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Abstract

Dissections or ruptures of aortic aneurysms remain a leading cause of death in the developed 

world, with the majority of deaths being preventable if individuals at risk are identified and 

properly managed. Genetic variants predispose individuals to these aortic diseases. In the case of 

thoracic aortic aneurysm and dissections (TAD), genetic data can be used to identify some at risk 

individuals and dictate management of the associated vascular disease. For abdominal aortic 

aneurysms (AAAs), genetic associations have been identified, which provide insight on the 

molecular pathogenesis but cannot be used clinically yet to identify individuals at risk for AAAs. 

This compendium will discuss our current understanding of the genetic basis of TAD and AAA 

disease. While both diseases share several pathogenic similarities, including proteolytic elastic 

tissue degeneration and smooth muscle dysfunction, they also have several distinct differences, 

including population prevalence and modes of inheritance.
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Aortic aneurysms are typically asymptomatic and often go undiagnosed until catastrophic 

complications like aortic rupture or dissection occur. The Centers for Disease Control has 

ranked the downstream consequences of aortic aneurysms, aortic dissections and ruptures, as 

high as the 19th leading cause of death in the United States (accounting for 43,000 – 47,000 

deaths annually).1 These deaths are preventable if individuals at risk are identified and 

proper management of the aneurysm initiated to prevent these ruptures and dissections.2 
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Evidence has accumulated that genetic variants predispose individuals to these aortic 

diseases and these data can be used to identify individuals at risk to prevent premature 

deaths due to aortic rupture or dissections.

When considering the genetics of aortic aneurysmal disease, it is important to differentiate 

between thoracic and abdominal aortic disease. While both diseases share several pathogenic 

similarities, including proteolytic elastic tissue degeneration and smooth muscle cell (SMC) 

loss, they also have several distinct differences, including population prevalence, modes of 

inheritance and predisposing genes. Approximately 20% of individuals with thoracic aortic 

aneurysms or dissections exhibit an autosomal dominant pattern of inheritance of the 

condition in the family, i.e., thoracic aortic disease results from a mutation in the single 

gene, whereas abdominal aortic aneurysm (AAA) does not typically demonstrate such 

inheritance. Causative genes that confer a high risk for thoracic aortic disease have been 

identified for this heritable risk for thoracic aortic disease (HTAD). Importantly, these genes 

typically do not confer an increased risk for AAA and no such high-risk genes have been 

identified specifically for AAA.

Genetic Risks for Disease

The genetic risk for diseases extends from rare and highly penetrant genetic variants that 

trigger disease in all individuals who inherit the alteration (e.g., Marfan syndrome due to 

FBN1 mutations) to common variants found in the general population that confer only a 

minimal risk for disease. These genetic risks are illustrated in Figure 1 and graphed based on 

the frequency of the risk allele in the population and the strength of genetic effect (i.e., odds 

ratio).3 Allele frequency and effect size are generally inversely related, with rare variants 

having large effects (i.e., mutations or pathogenic variants) and common variants having low 

effect size. Note that common variants with large effects are rare and subject to strong 

purifying selection, and rare variants with small effects are difficult to identify.

Pathogenic variants (rare variants in disease-causing genes) are categorized using the 

American College of Medical Genetics (ACMG) classification framework, which is based 

on the variant conferring a high penetrance for the disease, segregation of the variant with 

disease in families, presence of the variant in unrelated cases, and absence of the variant in 

population databases (e.g., the Genome Aggregation Database (GnomAD), http://

gnomad.broadinstitute.org/).4 The current approach to identify these rare pathogenic variants 

is exome or whole genome sequencing. These rare but highly penetrant variants for disease 

are represented in the upper left of the graph (Figure 1). In contrast, low penetrant variants 

that increase the risk for dissection only in combination with “environmental” insults or with 

other low risk variants (i.e., two genetic “hits”) are more difficult to validate as disease-

predisposing alleles and typically require large cohorts to confirm an association. Genome 

wide, case control association studies (GWAS) are commonly used to identify these low risk 

and common variants, which are represented in the lower right of the graph.

Thoracic Aortic Aneurysm and Acute Aortic Dissections

The major diseases affecting the thoracic aorta are aortic aneurysm and acute aortic 

dissection, termed collectively as thoracic aortic disease (TAD). The natural history of a 
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thoracic aortic aneurysm, involving the aortic root or ascending aorta or both, is an 

asymptomatic enlargement over time until the aorta becomes unstable and an acute tear in 

the intimal layer leads to an ascending aortic dissection (classified as Stanford type A 

dissections, Figure 2). With dissection, blood penetrates the aortic wall and separates the 

aortic layers, causing aortic rupture and other complications. Type A aortic dissections, 

which originate in the ascending aorta, may or may not extend into the descending aorta and 

cause sudden death in up to 50% of individuals.5 Survivors of the acute event continue to 

have a high mortality rate despite emergency surgery to repair the dissected ascending aorta. 

