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Abstract. – OBJECTIVE: Congenital heart de-
fect (CHD) represents the most common form 
of human developmental abnormality and con-
tributes to substantial morbidity, mortality, and 
socioeconomic burden worldwide. Accumulat-
ing evidence underscores the strong genetic ba-
sis of CHD. Nevertheless, CHD is of pronounced 
genetic heterogeneity, and the genetic determi-
nants underlying CHD in most patients are still 
unclear. This study was mainly sought to identi-
fy the causative gene for CHD in a consanguine-
ous Chinese family.

PATIENTS AND METHODS: Whole-exosome 
sequencing and bioinformatics analyses were 
performed in a Chinese family with CHD (dou-
ble-outlet right ventricle and ventricular septal 
defect), which was transmitted in an autosomal 
dominant pattern. A total of 312 unrelated healthy 
individuals were then genotyped for the identi-
fied genetic variation. The functional effect of the 
identified variation was characterized by utilizing 
a Dual-Luciferase reporter assay system.

RESULTS: A novel heterozygous variation, 
NM_015995.3: c.370G>T; p.(Glu124*), was iden-
tified in the KLF13 gene, which encodes Krup-
pel-like factor 13 key to proper heart develop-
ment. Genetic analysis of the pedigree unveiled 
that the variation co-segregated with CHD, with 
complete penetrance. The variation was absent 
from 624 control chromosomes. The biological 
analysis revealed that the Glu124*-mutant KLF13 
protein failed to transactivate its cardiac target 
genes ACTC1 and ANP. Furthermore, the vari-
ation disrupted the synergistic transactivation 
between KLF13 and GATA4, as well as GATA6, 

two other genes that have been recognized to 
cause CHD.

CONCLUSIONS: These findings firstly indicate 
that genetically defective KLF13 predisposes to 
familial CHD, implying potential implications for 
genetic counseling and an improved prophylac-
tic strategy in a subset of CHD patients.
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Introduction

Congenital heart defect (CHD), which usually 
refers to any structural malformation of the heart 
or endothoracic great blood vessels arising before 
birth, is the most common birth defect in humans 
with an estimated 1% prevalence in live births1. If 
minor cardiac anomalies, such as bicuspid aortic 
valve are included, the total prevalence of CHD is 
up to 2% to 3%1. Although minor CHD can resolve 
spontaneously2, major CHD may result in degraded 
health-related quality of life3-6, decreased exercise 
performance7-10, retarded nervous system develop
ment and brain injury11-14, ischemic or hemorrhagic 
cerebral stroke15-17, pulmonary arterial hypertension 
or Eisenmenger syndrome18-20, infective endocardi-
tis21-23, myocardial dysfunction or heart failure24-28, 
ventricular or supraventricular arrhythmias29-31, 
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and cardiac demise32-34. Actually, CHD remains the 
most common etiology of infant death resulted from 
birth defects, with approximately 24% of neonates 
who died of a birth defect having CHD2. Although 
tremendous advance in cardiac surgery and cathe-
ter-based intervention, as well as perioperative in-
tensive care, has dramatically improved survival, al-
lowing more than 90% of CHD neonates to survive 
into adulthood, it leads to a growing body of adult 
population with CHD, and adults with CHD have 
outnumbered children with CHD2,35. Moreover, the 
late complications and even sudden cardiac death 
significantly increase in adult survivors living with 
CHD36-38. Hence, CHD has conferred a substantially 
increased socioeconomic burden39-41. Despite im-
portant clinical significance, the molecular etiolo-
gies of CHD remain largely obscure.

In vertebrates, the heart is the first functional or-
gan that develops during embryogenesis, and cardi-
ac morphogenesis is a complex biological process, 
which is finely controlled by a modulatory network, 
encompassing transcription factors, signaling mole-
cules, and epigenetic modifiers42. Previous research-
es42-46 have demonstrated that both environmental 
and genetic pathogenic factors may interrupt this bi-
ological process, giving rise to CHD. The nongenetic 
environmental risk factors for CHD include maternal 
conditions (such as viral infection, metabolic disor-
der, and lack of nutrition) and exposures to toxicants, 
therapeutic chemicals, and ionizing radiation during 
the first trimester of pregnancy45,46. However, accu-
mulating investigations highlight the strong genet-
ic basis for CHD, and in addition to chromosomal 
deletions and duplications, an increasing number of 
variations in over 100 genes, including those coding 
for cardiac transcription factors, cellular signaling 
molecules, and myocardial structural proteins, have 
been found to cause CHD in humans42-44,47-69. Among 
these well-established CHD-causing genes, most en-
code cardiac core transcription factors, encompass-
ing GATA4, TBX20, GATA6, NKX2-5, GATA5, 
HAND1, and HAND270. Nevertheless, the genetic 
determinants underpinning CHD in the vast majority 
of cases remain unknown. The current investigation 
was sought to identify a novel gene responsible for 
CHD and reveal the underlying mechanism by which 
the genetic variation contributes to CHD.

Subjects and Methods

Study Subjects
In this investigation, a three-generation Chi-

nese family with CHD transmitted as an auto-

somal dominant trait was enrolled. Additionally, 
236 index patients suffering from CHD were also 
included. The control individuals comprised 312 
unrelated individuals with no heart disease. The 
CHD patients were matched with the healthy con-
trol subjects for ethnicity, sex, and age. Each study 
participant underwent a comprehensive clinical 
evaluation, including a thorough review of fa-
milial, personal and medical histories, a detailed 
physical examination, echocardiogram, electro-
cardiogram, and routine biochemical tests. Di-
agnosis of CHD was made by echocardiography, 
cardiac catheterization and/or cardiac surgery. Pa-
tients with known chromosomal abnormalities or 
syndromic CHD were ruled out from the current 
investigation. The investigation was carried out in 
conformity with the ethical principles outlined in 
the Declaration of Helsinki. The protocol used in 
this investigation was reviewed and approved by 
the Medical Ethics Committee of Tongji Hospital, 
Tongji University School of Medicine, Shanghai, 
China [Ethical Approval Number: LL(H)-09-07]. 
Prior to the commencement of the investigation, 
written informed consent was given by the study 
participants or their legal guardians. Subsequent-
ly, a peripheral venous blood sample (about 2 mL) 
was collected from each study subject. Genom-
ic DNA was extracted from venous blood leu-
cocytes with the FlexiGene DNA Kit (Qiagen, 
Hilden, Germany), then, stored at −80°C.

Genetic Analyses
For each sample, a whole exome library was 

constructed with 3 mg of genomic DNA by ran-
dom fragmentation using an ultrasonicator (Co-
varis, Woburn, MA, USA), and captured using 
the SureSelectXT Human All Exon V6 Kit (Ag-
ilent Technologies, Santa Clara, CA, USA), fol-
lowing the manufacturer’s instructions. Enriched 
exome libraries were sequenced with the HiSeq 
Sequencing Kit (Illumina, San Diego, CA, USA) 
on an Illumina HiSeq 2000 Genome Analyzer (Il-
lumina) according to the manufacturer’s protocol. 
Exome sequences were mapped to the human ref-
erence genome sequence (hg19, GRCh37) using 
the BWA software. The resulting SAM files were 
converted to the BAM files using SAMtools, and 
duplicates were removed with the Picard software. 
The GATK software package was applied to base 
quality score recalibration, local realignment, and 
variant calls. The called variants that passed the 
pedigree analysis were annotated by virtue of the 
software ANNOVAR. The candidate variants 
identified by whole exome sequencing (WES) 
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and bioinformatics analyses of the CHD family 
were further analyzed by Sanger sequencing. For 
a confirmed genetic variant, the coding exons and 
flanking introns of the variant-carrying gene were 
amplified from the genomic DNA samples of 236 
index patients and 312 unrelated control individ-
uals, on a Thermocycler (Applied Biosystems, 
Foster, CA, USA) by Polymerase Chain Reaction 
(PCR) using the HotStar Taq DNA Polymerase 
(Qiagen, Shanghai, China) and the primers shown 
in Table I. The amplicons were sequenced under 
an ABI 3730 XL DNA Analyzer (Applied Bio-
systems, Foster City, CA, USA) with the BigDye® 
Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems, Foster City, CA, USA) following the 
manufacturer’s manual. For a validated genetic 
variation, the Single Nucleotide Polymorphism 
database (https://www.ncbi.nlm.nih.gov/SNP), 
the 1000 Genomes Project database (http://ww-
w.1000genomes.org), and the Genome Aggrega-
tion Database (https://gnomad.broadinstitute.org) 
were retrieved to check its novelty.

