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Abstract

Genetic variation plays a significant role in predisposing individuals to thoracic aortic aneurysms
and dissections. Advances in genomic research have led to the discovery of 11 genes validated

to cause heritable thoracic aortic disease (HTAD). Identifying the pathogenic variants responsible
for aortic disease in affected patients confers substantial clinical utility by establishing a definitive
diagnosis to inform tailored treatment and management, and enables identification of at-risk
relatives to prevent downstream morbidity and mortality. The availability and access to clinical
genetic testing has improved dramatically such that genetic testing is considered an integral

part of the clinical evaluation for patients with thoracic aortic disease. This review provides an
update on our current understanding of the genetic basis of thoracic aortic disease, practical
recommendations for genetic testing, and clinical implications.
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The major diseases affecting the thoracic aorta are aneurysms and acute dissections
(TAAD).! The natural history of thoracic aortic aneurysms, involving the aortic root and
ascending aorta, is to asymptomatically enlarge over time until an acute tear in the intimal
layer leads to an ascending aortic dissection (Stanford classification type A dissection).
Type A dissections cause sudden death in up to 40% of afflicted individuals, with an
increase in mortality of 1% per hour after dissection and 5% to 20% dying during or shortly
after emergent surgical repair of the aorta.l Less-deadly aortic dissections originating in

the descending thoracic aorta just distal to the branching of the subclavian artery (type

B dissections) are also part of the thoracic aortic disease spectrum. Although medical
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treatments can slow the rate of aneurysm growth, the mainstay of treatment to prevent type
A aortic dissection-related deaths is prophylactic surgical repair of the ascending aneurysm.
surgical repair is typically recommended when the aneurysm’s diameter reaches 5.0-5.5 cm;
however, studies on patients presenting with acute type A dissections indicate that up to 60%
present with aortic diameters smaller than 5.5 cm.2 Thus, success of this treatment approach
relies on identifying at-risk individuals early in the disease process, prior to dissection to
establish appropriate timing for repair of the aorta. Therefore, biomarkers are needed to
identify individuals at risk for thoracic aortic disease and inform the timing of surgery to
prevent dissections.

Along with genetic variants, the major risk factors for TAAD are increased biomechanical
forces on the aorta, primarily due to hypertension and activities or drug use that increase
force on the aorta (e.g., cocaine or methamphetamine abuse, weightlifting). Additional risk
factors include bicuspid aortic valve (BAV), male sex, increasing age, inflammatory and
infectious conditions, and pregnancy.l: 3 The genetic risk for TAAD extends from rare

and highly penetrant genetic variants that trigger disease in all individuals who inherit

the alteration (e.g., Marfan Syndrome due to FB/N/Z mutations) to common variants found

in the general population that confer only a minimal risk for disease (variants identified

in genome wide association studies [GWAS]). The frequency of a genetic change in the
population (e.g., allele frequency) and effect size (e.g., risk for thoracic aortic disease) are
generally inversely related, with rare variants having large effects e.g., mutations also termed
pathogenic variants) and common variants conferring small effects. However, common
variants with large effects are rare and rare variants with small effects are difficult to
identify. This review provides an update on our current understanding of the genetic basis of
TAAD and how this information impacts clinical care.

Heritable thoracic aortic disease (HTAD): rare variants in genes that confer

a high risk for thoracic aortic disease

Our studies, along with others, established that up to 20% of all TAAD patients have
similarly affected first-degree relatives, indicating a significant genetic predisposition to
TAAD.3 4 TAAD in these families is typically inherited in an autosomal dominant manner
with decreased penetrance, particularly in women, indicating that heterozygous pathogenic
variants, in a particular gene are responsible for the heritable thoracic aortic disease
(HTAD).® families with HTAD demonstrate variable expression of TAAD, including age
of disease onset, risk for dissection at a small aortic diameter, risk for type A versustype
B dissections, and the formation of aortic aneurysms of the aortic root, the ascending
aorta, or both. Additionally, clinical heterogeneity is evident based on additional features
co-segregating with TAAD in these families, which can include intracranial aneurysms,
aneurysms, dissections/ruptures in other arteries, occlusive vascular diseases leading to
early-onset strokes and coronary artery disease, BAV, and patent ductus arteriosus (PDA).