The majority of the deaths in patients that die prior to hospital admission are due to blood 

dissecting retrograde and rupturing into the pericardial sac, causing pericardial tamponade.6 

The thoracic aortic disease spectrum also includes aortic dissections originating from the 

descending thoracic aorta just distal to the branching of the subclavian artery, termed type B 

dissections (Figure 2). Type B aortic dissections are less likely to result in death and occur 

with little to no enlargement of the thoracic descending aorta.

Although medical treatments (e.g. β-adrenergic and angiotensin receptor type I antagonists) 

can slow the enlargement of an aneurysm, the mainstay of treatment to prevent premature 

deaths due to life-threatening aortic dissection is surgical repair of the aneurysm. 

Prophylactic surgical repair of an aortic aneurysm can completely alter the course and 

outcome of the disease; timely aortic root aneurysm repair extends the life expectancy in 

Marfan syndrome (MFS) patients by 25 years or more.7, 8 This repair is typically 

recommended when the aortic diameter reaches 5.0 – 5.5 cm9; however, studies on patients 

presenting with acute type A dissections indicate that up to 60% present with aortic 

diameters smaller than 5.5 cm.10 Therefore, clinical predictors and biomarkers are needed to 

identify who is at risk for aortic dissection occurrence with the aortic diameter smaller than 

5.0 cm and use this information to dictate timely surgical repair to prevent a dissection. One 

such biomarker is the specific gene altered to cause thoracic aortic disease; the gene 

alteration can identify other family members who are at risk for thoracic aortic disease but 

also predict when to pursue prophylactic repair of the aorta, thereby optimizing the timing of 

aortic surgery to prevent dissections.11–13

The major risk factors for thoracic aortic disease are hypertension and an underlying genetic 

alteration. Other risk factors include pregnancy, activities that increase forces on the 

ascending aorta (e.g., cocaine or methamphetamine abuse, bodybuilding weight lifting), and 

the presence of a bicuspid aortic valve (BAV). Thoracic aortic disease can occur with a 

genetic syndrome due to a single autosomal gene mutation, as is the case for Marfan and 

Loeys-Dietz syndromes.14–16 Furthermore, 20% of non-syndromic thoracic aortic disease 

patients have similarly affected first-degree relatives, indicating many patients with thoracic 

aortic disease most likely have an underlying gene mutation even in the absence of a genetic 

syndrome.17, 18 The disease in these families is typically inherited in an autosomal dominant 

manner with decreased penetrance, particularly in women.19 Collectively, thoracic aortic 

disease due to a single gene mutation is termed HTAD.
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Heritable Thoracic Aortic Disease Due to Highly Penetrant, Pathogenic Variants in Single 
Genes

Based on curation of genes that predispose to thoracic aortic disease by the ClinGen 

Aortopathy Working Group, 11 genes have sufficient data to confirm that mutations in these 

genes confer a highly penetrant risk for thoracic aortic aneurysms and acute aortic 

dissections, with or without syndromic features.20 These genes encode proteins involved in 

vascular SMC contraction and adhesion to the extracellular matrix (ECM), transforming 

growth factor (TGF)-β signaling pathways, or SMC metabolism and include the following 

genes: FBN1 (encodes fibrillin-1), LOX (lysyl oxidase), MYH11 (smooth muscle myosin 

heavy chain 11), ACTA2 (smooth muscle α-actin 2), MYLK (myosin light chain kinase), 

PRKG1 (cGMP-dependent protein kinase type I), COL3A1 (α−1 procollagen, type III), 

TGFBR2 (TGF-β receptor type II), TGFBR1 (TGF-β receptor type I), TGFB2 (TGF-β2), 

and SMAD3 (mothers against decapentaplegic homolog 3).15, 16, 21–30 Mutations in these 

genes can be identified in the majority of HTAD families with systemic features of MFS or 

Loeys-Dietz syndrome (LDS), but only 30% of HTAD families without these syndromic 

features have mutations in these genes, indicating there are more genes yet to be discovered. 

Table 1 is a complete list of the validated and proposed genes predisposing to HTAD in 

humans, the name of the corresponding protein, and the domains in the corresponding 

protein in which pathogenic missense mutations occur.

Through clinical characterization of HTAD families with mutations in novel genes, we have 

determined that the underlying gene predicts not only who in the family is at risk for 

thoracic aortic disease, but also (a) associated syndromic features, including those typical of 

MFS and LDS and other additional syndromic complications; (b) aortic disease presentation 

(age, dissection versus aneurysm), (c) risk for dissection at a given aortic diameter, and (d) 

risk for additional vascular diseases. As examples of the risk for other vascular disease, 

TGFBR2 mutations predispose to TAD, as well as intracranial aneurysms and aneurysms of 

other arteries, whereas ACTA2 mutations lead to TAD and occlusive vascular disease, 

including early onset stroke and coronary artery disease (CAD).15, 30 Thus, identifying the 

underlying HTAD gene triggering TAD provides powerful information for vascular disease 

management to prevent aortic dissections and other vascular disease complications. Based 

on the strength of these clinical correlates, the ACCF/AHA Treatment Guidelines for 

Thoracic Aortic Diseases emphasize a gene-based management of aortic disease if the 

defective gene is identified.9

HTAD Genes Encoding Proteins Involved in SMC Adhesion and Contraction 
Highlights the Importance of Maintaining the Elastin-Contractile Unit—The 

aorta is continually subjected to biomechanical forces from pulsatile blood pressure and flow 

from the beating heart. The aorta has a unique role in blood flow because it not only acts as a 

conduit for blood but the aorta’s elastic properties allow it to serve as a reservoir for blood. 

