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Abstract

Thoracic aortic aneurysm (TAA) is a genetically heterogeneous disease involving subclinical and 

progressive dilation of the thoracic aorta, which can lead to life-threatening complications such as 

dissection or rupture. Genetic testing is important for risk stratification and identification of at risk 

family members, and clinically available genetic testing panels have been expanding rapidly. 

However, when past testing results are normal, there is little evidence to guide decision-making 

about the indications and timing to pursue additional clinical genetic testing. Results from research 

based genetic testing can help inform this process. Here we present 10 TAA patients who have a 

family history of disease and who enrolled in research-based exome testing. Nine of these ten 

patients had previous clinical genetic testing that did not identify the cause of disease. We sought 

to determine the number of rare variants in 23 known TAA associated genes identified by 

research-based exome testing. In total, we found 10 rare variants in six patients. Likely pathogenic 

variants included a TGFB2 variant in one patient and a SMAD3 variant in another. These variants 

have been reported previously in individuals with similar phenotypes. Variants of uncertain 

significance of particular interest included novel variants in MYLK and MFAP5, which were 

identified in a third patient. In total, clinically reportable rare variants were found in 6/10 (60%) 

patients, with at least 2/10 (20%) patients having likely pathogenic variants identified. These data 

indicate that consideration of re-testing is important in TAA patients with previous negative or 

inconclusive results.
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INTRODUCTION

Thoracic aortic aneurysm (TAA) is an aortopathy in which dilation of the proximal aorta 

predisposes to life-threatening complications such as dissection yet is often asymptomatic 

until a patient suffers one of these acute events [Milewicz et al., 2008]. TAA can be 

classified broadly as syndromic or non-syndromic, the latter of which includes familial TAA 

(FTAA). Inherited connective tissue diseases such as Marfan syndrome (MFS), Loeys–Dietz 

syndrome (LDS), and vascular type Ehlers–Danlos syndrome (EDS) are strongly associated 

with highly penetrant TAA [Pomianowski and Elefteriades, 2013]. The genes associated 

with these syndromes include FBN1 (MFS), TGFBR1/2 (LDS), and COL3A1 (EDS), and 

recent studies have implicated additional transforming-growth factor beta (TGFβ) pathway 

genes such as TGFB2 and SMAD3 in disease pathogenesis [Van de Laar et al., 2011; 

Boileau et al., 2012]. Some genes are implicated in multiple disorders, for example, 

TGFBR1/2 mutations are observed in both MFS and LDS [Gillis et al., 2013]. 

Approximately 20% of nonsyndromic TAA patients have FTAA [Albornoz et al., 2006; 

Jondeau and Boileau, 2014], which is associated with variants in a number of vascular 

smooth muscle genes including ACTA2, MYLK, and MYH11, but may also include genes 

associated with syndromic TAA such as TGFBR1/2 [Renard et al., 2013a; Lerner-Ellis et al., 

2014]. In spite of the considerable progress toward understanding the genetic basis of TAA, 

as much as 80% of disease etiologies remain unidentified [Jondeau and Boileau, 2012]. In 

addition to genetic heterogeneity, TAA is characterized by variable phenotypic features, both 

between unrelated individuals and within families, including age of onset, severity of 

dilation, and presence or absence of non-cardiovascular tissue involvement [Milewicz et al., 

2014]. Many non-syndromic TAA cases may have subtle phenotypic features suggestive of 

connective tissue involvement [Landis et al., 2015]. Taken together, phenotypic 

heterogeneity and allelic overlap between syndromic and non-syndromic cases creates 

challenges with the approach to genetic testing. Because positive genetic testing for TAA has 

such important implications for disease management and screening of at risk family 

members, information to guide decisions about when to re-test as panels continue to expand 

is necessary.

