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Congenital heart diseases (CHDs) arise from anatomical abnormalities in the heart and major blood vessels during fetal

development, significantly impacting morbidity and mortality rates globally. Key genes play crucial roles in cardiogenesis and
the pathogenesis of CHD. Notable among these are NKX2-5, GATA4, TBX1, TBX5, and KDM6A. NKX2-5 is essential for cardiac

morphogenesis and is linked to various defects, including atrial septal defects. GATA4 acts as a powerful activator of cardiac genes

and works in conjunction with NKX2-5 to initiate cardiogenesis; variants in this gene are associated with multiple CHDs. TBX1 and

TBXS5 are critical for proper cardiovascular development, with mutations resulting in significant phenotypes characteristic of specific

syndromes. KDM6A, a histone demethylase, regulates gene expression during embryonic development and is implicated in CHD

through its role in essential signaling pathways. Understanding these genes enhances the knowledge of CHD mechanisms, paving the

way for personalized treatment strategies and improved clinical outcomes. Continued research into the genetic basis of CHD is vital

for developing effective interventions and providing better genetic counseling for affected families.
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Crucial Genes in Cardiogenesis: Their Role in Congenital Heart Disease

Congenital heart diseases (CHD) can be described as anatomical
abnormalities in the heart or major blood vessels that develop
during fetal growth [1]. More specifically, they are defined as
significant structural defects in the heart or intrathoracic great
vessels that have actual or potential functional implications [2].
CHD is the collection of disorders that impact the cardiovascular
system. The four main cardiovascular conditions impacting
children include acquired heart disease, arrhythmias, systemic
hypertension, and congenital heart defects (CHD) [3]. Among
these, CHD is the most common. It encompasses various other
conditions including angina, stroke, rheumatic heart disease, CHD,
peripheral arterial disease, aortic aneurysm and dissection, deep
vein thrombosis, as well as other less prevalent cardiovascular

ailments [4].

Congenital heart disease is the most common type of congenital
cardiovascular malformation linked to birth defects, causing
significant morbidity and mortality globally. The classification of
CHD remains challenging due to its complex pathogenesis [5]. CHD
includes a broad range of defects, from simple malformations with
a favorable prognosis to more complex and severe abnormalities
requiring multiple catheter-based or surgical interventions, often
with uncertain long-term outcomes [6]. CHD is the most common
hereditary impairment, with cardiac defects present in roughly
1% of all live births [7]. Approximately 20%-25% of CHD cases,
equating to about 1 in 500 births, are classified as critical congenital
heart defects (CCHDs)

immediate and extensive medical and surgical intervention for

[8]. These critical cases necessitate

the infant’s survival. CHDs pose a substantial challenge to both
clinical practice and public health. In lower-income countries,
where advanced medical resources are limited, CHDs are linked
to exceptionally high mortality rates. In contrast, in high-income
countries such as those in North America and Europe, CHDs are
associated with lifelong health complications and significantly
contribute to pediatric in-hospital care costs, making them one of

the leading factors driving these expenses [9].

The inheritance of CHD is intricate. Significant structural
abnormalities can arise early in embryonic development, impacting
multiple organ systems [10]. The prognosis depends on the specific
structural anomalies present, with 13% of newborns exhibiting
extracardiac abnormalities or functional defects, potentially

resulting in associated neurodevelopmental delays [11]. Genetic
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variants are the primary cause in 34% of CHD cases, but the extent
to which these variants manifest as clinical symptoms varies
greatly [12]. Understanding the intricate gene regulatory networks
associated with these genes is essential to uncover phenotype
diversity [13]. Development in sequencing methods, including
gene screening, and whole-genome sequencing (WGS), along
with a better understanding of the mechanisms behind CHD, will
enable more personalized management based on an individual’s
risk profile [7]. A genetic diagnosis can enhance confidence in the
diagnosis, prompt clinicians to diagnose the related extracardiac
abnormalities, and provide valuable information for family
planning as more individuals with CHD reach childbearing age [14].
With guidance from expert genetic counselors, individuals can be

aware of the risks of passing genetic variants to their offspring.

Etiology of CHD

Despite significant advancements in medical care and detection
technology, the underlying causes of most CHD remain poorly
understood. Enhancing the understanding of disease mechanisms
is crucial to reducing the frequency of CHD occurrences. Over
recent decades, there has been a growing consensus that both
genetic and environmental factors contribute to the development
of CHD [15]. Progress in molecular genetic diagnosis has provided
valuable opportunities to explore the genetic underpinnings of
CHD. Moreover, numerous animal models have demonstrated
the profound impact of genetic factors on CHD etiology. These
studies have identified numerous structural genes, transcriptional
regulators, and signaling molecules essential for normal cardiac

development [16].

