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Abstract

Introduction: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and is associated with significant
morbidity and mortality. In sub-Saharan Africa, AF frequently occurs at a younger age, most often in the context of rheumatic
mitral valve disease (RMVD), and is characterized by advanced atrial remodeling. Genetic studies have identified the Paired-
like Homeodomain Transcription Factor 2 (PITX2) gene at the 4q25 locus as a major susceptibility factor for AF. Objective: to
investigate genetic variability within exon 4 of the PITX2 gene in African patients with RMVD and to explore its potential role
in AF susceptibility. Materials and Methods: this prospective observational study was conducted at the Cuomo Cardiac Surgery
Center, Aristide Le Dantec University Hospital (Dakar, Senegal). Forty-five patients undergoing surgery for RMVD were
included, along with 15 control subjects without documented AF. Intraoperative left atrial endocardial biopsies were obtained in
operated patients. Genomic Deoxyribonucleic Acid (DNA) extracted from atrial tissue and control blood samples was used for
targeted amplification and Sanger sequencing of exon 4 of PITX?2. Identified variants were annotated using public databases and
evaluated with in silico prediction tools. Variants were classified according to the American College of Medical Genetics and
Genomics (ACMG) guidelines. Results: the study population was young (mean age 31 years) and predominantly female. AF was
present in 56% of patients and was associated with marked left atrial dilatation and preserved left ventricular systolic function.
Sequencing identified four rare missense variants (¢.59C>T, ¢.97A>G, ¢.121C>G, and ¢.149G>T) located within the conserved
homeobox domain of PITX2. All variants were heterozygous and showed extremely low allele frequencies in population
databases. In silico predictions were heterogeneous, and all variants were classified as variants of uncertain significance. Genetic
diversity analyses revealed slightly higher haplotype and nucleotide diversity in AF patients, without significant genetic
differentiation between groups. Conclusion: rare variants in exon 4 of PITX2 were identified in African patients with RMVD.
Although their functional significance remains uncertain, these findings support a potential modulatory role of PITX2 in
susceptibility to atrial fibrillation and highlight the importance of genetic studies in underrepresented African populations.
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1. Introduction

Atrial fibrillation (AF) is the most common sustained car-
diac arrhythmia worldwide, with an estimated prevalence of
1-2% in adults and a rapidly increasing global burden. AF is
associated with a substantial risk of stroke, heart failure, and
all-cause mortality. In sub-Saharan Africa, AF frequently oc-
curs at a younger age in the context of rheumatic mitral valve
disease, which remains highly prevalent, and is often charac-
terized by advanced atrial remodeling and persistent or per-
manent forms requiring surgical management. AF is a multi-
factorial arrhythmia resulting from the interaction between an
abnormal atrial substrate, triggering foci, and modulating fac-
tors. Beyond structural and electrical remodeling, recent ad-
vances in molecular genetics have demonstrated an inherited
component of AF susceptibility. Genome-wide association
studies have consistently identified the chromosome 4q25 lo-
cus, near the PITX2 gene, as the strongest genetic signal asso-
ciated with AF across populations. The PITX2 gene encodes a
homeobox transcription factor essential for left atrial develop-
ment and electrophysiological stability through regulation of
ion channel expression. Reduced PITX2 expression has been
linked to atrial electrical remodeling and increased vulnerabil-
ity to AF. However, data on PITX2 genetic variation in African
populations remain limited. The present study aims to investi-
gate genetic variability of exon 4 of PITX2 in African patients
with rheumatic mitral valve disease, with or without atrial fi-
brillation, and to explore its potential role in AF susceptibility
in this underrepresented population.

2. Materials and Methods

This prospective, observational, and analytical study was
conducted over a one-year period, from August 2023 to July
2024, at the Department of Thoracic and Cardiovascular Sur-
gery, Cuomo Cardiac Surgery Center, Aristide Le Dantec Uni-
versity Hospital (Dakar, Senegal). Patients with acquired
rheumatic mitral valve disease scheduled for mitral valve re-
placement surgery were consecutively enrolled, regardless of
the presence or absence of documented atrial fibrillation (AF).
The study population comprised 44 operated patients and a
control group of 15 subjects without a documented history of
AF.