Gene Expression Plasmids and 
Site-Directed Mutagenesis

Isolation of total RNAs from human heart sam-
ples and preparation of cDNAs were described 
elsewhere71,72. The wild-type cDNAs of the human 
KLF13 gene (accession no. NM_015995.3) were 
amplified by PCR using the pfuUltra high-fideli-
ty DNA polymerase (Stratagene, Santa Clara, CA, 
USA) and a specific pair of primers (forward prim-
er: 5′-GGTGAATTCGCGGATGCGCGGCT-
GACGAC-3′; reverse primer: 5′-TGCTCTAGAG-
CGGCTGCTCATGGCTGTGG-3′). The produced 
cDNAs of KLF13 were doubly cut by restriction 
enzymes EcoRI and XbaI (NEB, Ipswich, MA, 
USA), purified with the QIAquick Gel Extraction 
Kit (Qiagen, Shanghai, China), and then inserted 
at the EcoRI-XbaI sites into the pcDNA3.1 vector 
(Invitrogen, Carlsbad, CA, USA) to construct a 
eukaryotic expression plasmid KLF13-pcDNA3.1. 
The variation identified in CHD patients was in-
troduced into the wild-type KLF13-pcDNA3.1 
plasmid by site-directed mutagenesis utilizing 
the QuickChange II XL Site-Directed Mutagene-

sis Kit (Stratagene, San Diego, CA, USA) with a 
complementary pair of primers (forward primer: 
5′-AGCCCGGCGTGGAGCTAGCCGGAGC-
CCGAGG-3′; reverse primer: 5′-CCTCGGGCTC-
CGGCTAGCTCCACGCCGGGCT-3′), and was 
verified by Sanger sequencing. The expression 
plasmids GATA4-pSSRa and GATA6-pcDNA3.1 
as well as the reporter plasmid atrial natriuret-
ic peptide-luciferase (ANP-luc), which expresses 
firefly luciferase, were described previously73,74. 
The reporter plasmid α actin-Luciferase (ACTC1-
luc) expressing firefly luciferase was constructed 
as described previously75.

Cell Culture, Transfection and Luciferase 
Assays

NIH 3T3 cells were cultivated in Dulbecco’s 
Modified Eagle’s Medium (Invitrogen, Carls-
bad, CA, USA) supplemented with 10% fetal 
bovine serum (Invitrogen, Carlsbad, CA, USA) 
and 1% penicillin/streptomycin (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany), in an in-
cubator with an atmosphere of 5% CO2 at 37°C. 
Cells were seeded into a 24-well plate at a den-
sity of 1×105 per cell 24 h before transfection. 
Various plasmids were transfected into cells 
with the FuGENE® HD Transfection Reagent 
(Promega, Madison, WI, USA) according to the 
manufacturer’s protocol. Specifically, the cells 
were transfected with empty pcDNA3.1 (100 
ng), or wild-type KLF13-pcDNA3.1 (100 ng), or 
Glu124*-mutant KLF13-pcDNA3.1 (100 ng), or 
wild-type KLF13-pcDNA3.1 (50 ng) plus emp-
ty pcDNA3.1 (50 ng), or wild-type KLF13-pcD-
NA3.1 (50 ng) plus Glu124*-mutant KLF13-pcD-
NA3.1 (50 ng), in combination with ANP-luc 
(800 ng) and pGL4.75 (20 ng). For analysis of the 
synergistic transactivation, the same amount (100 
ng) of each plasmid (empty pcDNA3.1, wild-type 
KLF13-pcDNA3.1, Glu124*-mutant KLF13-pcD-
NA3.1, GATA4-pSSRa, GATA6-pcDNA3.1) was 
used alone or together, in the presence of ANP-
luc (1000 ng) and pGL4.75 (20 ng). The plasmid 
pGL4.75 (Promega, Madison, WI, USA), which 
expresses Renilla Luciferase, was co-transfected 
as an internal control to minimize the intra-ex-

Table I. Primers for amplification of the coding exons and splicing donors/acceptors of the KLF13 gene.

Coding exon	 Forward primer (5´→3´)	 Backward primer (5´→3´)	 Amplicon (bp)

1-a	 CCATGCGCTCACTCTTCGGT	 CCTTTGTCTGAGGCCGGGCT	 670
1-b	 CGGACCTCAACCAGCAAGCG	 CTCCGAGAGCCAAGACCCGC	 569
2	 GCATGTGGGAGGGGTGTTGA	 TCGTGAAACGTGTCCATCCCT	 675
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perimental and inter-experimental variances in 
transfection efficiency. Cells were harvested 36 h 
after transfection. The Luciferase activities were 
measured under the GloMax-96 Microplate Lumi-
nometer (Promega, Madison, WI, USA) by using 
the Dual-Glo Luciferase Assay System (Promega, 
Madison, WI, USA) according to the manufactur-
er’s protocol. The promoter activity was reported 
as fold activation of Firefly Luciferase relative to 
Renilla Luciferase. All transfection experiments 
were done at least three times in triplicate.

Statistical Analysis
Data for promoter activity were expressed as 

mean ± standard deviations (SD) of the results 
from three experiments in triplicate. Differenc-
es in promoter activity between two groups were 
compared by using an unpaired Student’s t-test. 
A two-sided p-value of <0.05 was considered to 
indicate a significant difference.

Results

Clinical Characteristics of the Study 
Participants

In this investigation, a family affected with 
CHD (Figure 1A) was recruited from the Chinese 
Han population in China. The Chinese family 
consisted of 18 living members spanning three 
generations, of whom five members (three males 
and two females; ages ranging from 1 to 34 years) 
had double-outlet right ventricle (DORV) and 
ventricular septal defect (VSD), based on their 
echocardiographic findings. In this three-genera-
tion pedigree (Figure 1A), CHD was transmitted 
in an autosomal-dominant fashion with complete 
penetrance. The proband, a one-year-old male, 
was referred to our hospital for cardiac surgery 
due to CHD. The proband’s other affected rela-
tives had also experienced successful surgical 
procedures for the correction of CHD. The clini-
cal features of the family members with CHD are 
given in Table II. Additionally, 236 other index 
patients suffering from CHD (138 males, with 
an average age of 5 years) and 312 unrelated in-
dividuals with no CHD (182 males, with a mean 
age of 5 years) were also investigated. The CHD 
index inpatients were matched with the healthy 
control individuals for gender, ethnicity, and age. 
All these index cases had echocardiograph-docu-
mented CHD, while the control people had nor-
mal cardiac echocardiograms, with no evidence 
of heart diseases. Among the index patients, iso-

lated CHD accounted for 53%; whilst complex 
CHD accounted for 47%. Atrial fibrillation and 
atrioventricular block occurred in 29/236 and 
14/236 index patients, respectively. Surgical re-
pair and catheter-based closure were achieved in 
139/236 and 71/236 index patients, respectively. 
Besides, 37 of 236 probands had a positive family 
history of CHD, whereas none of the 312 control 
subjects had it. No known environmental risk fac-
tors predisposing to CHD were ascertained in the 
study participants. The baseline clinical features 
of the 236 index cases with CHD are summarized 
in Table III.