The development of CHD is complex, involving both genetic
and environmental factors. Approximately 40% of CHD cases
can be attributed to specific genetic causes. These genetic
causes are highly diverse and include chromosomal anomalies
or aneuploidies, which account for about 13% of cases, with a
range between 9% and 18% [17]. Copy number variants (CNVs)
are responsible for an estimated 10-15% of cases, varying from
3% to 25% in syndromic CHD and 3% to 10% in non-syndromic
CHD [18]. Additionally, single-gene disorders contribute to 12% of
CHD cases [19]. The genetic basis of CHD can be categorized into
syndromic CHD, where congenital abnormalities are present in
multiple organs, and non-syndromic CHD, where the abnormalities

are confined to the heart.
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Genetic abnormalities associated with syndromic CHD

Several well-known syndromes are associated with
chromosomal aneuploidies, CNVs, and pathogenic variations in
single genes. These syndromes include Down syndrome [20],
Turner syndrome [21], 22q11.2 deletion syndrome (DiGeorge
syndrome) [22], 1p36 deletion syndrome [23], Williams-Beuren
syndrome [24], and Holt-Oram syndrome [25], among other

genetic abnormalities.

Monogenic causes of non-syndromic CHD

Non-syndromic CHD can be broadly categorized into three

groups:

e Transcription factors: This group includes genes such as
CITED2 [26], GATA4 [27], TBX5 [28], and NFATC1 [29], along

with other types of transcription factors.

e Cell signaling molecules: Examples in this category include
ACVR1/ALK2 [30],HEY2 [31], NOTCH1 [32],and VEGFA [33]

as well as various other cell signaling and adhesion proteins.

e Cardiac structural proteins: This category includes ACTC1
[34], DCHS1 [35], ELN [36], and MYH11 [37], in addition to

other studied types of cardiac structural proteins.

Genetic alterations induced CHD

While the causes of CHD are multifactorial, recent genetic
researchhashighlighted the significantimpactofgenomicvariations
on its development. Aneuploidies, marked by chromosomal
abnormalities, and CNVs, including structural genomic disorders,
have been confirmed as key factors in the genetic underpinnings
of CHD. Furthermore, monogenic genetic patterns, which involve
mutations in single genes, have been identified as etiological factors
in a subset of CHD cases. Figure 1 documented the mode of action
and their respective inheritance mechanisms. Understanding the
complex interactions among these genetic changes is crucial for
gaining deeper insight into the genetic basis of CHD, which can lead
to earlier diagnosis, improved prognostication, and personalized

therapeutic strategies [7].

Genetics and pathogenesis of CHD

Various epigenetic factors can influence genes associated
with CHD. As a result, both genetic and epigenetic factors are

increasingly recognized as significant triggers in the pathogenesis
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Figure 1: Type of inheritance. Genetic modifications, involving

aneuploidy, copy number alterations, and point mutations, lead

to the pathogenesis of CHD. This figure has been created using
Bio Render [7].

of CHD [5]. Several genes linked to CHD, such as NKX2-5, GATA4,
TBX5,NOTCH1, and TBX20, were originally identified through early
genetic techniques [38]. While advances in clinical management
have enhanced the survival rates of children with CHD, adult
survivors often face cardiac and non-cardiac comorbidities that
impact their quality of life and prognosis. Therefore, understanding
the genetic causes of CHD is crucial, not only for providing effective
genetic counseling to patients and their families but also for
potentially improving clinical outcomes by identifying patients
at risk. Moreover, advancements in genetic technologies, such as
massively parallel sequencing, have enabled the identification of

new genetic causes for CHD [6].

Due to significant advancements in disease recognition
and enhanced medical and surgical management, over 90% of
children with CHD now survive into adulthood [39]. Consequently,
understanding the genomic architecture of CHD is becoming

increasingly important in clinical practice.

Citation: Majed Alsulami, et al. “Crucial Genes in Cardiogenesis: Their Role in Congenital Heart Disease". Acta Scientific Medical Sciences 9.3 (2025):

112-118.



Crucial Genes in Cardiogenesis: Their Role in Congenital Heart Disease

While significant progress has been made in understanding
the genetic causes of other inherited cardiac diseases, such as
cardiomyopathy and arrhythmias, it is only in the past couple of
decades that a deeper understanding of the molecular pathways
regulating cardiovascular development has clarified the genetic
basis of CHD [40]. However, the detailed genetic architecture
of CHD and the ways in which disruptions in these regulatory
mechanisms lead to various CHD phenotypes are still being actively

researched [6].

Remarkable improvements in genetic sequencing technologies,
such as massively parallel or next-generation sequencing (NGS),
have enabled the identification of rare variants in new candidate
genes that are likely to contribute to non-syndromic CHD [41].
Additionally, recent progress in powerful new techniques like
single-cell RNA sequencing (scRNA-seq) has revealed the roles
of individual cells in cardiac development and the pathogenic
mechanisms by which genetic mutations in a small subset of cells

lead to cardiac malformations [42].