Clinical data collected included age, sex, medical history,
and functional symptoms. Rhythm status was assessed using
standard electrocardiography and classified as sinus rhythm or
atrial fibrillation (paroxysmal, persistent, permanent, or post-
operative). Transthoracic echocardiography was performed to
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evaluate mitral valve pathology, left atrial size, and right and
left ventricular function.

After written informed consent was obtained, atrial tissue
samples were collected intraoperatively. All surgical proce-
dures were performed under cardiopulmonary bypass. Fol-
lowing median sternotomy, cardioplegic arrest, and left atriot-
omy, an approximately 1 cm=tndocardial biopsy was obtained
from the junction between the left atrium and the right supe-
rior pulmonary vein. Samples were processed according to
downstream analyses: fixation for histological and ultrastruc-
tural studies, or preservation for genetic analysis.

Genetic analysis focused on the PITX2 gene and was per-
formed on atrial tissue samples using standardized protocols
for DNA extraction, amplification, and molecular analysis.
Data entry and descriptive analyses were performed using Mi-
crosoft Excel, and results were analyzed according to patients’
rhythm status.

Genetic analysis focused on the extraction, amplification,
and targeted sequencing of exon 4 of the PITX2 gene from
atrial tissue samples and control blood samples. Genomic
DNA was extracted from approximately 25 mg of left atrial
endocardial tissue collected at the left atrium-right superior
pulmonary vein junction using a commercial silica mem-
brane—based kit (Zymo Research), according to the manufac-
turer’s standard protocol. Control DNA was extracted from
peripheral whole blood using the QIAamp DNA Blood Mini
Kit (Qiagen).

DNA quality was assessed by agarose gel electrophoresis.
Exon 4 of PITX2 (approximately 300 bp), located on chromo-
some 4q25, was amplified by polymerase chain reaction (PCR)
using specific primers designed from the reference sequence
NM_000325.5. PCR products were visualized on 2% agarose
gels, purified, and subjected to Sanger sequencing (ABI Prism
3130xl, Applied Biosystems).

Sequence chromatograms were analyzed using Chro-
masPro and aligned to the reference sequence NM_000325.6
with BioEdit software to identify nucleotide variants. Variant
annotation was performed using public databases (dbSNP,
ClinVar, and 1000 Genomes), and predicted functional impact
was assessed using in silico tools (PolyPhen-2, Sorting Intol-
erant From Tolerant (SIFT), and MutationTaster).

Statistical analyses were conducted using IBM SPSS Sta-
tistics version 25.0 and GraphPad Prism version 8.0. Contin-
uous variables were compared using Student’s ¢ test or the
Mann—Whitney U test, as appropriate, while categorical vari-
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ables were analyzed using the y? test or Fisher’s exact test. As-
sociations between PITX2 variants and atrial fibrillation were
evaluated by logistic regression analysis, with statistical sig-
nificance set at p < 0.05. Statistical results are presented with
95% confidence intervals (95% CI) where applicable in order
to provide an estimate of the precision of the calculated pa-
rameters.

3. Results

3.1. Epidemiological, Clinical, and Paraclinical
Characteristics

The study population included 45 patients undergoing sur-
gery for rheumatic mitral valve disease. The majority were fe-
male (36/45; female-to-male ratio 4:1), with a mean age of 31
years (range, 12-63), including 13 patients younger than 18
years. All patients originated from West Africa, predomi-
nantly Senegal (86%).

A clinical history suggestive of acute rheumatic fever was
frequent, with recurrent pharyngitis reported in 42% of cases
and polyarthralgia in 44%. Mitral valve involvement consisted
of isolated mitral regurgitation in 49% of patients, isolated mi-
tral stenosis in 17%, and mixed mitral disease in 34%.

