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Abstract

Background: Tetralogy of Fallot is the most prevalent cyanotic congenital heart disease, occurring in 1/3 600 live
births. This disorder comprises ventricular septal defect, right ventricular outflow obstruction, over-riding aorta, and
right ventricular hypertrophy. The present study aims to reveal the spectrum of Nk2 homeobox 5 (NKX2-5) variants
identified in a Moroccan non-syndromic tetralogy of Fallot cohort and to compare mutation rate with different
studies from all over the world. Thirty-one patients with non-syndromic tetralogy of Fallot were recruited in this
cross-sectional study. DNAs were extracted, and coding regions of NKX2.5 were PCR-amplified and sequenced. The
obtained sequences were analyzed using different bioinformatics tools. Statistical comparisons were carried out
using the R software.

Results: R25C mutation was found in two patients, in association with the E21E variant. The latter variant was
frequently observed in the population and seems to have a potential altering effect on the splicing process. The
NKX2.5 mutation rate in our tetralogy of Fallot population is around 6.4%, and no significant difference was noticed
in comparison with previous studies. At the same time, a comparison of R25C mutation rate between atrial septal
defect and tetralogy of Fallot worldwide populations shows a particular association of R25C mutation with tetralogy
of Fallot phenotype.

Conclusions: This study reveals a consistency between our NKX2.5 mutation rate and those of different tetralogy of
Fallot populations around the world. Our findings suggest a possible combined effect of R25C mutation and E21E
variant on the carriers and emphasize particularly the significant association of R25C mutation with tetralogy of
Fallot, which highlights the importance of an anticipative screening for TOF phenotype among the carriers’
offspring at the perinatal period.
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Background

Congenital heart disease (CHD) is the most common
form of birth anomalies, with a prevalence of 1% of new-
borns [1]. This congenital disorder results from both
genetic and environmental etiologies and is considered
the first non-infectious cause of death in the first year of
life [2, 3]. Tetralogy of Fallot (TOF) constitutes the most
prevalent cyanotic congenital heart disease, occurring in
1/3 of 600 live births and accounting for 6.8% of
congenital heart diseases [4, 5]. This right-to-left shunt
disorder comprises ventricular septal defect, right
ventricular outflow obstruction, over-riding aorta, and
right ventricular hypertrophy.

Up to 25% of TOF cases occur in the setting of
syndromic conditions, notably DiGeorge syndrome
(22q11 microdeletion) [6].

Genetic etiology involved in non-syndromic tetralogy
of Fallot includes most often cardiac transcription
factors, such as Nk2 homeobox 5 (NKX2-5) (5q35),
GATA-binding protein 4 (GATA4) (8p23.1), and T-BOX
1 (TBX1I) (22¢q11.21). In the normal cardiogenesis process,
these genes contribute particularly to the differentiation of
the second heart field (SHF) and the heart looping [7-10].

NKX2-5, a member of the NKX family, is a homeobox
transcription factor with a central role in regulating
heart development. It interacts with GATA4 and serum
response factor (SRF) throughout cardiogenesis to acti-
vate cardiac sarcomeric genes [11]. NKX2-5, mapped in
5q35, is the first genetic factor to be associated with
non-syndromic congenital heart disease, particularly
with non-syndromic atrial septal defect (ASD) combined
with atrioventricular block [12]. Afterward, several stud-
ies confirmed the association of NKX2-5 mutations with
other types of congenital heart disease, notably tetralogy
of Fallot and ventricular septal defect [8, 13, 14].

In the present study, we carried out a mutational
screening of NKX2-5 in a Moroccan cohort with tetral-
ogy of Fallot to reveal the potential pathogenic muta-
tions that may cause such phenotype. In the second
part, we compared our findings with those reported in
different populations. The third part of this paper was
focused on assessing the R25C variant prevalence among
worldwide populations affected by either tetralogy of
Fallot or atrial septal defect (ASD).

Methods

Patients

The thirty-six unrelated patients, recruited in this cross-
sectional study, were initially evaluated by the Medico-
surgical Unit of the Cardio-pediatric Department. After
confirming the diagnosis of tetralogy of Fallot by electro-
cardiography (ECG) and Doppler echocardiography, the
patients underwent clinical evaluation, karyotyping, and
22q11 microdeletion testing using the fluorescent in situ
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hybridization (FISH) technique, in the Medical Genetics
Laboratory. Patients with tetralogy of Fallot phenotype,
normal karyotype, and no 22q11 microdeletion were in-
cluded in the study. Five patients, in whom a syndromic
association was confirmed or suspected, were excluded
from the study. All included patients were interviewed,
and the history of personal and family disorders was
noted. This work was approved by the local ethics com-
mittee, under reference number 06/14.