Essential genes linked to cardiogenesis and congenital heart
defects

Cardiac development is a meticulously regulated process
(cTFs). The
spatiotemporal expression of crucial genes (Figure 2), and

orchestrated by cardiac transcription factors

regulators that determine cardiac cell lineage drives the
development and differentiation of the cardiovascular system [43].
During this critical period, the heart is highly susceptible to errors,
and even minor alterations in gene expression or dosage can result

in malformations in heart structures, contributing to CHD [44].

Created in BioRender.com bio

Figure 2: Essential genes implicated in CHD.
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It is estimated that around 400 genes may be involved in the
development of CHD, many of which have yet to be identified [19].
Theseinclude genesencoding (1) criticaland interconnected cardiac
transcription factors (cTFs) involved in cardiac development,
such as NKX2.5, GATA4, and T-box family TBX1 and TBX5; (2)
structural proteins like MYH6, ACTC1, and ELN; and (3) signaling
factors, including neurogenic locus notch homolog protein 1 and
vascular endothelial growth factor [40]. Additionally, advances in
bioinformatics tools will facilitate more sophisticated analyses.
Coupled with many collaborative efforts, these advancements will
provide an opportunity to assess the impact of genetic variations
that predispose individuals to complex forms of heart development
defects [45].

NKX2.5

NKX2-5 gene is a transcription factor containing a homeobox
domain that plays a vital role in early heart development [46]. It
is situated on chromosome 5q35.1 and is extensively researched
due to its essential function in cardiac morphogenesis, electrical
conduction, and chamber formation [47]. This gene is expressed
at the early embryonic stage and remains crucial for maintaining
cardiac structure and function [46]. Variants in NKX2-5 have been
closely linked to congenital heart defects (CHDs), conduction

abnormalities, and certain types of cardiomyopathies.

NKX2.5 is a key regulator of cardiac development. In zebrafish,
ectopic expression of nkx2.5 expands the cardiogenic field [48].
Although heart development begins, it halts early, suggesting some
redundancy within the NK2 gene family in mammals. Mutations
in NKX2.5 are frequently linked to atrial septal defects (ASDs) and
conduction abnormalities. Additionally, NKX2.5 mutations have
been observed in cases of VSD), TOF, aortic stenosis, and hypoplastic
left heart syndrome (HLHS), highlighting the multifaceted roles of
NKX2.5 in heart development [6].

GATA4

One of the essential genes frequently implicated in CHD and
cardiogenesis is GATA4. This gene is a powerful activator of
numerous cardiac genes, involving those encoding natriuretic
peptides (NPPA and NPPB), cardiac myosin heavy chain (MYH6
and MYH?7), and troponin isoforms (TNNI3 and TNNC1), and the
cardiac muscarinic m2 acetylcholine receptor (CHRM2). GATA4

functions as a cofactor with NKX2.5; neither gene alone can trigger
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cardiogenesis [49]. GATA4, along with the relevant GATAS5 and
GATAG6 genes, is expressed in the developing heart. Variants of
GATA genes have been linked to CHD, with GATA4 variants being
related to ASD, VSD, and TOF [6].

TBX1 and TBX5

TBX5 is highly expressed in the forelimb buds and the
developing heart, while TBX1 is located in the pharyngeal
endoderm, mesoderm, and ectoderm. Loss-of-function mutations
in TBX1 or TBX5 lead to significant cardiovascular phenotypes,
which are characteristic of 22q11.2 deletion syndrome and Holt-
Oram syndrome, respectively [50]. Isolated variants in TBX1 result
in highly variable phenotypes. In humans, TBX1 variants are often
linked to abnormalities in pharyngeal arch development and
ventricular septation. The function of TBX1 is evidently complex
and dose-dependent, so even small variants, such as single
nucleotide polymorphisms (SNPs) or changes in its expression

levels, can lead to a range of effects [51].

KDM6A
Lysine demethylase 6A (KDM6A), located on the X chromosome,

encodesahistone demethylase thatremovesrepressive methylation
markers (H3K27me3), thereby activating gene expression [52].
It plays a critical role in embryonic development, including the
regulation of key cardiac genes. Mutations or disruptions in
KDM®6A have been associated with congenital anomalies, including
CHD, due to its role in modulating pathways such as NOTCH, WNT,

and BMP, which are essential for heart formation [53].

Previous studies have shown that KDM6A mutations impair
chromatin remodeling, leading to defective transcription of
genes critical for cardiac development [54]. In mouse models,
KDMG6A deletion results in defective heart looping and separation,

mimicking human CHD phenotypes [55].

KDM6A in mice has demonstrated its essential role in
embryonic development [56]. Complete loss of KDM6A results in
embryonic lethality, indicating KDM6A is needed for survival [57].
Heterozygous KO mice, which partially mimic Kabuki syndrome
phenotypes, show defects in neural development and skeletal
formation. In cancer research, KDM6A-deficient mouse models
have been used to study its role as a tumor suppressor [58]. Loss
of KDM6A has been shown to increase susceptibility to bladder

116
and pancreatic cancer, supporting clinical findings that KDM6A
[59].

models have also been used to investigate its role in immune cell

mutations drive tumorigenesis Conditional knockout

differentiation, cardiac development, and metabolic regulation.