The aorta distends when the blood pressure rises with cardiac systole and recoils when the 

pressures fall during diastole, the so-called Windkessel effect. The thoracic aorta is a tube 

composed of three layers: an intima comprising endothelial cells on a basement membrane, 

an elastin- and smooth muscle-rich media, and a collagen- and fibroblast-rich adventitia. It is 

the medial layer of the aorta that confers elasticity and strength to the aortic wall and it is 
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composed of greater than 50 alternating layers of SMC and elastic lamellae in humans. The 

SMC elastin-contractile unit is the structural unit that links the elastin lamellae to the SMCs 

(Figure 3).31 Microfibril extensions from the elastic lamellae are obliquely anchored to the 

surface of SMCs through focal adhesions (also termed dense plaques), thus providing 

connection of the SMCs to the elastic fibers and allowing the propagation of mechanical 

forces between elastin and SMCs via integrin receptors.31 The oblique orientation of the 

elastin-contractile units reverses direction in successive SMC layers in a herringbone-like 

pattern, a unique design that minimizes the biomechanical forces on individual aortic SMCs 

(reviewed in32, 33). This “elastin-contractile unit” is uniquely designed to coordinate SMC 

contractile and elastic tensions in response to mechanical stresses imposed on the vessel wall 

from pulsatile blood flow. Consistent with the hypothesis that the architecture of the SMC 

contractile-elastin unit is a functional and structural element in the aorta, many of the altered 

genes that predispose to thoracic aortic disease disrupt components of this unit (Figure 3).

The first gene identified for HTAD was the gene for Marfan syndrome, FBN1 (OMIM 
134797), which encodes fibrillin-1, a large cysteine-rich glycoprotein (350 kDa, 2871 amino 

acids). Fibrillin-1 is made as a proprotein and cleaved by a furin-like protease as it is 

secreted from the cells, then polymerizes to form microfibrils that are found at the end of the 

elastin extensions, connecting the SMCs to the elastin lamellae. Fibrillin-1 contains 47 

epidermal growth factor (EGF)-like motifs interspersed with 7 TGF-β1 binding protein (TB) 

motifs and the majority of EGF-like motifs contain a calcium binding sequence (cb-EGF).34 

Each EGF-like motif contains 6 cysteine amino acids, which form disulfide bonds, and each 

TB motif contains 8 cysteine amino acids. These cysteines are the key residues for 

stabilizing the quaternary structure of the fibrillin-1.

Marfan syndrome (MFS, OMIM 154700) is an autosomal dominant condition characterized 

by highly penetrant aortic root aneurysms, leading to type A dissections in the absence of 

surgical repair. In addition, individuals with MFS have a constellation of skeletal features 

and ocular complications.35 Almost 2000 unique FBN1 mutations have been identified in 

patients with MFS and the majority of these mutations are missense mutations, but 

frameshift, nonsense, splicing errors or complete FBN1 deletion have also been identified.36 

Disease-causing FBN1 variants and cell biology have provided unique insights into the 

biological and physiological role of this complex glycoprotein.37, 38 A subset of FBN1 
mutations, specifically frameshift and nonsense mutations leading to decay of the message 

and gene deletions, are predicted to lead to production of half the normal amount of fibrillin. 

Fibroblasts explanted from MFS patients exhibit decreased fibrillin-1 incorporation into the 

extracellular matrix, regardless of the underlying mutation.39, 40 Many missense mutations 

alter a cysteine codon within one of the FBN1 gene’s numerous EGF-like domains, 

disrupting disulfide pairing and proper folding of the protein41, decreasing fibrillin-1 

secretion from the cell and its assembly into microfibrils42, or increasing its susceptibility 

for proteolysis.43 EGF domains also mediate direct interaction between fibrillin-1 and SMCs 

via integrin αVβ3 binding to fibrillin-1.44, 45 One of the MFS animal models, the 

Fbn1mgR/mgR mouse, which makes significantly less normal fibrillin-1 and the connections 

between SMCs and elastin fibers are completely lost in the aortic media in the mutant mice 

aortas.46 FBN1 mutations decrease the fibrillin-1-containing microfibrils in the aorta that 
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provide the structural attachment of the elastin fibers to the SMCs in the medial layer of the 

aorta.