Molecular analysis

After obtaining written informed consent, the peripheral
blood was obtained from the 31 patients with non-
syndromic tetralogy of Fallot, and DNA samples were
extracted from blood lymphocytes using the optimized
salting-out technique [15].

We carried out polymerase chain reaction (PCR) to
amplify NKX2-5 coding exons and their flanking introns
using the primer pairs derived from previously published
data [16]. Primer sequences with PCR product sizes are
illustrated in Table 1.

PCR reaction mix was prepared in a 25-mL final vol-
ume containing 10 pmol of each primer, 1x PCR buffer
(Invitrogen, CA, USA), 15-25mM MgCl2, 10 mM
dNTP, 1U of Taq (Invitrogen, CA, USA), and 40 ng of
genomic DNA. The PCR cycling conditions performed
in the Veriti 96-well Thermal Cycler 9902 (Applied Bio-
systems, MA, USA) were 94°C for 7 min; 35 cycles of
94°C for 40s, 59-64°C (according to the specific
hybridization temperature of each primer pairs) for 30s,
and 72 °C for 40's; and 72 °C for 7 min.

After electrophoresis, purified PCR product underwent
direct sequencing using the BigDye Terminator V1.1
Cycle Sequencing Kit (ABI Prism, MA, USA) and the
Applied Biosystems 3500Dx Genetic Analyser.

In silico analysis

Chromatograms were analyzed by the Sequencing
Analysis SeqA v.5.4 (Applied Biosystems, MA, USA).
The obtained sequences were analyzed using various
bioinformatics analysis tool, notably “Nucleotide Blast”

Table 1 Features of primer pairs used for the NKX2.5 PCR

method
Exon Primer sequence (5' > 3') Product size (bp)
1.1% Fd: CACGA TGCAGGGAAGCTG 477
Rs: AGTTTCTTGGGG ACGAAAGC
1.2%* Fd: CCTCCACGAGGATCCCTTAC 463
Rs: CGAGTCCCCTAGGCATGG
2 Fd: AGAACCGGCGCTACA AGTG 473

Rs: GAGTCAGGGAGCTGTTGAGG

bp base pairs, Fd forward, Rs reverse
*First fragment of exon 1
**Second fragment of exon 1
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for pairwise alignment (NCBI); Mutation Taster2, SIFT
v5.1.1, SNAP2, and SNPs&GO to predict the functional
impact of non-synonymous variants; and Human Spli-
cing Finder (HSF 3.0) to assess the impact of silent
variants on splicing process.

Statistical analysis

The statistical tests used to compare the mutational rate
between study cohorts were Fisher’s exact test for re-
duced cohort size and chi-square tests in larger cohort
size. Tests were performed using the R software.

Results

Thirty-one patients suffering from tetralogy of Fallot
were screened for NKX2.5 mutations. The studied popu-
lation was composed of 17 males and 14 females with a
sex ratio of 1.2. The mean age at enrolment was 6 years
old, with children ages ranging from 2 months to 15
years. About 21% of the patients were born to consan-
guineous parents. Maternal and paternal mean ages at
patients’ birth were 28 and 38 years, respectively.

Sanger sequencing of coding regions showed two
variants in exon 1. The first substitution (c.63A>Q) is a
synonymous recurrent variant, being detected in 61% of
the studied cohort. The second substitution (¢.73C>T) is
a missense variant that was found in 6.45% of the
affected group. Table 2 and Fig. 1 show more details
about these variants.

Functional prediction tools show a pathogenic impact
of the R25C (c.73C>T) variant. Mutation taster2 algo-
rithm predicts a disease-causing effect with a score of
180, Sift algorithm concludes a damaging effect with a
score of 0.05, SNAP2 algorithm shows an altering effect
with a score of 76, while SNPs&GO algorithm considers
R25C substitution as a disease-related variant. On the
other hand, HSF algorithms show a potential altering
effect of the E21E variant on splicing activity, as illus-
trated in Fig. 2.