Bibliography

1. Rao P Syamasundar. “Recent Advances in the Diagnosis and
Management of Congenital Heart Disease”. Children 11.1
(2024): 84]

2. Saxena Anita. “Congenital heart disease in India: A status
report”. Indian Pediatrics 55 (2018): 1075-1082]

3. Wood Kathleen P, et al. “Evaluation and care of common
pediatric cardiac disorders”. (2023): 576-599]

4. Netala Vasudeva Reddy, et al. “A comprehensive review of
cardiovascular disease management: cardiac biomarkers,
imaging modalities, pharmacotherapy, surgical interventions,
and herbal remedies”. Cells 13.17 (2024): 1471]

5. Wu Yue, et al. “Genetic and epigenetic mechanisms in the
development of congenital heart diseases”. World Journal of
Pediatric Surgery 4.2 (2021): €000196)]

6. Yasuhara Jun and Vidu Garg. “Genetics of congenital heart
disease: a narrative review of recent advances and clinical
implications”. Translational Pediatrics 10.9 (2021): 2366)

7. Chhatwal Karanjot, et al. “Uncovering the genetic basis
of congenital heart disease: recent advancements and
implications for clinical management”. CJC Pediatric and
Congenital Heart Disease 2.6 (2023): 464-480]

8. Lannering Katarina., et al. “Screening for critical congenital
heart defects in Sweden”. Pediatrics 152.4 (2023):
€2023061949]

9. Mackie Andrew S., et al. “Cost of congenital heart
disease hospitalizations in Canada: a population-based

study”. Canadian Journal of Cardiology 33.6 (2017): 792-798]

10. Braganca José,, et al. “Charting the path: navigating embryonic
development to potentially safeguard against congenital heart
defects”. Journal of Personalized Medicine 13.8 (2023): 1263]

11. Chang Chi-Son.,, et al. “Prevalence of associated extracardiac
anomalies in prenatally diagnosed congenital heart
diseases”. PLoS One 16.3 (2021): €0248894]

Citation: Majed Alsulami, et al. “Crucial Genes in Cardiogenesis: Their Role in Congenital Heart Disease". Acta Scientific Medical Sciences 9.3 (2025):

112-118.


https://pmc.ncbi.nlm.nih.gov/articles/PMC10814956/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10814956/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10814956/
https://pubmed.ncbi.nlm.nih.gov/30745481/
https://pubmed.ncbi.nlm.nih.gov/30745481/
https://scholars.duke.edu/publication/1573413
https://scholars.duke.edu/publication/1573413
https://pubmed.ncbi.nlm.nih.gov/39273041/
https://pubmed.ncbi.nlm.nih.gov/39273041/
https://pubmed.ncbi.nlm.nih.gov/39273041/
https://pubmed.ncbi.nlm.nih.gov/39273041/
https://wjps.bmj.com/content/4/2/e000196
https://wjps.bmj.com/content/4/2/e000196
https://wjps.bmj.com/content/4/2/e000196
https://pubmed.ncbi.nlm.nih.gov/34733677/
https://pubmed.ncbi.nlm.nih.gov/34733677/
https://pubmed.ncbi.nlm.nih.gov/34733677/
https://pubmed.ncbi.nlm.nih.gov/38205435/
https://pubmed.ncbi.nlm.nih.gov/38205435/
https://pubmed.ncbi.nlm.nih.gov/38205435/
https://pubmed.ncbi.nlm.nih.gov/38205435/
https://pubmed.ncbi.nlm.nih.gov/37732389/
https://pubmed.ncbi.nlm.nih.gov/37732389/
https://pubmed.ncbi.nlm.nih.gov/37732389/
https://pubmed.ncbi.nlm.nih.gov/37623513/
https://pubmed.ncbi.nlm.nih.gov/37623513/
https://pubmed.ncbi.nlm.nih.gov/37623513/
https://pubmed.ncbi.nlm.nih.gov/33735284/
https://pubmed.ncbi.nlm.nih.gov/33735284/
https://pubmed.ncbi.nlm.nih.gov/33735284/

Crucial Genes in Cardiogenesis: Their Role in Congenital Heart Disease

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Tan Meihua,, et al. “Genetic diagnostic yield and novel causal
genes of congenital heart disease”. Frontiers in Genetics 13
(2022): 941364]

McMillan W Owen,, et al. “From patterning genes to process:
unraveling the gene regulatory networks that pattern
Heliconius wings”. Frontiers in Ecology and Evolution 8 (2020):
221]

