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Abstract

The TBX5 transcription factor plays an important role during morphogenesis and development of the heart. Mutations in
this gene often lead to Holt-Oram syndrome (HOS). This study identified mutations in patients with non-syndromic congenital
heart defects (CHD). Screening for mutations TBX5 gene in non-syndromic CHD, including 100 patients with a septal defect
and 50 healthy subjects as controls were performed by the technique of high-resolution melt (HRM). Exons were sequenced for
samples that showed HRM curve differences compared to controls. Structural stability and pathogenic potential of mutated
protein were evaluated by bioinformatics analysis. HRM curve analysis showed that the curves of three samples deviated
from the curves of controls. Sequencing showed three heterozygous missense mutations including two novel mutations NM_-
000192.3:¢.44T>G, (p.L15Q), NM_000192.3¢.629C>G (p.A210G) and a known mutation NM_000192.3:c.331G>T (p.D111Y).
The PolyPhen-2 software predicted the p.D111Y and p.A210G substitutions to be disease-causing and p.L15Q as possibly
benign, while protein structural stability analysis by MUpro and DynaMut suggested that these mutations reduce stability and
increase the flexibility of the protein. This study presents two novel missense mutations within the TBX5 gene that may be

causal for non-syndrome CHD.

Introduction

Molecular regulation of the development of the cardiovascular system is a complex process whose defect
leads to abnormalities in the heart. Therefore, congenital heart disease is common because defects in various
parts of the heart, such as the atrium, ventricle, or cardiovascular system lead to the disease (Lin, Lin, Chen,
Zhou, & Chang, 2012). The primary septum of the heart is formed between days 27 and 37, and defects in
its formation lead to either atrial septal defects (ASD) or ventricle septal defects (VSD) (Gittenberger-de
Groot, Calkoen, Poelmann, Bartelings, & Jongbloed, 2014). The prevalence of ASD is 7 per 10,000 births
and women have double the prevalence of men (Fahed, Gelb, Seidman, & Seidman, 2013; Hoffman & Kaplan,
2002). The defects of the ventricular septal affecting the membrane or musculature of the septum are the
most common congenital anomaly of the heart, occurring at a rate of 12 per 10,000 births (Bhatt et al.,
2015).

Gene expression in the pathway of heart development is regulated by multiple transcription factors. Members
of the T-box gene family (Tbx) are essential for normal heart development (Zhu et al., 2017). The Tbx5
gene consists of 9 exons with exons 2 to 9 coding the protein. The gene is located at 12q24.1 in the human
genome and encodes a transcription factor that contains a highly conserved DNA binding motif composed
of 181 amino acid residues called the T-box or T-domain (Liu et al., 2016; Stirnimann, Ptchelkine, Grimm,
& Miiller, 2010). In precursor cells, TBX5 acts with GATA4 and NKX2-5 to activate a large number of
genes involved in cardiac specialization (Granados-Riveron et al., 2012; van Weerd & Christoffels, 2016).



Subsequently, the expression of TBX5 is limited to the atrium and left ventricle, and the ventricle septal
forms on the border between the cells which express TBX5 and those that do not (van Weerd & Christoffels,
2016). TBX5 competes with TBX20, which is in the right ventricle (Brown et al., 2005). If the TBX5
expressing region is misplaced, the ventricular septal is formed in this new region. Also, TBX5 is important
in the formation of upper human organs and its mutation causes Holt-Oram syndrome (HOS) (Basson et al.,
1999; Nimura & Kaneda, 2016). Thus, the transcription factor of the homeobox TBX5, expressed during
heart formation, acts as an important regulator and plays a vital role in activating the genes which cooperate
in the formation of the right and left heart (Fujita et al., 2017).