Considering only the missense variants, the mutation
rate in our cohort seems to be around 6.45%. This rate
was compared with NKX2.5 mutation rates of various
populations affected by tetralogy of Fallot from all over
the world. Table 3 shows the p values of different
comparisons.

Discussion
NKX2-5 protein is one of the most important transcription
factors in heart development during the embryogenesis

(2021) 22:18

Page 3 of 7

stage. It is notably involved in regulating cardiomyocyte dif-
ferentiation and proliferation, through different stages of
cardiogenesis. During heart formation, NKX2.5 protein
plays a central role in the second heart field (SHF) differen-
tiation and the heart looping process. These heart areas
constitute particularly the major parts damaged in the case
of tetralogy of Fallot, which suggests a strong involvement
of NKX2.5 mutations in this particular congenital heart
disease. For this reason, in the present work, the NKX2.5
gene was chosen to be screened in a group of thirty-one
patients with non-syndromic tetralogy of Fallot. This cohort
has been screened for GATA4 mutations in an earlier paper
[25], but no confirmed pathogenic mutation was revealed.
Clinical and environmental investigation findings were dis-
cussed in that study and have shown a strong association
between TOF occurrence and maternal passive smoking.

We detected two variants, localized both in the first exon
of NKX2.5. The first substitution, ¢.73C>T (rs28936670), is
a heterozygous missense variant that replaces arginine
amino acid with a cytosine at position 25 of the NKX2.5
coding sequence. This variant was observed in two female
patients, one of them is issued from a consanguineous
marriage.

The second substitution, c.63A>G (rs2277923), is a
synonymous variant that does not change the corre-
sponding amino acid, which is glutamate, at position 21
of the coding sequence. rs2277923 is a recurrent variant
that was found in 19 patients as heterozygous and
homozygous substitutions, respectively in 73.7% and
26.3% of carriers.

Both of the detected variants are very close to the
tinman domain (TN). The latter has a pivotal role in
activating the transcription of NKX2.5 downstream-
targeted genes [26].

In silico analysis of R25C mutation pathogenic impact
shows a damaging and disease-causing effect through
four different prediction programs, namely, Sift, Muta-
tion taster2, SNAP2, and SNPs&GO algorithms. Given
that R25 residue is a relatively conserved amino acid,
this substitution could be considered as a probably
pathogenic variant.

R25C variant was proved, through previous independent
functional studies, to impair dimer formation at the dimeric
binding sites of target genes and to significantly decrease
transactivation of downstream gene promoters [27, 28].

On the other hand, HSF algorithms that assess the
effect of silent variants on splicing machinery show an
interesting potential altering impact for the E21E variant,

Table 2 NKX2.5 variants detected in non-syndromic tetralogy of Fallot cohort

variant ID Nucleotide variant Amino acid variant Location Variant type Patient Mutation rate (%)
152277923 C63A>G E21E Exon 1 Synonymous 19 patients 61
1s28936670 c.73C>T R25C Exon 1 Missense P10, P11 6.45
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Fig. 1 Sequencing profiles of detected variants (a, b) and organization of NKX2.5 domains with detected variants location (c)
A\

by creating an exonic splicing silencer (ESS) site and
altering an exonic splicing enhancer (ESE) site (Fig. 2).
These effects could disrupt the splicing process by
splicing out the entire concerned exon, which may lead
to a truncated protein most probably inactive. This
conclusion should be obviously confirmed by additional
in vitro functional studies.

It is worth noting that the E21E variant (rs2277923)
was detected in both carriers of the R25C mutation, as a
homozygous substitution in one of them. This needs to
be further studied to confirm whether such compound
variants have a more pathogenic impact on the NKX2.5
protein function.

Therefore, by considering only missense variants, the
NKX2.5 mutation rate in our study seems to be around
6.4%. In the second part of this study, we compared this
rate to those obtained in different previous studies. The

results in Table 3 show an absence of significant differ-
ences between our rate and rates found in diverse TOF
populations throughout the world. Moreover, no signifi-
cant differences were found when comparing these study
rates with each other.