Identification of a CHD-Causative KLF13 
Variation

WES was performed in four affected fami-
ly members (II-1, II-8, III-1, and III-6) and two 
unaffected family members (II-2 and II-7) of the 
family (Figure 1A), generating an average of 22 
Gb of sequence for each family member, with an 
average of 97% mapping to the human reference 
genome (hg19) and 74% mapping to the target se-
quences. A mean of 16,902 exonic variants (rang-
ing from 15,261 to 18,205) per family member 
passed inheritance model filtering, of which 12 
heterozygous nonsense, missense, and splicing 
site variants passed ANNOVAR filtering, shared 
by the four affected family members, and predict-
ed to be deleterious, with a minor allele frequen-
cy <0.001. Further genetic analyses showed that 
only the variant chr15:31619785G>T (GRCh37: 
NC_000015.9), equal to chr15:31327582G>T 
(GRCh38: NC_000015.10) or NM_015995.3: 
c.370G>T; p.(Glu124*), in the KLF13 gene, was 
verified by Sanger sequencing and co-segregated 
with CHD in the whole family. This genetic vari-
ant has been deposited in Leiden Open Variation 
Database version 3.0 (LOVD v.3.0), with an in-
dividual number of 00307305 (https://databases.
lovd.nl/shared/individuals/00307305). The chro-
matograms illustrating the heterozygous KLF13 
variant, as well as its homozygous wild-type con-
trol sequence, are shown in Figure 1B. The sche-
matic diagrams displaying the structural domains 
of the wild-type and mutant KLF13 proteins are 
shown in Figure 1C. The truncating variant was 
neither detected in 624 control chromosomes nor 
reported in the Single Nucleotide Polymorphism 
database, the 1000 Genomes Project database, or 
the Genome Aggregation Database, indicating a 
novel variant. Besides, Sanger sequencing anal-
ysis of 236 other probands with CHD revealed 
no causative KLF13 variant. In addition, in this 
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study, a rare heterozygous KLF13 variant was 
identified in a family with CHD, and shown to 
have a loss-of-function effect. The variant was 
neither observed in another cohort of 236 in-
dex cases with CHD nor found in 312 unrelated 
healthy individuals used as controls. Hence, nei-
ther the association of the variant between cases 

and controls nor the Hardy-Weinberg equilibrium 
was performed.

Functional Failure of the KLF13 Variant
As shown in Figure 2, the wild-type and 

Glu124*-mutant KLF13 expression plasmids 
(each 100 ng) transcriptionally activated the 

Figure 1. A novel KLF13 variation responsible for familial congenital heart defects. Panel (A) exhibits the heterozygous 
KLF13 variation from the proband (mutant) as well as its homozygous wild-type control from a healthy individual (wild 
type). A rectangle marks three adjacent nucleotides constituting a genetic codon, with an arrow pointing to the homozygous 
nucleotides of G/G (wild type) or the heterozygous nucleotides of T/G (mutant). Panel (B) displays the structural domains of 
the KLF13 proteins. NH2, amino-terminus; TAD, transcriptional activation domain; TID, transcriptional inhibitory domain; 
NLS, nuclear location signal; Zn, Zinc finger; COOH, carboxyl-terminus. Panel (C) shows the pedigree affected with con-
genital heart defects. Pedigree members are recognized by generations and numbers. Squares represent male family member; 
circles, female members; open symbols, unaffected members; closed symbols, affected members; a symbol with a slash, a 
deceased member; an arrow pointing to a closed square, an index patient; “+”, a carrier of the heterogeneous KLF13 variation; 
“–”, a noncarrier.

Table II. Phenotypic characteristics and KLF13 mutation status of the pedigree members with congenital heart defects.

Individual (Family 1)	 Gender	 Age (years)	 Cardiac phenotype	 KLF13 mutation (c.370G>T)

I-1	 M	 53*	 VSD, DORV	 NA
II-1	 M	 34	 VSD, DORV	 +/–
II-5	 M	 29	 VSD, DORV	 +/–
II-8	 F	 27	 VSD, DORV	 +/–
III-1	 F	 9	 VSD, DORV	 +/–
III-6	 M	 1	 VSD, DORV	 +/–

DORV = double-outlet right ventricle; F = female; M = male; NA = not available; VSD = ventricular septal defect; +/– = 
heterozygote. *Age at death.
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ACTC1 promoter by ~10 fold and ~1 fold, respec-
tively (wild type versus variant: t = 9.59037, p = 
0.00066). When the wild-type and Glu124*-mu-
tant KLF13 expression plasmids (each 50 ng) 
were used in combination, the induced transcrip-
tional activity was ~5-fold (wild type plus empty 
plasmid versus wild type plus variant: t = 4.31373, 
p = 0.01251).

Disrupted Synergistic Activation Between 
KLF13 Variant and GATA4 as Well 
as GATA6

As shown in Figure 3, wild-type and 
Glu124*-mutant KLF13 activated the ANP pro-
moter by ~12 fold and ~1 fold, respectively (wild 
type versus variant: t = 11.0218, p = 0.00039). In 
the presence of wild-type GATA4, wild-type and 
Glu124*-mutant KLF13 transcriptionally activat-

ed the ANP promoter by ~53 fold and ~7 fold, re-
spectively (wild type versus variant: t = 16.0378, p 
= 0.00009); while in combination with wild-type 
GATA6, wild-type and Glu124*-mutant KLF13 
transactivated the ANP promoter by ~46 fold and 
~2 fold, respectively (wild type versus variant: t = 
17.6344, p = 0.00006).

Discussion

In the present investigation, a three-generation 
Chinese family with CHD transmitted as an auto-
somal dominant trait was recruited. By WES and 
bioinformatics analyses of the family members, 
a novel heterozygous mutation, NM_015995.3: 
c.370G>T; p.(Glu124*), was identified in the KLF13 
gene. Genetic analysis of the whole pedigree 

Table III. Demographic and baseline clinical features of the study patients with congenital heart defects (n = 236).

Variable	 n or mean ± SD	 % or range

Demographics
  Male	 138	 58
  Age (years)	 5 ± 3	 1-10
Positive family history of CHD	 37	 16
Distribution of distinct types of CHD
  Isolated CHD	 125	 53
    VSD	 35	 15
    ASD	 30	 13
PDA	 22	 9
DORV	 11	 5
TGA	 8	 3
PS	 6	 3
AS	 5	 2
PTA	 3	 1
IAA	 3	 1
CoA	 2	 1
Complex CHD	 111	 47
TOF	 32	 14
DORV + VSD	 27	 11
    VSD + PDA	 16	 7
    VSD + ASD	 12	 5
ASD + PDA	 11	 5
PTA + VSD	 8	 3
TOF + ASD	 3	 1
TGA + VSD	 2	 1
Incidence of arrhythmias	
  Atrial fibrillation	 29	 12
  Atrioventricular block	 14	 6
Treatment
Surgical repair	 139	 59
Catheter-based closure	 71	 30
Follow-up	 26	 11

Data are presented as mean with standard deviations, number, or percentage.
AS = aortic stenosis; ASD = atrial septal defect; CHD = congenital heart defects; DORV = double-outlet right ventricle; IAA 
= interrupted aortic arch; PDA = patent ductus arteriosus; PS = pulmonary stenosis; PTA = persistent truncus arteriosus; SD 
= standard deviations; TGA = transposition of the great arteries; TOF = tetralogy of Fallot; VSD = ventricular septal defect.
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showed that the mutation co-segregated with CHD, 
with complete penetrance. The mutation was nei-
ther observed in 312 unrelated healthy individuals 
nor found in such population genetics databases as 
the Single Nucleotide Polymorphism database, the 
1000 Genomes Project database and the Genome 
Aggregation Database. Biological assays revealed 
that Glu124*-mutant KLF13 lost transcriptional 
activity on the promoters of ACTC1 and ANP. Fur-
thermore, the mutation abolished the synergistic 
transcriptional activation between KLF13 and GA-
TA4, as well as GATA6, two other well-established 
CHD-causing genes. These findings strongly indi-
cate that genetically defective KLF13 contributes 
to CHD in the family.