HTAD was initially identified and characterized in individuals with Marfan syndrome (MfS)
and relatively recently in individuals with Loeys-Dietz syndrome (LDS). MFS results from
pathogenic variants in FBN1, which encodes fibrillin-1, a component of microfibrils that
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link the elastic lamellae to cell surface receptors on the SMCs.% 7 LDS is diagnosed when an
individual carries a heterozygous pathogenic variant in one of five genes encoding proteins
in the TGF-B signaling pathway (7GFBR1, TGFBRZ2, SMAD3, TGFBZ, or TGFB3) and
clinically manifests with MFS-like skeletal features, thin skin with bruising and aberrant
scar formation, craniofacial abnormalities, arterial tortuosity, and aneurysms and dissections
of other arteries.8-13 Vascular Ehlers-Danlos syndrome (VEDS), resulting from mutations
in COL3A1, which encodes the subunits of type 111 collagen, also confers a risk for TAAD
but a greater risk for aneurysms and dissections of other arteries. These patients lack
Marfan-like skeletal features but may present with thin skin with bruising and aberrant scar
formation, spontaneous rupture of hollow organs, pneumothorax, an aged look to the hands,
and a characteristic facial appearance.

Most families with HTAD do not have features suggestive of a genetic syndrome. Yet,
approximately 10% of these families without syndromic features suggestive of MFS or

LDS, have a pathogenic variant in the genes responsible for MFS and LDS.14-16 We and
others have identified additional HTAD predisposition genes that disrupt proteins involved
in SMC contraction, including the most frequently altered HTAD gene not associated with
syndromic features of MFS or LDS, ACT7AZ, which encodes the SMC-specific isoform of a-
actin, and MYH11, encoding the SMC-specific myosin heavy chain.1’ We also determined
that loss-of-function variants in the kinase that controls SMC contraction, myosin light chain
kinase (MYLK), and activating variants in a kinase that drives SMC relaxation, PRKG,
cause HTAD.18 19 Additional genes with evidence of HTAD predisposition include LOX,
MFAP5, BGN, FOXE3, MATZ2A, and ARIH1.29 Although greater than 20 genes have been
described as associated with HTAD, after application of a systematic gene-disease curation
process, only 11 were found to have sufficient data to validate the relationship between the
gene and thoracic aortic disease; other genes await additional supporting data (Table 1).21

Despite the number of causative genes identified for HTAD to date, others remain
unidentified. In HTAD families with systemic features of MFS and LDS, the majority
will have an identifiable pathogenic variant. This is not true of HTAD families without
syndromic features, as pathogenic variants in the 11 validated HTAD genes explain only
approximately 30% of disease.

Identification of heritable thoracic aortic disease and the causative genes:

impact of genetic testing and counseling on patients with TAAD

Genetic testing can establish, rule out, and differentiate genetic diagnoses. This information
is used to identify family members at risk and enables appropriate management of patients
with respect to medical therapy, surveillance strategy, timing of prophylactic aortic repair
and surgical approach, and adoption of lifestyle modifications (Figure 1). Substantial clinical
overlap of TAAD and systemic features among HTAD syndromes, such as MFS and LDS,
often requires genetic testing to confirm the correct diagnosis; in fact, the only clinical
characteristic that reliably distinguishes MfS from LDS is ocular lens dislocation. Correct
classification of MFS and LDS is critical as management recommendations differ based on
the underlying gene involved. Importantly, the majority of HTAD genes are not associated
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with systemic features, making genetic testing necessary to diagnose affected individuals
and identify family members at risk for TAAD.

Clinical genetic testing is integral to the diagnostic evaluation of TAAD patients who have
clinical indicators or “red flags” suggestive of HTAD. TAAD patients with the following
should be considered for genetic testing: a family history of TAAD or sudden premature
death; systemic or vascular features suggestive of an HTAD genetic syndrome; TAAD
diagnosed at a relatively young age (<60 years).1: 2 It is important to initiate testing in

an individual diagnosed with thoracic aortic disease. A multigene panel comprised of all
genes established or suspected to cause HTAD is currently the most cost effective and
clinically useful approach to testing (Table I). These gene panels include the 11 HTAD
genes validated to cause disease along with genes that have not been validated. These
multigene “aortopathy” panels are available from DNA diagnostic laboratories worldwide
and are diagnostically superior to targeted single-gene sequencing due to the phenotypic
overlap between genes. Importantly, the same panel for aortopathies can be used to test

for causative mutations in individuals with aneurysms, dissection or ruptures of other
arteries at young ages and older individuals with multiple aneurysms/dissections/ruptures
of other arteries with or without thoracic aortic disease. A more comprehensive approach to
genetic testing, exome sequencing, may be used to evaluate protein-coding regions (exons)
throughout the genome; however, this is typically only ordered for patients with thoracic
aortic disease associated with complex multisystem disease that does not fit a pattern of a
known syndrome.