Two additional genes encoding proteins important for ECM integrity also predispose to 

thoracic aortic disease when mutated. LOX (OMIM 153455) encodes a copper-dependent 

lysyl oxidase responsible for cross-linking of collagen and elastin by catalyzing the 

formation of aldehydes from lysine residues in the precursors of these two proteins. This 

cross-linking is essential for stabilization of collagen fibrils and for the integrity and 

elasticity of mature elastin in the ECM, and the heterozygous mutations identified in HTAD 

families lead to decreased lysyl oxidase activity.25, 47 Patients with mutations in LOX 
(OMIM 617168) present with fusiform enlargement of the root and ascending thoracic aorta, 

leading to ascending aortic dissections, in addition to variable presence of skeletal 

manifestations similar to MFS. COL3A1 encodes the type III pro-collagen which is part of 

the fibrillar collagen family with types I, II, V and XI. Procollagens are the precursor form, 

which are secreted, and then cleaved by procollagen protease to allow extracellular 

assembly. Patients with vascular Ehlers-Danlos syndrome (vEDS) (OMIM 130050), an 

autosomal dominant syndrome, present a thin translucent skin, extensive bruising, 

characteristic facial appearance, arterial, intestinal, and/or uterine fragility, and premature 

aging of the skin, resulting from mutation in COL3A1. Patients with vEDS have a greater 

risk of developing aneurysms, dissection and rupture of large and medium sized arteries, 

and, less commonly, aortic dissection and aneurysms.48

The importance of elastin and microfibrils in maintaining the structural integrity of the 

thoracic aorta to prevent disease is further emphasized by recently reported novel mutant 

genes that predispose to thoracic aortic disease. We recently found that homozygous LTBP3 
pathogenic variants predispose to TAD, along with the previously described skeletal 

alterations, leading to short stature and dental abnormalities.49 Preliminary data also indicate 

that missense variants in LTBP3 may also predispose to later onset TAD. LTBP3 encodes 

latent TGF-β binding protein-3 (LTBP-3), which belongs to a family of proteins that 

regulate TGF-β activity by enabling its secretion, directing it to specific sites in the ECM, 

and participating in its activation.50 TGF-β is secreted from cells bound to a complex that 

includes its dimeric pro-peptide (termed latency-associated peptide; LAP) and one of three 

LTBPs. LTBP-3 binds to all three TGF-β ligands, and the secretion of LTBP-3 from cells 

requires LTBP-3 to be complexed with TGF-β and LAP.51 Once secreted, LTBP-3, with 

LAP and inactive TGF-β, associates with fibrillin-1 in the microfibrils. Loss of fibrillin-1 in 

cells or aortic tissues diminishes LTBP-3 immunofluorescence in the ECM.52 Thus, loss of 

LTBP-3 would be predicted to decrease LTBP-3 levels in fibrillin-1-containing microfibrils 

but also decrease TGF-β secretion from cells.

Heterozygous loss-of-function mutations in MFAP5 disrupt one of the microfibril associated 

proteins, MAGP-2, and predispose to thoracic aortic disease.53 Mutations in another 

microfibril associated protein, emilin1, have been also been reported to predispose to 

thoracic aortic aneurysm.54 Emilin and MAGP-2 are both components of microfibrils. For 

all three genes, additional families need to be identified to validate the genes before they can 

be used clinically to identify at risk individuals. Mutations in the gene for elastin itself 

(ELN) cause dominant cutis laxa, and there are reports of these patients developing thoracic 
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aortic aneurysms.55 Finally, recessive mutations in a gene for another protein involved in 

maintenance of elastin, fibulin 4 (EFEMP2), also cause cutis laxa with aortic aneurysms, 

along with arterial tortuosity and stenoses.56–58

Genes that cause HTAD when altered also encode proteins that are major components of the 

SMC contractile unit and kinases that control contraction, thus disrupting the intracellular 

component of the elastin-contractile unit (Figure 3). For contractile function, SMCs express 

smooth muscle-specific isoforms of α-actin and myosin (encoded by ACTA2 and MYH11, 

respectively), which polymerize to form thin and thick filaments, respectively. The thick 

filaments are composed of a SM-specific isoform of myosin heavy chain dimer (MHC, 

encoded by MYH11), two regulatory light chains (RLC), and two essential light chains. 

Force generation by SMCs requires ATP-dependent cyclic interaction between these two 

types of filaments, which is triggered by phosphorylation of RLCs. This intracellular SMC 

contractile unit is linked to focal adhesions (also called dense plaques) and this unique 

configuration is designed to transit forces from the elastin fiber to the SMCs via integrin 

receptors. MYLK and PRKG1 encode kinases that control phosphorylation and de-

phosphorylation of the RLCs, respectively, thus controlling contraction and relaxation of the 

SMCs.

