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Abstract
Congenital heart defect (CHD) is the most common form of birth deformity and is responsible for substantial morbidity and 
mortality in humans. Increasing evidence has convincingly demonstrated that genetic defects play a pivotal role in the patho-
genesis of CHD. However, CHD is a genetically heterogeneous disorder and the genetic basis underpinning CHD in the vast 
majority of cases remains elusive. This study was sought to identify the pathogenic mutation in the ISL1 gene contributing 
to CHD. A cohort of 210 unrelated patients with CHD and a total of 256 unrelated healthy individuals used as controls were 
registered. The coding exons and splicing boundaries of ISL1 were sequenced in all study subjects. The functional effect of 
an identified ISL1 mutation was evaluated using a dual-luciferase reporter assay system. A novel heterozygous ISL1 mutation, 
c.409G > T or p.E137X, was identified in an index patient with congenital patent ductus arteriosus and ventricular septal 
defect. Analysis of the proband’s pedigree revealed that the mutation co-segregated with CHD, which was transmitted in 
the family in an autosomal dominant pattern with complete penetrance. The nonsense mutation was absent in 512 control 
chromosomes. Functional analysis unveiled that the mutant ISL1 protein failed to transactivate the promoter of MEF2C, 
alone or in synergy with TBX20. This study firstly implicates ISL1 loss-of-function mutation with CHD in humans, which 
provides novel insight into the molecular mechanism of CHD, implying potential implications for genetic counseling and 
individually tailored treatment of CHD patients.
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Introduction

Congenital heart defect (CHD) is a cardiovascular struc-
tural deformity that arises from aberrant development 
of the heart or cardiothoracic great blood vessels during 
embryogenesis [1]. It is the most common form of birth 
defect in humans, occurring in approximately 1% of all 
live newborns, and accounting for almost one-third of 
all major developmental malformations [1, 2]. Each year 
about 1.35 million neonates are born with CHD worldwide 
[1, 2]. Clinically, CHD has been categorized into 25 dif-
ferent types, of which 21 designate specific anatomic or 
hemodynamic lesions, including patent ductus arteriosus 
(PDA), ventricular septal defect (VSD), tetralogy of Fallot, 
atrial septal defect, double outlet right ventricle, transpo-
sition of the great arteries, persistent truncus arteriosus, 
aortic stenosis, coarctation of the aorta, pulmonary ste-
nosis, pulmonary atresia, anomalous pulmonary venous 
connection and endocardial cushion defect [2]. Although 
minor cardiovascular defects may resolve spontaneously 
[2], major abnormalities require timely surgical or cath-
eter-based treatment and otherwise may lead to degraded 
quality of life [3], decreased exercise performance [4], 
retarded cerebral development or brain injury [5, 6], pul-
monary hypertension [7–10], thromboembolic or hemor-
rhagic stroke [11–13], metabolic disorder [14], infective 
endocarditis [15–18], myocardial fibrosis [19, 20], cardiac 
dysfunction or heart failure [21–25], arrhythmias [26–29], 
and death [30–32]. Hence, CHD remains the most preva-
lent cause of infant defect-related demises, with nearly 
24% of infants who died of a birth defect having a cardio-
vascular defect [2]. Although great progress in surgical 
treatment of pediatric CHD has allowed more than 90% of 
livebirths with CHD to survive into adulthood, it brings 
about an ever-increasing population of adults living with 
CHD and presently there are more adults with CHD than 
children with CHD [1]. Moreover, the morbidity and mor-
tality in adult CHD patients are much higher than those in 
the general population [33–42]. Despite significant clini-
cal importance, the underlying etiologies of CHD remain 
largely elusive.