Here we report a cohort of 10 patients with FTAA of unknown etiology, nine of whom had 

previous clinical genetic testing. We sought to determine how many patients with past 

clinical genetic testing for TAA would have rare variants in a more expanded list of known 

TAA genes using research-based exome sequencing. In total, variants that would be 

clinically reportable were identified in 6 of 10 patients, and two variants were considered 

likely pathogenic. Overall, our results demonstrate the importance of additional genetic 

testing for TAA and indicate that patients with previous negative or inconclusive results may 

benefit from re-testing using broader panels of TAA genes.
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METHODS

Patients with TAA were prospectively enrolled through the Cardiovascular Genetics Clinic 

at Cincinnati Children’s Hospital Medical Center (CCHMC). The local Institutional Review 

Board approved this study. TAA was diagnosed according to established guidelines 

[Hiratzka et al., 2010]. The 10 FTAA patients reported here all have a first-degree family 

member with TAA and were not known to have an established disease causing genotype. 

Previous clinical genetic testing had been performed in 9 of the 10 patients, including 

specific gene targeted tests or gene panels for MFS and related disorders or FTAA (Table I).

Using a standard extraction protocol, genomic DNA was isolated from whole blood samples 

provided by each subject. Genomic DNA (3 µg) was subsequently fragmented and enriched 

for the human exome, including coding regions and splice junctions, using the NimbleGen 

SeqCap EZ Human Exome v2.0 Library (2.1 million DNA probes). This capture targets 

approximately 30,000 coding genes (~300,000 exons), and contains probes that cover 

44.1Mb in total. Post-enrichment, the exome libraries of each subject was sequenced with 

100bp paired-end reads using the Illumina HiSeq 2500 machine in the CCHMC sequencing 

core. Sequenced reads were mapped to the reference genome GRCh37, and variants were 

called by the Biomedical Informatics Division at CCHMC.

Exome sequencing data was analyzed for the presence of rare variants (minor allele 

frequency <1% or not reported in Exome Aggregation Consortium [ExAC] database) in 

TAA associated genes [Exome Aggregation Consortium, 2015]. The following 23 genes 

were analyzed: ACTA2, CBS, COL3A1, COL5A1, COL5A2, FBN1, FBLN4, FBN2, FLNA, 
MED12, MFAP5, MYH11, MYLK, NOTCH1, PRKG1, SKI, SLC2A10, SMAD3, SMAD4, 
TGFB2, TGFB3, TGFBR1, and TGFBR2. Currently, each of these genes can be tested with 

clinically available TAA panels except FBLN4 and TGFB3; these additional two genes were 

included for their known associations with TAA [Hucthagowder et al., 2006; Bertoli-Avella 

et al., 2015]. On average, the 10 patients reported here had 86% of the targeted exons in 

these 23 genes covered at a depth of at least 20×, with an average depth of 57×. The 

American College of Medical Genetics (ACMG) standards and guidelines for the 

interpretation of sequence variants were utilized to assess pathogenicity [Richards et al., 

2015]. Bioinformatic progams (PROVEAN, SIFT, Polyphen-2, Condel, and SuSPect) were 

used to predict variant pathogenicity. We considered the bioinformatics results to support 

pathogenicity if a variant was assessed as damaging by at least three of five programs. Rare 

variants were queried in the Human Gene Mutation Database (HGMD) and ClinVar (http://

www.ncbi.nlm.nih.gov/clinvar/). Variants designated as clinically reportable, defined as a 

variant considered to be pathogenic, likely pathogenic, or a variant of uncertain significance 

[VUS], were confirmed by Sanger sequencing.

CLINICAL REPORT AND RESULTS

Overall Genetic Findings

Among the 10 Caucasian patients, 10 rare variants were identified (Table I). Four patients 

did not have at least one rare variant within our list of TAA-associated genes. Three patients 

were found to have two or more rare variants in TAA-associated genes. Molecular 
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interpretation of the rare variants established that six patients had findings that would be 

reported on a clinical TAA panel (i.e., a variant considered to be pathogenic, likely 

pathogenic, or a VUS). Among these six patients, two had VUSs found on previous testing 

(Patients 1 and 5), three had previous negative testing (Patients 2, 7, and 10), and one patient 

had no previous genetic testing (Patient 3). None of these patients had family members with 

a history of positive genetic testing. Thus, the rate of discovering a clinically reportable 

variant with broad genetic testing in our small cohort of patients was 60% (6/10), including 

20% (2/10) of patients who were found to have a likely pathogenic variant.