The genetic testing laboratory provides classification of rare variants in HTAD genes
identified in a patient into the following classes: pathogenic, likely pathogenic, variant

of uncertain/unknown significance (VUS), benign and likely benign (not issued on test
report). If a pathogenic or likely pathogenic variant is identified, this establishes a definitive
diagnosis, enabling adoption of gene-based management and diagnosis of at-risk relatives
through cascade testing of family members, (e.g., testing all relatives who are at risk for
inheriting the disease-causing variant). VUSs are commonly identified through multi-gene
panel testing and refer to an alteration in a gene with insufficient evidence to determine
whether it is responsible for TAAD. Therefore, VUSs are not clinically actionable and
should not be used for cascade testing of family members or to inform management.
However, these classifications are based on available data at the time and thus, are subject to
change and may be modified over time.

While a negative test result signifies that no pathogenic variant or VUS was identified in the
genes tested, it does not imply absence of heritable aortic disease. Rather, a negative result
suggests that the genetic etiology remains unidentified. When a pathogenic variant is not
identified in an individual with TAAD and/or genetic testing was not pursued due to lack of
family history or older age of disease onset, imaging of the aortic root and ascending aorta
is still recommended for that patient’s first-degree relatives to identify family members with
asymptomatic aneurysms in accordance with guidelines.3 If other vascular diseases, such

as intracranial aneurysms, segregate with TAAD in a family, imaging should be expanded
to include other relevant arteries. When imaging reveals an asymptomatic aneurysm in a
relative, this signifies a hereditary form of disease and genetic testing of an affected family
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member is recommended if no other affected relatives have undergone testing. If no relative
is found to have thoracic aortic disease through familial imaging, the affected patient is
considered to have sporadic thoracic aortic disease.

Importantly, the family history of some HTAD families suggest that only men are affected,
but most of the genes responsible thoracic aortic disease are inherited in a sex-independent
autosomal dominant manner. The predominance of disease in males evident in some HTAD
families is likely due to the decreased penetrance of the disease in women rather than
X-linked inheritance. Therefore, the sex of the family member should not influence testing
or imaging recommendations.

Through clinical characterization of HTAD families with pathogenic variants in novel genes,
data have emerged that the underlying gene predicts not only who in the family is at

risk for TAAD, but also: 1) the aortic disease presentation; 2) risk for dissection at a

given range of aortic diameters as described above; and 3) risk for additional vascular
diseases. for example, TGFBRZ2 mutations predispose to TAAD, but also intracranial
aneurysms and aneurysms and dissections of other arteries, whereas ACTAZ mutations lead
to TAAD and occlusive vascular disease, including early onset stroke and coronary artery
disease.? 22 Based on the strength of these clinical correlates, the ACCf/AHA Treatment
Guidelines for Thoracic Aortic Diseases emphasize gene-based management of aortic
disease once the defective gene is identified.! To define the clinical phenotype and spectrum
of pathogenic variants more rapidly and effectively in novel HTAD genes, we established
the first thoracic aortic disease international consortium, the Montalcino Aortic Consortium
(MAC). The Montalcino Aortic Consortium (MAC) was founded with the mission to collect
vascular disease data on individuals with pathogenic variants in HTAD genes worldwide

to improve the management and outcomes of these patients through generation of evidence-
based treatment guidelines. In the largest cohort of cases with 7TGFBR1 and TGFBRZ2
pathogenic variants (N.=441), the MAC found that type A dissections at diameters <4.5

cm in patients with LDS were rare,23 which led to changes in previous consensus-based
recommendations.24 25 We also identified differences in aortic disease presentation in
patients with 7TGFBRI versus TGFBRZ2 variants, including dramatic sex differences in the
age of onset of aortic events in patients with 7GFBRI mutations, but not 7TGFBR2.23
Subsequently, MAC sites provided data on patients with pathogenic variants and VuSs in
ACTAZ, SMAD3and MYLK; along with assessment of the contribution of SMAD4 variants
to HTAD.26-29 Thus, the data support that once the causative gene is identified, gene-

based recommendations should be used to inform treatment and management. Notably, this
includes the genes for LDS as the vascular disease management and systemic complications
vary between the LDS genes.* >

Genetic predisposition in sporadic TAAD patients

Most patients with thoracic aortic disease, approximately 80%, do not carry a mutation

in a single gene predisposing them to disease. At the same, data emerging from research
indicates that these individuals, termed sporadic cases, have variants in their genome that
predispose them to the disease. We were the first to do a (GWAS) on patients of European
American descent with sporadic TAAD. Surprisingly, there was only one major region of the
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human genome associated with sporadic TAAD in this study, and this region fell on top of
the gene for the MfS, FBNJ, suggesting that the molecular pathogenesis leading to TAAD
in MfS patients, also drives thoracic aortic disease in the general population.3%: 31 However,
a mutation in FBNI that causes MfS, increases an individual’s risk for TAAD to nearly
100%, whereas the increased risk associated with the GWAS signaling, only increased risk
1.6-fold and therefore, does not help identify individuals at high risk for aortic disease.

