHD. Sirtuis are highly conserved NAD-dependent class III deacetylases. In
mammals, there are seven members of surtuin family, SIRT1–SIRT7. SIRT1, the closest to yeast Sir2,
has deacetylase activity and ADP-ribosyltransferase activity. SIRT1 has been involved in many cellular
processes and implicated in human diseases, such as obesity, type 2 diabetes, cancer and neurodegener-
ative diseases. We hypothesized that altered levels of SIRT1 gene expression, rather than mutations in
SIRT1 gene, may contribute to the human diseases. In this study, we genetically analyze the SIRT1 gene
promoter in patients with ventricular septal defects (VSD) (n = 333) and ethic-matched healthy controls
(n = 348). In all, six single-nucleotide polymorphisms (SNPs) and twelve heterozygous sequence variants
were identified. Four novel heterozygous variants, g.69643693A > G, g.69643963A > T, g.69643971G > A
and g.69644366Ins, were found in six VSD patients, but in none of controls. Six SNPs and variants,
g.69643707A > C (rs35706870), g.69643874C > A, g.69644209C > G, g.69644213G > A, g.69644268T > A
and g.69644441G > A, were only identified in controls. The other SNPs and variants were found in both
groups with similar frequencies. Therefore, the variants within the SIRT1 gene promoter identified in
VSD patients may alter the transcriptional activities of SIRT1 gene promoter. Changed SIRT1 protein lev-
els may contribute to the VSD etiology by affecting the activities of its substrates.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Congenital heart disease (CHD) is the most common type of
birth defects in humans, with the prevalence of 4–50 per 1000 live
births [1]. Epidemiological studies have shown that morbidity and
mortality in CHD patients are significantly higher than general
population, even after effective surgical correction [2,3]. The main
death causes are late cardiac complications, including arrhythmias,
coronary heart disease and heart failure, which are probably due to
genetic defects. However, the genetic causes and underlying
molecular mechanisms for CHD remain largely unknown.

During the embryonic development, the heart is the first organ
to form. The progenitor cells originating from the first heart field,
second heart field and cardiac neural crest contribute to the cardiac
morphogenesis [4,5]. The heart development is strictly regulated
ll rights reserved.
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by a cardiac regulatory gene network involving signaling pathways
and cardiac transcription factors [6,7]. To date, mutations in car-
diac transcription factor genes, such as GATA transcription factor
4 (GATA4), T-box transcription factor 5 (TBX5) and NK2 transcrip-
tion factor, locus 2 (NKX2-5), have been associated to a small por-
tion of CHD cases [8]. GATA4, TBX5, NKX2-5 and other factors have
been shown to function in a dosage-dependent manner [9–11]. We
have previously analyzed the promoter regions of GATA4, NKX2-5,
TBX5 and TBX20 genes, and identified a number of the sequence
variants that are linked to VSD [12–15]. To date, epigenetic studies
in CHD patients have not been reported.

Sirtuins, NAD-dependent class III deacetylases, are highly con-
served from yeast to human [16]. Surtuins have been shown to ex-
pand lifespan in yeast, worm and fly. Seven members of sirtuin
family, SIRT1–SIRT7, have been identified in mammals. SIRT1, the
founding member and the closest to yeast Sir2, is localized in the nu-
cleus and the cytoplasm and has deacetylase and ADP-ribosyltrans-
ferase activities. In epigenetic regulation, SIRT1 plays an essential
role by deacetylating histones. Moreover, SIRT1 interacts and deacet-
ylates a broad set of transcription factors and regulators to control
downstream gene expression. Physiologically, SIRT1 has been in-
volved in cell survival and differentiation, genomic stability, tran-
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Table 1
Sequence variants within the SIRT1 gene promoters in VSD patients and controls.

Sequence variants Genotypes Locationa VSD (n = 333) Controls (n = 348) P value

g.69643693A > G AG �834 bp 1 0 –
g.69643707A > C (rs35706870) AC �820 bp 0 1 –
g.69643759A > T AT �768 bp 1 2 1.000
g.69643874C > A CA �553 bp 0 1 –
g.69643959A > G (rs3740051) AA �468 bp 200 177 0.052

AG 117 149
GG 16 22

g.69643963A > T AT �464 bp 1 0 –
g.69643971G > A GA �456 bp 3 0 –
g.69644209C > G CG �218 bp 0 1 –
g.69644213G > A GA �214 bp 0 2 –
g.69644217A > C (rs932658) AA �210 bp 229 226 0.560

AC 97 113
CC 7 9

g.69644219G > A GA �208 bp 1 4 0.201
g.69644240G > T (rs35995735) GG �187 bp 322 337 0.916

GT 11 11
TT 0 0

g.69644268T > A TA �159 bp 0 1 –
g.69644335A > G (rs3740053) AA �92 bp 192 171 0.083

AG 122 152
GG 19 25

g.69644341G > C (rs2394443) GG �86 bp 230 226 0.481
GC 96 112
CC 7 10

g.69644351G > A GA �76 bp 1 1 1.000
g.69644366Ins �/17 bp �74 bp 1 0 –
g.69644441G > A GA +15 0 1 –

a Locations of variants upstream (�) or downstream (+) to the transcription start site at 69644427 of NC_000010.10.
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scription, metabolism, stress response and aging. Clinically, SIRT1 has
been implicated in inflammation, obesity, type 2 diabetes, cardiovas-
cular diseases, neurodegenerative diseases and cancer [17–20].