Atrial fibrillation (AF) was present in 25 patients (56%),
predominantly in the permanent form (35%). Other AF pat-
terns included newly diagnosed AF (13%), persistent AF (6%),
and paroxysmal AF (2%). AF occurred preferentially in older
patients within the cohort. The mean cardiothoracic index was
0.61, and cardiomegaly was observed in 73% of cases.

Transthoracic echocardiography demonstrated marked left

atrial dilatation, with a mean anteroposterior diameter of 52
mm (range, 29-78 mm) and a mean left atrial surface area of
40 cm3range, 17-69 cm3}, observed in both patients with AF
and those in sinus rhythm. Left ventricular systolic function
was globally preserved, with a mean left ventricular ejection
fraction of 65%, suggesting a predominantly atrial mechanism
for AF. Mean tricuspid annular plane systolic excursion
(TAPSE) was 22 mm.

Mitral valve disease was associated with tricuspid regurgi-
tation in 69% of patients, with a mean systolic pulmonary ar-
tery pressure of 52 mmHg, and with aortic regurgitation in
28%. No patient exhibited biological evidence of active in-
flammation. Infectious markers were negative, and antistrep-
tolysin O titers were positive in only 6.7% of cases, without
clinical correlation.

3.2. Genetic Findings

DNA extracted from cardiac tissue samples and control
blood samples showed concentrations ranging from 80 to 120
ng/pL, with A260/A280 ratios between 1.8 and 2.0, indicating
satisfactory purity. PCR amplification of exon 4 of the PITX2
gene consistently yielded a single amplicon of approximately
300 bp, confirming reaction specificity. In silico primer vali-
dation using BLASTn demonstrated exclusive alignment to
exon 4 of PITX2 (reference transcript NM_000325.6, locus
4925).

Targeted Sanger sequencing identified four rare missense
variants: ¢.59C>T (p.Ala20Val), c.97A>G (p.Lys33Glu),
€.121C>G (p.Pro41Ala), and ¢.149G>T (p.Ser50lle), all lo-
cated within the Homeobox domain critical for PITX2 tran-
scriptional activity (Table 1).

Table 1. In Silico Pathogenicity Predictions of Variants Identified in Exon 4 of the PITX2 Gene.

Mutation p-AA dbSNP CADD FATHMM PolyPhen-2 MutationTaster SIFT
¢.59C>T p-Ala20Val rs150684621 24.7 Damaging Benign Benign Tolerated
¢.149G>T p-Ser501le — 242 Damaging Benign Benign Deleterious
c.97A>G p-Lys33Glu rs1578464704 23.4 Damaging Probably damaging  Benign Tolerated
c.121C>G p.Pro41Ala rs758414076 17.35 Damaging Benign Benign Tolerated

Software Used: CADD, FATHMM, PolyPhen-2, MutationTaster, SIFT.

Each variant was detected in a heterozygous state, with no
homozygous carriers observed. Allele frequencies in public
databases (gnomAD, dbSNP, ClinVar) were extremely low,
particularly for c.59C>T, c.97A>G, and ¢.121C>G (< 2 X
107°), confirming their rarity.

In silico pathogenicity prediction revealed heterogeneous
results. High Combined Annotation Dependent Depletion
(CADD) scores (> 23) were observed for variants ¢.59C>T,
€.97A>G, and ¢.149G>T, suggesting a potential functional
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impact, whereas only ¢.149G>T was predicted to be deleteri-
ous by SIFT. According to the American College of Medical
Genetics and Genomics (ACMG) criteria, all identified vari-
ants were classified as variants of uncertain significance
(VUS), due to insufficient functional evidence.

In silico assessment of the functional impact of PITX2 exon
4 variants revealed variable physicochemical effects. The
p.Ala20Val variant (c.59C>T) represents a moderate amino
acid substitution (Grantham distance = 64) and was predicted
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to be tolerated by SIFT and benign by PolyPhen-2. The
p.Lys33Glu variant (c.97A>G) involves a charge change from
a basic lysine to an acidic glutamate (Grantham distance = 56)
and was classified as probably damaging by PolyPhen-2. The
p.Pro41Ala variant (c.121C>G), corresponding to the substi-
tution of a structurally rigid proline by a more flexible alanine
(Grantham distance = 27), was globally predicted as benign.
In contrast, the p.Ser50lle variant (¢.149G>T) induces a major
change in polarity and side-chain size (Grantham distance =
142), affects a highly conserved position, and was predicted
to be deleterious by SIFT.