Edwards Moriah,, et al. “Genetic investigation and diagnosis in
adults with congenital heart disease with or without structural
or neurodevelopmental comorbidity: a retrospective chart
review”. Frontiers in Genetics 15 (2024): 1412806]

Kalisch-Smith., et al. “Environmental risk factors for congenital
heart disease”. Cold Spring Harbor Perspectives in Biology 12.3
(2020): a037234]

Li Yan-Jie and Yi-Qing Yang. “An update on the molecular
diagnosis of congenital heart disease: focus on loss-of-function
mutations”. Expert Review of Molecular Diagnostics 17.4
(2017): 393-401]

Hartman Robert J., et al. “The contribution of chromosomal
abnormalities to congenital heart defects: a population-based
study”. Pediatric Cardiology 32 (2011): 1147-1157]

Glessner Joseph T, et al. “Increased frequency of de novo copy
number variants in congenital heart disease by integrative
analysis of single nucleotide polymorphism array and exome
sequence data”. Circulation Research 115.10 (2014): 884-896.

Homsy Jason.,, et al. “De novo mutations in congenital heart
disease with neurodevelopmental and other congenital
anomalies”. Science 350.6265 (2015): 1262-1266.

Bull Marilyn J. “Down Syndrome”. The New England Journal of
Medicine 382.24 (2020): 2344-2352.

Gravholt Claus H., et al. “Clinical practice guidelines for the
care of girls and women with Turner syndrome: proceedings
from the 2016 Cincinnati International Turner Syndrome
Meeting”. European Journal of Endocrinology 177.3 (2017):
G1-G70]

Mlynarski Elisabeth E. et al. “Rare copy number variants
and congenital heart defects in the 22ql11. 2 deletion
syndrome”. Human Genetics 135 (2016): 273-285]

Battaglia Agatino., et al. “Further delineation of deletion
1p36 syndrome in 60 patients: a recognizable phenotype
and common cause of developmental delay and mental
retardation”. Pediatrics 121.2 (2008): 404-410)

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

117
Pober Barbara R. “williams-Beuren syndrome”. New England
Journal of Medicine 362.3 (2010): 239-252]

McDermott Deborah A, et al. “TBX5 genetic testing validates
strict clinical criteria for Holt-Oram syndrome”. Pediatric
Research 58.5 (2005): 981-986]

Sperling Silke,, et al. “Identification and functional analysis
of CITED2Z mutations in patients with congenital heart
defects”. Human Mutation 26.6 (2005): 575-582.

Posch Maximilian G., et al. “Mutations in GATA4, NKX2. 5,
CRELD1, and BMP4 are infrequently found in patients with
congenital cardiac septal defects”. American journal of medical
genetics Part A 146.2 (2008): 251-253]]

Smemo Scott,, et al. “Regulatory variation in a TBX5 enhancer
leads to isolated congenital heart disease”. Human Molecular
Genetics 21.14 (2012): 3255-3263]

Ferese Rosangela., et al. “Heterozygous missense mutations
in NFATC1 are associated with atrioventricular septal
defect”. Human Mutation 39.10 (2018): 1428-1441]

Smith Kelly A., et al. “Dominant-negative ALK2 allele associates
with congenital heart defects”. Circulation 119.24 (2009):
3062-3069]

Reamon-Buettner, et al. “HEY2 mutations in malformed
hearts”. Human Mutation 27.1 (2006): 118-118]

Kerstjens-Frederikse Wilhelmina S., et al. “Cardiovascular
malformations caused by NOTCH1 mutations do not keep
left: data on 428 probands with left-sided CHD and their
families”. Genetics in Medicine 18.9 (2016): 914-923]

Zhao Wu. et al. “Mutations in VEGFA are associated
with  congenital left  ventricular
obstruction”.  Biochemical and  Biophysical

Communications 396.2 (2010): 483-488]

outflow  tract

Research

Matsson Hans,, et al. “Alpha-cardiac actin mutations produce
atrial septal defects”. Human molecular genetics 17.2 (2008):
256-265]

Durst Ronen.,, et al. «<Mutations in DCHS1 cause mitral valve
prolapse”. Nature 525.7567 (2015): 109-113]

Micale Lucia., et al. “Identification and characterization of
seven novel mutations of elastin gene in a cohort of patients
affected by supravalvular aortic stenosis”. European Journal of
Human Genetics 18.3 (2010): 317-323]

Citation: Majed Alsulami, et al. “Crucial Genes in Cardiogenesis: Their Role in Congenital Heart Disease". Acta Scientific Medical Sciences 9.3 (2025):
112-118.


