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Abstract

Congenital Heart Disease (CHD) is the most common kind of birth defect. Congenital heart disease is the most common birth defect and the leading cause of death 
in newborns. The causes of CHD are complicated and involve both genes and the environment. Congenital heart disease includes problems with the septum, the valves, 
and the outfl ow tract. Correctional heart surgery and new strategies for managing CHD have massively enhanced life expectancy. 490 percent of CHD newborns who 
live through their fi rst year will become adults. Studies of the molecular genetics of humans and animal models of development are enhancing our understanding of 
normal heart development and cardiac diseases. A recent study demonstrates that microRNAs are implicated in congenital heart diseases. Epigenetic variables were 
eventually revealed to infl uence heart development. Several genes are responsible for congenital cardiac abnormalities as well as genetic disorders. This paper describes 
the categorization, environmental, and genetic causes of Coronary Heart Disease (CHD), the role of key CHD-causing genes, and potential options for preventing CHD.
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Introduction

Cardiac anatomical irregularities known as Congenital 
Heart Defects (CHDs) affect embryos and newborns. Congenital 
Heart Disease (CHD) is the most common birth abnormality, 
with estimates of its frequency ranging from 2-3 per 1000 
live births for clinically acute defects to 6 per 1000 for 
moderately severe CHD. These heart wall defects might have 
an impact on internal valves, the septum between the atria and 
ventricles, and signifi cant arteries and veins [1]. Congenital 
heart abnormalities (CHDs) account for about 30% of cardiac 
illnesses and, depending on their severity, have a signifi cant 
infant mortality rate [2]. Depending on the type of cardiac 
lesion, these defects might have mild to fatal symptoms. 
Poor weight gain, breathing problems, fainting, cyanosis, 
problems with limb development, respiratory infections, and 
other symptoms can occur [3]. The symptoms of CHDs can 
vary. These are collectively referred to as the “VACTERL” 

alliance. (V for vertebral malformations, A for anal atresia, C 
for cardiovascular problems, T for tracheoesophageal fi stula, 
E for esophageal atresia, R for renal (kidney) and/or radial 
anomalies, and L for limb deformities) [4].

The causes of CHD are complicated and include both 
hereditary and environmental factors. Several of the molecular 
networks that drive normal heart development and the 
morphogenetic events that are disrupted during cardiogenesis 
and lead to CHD are also being unraveled [5,6]. Infectious 
disorders and CHD were the leading causes of newborn and 
infant deaths before surgical intervention. In the United 
States, around 1%, i.e., 40,000 babies per year, are affected 
by congenital heart defects. 25% (1 in 4) of CHD babies suffer 
catastrophic CHD. 4.2% of newborn fatalities were caused by 
CHD. The predicted survival rate for infants with a non-critical 
CHD is approximately 95% until age 18. Hence, the number of 
individuals with CHDs is rising. Globally, about 2% - 10% of 
live births are believed to be affected by CHD [7]. 
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The late 1950s advent of corrective heart surgery and 
breakthroughs in CHD long-term management have greatly 
enhanced life expectancy. Since more than 90% of infants 
with CHD who survive the fi rst year of life continue into 
adulthood, clinical care has become more complicated because 
many patients now have late problems [8]. It has become clear 
that long-term clinical outcomes (including heart failure, 
arrhythmia, and aneurysm) vary across patients with the 
same type of CHD and between patients with different types of 
CHD [9-11]. Some have a simple clinical conclusion, whereas 
others are adversely affected by many late complications [12]. 
Based on medical records, it has been hard to fi gure out which 
patients are most likely to experience the most severe delayed 
complications. Since so many CHD patients have reached 
reproductive age, their offspring are also at risk [13].

Classifi cation of CHD’s

CHDs are typically categorized into two types: Isolated 
CHDs and complex CHDs, which are accompanied by other 
cardiac issues. They can be divided into cyanotic and acyanotic 
categories based on whether or not the affected infant turns 
blue. The 2002 “International Congenital Heart Surgery 
Nomenclature” divides CHDs into hypoplasia, obstruction, 
septal, and cyanotic defects [14]. Hypoplasia occurs when 
one side of the heart develops abnormally, preventing it from 
pumping blood. Depending on the affected side, it is called 
hypoplastic left or right heart syndrome. Hypoplasia symptoms 
include cyanosis. This rare CHD is the most dangerous. CHDs 
result from narrow or blocked heart valves, veins, or arteries. 
Aortic stenosis, aortic coarctation, and pulmonic stenosis are 
common, although subaortic and bicuspid aortic valve (BAV) 
stenoses are uncommon. Most blockages produce hypertension 
or heart hypertrophy [15]. In septal defects, the septum fails 
to develop between the atria (atrial septal defects [ASDs]) and 
the ventricles (ventricular septal defects [VSDs]). The most 
common CHDs are VSDs and ASDs [16]. Inadequate delivery 
of oxygen to the body’s tissues results in cyanosis, which is 
a bluish discoloration of the skin. Cyanotic defects include 
total atypical pulmonary venous connection, tricuspid atresia, 
chronic truncus arteriosus, tetralogy of Fallot (TOF), and 
transposition of the major arteries [17].

Environmental factors causing CHD 

CHD can be genetic or nongenetic. CHD is associated 
with environmental teratogens including PCBs, dioxins, and 
pesticides; maternal risk factors like alcohol consumption; 
febrile disorders in the fi rst trimester; and antibiotic usage 
during pregnancy, in addition to infectious agents [18,19]. 
Nongenetic causes continue to rise despite global attempts to 
fi ght them. CHD is also connected with an increase in obesity, 
diabetes, hypercholesterolemia, and antiviral medication [20].
CHD can be caused by gene mutations, single nucleotide 
polymorphisms, altered RNA, epigenetics, chromosomal 
abnormalities (such as duplication or deletion), and other 
reasons.