Many studies have shown that mutations in the TBX5 gene mainly result in HOS. For example, the study by
Postma et al. showed that a Gly125Arg mutation leads to a novel function in the TBX5 protein and affects
the development of other organs, leading to the above-mentioned syndrome (Postma et al., 2008). Also,
studies by Dressen et al. showed that the Pro85Thr mutation in this protein resulted in this syndrome due
to a severe decrease in the activation of other promoters (Dressen et al., 2016). Other studies, such as Basson
and Granados-Riveron, showed that the G8OR and D111Y mutations led to a non-syndromic malformation
of the cardiac septum (Basson et al., 1999; Granados-Riveron et al., 2012). Also, mutations in this gene lead
to non-syndromic diseases such as atrial fibrillation (Baban et al., 2014; Guo et al., 2016; Ma et al., 2016).
The numerous mutations leading to HOS and other varied clinical symptoms point to the importance of the
TBX5 gene and the complexity and variation of the gene regulation it participates in.

The purpose of this study was to find mutations in the TBX5 gene that are involved in the development
of non-syndromic cardiac defect phenotypes. Therefore, in this study, screening of these gene mutations in
patients with congenital non-syndromic defects of heart septal using high resolution melt (HRM) technique
was done in Kurdish people.

Materials and Methods

Patients

In this descriptive study, TBX5 gene mutations in patients with ASD and VSD were investigated in 100 cases
of congenital heart disease in two hospitals, the Sanandaj Tohid Hospital and Kermanshah Cardiovascular
Center. The target Kurdish population consisted of 50 healthy controls who had been admitted to hospital
(with no history of familial disease and who showed no cardiac abnormality by echocardiogram ) and 100
cases (62 females and 38 male) of non-syndromic patients including 57 patients with VSD (42 membranous,
14 muscular, 1 conal septal), 39 patients with ASD (36 ostium secundum, 2 sinus venosus, 1 without
information) and four patients possessing AVSD (Atrioventricular) (Table 1).

Extracting Genomic DNA

Genomic DNA was extracted from whole blood by AccuPrep(r) Genomic DNA Extraction Kit from Bioneer
Corporation, South Korea.

Real Time PCR and HRM Analysis

In order to replicate the coding regions of the TBX5 gene (exons 2-9) specific primers for the reference
sequence NM_000192.3 and NG_007373.1 were designed in NCBI using CLC Workbench 5.5 software. Gene
Reference Sequence ID is LRG_670 (Table 2). The intron/exon boundary (exons 2 to 8) and exon 9 (con-
taining 2177bp), its 575bp component, which is part of the coding region, was considered for the design of
the primer. In this study, the Rotor-Gene 6000 (Corbett Research) and 2x QuantiFast SYBR(r) Green kits
were used. In order to optimize the PCR reaction as well as HRM, the PCR reaction was performed for
all primers under the same conditions as follows: 95 degC for 5 minutes and initial denaturation and 40



cycles of 95 degC for 10 seconds and 60 degC for 30 seconds and the HRM step from 72 degC to 95 degC,
including an increase in temperature of 0.1 degC per second. At first, 10 healthy individuals were identified
as sequencing controls and were used as control (wild type) for HRM.

Sequencing

Patient samples were grouped according to the HRM curve and samples whose melting patterns differed
from healthy subjects or controls (Figure 1) were sequenced. Also, 25 samples of patients and 25 controls
with normal curves were randomly selected for sequencing. The sequencing of PCR products by ABI 3730XL
DNA Analyzers was performed by Bioneer (South Korea) and the results were analyzed using the CLC main
workbench.

Predict structural stability of mutation

The prediction of the structural stability of a protein derived from amino acid mutation was per-
formed based on energy changes by using the sequence information online at the MUpro site
(http://www.ics.uci.edu/ "baldig/mutation.html) using the SVM method and the support vector machine
and neural network (Cheng, Randall, & Baldi, 2006; Cheng, Randall, Sweredoski, & Baldi, 2005).