In humans, KLF13 maps on chromosome 
15q13.3, coding for Kruppel-like factor 13 
(KLF13), a protein with 288 amino acids. The 
KLF13 protein possesses four functionally import-
ant structural domains, including a transcriptional 
activation domain (TAD; amino acids 1-35), which 
is responsible for transactivation of target genes; 
a transcriptional inhibition domain (TID; amino 
acids 67-168), which is required for transcriptional 
inhibition of target genes; and two nuclear localiza-
tion signal (NLS) domains, including NLS1 (ami-
no acids 147-168) and NLS2 (amino acids 168-250) 
with three zinc-finger (Zn) motifs, of which NLS1 
serves for nuclear localization, while NLS2 func-
tions to bind target promoter DNAs and interact 
with other transcriptional cooperative partners76. 
Previous investigations75,77,78 have corroborated 
that KLF13 as a cardiac core transcriptional fac-
tor plays a key role in cardiovascular development. 
During embryogenesis, KLF13 is highly expressed 
in the heart, where it transcriptionally mediates the 
expression of many target genes, including ANP, 
BNP, ACTC1, and VEGFA, singly or in synergy with 
GATA4, GATA6, and TBX575,77, and mutations in 
KLF13 and its target genes ACTC1 and VEGF, as 
well as its cooperative partners GATA4, GATA6, 
and TBX5 have been causally linked to CHD78-86. 
In the current research, the mutation identified in 
patients with familial CHD was predicted to create 
a truncated KLF13 protein lacking most functional 
domains, and functional studies demonstrated that 
the mutant KLF13 protein failed to transactivate 
its target genes. Furthermore, the mutation ab-
rogated the synergistic transactivation between 
KLF13 and GATA4, as well as GATA6. These 
results indicate that KLF13 haploinsufficiency is 
an alternative molecular mechanism of CHD in a 
subset of cases.

Figure 3. Abrogated synergistic activation between KLF13 variant and GATA4 as well as GATA6. The synergistic transcrip-
tional activation of the promoter of atrial natriuretic peptide in cultivated NIH 3T3 cells by KLF13 and GATA4 as well as GA-
TA5 was nullified by the Glu124* variation. For each plasmid, cellular transfection experiments were performed in triplicates, 
with means and standard deviations given. Here a, b and c indicate p <0.0005, p <0.0001 and p <0.0001, respectively, when 
compared with their wild-type counterparts.

Figure 2. Functional loss of KLF13 resulted from the vari-
ation. Activation of α actin promoter-driven luciferase in 
cultivated NIH 3T3 cells by wild-type or Glu124*-mutant 
KLF13, alone or together, showed that the Glu124*-mutant 
KLF13 protein had no transcriptional activity. For each 
plasmid, cellular transfection experiments were conducted 
in triplicates and the resultant data are expressed as means 
together with standard deviations. Here ## and # indicate 
p <0.001 and p <0.013, respectively, when compared with 
wild-type KLF13.
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It may be attributed to abnormal cardiovascu-
lar morphogenesis that KLF13 loss-of-function 
mutation contributes to CHD. In xenopus, KLF13 
is expressed predominantly in the heart during 
embryonic genesis, and knockdown of Klf13 in 
developing embryos leads to atrial septal defects 
and hypotrabeculation, similar to those observed 
in humans or mice with hypomorphic Gata4 al-
leles75. In mice, KLF13 is widely expressed at 
all embryo stages, and is highly expressed in the 
developing heart87. A spatiotemporal analysis of 
KLF13 expression in murine hearts revealed that 
the earliest sign of expression appeared at E9.5, 
subsequently with high levels of expression in 
the atrial myocardium, ventricular trabeculae, 
atrioventricular cushions and truncus arteriosus, 
which was then downregulated in the postnatal 
heart75. Mice with homozygous deletion of Klf13 
alleles had enlarged hearts and an increased sus-
ceptibility to cardiac vacuolar lesions and embry-
onic death88. Whereas mice with heterozygous 
knockout of Klf13 showed no detectable cardiac 
defects, compound haploinsufficiency of Klf13 
and Tbx5 significantly decreased the postnatal vi-
ability and increased the penetrance of Tbx5-de-
pendent cardiac septal defects75. Taken collective-
ly, these experimental results suggest that geneti-
cally compromised KLF13 enhances the suscepti-
bility to CHD in humans.

Notably, previous investigations have impli-
cated KLF13 mutations with sporadic CHD. Li et 
al78 analyzed KLF13 in 309 unrelated CHD pa-
tients by targeted sequencing and found two het-
erozygous variants, c.467G > A (Ser156Asn) and 
c.487C > T (Pro163Ser), in two sporadic CHD 
patients, respectively. The c.467G > A mutation 
carrier presented with VSD, tricuspid valve atre-
sia, and atrial septal defect, while the c.487C > T 
mutation carrier presented with transposition of 
the great arteries. Functional deciphers showed 
that the variant Ser156Asn had increased protein 
expression and enhanced transactivation func-
tion, whereas the other variant Pro163Ser inhibit-
ed the transcriptional activity on downstream tar-
get genes78. Consistent with these observational 
results, heterozygous microdeletion and duplica-
tion of the human chromosomal region harboring 
KLF13 (15q13.3) have been associated with a wide 
range of cardiac defects89,90. In the present study, a 
novel KLF13 mutation, c.370G>T (Glu124*), was 
identified to contribute to familial CHD, includ-
ing DORV and VSD, hence expanding the pheno-
typic spectrum linked to KLF13 mutations. Nota-
bly, the current study for the first time implicates 

KLF13 loss-of-function mutation with familial 
CHD, and firstly implicates KLF13 loss-of-func-
tion mutation with DORV.

Conclusions

In summary, this investigation firstly links 
KLF13 loss-of-function mutation to familial 
CHD, especially to DORV for the first time, pro-
viding novel insight into the molecular pathogen-
esis of CHD and implying potential implications 
for genetic counseling and improved personalized 
prophylaxis of CHD patients.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Funding Acknowledgments
This work was financially supported by the grants from the 
National Natural Science Foundation of China (81641014), 
the Natural Science Foundation of Shanghai, China 
(16ZR1432500), and the Natural Science Foundation of 
Ningbo, Zhejiang Province, China (2018A610388).

References

  1)	 Russell MW, Chung WK, Kaltman JR, Miller TA. Ad-
vances in the understanding of the genetic de-
terminants of congenital heart disease and their 
impact on clinical outcomes. J Am Heart Assoc 
2018; 7: e006906.

  2)	 Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, 
Callaway CW, Carson AP, Chamberlain AM, Chang 
AR, Cheng S, Das SR, Delling FN, Djousse L, Elkind 
MSV, Ferguson JF, Fornage M, Jordan LC, Khan SS, 
Kissela BM, Knutson KL, Kwan TW, Lackland DT, Lew-
is TT, Lichtman JH, Longenecker CT, Loop MS, Lutsey 
PL, Martin SS, Matsushita K, Moran AE, Mussolino 
ME, O’Flaherty M, Pandey A, Perak AM, Rosamond 
WD, Roth GA, Sampson UKA, Satou GM, Schroeder 
EB, Shah SH, Spartano NL, Stokes A, Tirschwell DL, 
Tsao CW, Turakhia MP, VanWagner LB, Wilkins JT, 
Wong SS, Virani SS; American Heart Association 
Council on Epidemiology and Prevention Statis-
tics Committee and Stroke Statistics Subcom-
mittee. Heart disease and stroke statistics–2019 
update: A report from the American Heart Associ-
ation. Circulation 2019; 139: e56-e528.

  3)	 Raj M, Sudhakar A, Roy R, Champaneri B, Sudevan R, 
Kabali C, Kumar RK. Health-related quality of life 
(HRQOL) in children and adolescents with con-
genital heart disease: a cross-sectional survey 
from South India. BMJ Paediatr Open 2019; 3: 
e000377.



KLF13 variation contributes to congenital heart defects

11281

  4)	 Boukovala M, Müller J, Ewert P, Hager A. Effects of 
congenital heart disease treatment on quality of 
life. Am J Cardiol 2019; 123: 1163-1168.

  5)	 Ladak LA, Hasan BS, Gullick J, Awais K, Abdullah A, 
Gallagher R. Health-related quality of life in sur-
gical children and adolescents with congenital 
heart disease compared with their age-matched 
healthy sibling: a cross-sectional study from a 
lower middle-income country, Pakistan. Arch Dis 
Child 2019; 104: 419-425.