CHD and its genetic causes

CHD is a disease that can be caused by different 
genes. Different types of CHD have been linked to specifi c 

chromosomal problems, such as the trisomy of chromosome 
21 and the deletion of chromosome 22q11. CHD has been linked 
to 50 human disease genes, but most CHD-related mutations 
happen in just a few developmental genes [21], like NKX2–5, 
GATA4, and NOTCH1 [22-24]. Targeted gene deletion in mice 
found that more than 500 genes cause problems with the 
heart [25] About the same number of CHD genes are found in 
all humans. Recognize that most people with CHD have never 
had a mutation or chromosomal defect that could have caused 
it. CHD genes have been found, but their genetic causes are 
not identifi ed [26,27]. Molecular genetics and developmental 
biology have found many genes for heart development. Gene 
mutations are linked to a number of birth defects of the heart 
and genetic diseases. Because the mutations were exclusively 
found in affected individuals and were absent from control 
samples, it was determined that they changed the structure or 
function of proteins [28].

Functions of the CHD-causing genes

• NKX2-5, NK2 transcription factor-related, locus 5: 
Genes that include homeoboxes have important roles 
in the regulation of tissue-specifi c gene expression, 
which is essential for the differentiation of tissues and 
for establishing temporal and spatial developmental 
patterns. Because mutations in NKX2-5 disrupt the 
development of the heart in the embryo, it is clear that 
NKX2-5 plays a crucial role in this process [29].

• CFC1, cripto, FRL-1, cryptic family 1: This gene makes 
a member of the CFC family, which is part of the EGF-
Cripto, Frl-1, and Cryptic (CFC) families. These proteins 
participate in crucial aspects of the intercellular signaling 
pathways that are active during embryogenesis. This 
gene has the potential to become mutated, which would 
result in autosomal visceral heterotopia. This protein 
is involved in left-right asymmetric morphogenesis, 
which occurs during the process of organ formation 
[30]. 

• PROSIT240, MED13L, mediator complex subunit 13-
like: The evolutionarily conserved THRAP genes encode a 
family of proteins that regulate embryonic development. 
These genes are also referred to as THRAP2. THRAP2 
has a vital role in the early development of both the 
heart and the brain [31].

• ZFPM2, zinc fi nger protein, multitype 2: This gene is 
responsible for the encoding of a zinc fi nger protein 
that is broadly expressed among members of the FOG 
family of transcription factors. GATA family proteins, 
which play a crucial regulatory role in mammalian 
hematopoiesis and cardiogenesis, are able to infl uence 
the activity of other family members [32].

• Jagged 1, jagged 1 (Alagille syndrome): The jagged-1 
protein that is present in humans is the homolog of the 
jagged protein that is found in Drosophila. The JAG1 
gene is responsible for encoding this protein. Alagille 
syndrome is caused by mutations in the Jagged 1 protein, 
which is the ligand for the receptor notch 1 [33].
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• CRELD1, cysteine-rich with EGF-like domains 1: The 
class of cysteine-rich domains known as epidermal 
growth factor-like repeats is responsible for mediating 
interactions between proteins that have a wide variety 
of functions. CRELD1 is the fi rst member of a family of 
proteins that are found in matricellular tissue [34].

• GATA4: GATA binding protein 4: This gene’s product 
is a zinc fi nger transcription factor that belongs to the 
GATA family and is a member of the GATA family. It is 
assumed that this protein can regulate genes that play 
a role in the differentiation and function of embryonic 
and myocardial cells. This gene mutation has been 
linked to septal defects in the heart [35].

• ZIC3, Zic family member 3; heterotaxy 1: This gene 
produces a member of the C2H2-type ZIC family, which 
is a zinc fi nger protein. Mutations in this gene induce 
X-linked visceral heterotaxy [36].

• Activin A receptor, type 2, beta: The TGF superfamily 
is comprised of structurally related signaling proteins, 
and activins are members of this family. Activins are 
dimeric growth and differentiation factors. These 
receptors are a family of transmembrane proteins.

• LEFTYA, left-right determination factor 2: The product 
of this gene is a member of the TGF-family protein. 
During development, the encoded protein is generated, 
and its production contributes to the determination of 
the left-right asymmetry of organ systems. This gene 
mutation has been linked to abnormalities in the left-
right axis, most notably in the heart and lungs [37].

• ELN, elastin: The protein produced by this gene is one of 
the two portions of elastic fi bers. These gene deletions 
and mutations were indeed associated with autosomal 
dominant cutis laxa and autosomal dominant cutis laxa, 
as well as supra-valvular aortic stenosis [38].

• TBX5, T-Box 5: This gene is a member of a phylogenetic 
family of genes known as the T-box genes, as all 
of them share a similar DNA-binding domain. It is 
possible that the encoded protein plays a role in the 
development of the heart as well as the specifi cation of 
limb identity. There has been a connection established 
between genetic variations in this gene and Holt-Oram 
syndrome [39].

• TFAP2B, transcription factor AP-2 beta: The protein 
that is produced by this gene belongs to the AP-2 
family of transcription factors. In addition to its role 
as a transcriptional repressor, this protein also plays 
the role of a transcriptional activator. The mutations 
in this gene are the cause of autosomal dominant Char 
syndrome, and we can deduce that it plays a role in the 
development of neural crest cells [40].

• PTPN11, protein tyrosine phosphatase, non-receptor 
type 11: This gene codes for a member of the protein 
tyrosine phosphatase (PTP) family. Signaling molecules 

called PTPs control processes as diverse as cell division, 
differentiation, and mitosis, as well as malignant 
transformation. Mutations in this gene account for 
Noonan syndrome and acute myeloid leukemia [41].