ACTA2 (OMIM 102620) encodes the SMC-specific isoform of α-actin, which polymerizes 

to form the thin filaments of the SMC contractile unit. In SMCs, smooth muscle α-actin is 

the most expressed protein, representing 40% of the total proteins.59 Patients with mutations 

in ACTA2 are at risk for thoracic aortic disease, along with early onset coronary artery 

disease (CAD) and ischemic strokes (defined as an age of onset less than 55 years in men 

and less than 60 years in women) (OMIM 611788). Specific ACTA2 mutations predispose to 

either early-onset CAD, or moyamoya-like cerebrovascular disease (OMIM 614042).30 

ACTA2 missense pathogenic variants that specifically disrupt the arginine 179 residue cause 

multisystemic smooth muscle dysfunction syndrome (OMIM 613834),59 which is 

characterized by an extensive vasculopathy (moyamoya disease and thoracic aortic disease), 

pulmonary hypertension, congenital mydriasis, patent ductus arteriosus, hypoperistalsis and 

hypotonic bladder. Mutations in ACTA2 are responsible for disease in 14% of the non-

syndromic HTAD patients.23

ACTA2 is a highly conserved gene and relatively invariant in the general population. ACTA2 
mutations disrupt amino acids located in all 4 subdomains of actin and are predicted to 

produce structurally altered actin monomers, leading to the disruption of the force 

generation by SMCs, and thereby resulting in defective contractile function and contributing 

to the pathogenesis of TAAD. Molecular characterization of a disease-causing ACTA2 
variant (p.Arg258Cys) indicates that the mutation makes the actin filaments more unstable 

and susceptible to severing by cofilin.60 Additionally, profilin binds more tightly to the 

mutant actin, which is predicted to increase the pool of monomeric actin in SMCs, and 

myosin moves more slowly across mutant actin filaments. All these observations indicate 

that the mutant actin will decrease the ability of the SMC to contract in response to pulse 

pressures.
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MYH11 (OMIM 160745) encodes the SMC-specific myosin heavy chain, a major 

component of the SMC contractile unit. Patients with mutations in MYH11 gene have 

thoracic aortic disease that is often associated with patent ductus arteriosus (OMIM 132900).
29 Most mutations are located in the C-terminal coiled-coil region or rod domain and are 

predicted to disrupt the ability of the mutant myosin to polymerize into thick filaments and 

form their quaternary structure. Note that deletions of 16p13.1 occur in the general 

population and include MYH11, but there is no evidence that these deletions predispose to 

thoracic aortic disease. Thus, haploinsufficiency for MYH11 does not appear to cause 

thoracic aortic disease. In contrast, duplications of 16p13.1 also occur in the general 

population and are predicted to increase expression of MYH11 and do confer an increased 

risk for acute aortic dissections (see below).61

MYLK (OMIM 600922) encodes the myosin light chain kinase (MLCK), which is a 

ubiquitously expressed kinase that takes part in phosphorylation of the RLC of the smooth 

and nonmuscle myosin II. RLC phosphorylation increases actin-dependent myosin II 

ATPase activity, and thus initiates SMC contraction. Patients with mutations in the MYLK 
gene, present with aortic dissection with little to no aortic enlargement.62, 63 MYLK 
mutations are located in the short form of myosin light chain kinase, the only form 

expressed in human aorta64, and thus rare variants disrupting amino acids 1 to 922 should 

not cause thoracic aortic disease. Mutations lead to either haploinsufficiency or are missense 

mutations that disrupt the kinase activity and are predicted to decrease the phosphorylation 

of the RLC, and thus diminish aortic SMC contraction. More recently, MYLK rare variants 

have been identified in the kinase domain that segregate with disease in large families, 

indicating they are disease-causing alleles, but do not disrupt kinase function. 62, 63

PRKG1 (OMIM 615436) encodes PKG-1, the type I cGMP-dependent protein kinase, which 

is activated on binding of cGMP, and controls SMC relaxation. PKG-1α is the major 

isoform present in vascular SMC and is activated by nitric oxide, which stimulates soluble 

guanylyl cyclase and increases cellular cGMP and subsequently regulates many cellular 

systems that lead to relaxation of SMCs, including activation of the regulatory myosin-

binding subunit of the phosphatase that dephosphorylates RLC. Only one rare recurrent gain 

of function variant p.Arg177Gln in PRKG1 gene has been identified to cause TAD in 

patients who present with aortic aneurysm and acute aortic dissection at relatively young 

ages (63% of affected individuals present an aortic dissection at mean age of 31 years) and, 

in some cases, also have vascular abnormalities including aneurysms of the descending 

thoracic aorta, abdominal aorta and coronary arteries.24 This mutation is located in the high-

affinity cGMP binding site of the protein, and abolishes the binding of cGMP, but 

paradoxically leads to constitutive activation of PRK-1α. Because it is no longer regulated 

by cGMP, the mutant protein becomes constitutively active. The increased kinase activity 

associated with PKG-1α leads to decreased levels of phosphorylated (active) RLC and 

promotes SMC relaxation.