Potential pathogenicity prediction of TBX5 gene sequence variants using
PolyPhen-2

Potential Pathogenicity of TBX5 sequence variants was tested based on two standard human datasets, Hum-
Div and HumVar, which are applied by PolyPhen-2 Ounline (http://genetics.bwh.harvard.edu/pph2) (Figure
3). The HumDiv dataset (Adzhubei et al., 2010) contains 5564 mutations in the UniProtKB database known
to cause Mendelian disease and 7,539 DNA variants between human proteins and their closely related mam-
malian equivalents assumed to be non-damaging. The HumVar dataset (Capriotti, Calabrese, & Casadio,
2006) consists of 22,196 human disease-causing mutations from UniProtKB and 21,151 neutral mutations
that are common human nsSNPs (Non-synonymous single nucleotide polymorphisms) (MAF > 1 %) with
no annotated disease involvement. Note that the HumDiv dataset contains annotated mutations directly
associated with human diseases, while the HumVar dataset is more noisy as its neutral mutation subset
includes many mildly deleterious alleles (Adzhubei et al., 2010; Plekhanova, Nuzhdin, Utkin, & Samsonova,
2019).

Changes in vibrational entropy and normal mode analysis

In order to determine the effects of the mutations in flexible conformations and stability of the protein
tbx5 (PDB Id: 5BQD), we also used DynaMut, a consensus predictor of protein stability based on the
vibrational entropy changes predicted by ENCoM (an elastic network contact model) which is a coarse grain
NMA (normal mode analysis) method that considers the nature of the amino-acids and aids in calculating
vibrational entropy changes upon mutations, and the stability changes predicted by graph-based signatures
that are used in mCSM program (Rodrigues, Pires, & Ascher, 2018) (Table 3).

Results

HRM and Sequencing

Analysis of HRM curves showed that the curve for three patients varied from the other curve of
the sample and healthy subjects (Figure 1). The RefSeq transcript used was NM_000192.3 and



the mutation was named as following the standard human sequence variant nomenclature using Mut-
alyzer program (https://mutalyzer.nl/) and VariantValidator (https://variantvalidator.org/) (Supplemen-
tarylA,1B,2A 2B,3Aand 3B).

The sequencing of these three samples (Figure 2) revealed three mutations involving two novel mutations and
a reported mutation. The first Novel mutation NM_000192.3:¢.44T>G (NM_000192.3:¢.711T>G) (Supple-
mentarylA,1B) was in exon 2 which results in replacing Glutamine amino acid instead of Leucine at position
15 (p.L15Q) in a 19-year-old girl with ASD with pulmonary artery stenosis (PS). The second novel mutation
was NM_000192.3¢.629C>G (NM_000192.3 g.1296C>G) (Supplementary2A,2B) in exon 6 which (Figure 1)
leads to replacement of Alanine with Glycine in place 210 of (p.A210G) in a 11-year-old boy with AVSD atrial
and ventricular dysfunction and severe failure three-hinged valve and right and left ventricular hypertrophy.
Reported mutation was NM_000192.3:¢.331G>T (NM_000192.3:2.998G>T)( (Supplementary3A,3B) in exon
4 causes the replacement of amino acid Tyrosine amino acid Aspartate at position 111 of protein (p.D111Y)
in a 32-year-old woman with a large hole in the atrium and ventricular septal (large VASD) as well as patent
ductus arteriosus (PDA). No mutations were detected in the control group or other patients.

Structure stability prediction for each mutation

The results of structure stability prediction for each mutation based on both value and sign (direction) of
energy change using SVM and sequence information (delta delta G) showed that all three mutations in this
study cause protein instability (Table 3). In addition, prediction of the sign (direction) of energy change
using SVM and neural network with a smaller sequence window show that these mutations decrease stability
(Table 3). Also, predicting the impact of mutations on protein conformation, flexibility and stability by
DynaMut showed that the D111Y and A210G mutations cause protein destabilization and an increase in its
flexibility (Table 3).

The pathogenic potential of the TBX5 gene variants

The analysis of results using the PolyPhen-2 software based on HumDiv and HumVar database displayed that
D111Y and A210G are deleterious mutations (probably damaging) while L15Q) mutation is benign (Table
3). A mutation is found to be probably damaging if the PolyPhen value exceeds 0.908, possibly damaging if
between 0.446 and 0.908 and benign if less than or equal to 0.446 (Table 3 and Figure 3).

