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Abstract
Background: Thoracic aortic aneurysm and dissection (TAA/D) represents a poten-
tially lethal disease group characterized by an increased risk of dissection or rupture. 
Only a small percentage (approximately 30%) of individuals with nonsyndromic  
familial TAA/D have a pathogenic variant in one of the genes that have been found 
to be associated with the disease.
Methods: A targeted sequencing panel and direct sequencing approach were used to 
identify causative mutations in the index patients and other family members.
Results: In this study we report two apparently unrelated Cypriot families with 
nonsyndromic familial TAA/D. The proband A is a female patient diagnosed with 
TAA/D and intracranial aneurysm and opted for an elective intervention. The 
proband B is a male patient who was diagnosed with TAA/D and underwent cardiac 
surgery. Sequencing analysis identified a novel splice site variant (c.871+1G>A) in 
SMAD3 which is shown to be associated with the disease. Analysis of mRNA from 
the patient's tissue confirmed aberrant splicing and exon 6 skipping.
Conclusion: Our findings expand the mutation spectrum of variants that have been 
shown to be associated with nonsyndromic familial TAA/D. This study demonstrates 
the importance of a comprehensive clinical and genetic evaluation aiming at early 
diagnosis and intervention.

K E Y W O R D S

Cyprus, nonsyndromic familial thoracic aortic aneurysm and dissection, SMAD3, targeted next-
generation sequencing

1  |   INTRODUCTION

Thoracic aortic aneurysm and dissection (TAA/D) is a  
potentially lethal disease since a ruptured aneurysm can lead to 

severe internal bleeding (Landenhed et al., 2015). Aortic dissec-
tions are classified into two main types: type A and type B involv-
ing the ascending and descending part of the aorta, respectively. 
Type A is more common than type B and it is usually associated 
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with more severe complications that may lead to sudden death 
due to the tendency to cause coronary artery occlusion, spon-
taneous rupture into the pericardium resulting in cardiac tam-
ponade, or dissection into the aortic valve which leads to aortic 
insufficiency. Type B dissections are characterized by a lower in-
cidence of spontaneous rupture and are therefore less commonly 
associated with medical emergency (Lempel et al., 2014). The 
prevalence of TAA/Ds in the general population is estimated 
to be approximately 1% (Verstraeten, Luyckx, & Loeys, 2017). 
TAA/D is mostly inherited as an autosomal dominant trait which 
is mainly caused by mutations in genes encoding proteins in-
volved in the transforming growth factor-β signaling pathway 
[SMAD3 (OMIM 603109), TGFB2 (OMIM 090220), TGFBR1 
(OMIM 190181) and TGFBR2 (OMIM 190182); the smooth 
muscle cell contractile apparatus (ACTA2 (OMIM 611788), 
MYH11 (OMIM 160745), MYLK (OMIM 613780) and PRKG1 
(OMIM 615436)] and the extracellular matrix (FBN1) (OMIM 
154700) (Brownstein et  al.,  2017; Jondeau & Boileau,  2014; 
Keravnou et al., 2018). In the last two decades, 30 genes have 
been identified that contribute to the development of TAA/D 
and approximately 30% of patients with nonsyndromic familial 
TAA/D have a pathogenic mutation in one or more of these genes 
(Brownstein et al., 2018). However, the genetic cause for a large 
number of cases remains unknown. Therefore, further studies 
are needed to identify novel genes and variants associated with 
TAA/D. The early identification of mutations and variants asso-
ciated with TAA/D is critical for the asymptomatic individuals 
in order to prevent sudden death (Milewicz & Regalado, 2003).

In this study we report two apparently unrelated Cypriot fam-
ilies with nonsyndromic familial TAA/D associated with a novel 
variant in SMAD3. When preparing this case report the CARE 
Guidelines: Consensus-based Clinical Case Reporting Guideline 
Development were taken into account (Gagnier et al., 2013).

2  |   MATERIALS AND METHODS

2.1  |  Ethics statement

The study has been approved by the Cyprus National 
Bioethics Committee and all the study participants gave in-
formed, written consent.

2.2  |  DNA extraction and analysis

DNA samples were extracted from peripheral blood sam-
ples using the QIAamp Blood Midi Kit (Qiagen) accord-
ing to the manufacturer's instructions. The TruSight Cardio 
Sequencing panel (Illumina), which includes the most pre-
dominant genes with known association to familial aortic an-
eurysm, was initially used for the identification of possible 
variants in proband A. Paired-end sequencing was performed 
on an Illumina Miseq platform.