  6)	 Amedro P, Gavotto A, Legendre A, Lavastre K, Bredy 
C, De La Villeon G, Matecki S, Vandenberghe D, Lade-
veze M, Bajolle F, Bosser G, Bouvaist H, Brosset P, 
Cohen L, Cohen S, Corone S, Dauphin C, Dulac Y, 
Hascoet S, Iriart X, Ladouceur M, Mace L, Neagu 
OA, Ovaert C, Picot MC, Poirette L, Sidney F, Soulli-
er C, Thambo JB, Combes N, Bonnet D, Guillaumont 
S. Impact of a centre and home-based cardiac re-
habilitation program on the quality of life of teen-
agers and young adults with congenital heart dis-
ease: The QUALI-REHAB study rationale, design 
and methods. Int J Cardiol 2019; 283: 112-118.

  7)	 Abassi H, Gavotto A, Picot MC, Bertet H, Matecki 
S, Guillaumont S, Moniotte S, Auquier P, Moreau J, 
Amedro P. Impaired pulmonary function and its as-
sociation with clinical outcomes, exercise capac-
ity and quality of life in children with congenital 
heart disease. Int J Cardiol 2019; 285: 86-92.

  8)	 Connor B, Osborne W, Peir G, Smith M, John A. Fac-
tors associated with increased exercise in adults 
with congenital heart disease. Am J Cardiol 2019; 
124: 947-951.

  9)	 Das BB, Young ML, Niu J, Mendoza LE, Chan KC, 
Roth T. Relation between New York Heart Asso-
ciation functional class and objective measures of 
cardiopulmonary exercise in adults with congenital 
heart disease. Am J Cardiol 2019; 123: 1868-1873.

10)	 Meyer M, Brudy L, García-Cuenllas L, Hager A, Ewert 
P, Oberhoffer R, Müller J. Current state of home-
based exercise interventions in patients with con-
genital heart disease: A systematic review. Heart 
2020; 106: 333-341.

11)	 Peyvandi S, Chau V, Guo T, Xu D, Glass HC, Synnes 
A, Poskitt K, Barkovich AJ, Miller SP, McQuillen PS. 
Neonatal brain injury and timing of neurodevelop-
mental assessment in patients with congenital heart 
disease. J Am Coll Cardiol 2018; 71: 1986-1996.

12)	 Khanna AD, Duca LM, Kay JD, Shore J, Kelly SL, Crume 
T. Prevalence of mental illness in adolescents and 
adults with congenital heart disease from the Col-
orado Congenital Heart Defect Surveillance Sys-
tem. Am J Cardiol 2019; 124: 618-626.

13)	 Kessler N, Feldmann M, Schlosser L, Rometsch S, 
Brugger P, Kottke R, Knirsch W, Oxenius A, Greut-
mann M, Latal B. Structural brain abnormalities in 
adults with congenital heart disease: prevalence 
and association with estimated intelligence quo-
tient. Int J Cardiol 2020; 306: 61-66.

14)	 Peyvandi S, Latal B, Miller SP, McQuillen PS. The 
neonatal brain in critical congenital heart disease: 
insights and future directions. Neuroimage 2019; 
185: 776-782.

15)	 Pedersen MGB, Olsen MS, Schmidt M, Johnsen SP, 
Learn C, Laursen HB, Madsen NL. Ischemic stroke 
in adults with congenital heart disease: A popula-
tion-based cohort study. J Am Heart Assoc 2019; 
8: e011870.

16)	 Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, 
Callaway CW, Carson AP, Chamberlain AM, Chang 
AR, Cheng S, Delling FN, Djousse L, Elkind MSV, 
Ferguson JF, Fornage M, Khan SS, Kissela BM, Knut-
son KL, Kwan TW, Lackland DT, Lewis TT, Lichtman 
JH, Longenecker CT, Loop MS, Lutsey PL, Martin 
SS, Matsushita K, Moran AE, Mussolino ME, Perak 
AM, Rosamond WD, Roth GA, Sampson UKA, Satou 
GM, Schroeder EB, Shah SH, Shay CM, Spartano 
NL, Stokes A, Tirschwell DL, VanWagner LB, Tsao 
CW; American Heart Association Council on Ep-
idemiology and Prevention Statistics Committee 
and Stroke Statistics Subcommittee. Heart dis-
ease and stroke statistics-2020 update: a report 
from the American Heart Association. Circulation 
2020; 141: e139-e596.

17)	 Giang KW, Mandalenakis Z, Dellborg M, Lappas G, 
Eriksson P, Hansson PO, Rosengren A. Long-term risk 
of hemorrhagic stroke in young patients with con-
genital heart disease. Stroke 2018; 49: 1155-1162.

18)	 Favoccia C, Constantine AH, Wort SJ, Dimopoulos 
K. Eisenmenger syndrome and other types of 
pulmonary arterial hypertension related to adult 
congenital heart disease. Expert Rev Cardiovasc 
Ther 2019; 17: 449-459.

19)	 Dimopoulos K, Condliffe R, Tulloh RMR, Clift P, 
Alonso-Gonzalez R, Bedair R, Chung NAY, Coghlan 
G, Fitzsimmons S, Frigiola A, Howard LS, Jenkins P, 
Kenny D, Li W, MacDonald ST, McCabe C, Oliver 
JJ, Spence MS, Szantho GV, von Klemperer K, Wil-
son DG, Wort SJ; CHAMPION Steering Commit-
tee. Echocardiographic screening for pulmonary 
hypertension in congenital heart disease: JACC 
review topic of the week. J Am Coll Cardiol 2018; 
72: 2778-2788.

20)	 Constantine A, Dimopoulos K, Opotowsky AR. Con-
genital heart disease and pulmonary hyperten-
sion. Cardiol Clin 2020; 38: 445-456.

21)	 Jortveit J, Klcovansky J, Eskedal L, Birkeland S, 
Døhlen G, Holmstrøm H. Endocarditis in children 
and adolescents with congenital heart defects: 
A Norwegian nationwide register-based cohort 
study. Arch Dis Child 2018; 103: 670-674.

22)	 Cahill TJ, Jewell PD, Denne L, Franklin RC, Frigio-
la A, Orchard E, Prendergast BD. Contemporary 
epidemiology of infective endocarditis in patients 
with congenital heart disease: a UK prospective 
study. Am Heart J 2019; 215: 70-77.

23)	 Di Filippo S. Clinical outcomes for congenital heart 
disease patients presenting with infective endo-
carditis. Expert Rev Cardiovasc Ther 2020; 18: 
331-342.

24)	 Givertz MM, DeFilippis EM, Landzberg MJ, Pinney SP, 
Woods RK, Valente AM. Advanced heart failure 
therapies for adults with congenital heart disease: 
JACC state-of-the-art review. J Am Coll Cardiol 
2019; 74: 2295-2312.



S.-S. Wang, T.-M. Wang, X.-H. Qiao, R.-T. Huang, S. Xue, B.-B. Dong, Y.-J. Xu, X.-Y. Liu, Y.-Q. Yang

11282

25)	 Zhou XJ, Zhang X, Zhang J, Zhou L, Zhou TT, Zhang 
JW. Diagnostic value of growth differentiation fac-
tor-15 and β2-microglobulin in children with con-
genital heart disease combined with chronic heart 
failure and its relationship with cardiac function. 
Eur Rev Med Pharmacol Sci 2020; 24: 8096-8103.

26)	 Xie J, Yu QG, Yang LL, Sun YY. Kallistatin alleviates 
heart failure in rats by inhibiting myocardial in-
flammation and apoptosis via regulating sirt1. Eur 
Rev Med Pharmacol Sci 2020; 24: 6390-6399.

27)	 Burchill LJ, Lee MGY, Nguyen VP, Stout KK. Heart 
failure in adult congenital heart disease. Cardiol 
Clin 2020; 38: 457-469.

28)	 Menachem JN, Schlendorf KH, Mazurek JA, Bichell 
DP, Brinkley DM, Frischhertz BP, Mettler BA, Shah 
AS, Zalawadiya S, Book W, Lindenfeld J. Advanced 
heart failure in adults with congenital heart dis-
ease. JACC Heart Fail 2020; 8: 87-99.