Phenotypic Findings

A summary of the phenotypes for the 10 patients can be found in Supplemental Table SI. 

The three patients with variants assessed as damaging by at least three of five bioinformatic 

programs are described in detail below.

Patient 1

Patient 1 is a 19-year-old male (Fig. 1A, proband III-3) with borderline TAA (aortic root 3.8 

cm) and additional cardiovascular findings including arterial tortuosity, bilateral superior 

vena cava, and perimembranous ventricular septal defect. He has a number of signs 

associated with syndromic TAA including: scoliosis, chest asymmetry, joint hyperflexibility, 

downslanting palpebral fissures, retrognathia, malar hypoplasia, hyperextensible skin, and 

recurrent left inguinal hernia. Additionally, this patient has arthrogryposis and 

camptodactyly. There is a positive family history of similar features; his father (Fig. 1A, 

II-6) exhibits TAA, secundum atrial septal defect, pes planus, pectus excavatum, and 

inguinal hernia, and is reported to be “double jointed.” Additionally, the proband’s older 

sister (Fig. 1A, III-2) has a history of atrial septal defect, malar hypoplasia, retrognathia, 

high and narrow palate, pectus excavatum, hyperflexibility, hip pain, pes planus, and 

enophthalmos, but no evidence of TAA. A second older sister (Fig. 1A, III-1) has had a 

normal echocardiogram but also reports hyperflexibility and joint pain.

Previous clinical sequencing of FBN2 performed in this family identified a VUS (c.

1040G>A; p.Arg347His; dbSNP rs112428886) that segregated in the proband, father and 

one sister (Fig. 1A, III-2). The proband’s father previously had negative sequencing of 

TGFBR1 and TGFBR2, and his older sister (Fig. 1A, III-2) had previous negative FBN1 
sequencing. As expected, exome sequencing of the proband identified the known FBN2 
VUS but additionally revealed a TGFB2 variant (c.979C>T; p.Arg327Trp). The FBN2 VUS 

is not found in ClinVar or HGMD and is reported damaging by two bioinformatics 

prediction programs. The TGFB2 variant, however, was predicted damaging by four of five 

programs, is found in HGMD, and has been reported in patients with TAA and features of 

connective tissue disease [Lindsay et al., 2012]. In addition, two other TAA patients in 

separate families have been reported with the same p.Arg327Trp variant, and another patient 

with TAA and Marfanoid features has been described with a different missense variant at 

this position (p.Arg327Gln) [Renard et al., 2013b]. This variant was confirmed with Sanger 

sequencing in the proband and his affected father (Fig. 1A, II-6), providing evidence of 

segregation with disease. Additionally, this variant was not found in the ExAC database. 
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Therefore, we conclude the p.Arg327Trp TGFB2 is likely pathogenic in this family. DNA 

from additional informative family members was not available for sequencing.

Patient 2

Patient 2 is a 10-year-old male (Fig. 1B, proband III-4) with mild TAA (aortic root 3.1 cm, 

z-score+2.1), joint hyperflexibility (Beighton score of 6/9), hindfoot valgus, and a diagnosis 

of autism. The proband’s father (Fig. 1B, II-2) also has mild TAA (aortic root 4.1 cm), a 

focal fusiform aneurysmal dilation of the celiac artery, and a reported history of 

hyperflexibility that has become less apparent with age (Beighton score 2/9). The proband’s 

paternal grandfather (Fig. 1B, I-1) reportedly has an “enlarged aorta” (additional details 

unavailable), but no additional family members have known TAA. The proband’s 8-year-old 

sister (Fig. 1B, III-6) has been diagnosed with hypermobile Ehlers–Danlos Syndrome, 

Chiari malformation (type 1), obstructive hydrocephalus, hypotonia, developmental delay, 

and dysmorphic features including a broad forehead with deep-set eyes. A 9-year-old sister 

(Fig. 1B, III-5) also has history of mild type 1 Chiari malformation and reported 

hyperflexibility (Beighton score 4/9). Neither of these sisters has TAA on last follow up 

echocardiogram.