In SMC, integrins link the microfibrils to the actin filaments through filamin A, an actin-

associated protein (Fig. 3). Mutations in the gene for filamin A (FLNA) cause 

periventricular nodular heterotopia and otopalatodigital spectrum disorders, but also 
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predispose to TAD.65 With loss of function mutations in FLNA, 18% of cases will have 

thoracic aortic disease, often associated with PDA and valvular abnormalities.66

Collectively, mutations in the genes listed above disrupt the ability of aortic SMCs to 

properly sense and respond to forces through the elastin-contractile units, implying that 

altering this elastin-contractile structural element may be a primary driver for thoracic aortic 

aneurysms and dissections (Figure 4). Specifically, mutated genes that predispose to TAD 

alter SMC force generation by disruption of SMC contractile unit or the matrix to which the 

SMCs attach for effective contraction. This disruption of the elastin–contractile unit will 

alter mechanosensing by the SMCs, thus triggering changes in the SMCs signaling that lead 

to thoracic aortic disease. The hypothesis that altered mechanosensing through the elastin–

contractile unit is the major driver of thoracic aortic disease provides an explanation for 

other trigger of the disease, hypertension. In a hypertensive individual, the elastin–

contractile unit may not be altered due to genetic variants but the forces across the unit will 

be increased because of the hypertension, thus potentially altering similar SMC cellular 

pathways downstream of the elastin–contractile unit and leading to TAD.

HTAD Genes Disrupting TGF-β Signaling—Mutations in the TGF-β receptor type II 

(TGFBR2) were first identified in individuals with Marfanoid features, and the condition 

was initially named Marfan syndrome 2.16 Subsequently, mutations in genes encoding other 

proteins in the canonical TGF-β signaling pathway have been identified that predispose to 

thoracic aortic disease, including TGF-β receptor type I (TGFBR1), SMAD3 (SMAD3), 

SMAD4 (SMAD4), and one of the three TGF-β ligands, TGF-β2 (TGFB2). In addition to 

Marfanoid skeletal features and thoracic aortic disease, mutations in these genes predispose 

to aneurysms and dissections beyond the aorta, including arterial branches of the aorta and 

intracranial arteries. Additional systemic features can also be present, including bifid or wide 

uvula, and thin or translucent skin with delayed wound healing similar to that observed in 

individuals with vascular Ehlers-Danlos syndrome. TGFBR1 and TGFBR2 mutations also 

cause Loeys-Dietz syndrome (LDS), characterized by craniosynostosis, cleft palate/bifid 

uvula, developmental delay, congenital heart disease, and aggressive and early onset of both 

thoracic aortic disease and aneurysms and dissections involving other arteries67 These genes 

can also lead to an inherited predisposition to thoracic aortic disease in the absence of 

syndromic features. Inheritance of a risk for thoracic aortic disease was first described in a 

family with nine affected members over two generations, who did not have phenotypic 

features of MFS, vascular Ehlers-Danlos syndrome or systemic hypertension.68 An 

underlying TGFBR1 mutation was later identified as the cause of disease in this family.69 It 

has been confirm that many HTAD families without syndromic features have underlying 

mutations in these genes encoding proteins in the canonical TGF-β signaling pathway. Thus, 

it is important to emphasize that all the genes that cause HTAD associated with syndromic 

features, e.g., FBN1, TGFBR1, and TGFBR2, can also lead to autosomal dominant 

inheritance of TAD in the absence of syndromic features.69, 70

The causative mutations identified in these genes are predicted or have been shown to 

decrease canonical TGF-β signaling.21, 71, 72 TGF-β signaling is initiated when the cytokine 

binds to the cell surface TGF-β type II receptor, which then recruits and phosphorylates the 

TGF-β type I receptor (Figure 3). The type I receptor phosphorylates SMAD2 and SMAD3 
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(mothers against decapentaplegic homolog 2 (OMIM 601366) and 3 (OMIM 603109), 

respectively), which complex with SMAD4 and translocate to the nucleus to alter gene 

transcription. Validated genes mutated to cause HTAD in this pathway include: genes 

encoding one of the three TGF-β ligand family members, TGFB2 (TGF-β2; OMIM 

190220), the TGF-β cellular receptors, TGFBR2 (OMIM 190182) and TGFBR1 (OMIM 

190181), and SMAD3. Pathogenic variants in these genes have been shown or are predicted 

to decrease cellular TGF-β signaling due to haploinsufficiency (e.g., nonsense or frameshift 

mutations) or missense variants that disrupt the protein function (e.g., decrease the 

intracellular kinase activity of the TGF-β receptors).21, 71, 73 In addition, mutations in a gene 

for another TGF-β ligand, TGF-β3 (TGFB3) and SMAD2 were recently reported but 

additional data is needed to validate these genes for HTAD.74, 75 Finally, mutations in 

SMAD4 cause a syndrome characterized by juvenile polyposis (JPS) and hereditary 

hemorrhagic telangiectasia (HHT) and these individuals are at risk for thoracic aortic 

disease.74, 75

Pathogenic variants in TGFBR1 and TGFBR2 predisposing to HTAD are located in the 

intracellular kinase domain of the proteins and result in decreased kinase function. TGFB2 
encodes TGF-β type 2 in the form of a synthetized precursor of 442 amino acid polypeptide 

from which a mature 112 amino acid active protein is derived by proteolytic cleavage. 