Analysis of genetic diversity parameters for PITX2 exon 4

(Table 2) demonstrated a globally low level of polymorphism
in both study groups. However, haplotype diversity was
higher in patients with atrial fibrillation (Haplotype Diversity
Hd = 0.847) compared with controls (Hd = 0.657). Similarly,
nucleotide diversity was slightly increased in the atrial fibril-
lation group (Nucleotide Diversity = = 0.008) relative to con-
trols (z = 0.005), indicating greater intragroup heterogeneity
among affected patients.

Analysis of molecular variance (AMOVA) based on PITX2
exon 4 sequences did not reveal significant genetic differenti-
ation between control subjects and patients with atrial fibrilla-
tion.

Table 2. Genetic Diversity Parameters of PITX2 Exon 4 in Control and Atrial Fibrillation Groups.

Genetic Parameters Témoins
Sample size (n) 15

Total sites analyzed (N) 359
Polymorphic sites 9
Haplotypes (h) 7

Haplotype diversity (Hd) 0,657
Nucleotide diversity (1) 0,005

Mean nucleotide differences (k) 1,924
Transitions / Transversions (%) 57,46 /42,52
Mutation rate (R) 1,67

Fibrillation atriale Software Used
44 DnaSP / MEGA
359 DnaSP

15 DnaSP

16 DnaSP/ MEGA
0,847 DnaSP

0,008 DnaSP / Arlequin
2,929 Arlequin

53,34 /46,68 MEGA

0,68 DnaSP

Software Used: BioEdit 7.2.5, DnaSP v6.12.03, MEGA 11.0.13, Arlequin v3.5.

Nearly all genetic variability was observed within groups (99.96%), whereas the proportion attributable to intergroup differ-
ences was negligible (0.04%), with a very low and non-significant fixation index (F_ST; p > 0.05) (Table 3).

Table 3. Analysis of Molecular Variance (AMOVA).

Source of variation

Among populations 1 1,353
Within populations 57 76,444
Total 58 77,797

Arlequin v3.5.

Degrees of freedom  Sum of squares

Variance component % of variation

0,00052 (Va) 0,04%

1,34112 (Vb) 99,96%

1,34164 —

Fixation index (F<sub>ST</sub>) = 0.00038; p-value (1,023 permutations) = 0.383 = 0.017

Nei’s genetic distances were consistent with this homogeneity, as intergroup distance (0.0083) was comparable to intragroup
distances observed in both controls and atrial fibrillation patients (0.01) (Table 4).
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Table 4. Nei's genetic distances.

Group
Control group 0.01
Atrial fibrillation group 0.01

Within-group

Between-group

0.0083

Bioedit, version 7.2.5, DNASP, version 6.12.03 et Mega 11, version 11.0.13

Neutrality tests showed negative values of Tajima’s D and
Fu’s Fs in both groups, indicating an excess of rare variants.
These deviations were not statistically significant in controls,

whereas Fu’s Fs was significantly negative in patients with
atrial fibrillation (-5.88; p = 0.010), suggesting a deviation
from the neutral model (Table 5).

Table 5. Neutrality Tests (Tajimas D and Fu's F'S).

Parameters Control group

Sample size (n) 15
Number of polymorphic sites (S) 9

Mean number of nucleotide differences (k) 1,92381
Tajima’s D —-1,1435
p-value (Tajima’s D) 0,112
Number of observed haplotypes (h) 7

Fu’s FS —-2,00292
p-value (Fu’s FS) 0,069

Arlequin v3.5.