https://pubmed.ncbi.nlm.nih.gov/35910219/
https://pubmed.ncbi.nlm.nih.gov/35910219/
https://pubmed.ncbi.nlm.nih.gov/35910219/
https://pubmed.ncbi.nlm.nih.gov/39445160/
https://pubmed.ncbi.nlm.nih.gov/39445160/
https://pubmed.ncbi.nlm.nih.gov/39445160/
https://pubmed.ncbi.nlm.nih.gov/39445160/
https://pubmed.ncbi.nlm.nih.gov/31548181/
https://pubmed.ncbi.nlm.nih.gov/31548181/
https://pubmed.ncbi.nlm.nih.gov/31548181/
https://pubmed.ncbi.nlm.nih.gov/28274167/
https://pubmed.ncbi.nlm.nih.gov/28274167/
https://pubmed.ncbi.nlm.nih.gov/28274167/
https://pubmed.ncbi.nlm.nih.gov/28274167/
https://pubmed.ncbi.nlm.nih.gov/21728077/
https://pubmed.ncbi.nlm.nih.gov/21728077/
https://pubmed.ncbi.nlm.nih.gov/21728077/
https://pubmed.ncbi.nlm.nih.gov/25205790/
https://pubmed.ncbi.nlm.nih.gov/25205790/
https://pubmed.ncbi.nlm.nih.gov/25205790/
https://pubmed.ncbi.nlm.nih.gov/25205790/
https://pubmed.ncbi.nlm.nih.gov/26785492/
https://pubmed.ncbi.nlm.nih.gov/26785492/
https://pubmed.ncbi.nlm.nih.gov/26785492/
https://pubmed.ncbi.nlm.nih.gov/32521135/
https://pubmed.ncbi.nlm.nih.gov/32521135/
https://academic.oup.com/ejendo/article/177/3/G1/6655349
https://academic.oup.com/ejendo/article/177/3/G1/6655349
https://academic.oup.com/ejendo/article/177/3/G1/6655349
https://academic.oup.com/ejendo/article/177/3/G1/6655349
https://academic.oup.com/ejendo/article/177/3/G1/6655349
https://pubmed.ncbi.nlm.nih.gov/26742502/
https://pubmed.ncbi.nlm.nih.gov/26742502/
https://pubmed.ncbi.nlm.nih.gov/26742502/
https://pubmed.ncbi.nlm.nih.gov/18245432/
https://pubmed.ncbi.nlm.nih.gov/18245432/
https://pubmed.ncbi.nlm.nih.gov/18245432/
https://pubmed.ncbi.nlm.nih.gov/18245432/
https://pubmed.ncbi.nlm.nih.gov/20089974/
https://pubmed.ncbi.nlm.nih.gov/20089974/
https://pubmed.ncbi.nlm.nih.gov/16183809/
https://pubmed.ncbi.nlm.nih.gov/16183809/
https://pubmed.ncbi.nlm.nih.gov/16183809/
https://pubmed.ncbi.nlm.nih.gov/16287139/
https://pubmed.ncbi.nlm.nih.gov/16287139/
https://pubmed.ncbi.nlm.nih.gov/16287139/
https://pubmed.ncbi.nlm.nih.gov/18076106/
https://pubmed.ncbi.nlm.nih.gov/18076106/
https://pubmed.ncbi.nlm.nih.gov/18076106/
https://pubmed.ncbi.nlm.nih.gov/18076106/
file:///D:/ANUSHA%20ACTA/2025/March%202025/ASMS/ASMS-25-RW-049/Regulatory%20variation%20in%20a%20TBX5%20enhancer%20leads%20to%20isolated%20congenital%20heart%20disease
file:///D:/ANUSHA%20ACTA/2025/March%202025/ASMS/ASMS-25-RW-049/Regulatory%20variation%20in%20a%20TBX5%20enhancer%20leads%20to%20isolated%20congenital%20heart%20disease
file:///D:/ANUSHA%20ACTA/2025/March%202025/ASMS/ASMS-25-RW-049/Regulatory%20variation%20in%20a%20TBX5%20enhancer%20leads%20to%20isolated%20congenital%20heart%20disease
https://pubmed.ncbi.nlm.nih.gov/30007050/
https://pubmed.ncbi.nlm.nih.gov/30007050/
https://pubmed.ncbi.nlm.nih.gov/30007050/
https://pubmed.ncbi.nlm.nih.gov/19506109/
https://pubmed.ncbi.nlm.nih.gov/19506109/
https://pubmed.ncbi.nlm.nih.gov/19506109/
https://pubmed.ncbi.nlm.nih.gov/16329098/
https://pubmed.ncbi.nlm.nih.gov/16329098/
https://pubmed.ncbi.nlm.nih.gov/26820064/
https://pubmed.ncbi.nlm.nih.gov/26820064/
https://pubmed.ncbi.nlm.nih.gov/26820064/
https://pubmed.ncbi.nlm.nih.gov/26820064/
https://pubmed.ncbi.nlm.nih.gov/20420808/
https://pubmed.ncbi.nlm.nih.gov/20420808/
https://pubmed.ncbi.nlm.nih.gov/20420808/
https://pubmed.ncbi.nlm.nih.gov/20420808/
https://pubmed.ncbi.nlm.nih.gov/17947298/
https://pubmed.ncbi.nlm.nih.gov/17947298/
https://pubmed.ncbi.nlm.nih.gov/17947298/
https://pubmed.ncbi.nlm.nih.gov/26258302/
https://pubmed.ncbi.nlm.nih.gov/26258302/
https://pubmed.ncbi.nlm.nih.gov/19844261/
https://pubmed.ncbi.nlm.nih.gov/19844261/
https://pubmed.ncbi.nlm.nih.gov/19844261/
https://pubmed.ncbi.nlm.nih.gov/19844261/