• SOS1, son of sevenless homolog 1: The guanine 
nucleotide exchange factor is the protein encoded 
by this gene. RAS proteins are membrane proteins 
that interact with guanine nucleotides and engage in 
signaling cascades. Gingival fi bromatosis type 1 and 
Noonan syndrome type 4 are related to mutations in this 
gene [42]. There is a correlation between mutations in 
this gene and gingival fi bromatosis 1 as well as Noonan 
syndrome type 4.

• CHD7, chromodomain helicase DNA binding protein 7: 
The protein encoded by this gene belongs to the helicase 
family and contains several different helicase domains. 
Certain people with CHARGE syndrome have been found 
to have genetic variations in this gene [43].

• EVC, Ellis van Creveld syndrome: The protein encoded 
by this gene possesses a transmembrane region and a 
leucine zipper. Ellis-van Creveld syndrome and Weyers 
acrodental dysostosis have been confi rmed to be 
associated with this gene [44].

• FBN1, fi brillin 1: A member of the fi brillin family is 
produced by this gene. Marfan syndrome, isolated 
ectopia lentis, Weill-Marchesani syndrome, MASS 
syndrome, and Shprintzen-Goldberg craniosynostosis 
have all been linked to genetic variations in this gene 
[45].

• KRAS and v-Ki-ras2 Kirsten rat sarcoma viral oncogene 
homolog: The protein encoded by this gene is a member 
of the small GTPase family. This transforming protein 
has been linked to several types of cancer, which include 
lung adenocarcinoma, mucinous adenoma, pancreatic 
ductal carcinoma, and colorectal cancer [46].

• BRAF, v-raf murine sarcoma viral oncogene homolog 
B1: This gene’s product is a serine/threonine protein 
kinase, and it’s a member of the Raf/Mil family. 
This protein controls the cell cycle, differentiation, 
and secretion-related MAP kinase/ERK signaling 
pathways. Variations in this gene have been related to 
cardiofaciocutaneous syndrome [47].

• MEK1, MAP2K1, mitogen-activated protein kinase 
1: The protein encoded by this gene is a mitogen-
activated protein (MAP) kinase and a member of the 
dual-specifi city protein kinase family. Numerous 
cellular processes, such as proliferation, differentiation, 
transcription regulation, and development, involve this 
kinase [47].

• MEK2, MAP2K2, mitogen-activated protein kinase 2: 
The protein kinase encoded by this gene is a member 
of the mitogen-activated protein (MAP) kinase family 
with dual specifi city. The importance of this kinase in 
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the transmission of signals involving mitogen-induced 
growth factors is well established. Mutations in this 
gene result in the cardiofacial-cutaneous syndrome 
[48].

• HRAS, v-Ha-ras Harvey rat sarcoma viral oncogene 
homolog: It belongs to the family of Ras oncogenes. 
These gene products are essential components of signal 
transduction cascades. These gene mutations lead to 
the development of Costello syndrome. Several types 
of cancer have been linked to genetic variations in this 
gene [49].

• TGFBR2, transforming growth factor receptor 2: The 
protein encoded by this gene belongs to the TGFB 
receptor subfamily of Ser/Thr protein kinases. Marfan 
syndrome, Loeys-Deitz aortic aneurysm syndrome, and 
a variety of cancers have all been linked to a mutation in 
this gene [50].

The genetic structure of CHD

• Chromosomal and mendelian syndromes: 
Malformations of the aortic arch (Patent Ductus 
Arteriosus [PDA] and Aortic Coarctation), the outfl ow 
tract (Tetralogy of Fallot [TOF], the Common Arterial 
Trunk [CAT], and Transposition of the Great Arteries 
[TGA]), and the heart’s ventricles (atrial septal 
defects [ASD], Ventricular Septal Defects [VSD], and 
Atrioventricular Septal Defects [AVSD]) are all defi ning 
traits of CHD [51]. An estimated 20% of CHD is caused 
by chromosomal and Mendelian abnormalities (11.9% 
and 7.4%, respectively) [52].

• Non-Mendelian/non-chromosomal congenital 
heart disease: It is obvious that our knowledge of 
the genetic pathways that lead to non-Mendelian, 
non-chromosomal (sporadic) CHD is confi ned. 
Epidemiological studies have shown that there is a 2% 
- 5% higher incidence of CHD recurrence in siblings and 
progeny, which implies a role for shared genes and/or 
environment [53].

Future perspectives and strategies

• Bioinformatics: The completion of the human genome 
project marks the beginning of the postgenomic period. 
In spite of the fact that the human genome contains 
between 30,000 and 40,000 genes, not much is known 
about their roles, interactions, and regulation. In order 
to discover the underlying molecular mechanisms of 
CHD, bioinformatics is an invaluable and indispensable 
resource. Discovering the molecular basis of coronary 
artery disease is an exciting and rapidly growing fi eld of 
study. More research into the molecular mechanisms of 
cardiac development will lead to a better understanding 
of the genetic basis of CHD and, ideally, improved genetic 
counseling and treatment for affected individuals and 
their families [54].

• Epigenetics: Carcinoma, congenital malformations, 

developmental disabilities, and psychiatric disorders 
are just some of the diseases for which there is 
mounting evidence that epigenetic alterations, caused 
by DNA methylation and histone modifi cations, play an 
important role as genetic factors. DNA methylation is 
an epigenetic trigger that regulates gene expression. It 
is primarily established during gestation. Establishing 
and maintaining differentiated cell lines is possible 
because these expression states can be carried over to 
subsequent generations [55].