Previous DNA sequencing of TGFBR1, TGFBR2, and COL3A1, and deletion/duplication 

testing for FBN1, TGFBR1, and TGFBR2 were negative. Rare variants were found in three 

TAA genes via exome sequencing of the proband: SKI, NOTCH1, and SMAD3 (Table I). 

Variants in SKI (c.1163C>T; p.Ala388Val) and NOTCH1 (c.3767C>T; p.Pro1256Leu) had 

inconsistent results for pathogenicity prediction by bioinformatics programs. The SKI 
variant has been reported previously as a VUS in a study of cleft palate mutations [Vieira et 

al., 2005], and ClinVar reports the NOTCH1 variant but without interpretation. Four of five 

bioinformatics programs utilized predicted the SMAD3 variant (c.803G>A; p.Arg268His) to 

be damaging, and it is not found in ExAC. This p.Arg268His SMAD3 variant has been cited 

in a meeting abstract that reported the variant in a 59-year-old woman with aneurysms and 

osteoarthritis, which are common phenotypic features of SMAD3 mutations [Van de Laar et 

al., 2012]. We note that there is no known history of osteoarthritis in the proband or 

proband’s family. Sanger sequencing confirmed the SMAD3 variant in the proband. The 

same variant was also found in the affected father of the proband (Fig. 1B, II-2), suggesting 

this variant segregates with disease. Based on this evidence, we conclude the p.Arg268His 

SMAD3 variant is likely pathogenic in this family. Lack of available DNA from additional 

informative family members prevented further confirmation of segregation.

Patient 3

Patient 3 is a 59-year-old male (Fig. 1C, proband II-1) with mild TAA restricted to the 

ascending aorta (diameter 4.0 cm). This patient presents subtle craniofacial features 

consistent with connective tissue disease, including downslanting palpebral fissures and 

myopia. Additionally, this patient has bicuspid aortic valve with partial fusion of the right 

and left coronary cusps and mild aortic insufficiency. The patient’s brother (Fig. 1C, II-2) 

underwent surgical replacement of a unicuspid aortic valve, aortic root, ascending, and 

transverse aorta, as a result of severe dilation of the ascending aorta (diameter 5.8 cm). His 
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father also has mild dilation of the ascending aorta (Fig. 1C, I-1: dimension 4.3 cm). There 

is no known family history of dissection or sudden death.

Neither the proband nor the affected family members have had clinical genetic testing. 

Exome analysis of the proband revealed rare variants in MFAP5 and MYLK (Table I). The 

MYLK variant (c.2693G>A; p.Arg898Gln) was predicted damaging by three of five 

programs. This variant has not been reported previously and is not present in ClinVar or 

HGMD, and has a reported MAF of 0.03% in ExAC. All five bioinformatics programs 

predicted the MFAP5 variant (c.341G>A; p.Arg114Gln) to be damaging. Similarly, this 

variant has not been reported previously in ClinVar or HGMD and has a 0.02% MAF in 

ExAC. Further, no functional testing information is available. DNA was not available in any 

family members to confirm segregation. Both the MYLK and MFAP5 variants were 

confirmed via Sanger sequencing.

DISCUSSION

TAA is most frequently an autosomal dominant condition. Therefore, a diagnosis of TAA in 

a family has significant implications for family members. Because of the age related onset of 

disease, decreased penetrance, and the importance of early diagnosis given the progressive 

and clinically silent nature of the disease, a molecular diagnosis can greatly aid risk 

stratification for at risk family members. However, the clinical yield of testing for non-

syndromic TAA is such that a definitive molecular cause is not established in a majority of 

families. Because the clinical panels for TAA are changing rapidly as new causative genes 

are identified, decisions regarding re-testing are complex and family specific. As the genetic 

basis of FTAA is defined, the potential use of exome testing at the time of initial testing is 

beginning to be considered. The diagnostic yield of testing must be weighed against 

expense. In addition, the impact of a positive test result on management of at risk relatives is 

an important consideration with regard to cost. In the two families with likely disease 

causing variants, there are 15 at risk first degree relatives for whom positive genetic testing 

results would further inform management. There were no particular or shared phenotypic 

features identified in the individuals that had clinically reportable findings. However, it is 

interesting to note that the three families described in detail all had some phenotypic features 

of a connective tissue disorder.