2.3  |  Bioinformatic analysis

Sequencing reads were mapped to the reference human ge-
nome (GRCh37/hg19) with Burrows Wheeler Aligner (BWA) 
(Li & Durbin, 2009). Local realignment and base recalibra-
tion were performed using the GATK suite software and ac-
cording to best practices (Auwera et  al.,  2013). SAMtools 
software (Li,  2011) was used to retrieve the read depth 
per-base. Variants were called using the Haplotype Caller 
from the GATK (https://softw​are.broad​insti​tute.org/gatk/). 
Annotation of variants, Small Nucleotide Variants (SNVs) 
as well as Insertions and Deletions (InDels) was performed 
using the ANNOVAR software. Five computational tools 
have been employed for the task of pathogenicity prediction, 
including PolyPhen2, SIFT, MutationTaster, PROVEAN and 
VEP. To assess the effect of the identified splice site variant, 
three prediction tools (Human Splicing Finder [http://www.
umd.be/HSF3/] [Desmet et al., 2009], NNsplice [http://www.
fruit​fly.org/seq_tools​/splice.html] [Reese, Eeckman, Kulp, 
& Haussler, 1997] and NetGene2 [http://www.cbs.dtu.dk/
servi​ces/NetGe​ne2/] [Hebsgaard et al., 1996]) were used.

2.4  |  Prioritization of variants detected by 
targeted next-generation sequencing

Due to the limited availability of samples from other family 
members the procedure followed in our laboratory is that ini-
tially, all samples are screened by Sanger sequencing for the 
potential disease-causing variants that have been previously 
identified in Cypriot TAA/D patients. If this yields negative 
results, then the samples are further processed with next-gen-
eration sequencing (NGS). Targeted panel sequencing was 
applied to the Proband A and the analysis was focused on vari-
ants identified in exons (missense, nonsense, frameshift and 
splice site variants) of the genes (ACTA2, COL3A1, COL5A1, 
COL5A2, FBN1, FBN2, MYH11, MYLK, NOTCH1, SLC2A10, 
SMAD3, SMAD4, TGFB2, TGFB3, TGFBR1, TGFBR2) that 
have been previously reported to be associated with TAA/D, 
in rare variants with <1% frequency in the European popula-
tion based on the Genome Aggregation Database (gnomAD) 
(Karczewski et al., 2019), taking into account that gene muta-
tion rates differ greatly in different populations, if not identi-
fied in public databases and having consistent scores across 
the different prediction tools (at least in five).

2.5  |  RNA extraction and RT-PCR

Total RNA was extracted from homogenized aortic tissue 
using the RNeasy Fibrous Tissue Mini kit (Qiagen) accord-
ing to the instructions of the manufacturer. The first-strand 
cDNA was synthesized with the ProtoScript First Strand 
cDNA Synthesis kit (NEB) according to the manufacturer's 
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instructions. Reverse Transcription (RT)-PCR amplification 
was carried out by amplification of the cDNA covering exons 
5–8 of the SMAD3 mRNA. PCR reactions were performed 
at 53°C annealing temperature using AmpliTaq Gold® DNA 
polymerase (Applied Biosystems) and the SMAD3-Forward: 
5′ CTCCAAACCTATCCCCGAAT 3′ and the SMAD3-
Reverse: 5′ AGCGAACTCCTGGTTGTTGA 3′ primers. 
PCR products were cleaned using QIAquick PCR Purification 
Kit (Qiagen) according to the manufacturer's instructions.

2.6  |  Sanger sequencing

SMAD3 was amplified by PCR at 52°C annealing tempera-
ture using HotStarTaq DNA Polymerase (Qiagen) and the 
SMAD3-Forward: 5′ ACACCCAATGACCCAGTAG 3′ and 
the SMAD3-Reverse: 5′ AGAGCACAGCTAAGGATGG 
3′ primers. PCR products were cleaned using QIAquick 
PCR Purification Kit (Qiagen) and followed by cycle se-
quencing according to the manufacturer's instructions 
[BigDye Terminator v1.1 Cycle Sequencing Kit (Applied 
Biosystems)]. The sequencing PCR products were puri-
fied using the Performa® DTR Gel Filtration Cartridges 
(EdgeBio) and then loaded on a 3130xL Genetic Analyzer 
(Applied Biosystems) with the results analyzed using the 
Sequencing Analysis 5.2 Software (Applied Biosystems).