29)	 Sakhi R, Kauling RM, Theuns DA, Szili-Torok T, 
Bhagwandien RE, van den Bosch AE, Cuypers JAAE, 
Roos-Hesselink JW, Yap SC. Early detection of ven-
tricular arrhythmias in adults with congenital heart 
disease using an insertable cardiac monitor (ED-
VA-CHD study). Int J Cardiol 2020; 305: 63-69.

30)	 Fuchs SR, Smith AH, Van Driest SL, Crum KF, Ed-
wards TL, Kannankeril PJ. Incidence and effect of 
early postoperative ventricular arrhythmias after 
congenital heart surgery. Heart Rhythm 2019; 16: 
710-716.

31)	 Kline J, Costantini O. Arrhythmias in congenital 
heart disease. Med Clin North Am 2019; 103: 945-
956.

32)	 Moore B, Yu C, Kotchetkova I, Cordina R, Celermajer 
DS. Incidence and clinical characteristics of sud-
den cardiac death in adult congenital heart dis-
ease. Int J Cardiol 2018; 254: 101-106.

33)	 Lynge TH, Jeppesen AG, Winkel BG, Glinge C, Schmidt 
MR, Søndergaard L, Risgaard B, Tfelt-Hansen J. Na-
tionwide study of sudden cardiac death in people 
with congenital heart defects aged 0 to 35 years. 
Circ Arrhythm Electrophysiol 2018; 11: e005757.

34)	 Goldstein SA, D’Ottavio A, Spears T, Chiswell K, Hart-
man RJ, Krasuski RA, Kemper AR, Meyer RE, Hoffman 
TM, Walsh MJ, Sang CJ, Paolillo J, Li JS. Causes of 
death and cardiovascular comorbidities in adults 
with congenital heart disease. J Am Heart Assoc 
2020; 9: e016400.

35)	 Bouma BJ, Mulder BJ. Changing landscape of con-
genital heart disease. Circ Res 2017; 120: 908-922.

36)	 Schlichting LE, Insaf TZ, Zaidi AN, Lui GK, Van 
Zutphen AR. Maternal comorbidities and compli-
cations of delivery in pregnant women with con-
genital heart disease. J Am Coll Cardiol 2019; 73: 
2181-2191.

37)	 Dimopoulos K, Muthiah K, Alonso-Gonzalez R, Ban-
ner NR, Wort SJ, Swan L, Constantine AH, Gatzou-
lis MA, Diller GP, Kempny A. Heart or heart-lung 
transplantation for patients with congenital heart 
disease in England. Heart 2019; 105: 596-602.

38)	 Spector LG, Menk JS, Knight JH, McCracken C, Thom-
as AS, Vinocur JM, Oster ME, St Louis JD, Moller 

JH, Kochilas L. Trends in long-term mortality after 
congenital heart surgery. J Am Coll Cardiol 2018; 
71: 2434-2446.

39)	 Raissadati A, Haukka J, Pätilä T, Nieminen H, Jokin-
en E. Chronic disease burden after congenital 
heart surgery: A 47-year population-based study 
with 99% follow-up. J Am Heart Assoc 2020; 9: 
e015354.

40)	 Chan J, Collins RT II, Hall M, John A. Resource 
utilization among adult congenital heart failure 
admissions in pediatric hospitals. Am J Cardiol 
2019; 123: 839-846.

41)	 Lee VWY, Yan BP, Fong TMC, Fung AKP, Cheng 
FWT. Long-term health-related burden of adult 
congenital heart diseases in Hong Kong. J Med 
Econ 2019; 22: 814-817.

42)	 Saliba A, Figueiredo ACV, Baroneza JE, Afiune JY, 
Pic-Taylor A, Oliveira SF, Mazzeu JF. Genetic and 
genomics in congenital heart disease: a clinical 
review. J Pediatr (Rio J) 2020; 96: 279-288.

43)	 Shabana NA, Shahid SU, Irfan U. Genetic contribu-
tion to congenital heart disease (CHD). Pediatr 
Cardiol 2020; 41: 12-23.

44)	 Pierpont ME, Brueckner M, Chung WK, Garg V, 
Lacro RV, McGuire AL, Mital S, Priest JR, Pu WT, 
Roberts A, Ware SM, Gelb BD, Russell MW; Ameri-
can Heart Association Council on Cardiovascular 
Disease in the Young; Council on Cardiovascular 
and Stroke Nursing; and Council on Genomic and 
Precision Medicine. Genetic basis for congenital 
heart disease: revisited: a scientific statement 
from the American Heart Association. Circulation 
2018; 138: e653-e711.

45)	 Peng J, Meng Z, Zhou S, Zhou Y, Wu Y, Wang Q, 
Wang J, Sun K. The non-genetic paternal factors 
for congenital heart defects: A systematic review 
and meta-analysis. Clin Cardiol 2019; 42: 684-
691.

46)	 Patel SS, Burns TL. Nongenetic risk factors and 
congenital heart defects. Pediatr Cardiol 2013; 
34: 1535-1555.

47)	 Zhao Y, Diacou A, Johnston HR, Musfee FI, McDon-
ald-McGinn DM, McGinn D, Crowley TB, Repet-
to GM, Swillen A, Breckpot J, Vermeesch JR, Kates 
WR, Digilio MC, Unolt M, Marino B, Pontillo M, 
Armando M, Di Fabio F, Vicari S, van den Bree M, 
Moss H, Owen MJ, Murphy KC, Murphy CM, Murphy 
D, Schoch K, Shashi V, Tassone F, Simon TJ, Shprint-
zen RJ, Campbell L, Philip N, Heine-Suñer D, García-
Miñaúr S, Fernández L; International 22q11.2 Brain 
and Behavior Consortium, Bearden CE, Vingerhoets 
C, van Amelsvoort T, Eliez S, Schneider M, Vorst-
man JAS, Gothelf D, Zackai E, Agopian AJ, Gur RE, 
Bassett AS, Emanuel BS, Goldmuntz E, Mitchell LE, 
Wang T, Morrow BE. Complete sequence of the 
22q11.2 allele in 1,053 subjects with 22q11.2 de-
letion syndrome reveals modifiers of conotruncal 
heart defects. Am J Hum Genet 2020; 106: 26-40.

48)	 Szot JO, Campagnolo C, Cao Y, Iyer KR, Cuny H, 
Drysdale T, Flores-Daboub JA, Bi W, Westerfield L, Liu 
P, Leung TN, Choy KW, Chapman G, Xiao R, Siu VM, 
Dunwoodie SL. Bi-allelic mutations in NADSYN1 



KLF13 variation contributes to congenital heart defects

11283

cause multiple organ defects and expand the ge-
notypic spectrum of congenital NAD deficiency 
disorders. Am J Hum Genet 2020; 106: 129-136.

49)	 Sevim Bayrak C, Zhang P, Tristani-Firouzi M, Gelb BD 
and Itan Y: De novo variants in exomes of congen-
ital heart disease patients identify risk genes and 
pathways. Genome Med 2020; 12: 9.

50)	 Alankarage D, Szot JO, Pachter N, Slavotinek A, Sell-
eri L, Shieh JT, Winlaw D, Giannoulatou E, Chapman 
G, Dunwoodie SL. Functional characterization of a 
novel PBX1 de novo missense variant identified 
in a patient with syndromic congenital heart dis-
ease. Hum Mol Genet 2020; 29: 1068-1082.

51)	 Morton SU, Agarwal R, Madden JA, Genetti CA, 
Brownstein CA, López-Giráldez F, Choi J, Seidman 
CE, Seidman JG, Lyon GJ, Agrawal PB. Congenital 
heart defects due to TAF1 missense variants. Circ 
Genom Precis Med 2020; 13: e002843.

52)	 Carlus SJ, Almuzaini IS, Karthikeyan M, Loganathan 
L, Al-Harbi GS, Carlus FH, Al-Mazroea AH, Morsy 
MM, Abo-Haded HM, Abdallah AM, Al-Harbi KM. A 
novel homozygous TPM1 mutation in familial pe-
diatric hypertrophic cardiomyopathy and in silico 
screening of potential targeting drugs. Eur Rev 
Med Pharmacol Sci 2020; 24: 7732-7744.