Demogenetic analyses of PITX2 exon 4 were primarily
qualitative, as formal mismatch distribution analyses could
not be performed due to the lack of complete individual se-
quence data. Nevertheless, all identified variants displayed ex-
tremely low allele frequencies in reference databases (all <4 <10~
in gnomAD v4.1), and no homozygous carriers were reported, sup-
porting the presence of strong evolutionary constraint. Population-
level distribution showed marked geographic heterogeneity, with
variant ¢.121C>G observed almost exclusively in African popula-
tions, whereas ¢.59C>T and ¢.97A>G were restricted to non-Finn-
ish European populations. This pattern is compatible with localized
genetic drift and/or recent selective pressures acting on rare variants
within the Homeobox domain of PITX2.

4. Disscussion

4.1. Epidemiological, Clinical, and Paraclinical
Findings

The epidemiological characteristics of this cohort are con-
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Fibrillation Mean Standard deviation
44 29,5 20,5

15 12,0 4,2

2,92918 2,42649 0,7109

-0,4718 -0,8077 0,4749

0,364 0,238 0,178

16 11,5 6,36

—-5,88345 —-3,94318 2,74

0,010 0,0395 0,0417

sistent with the classical profile of rheumatic mitral valve dis-
ease complicated by atrial fibrillation (AF) observed in low-
and middle-income countries. The marked female predomi-
nance (female-to-male ratio = 0.25) is in line with recent re-
ports indicating that women account for 60-75% of patients
with rheumatic heart disease, particularly in sub-Saharan Af-
rica [1]. This female predominance has been attributed to so-
cioeconomic factors, delayed access to healthcare, and pro-
longed progression of valvular lesions among women [2].
The young mean age of the study population (31 years),
with a substantial proportion of children and adolescents, mir-
rors findings from contemporary African series and contrasts
sharply with data from high-income countries, where AF pre-
dominantly affects individuals older than 65 years and is com-
monly associated with degenerative or hypertensive heart dis-
ease [3, 4]. According to Global Burden of Disease estimates,
rheumatic heart disease remains highly prevalent in low-in-
come regions, particularly in sub-Saharan Africa, contributing
to a high burden of valvular AF and an earlier onset of arrhyth-
mia in these populations [5]. A history suggestive of acute
rheumatic fever, including recurrent pharyngitis and poly-
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arthralgia, was frequently reported, consistent with observa-
tions in chronic rheumatic heart disease cohorts, even in the
absence of recent biological confirmation [6]. Clinically, the
predominance of isolated mitral regurgitation or mitral regur-
gitation associated with mitral stenosis aligns with recent Af-
rican studies, in which mitral regurgitation represents the most
common presentation of rheumatic heart disease [7]. Mixed mi-
tral lesions, observed in approximately one-third of patients, are
recognized as a major contributor to combined pressure and vol-
ume overload of the left atrium, thereby promoting AF onset and
persistence [5].

Radiographic findings confirmed chronic hemodynamic
burden, with an elevated mean cardiothoracic index and car-
diomegaly present in nearly three-quarters of patients. Similar
rates have been reported in African cohorts of rheumatic mi-
tral valve disease complicated by AF [8]. The more pro-
nounced cardiothoracic enlargement observed in patients with
AF suggests a close relationship between global cardiac dila-
tion and arrhythmia chronicity, as previously described [9].

The high prevalence of AF in this series (56%), predomi-
nantly in its permanent form, is consistent with contemporary
data showing that AF complicates 40-70% of hospitalized
cases of rheumatic mitral valve disease in Africa [10]. The
preferential occurrence of AF among older patients within the
cohort likely reflects cumulative disease duration rather than
age-related degenerative mechanisms, as highlighted in recent
epidemiological studies [11].

Echocardiographic assessment revealed marked left atrial
dilation, a parameter now recognized as the principal struc-
tural determinant of valvular AF [12]. Recent studies have
shown that left atrial enlargement often precedes AF onset and

constitutes a robust marker of advanced atrial remodeling [13].

The preservation of left ventricular systolic function observed
in this cohort supports a predominantly atrial mechanism of
AF, secondary to fibrosis and electrical heterogeneity induced
by chronic hemodynamic overload [14]. The frequent associ-
ation with tricuspid regurgitation and pulmonary hypertension
further exacerbates biatrial remodeling and contributes to ar-
rhythmia maintenance, as reported in recent series [15].