2.7  |  In silico protein modeling

The SMAD3 (wild-type [WT]) sequence was retrieved from 
the Ensembl (http://grch37.ensem​bl.org/) Web site and both 
WT and mutant, exon 6 deletion, (MUT) submitted to Iterative 
Threading ASSEmbly Refinement (I-TASSER) modeling 
(Yang & Zhang, 2015; Zhang, Freddolino, & Zhang, 2017) 
to predict full-length protein structure. I-TASSER (https://
zhang​lab.ccmb.med.umich.edu/I-TASSE​R/), a structure as-
sembly simulation, was used to predict the secondary struc-
ture of the WT and MUT SMAD3. I-TASSER shows the 
protein structure based on the closest similarity (with tem-
plate 1khxA) from the Protein Data Bank (PDB).

3  |   RESULTS

3.1  |  Clinical history

Pedigree 1 (Figure 1): Proband A (II-3) with a strong family 
history of TAAs and intracranial aneurysms (ICAs) was a 
69-year-old female patient, with a known aneurysm of the 
aortic root and ascending aorta, that appeared to be expand-
ing over a period of three consecutive years (2013: 44 mm, 
2014: 47 mm, 2015: 51 mm) based on serial CT thoracic aorta 

measurements. Moreover, the patient exhibited symptoms of 
heart failure (NYHA III) class on the grounds of severe aortic 
valve regurgitation. Previous medical history included spinal 
surgery, varicose vein surgery, hysterectomy, cholecystec-
tomy, hyperlipidemia and hypothyroidism. In addition, she 
was diagnosed with an ICA and opted for an elective inter-
vention. Due to her clinical status, the ICA intervention was 
postponed and corrective surgery for the aortic aneurysm and 
valvular disease was initially undertaken. Preoperative cor-
onary angiography showed absence of coronary artery dis-
ease. Bio-Bentall procedure (aortic valve replacement with 
a bioprosthesis, aortic root, ascending aorta and hemi-arch 
replacement with a straight tube graft, and reimplantation 
of the coronary ostia) was performed at the age of 69 years. 
Intraoperative findings were a trileaflet aortic valve with in-
tact leaflets and annular dilatation, an aortic root aneurysm 
with thin walls and an ascending aortic aneurysm of diam-
eters 51 mm and 47 mm respectively, whereas the aortic arch 
had normal diameter. The patient had a slow but stable re-
covery, and several months later she underwent coil emboli-
zation for her ICA. Unfortunately, the patient then suffered 
an aortic dissection extending from the aortic arch down to 
the iliac arteries, and as a result she underwent urgent redo-
sternotomy, aortic arch graft replacement with aortic arch de-
branching and reconstruction with a trifurcated graft, as well 
as proximal descending aorta replacement with the Elephant 
Trunk technique. Intraoperative findings showed an aortic 
dissection from the mid aortic arch down to the right iliac 
artery, with the aortic arch measuring 44 mm diameter and 
the proximal descending aorta 38 mm diameter.

Within this family, sudden death (not investigated) was 
reported in the proband's father (I-1) at the age of 28. One of 
her brothers (II-1) had died from aortic rupture and another 
brother (II-2) from ICA rupture at the age of 49. In addition, 
a niece (III-2) had also died from ICA rupture. Subsequently, 
her two children [(III-3 (aged 52) and III-4 (aged 49)] were 
screened for TAA with echocardiography. Neither of the two 
children presented with any cardiovascular abnormalities at 
the time of evaluation.

Pedigree 2 (Figure 2): The proband B (III-5), a male pa-
tient who presented with paroxysmal atrial fibrillation (PAF) 
at the age of 46 years was found following echocardiography 
and subsequently thoracic aortic CTA to have a large pre-
viously unidentified aortic root and ascending aortic aneu-
rysm with a maximum diameter of 60 mm and concomitant 
moderate aortic valve regurgitation. The patient underwent 
cardiac surgery that included Bentall procedure (aortic valve, 
aortic root and ascending aorta replacement with a composite 
graft) as well as a Maze procedure for the treatment of the 
PAF. Regarding other clinical findings, this man (III-5) has 
a Marfanoid phenotype (tall stature, long upper limbs with 
ratio of arm span/height >1.05, scoliosis and visual distur-
bances) but did not formally fulfil criteria for the diagnosis of 
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the syndrome. He also exhibited vitiligo, and he reported that 
his PAF episodes dated back from his thirties.