Cardiac morphogenesis is a complex biological process 
and both genetic and environmental risk factors may inter-
rupt the process, leading to CHD [1, 43–46]. The well-
known environmental risk factors for CHD encompass 
maternal conditions such as viral infection, diabetes mel-
litus and autoimmune disorder, and maternal exposures to 
drugs, tobacco smoke, toxic chemicals or ionizing radia-
tion during the first trimester of pregnancy [46]. However, 
aggregating evidence underscores the genetic components 
for CHD, especially for familial CHD, which is transmit-
ted predominantly in an autosomal dominant pattern in 

the family, though familial transmission of CHD is also 
observed in other inheritance modes, including autoso-
mal recessive and X-linked modes [1, 43–46]. Regard-
less of chromosomal abnormalities such as chromosome 
22q11 deletion and trisomy of chromosome 21, mutations 
in more than 60 genes, including those encoding cardiac 
transcription factors, signaling molecules, cardiac sarco-
meric proteins and chromatin modifiers, have been caus-
ally linked to CHD in humans [1, 43–72]. Among these 
well-established CHD-related genes, most code for cardiac 
transcription factors, including GATA4, GATA5, GATA6, 
NKX2-5, CASZ1, HAND1, HAND2, NR2F2, MEF2C, 
TBX1, TBX5 and TBX20 [1, 43–72]. Nevertheless, CHD 
is a genetically heterogeneous malady, and the genetic 
determinants underlying CHD in most patients remain 
unclear.

As a member of the homeodomain-containing family of 
transcription factors, ISL1 is highly expressed in the fetal 
heart and is essential for proper cardiovascular development 
[73–75]. In the mouse, targeted disruption of the Isl1 gene 
results in embryonic death due to severe developmental 
defects of the heart, including loss of the outflow tract, right 
ventricle, and much of the atria [76]. In humans, several sin-
gle nucleotide polymorphisms of ISL1 have been associated 
with increased risk of CHD [77, 78]. These observational 
findings make it rational to screen ISL1 as a prime candidate 
gene for CHD in patients.

Materials and methods

Study participants

In this study, 210 unrelated patients with CHD were 
recruited from the Chinese Han population. Among them, 
there were 118 male and 92 female cases with an average 
age of 7.1 ± 5.6 years, ranging from 1 to 32 years of age. The 
available family members of the index patient carrying an 
identified ISL1 mutation were also enrolled. Two-hundred 
and fifty-six ethnically-matched individuals, who had no 
CHD or positive family history of CHD, were enlisted as 
controls, of whom there were 143 males and 113 females 
with an average age of 6.8 ± 5.5 years, ranging from 1 to 
30 years of age. All study subjects underwent comprehensive 
clinical appraisal, including detailed medical history, physi-
cal examination, electrocardiogram and echocardiogram, as 
well as cardiac catheterization and/or surgical proceedings 
for patients. Probands with known chromosomal abnormali-
ties or syndromic CHD, such Holt–Oram syndrome, Turner 
syndrome and Marfan syndrome, were excluded from the 
current study. This investigation was conducted in conform-
ity with the ethical principles of the Declaration of Helsinki 
and was approved by the Research Ethics Committees of the 
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First Affiliated Hospital of Soochow University and Shang-
hai Chest Hospital, Shanghai Jiao Tong University. Written 
informed consent was obtained from the guardians of the 
CHD patients and the control subjects prior to the study.