53)	 Lin JI, Feinstein TN, Jha A, McCleary JT, Xu J, Arrigo 
AB, Rong G, Maclay LM, Ridge T, Xu X, Lo CW. Mu-
tation of LRP1 in cardiac neural crest cells caus-
es congenital heart defects by perturbing outflow 
lengthening. Commun Biol 2020; 3: 312.

54)	 Sun K, Zhou S, Wang Q, Meng Z, Peng J, Zhou Y, 
Song W, Wang J, Chen S. Mutations in fibroblast 
growth factor (FGF8) and FGF10 identified in 
patients with conotruncal defects. J Transl Med 
2020; 18: 283.

55)	 Sutani A, Shima H, Hijikata A, Hosokawa S, Ka-
toh-Fukui Y, Takasawa K, Suzuki E, Doi S, Shirai T, 
Morio T, Fukami M, Kashimada K. WDR11 is another 
causative gene for coloboma, cardiac anomaly 
and growth retardation in 10q26 deletion syn-
drome. Eur J Med Genet 2020; 63: 103626.

56)	 Giliberti A, Currò A, Papa FT, Frullanti E, Ariani F, 
Coriolani G, Grosso S, Renieri A, Mari F. MEIS2 
gene is responsible for intellectual disability, car-
diac defects and a distinct facial phenotype. Eur J 
Med Genet. 2020; 63: 103627.

57)	 Marek-Yagel D, Bolkier Y, Barel O, Vardi A, Misha-
li D, Katz U, Salem Y, Abudi S, Nayshool O, Kol N, 
Raas-Rothschild A, Rechavi G, Anikster Y, Pode-Shakked 
B. A founder truncating variant in GDF1 causes 
autosomal-recessive right isomerism and associ-
ated congenital heart defects in multiplex Arab kin-
dreds. Am J Med Genet A 2020; 182: 987-993.

58)	 Kalayinia S, Maleki M, Mahdavi M, Mahdieh N. A nov-
el de novo dominant mutation of NOTCH1 gene in 
an Iranian family with non-syndromic congenital 
heart disease. J Clin Lab Anal 2020; 34: e23147.

59)	 Accogli A, Calabretta S, St-Onge J, Boudrahem-Ad-
dour N, Dionne-Laporte A, Joset P, Azzarello-Burri 
S, Rauch A, Krier J, Fieg E, Pallais JC; Undiagnosed 
Diseases Network, McConkie-Rosell A, McDonald M, 
Freedman SF, Rivière JB, Lafond-Lapalme J, Simpson 

BN, Hopkin RJ, Trimouille A, Van-Gils J, Begtrup A, 
McWalter K, Delphine H, Keren B, Genevieve D, Ar-
gilli E, Sherr EH, Severino M, Rouleau GA, Yam PT, 
Charron F, Srour M. De novo pathogenic variants 
in N-cadherin cause a syndromic neurodevelop-
mental disorder with corpus collosum, axon, car-
diac, ocular, and genital defects. Am J Hum Genet 
2019; 105: 854-868.

60)	 Niihori T, Nagai K, Fujita A, Ohashi H, Okamoto N, 
Okada S, Harada A, Kihara H, Arbogast T, Funayama 
R, Shirota M, Nakayama K, Abe T, Inoue SI, Tsai IC, 
Matsumoto N, Davis EE, Katsanis N, Aoki Y. Germ-
line-activating RRAS2 mutations cause Noonan 
syndrome. Am J Hum Genet 2019; 104: 1233-1240.

61)	 Capri Y, Flex E, Krumbach OHF, Carpentieri G, Cec-
chetti S, Lissewski C, Rezaei Adariani S, Schanze D, 
Brinkmann J, Piard J, Pantaleoni F, Lepri FR, Goh ES, 
Chong K, Stieglitz E, Meyer J, Kuechler A, Bramswig 
NC, Sacharow S, Strullu M, Vial Y, Vignal C, Ken-
sah G, Cuturilo G, Kazemein Jasemi NS, Dvorsky R, 
Monaghan KG, Vincent LM, Cavé H, Verloes A, Ah-
madian MR, Tartaglia M, Zenker M. Activating muta-
tions of RRAS2 are a rare cause of Noonan syn-
drome. Am J Hum Genet 2019; 104: 1223-1232.

62)	 Watkins WS, Hernandez EJ, Wesolowski S, Bisgrove 
BW, Sunderland RT, Lin E, Lemmon G, Demarest BL, 
Miller TA, Bernstein D, Brueckner M, Chung WK, 
Gelb BD, Goldmuntz E, Newburger JW, Seidman CE, 
Shen Y, Yost HJ, Yandell M, Tristani-Firouzi M. De 
novo and recessive forms of congenital heart dis-
ease have distinct genetic and phenotypic land-
scapes. Nat Commun 2019; 10: 4722.

63)	 Alankarage D, Ip E, Szot JO, Munro J, Blue GM, 
Harrison K, Cuny H, Enriquez A, Troup M, Humphreys 
DT, Wilson M, Harvey RP, Sholler GF, Graham RM, 
Ho JWK, Kirk EP, Pachter N, Chapman G, Winlaw 
DS, Giannoulatou E, Dunwoodie SL. Identification 
of clinically actionable variants from genome se-
quencing of families with congenital heart dis-
ease. Genet Med 2019; 21: 1111-1120.

64)	 Gao X, Zheng P, Yang L, Luo H, Zhang C, Qiu Y, 
Huang G, Sheng W, Ma X, Lu C. Association of 
functional variant in GDF1 promoter with risk of 
congenital heart disease and its regulation by 
Nkx2.5. Clin Sci (Lond) 2019; 133: 1281-1295.

65)	 Verheije R, Kupchik GS, Isidor B, Kroes HY, Lynch SA, 
Hawkes L, Hempel M, Gelb BD, Ghoumid J, D’Amours 
G, Chandler K, Dubourg C, Loddo S, Tümer Z, Shaw-
Smith C, Nizon M, Shevell M, Van Hoof E, Anyane-Ye-
boa K, Cerbone G, Clayton-Smith J, Cogné B, Corre P, 
Corveleyn A, De Borre M, Hjortshøj TD, Fradin M, 
Gewillig M, Goldmuntz E, Hens G, Lemyre E, Journel 
H, Kini U, Kortüm F, Le Caignec C, Novelli A, Odent 
S, Petit F, Revah-Politi A, Stong N, Strom TM, van 
Binsbergen E; DDD study, Devriendt K, Breckpot J. 
Heterozygous loss-of-function variants of MEIS2 
cause a triad of palatal defects, congenital heart 
defects, and intellectual disability. Eur J Hum 
Genet 2019; 27: 278-290.

66)	 Liu S, Chen W, Zhan Y, Li S, Ma X, Ma D, Sheng 
W, Huang G. DNAH11 variants and its association 
with congenital heart disease and heterotaxy syn-
drome. Sci Rep 2019; 9: 6683.



S.-S. Wang, T.-M. Wang, X.-H. Qiao, R.-T. Huang, S. Xue, B.-B. Dong, Y.-J. Xu, X.-Y. Liu, Y.-Q. Yang

11284

67)	 Zhu MJ, Ma XY, Ding PC, Tang HF, Peng R, Lu L, Li 
PQ, Qiao B, Yang XY, Zheng YF, Wang HY, Gao YQ, 
Chen FS. Novel mutations of AXIN2 identified in a 
Chinese congenital heart disease cohort. J Hum 
Genet 2019; 64: 427-435.

68)	 Wang J, Abhinav P, Xu YJ, Li RG, Zhang M, Qiu XB, 
Di RM, Qiao Q, Li XM, Huang RT, Xue S, Yang YQ. 
NR2F2 loss of function mutation is responsible 
for congenital bicuspid aortic valve. Int J Mol Med 
2019; 43: 1839-1846.

69)	 Ma L, Wang J, Li L, Qiao Q, Di RM, Li XM, Xu YJ, 
Zhang M, Li RG, Qiu XB, Li X, Yang YQ. ISL1 loss-
of-function mutation contributes to congenital 
heart defects. Heart Vessels 2019; 34: 658-668.