The proband B has two nephews (IV-3 and IV-4) who are 
siblings and share similar phenotypic characteristics with 
proband B. Both were screened for thoracic aortic aneurysm 
with echocardiography after the diagnosis followed by sur-
gery on their uncle. The elder brother (IV-3) was examined 
for the first time in 2009 at the age of 29 and was found to 
have a moderate-sized aortic root aneurysm with a diameter 
of 46  mm. This individual has been followed-up regularly 
thereafter by means of echocardiography and thoracic aor-
tic CTA. The aneurysm gradually increased in diameter and 
reached 53 mm in 2016. The patient underwent an elective 
aortic root and aortic aneurysm repair with a valve sparing 
procedure. He was evaluated by a clinical geneticist. He 
had no history of lens dislocation, dental anomalies or sco-
liosis. He scored 1 point on the skeletal features’ checklist 
of the modified Ghent criteria for the diagnosis of Marfan 
syndrome. His Beighton score was 2/9 and he had negative 
Walker-Murdoch and Steinberg signs bilaterally therefore no 
frank arachnodactyly. His palate was normal as was his uvula. 
He had mild skin hyperextensibility. At the time of the inves-
tigation, neither of the two children of the patient, a nine-year 
old-daughter (V-1) and a two-year-old son (V-2) presented 

any clinical manifestations. However, due to the family his-
tory, these children were referred for genetic screening. The 
younger brother (IV-4) of the proband had a similar pheno-
type with additional spinal problems, including pectus car-
inatum and also did not report a history of lens dislocation 
or dental abnormalities. He too, was examined for the first 
time at the age of 26 and was found to have a mild aortic root 
and proximal ascending aorta dilatation with a diameter of 
42  mm. He has also been regularly followed-up thereafter, 
and over the last 10 years the aneurysm has exhibited slow in-
crease in diameter, with the latest echocardiographic and CT 
studies showing a diameter of 45-46 mm. It has been agreed 
uniformly to continue annual evaluations and to proceed 
with an elective aortic repair when a threshold of 50 mm is 
reached. The clinical genetic evaluation indicated a long face 
with a bone protrusion over the right side of the forehead. His 
palate was normal as was his uvula. He did not have arachno-
dactyly. He had an abnormal sternum with pectus excavatum 
superiorly and a pectus carinatum posteriorly. His ears were 
soft and had mild skin hyperextensibility. His Beighton score 
was 0/9 with negative Gorlin sign. Recently, the two brothers 
were screened for SMAD3. The 41-year-old sister (IV-1) of 
the two siblings did not present neither relevant phenotypic 
characteristics nor aortic dilatation on echocardiography.

F I G U R E  1   Pedigree of Proband A (II-3) with c.871+1G>A variant in SMAD3 (NM_005902.4). Clear symbols represent normal and filled 
affected individuals. The presence or the absence of the family variants in SMAD3 is indicated by “+” or “−”. An asterisk represents individuals 
that were available for this study. Deceased individuals have a slash through the symbol representing them. The index patient is indicated by an 
arrow. d. = age of death
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The two sisters (III-2 and III-4) of proband B were also 
clinically examined. Patient III-2 exhibited spinal abnormali-
ties leading to spinal surgery, paroxysmal arrhythmias, osteo-
arthritis (diagnosed at the age of 35), diplopia and hernia that 
had been repaired. Echocardiography revealed normal aortic 
root and ascending aortic diameters at 35 mm. Similarly, her 
62-year-old sister (III-4), despite exhibiting phenotypic char-
acteristics including bifid uvula, arthritis, and spinal abnor-
malities, did not have on echocardiography aortic dilatation 
(maximum aortic root diameter 33 mm and ascending aorta 
37 mm). The two children of this sister (III-4) were also ex-
amined. The 35-year-old son (IV-5), had bifid uvula, joint 
hypermobility, arthritis and mitral valve prolapse. He was 
found to have a mild aortic root dilatation of 38–39 mm on 
echocardiography. His 33-year-old sister (IV-6) was free of 
any abnormal clinical or echocardiographic findings.