Our GWAS also identified a chromosomal duplication at 16p13.1, encompassing the HTAD
gene (MYH11I). This duplication was present at low levels in the general population and
led to a 10-fold increased risk for sporadic thoracic aortic disease, much higher than the
GWAS peak, but much lower than a pathogenic variant in AYH11.32 A separate GWAS

on patients of European American descent with sporadic aortic dissections confirmed the
association of single nucleotide polymorphisms (SNPs) at FBN/Z with disease, and also
identified significant associations of SNPs at ULK4and LRPI loci with thoracic aortic
dissection.33

We pursued exome sequencing on a cohort of 355 individuals with aortic dissections at <56
years of age, and identified pathogenic variants in the 11 known HTAD genes in 9% of the
cohort.34 other exome sequencing studies on patients with sporadic TAAD have confirmed
that pathogenic variants in known HTAD genes were present in 9-20% of patients.35-37

In our study, burden analysis showed the patients of European American descent have a
significantly higher burden of variants with minor allele frequency <0.005 in the Exome
Aggregation Consortium Database compared to ethnicity-matched controls and an increased
burden of VUSs in these same genes in the cases compared to controls.3* 38 Assays on
variants identified in LOXand MYLK found that pathogenic variants completely disrupted
protein function, whereas a subset of the VUSs disrupted protein function to a lesser extent
than the mutations.3? These results suggest that there are variants in the validated HTAD
genes that increase the risk for an acute aortic dissection but are not sufficiently penetrant to
be classified as pathogenic variants.

Two recent GWAS were completed on over 30,000 individuals from the United Kingdom
Biobank whose aortic images were available to investigate the association of SNPs with
aortic diameters. Most of the individuals studied were of European descent and did not

have TAAD. Common variants or SNPs in FBN1, the gene for MFS, showed significant
association with increased aortic diameters. In addition, SNPs at the UL K4 locus also
showed significant association with diameters of aortas.%: 41 A meta-analysis of GWAS data
including patients with TAAD, abdominal aortic aneurysms, and intracranial aneurysms,
indicated that there was no evidence for polygenic overlap among these diseases.*2

Conclusions

In conclusion, the expanding list of HTAD genes has significantly impacted the care and
management of patients with TAAD and their families. At the same time, genetic studies

on sporadic TAAD and thoracic aortic diameters in the general population have identified
variants in novel genes. Most of these genetic variants confer either a low risk for TAAD

or no risk for progression to TAAD. Identifying individuals in the general population who
are at risk for acute aortic dissection will require integrating genetic data with environmental
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risk factors (e.g., hypertension, drugs, and activity prior to dissection) from a large cohort
of dissection cases to establish a dissection risk profile. Only then can we move towards the
goal of preventing all acute aortic dissections and the associated mortality and morbidity.
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Patients with thoracic aortic disease (TAAD)

Features Family history of TAAD
of MFS TAAD or unexplained <60

“Sporadic” patients (=60 years)
or LDS sudden death years
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Figure 1.—.
Evaluation and genetic testing process for patients with thoracic aortic disease. Genetic
testing is recommended for individuals with syndromic features, family history of TAAD

and/or early age of disease onset. Thoracic aortic imaging is recommended for first-degree
relatives of all individuals with TAAD regardless of age of onset to detect asymptomatic
aneurysms. Genetic testing can lead to a positive result, triggering gene-based management
and cascade testing of at-risk relatives. Individuals with negative or VUS results should be
managed according to standards of care, which includes the recommendation for imaging in

first-degree relatives.

LDS: Loeys-Dietz syndrome; MFS: Marfan syndrome; TAAD: thoracic aneurysms and
acute dissections; VUS: variant of unknown significance.

*May be asymptomatic aneurysm.
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Genes validated to cause heritable thoracic aortic disease (HTAD) and genes with putative HTAD association
awaiting additional evidence to confirm disease association.