Genetic analysis of ISL1

Peripheral venous blood specimens were collected from 
all the study subjects. Genomic DNA was purified from 
blood leukocytes with the QIAamp DNA Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s protocol. 
The genomic DNA sequence of the human ISL1 gene (acces-
sion no. NG_023040.1) was derived from the Nucleotide 
database at the National Center for Biotechnology Infor-
mation (https ://www.ncbi.nlm.nih.gov/nucco re/NG_02304 
0.1?from=5001&to=16607 &repor t=genba nk). With the 
help of the online program Primer-BLAT (https ://www.
ncbi.nlm.nih.gov/tools /prime r-blast /index .cgi?ORGAN 
ISM=9606&INPUT _SEQUE NCE=NG_02304 0.1&LINK_
LOC=nucco re&PRIME R5_START =5001&PRIME R3_
END=16607 ), the primers to amplify the coding regions and 
splicing boundaries of ISL1 by polymerase chain reaction 
(PCR) were designed as given in Table 1. Genomic DNA 
of interest was performed by PCR using HotStar Taq DNA 
Polymerase (Qiagen) on a Veriti Thermal Cycler (Life Tech-
nologies, Carlsbad, CA, USA) under recommended reagent 
concentrations and reaction conditions. PCR sequencing of 
the purified amplicons was carried out with the  BigDye® 
Terminator v3.1 Cycle Sequencing Kit (Life Technologies) 
on an ABI PRISM 3130 XL DNA Analyzer (Life Technolo-
gies). The position of an exonic sequence variation was num-
bered in accordance with the reference sequence of the ISL1 
mRNA transcript at the Nucleotide database (https ://www.
ncbi.nlm.nih.gov/nucco re/NM_00220 2.2), with an accession 
number of NM_002202.2. Additionally, the Single Nucleo-
tide Polymorphism database (https ://www.ncbi.nlm.nih.
gov/snp/?term=ISL1), the Exome Variant Server database 
(http://evs.gs.washi ngton .edu/EVS), the 1000 Genomes Pro-
ject database (http://www.inter natio nalge nome.org/), and the 
Human Gene Mutation Database (http://www.hgmd.cf.ac.
uk/ac/all.php) were queried to verify the novelty of an identi-
fied ISL1 sequence variance.

Plasmid constructs and site‑directed mutagenesis

RNA isolation and cDNA preparation from human heart 
tissue were prepared as previously described [79]. The 
wild-type full-length open read frame of the human ISL1 
gene (accession no. NM_002202.2) was amplified by PCR 
using the pfuUltra high-fidelity DNA polymerase (Strata-
gene, Santa Clara, CA, USA) and a specific pair of prim-
ers (forward primer: 5′-TGG GCT AGC AAC CAC CAT TTC 
ACT GTGG-3′; reverse primer: 5′-TGG GCG GCC GCA 
AAA TAC AGA ATG AAT GTT C-3′). The amplified product 
was doubly digested by restriction enzymes NheI and NotI 
(TaKaRa, Dalian, Liaoning, China). The digested product 
with a length of 1118 base pairs was separated by 1.0% aga-
rose gel electrophoresis, isolated using the GeneJET™ gel 
extraction kit (Life Technologies), and then inserted into 
the NheI-NotI sites of the pcDNA3.1 plasmid (Invitrogen, 
Carlsbad, CA, USA) to generate a recombinant expression 
plasmid ISL1-pcDNA3.1. The nonsense mutation detected 
in CHD patients was introduced into the wild-type ISL1-
pcDNA3.1 plasmid by site-targeted mutagenesis using the 
QuickChange II XL Site-Directed Mutagenesis Kit (Strata-
gene) with a complementary pair of primers following the 
manufacturer’s descriptions and was checked by sequenc-
ing. For generation of the reporter plasmid MEF2C-lucif-
erase (MEF2C-luc), which expresses firefly luciferase, a 
1387-bp promoter region of the MEF2C gene (nucleotides 
2584–3970; accession No. AY324098) was subcloned into 
the promoterless pGL3-Basic vector (Promega, Madison, 
WI, USA) as described previously [80]. The expression 
plasmid TBX20-pcDNA3.1 was constructed as described 
previously [58].

Cell transfection and luciferase assay

CHO and 10T1/2 cells were cultured in Dulbecco’s modi-
fied Eagle’s media supplemented with 10% fetal bovine 
serum as well as 100 U/ml penicillin and 100  μg/ml 
streptomycin in an incubator with an atmosphere of 5% 
 CO2 at 37 °C. Cells were seeded at a density of 1 × 105 
cells per well in 12-well plates. After 48 h, transfection 
was performed using the Lipofectamine  2000® reagent 

Table 1  Primers to amplify 
the coding exons and splicing 
junctions of the ISL1 gene

Coding exon Forward primer (5′ → 3′) Backward primer (5′ → 3′) Product 
size (bp)