Finally, two of the cousins of proband B (III-5) were ex-
amined. The first (III-6), was a 53-year-old male who was 
diagnosed with severe symptomatic mitral regurgitation and 
underwent mitral valve repair, and also had an aortic root dil-
atation of 41 mm diameter. The second cousin (III-7), who 
had similar phenotypic characteristics to proband B (includ-
ing arthritis and joint hypermobility), was found to have mild 
aortic root dilatation of 39 mm. Ascending aorta dimensions 
were normal in both patients.

3.2  |  Targeted sequencing and 
genetic analysis

After filtering, targeted NGS results identified one splicing 
mutation c.871+1G>A (chr15:67473792 G>A) in SMAD3 
(Genbank reference sequences: NM_005902.4 [mRNA] and 
NP_005893 [protein], Accession and version of reference se-
quence: NC_000015.9). This variant was not annotated in the 
major databases, such as the dbSNP (http://www.ncbi.nlm.
nih.gov/SNP/), 1000 genome dataset (http://brows​er.1000g​
enomes.org/), gnomAD (http://gnomad.broad​insti​tute.org) 
and Human Genetic Variation Browser databases (http://
www.genome.med.kyoto​-u.ac.jp/SnpDB​/). The results de-
scribing the c.871+1G>A variant were consistent with all 
five prediction tools (PolyPhen2: Probably Damaging, SIFT: 
Deleterious, Mutation Taster: Disease causing, PROEVEAN: 
Deleterious, VEP: Modifier) as having a detrimental effect, 
suggesting that the site has a key role in the function of 
SMAD3. All three splice site prediction programs (Human 
Splicing Finder, NNsplice, NetGene2) showed that this se-
quence alteration abolishes the canonical splice donor site 
and therefore is likely to disturb normal splicing. This variant 
was submitted to ClinVar (https://submit.ncbi.nlm.nih.gov/
subs/varia​tion_clinv​ar/SUB60​92027​/) with ClinVar acces-
sion code SCV000992602.

F I G U R E  2   Pedigree of Proband B (III-5) with eight individuals (Subject III-2, III-4, III-6, III-7, IV-3, IV-4, IV-5 and V-2) found to be 
heterozygous for the c.871+1G>A variant in SMAD3 (NM_005902.4). The presence or the absence of the family variants in SMAD3 is indicated 
by “+” or “−”. The legend indicates the clinical features of the patients. The index patient is indicated by an arrow. An asterisk represents 
individuals who were available for this study. Deceased individuals have a slash through the symbol representing them
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3.3  |  Sanger sequencing analysis

The identified variant was confirmed by Sanger sequencing 
in proband A (II-3) (Figure 3a) and was not present in the two 
unaffected children (III-3 and III-4) when screened. Proband 
B (III-5) and samples from available family members were 
also screened by Sanger sequencing for the c.871+1G>A var-
iant in SMAD3 and results showed that proband B (III-5), his 
two sisters (III-2 and III-4), the two cousins (III-6 and III-7), 
the one nephew (IV-5) and the one child (V-2) of his nephew 
were also heterozygous of the specific variant whereas the 
two nieces (IV-1 and IV-6) and the other child (V-1) of his 
nephew did not show the presence of c.871+1G>A variant 
in SMAD3.

3.4  |  mRNA analysis for the SMAD3 variant

The transcriptional consequence of the splice site mutation 
(c.871+1G>A) was confirmed by analysis of the mRNA ex-
tracted from the aortic tissue of Proband A (Figure 3b). RT-
PCR was performed and cDNA was amplified from exons 5 

to 8. Skipping of exon 6, resulting in 213 nucleotides dele-
tion was confirmed by the two bands (224 bp vs. 437 bp for 
the WT) that appeared on the agarose gel (Figure 3c) and by 
the cDNA sequencing results. The two DNA fragments were 
isolated using Montage DNA Gel Extraction Kit (Millipore), 
according to manufacturer's instructions. Sequence analysis 
of both strands confirmed that the shorter fragment was lack-
ing the entire exon 6 (Figure 3d) while the larger fragment 
included exon 6, indicating the normally spliced transcript.