The D111Y mutation

The D111Y mutation located in exon 4 of TBX5 gene and the T-box conserved area of its protein. Here,
structural stability prediction showed that D111Y mutation decreases protein stability as well as PolyPhen-2
analysis revealed its pathogenicity (Table 3 and Figure 3). This mutation in this study is found with a large
defect in the heart septal (large VASD) and patent ductus arteriosus (PDA). DynaMut analysis showed this
mutation can effect interatomic interactions of the D111Y mutant residue and can result in destabilization
and increase protein flexibility (Table 3 and Figure 4 A). Also, Granados-Riveron et al was discovered this
mutation in a patient with double outlet right ventricle, large VASD, and PDA. They by using molecular
model of human TBX5 protein free from nucleic acid based on PDB file 2X6U showed that there is salt
bridge between the D111 and the K126 residues. The D111Y change disrupts the this salt bridge, as the
negatively charged aspartic acid (D) residue is replaced by an uncharged tyrosine residue (9).

L15Q mutation

The novel mutation Luel5Gln, reported for the first time in this study, is located in the exon 2 of the TBX5
gene. It is a missense mutation that replaced the leucine as nonpolar amino acid at the end of the N protein
TBX5 and out of the T-box motif, with a glutamine amino acid. Although the Luel5GIn mutation occurred
outside of the T-box, structural stability prediction of this mutation showed it causes protein instability.
On the other hand, although the PolyPhen-2 analysis predicted this mutation is benign, it does reduce
the stability of the protein and is found with ASD and PS in this study (Table 3). TBX5 protein crystal



structures deposited in the Protein Data Bank are incomplete for the first 36 residues, therefore information
for L15Q from PDB and PDBJ is unavailable.

A210G mutation

The role of Ala210Gly mutation, in exon 6, is reported here for the first time and has been identified as
a missense mutation in the T-box conserved TBX5 gene. Structure stability prediction showed that this
mutation leads to protein instability and it is predicted to be deleterious based on PolyPhen-2 analysis. In
this study this mutation is associated with abnormalities in the atrial and ventricular septal defect (AVSD),
severe failure of Tricuspid regurgitation (sever TR) and right and left ventricular hypertrophy (LVH, RVH)
(Table 3). Also, DynaMut analysis showed this mutation can effect interatomic interactions of the A210G
mutant residue and can result in destabilization and increase protein flexibility (Table 3 and Figure 4B).

Discussion

In the present study, the new missense A210G and L15Q and a previously reported D111Y mutation were
detected in the TBXS5 gene of three separate patients. These mutations were not observed in healthy subjects
or the rest of the patients, all of whom had non-syndromic cardiac septal abnormalities. The prediction of
pathogenic mutations with the PolyPhen-2 software showed the probable pathogenicity of A210G and D111Y
while predicting the L15Q mutation as a benign mutation. In addition, the prediction of structural stability
for these mutations based on the SVM method and a neural network approach online at the MUpro site
indicates the role of these mutations in protein structure instability.

Previous studies have shown that mutations in the TBX5 gene do not follow a specific pattern, leading to
various syndromic and non-syndromic defects in patients. In addition, it shows the existence of a phenomenon
of variability (variable expressivity) in this gene (Dressen et al., 2016). Numerous mutations in this gene
result in Holt-Oram syndrome, which includes heart problems and skeletal abnormalities in the hands and
arms (Dressen et al., 2016). While the absence of both TBX5 allele (null alleles) usually results in Holt-
Oram syndrome, some patients with missense mutations such as G80R cause non-syndromic anomalies and
also minor limb malformations but severe heart malformations(Cheng et al., 2005; Postma et al., 2008).
Also, previous studies have shown that mutations in this gene lead to non-syndromic diseases such as atrial
fibrillation (Boogerd et al., 2010; McDermott et al., 2005; Wang et al., 2016; Yoshida et al., 2015) or dilated
cardiomyopathy(Zhou et al., 2015). Meanwhile, the rate of mutation prevalence in this gene in patients with
ASD non syndromes was about 4 in 1000, in VSD about 1 in 1000, and in VASD about 3 in 1000 live births
(Chung & Rajakumar, 2016).