1 GCG TCA GAC CAA TGG CGA TG CAG TAA GCA TGC AGG CGT GG 499
2 TCC CAG AGT ACG CCC TAT AAGAG AAC AAG CCT CAA TAC CCC GGAA 527
3 TGC TGT TTA CTT GGG GCG TC TGT GCT CGG GGA ATC AAG GG 590
4 TCC CTT TCA CCC TCT TCG CC TGA AAA CCG TGC GAT CCT GC 590
5 TTG GGC TGA GCT GTG AAG GT GCA CCC TCC CCA CTG AAT CT 547
6 GAC TGA GAG CTC ACC TAC TCCC CTT CGT GCA TTT CAT GGA GCATT 629

https://www.ncbi.nlm.nih.gov/nuccore/NG_023040.1%3ffrom%3d5001%26to%3d16607%26report%3dgenbank
https://www.ncbi.nlm.nih.gov/nuccore/NG_023040.1%3ffrom%3d5001%26to%3d16607%26report%3dgenbank
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi%3fORGANISM%3d9606%26INPUT_SEQUENCE%3dNG_023040.1%26LINK_LOC%3dnuccore%26PRIMER5_START%3d5001%26PRIMER3_END%3d16607
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi%3fORGANISM%3d9606%26INPUT_SEQUENCE%3dNG_023040.1%26LINK_LOC%3dnuccore%26PRIMER5_START%3d5001%26PRIMER3_END%3d16607
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi%3fORGANISM%3d9606%26INPUT_SEQUENCE%3dNG_023040.1%26LINK_LOC%3dnuccore%26PRIMER5_START%3d5001%26PRIMER3_END%3d16607
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi%3fORGANISM%3d9606%26INPUT_SEQUENCE%3dNG_023040.1%26LINK_LOC%3dnuccore%26PRIMER5_START%3d5001%26PRIMER3_END%3d16607
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi%3fORGANISM%3d9606%26INPUT_SEQUENCE%3dNG_023040.1%26LINK_LOC%3dnuccore%26PRIMER5_START%3d5001%26PRIMER3_END%3d16607
https://www.ncbi.nlm.nih.gov/nuccore/NM_002202.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_002202.2
https://www.ncbi.nlm.nih.gov/snp/?term=ISL1
https://www.ncbi.nlm.nih.gov/snp/?term=ISL1
http://evs.gs.washington.edu/EVS
http://www.internationalgenome.org/
http://www.hgmd.cf.ac.uk/ac/all.php
http://www.hgmd.cf.ac.uk/ac/all.php
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(Invitrogen) following the manufacturer’s manual. For 
transient transfection experiments, CHO cells were trans-
fected with 1.0 μg of wild-type ISL1-pcDNA3.1, 1.0 μg 
of E137X-mutant ISL1-pcDNA3.1, 1.0 μg of wild-type 
ISL1-pcDNA3.1 plus 1.0  μg of E137X-mutant ISL1-
pcDNA3.1, 0.5  μg of wild-type ISL1-pcDNA3.1, or 
0.5 μg of wild-type ISL1-pcDNA3.1 in combination with 
0.5 μg of E137X-mutant ISL1-pcDNA3.1, in the pres-
ence of 1.0 μg of MEF2C-luc and 0.04 μg of pGL4.75 
(Promega). The pGL4.75 vector expressing a renilla 
luciferase was co-transfected into the cells as an internal 
control for transfection efficiency. For the negative con-
trol, the empty plasmid pcDNA3.1 was used. In order to 
explore the synergistic effect between ISL1 and TBX20 
on the MEF2C promoter, 10T1/2 cells were co-transfected 
with 0.25 μg of wild-type ISL1-pcDNA3.1, or 0.25 μg 
of E137X-mutant ISL1-pcDNA3.1, or 0.25 μg of wild-
type TBX20-pcDNA3.1, or 0.25 μg of wild-type ISL1-
pcDNA3.1 plus 0.25 μg of wild-type TBX20-pcDNA3.1, 
or 0.25 μg of E137X-mutant ISL1-pcDNA3.1 plus 0.25 μg 
of wild-type TBX20-pcDNA3.1, in the presence of 1.0 μg 
of MEF2C-luc and 0.04 μg of pGL4.75 (Promega). Cells 
were incubated at 37 °C and harvested 48 h after transfec-
tion. Luciferase activity of the cell lysates was determined 
in a luminometer with the Dual-Luciferase Reporter 
Assay System (Promega) following the manufacturer’s 
instructions. The results were expressed as the ratios of 
the activities of firefly luciferase (pGL3-Basic) to renilla 
luciferase (pGL4.75). For each expression plasmid, three 
independent experiments were each performed in tripli-
cate and the MEF2C promoter activity was expressed as 
mean ± standard deviation (SD).