3.5  |  Classification of SMAD3 variant

The pathogenicity of the variant (chr15:67473792 G>A) of 
SMAD3 was evaluated using the American College of Medical 
Genetics and Genomics (ACMG) guidelines (Richards 
et  al.,  2015) based on the following criteria: The variant is 
considered deleterious due to a substitution in a consensus 
splice site (PVS1). It is novel and absent from a large general 
population (PM2). Ten individuals, from two different fami-
lies including a three-generation family, confirmed cosegrega-
tion in a gene with known association to TAA (PP1). Multiple 

F I G U R E  3   (a) Sanger sequencing electropherogram showing the novel splice site variant (c.871+1G>A) identified in exon 6 of SMAD3 
(NM_005902.4) from the gDNA of the patient. (b) Schematic diagram of SMAD3 normal splicing and skipping of exon 6 caused by a variant 
(c.871+1G>A) in the splice donor site of intron 6. Positions of the primers used for RT-PCR analysis are indicated by arrows. Exons 1, 5, 7, 8, 9 
are represented as blue and exon 6 is represented as yellow. (c) Agarose gel electrophoresis of cDNA amplified from the Proband A (c.871+1G>A) 
and cDNA from a normal individual (control). The patient's cDNA revealed two bands; the normal (upper) that corresponds to a 437 bp fragment 
and the mutant (lower) that corresponds to a 224bp fragment size indicating expression from two alleles. The mutation causes exon 6 skipping. 
NTC = Non-Template Control. (d) Direct DNA sequence analysis of RT-PCR fragments (5F–8R) from the affected individual indicates exon 6 
skipping
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in silico-based computation analysis supported a deleterious 
effect on the gene (PP3). The aberrant splicing was also con-
firmed by RT-PCR and Sanger sequencing of the product 
(PS3). Combining the PVS1 criterion with one Strong (PS3), 
one Moderate (PM2) and one Supporting (PP1), classifies the 
above SMAD3 variant as pathogenic.

3.6  |  Predicted secondary 
structure of SMAD3

The splicing mutation in c.871+1G>A of the SMAD3 is as-
sociated with the deletion of the entire exon 6 which most 
probably leads to defects in protein folding. I-TASSER mod-
eling prediction tool was used to predict the secondary struc-
ture of MUT SMAD3, indicating conformational changes of 
the protein. The results showed differences in the structure 
motif between WT (Figure 4a) and MUT (Figure 4b) SMAD3 
protein due to the 71 amino acid (220–291) deletions.

4  |   DISCUSSION

The phenotypic spectrum of patients with thoracic aortic 
aneurysm is characterized by significant intra- and inter-fa-
milial variability and varies among carriers of mutations in 
genes associated to TAA (Hannuksela et al., 2016; Milewicz, 
Regalado, Shendure, Nickerson, & Guo,  2014). Previous 
studies have also indicated significant genetic heterogeneity 
for familial TAAD as many families have not been linked to 
any known gene mutations leading to aneurysmal formation 
and they remain unidentified (Schubert, Landis, Shikany, 
Hinton, & Ware, 2016). As a result, clinical and genetic het-
erogeneity of TAA disease is challenging as a positive result 
for a genetic test may have a major effect on the screening 
of individuals who are at risk and for disease management 
(Schubert et al., 2016).

Potential phenotypes resulting from SMAD3 variants can 
range from minimal features to those observed in Marfan 

syndrome, Loeyz–Dietz syndrome type III (LSD3) or even 
vascular Ehlers–Danlos syndrome (Loeys & Dietz,  2008; 
Schepers et al., 2018). In addition, pathogenic SMAD3 vari-
ants have been found to be associated with TAA/D as well as 
premature osteoarthritis and skeletal abnormalities. A large 
number of individuals with SMAD3 pathogenic variants do 
not present with an aortic event (Hostetler et al., 2019). As a 
result, it is generally accepted that SMAD3 variants are char-
acterized by inter- and intra-familial variability in phenotypic 
expression in addition to incomplete penetrance. Moreover, 
some patients present vascular aneurysms or dissections 
of small arteries without an aortic phenotype (Chesneau 
et al., 2020; Hostetler et al., 2019). The absence of complete 
arterial tree imaging in some of our patients makes charac-
terization of a definitive clinical phenotype rather difficult.