• Animal models: Studies in animals have greatly 
improved our knowledge of heart formation and 
uncovered new genes that may play a role in 
human disease. The remarkable homology between 
mammalian genomes, as well as the many similarities 
in anatomical structures, cell biology, and physiology, 
make mammalian analogues such as the mouse and 
rat suitable for modeling different diseases in human 
beings [56]. Modern transgenic techniques have allowed 
the creation of murine models that accurately represent 
the symptoms of human diseases. Consomic rat strains, 
in which an entire chromosome has been introgressed 
into the isogenic background of another strain, offer 
a rapid approach to mapping a trait to a chromosome 
[57].

• MicroRNA: MicroRNAs (miRNAs) are highly conserved, 
small (22-mer) RNA molecules that control the gene’s 
expression by binding to the 3’ untranslated locations 
of specifi c mRNAs. The scope and diversity of this 
class of tiny regulatory RNAs have only recently been 
acknowledged. A majority of grown consomic rats have 
a patent ductus arteriosus. An adult consomic rat’s 
mediastinal dissection and aortic injection exhibit 
the passage of contrast from the aorta to the major 
pulmonary artery through a patent ductus arteriosus. 
The study groups of M.E. Mitchell et al. have presented 
evidence that miRNAs may operate as essential 
regulatory agencies in the early stages of development. 
There is speculation that the role of miRNAs in 
controlling gene expression in higher eukaryotes may 
be as essential as that of transcription factors. Each 
miRNA is expected to have a vast array of targets, and 
each mRNA may be infl uenced by many miRNAs. There 
are currently over 460 human miRNAs recognized 
[58]. In recent times, it was shown that targeted 
elimination of the muscle-specifi c miRNA, miR-1 to 2, 
demonstrated a variety of activities for miR-1 to 2 in the 
heart, comprising regulation of cardiac morphogenesis, 
electrical conduction, and cell-cycle regulation. MiRNA 
dysregulation may result in congenital heart disorders 
in human beings [59].

• Gene expression (microarrays): Accurate gene 
expression data for CHD can be obtained using 
microarray analysis. More than 60 percent of human 
genes have been identifi ed as having several isoforms, 
according to recent studies. Conversely, proteins 
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synthesized from alternatively spliced isoforms of the 
same gene can have distinct properties and functions. A 
better understanding of the roles played by the various 
splicing variants of genes is necessary for proper 
development [60].

• Genome-wide studies: The ability to conduct genome-
wide genetic association studies to fi nd susceptibility 
genes for common diseases has been made possible 
by recent improvements in genotyping techniques as 
well as our knowledge about human genetic variation. 
Large sample sizes (several hundred cases and controls) 
and multistage designs involving a large number of 
coding sequence variants (300,000) are required to 
accurately identify alleles with signifi cant effect sizes 
(a twofold increase in relative risk). Another strategy 
for discovering low-frequency variants that infl uence 
disease susceptibility is the direct sequencing of key 
genes in cases and controls [61,62].

Conclusion

Cardiovascular disease molecular biology is fascinating 
and developing. Despite advances in heart development, most 
human CHD cases remain undiagnosed. The best hope for 
resolving these signifi cant clinical issues lies in the application 
of methods designed to deal with genetically complex diseases, 
as well as technologies that can investigate the role played by 
molecular pathways. New discoveries and technologies can 
improve our understanding of CHD genetic variables. From 
single-gene mutation studies to genome-wide investigations, 
the number of clinically available genetic tests increased 
sharply. In conclusion, CHD suspects should consider genetic 
consultations and testing. Genetic causes of isolated, non-
syndromic CHD have been revealed.

Genetic therapy for CHD families will benefi t from 
identifying disease genes and loci in familial cases. The ultimate 
goal is to provide realistic therapeutic opportunities. Mutations 
in the regulatory regions of critical (heart) developmental genes 
may also lead to disease by affecting target gene expression. 
This will affect developmental networks at specifi c times and 
places. Therefore, before developing treatment alternatives, 
CHD’s molecular genetics and pathology must be understood.

References

1. Hoffman JI, Kaplan S. The incidence of congenital heart disease. J Am Coll 
Cardiol. 2002 Jun 19;39(12):1890-900. doi: 10.1016/s0735-1097(02)01886-7. 
PMID: 12084585. 

2. Pate N, Jawed S, Nigar N, Junaid F, Wadood AA, Abdullah F. Frequency and 
pattern of congenital heart defects in a tertiary care cardiac hospital of Karachi. 
Pak J Med Sci. 2016 Jan-Feb;32(1):79-84. doi: 10.12669/pjms.321.9029. 
PMID: 27022350; PMCID: PMC4795894. 

3. Mendis S, Puska P, Norrving BE. World Health Organization. Global atlas on 
cardiovascular disease prevention and control. World Health Organization. 
2011.

4. Hersh JH, Angle B, Fox TL, Barth RF, Bendon RW, Gowans G. Developmental 
fi eld defects: coming together of associations and sequences during 
blastogenesis. Am J Med Genet. 2002 Jul 15;110(4):320-3. doi: 10.1002/
ajmg.10429. PMID: 12116204. 

5. McCulley DJ, Black BL. Transcription factor pathways and congenital heart 
disease. Curr Top Dev Biol. 2012;100:253-77. doi: 10.1016/B978-0-12-387786-
4.00008-7. PMID: 22449847; PMCID: PMC3684448.

6. Bruneau BG. Signaling and transcriptional networks in heart development and 
regeneration. Cold Spring Harb Perspect Biol. 2013 Mar 1;5(3):a008292. doi: 
10.1101/cshperspect.a008292. PMID: 23457256; PMCID: PMC3578359.