In order to test whether the mutant ISL1 protein is 
properly expressed by the reconstructed E137X-mutant 
ISL1-pcDNA3.1 plasmid, 1.0 μg of E243X-mutant ISL1-
pcDNA3.1 or 1.0 μg of wild-type ISL1-pcDNA3.1 was 
transfected into the cultured CHO cells with the Lipo-
fectamine  2000® reagent (Invitrogen). Cells were col-
lected 36 h after transient transfection and total mRNAs 
were extracted using TRIzol Reagent (Invitrogen). 
Reverse transcription (RT) of mRNA coding for ISL1 pro-
tein was carried out with SuperScript™ IV First-Strand 
Synthesis System (Invitrogen) and the ISL1-specific 
primer (5′-CAC CAT GGG AGT TCC TGT CA-3′). Ampli-
fication of cDNA by PCR was performed with HotStar 
Taq DNA Polymerase (Qiagen) and a pair of primers spe-
cific to ISL1 (forward primer: 5′-CAT CGA GTG TTT CCG 
CTG TG-3′; backward primer: 5′-CAC CAT GGG AGT TCC 
TGT CA-3′; product size: 496 bp). The amplicons were 
quantified by electrophoresis analysis on 1.2% agarose 
gel stained with ethidium bromide.

Statistical analysis

For statistical analyses, the SPSS software package for Win-
dows, version 17.0 (SPSS Inc., Chicago, IL, USA) was used. 
Continuous variables between two groups were compared 
with Student’s unpaired t test, whereas categorical variables 
between two groups were compared with Pearson’s χ2 test or 
Fisher’s exact test, when appropriate. A two-sided P < 0.05 
was considered statistically different.

Results

Clinical characteristics of the study population

In the present study, 210 unrelated CHD patients were clini-
cally investigated in contrast to 256 unrelated control indi-
viduals without CHD. Patients were matched with controls 
for age, gender and ethnicity. All the patients had echocar-
diogram-documented CHD, of whom about 20% had a posi-
tive family history of CHD. The control individuals had no 
family history of CHD and their echocardiograms showed 
normal cardiac images without evidence of structural cardiac 
defects. The demographic and baseline clinical features of 
the CHD patients are summarized in Table 2.

Identification of a novel ISL1 mutation

The entire coding exons and exon–intron boundaries as well 
as partial 3′- and 5′-untranslated regions of the ISL1 gene were 
analyzed by direct sequencing in a cohort of 210 patients with 
CHD and a nonsense mutation was found in an index patient 
who was five years old. Specifically, a substitution of thymine 
for guanine at the first nucleotide of codon 137 (c.409G > T), 
predicting the transition of the codon encoding glutamic acid 
at amino acid position 137 to a premature termination codon 
(p.E137X), was detected in a girl with PDA and VSD, who had 
a positive family history of CHD. The sequence electrophero-
grams of the heterozygous ISL1 mutation of c.409G > T and 
its wild-type control are displayed in Fig. 1A. The schematic 
diagrams of the E137X-mutant and wild-type ISL1 proteins 
indicating the key structural domains and location of the muta-
tion identified in this study are exhibited in Fig. 1B. The non-
sense mutation was neither detected in the 256 control indi-
viduals nor reported in the Single Nucleotide Polymorphism, 
Exome Variant Server, 1000 Genomes Project, and Human 
Gene Mutation databases (queried again in June 29, 2018). 
Genetic scan of the mutation carrier′s family members avail-
able revealed that the mutation was present in all the affected 
family members, but absent in unaffected family members. 
Analysis of the proband′s pedigree unveiled that the mutation 
co-segregated with CHD, which was transmitted as an auto-
somal dominant trait in the family with complete penetrance. 
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The pedigree structure of the proband’s family is shown in 
Fig. 1C. The phenotypic features of the proband’s affected 
family members are shown in Table 3.