In this study, a novel splice site variant in SMAD3, 
c.871+1G>A, was identified and cosegregated with the af-
fected individuals in two apparently unrelated Cypriot fam-
ilies with nonsyndromic familial TAA. Immediate members 
of the two families were asked if there was any relationship 
between themselves and it seems that they were not aware 
of any such connection. Previous studies demonstrated the 
association of mutations in SMAD3 and the form of aneu-
rysms and dissections (Hilhorst-Hofstee et al., 2013; Van De 
Laar et  al.,  2011e Laar et  al.,  2011; Regalado et al., 2011) 
therefore, the two families were informed of the possible risk 
for aortic disease and a family study was initiated. Following 
the genetic screening, the presence of c.871+1G>A variant 
in SMAD3 was also found in additional family members who 
have not as yet developed any clinical manifestations of the 
disease. Analysis of mRNA from the patient's tissue (Proband 
A) by RT-PCR and Sanger sequencing confirmed aberrant 
splicing and the occurrence of exon 6 skipping.

In silico protein modeling using WT and MUT amino 
acid sequence indicated conformational changes of SMAD3 
that are believed to be critical for the protein interaction 
and might interfere with protein function. I-TASSER mod-
eling shows the protein structure based on the closest sim-
ilarity from the PDB (with template 1khxA). The Smad 

F I G U R E  4   The predicted secondary structure of (a) WT and (b) MUT SMAD3 protein indicating, the corresponding amino acid (220–291) 
sequence of exon 6 which is absent from mutant SMAD3 using I-TASSER modeling. C, Coil; H, Helix; I-TASSER, Iterative Threading ASSEmbly 
Refinement; S, Strand; WT, wild-type
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family of proteins serve as transcription factors by directly 
binding to specific DNA sequences and any changes in the 
DNA-binding motif might affect DNA-binding transcrip-
tion factor activity. To date, 67 mutations have been iden-
tified in SMAD3 including missense, nonsense, frameshift, 
and splice site mutations which are spread over the entire 
gene with the majority (42 out of 67) of them located in the 
Mad homology 2 (MH2) protein–protein binding domain 
(Schepers et al., 2018). Mutations located in the MH2 protein 
domain of SMAD3 are predicted to disrupt hydrogen-bond 
formation which might affect protein–protein interactions 
(Milewicz et al., 2014). Also, mutations in the MH2 domain 
were supported to disrupt oligomerization of SMAD3 with 
SMAD4- and thus downstream SMAD-dependent tran-
scriptional activation (Zhang et al., 2015). In addition, MH2 
domain is a region that is highly conserved among species 
therefore, mutations in this domain are more likely to have a 
deleterious effect (Van De Laar et al., 2011e Laar et al., 2011; 
Zhang et al., 2015). Previous studies reported that most dis-
ease-causing variants are located within exon 6 of SMAD3 in 
the MH2 domain (Van De Laar et al., 2011e Laar et al., 2011; 
Regalado et al., 2011; Zhang et al., 2015). The novel variant 
c.871+1G>A, which is a donor splice variant, leads to exon 
6 skipping, resulting in an in-frame transcript which does 
not lead to nonsense-mediated decay, therefore haploinsuffi-
ciency is not indicated as the mechanism. As shown by previ-
ous studies, donor and acceptor splice site variants typically 
lead to a loss of function protein (Baralle & Baralle, 2005) 
and loss-of-function variants in SMAD3 are known to be 
pathogenic (Aubart et  al.,  2014; Regalado et al., 2011). In 
addition, pathogenic variants that lead to protein production 
with alterations in the MH2 domain have shown to be more 
severe compared to haploinsufficiency pathogenic variants 
(Hostetler et al., 2019). The spanning amino acids 271–324 
in exon 6 and exon 7 contribute to the proper folding of the 
MH2 domain and have shown to exhibit strong interaction 
with exportin-4 (XPO4) that mediates SMAD3 nuclear ex-
port (Kurisaki et al., 2006). Also, the SMAD3 linker region 
(137–231 amino acid positions) has been previously shown 
to have transcriptional activity that plays an important role 
in the activation of several TGF-β/Smad-responsive reporter 
genes (Wang, Long, Matsuura, HE, & Liu, 2005). In addi-
tion, adjacent pathogenic variants in exon 6 and exon 7 of 
SMAD3 (such as p.Arg287Trp [Van Campens et al., 2015am-
pens et al., 2015; De Laar et al., 2011], p.Arg287Gln [Aubart 
et  al.,  2014; Schepers et  al.,  2018], p.Arg288Aspfs*53 
[Schepers et  al.,  2018], p.Arg292Aspfs*53 [Aubart 
et al., 2014] and p.Leu296Pro [Campens et al., 2015]) have 
been previously reported in families with TAAs. In addition, 
the c.871+2T>C variant was classified as likely pathogenic 
by Invitae which has been reported for TAA/D. Therefore, 
it can be assumed that residues in exon 6 are critical for the 
function of SMAD3. The novel c.871+1G>A variant falls 