Recently released ACMG guidelines have increased the stringency of variant interpretation. 

One outcome of this is an increase in the number of variants interpreted to be VUSs, but 

often variants can be stratified within this category. It is important for genetics care 

providers to interpret the molecular testing results in the context of the patient phenotype 

and family disease. Family based testing aids the interpretation of rare variants. In this study, 

two of our clinically actionable variants (in TGFB2 and SMAD3) have previously been 

reported in individuals that share similar phenotypic features with the patients in our study 

and show segregation between affected parent child pairs, providing further evidence for the 

likely pathogenicity of these variants. As expected, testing additional genes results in a 

higher number of VUS findings, and 60% of the cohort tested was positive for a VUS. 

Although this indeterminate finding is the least desired outcome clinically, in the context of 

autosomal dominant disease with multiple affected family members, VUS findings can still 
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be quite important and may be able to be reinterpreted as either likely benign or likely 

disease causing in the near future. In this report, the new VUSs identified in Patient 3 were 

judged to be more significant than the newly identified VUSs in Patients 5, 7, and 10 based 

on bioinformatics prediction, information on the specific genes involved, and known disease 

mechanisms. The interpretation of the variants in FBN2, NOTCH1, MYLK, and MFAP5 
might be refined if additional testing revealed segregation with disease within this family or 

other families. The decision of whether to test family members for a VUS, once an avoided 

practice in clinical genetics, is now encountered on a daily basis, especially in cardiovascular 

genetics. This clinical decision is made based on level of suspicion related to variant specific 

findings, phenotyping, and availability of family members for assessment of segregation, 

among other factors.

This study was performed on a research basis, and it is important to note that there are 

differences between research-based exome and clinical exome testing with regard to 

stringency. For example, clinical exome would require Sanger based sequencing to complete 

any gaps identified in these genes by exome-based testing. Clinical targeted gene panels 

done for TAA would be expected to have much greater depth of coverage than the current 

study. Given that clinical testing would be expected to be more sensitive, the numbers 

reported here can be considered a minimum estimate of rare variants identified. It is also 

important to note that interpretation of variants can vary between research studies and 

between clinical testing laboratories. As clinical application of whole exome and genome 

sequencing increases, longitudinal evaluation in patients and families with TAA is important 

to aid variant interpretation. Based on our findings, we conclude that re-testing of TAA 

patients with an autosomal dominant family history of TAA is an important clinical 

consideration when previous genetic testing results have been negative or inconclusive. 

Larger studies to determine the overall prevalence of disease causing variants in newly 

described TAA genes will assist in decisions regarding timing of re-testing.
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Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Pedigrees for three families in which a potentially clinically actionable variant was 

identified. Purple outlined boxes denote genotype positive family members for the clinically 

actionable variant identified in exome sequencing. Shaded boxes represent clinically 

diagnosed TAA, dotted boxes represent normal aorta dimensions by cardiac imaging and 

white boxes represent unknown TAA status (no available cardiac imaging). Aortic 

measurements are listed in boxes for family members with TAA or borderline TAA. 

Additional extra-thoracic features are represented by the presence of small, colored squares: 

hyperflexibility (blue), pectus deformity (red), foot deformity (green), and craniofacial 

features (yellow). Chromatograms show the variants of interest. (A) Pedigree for Patient 1 

with identified variant in TGFB2 (c.979C>T). (B) Pedigree for Patient 2 with identified 

variant in SMAD3 (c.803G>A). (C) Pedigree for Patient 3 with identified variants in MYLK 
(c.2693G>A) and MFAP5 (c.341G>A).
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