7. Centers for Disease Control and Prevention. Data and statistics on congenital 
heart defects. Centers for Disease Control and Prevention. 2022. https://www.
cdc.gov/ncbddd/heartdefects/data.html 

8. Gilboa SM, Salemi JL, Nembhard WN, Fixler DE, Correa A. Mortality resulting 
from congenital heart disease among children and adults in the United States, 
1999 to 2006. Circulation. 2010 Nov 30;122(22):2254-63. doi: 10.1161/
CIRCULATIONAHA.110.947002. Epub 2010 Nov 22. PMID: 21098447; PMCID: 
PMC4911018. 

9. van der Bom T, Winter MM, Bouma BJ, Groenink M, Vliegen HW, Pieper PG, van 
Dijk AP, Sieswerda GT, Roos-Hesselink JW, Zwinderman AH, Mulder BJ. Effect 
of valsartan on systemic right ventricular function: a double-blind, randomized, 
placebo-controlled pilot trial. Circulation. 2013 Jan 22;127(3):322-30. doi: 
10.1161/CIRCULATIONAHA.112.135392. Epub 2012 Dec 17. PMID: 23247302.

10. Koyak Z, Harris L, de Groot JR, Silversides CK, Oechslin EN, Bouma BJ, 
Budts W, Zwinderman AH, Van Gelder IC, Mulder BJ. Sudden cardiac death 
in adult congenital heart disease. Circulation. 2012 Oct 16;126(16):1944-
54. doi: 10.1161/CIRCULATIONAHA.112.104786. Epub 2012 Sep 18. PMID: 
22991410.

11. van der Bom T, van der Palen RL, Bouma BJ, van Veldhuisen SL, Vliegen 
HW, Konings TC, Zwinderman AH, Blom NA, Koolbergen DR, Hazekamp MG, 
Mulder BJ. Persistent neo-aortic growth during adulthood in patients after 
an arterial switch operation. Heart. 2014 Sep;100(17):1360-5. doi: 10.1136/
heartjnl-2014-305702. Epub 2014 May 16. PMID: 24837983.

12. van der Bom T, Zomer AC, Zwinderman AH, Meijboom FJ, Bouma BJ, Mulder 
BJ. The changing epidemiology of congenital heart disease. Nat Rev Cardiol. 
2011 Jan;8(1):50-60. doi: 10.1038/nrcardio.2010.166. Epub 2010 Nov 2. 
PMID: 21045784.

13. Peyvandi S, Ingall E, Woyciechowski S, Garbarini J, Mitchell LE, Goldmuntz 
E. Risk of congenital heart disease in relatives of probands with conotruncal 
cardiac defects: an evaluation of 1,620 families. Am J Med Genet A. 2014 
Jun;164A(6):1490-5. doi: 10.1002/ajmg.a.36500. Epub 2014 Mar 26. PMID: 
24677430; PMCID: PMC4571453. 

14. Franklin RC, Jacobs JP, Tchervenkov CI, Béland MJ. Bidirectional crossmap of 
the Short Lists of the European Paediatric Cardiac Code and the International 
Congenital Heart Surgery Nomenclature and Database Project. Cardiol Young. 
2002 Oct;12(5):431-5. doi: 10.1017/s1047951102000744. PMID: 15773445. 

15. Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, de Ferranti 
SD, Floyd J, Fornage M, Gillespie C, Isasi CR, Jiménez MC, Jordan LC, Judd 
SE, Lackland D, Lichtman JH, Lisabeth L, Liu S, Longenecker CT, Mackey RH, 
Matsushita K, Mozaffarian D, Mussolino ME, Nasir K, Neumar RW, Palaniappan 
L, Pandey DK, Thiagarajan RR, Reeves MJ, Ritchey M, Rodriguez CJ, Roth GA, 
Rosamond WD, Sasson C, Towfi ghi A, Tsao CW, Turner MB, Virani SS, Voeks 
JH, Willey JZ, Wilkins JT, Wu JH, Alger HM, Wong SS, Muntner P; American 
Heart Association Statistics Committee and Stroke Statistics Subcommittee. 
Heart Disease and Stroke Statistics-2017 Update: A Report From the American 
Heart Association. Circulation. 2017 Mar 7;135(10):e146-e603. doi: 10.1161/
CIR.0000000000000485. Epub 2017 Jan 25. Erratum in: Circulation. 2017 Mar 
7;135(10 ):e646. Erratum in: Circulation. 2017 Sep 5;136(10 ):e196. PMID: 
28122885; PMCID: PMC5408160.

16. Gilboa SM, Devine OJ, Kucik JE, Oster ME, Riehle-Colarusso T, Nembhard WN, Xu 
P, Correa A, Jenkins K, Marelli AJ. Congenital Heart Defects in the United States: 
Estimating the Magnitude of the Affected Population in 2010. Circulation. 
2016 Jul 12;134(2):101-9. doi: 10.1161/CIRCULATIONAHA.115.019307. Epub 
2016 Jul 5. PMID: 27382105; PMCID: PMC4942347.



013

https://www.peertechzpublications.com/journals/annals-of-circulation

Citation: Aishwarya M (2022) The genetic etiology of critical congenital heart disease. Ann Circ 7(1): 008-014. DOI: https://dx.doi.org/10.17352/ac.000020

17. Jacobson B. Circulatory Changes at Birth. Embryo Project Encyclopedia. 2012.

18. Fahed AC, Gelb BD, Seidman JG, Seidman CE. Genetics of congenital 
heart disease: the glass half empty. Circ Res. 2013 Feb 15;112(4):707-20. 
doi: 10.1161/CIRCRESAHA.112.300853. Erratum in: Circ Res. 2013 Jun 
7;112(12):e182. PMID: 23410880; PMCID: PMC3827691.