Patients with heterozygous mutations in the TGFB2 gene, present with TAD and share some 

clinical features (skin, skeletal) with MFS and LDS. This disease is called LDS4 (OMIM 

614816). One percent of HTAD patients have been reported as having a pathogenic variant 

in the TGFB2 gene.21 SMAD3 (OMIM 603109) encodes mothers against decapentaplegic 

drosophila homolog 3, an intracellular effector of TGF-β signaling. Patients with aneurysm-

osteoarthritis syndrome (AOS) (OMIM 613795), an autosomal dominant syndrome, present 

early-onset joint abnormalities and aortic aneurysms and dissections throughout the arterial 

tree, resulting from mutations in the SMAD3 gene.26, 27 Some clinical features overlap with 

MFS and LDS, and AOS has also been labeled LDS3. The MH2 domain of the protein 

mediates the oligomerization of SMAD3 with SMAD4 and SMAD-dependent 

transcriptional activation and mutations located in this domain have a high impact on these 

processes. It is important to note that the phenotypes resulting from any one of these TGF-β 
signaling genes can range from no to minimal features of MFS, LDS or vEDS. Although 

marked aortic and arterial tortuosity has been associated with mutations of these genes, 

tortuosity is increase in both vascular beds for the majority of HTAD-related genes.76

Although initial studies in MFS mouse models suggested increased TGF-β signaling was the 

primary driver for TAD, the mutations disrupting TGF-β pathway are predicted or have been 

shown to decrease TGF-β signaling.21, 71, 72, 77 Subsequent studies in mice have shown that 

decreasing TGF-β signaling in MFS mouse models early augments rather decreases aortic 

disease.78, 79 Exposure to TGF-β drives differentiation of SMCs, and this differentiation is 

defined by increased levels of the contractile proteins, including smooth muscle α-actin and 

smooth muscle myosin heavy chain. Thus, TGF-β signaling loss-of-function mutations may 

disrupt proper differentiation of SMCs, resulting in reduced numbers of contractile units 

within aortic SMCs and decreased SMC force generation, thus leading to TAD. TGF-β 
signaling is also critical for the differentiation of neural crest cells into SMCs populating the 
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ascending thoracic aorta during development; thus, lower TGF-β signaling may influence 

proper organogenesis and the resulting structure of the ascending aortic wall.

HTAD Genes Disrupting Other Pathways—Current data in two additional genes that 

have not been validated as HTAD genes, MAT2A and FOXE3, indicate that these genes 

predispose to disease through other pathways.80, 81 FOXE3 encodes a fork head 

transcription factor and mutations in this gene decrease the ability of SMCs to withstand 

stress-induced apoptosis and blocking this SMC apoptosis prevented TAD in the Foxe3−/− 

mice. 80 MAT2A encodes methionine adenosyltransferase II alpha (MAT IIα) that catalyzes 

the transfer of the adenosyl moiety from ATP to L-methionine to synthesize S-

adenosylmethionine (SAM). SAM serves as the methyl group donor for methylation 

reactions involving DNA, RNA, and protein.82 After donating its methyl group, SAM is 

converted to S-adenosylhomocysteine (SAH), which is a competitive inhibitor of 

methyltransferases and is rapidly hydrolysed to homocysteine.83 Further studies are needed 

to determine if disruption of the production of SAM predisposes to thoracic aortic disease.

ARIH1 encodes a protein that is part of the LINC (linker of nucleoskeleton and 

cytoskeleton) complex. The LINC complex binds to emerin through nesprins and lamins and 

these protein influence many different regulatory proteins involved in chromatin 

modification, transcriptional regulation, and mRNA processing.84 ARIH1 rare variants have 

been identified in individuals with TAD.85 Aortic SMCs from patients with aortic or 

cerebrovascular aneurysms and ARIH mutations displayed aberrant nuclear morphology 

compared to aortic SMCs from controls. Further studies are needed confirm ARIH1 
mutations cause TAD before these variants can be used clinically to identify at risk 

individuals and to further define how disruption of the LINC complex predisposes to TAD.

Genetic Predisposition in Thoracic Aortic Disease Patients who do not 

have HTAD

Patients with thoracic aortic disease who do not have a family history of the disease or 

syndromic features of MFS represent 80% of cases and are termed “sporadic” thoracic aortic 

disease (STAD). Initially, GWAS were used to identify common variants or SNPs in the 

genome that associated with thoracic aortic disease. Approximately 800 STAD patients who 

were hospitalized with either an acute aortic dissection or surgical repair of a thoracic 

aneurysm were used for the initial GWAS. Interestingly, the only GWAS peak for common 

variants associated with STAD was within FBN1 on chromosome 15.86 Thus, both rare 

pathogenic variants and common variants in FBN1 predispose to thoracic aortic disease. In 

contrast to the high risk associated with FBN1 mutations in patients with MFS, common 

variants in FBN1 only confer a 1.6 – 1.8-fold increased risk. This increased risk was for both 

presentation with either an aneurysm or dissection, and was also associated with STAD in 

patients with bicuspid aortic valve.