As studies have shown, some mutations such as the Gly125Arg gain-of-function mutation, affect the devel-
opment of the heart and ol5ther organs and cause Holt_Oram syndrome(Basson et al., 1999). Because this
mutated protein interacts with other transcription factors involved in the formation of the heart such as
NKX2.5, TBX3, and GATAA4, they interfere with their ability to activate other genes responsible for cardiac
cell differentiation (Postma et al., 2008). The Pro85Thr mutation, which causes Holt-Oram syndrome, leads
to a significant decline in the activation of other promoters of the genome (loss of function) compared to
the normal state of the protein, but this mutation does not disturb the transmission of this protein to the
nucleus (Dressen et al., 2016). Among 192 non-syndromic cardiac patients in China, only a H170D mutation
in TBX5 was found, leading to non-syndromic atrial fibrillation as a result of reduced protein activity (Wang
et al., 2016). Also, a study of 111 patients with non-syndromic congenital heart defects in Japan showed a
mutation in the TBX5 gene in only three patients while their mutations are different from the mutations in
the present study, two mutations were malignant and one benign (Yoshida et al., 2015). A similar study con-
ducted in heterogeneous populations of different European countries has shown that among 331 congenital
heart disease (CHD) patients, only the D111Y mutation in the TBX5 gene results in non-syndromic cardiac
abnormalities (Granados-Riveron et al., 2012). Studies have shown that 70% of patients with HOS contain
abnormalities in the heart and upper limbs due to mutation in TBX5 and inadequate haploid (Boogerd et
al., 2010; Cross et al., 2000; McDermott et al., 2005) while the gain of function mutations indicated that this
gene leads to abnormalities only affecting heart formation (Baban et al., 2014). In addition, mutations in the



T-box area and outside it in patients with only non-syndromic coronary heart disease have been reported in
previous studies (Baban et al., 2014; Bonachea et al., 2014; Brassington et al., 2003; Fan et al., 2003).

In the present study, mutations were uncovered in the TBX5 gene in patients with non-syndromic VSAD and
non-syndromic ASD without any skeletal disorders in the Kurdish population of Iran. For the first time the
TBX5 gene in this population has been evaluated in relation to these patients. The previous studies in these
patients were performed with the screening of NKX2.5 and GATA4 mutations and while no pathogenesis
was detected in NKX2.5 a new mutation was detected in GATA4 (Soheili et al., 2015; Soheili et al., 2018).
However, in this research, three mutations in TBX5 gene have been identified that have been implicated in
congenital non-syndromic cardiac anomalies and have been discussed under their phenotypic and genotypic
relationships.

Our study here has shown that the D111Y mutation decreases structural stability and leads to a possibly
pathogenic phenotype. However, Granados-Riveron predicted by structural model when the aspartate acid
residue (D) is replaced with an uncharged amino acid such as tyrosine (D111Y), a salt bridge is broken
down between K126 and D111. Also, this bridge plays a very important role in the structural change of
this protein when attached to DNA. This mutation in this study caused a large defect in the heart septal
(large VASD) and patent ductus arteriosus (PDA), while in the Granados-Riveron study, in addition to this
clinical symptoms, both main arteries were attached to the right ventricle (DORV) (Granados-Riveron et
al., 2012). Therefore, this difference may indicate the appearance of a variable of clinical symptoms in this
mutation. The new mutation Luel5Gln, which is reported for the first time in this study, is located in the
exon 2 of the TBX5 gene. A missense mutation Luel5GIn replaced the nonpolar amino acid at the end
of the N protein TBX5 and out of the T-box motif, by glutamine amino acid. Ghosh et al showed that
Amino acids 1-237 of TBX5 are required for DNA binding and removal of residues 1-54 from the full length
TBXS5 prevented its binding to the DNA target (Ghosh et al., 2001). Therefore, although, the Luel5GIn
mutation occurred outside of the T-box and deleterious mutation prediction by PolyPhen-2 showed that is
a benign mutation, structure stability prediction revealed that this mutation causes protein instability as
well as probably having a negative effect on DNA binding interaction of TBX5, the function of transcription
activation of TBX5, or potentially causing the loss of synergistic transcription activity between TBX5 and
transcription factors such as NKX2.5. Therefore, this mutation is associated with ASD and PS in this study;
however, this mutation requires in vitro or in vivo functional studies to clarify the exact impact on TBX5
protein function. The Ala210Gly mutation was associated with AVSD, TR, LVH, and RVH in this study.
This mutation is located in the T-box conserved TBX5 gene and in an alpha helix chain of the DNA binding
domain. Structure stability and deleterious mutation prediction in this study revealed that this mutation
leads to protein instability and is possibly damaging. Since glycine occurs infrequently in alpha helices, it
has more conformational flexibility than the other amino acid residues and results in alpha helix instability
and it could have an effect on the interaction between TBX5 with DNA. However, as was the case with
D111Y, the Ala210Gly mutation requires in vitro or in vivo functional studies to clarify its effect.