19. van der Linde D, Konings EE, Slager MA, Witsenburg M, Helbing WA, 
Takkenberg JJ, Roos-Hesselink JW. Birth prevalence of congenital heart 
disease worldwide: a systematic review and meta-analysis. J Am Coll 
Cardiol. 2011 Nov 15;58(21):2241-7. doi: 10.1016/j.jacc.2011.08.025. PMID: 
22078432.

20. Shabana NA, Shahid SU, Irfan U. Genetic Contribution to Congenital Heart 
Disease (CHD). Pediatr Cardiol. 2020 Jan;41(1):12-23. doi: 10.1007/s00246-
019-02271-4. Epub 2019 Dec 23. PMID: 31872283. 

21. Andersen TA, Troelsen Kde L, Larsen LA. Of mice and men: molecular genetics 
of congenital heart disease. Cell Mol Life Sci. 2014 Apr;71(8):1327-52. doi: 
10.1007/s00018-013-1430-1. Epub 2013 Aug 10. PMID: 23934094; PMCID: 
PMC3958813. 

22. Barnett P, Postma AV. Genetics of congenital heart disease: Beyond half-
measures. Trends Cardiovasc Med. 2015 May;25(4):302-4. doi: 10.1016/j.
tcm.2014.11.012. Epub 2014 Dec 4. PMID: 25572011. 

23. Fahed AC, Gelb BD, Seidman JG, Seidman CE. Genetics of congenital 
heart disease: the glass half empty. Circ Res. 2013 Feb 15;112(4):707-20. 
doi: 10.1161/CIRCRESAHA.112.300853. Erratum in: Circ Res. 2013 Jun 
7;112(12):e182. PMID: 23410880; PMCID: PMC3827691. 

24. Garg V, Kathiriya IS, Barnes R, Schluterman MK, King IN, Butler CA, Rothrock 
CR, Eapen RS, Hirayama-Yamada K, Joo K, Matsuoka R, Cohen JC, Srivastava 
D. GATA4 mutations cause human congenital heart defects and reveal an 
interaction with TBX5. Nature. 2003 Jul 24;424(6947):443-7. doi: 10.1038/
nature01827. Epub 2003 Jul 6. PMID: 12845333. 

25. Garg V, Muth AN, Ransom JF, Schluterman MK, Barnes R, King IN, Grossfeld 
PD, Srivastava D. Mutations in NOTCH1 cause aortic valve disease. Nature. 
2005 Sep 8;437(7056):270-4. doi: 10.1038/nature03940. Epub 2005 Jul 17. 
PMID: 16025100. 

26. Lalani SR, Belmont JW. Genetic basis of congenital cardiovascular 
malformations. Eur J Med Genet. 2014 Aug;57(8):402-13. doi: 10.1016/j.
ejmg.2014.04.010. Epub 2014 Apr 30. PMID: 24793338; PMCID: PMC4152939. 

27. Schott JJ, Benson DW, Basson CT, Pease W, Silberbach GM, Moak JP, Maron 
BJ, Seidman CE, Seidman JG. Congenital heart disease caused by mutations 
in the transcription factor NKX2-5. Science. 1998 Jul 3;281(5373):108-11. doi: 
10.1126/science.281.5373.108. PMID: 9651244. 

28. Pierpont ME, Basson CT, Benson DW Jr, Gelb BD, Giglia TM, Goldmuntz 
E, McGee G, Sable CA, Srivastava D, Webb CL; American Heart Association 
Congenital Cardiac Defects Committee, Council on Cardiovascular Disease 
in the Young. Genetic basis for congenital heart defects: current knowledge: 
a scientifi c statement from the American Heart Association Congenital 
Cardiac Defects Committee, Council on Cardiovascular Disease in the Young: 
endorsed by the American Academy of Pediatrics. Circulation. 2007 Jun 
12;115(23):3015-38. doi: 10.1161/CIRCULATIONAHA.106.183056. Epub 2007 
May 22. PMID: 17519398. 

29. Toko H, Zhu W, Takimoto E, Shiojima I, Hiroi Y, Zou Y, Oka T, Akazawa H, 
Mizukami M, Sakamoto M, Terasaki F, Kitaura Y, Takano H, Nagai T, Nagai 
R, Komuro I. Csx/Nkx2-5 is required for homeostasis and survival of cardiac 
myocytes in the adult heart. J Biol Chem. 2002 Jul 5;277(27):24735-43. doi: 
10.1074/jbc.M107669200. Epub 2002 Mar 11. PMID: 11889119. 

30. Goldmuntz E, Bamford R, Karkera JD, dela Cruz J, Roessler E, Muenke M. CFC1 
mutations in patients with transposition of the great arteries and double-outlet 
right ventricle. Am J Hum Genet. 2002 Mar;70(3):776-80. doi: 10.1086/339079. 
Epub 2002 Jan 17. PMID: 11799476; PMCID: PMC384955.

31. Muncke N, Jung C, Rüdiger H, Ulmer H, Roeth R, Hubert A, Goldmuntz E, 
Driscoll D, Goodship J, Schön K, Rappold G. Missense mutations and gene 
interruption in PROSIT240, a novel TRAP240-like gene, in patients with 
congenital heart defect (transposition of the great arteries). Circulation. 2003 
Dec 9;108(23):2843-50. doi: 10.1161/01.CIR.0000103684.77636.CD. Epub 
2003 Nov 24. PMID: 14638541.

32. Finelli P, Pincelli AI, Russo S, Bonati MT, Recalcati MP, Masciadri M, Giardino 
D, Cavagnini F, Larizza L. Disruption of friend of GATA 2 gene (FOG-2) by a de 
novo t(8;10) chromosomal translocation is associated with heart defects and 
gonadal dysgenesis. Clin Genet. 2007 Mar;71(3):195-204. doi: 10.1111/j.1399-
0004.2007.00752.x. PMID: 17309641.