70)	 Li YJ, Yang YQ. An update on the molecular di-
agnosis of congenital heart disease: Focus on 
loss-of-function mutations. Expert Rev Mol Diagn 
2017; 17: 393-401.

71)	 Yuan F, Qiu ZH, Wang XH, Sun YM, Wang J, Li RG, 
Liu H, Zhang M, Shi HY, Zhao L, Jiang WF, Liu X, 
Qiu XB, Qu XK, Yang YQ. MEF2C loss-of-function 
mutation associated with familial dilated cardio-
myopathy. Clin Chem Lab Med 2018; 56: 502-511.

72)	 Xu YJ, Wang ZS, Yang CX, Di RM, Qiao Q, Li XM, Gu 
JN, Guo XJ, Yang YQ. Identification and functional 
characterization of an ISL1 mutation predisposing 
to dilated cardiomyopathy. J Cardiovasc Transl 
Res 2019; 12: 257-267.

73)	 Li RG, Xu YJ, Wang J, Liu XY, Yuan F, Huang RT, Xue 
S, Li L, Liu H, Li YJ, Qu XK, Shi HY, Zhang M, Qiu XB, 
Yang YQ. GATA4 loss-of-function mutation and the 
congenitally bicuspid aortic valve. Am J Cardiol 
2018; 121: 469-474.

74)	 Xu YJ, Di RM, Qiao Q, Li XM, Huang RT, Xue S, Liu 
XY, Wang J, Yang YQ. GATA6 loss-of-function mu-
tation contributes to congenital bicuspid aortic 
valve. Gene 2018; 663: 115-120.

75)	 Lavallée G, Andelfinger G, Nadeau M, Lefebvre C, 
Nemer G, Horb ME, Nemer M. The Kruppel-like 
transcription factor KLF13 is a novel regulator 
of heart development. EMBO J 2006; 25: 5201-
5213.

76)	 Song A, Patel A, Thamatrakoln K, Liu C, Feng D, 
Clayberger C, Krensky AM. Functional domains 
and DNA-binding sequences of RFLAT-1/
KLF13, a Krüppel-like transcription factor of ac-
tivated T lymphocytes. J Biol Chem 2002; 277: 
30055-30065.

77)	 Darwich R, Li W, Yamak A, Komati H, Andelfinger G, 
Sun K, Nemer M. KLF13 is a genetic modifier of the 
Holt-Oram syndrome gene TBX5. Hum Mol Genet 
2017; 26: 942-954.

78)	 Li W, Li B, Li T, Zhang E, Wang Q, Chen S, Sun K. 
Identification and analysis of KLF13 variants in 
patients with congenital heart disease. BMC Med 
Genet 2020; 21: 78.

79)	 Matsson H, Eason J, Bookwalter CS, Klar J, Gustavs-
son P, Sunnegårdh J, Enell H, Jonzon A, Vikkula M, 
Gutierrez I, Granados-Riveron J, Pope M, Bu’Lock F, 
Cox J, Robinson TE, Song F, Brook DJ, Marston S, 
Trybus KM, Dahl N. Alpha-cardiac actin mutations 

produce atrial septal defects. Hum Mol Genet 
2008; 17: 256-265.

80)	 Greenway SC, McLeod R, Hume S, Roslin NM, Alvarez 
N, Giuffre M, Zhan SH, Shen Y, Preuss C, Andelfin-
ger G; FORGE Canada Consortium, Jones SJ, Gerull 
B. Exome sequencing identifies a novel variant in 
ACTC1 associated with familial atrial septal de-
fect. Can J Cardiol 2014; 30: 181-187.

81)	 Zhao W, Wang J, Shen J, Sun K, Zhu J, Yu T, Ji W, 
Chen Y, Fu Q, Li F. Mutations in VEGFA are as-
sociated with congenital left ventricular outflow 
tract obstruction. Biochem Biophys Res Commun 
2010; 396: 483-488.

82)	 Garg V, Kathiriya IS, Barnes R, Schluterman MK, King 
IN, Butler CA, Rothrock CR, Eapen RS, Hirayama-Ya-
mada K, Joo K, Matsuoka R, Cohen JC, Srivastava D. 
GATA4 mutations cause human congenital heart 
defects and reveal an interaction with TBX5. Na-
ture 2003; 424: 443-447.

83)	 Dixit R, Narasimhan C, Balekundri VI, Agrawal D, Ku-
mar A, Mohapatra B. Functionally significant, novel 
GATA4 variants are frequently associated with te-
tralogy of fallot. Hum Mutat 2018; 39: 1957-1972.

84)	 Gharibeh L, Komati H, Bossé Y, Boodhwani M, Heydar-
pour M, Fortier M, Hassanzadeh R, Ngu J, Mathieu P, 
Body S, Nemer M; Bicuspid Aortic Valve Consor-
tium. GATA6 regulates aortic valve remodeling, 
and its haploinsufficiency leads to right-left type 
bicuspid aortic valve. Circulation 2018; 138: 1025-
1038.

85)	 Li QY, Newbury-Ecob RA, Terrett JA, Wilson DI, 
Curtis AR, Yi CH, Gebuhr T, Bullen PJ, Robson SC, 
Strachan T, Bonnet D, Lyonnet S, Young ID, Raeburn 
JA, Buckler AJ, Law DJ, Brook JD. Holt-Oram syn-
drome is caused by mutations in TBX5, a member 
of the Brachyury (T) gene family. Nat Genet 1997; 
15: 21-29.

86)	 Basson CT, Bachinsky DR, Lin RC, Levi T, Elkins JA, 
Soults J, Grayzel D, Kroumpouzou E, Traill TA, Leb-
lanc-Straceski J, Renault B, Kucherlapati R, Seidman 
JG, Seidman CE. Mutations in human TBX5 [cor-
rected] cause limb and cardiac malformation in 
Holt-Oram syndrome. Nat Genet 1997; 15: 30-35.

87)	 Martin KM, Metcalfe JC, Kemp PR. Expression of 
Klf9 and Klf13 in mouse development. Mech Dev 
2001; 103: 149-151.

88)	 Gordon AR, Outram SV, Keramatipour M, Goddard 
CA, Colledge WH, Metcalfe JC, Hager-Theodorides 
AL, Crompton T, Kemp PR. Splenomegaly and mod-
ified erythropoiesis in KLF13-/- mice. J Biol Chem 
2008; 283: 11897-11904.

89)	 van Bon BW, Mefford HC, Menten B, Koolen DA, 
Sharp AJ, Nillesen WM, Innis JW, de Ravel TJ, Mer-
cer CL, Fichera M, Stewart H, Connell LE, Ounap K, 
Lachlan K, Castle B, Van der Aa N, van Ravenswaaij 
C, Nobrega MA, Serra-Juhé C, Simonic I, de Leeuw N, 
Pfundt R, Bongers EM, Baker C, Finnemore P, Huang 
S, Maloney VK, Crolla JA, van Kalmthout M, Elia M, 
Vandeweyer G, Fryns JP, Janssens S, Foulds N, Reita-
no S, Smith K, Parkel S, Loeys B, Woods CG, Oostra 
A, Speleman F, Pereira AC, Kurg A, Willatt L, Knight 
SJ, Vermeesch JR, Romano C, Barber JC, Mortier G, 



KLF13 variation contributes to congenital heart defects

11285

Pérez-Jurado LA, Kooy F, Brunner HG, Eichler EE, 
Kleefstra T, de Vries BB. Further delineation of the 
15q13 microdeletion and duplication syndromes: 
a clinical spectrum varying from non-pathogenic 
to a severe outcome. J Med Genet 2009; 46: 511-
523.

90)	 Lowther C, Costain G, Stavropoulos DJ, Melvin R, Sil-
versides CK, Andrade DM, So J, Faghfoury H, Lionel 
AC, Marshall CR, Scherer SW, Bassett AS. Delineat-
ing the 15q13.3 microdeletion phenotype: a case 
series and comprehensive review of the literature. 
Genet Med 2015; 17: 149-157.