Conclusion : Previous studies have shown that TBX5 gene mutations are common in Holt-Oram syndrome
or associated with non-syndromic cardiac abnormalities such as fibroblasts. Based on the results of this
study, mutations in this gene can lead to non-syndrome septal heart defects and mutations in TBX5 gene is
associated with the variable expressivity.
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Table 1. clinical characteristics of the patients with congenital heart septal defect

Table 1. clinical characteristics of the p

ASD N (%)
Total 100 (100) 39 (39)

Gender F: 0.391, P:0.391

Gender F: 0.391, P:0.391

Male 12 (12)

Female 28 (27)

Family history F: 0.362, P:0.237 Family history F: 0.362, P:0.237
YES 29

NO 2

No-information 8

Table 2. TBX5 Primer Sequence Table 2. TBX5 Primer Sequence Table 2. TBX5 Primer Sequence

Table 2. TBX5

Ta Size Reverse Primer Forward Prime
55 218 TTGTTTTTGTTCTGTCCCCGC ATCTCCCCC
53 272 TGCCCCTTTCCTTCCTTC TGTGTTTTG
52 278 CCACTTTTCTCTCTCCCC TTTCCGCTT
52 307 AGGACAAGAGGGAGACA TCCCAGCTA
52 311 CCATTCAGAGGAGCAAAGTT TATCTGGAG
54 294 GGTTGCTGCTGGCTTACC TGGCTTAAT
50 334 TACTCCTCACCCCCTCAC GTTATCTCC
52 371 GAGAAGTGCTGGTAGGGTAG CCAAATAAC
52 348 CCTCTCTCTCTCTCTTTCTC CTACCCTAC(
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Score
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Result
HumDiv Score:
Sensitivity:
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HumVar: Score:
Sensitivity:
specificity
DynaMut
analysis
Stability AAG

NMA Based
Predictions AAG
ENCoM
Flexibility
AASVib ENCoM

E6
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p-A210G
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Novel
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Result

Benign 0.037 0.94
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DynaMut
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Result
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0.18 0.98
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Not available in
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Figure 1 .A) Normalized plots for exon exons 6. The arrow of the mutated curve C> G, c. 629, differs

from that of non-mutated specimens. Figure B. Differentiating plots for variation of exon 6.

Figure. 2 (A) Results of the sequencing of nucleotide changes in exon 2 where the mutation c.44 T> A
results in a change in the amino acid L15Q B) Results of the sequencing of nucleotide changes in exon 4,
which mutations ¢.331 G> T lead to change The amino acid is D111Y. C) Results of the sequencing of
nucleotide changes in exon 6 where mutation ¢.629C> G leads to alteration of amino acid A210G.
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Figure 3. The pathogenic potential of the TBX5 gene variants by PolyPhen-2. A) Mutation A210G
is predicted to be possibly damaging B) Mutation D111Y is predicted to be probably damaging and C)
Mutation L15Q is predicted to be benign.

Figure 4. A) Interatomic interactions of the A210G mutant. B) Interatomic interactions of the D111Y
mutant. Wild type and mutant are colored in light green and black arrow also represented as sticks
alongside the surrounding residues, which are involved on any type of interactions. C) Color definition for
bond type.
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