R25C mutation is considered the most recurrent
NKX2.5 variant in CHD patients [7, 12, 19]. This hotspot
variant was detected worldwide in various CHD sub-
types, including TOF, ASD, ventricular septal defect
(VSD), hypoplastic left heart (HLHS), interrupted aortic
arch (IAA), and atrioventricular connection (AVC) [29].
In the third part of this study, we compared the R25C
mutation cumulative frequency between TOF and ASD
populations deducted from 18 studies from all over the
world. The corresponding results in Table 4 show a
significant difference, p = 0.015, meaning that R25C
mutation is significantly associated with TOF phenotype

Predicted signal Prediction algorithm cDNA Position Interpretation
1 - Sironi et al. - Motif 1 AAcchsAs:A1scAec
New ESS Site 2 - ESR Sequences from Goren et al. 2 3
3 - Sironi et al. - Motif 2 "s6 58 60 62 64 665 68 10

1 - RESCUE ESE Hexamers
2 - HSF Matrices - 9G8
3 - ESE-Finder - SC35
4 - HSF Matrices - Tra2-

ESE Site Broken

5 - ESR Sequences from Goren et al. 5'5
6 - EIEs from Zhang et al.

T T T T T T T 1
58 60 62 64 66 68 70 72

Fig. 2 HSF output for pathogenic effect prediction of the E21E variant
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Table 3 Comparison of NKX2.5 mutation rate throughout various tetralogy of Fallot (TOF) populations

Region TOF population Pathogenic mutation p value* Reference
rate of NKX2.5 (%)

North Africa Egyptian 1/10 (10) 1 [17]
Egyptian 1/15 (6.7) 1 [18]

Europe Turkish 1/22 (4.5) 1 [19]
German 4/182 (2) 02 [20]

America American 9/201 (4) 0.6 [14]
American 1/20 (5) 1 [13]
American 6/150 (4) 06 [8]
Brazilian 1/58 (1.7) 027 [21]

Asia Chinese 1/15 (6.7) 1 [22]
Chinese (Han) 0/50 (0) 0.1 [23]
Japanese 1/125 (0.8) 0.1 [24]

Present study Moroccan 2/31 (64) - -

*Compared to our study

compared to ASD. This could suggest that, in the case
of R25C mutation occurrence, there may be a relatively
higher likelihood that the embryo develops a TOF
phenotype rather than ASD.

This hypothesis seems to be supported by previous
studies, in which the authors emphasized the significantly

higher recurrence of this variant among TOF patients
[7, 18], with a potential increased risk of TOF manifest-
ation among R25C mutation carriers children [37].

These findings would particularly encourage anticipative
screening for TOF phenotype among offspring of R25C
mutation carriers, especially at the perinatal period. Given

Table 4 Comparison of R25C mutation cumulative rates between TOF and ASD cohorts

Population R25C mutation rate in R25C mutation rate in Reference
TOF population (%) ASD population (%)
Australian/American - 0/102 [30]
American 4/201 0/71 [14]
American 1/20 0/16 [13]
American 3/150 - [8]
Brazilian 1/58 0/17 [21]
Chinese - 0/105 [31]
Chinese - 0/58 [32]
Chinese 0/15 0/105 [22]
Chinese (Han) 0/50 0/33 [23]
Egyptian 1/15 - [18]
Egyptian 1/10 0/8 07
German 2/182 - [20]
German 0/8 017 [33]
[talian - 0/29 [34]
Japanese 0/125 - [24]
Japanese - 0/16 [35]
Lebanese 1/30 2/25 [36]
Turkish 1/22 - [19]
Cumulative rate 15/886 (1.7%) 2/602 (0.3%) -
p value* 0.015%*

*Relative to cumulative rates comparison
**Significant difference
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the life-threatening complications related to this disorder
at the perinatal period [38], such an anticipative step may
constitute an additional support to allow providing suit-
able care for the newborn, starting from his/her earliest
stages of life.

Conclusions

In conclusion, the present study reports, for the first
time, NKX2.5 variants found in a Moroccan population
affected by tetralogy of Fallot. NKX2.5 mutation rate de-
termined in our study population (6.4%) is consistent
with international rates. Our findings suggest a potential
impact of E21E variant on splicing process and a pos-
sible combined effect of both R25C mutation and E21E
variant on our mutated patients and emphasize particu-
larly the significant association of R25C mutation with
tetralogy of Fallot, which may encourage the anticipative
screening for TOF phenotype among R25C mutation
carriers’ offspring at the perinatal period.
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