Failure to transactivate the promoter of MEF2C 
by the mutant ISL1 protein

Previous studies have validated that ISL1 transcriptionally 
activates the MEF2C promoter in vivo and in vitro, alone 

or in synergy with TBX20 [80–82]. As shown in Fig. 2, the 
same amount (1.0 μg) of wild-type and E137X-mutant ISL1-
pcDNA3.1 plasmids transcriptionally activated the MEF2C 
promoter in CHO cells by ~ 10 folds and ~ onefolds, respec-
tively. When 1.0 μg of wild-type ISL1-pcDNA3.1 and 1.0 μg 
of E137X-mutant ISL1-pcDNA3.1 were co-transfected, the 
induced transcriptional activation of the MEF2C promoter 
was ~ ninefold. Additionally, when 0.5 μg of wild-type ISL1-
pcDNA3.1 together with 0.5 μg of empty ISL1-pcDNA3.1 
or 0.5 μg of E137X-mutant ISL1-pcDNA3.1 was used, 
the induced transcriptional activation of the MEF2C pro-
moter was ~ sixfold or ~ fivefold. These data suggest that the 
E137X-mutant ISL1 has neither transcriptional activation of 
target genes nor dominant-negative effect on its wild-type 
counterpart.

As shown in Fig. 3, the same amount (0.25 μg) of wild-
type and E137X-mutant ISL1-pcDNA3.1 plasmids tran-
scriptionally activated the MEF2C promoter in 10T1/2 
cells by ~ eightfolds and ~ onefold, respectively. In the 
presence of 0.25 μg of TBX20-pcDNA3.1, the induced 
synergistic transcriptional activity by the same amount 
(0.25 μg) of wild-type or E137X-mutant ISL1-pcDNA3.1 
plasmid was ~ 28-fold or ~ tenfold. These data indicate that 
the E137X mutation disrupts the synergistic transcriptional 
activation between ISL1 and TBX20.

Besides, quantitative RT-PCR was performed and the 
results demonstrated that both wild-type ISL1-pcDNA3.1 
and E137X-mutant ISL1-pcDNA3.1 were equally efficient 
in transcribing ISL1 mRNAs, indicating that wild-type ISL1-
pcDNA3.1 and E137X-mutant ISL1-pcDNA3.1 produce the 
same amounts of ISL1 proteins (data not shown).

Discussion

In this research, a novel heterozygous mutation (c.409G > T 
or p.E137X) in the ISL1 gene was identified in a family with 
PDA and VSD. The nonsense mutation, which was absent 
in the 512 control chromosomes, co-segregated with CHD 
in the family with complete penetrance. Functional analy-
sis demonstrated that the E137X-mutant ISL1 protein had 
no transcriptional activity. Therefore, it is very likely that 
genetically compromised ISL1 contributes to PDA and VSD 
in this family.

In humans, ISL1 maps on chromosome 5q11.1, encoding 
a protein with 349 amino acids. The encoded ISL1 protein, 
as a member of the homeodomain family of transcription 
factors, binds to the enhancer region of the target genes, 
playing a key role in regulating expression of target genes, 
which are central to the heart development [73–76]. The 
human ISL1 protein has two functionally important struc-
tural domains, including homeodomain (HD) and tran-
scriptional activation domain (TAD) [82, 83]. The highly 

Table 2  Demographic and clinical features of the patients with con-
genital heart defects (n = 210)

CHD congenital heart defect, VSD ventricular septal defect, ASD 
atrial septal defect, PDA patent ductus arteriosus, DORV double out-
let right ventricle, PS pulmonary stenosis, TA truncus arteriosus, TGA  
transposition of the great arteries, AS aortic stenosis, PA pulmonary 
atresia, CoA coarctation of the aorta, TOF tetralogy of Fallot