Studies in experimental animals have demonstrated that SIRT1
is essential to the embryonic development. Most of mice with
SIRT1 null deletion died perinatally with cardiac defects, including
atrial septal, ventricular septal, and heart valve defects [21–23]. In
mouse embryos, SIRT1 is predominantly expressed in the heart and
brain [24]. In human, the expression level of SIRT1 is relatively
high in the heart, brain and skeletal muscle tissues [25]. These
studies suggest that SIRT1 plays a critical role in the cardiogenesis.
Therefore, we hypothesized that altered SIRT1 gene expression lev-
els, rather than changed amino acids of SIRT1 protein, may contrib-
ute to the CHD etiology. In this study, SIRT1 gene promoter was
genetically analyzed in large cohorts of patients with ventricular
septal defects (VSD) and healthy controls.

2. Materials and methods

2.1. Patients and controls

All VSD patients (n = 333, male 155, female 178, age range
3 month–41 years, median age 4.75 years) and healthy controls
(n = 348, male 271, female 77, age range 1 month–34.00 years, med-
ian age 3.41 years) were recruited from Jining Medical University
Affiliated Hospital, Jining Medical University, Jining, Shandong, China.
The VSD patients were diagnosed with physical examination, electro-
cardiogram and three-dimensional echocardiography. The VSD pa-
tients and controls with familial histories were excluded from this
study. This study was approved by the Human Ethic Committee of Jin-
ing Medical University Affiliated Hospital and informed consents
were obtained from the patients and controls or the guardians.

2.2. Genetic analysis

Peripheral leukocytes were isolated and genomic DNAs were
extracted with QIAGEN DNeasy Blood and Tissue Kit (Qiagen,
Valencia, CA, USA). The SIRT1 gene promoter, �841 bp upstream
to +237 bp downstream to the transcription start site, was ana-
lyzed. Two overlapped DNA fragments covering the SIRT1 gene
promoter, �841 bp � �321 bp (521 bp) and �355 bp � +327 bp
(592 bp), were generated by PCR with supermix (Invitrogen, Carls-
bad, CA, USA). The genomic DNAs (100 ng) were used as PCR tem-
plates. The PCR primers were designed with the genomic sequence
of human SIRT1 gene (Genebank access number, NG_000010). The
PCR primers, SIRT1-F1 (50-AGAGGAAAGTGGAAGGGCTT-30) and
SIRT1-R1 (50-TTTCCCACTCTCCTCACACC-30), were used to generate
the 521 bp fragment. The primers, SIRT1-F2 (50-AGGAGCTGTCA-
GAACGGTGT-30) and SIRT1-R2 (50-CCATCTTCCAACTGCCTCTC-30),
were used to generate the 592 bp fragment. The DNA fragments
were sequenced on a 3730 DNA Analyzer (Applied Biosystems, Fos-
ter city, CA, USA). The sequences were aligned and compared with
wild type SIRT1 gene promoter. The distributions of sequence vari-
ants were compared between VSD patients and controls using SPSS
v13.0. P < 0.05 was considered statistically significant.

3. Results

The distribution of the sequence variants identified within SIRT1
gene promoter were summarized in Table 1. Total 18 single-nucleo-
tide polymorphisms (SNPs) and sequence variants were identified
in this study. Four novel heterozygous sequence variants,
g.69643693A > G, g.69643963A > T, g.69643971G > A and
g.69644366Ins, were identified in VSD patients, but in none of
controls. In contrast, six SNPs and heterozygous variants,
g.69643707A > C (rs35706870), g.69643874C > A, g.69644209C > G,
g.69644213G > A, g.69644268T > A and g.69644441G > A, were only
found in controls (Fig 1A and B). The other SNPs and variants,
g.69643759A > T, g.69643959A > G (rs3740051), g.69644217A > C
(rs932658), g.69644219G > A, g.69644240G > T (rs35995735),
g.69644335A > G (rs3740053), g.69644341G > C (rs2394443) and
g.69644351G > A, were found in VSD patients and controls with
similar frequencies. The variant, g.69644213G > A, which has been
previously reported in Parkinson’s disease [26], was linked with