Finally, the low rate of antistreptolysin O positivity is con-
sistent with evidence indicating that these markers lose diag-
nostic value long after the acute phase, particularly in adults,
and do not exclude a remote rheumatic etiology [16]. The ab-
sence of biological inflammatory syndrome and negative in-
fectious markers support the concept that AF in this setting is
primarily driven by chronic structural remodeling rather than
ongoing inflammatory activity, as previously demonstrated
[17].

4.2. Genetic Findings

4.2.1. DNA Quality and PCR Amplification

DNA quality represents a critical determinant of the relia-
bility of molecular analyses based on polymerase chain reac-
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tion (PCR) and sequencing. In the present study, DNA con-
centrations ranged from 80 to 120 ng/jL, with A260/A280 ab-
sorbance ratios between 1.8 and 2.0, indicating adequate pu-
rity of the extracted genomic DNA. These values fall within
the accepted standards for molecular biology applications and
are compatible with efficient PCR amplification while mini-
mizing the risk of enzymatic inhibition. Similar DNA quality
parameters have been reported in molecular genetic studies in-
vestigating atrial fibrillation, including large-scale genomic
analyses by Roselli et al [18], in which high-quality DNA was
considered essential for reliable variant detection. Agarose gel
electrophoresis revealed a single band of approximately 300
bp, confirming the specificity of the PCR amplification proto-
col. The absence of secondary amplicons or non-specific
products suggests that the annealing and extension conditions
were optimal. Such specificity is crucial to avoid amplifica-
tion of paralogous sequences or pseudogenes that could com-
promise sequencing accuracy. In silico validation of the pri-
mers using BLASTn confirmed their unique alignment with
exon 4 of the PITX2 gene (transcript NM_000325.6) located
at the 4925 locus. The absence of significant hybridization
with other genomic regions further supports the specific-
ity of the amplification strategy. This validation step is
widely recommended in molecular genetics protocols to
minimize co-amplification of homologous sequences and
ensure reliable variant identification [19]. These method-
ological findings are consistent with contemporary stud-
ies investigating the genetic determinants of Atrial fibril-
lation, particularly those highlighting the importance of
precise targeting of the PITX2 locus [20].

4.2.2. Identification of PITX2 Variants

Sequencing of exon 4 of PITX2 identified four rare mis-
sense  variants:  ¢.59C>T  (p.Ala20Val), c.97A>G
(p.Lys33Glu), ¢.121C>G (p.Pro41Ala), and c.149G>T
(p.Ser501le). All substitutions are located within the highly
conserved Homeobox domain, which plays a central role in
DNA binding and transcriptional regulation. The structural in-
tegrity of this domain is essential for PITX2 function in car-
diac development and for maintaining electrophysiological
stability of the left atrium [14, 20]. All variants were detected
in the heterozygous state and occurred independently among
individuals, with no homozygous carriers identified. This dis-
tribution suggests that these variants are rare within the stud-
ied population and may reflect purifying selection acting on
genes involved in cardiac morphogenesis and transcriptional
regulation [18]. Comparison with international databases
(gnomAD, dbSNP, and ClinVar) confirmed the extremely low
global allele frequencies of these variants. Notably, the
€.149G>T variant is absent from ClinVar and dbSNP but
shows a slightly higher frequency in African populations ac-
cording to gnomAD (3.6 x10~*), suggesting a potential pop-
ulation-specific variant or regional founder effect. This obser-
vation aligns with previous reports highlighting the un-
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derrepresentation of African genomic diversity in global data-
bases [21].