Function or . .
. Primary phenotype or Other major
Gene Protein name molecular s
pathway syndrome vascular findings
Validated ACTAZ2  Smooth muscle a-actin SMC contraction Smooth muscle dysfunction Moyamoya disease
genes syndrome Nonsyndromic Early-onset
HTAD coronary artery
disease
COL3A1  Procollagen type 11l al Extracellular Vascular Ehlers-Danlos Aneurysms,
matrix syndrome dissections/ruptures
of other arteries
FBNI Fibrillin-1 Extracellular Marfan syndrome Consistent with
matrix Nonsyndromic HTAD syndrome
LOX Lysyl oxidase Extracellular Nonsyndromic HTAD --
matrix
MYHI11  Smooth muscle myosin heavy SMC contraction Nonsyndromic HTAD
chain
MYLK  Myosin light chain kinase SMC contraction Nonsyndromic HTAD --
PRKG1  Protein kinase cGMP- SMC contraction Nonsyndromic HTAD Coronary artery
dependent type 1 anomalies
SMAD3  Mothers against TGF-p signaling Loeys-Dietz syndrome 3 Aneurysms,
decapentaplegic drosophila Aneurysms-osteoarthritis dissections/ruptures
homolog 3 syndrome of other arteries
Nonsyndromic HTAD
TGFB2  TGF-p2 TGF-B signaling Loeys-Dietz syndrome 4 Aneurysms,
Nonsyndromic HTAD dissections/ruptures
of other arteries
TGFBR1  TGF-B receptor type | TGF-B signaling Loeys-Dietz syndrome 1 Aneurysms,
Nonsyndromic HTAD dissections/ruptures
of other arteries
TGFBR2  TGF-B receptor type Il TGF-B signaling Loeys-Dietz syndrome 2 Aneurysms,
Nonsyndromic HTAD dissections/ruptures
of other arteries
Putative genes ARIH1 Ariadne drosophila homolog1 ~ LINC complex Nonsyndromic HTAD --
BGN Biglycan Extracellular Meester-Loeys syndrome Consistent with
matrix syndrome
EFEMPZ  EGF containing fibulin-like Extracellular Cutis laxa type 1B syndrome Consistent with
extracellular matrix protein 2 matrix syndrome
(fibulin-4)
ELN Elastin Extracellular Cutis laxa Consistent with
matrix syndrome
FBN2 Fibrillin 2 Extracellular Congenital contractural Consistent with
matrix arachnodactyly syndrome
FLNA Filamin A SMC contraction Periventricular nodular Consistent with
heterotopia Cardiac valvular syndrome
dysplasia
FOXE3  Forkhead box E3 SMC survival Nonsyndromic HTAD -
HCN4 Hyperpolarization-activated lon channel Arrhythmias, sinus

cyclic nucleotide-gated
potassium channel 4

bradycardia, left
ventricular non-compaction
(cardiomyopathy)
Nonsyndromic HTAD
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Function or . .
. Primary phenotype or Other major
Gene Protein name molecular s
pathway syndrome vascular findings
LTBP3  Latent TGF-B3 binding protein  Extracellular Dental anomalies and short -
3 matrix and TGF-B stature syndrome
signaling Geleophysic dysplasia 3
MATZA  Methionine SMC metabolism Nonsyndromic HTAD -
adenosyltransferase 1l a
MFAP5  Microfibrillar-associated Extracellular Nonsyndromic HTAD --
protein 5 matrix Musculoskeletal MFS
manifestations
NOTCHI Notch 1 Bicuspid aortic valve
SKI SKI protooncogene TGF-B signaling Shprintzen-Goldberg Consistent with
syndrome syndrome
SLC2A10 Solute carrier family 2 Glucose transporter  Arterial tortuosity syndrome Consistent with
member 10 syndrome
SMADZ2  Mothers against TGF-p signaling - -
decapentaplegic drosophila
homolog 2
SMAD4  Mothers against TGF-p signaling Juvenile polyposis Consistent with
decapentaplegic drosophila Hereditary hemorrhagic syndrome
homolog 4 telangiectasia
Nonsyndromic HTAD
TGFB3  TGF-p3 TGF-B signaling Loeys-Dietz syndrome 5 Aneurysms,

Rienhoff syndrome
Arrythmogenic right

ventricular dysplasia 1

dissections/ruptures
of other arteries

PDA: patent ductus arteriosus; cGMP: cyclic guanosine monophosphate; HTAD: heritable thoracic aortic disease; LINC: linker of nuclear skeleton
and cytoskeleton; SMC: smooth muscle cell; TGF: transforming growth factor.
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