33. Heritage ML, MacMillan JC, Anderson GJ. DHPLC mutation analysis of 
Jagged1 (JAG1) reveals six novel mutations in Australian alagille syndrome 
patients. Hum Mutat. 2002 Dec;20(6):481. doi: 10.1002/humu.9095. PMID: 
12442286.

34. Robinson SW, Morris CD, Goldmuntz E, Reller MD, Jones MA, Steiner RD, 
Maslen CL. Missense mutations in CRELD1 are associated with cardiac 
atrioventricular septal defects. Am J Hum Genet. 2003 Apr;72(4):1047-52. doi: 
10.1086/374319. Epub 2003 Mar 11. PMID: 12632326; PMCID: PMC1180336.

35. Tomita-Mitchell A, Maslen CL, Morris CD, Garg V, Goldmuntz E. GATA4 
sequence variants in patients with congenital heart disease. J Med Genet. 
2007 Dec;44(12):779-83. doi: 10.1136/jmg.2007.052183. PMID: 18055909; 
PMCID: PMC2652815.

36. Zhu L, Zhou G, Poole S, Belmont JW. Characterization of the interactions of 
human ZIC3 mutants with GLI3. Hum Mutat. 2008 Jan;29(1):99-105. doi: 
10.1002/humu.20606. PMID: 17764085.

37. Besser D. Expression of nodal, lefty-a, and lefty-B in undifferentiated human 
embryonic stem cells requires activation of Smad2/3. J Biol Chem. 2004 Oct 
22;279(43):45076-84. doi: 10.1074/jbc.M404979200. Epub 2004 Aug 11. 
PMID: 15308665.

38. Ferland RJ, Gaitanis JN, Apse K, Tantravahi U, Walsh CA, Sheen VL. 
Periventricular nodular heterotopia and Williams syndrome. Am J Med 
Genet A. 2006 Jun 15;140(12):1305-11. doi: 10.1002/ajmg.a.31259. PMID: 
16691586.

39. Fan C, Liu M, Wang Q. Functional analysis of TBX5 missense mutations 
associated with Holt-Oram syndrome. J Biol Chem. 2003 Mar 7;278(10):8780-
5. doi: 10.1074/jbc.M208120200. Epub 2002 Dec 23. PMID: 12499378; 
PMCID: PMC1579789.

40. Zhao F, Weismann CG, Satoda M, Pierpont ME, Sweeney E, Thompson EM, 
Gelb BD. Novel TFAP2B mutations that cause Char syndrome provide a 
genotype-phenotype correlation. Am J Hum Genet. 2001 Oct;69(4):695-
703. doi: 10.1086/323410. Epub 2001 Aug 14. PMID: 11505339; PMCID: 
PMC1226056.

41. Ko JM, Kim JM, Kim GH, Yoo HW. PTPN11, SOS1, KRAS, and RAF1 gene 
analysis, and genotype-phenotype correlation in Korean patients with Noonan 
syndrome. J Hum Genet. 2008;53(11-12):999-1006. doi: 10.1007/s10038-008-
0343-6. Epub 2008 Nov 20. PMID: 19020799.

42. Roberts AE, Araki T, Swanson KD, Montgomery KT, Schiripo TA, Joshi VA, Li L, 
Yassin Y, Tamburino AM, Neel BG, Kucherlapati RS. Germline gain-of-function 
mutations in SOS1 cause Noonan syndrome. Nat Genet. 2007 Jan;39(1):70-4. 
doi: 10.1038/ng1926. Epub 2006 Dec 3. PMID: 17143285.

43. Wincent J, Holmberg E, Strömland K, Soller M, Mirzaei L, Djureinovic T, 
Robinson K, Anderlid B, Schoumans J. CHD7 mutation spectrum in 28 Swedish 
patients diagnosed with CHARGE syndrome. Clin Genet. 2008 Jul;74(1):31-8. 
doi: 10.1111/j.1399-0004.2008.01014.x. Epub 2008 Apr 28. PMID: 18445044.

44. Ulucan H, Gül D, Sapp JC, Cockerham J, Johnston JJ, Biesecker LG. Extending 
the spectrum of Ellis van Creveld syndrome: a large family with a mild mutation 
in the EVC gene. BMC Med Genet. 2008 Oct 23;9:92. doi: 10.1186/1471-2350-
9-92. PMID: 18947413; PMCID: PMC2584628.



014

https://www.peertechzpublications.com/journals/annals-of-circulation

Citation: Aishwarya M (2022) The genetic etiology of critical congenital heart disease. Ann Circ 7(1): 008-014. DOI: https://dx.doi.org/10.17352/ac.000020

45. Li D, Yu J, Gu F, Pang X, Ma X, Li R, Liu N, Ma X. The roles of two novel FBN1 
gene mutations in the genotype-phenotype correlations of Marfan syndrome 
and ectopia lentis patients with marfanoid habitus. Genet Test. 2008 
Jun;12(2):325-30. doi: 10.1089/gte.2008.0002. PMID: 18471089.

46. Singh KK, Rommel K, Mishra A, Karck M, Haverich A, Schmidtke J, Arslan-
Kirchner M. TGFBR1 and TGFBR2 mutations in patients with features of Marfan 
syndrome and Loeys-Dietz syndrome. Hum Mutat. 2006 Aug;27(8):770-7. doi: 
10.1002/humu.20354. PMID: 16799921.