within intron 6–7 in MH2 domain leading to exon 6 skipping 
(amino acid sequence 220–291) which also affects highly 
conserved amino acids (data not shown) (UniProt sequence 
alignment tool against the genome of five species human/
chimpanzee/mouse/big/chicken).

SMAD3 encodes a protein that is involved in cellular 
TGF-β signaling pathway initiated by TGFBR1 and TGFBR2 
receptors and regulates gene transcription (Regalado et al., 
2011). Mutations in SMAD3 may lead to deficiency and dis-
ruption of TGF-β signaling pathway which were reportedly 
appeared to cause histological disorganization of the media 
layer, elastic fiber fragmentation and loss as well as colla-
gen accumulation in the media layer which are associated 
with the development of aortic aneurysms (Berthet, Hanna, 
Giraud, & Soubrier,  2015; Chacko et al., 2004; Van De 
Laar et al., 2011e Laar et al., 2011; Regalado et al., 2011). 
SMAD3 accounts for up to 2% of familial and nonfamilial 
TAA/D (Milewicz & Regalado,  2003). Pathogenic variants 
in SMAD3 showed to be associated to Loeys–Dietz syn-
drome type III (OMIM#613795), a syndromic form of aor-
tic aneurysms (Van De Laar et al., 2011e Laar et al., 2011). 
Previous studies have shown SMAD3 gene mutations to be 
associated with thoracic aortic aneurysms, abdominal aortic 
aneurysms and to a predisposition to ICAs (Regalado et al., 
2011). Also it has been supported that individuals who carry 
pathogenic variants in SMAD3 are more prone to early aortic 
dissection and/or rupture, even in a mildly dilated aorta (Van 
Der Linde et  al.,  2012). Other clinical characteristics that 
have been found to be associated to SMAD3 gene mutations 
include arterial tortuosity, bicuspid aortic valve (Van Der 
Linde et al., 2012), neurological features and immunological 
disorder (Aubart et  al.,  2014), early osteoarthritis (Van De 
Laar et al., 2011e Laar et al., 2011) and rheumatoid arthri-
tis (Berthet et al., 2015). Therefore, clinical heterogeneity is 
observed among SMAD3-familial TAA/D (Regalado et al., 
2011). Based on this, the importance of molecular genetic 
screening to identify a causative mutation which will facil-
itate early diagnosis and treatment is highlighted in family 
cases with TAA/D.

In conclusion, in this study, we describe the molecular 
analysis and clinical characteristics of two Cypriot fami-
lies with a novel splicing mutation in SMAD3. The novel 
variant of SMAD3 (chr15:67473792 G>A) is a splicing 
mutation and multiple lines of evidence have documented 
the contribution of this variant for the TAA phenotype of 
affected individuals in the two Cypriot families. According 
to the ACMG guidelines the c.871+1G>A variant can be 
classified as pathogenic with one Very Strong (PVS1), one 
Strong (PS3), one Moderate (PM2) and one Supporting 
(PP1) criteria of pathogenicity. Our finding expands the 
spectrum of variants that are associated with TAA/D and 
further strengthens the connection between the presence 
of aneurysm phenotype and SMAD3 variants. In addition, 
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the relationship between SMAD3 genotype and phenotype 
will further improve risk stratification and clinical man-
agement, identifying high-risk subgroups. Further muta-
tions and variants are needed to be identified for screening 
purposes in families with nonsyndromic familial TAA/D 
which may be beneficial for presymptomatic and younger 
family members for the prevention of sudden death of af-
fected individuals and early intervention.

In summary, our report provides two Cypriot family cases 
with TAA associated with a SMAD3 gene variant. In the two 
families, additional family members at risk were identified, 
genetic counseling was provided and appropriate cardiovas-
cular follow-ups with cardiologists and pediatric cardiolo-
gists was recommended.
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