Parameter n or mean % or range

Gender
 Male 118 56
 Female 92 44

Age (years) 7.1 ± 5.6 1–32
Positive family history of CHD 43 20
Distribution of different forms of CHD
 Isolated CHD 101 48
  VSD 34 16
  ASD 28 13
  PDA 17 8
  DORV 6 3
  PS 4 2
  TA 4 2
  TGA 2 1
  AS 2 1
  PA 2 1
  CoA 2 1

 Complex CHD 109 52
  TOF 34 16
  VSD + PDA 28 13
  VSD + ASD 14 7
  ASD + PDA 10 5
  VSD + ASD + PDA 6 3
  DORV + VSD 6 3
  TGA + VSD 5 2
  TA + VSD 4 2
  TOF + ASD 2 1

Incidence of arrhythmias
 Atrioventricular block 11 5
 Atrial fibrillation 7 3

Treatment
 Surgical repair 102 49
 Catheter-based closure 95 45
 Follow-up 13 6
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conserved HD domain comprises 60 amino acids (amino 
acids 181–240) and its main functional role is to bind to 
consensus DNA sequence in the promoter of a target gene. 
Adjacent to the HD domain is the TAD domain which con-
sists of 109 highly conserved amino acids, starting from 

amino acid 241 to amino acid 349, and is responsible for 
activating transcription [82, 83]. In the present study, the 
mutation identified in CHD patients was predicted to gener-
ate a truncated protein with only 136 amino-terminal amino 
acids left, lacking the DNA-binding and transcriptional 
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activation domains and, thus, was anticipated to nullify 
its transcriptional activation of target genes, including the 
MEF2C gene that has been associated with CHD [59, 65, 
84]. Functional deciphers demonstrated that the E137X-
mutant ISL1 protein had no transcriptional activation of the 
MEF2C promoter. Furthermore, the mutation disrupted the 
synergic activation between ISL1 and TBX20, another car-
diac core transcriptional factor that has been causally linked 
to CHD [58]. Importantly, co-immunoprecipitation experi-
ments performed in cultivated HeLa cells demonstrated the 
physical interactions between ISL1 and TBX20, and reporter 
gene analyses revealed that TBX20 could potently activate 
the MEF2C and NKX2-5 promoters alone or synergistically 
with ISL1 [81]. Besides, as an important transcriptional co-
regulator of ISL1, TBX20 was also involved in directly up-
regulating the expression of other key cardiac genes, includ-
ing PITX2, FGF10 and MYH7, singly or in synergy with 
ISL1, NKX2-5 and GATA4 [81]. These findings indicate 
that haploinsufficiency resulted from an ISL1 mutation is 
likely to be an alternative pathological mechanism of CHD.

Previous investigations have revealed that a premature 
translation termination codon may cause degradation of 
mRNA in many types of organisms and cell lines by a mech-
anism named as nonsense-mediated mRNA decay (NMD), a 
translation-dependent, multi-step process that monitors and 
degrades irregular or faulty mRNAs [79, 85]. In the present 
research, the nonsense mutation in ISL1 yielded a prema-
ture translation termination codon; therefore, the mutant 
ISL1 mRNAs were likely to undergo NMD, although not 
all nonsense mutations triggered NMD [86]. At present, we 
could not validate NMD in the mutation carriers due to the 
unavailability of their cardiac tissue specimens, where the 
mutant ISL1 protein might be expressed. Even if the mutant 
mRNAs underwent NMD, the overall abundance of ISL1 

mRNAs would be decreased by a half, leading to haploin-
sufficiency, which was in line with our functional results. 
Notably, downstream intron or pre-mRNA splicing, which 
causes the deposition of a multi-protein complex, termed as 
the exon-junction-complex, 20–24 nucleotides upstream of 
each exon–exon junction, is required for the degradation of 
mRNA containing a premature translation termination codon 
by the NMD mechanism. Hence, NMD could not occur in 
the context of cDNA constructs [79, 85].