47. Niihori T, Aoki Y, Narumi Y, Neri G, Cavé H, Verloes A, Okamoto N, Hennekam 
RC, Gillessen-Kaesbach G, Wieczorek D, Kavamura MI, Kurosawa K, 
Ohashi H, Wilson L, Heron D, Bonneau D, Corona G, Kaname T, Naritomi K, 
Baumann C, Matsumoto N, Kato K, Kure S, Matsubara Y. Germline KRAS 
and BRAF mutations in cardio-facio-cutaneous syndrome. Nat Genet. 2006 
Mar;38(3):294-6. doi: 10.1038/ng1749. Epub 2006 Feb 12. PMID: 16474404.

48. Roberts A, Allanson J, Jadico SK, Kavamura MI, Noonan J, Opitz JM, 
Young T, Neri G. The cardiofaciocutaneous syndrome. J Med Genet. 2006 
Nov;43(11):833-42. doi: 10.1136/jmg.2006.042796. Epub 2006 Jul 6. PMID: 
16825433; PMCID: PMC2563180.

49. Nava C, Hanna N, Michot C, Pereira S, Pouvreau N, Niihori T, Aoki Y, Matsubara 
Y, Arveiler B, Lacombe D, Pasmant E, Parfait B, Baumann C, Héron D, Sigaudy 
S, Toutain A, Rio M, Goldenberg A, Leheup B, Verloes A, Cavé H. Cardio-
facio-cutaneous and Noonan syndromes due to mutations in the RAS/MAPK 
signalling pathway: genotype-phenotype relationships and overlap with 
Costello syndrome. J Med Genet. 2007 Dec;44(12):763-71. doi: 10.1136/
jmg.2007.050450. Epub 2007 Aug 17. PMID: 17704260; PMCID: PMC2652823.

50. Quezada E, Gripp KW. Costello syndrome and related disorders. Curr Opin 
Pediatr. 2007 Dec;19(6):636-44. doi: 10.1097/MOP.0b013e3282f161dc. 
PMID: 18025929.

51. Ferencz C, Boughman JA, Neill CA, Brenner JI, Perry LW. Congenital 
cardiovascular malformations: questions on inheritance. Baltimore-
Washington Infant Study Group. J Am Coll Cardiol. 1989 Sep;14(3):756-63. 
doi: 10.1016/0735-1097(89)90122-8. PMID: 2768723.

52. Ferencz C, Boughman JA. Congenital heart disease in adolescents and adults. 
Teratology, genetics, and recurrence risks. Cardiol Clin. 1993 Nov;11(4):557-
67. PMID: 8252559.

53. Caputo S, Capozzi G, Russo MG, Esposito T, Martina L, Cardaropoli D, Ricci 
C, Argiento P, Pacileo G, Calabrò R. Familial recurrence of congenital heart 
disease in patients with ostium secundum atrial septal defect. Eur Heart J. 
2005 Oct;26(20):2179-84. doi: 10.1093/eurheartj/ehi378. Epub 2005 Jun 24. 
PMID: 15980033.

54. Yang W, Paschen W. Conditional gene silencing in mammalian cells mediated 
by a stress-inducible promoter. Biochem Biophys Res Commun. 2008 Jan 
18;365(3):521-7. doi: 10.1016/j.bbrc.2007.11.011. Epub 2007 Nov 20. PMID: 
18021742.

55. Baylin SB, Ohm JE. Epigenetic gene silencing in cancer - a mechanism for 
early oncogenic pathway addiction? Nat Rev Cancer. 2006 Feb;6(2):107-16. 
doi: 10.1038/nrc1799. PMID: 16491070.

56. Lieschke GJ, Currie PD. Animal models of human disease: zebrafi sh swim 
into view. Nat Rev Genet. 2007 May;8(5):353-67. doi: 10.1038/nrg2091. PMID: 
17440532.

57. Bokenkamp R. The Inbred Brown-Norway Rat as a Novel Animal Model of 
Persistent Ductus Arteriosus. Vascular Pharmacology. 2006; 45: e40. https://
doi.org/10.1016/j.vph.2006.08.178 

58. Chuang JC, Jones PA. Epigenetics and microRNAs. Pediatr Res. 2007 May;61(5 
Pt 2):24R-29R. doi: 10.1203/pdr.0b013e3180457684. PMID: 17413852.

59. Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth AN, Tsuchihashi 
T, McManus MT, Schwartz RJ, Srivastava D. Dysregulation of cardiogenesis, 
cardiac conduction, and cell cycle in mice lacking miRNA-1-2. Cell. 2007 Apr 
20;129(2):303-17. doi: 10.1016/j.cell.2007.03.030. Epub 2007 Mar 29. PMID: 
17397913.

60. Clark TA, Schweitzer AC, Chen TX, Staples MK, Lu G, Wang H, Williams A, 
Blume JE. Discovery of tissue-specifi c exons using comprehensive human 
exon microarrays. Genome Biol. 2007;8(4):R64. doi: 10.1186/gb-2007-8-4-r64. 
PMID: 17456239; PMCID: PMC1896007.

61. Wallace C, Newhouse SJ, Braund P, Zhang F, Tobin M, Falchi M, Ahmadi K, 
Dobson RJ, Marçano AC, Hajat C, Burton P, Deloukas P, Brown M, Connell 
JM, Dominiczak A, Lathrop GM, Webster J, Farrall M, Spector T, Samani NJ, 
Caulfi eld MJ, Munroe PB. Genome-wide association study identifi es genes for 
biomarkers of cardiovascular disease: serum urate and dyslipidemia. Am J 
Hum Genet. 2008 Jan;82(1):139-49. doi: 10.1016/j.ajhg.2007.11.001. PMID: 
18179892; PMCID: PMC2253977.

62. Jonathan CC. Genetic Approaches to Coronary Heart Disease. Journal of the 
American College of Cardiology. 2006; 48: A10-A14, https://doi.org/10.1016/j.
jacc.2006.06.046 

 

 
 

 