Fig. 1. The sequence variants within the SIRT1 gene promoter in VSD patients and controls. A. Schematic representation of the sequence variants within SIRT1 gene promoter.
The sequence variants, which were of clinical importance, were depicted. The numbers represents the sequence of SIRT1 genomic sequences (Genebank accession number
NC_000010). The transcription starts at the position of 69644427 of the first exon. B. Chromatograms of the heterozygous sequence variants. The variants, g.69643963A > T
and g.69643971G > A, were in reverse orientation, the others were in forward orientation. Top panel shows wild type and bottom heterozygous. All the variants are marked
with solid arrows. The SNP, g.69644217A > C (rs932658), which was linked with the variant g.69644213G > A, was indicated with dashed arrow. In the variant,
g.69644366Ins, the 17 bp insertion was underlined.
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g.69644217A > C (rs932658) and identified in two controls. Analysis
of SIRT1 gene promoter region with transcription element search
system (TESS, University of Pennsylvania) revealed that the novel
variants identified in VSD patients may change transcription factor
binding sites. Therefore, the transcriptional activity of the SIRT1
gene promoter may be altered by these sequence variants in VSD
patients.
4. Discussion

The SNPs and variants in SIRT1 gene have been shown to in-
crease the risk for obesity, type 2 diabetes and Parkinson’s disease
[26–29]. SIRT1 polymorphisms have been associated with abnor-
mal cholesterol metabolism, body fat and coronary artery calcifica-
tion [30,31]. In this study, we, for the first time, linked the
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sequence variants within SIRT1 gene promoter with VSD patients.
Four novel heterozygous sequence variants within the SIRT1 gene
promoter, g.69643693A > G, g.69643963A > T, g.69643971G > A
and g.69644366Ins, were identified in VSD patients, but in none
of controls. Therefore, these variants may alter the transcriptional
activities of SIRT1 gene promoter and change SIRT1 levels, contrib-
uting to the VSD etiology.

Human SIRT1 gene is localized to the chromosome region
10q21.3, containing 9 exons [32,33]. Although SIRT1 is widely ex-
pressed in fetal and adult tissues, the expression level of SIRT1
gene is relatively high in the heart [25]. SIRT1 gene expression is
regulated by a set of transcriptional factors, including CREB (cAMP
response element-binding protein), FOXO (forkhead box transcrip-
tion factor O), HIC1 (hypermethylated in cancer 1), PARP-2 (poly
(ADP-ribose) polymerase-2) and PPARs (peroxisome proliferator-
activated receptors) [34–38]. We have previously reported the
variants within the SIRT1 gene promoter in sporadic Parkinson’s
disease [26]. The results from this study will broaden the range
of the SIRT1 association with human diseases.

Many non-histone substrates for SIRT1 have been identified,
including P53, Forkhead box O (FOXO) transcription factors,
MEF2 and PGC-1a [18–20,39–44]. Some of these substrates have
been shown to play important roles in the heart development.
For example, gene targeting studies in mice have demonstrated
that FoxO1 is required for the initial formation of the cardiovascu-
lar system during development. Mice with genomic loss of FOXO1
died at embryonic day 10.5 with heart malformation [45,46]. Car-
diac-specific expression of FoxO3 leads to reversible heart atrophy
in transgenic mice [47]. Cardiac specific disruption of MEF2 activity
inhibits cardiomyogenesis in mice [48]. In human, MEF2 gene is
expressed in all developmental stage of the human heart [49].
Therefore, changed SIRT1 may interfere with the heart develop-
ment through affecting the activities of these transcription factors.

Mutual regulation and interaction of SIRT1 and cardiac tran-
scription factors, such as GATA4, TBX5 and NKX2-5, have not been
reported. Recent studies indicate that the activities of cardiac tran-
scription factors can be regulated by epigenetic modifying en-
zymes. For example, overexpression of SIRT3, another member of
surtuin family, repressed GATA4 activity in transgenic mice [50].
T-box domain of TBX transcription factors can interact with epige-
netic modifying enzymes to form complexes [51]. Polycomb-
repressive complex 2 (PRC2) methylates GATA4 and inhibits its
transcriptional activity [52]. Therefore, SIRT1 may regulate and
interact with cardiac transcription factors in the heart develop-
ment in the same manner. Changed SIRT1 may directly or indi-
rectly affected activities of cardiac transcription factors.

In conclusion, we genetically analyzed the SIRT1 gene promoter
in large cohorts of VSD patients and controls. The novel heterozy-
gous variants identified in VSD patients may change SIRT1 protein
levels, contributing to the VSD etiology by regulating transcription
factors involved in the heart development. As natural and chemical
compounds have been found to regulate SIRT1 activities [53], our
findings may provide the basis for designing potential therapies
for adult CHD patients.
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