Crucial Genes in Cardiogenesis: Their Role in Congenital Heart Disease

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

LaHaye Stephanie., etal. “Utilization of whole exome sequencing
to identify causative mutations in familial congenital heart
disease”. Circulation: Cardiovascular Genetics 9.4 (2016): 320-
329]

Kirk Edwin P, et al. “Mutations in cardiac T-box factor gene
TBX20 are associated with diverse cardiac pathologies,
including defects of septation and valvulogenesis and
cardiomyopathy”. The American Journal of Human Genetics 81.2
(2007): 280-291]

Raissadati Alireza., et al. “Progress in late results among
pediatric cardiac surgery patients: a population-based
6-decade study with 98% follow-up”. Circulation 131.4 (2015):
347-353]

Pierpont Mary Ella, et al. “Genetic basis for congenital heart
disease: revisited: a scientific statement from the American
Heart Association”. Circulation 138.21 (2018): 653-e711]

Page Donna ], et al. “Whole exome sequencing reveals the
major genetic contributors to nonsyndromic tetralogy of
Fallot”. Circulation Research 124.4 (2019): 553-563]

de Soysa T Yvanka, et al. “Single-cell analysis of
cardiogenesis reveals basis for organ-level developmental

defects”. Nature 572.7767 (2019): 120-124]

Sizarov Aleksander, et al. “Formation of the building
plan of the human heart: morphogenesis, growth, and
differentiation”. Circulation 123.10 (2011): 1125-1135]

Morton, Sarah U, et al. “Genomic frontiers in congenital heart
disease”. Nature Reviews Cardiology 19.1 (2022): 26-42]

Blue Gillian M., et al. “Advances in the genetics of congenital
heart disease: a clinician’s guide”. Journal of the American
College of Cardiology 69.7 (2017): 859-870]

Cao Ce., et al. “Nkx2. 5: a crucial regulator of cardiac
development, regeneration and diseases”. Frontiers in
Cardiovascular Medicine 10 (2023): 1270951]

Yamada Yuya. et al. “A novel NKX2-5 variant in a child
with left ventricular noncompaction, atrial septal defect,
atrioventricular conduction disorder, and syncope”. Journal of
Clinical Medicine 11.11 (2022): 3171]

Chen Jau-Nian and Mark C Fishman. “Zebrafish tinman
homolog demarcates the heart field and initiates myocardial
differentiation”. Development 122.12 (1996): 3809-3816]

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

118
Rosoff Marc L and Neil M Nathanson. “GATA factor-dependent
regulation of cardiac m2 muscarinic acetylcholine gene
transcription”. Journal of Biological Chemistry 273.15 (1998):
9124-9129]

McDonald-McGinn Donna M., et al. “22qll. 2 deletion
syndrome”. Nature Reviews Disease Primers 1.1 (2015): 1-19]

XuHuansheng, etal. “Tbx1 hasadualrolein the morphogenesis
of the cardiac outflow tract”. (2004): 3217-3227]

Maurya Shailendra S., et al. “KDM6A knockout in human iPSCs
alters the genome-wide histone methylation profile at active
and poised enhancers, activating expression of ectoderm gene
expression pathways”. bioRxiv (2021): 202 1-2030]

Sen Rwik,, et al. “The role of KMT2D and KDM6A in cardiac
development: A cross-species analysis in humans, mice, and
zebrafish”. bioRxiv 2020 (2020): 2004/

Linglart Léa and Damien Bonnet. “Epigenetics and congenital
heart diseases”. Journal of Cardiovascular Development and
Disease 9.6 (2022): 185]

Diab Nicholas S., et al. “Molecular genetics and complex
inheritance of congenital heart disease”. Genes 12.7 (2021):
1020]

Guo Tingwei.,, et al. “KDM6B interacts with TFDP1 to activate
P53 signaling in regulating mouse palatogenesis”. Elife 11
(2022): €74595]

Gazova lveta,, et al. “Lysine demethylases KDM6A and UTY:
the X and Y of histone demethylation”. Molecular Genetics and
Metabolism 127.1 (2019): 31-44]

Gao Christine W, et al. “Growth deficiency in a mouse model of
Kabuki syndrome 2 bears mechanistic similarities to Kabuki
syndrome 1”. PLoS Genetics 20.6 (2024): €1011310]