4.2.3. Evolutionary Conservation and Functional
Context

Evolutionary conservation analysis further supports the po-
tential biological relevance of these variants. Positions ¢.59
and c¢.149 show high phyloP conservation scores (3.95 and
4.06), indicating strong evolutionary constraint, whereas c.97
and c.121 display lower conservation scores, suggesting
greater tolerance to sequence variation. All substitutions map
to a functionally critical region of PITX2 on chromosome
4925 (GRCh38: ¢.110,632,468-9.110,632,378). Experi-
mental studies have demonstrated that alterations in PITX2 ex-
pression or activity can disrupt atrial electrophysiological ho-
meostasis by modulating ion channel expression and atrial
conduction pathways [20]. Although none of these variants is
currently classified as pathogenic in clinical databases, their
rarity, localization within a key functional domain, and evolu-
tionary conservation suggest potential biological relevance.
These findings support the hypothesis that rare variants in reg-
ulatory genes such as PITX2 may contribute to susceptibility
to atrial fibrillation through complex interactions with struc-
tural and environmental [14, 19].

4.2.4. In Silico Pathogenicity Prediction

Pathogenicity assessment using several in silico prediction
algorithms (CADD, SIFT, PolyPhen-2, MutationTaster, and
FATHMM) revealed heterogeneous prediction profiles. High
CADD scores (>23) for variants ¢.59C>T, ¢.97A>G, and
€.149G>T suggest potential deleterious effects; however, pre-
dictions varied across algorithms. For example, ¢.149G>T
was classified as deleterious by SIFT but benign by PolyPhen-
2 and MutationTaster, whereas ¢.97A>G was predicted as
probably damaging by PolyPhen-2 but tolerated by SIFT.
Such discrepancies are common in the interpretation of rare
variants because different algorithms integrate evolutionary
conservation, physicochemical changes, and structural con-
text using distinct computational frameworks. According to
the guidelines of the American College of Medical Genetics
and Genomics (ACMG), all identified variants remain classi-
fied as variants of uncertain significance (VUS) due to insuf-
ficient functional evidence. Physicochemical analysis sug-
gests variable functional effects among the substitutions. The
p.Ala20Val and p.Pro41Ala variants represent relatively con-
servative amino acid changes, whereas p.Lys33Glu involves a
charge shift that may affect electrostatic interactions. The
p.Ser50lle substitution introduces a larger change in polarity
and side-chain volume, potentially affecting the structural sta-
bility of the Homeobox domain or its interactions with DNA
and protein partners.

4.2.5. Genetic Diversity and Population Structure

Genetic diversity analysis revealed an overall low level of

59

polymorphism within exon 4, reflecting strong evolutionary
conservation of this transcriptionally active region [14]. How-
ever, slightly higher diversity was observed among AF pa-
tients, with greater haplotype diversity (Hd = 0.847 vs 0.657)
and nucleotide diversity (= = 0.008 vs 0.005). These findings
suggest increased intragroup genetic heterogeneity among af-
fected individuals, consistent with studies reporting an accu-
mulation of rare variants in genes involved in cardiac devel-
opment and atrial conduction [18, 22]. Genetic differentiation
analyses did not reveal significant molecular structuring be-
tween controls and AF patients. Analysis of molecular vari-
ance (AMOVA) showed that 99.96% of genetic variability oc-
curred within populations, whereas only 0.04% was attributa-
ble to differences between groups. The very low and non-sig-
nificant fixation index (F_ST = 0.00038; p > 0.05) further con-
firms the absence of notable genetic differentiation. Neutrality
tests nevertheless indicated an excess of rare alleles. While
Tajima’s D and Fu’s Fs values were not significant in controls,
the strongly negative and statistically significant Fu’s Fs value
observed in AF patients (-5.88; p = 0.010) may reflect recent
demographic expansion or purifying selection favoring the
persistence of rare haplotypes.

4.2.6. Demogenetic Interpretation

Population database comparisons revealed moderate inter-
population differences. Variants ¢.121C>G and ¢.149G>T ap-
pear slightly more frequent in African populations, whereas
€.59C>T and ¢.97A>G remain extremely rare and mainly re-
ported in non-Finnish European populations. These observa-
tions suggest geographically differentiated distributions of
rare variants and highlight the importance of expanding ge-
nomic studies to include African cohorts [21]. Overall, the
evolutionary patterns observed in exon 4 of PITX2 suggest a
non-strictly neutral model resulting from the combined effects
of genetic drift, functional constraints, and selective pressures.
Such evolutionary dynamics may contribute to shaping the
distribution of rare variants influencing individual susceptibil-
ity to atrial fibrillation. More comprehensive analyses based
on individual sequence data and encompassing the entire 4925
locus will be necessary to better understand the evolutionary
mechanisms influencing PITX2 genetic variability.