In addition, recent researches have associated several 
common polymorphisms of the ISL1 gene with an increased 
risk of CHD [77, 78]. Stevens and colleagues [77] in stage 
1 made a case–control analysis of 30 polymorphisms map-
ping to the ISL1 locus in 300 pediatric patients with com-
plex CHD and 2201 healthy children, and discovered that 
eight polymorphisms (rs6867206, rs4865656, rs6869844, 
rs2115322, rs6449600, IVS1 + 17C > T, rs1017, rs6449612) 
in and flanking ISL1 were significantly associated with com-
plex CHD. To independently validate their findings, in stage 
2 they performed a replication study of these candidate poly-
morphisms in 1044 new cases and 3934 independent con-
trols and confirmed the association of these polymorphisms 
within and around ISL1 with increased risk of non-syn-
dromic CHD [77]. To determine the association of genetic 
polymorphisms in and near the ISL1 gene with CHD in the 
Chinese Han population, Luo and partners [78] analyzed 
nine polymorphisms (rs6867206, rs6869844, rs3762977, 
rs1017, rs6449612, rs4865656, rs2115322, rs6449600, 
rs150104955) of ISL1 in 233 patients with CHD and 288 
healthy subjects, and found that one polymorphism (rs1017) 
in ISL1 was significantly associated with simple CHD. These 
data provide strong evidence that ISL1 plays an important 
role in the development of heart and pathogenesis of CHD.

Notably, previous investigations have causally linked over 
60 genes, including those coding for cardiac transcription 

Fig. 1  Novel ISL1 mutation associated with congenital heart defects. 
(A) Sequence electropherograms displaying the heterozygous ISL1 
mutation and its homozygous wild-type control. The arrow points to 
the heterozygous nucleotides of G/T in the proband (mutant type) or 
the homozygous nucleotides of G/G in a control subject (wild type). 
The rectangle denotes the nucleotides comprising a codon of ISL1. 
(B) Schematic diagrams showing the structural domains of the wild-
type and E137X-mutant ISL1 protein and the location of the mutation 
causally linked to congenital heart defects. The mutation identified in 
patients with congenital heart defects is marked above the structural 
domains. NH2 means amino terminus; HD, homeodomain; TAD, 
transcriptional activation domain; COOH, carboxyl terminus. (C) 
Pedigree structure of the family with congenital heart defects. The 
family was designated as family 1. Family members are identified 
by generations and numbers. The proband is indicated by an arrow. 
Squares indicate male family members and circles indicate female 
members. Phenotypes are indicated as: right half black symbols, pat-
ent ductus arteriosus (PDA); left half shaded symbols, ventricular 
septal defect (VSD); the symbol with a diagonal, the dead member. 
“+” means a carrier of the heterozygous nonsense mutation; “–”, a 
non-carrier

◂ Table 3  Phenotypic characteristics and status of ISL1 mutation of the 
family members with congenital heart defects

M male, F female, PDA patent ductus arteriosus, VSD ventricular 
septal defect, NA not available, ± heterozygote
a Age at death

Individual Gender Age (years) Cardiac pheno-
type

ISL1 mutation

Family 1 E137X
I-1 M 54a PDA, sub-aortic 

VSD
NA

II-1 M 31 PDA, sub-aortic 
VSD

±

II-5 M 26 PDA ±
III-1 F 5 PDA, sub-aortic 

VSD
±

III-3 M 1 PDA ±
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factors, to CHD in humans [1, 43–46]. In the current study, 
as previously described, we have analyzed several other 
cardiac transcription factors in the index patient who car-
ried an identified ISL1 mutation, including GATA4 [64], 
GATA5 [87], GATA6 [72], TBX1 [69], TBX5 [88], TBX20 
[58], HAND1 [52, 53], HAND2 [89], NKX2-5 [54], MEF2C 
[59, 65], PITX2 [90], CASZ1 [91], NR2F2 [63] and MESP1 
[60], and detected no pathogenic mutations. Nevertheless, 
we cannot rule out the possibility that other genes may also 
contribute to the pathogenesis of CHD.

In conclusion, this study firstly associates ISL1 loss-of-
function mutation with CHD in humans, which adds novel 

insight to the molecular pathogenesis of CHD, suggesting 
potential implications for genetic counseling and individual-
ized treatment of the patients with CHD.
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