YiZhujun,, etal. “KDM6A regulates cell plasticity and pancreatic
cancer progression by noncanonical activin pathway”. Cellular
and Molecular Gastroenterology and Hepatology 13.2 (2022):
643-667]

Citation: Majed Alsulami, et al. “Crucial Genes in Cardiogenesis: Their Role in Congenital Heart Disease". Acta Scientific Medical Sciences 9.3 (2025):
112-118.


https://pubmed.ncbi.nlm.nih.gov/27418595/
https://pubmed.ncbi.nlm.nih.gov/27418595/
https://pubmed.ncbi.nlm.nih.gov/27418595/
https://pubmed.ncbi.nlm.nih.gov/27418595/
https://pubmed.ncbi.nlm.nih.gov/17668378/
https://pubmed.ncbi.nlm.nih.gov/17668378/
https://pubmed.ncbi.nlm.nih.gov/17668378/
https://pubmed.ncbi.nlm.nih.gov/17668378/
https://pubmed.ncbi.nlm.nih.gov/17668378/
https://pubmed.ncbi.nlm.nih.gov/30571578/
https://pubmed.ncbi.nlm.nih.gov/30571578/
https://pubmed.ncbi.nlm.nih.gov/30571578/
https://pubmed.ncbi.nlm.nih.gov/30582441/
https://pubmed.ncbi.nlm.nih.gov/30582441/
https://pubmed.ncbi.nlm.nih.gov/30582441/
https://www.nature.com/articles/s41586-019-1414-x
https://www.nature.com/articles/s41586-019-1414-x
https://www.nature.com/articles/s41586-019-1414-x
https://pubmed.ncbi.nlm.nih.gov/21403123/
https://pubmed.ncbi.nlm.nih.gov/21403123/
https://pubmed.ncbi.nlm.nih.gov/21403123/
https://pubmed.ncbi.nlm.nih.gov/34272501/
https://pubmed.ncbi.nlm.nih.gov/34272501/
https://pubmed.ncbi.nlm.nih.gov/28209227/
https://pubmed.ncbi.nlm.nih.gov/28209227/
https://pubmed.ncbi.nlm.nih.gov/28209227/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10732152/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10732152/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10732152/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9181799/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9181799/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9181799/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9181799/
https://pubmed.ncbi.nlm.nih.gov/9012502/
https://pubmed.ncbi.nlm.nih.gov/9012502/
https://pubmed.ncbi.nlm.nih.gov/9012502/
https://pubmed.ncbi.nlm.nih.gov/9535902/
https://pubmed.ncbi.nlm.nih.gov/9535902/
https://pubmed.ncbi.nlm.nih.gov/9535902/
https://pubmed.ncbi.nlm.nih.gov/9535902/
https://pubmed.ncbi.nlm.nih.gov/27189754/
https://pubmed.ncbi.nlm.nih.gov/27189754/
https://pubmed.ncbi.nlm.nih.gov/15175244/
https://pubmed.ncbi.nlm.nih.gov/15175244/
https://www.biorxiv.org/content/10.1101/2021.03.09.434633v1
https://www.biorxiv.org/content/10.1101/2021.03.09.434633v1
https://www.biorxiv.org/content/10.1101/2021.03.09.434633v1
https://www.biorxiv.org/content/10.1101/2021.03.09.434633v1
https://www.biorxiv.org/content/10.1101/2020.04.03.024646v1.full
https://www.biorxiv.org/content/10.1101/2020.04.03.024646v1.full
https://www.biorxiv.org/content/10.1101/2020.04.03.024646v1.full
https://pubmed.ncbi.nlm.nih.gov/35735814/
https://pubmed.ncbi.nlm.nih.gov/35735814/
https://pubmed.ncbi.nlm.nih.gov/35735814/
https://pubmed.ncbi.nlm.nih.gov/34209044/
https://pubmed.ncbi.nlm.nih.gov/34209044/
https://pubmed.ncbi.nlm.nih.gov/34209044/
https://pubmed.ncbi.nlm.nih.gov/35212626/
https://pubmed.ncbi.nlm.nih.gov/35212626/
https://pubmed.ncbi.nlm.nih.gov/35212626/
https://pubmed.ncbi.nlm.nih.gov/31097364/
https://pubmed.ncbi.nlm.nih.gov/31097364/
https://pubmed.ncbi.nlm.nih.gov/31097364/
https://pubmed.ncbi.nlm.nih.gov/38857303/
https://pubmed.ncbi.nlm.nih.gov/38857303/
https://pubmed.ncbi.nlm.nih.gov/38857303/
https://pubmed.ncbi.nlm.nih.gov/34583087/
https://pubmed.ncbi.nlm.nih.gov/34583087/
https://pubmed.ncbi.nlm.nih.gov/34583087/
https://pubmed.ncbi.nlm.nih.gov/34583087/

	_GoBack
	_Hlk191300806