The distribution of rare variants observed in this study may
also reflect the particular genetic architecture of African pop-
ulations. Human populations in Africa harbor the highest lev-
els of genetic diversity due to their longer evolutionary history
and larger effective population sizes. As a consequence, Afri-
can populations tend to exhibit a greater number of rare vari-
ants compared with non-African populations. In addition, the
demographic history of African populations, including ancient
population expansions and local population structure, may
contribute to the persistence and diversification of rare genetic
variants. Another important factor is the persistent underrepre-
sentation of African populations in global genomic databases,
which can lead to an apparent enrichment of population-spe-
cific variants when studies are conducted in African cohorts.
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These factors highlight the importance of including diverse
populations in genetic studies in order to better characterize
the full spectrum of human genetic variation and its potential
role in complex diseases such as atrial fibrillation.

Taken together, these findings indicate that exon 4 of the
PITX2 gene is highly conserved, reflecting the strong functional
constraints associated with this key cardiac transcription factor.
The identification of rare missense variants within the Homeobox
domain suggests that subtle genetic alterations may contribute to
the molecular mechanisms underlying Atrial fibrillation. Although
none of the variants are currently classified as pathogenic, their rar-
ity, evolutionary conservation, and localization within a critical
functional domain suggest a potential influence on PITX2 tran-
scriptional activity or downstream regulatory pathways involved in
atrial electrophysiology [14, 20]. The excess of rare alleles ob-
served among patients further supports the hypothesis that rare var-
iants in regulatory genes may contribute to individual susceptibility
to atrial fibrillation through polygenic mechanisms [18, 22].

However, the relatively small sample size, the restriction of
the analysis to exon 4, and the absence of functional validation
represent important limitations. Larger studies integrating ex-
tended genomic analyses and experimental validation will be
necessary to clarify the role of PITX2 variants in atrial fibril-
lation pathophysiology. Another limitation concerns the com-
position of the control group. Controls consisted of individu-
als without rheumatic mitral valve disease or atrial fibrillation,
introducing structural heterogeneity between groups. Future
studies including patients with rheumatic mitral valve disease
but without atrial fibrillation would help better isolate the spe-
cific genetic contribution to atrial fibrillation susceptibility.

5. Conclusion

The present study provides new insights into the genetic
variability of the PITX2 gene in the context of atrial fibrilla-
tion. Sequencing of exon 4 identified several rare missense
variants located within the highly conserved Homeobox do-
main, a region essential for the transcriptional regulatory ac-
tivity of PITX2 and for the maintenance of atrial electrophys-
iological stability. Although these variants are currently clas-
sified as variants of uncertain significance, their rarity, evolu-
tionary conservation, and functional localization suggest po-
tential biological relevance. The observed excess of rare al-
leles and the slightly higher genetic diversity among patients
further support the hypothesis that rare coding variants in key
regulatory genes may contribute to individual susceptibility to
atrial fibrillation. These findings are consistent with current
models proposing that atrial fibrillation results from the com-
bined effects of common susceptibility loci and rare functional
variants affecting cardiac developmental and electrophysio-
logical pathways. However, given the exploratory nature of

60

this study and the limited sample size, these observations
should be interpreted with caution and are consistent with, but
do not establish, a potential modulatory role of PITX2 variants
in atrial fibrillation susceptibility. Overall, this work high-
lights the importance of PITX2 as a central molecular regula-
tor of atrial electrophysiology and underscores the need for
larger studies integrating extended genomic analyses and
functional investigations to clarify the contribution of rare var-
iants within the 425 locus to atrial fibrillation pathophysiol-
ogy and risk stratification.
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