Another genetic variation in the general population that is associated with thoracic aortic 

disease involved another validated HTAD gene, MYH11. Copy number variant (CNV) 

analyses of the same GWAS data on 800 STAD patients identified a greater than12-fold 

increased risk specifically for aortic dissections that was associated with a recurrent 
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duplication of 16p13.1, a region that involves 9 genes, including MYH11.61 In contrast to 

the risk associated with FBN1 common variants, the 16p13.1 duplication confers a risk 

sufficiently high to possibly be clinically actionable in terms of controlling risk factors and 

screening for aortic enlargement. These initial studies indicate that genetic variants in known 

HTAD genes, FBN1 and MYH11, contribute to the pathogenesis of sporadic thoracic aortic 

aneurysms and dissections.

More recently, we sought to identify genetic triggers specifically for sporadic aortic 

dissections and identified common variants associated with a low risk of dissection in novel 

genes, ULK4 and LRP1.87 Encouraged by the possibility that genetic variants specific for 

aortic dissections could be identified, exome sequencing was performed using samples from 

355 STAD cases with acute aortic dissections and less than 56 years of age. Individuals who 

met the clinical diagnostic criteria of a genetic syndrome associated with acute dissections, 

such as MFS, along with individuals who had a family history of thoracic aortic disease or a 

known HTAD gene mutation, were excluded from this study. For this study, variants of 

unknown significance (VUSs) were defined as variants with a minor allele frequency < 

0.005 and cannot be classified as either pathogenic or benign using established criteria.4 In 

contrast, pathogenic variants (i.e., mutations) are defined based on a minor allele frequency 

< 0.005 and are confirmed to confer a highly penetrant risk for TAD. The frequency of 

individuals with pathogenic rare variants in HTAD genes in this dissection cohort was 9.3%, 

4% of which were FBN1 mutations.88 Perhaps more interesting, the frequency of VUSs 
identified in HTAD genes within the cohort was significantly higher than in controls, with 

30% of the cases having 1 to 3 VUSs. The burden of VUSs was greatest for ACTA2, 

TGFBR2, TGFBR1, and MYLK. For example, TGFBR2 has been routinely sequenced by 

genetic diagnostic labs for over 10 years and thus, TGFBR2 mutations are well established. 

At the same time, there are no common variants in TGFBR2, as defined by a MAF > 0.005. 

VUSs in TGFBR2 were present in 3.5% of the dissection cases, significantly higher than the 

controls (0.2%). Furthermore, some of these VUSs decreased the function of the 

corresponding protein but to a lesser extent than mutations.89 These data emphasize the need 

for a classification system for variants in disease-causing genes beyond the current system of 

either pathogenic or benign, which includes low penetrant risk variants that trigger 

dissections in a stochastic manner or in combination with additional environmental or 

genetic risks.

In the past, HTAD due to known genes may have been considered to be either syndromic 

(part of a set of clinical findings) or non-syndromic (occurring as an isolated finding), but 

the distinction between them has become increasingly blurred. Indeed, current data indicates 

that variants in HTAD genes can lead to a phenotypic spectrum that ranges from syndromic 

to non-syndromic risk for TAD. In addition, some variants confer a high penetrant risk for 

disease, while other variants in the same gene confer a low penetrant risk for disease.89 

Functional assays and bioinformatics analyses support the hypothesis that some of these 

VUS are disease-predisposing variants that trigger disease in a stochastic manner or when 

other risk factors are present, i.e., hypertension, but are not, in of themselves, highly 

penetrant pathogenic variants (Figure 1, bottom left). These data indicate that we need to 

improve the classification of VUSs in HTAD genes so that accurate risk profiling for aortic 
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dissection in the general population can be done, and we have proposed to term variants that 

increase risk but not to the extent of a pathogenic variant as “risk variants”.89

Clinical Implications of Genes for Thoracic Aortic Disease

As indicated above, disruption of the ability of aortic SMCs to properly mechano-transduce 

through the elastin-contractile units may be a primary driver for thoracic aortic aneurysms 

and dissections (Figure 3). These genetic findings further support that hypertension should 

be aggressively treated and controlled in individuals with HTAD, including at-risk family 

members even when the specific genetic cause of HTAD has not been identified. In fact, 

treatment with β-blockers is recommended in individuals with aneurysms with or without 

hypertension. Individuals who have aortic dilatation or a pathogenic variant in an HTAD-

related gene are advised to avoid isometric exercises and contact sports. Other 

cardiovascular risk factors, including smoking and hyperlipidemia, should also be addressed. 

Although β-blockers can slow the rate of enlargement of a thoracic aortic aneurysm, the 

mainstay of prevention of premature deaths from dissection of a type A thoracic aortic 

aneurysm is surgical repair. Surgery is typically recommended when the diameter of the 

aorta is approximately twice normal. This recommendation is based on the observation that 

at aortic diameters greater than 5.5 to 6.0 cm the risk of an adverse event (dissection, 

rupture, death) exceeds the risk associated with elective repair. However, the timing of 

aneurysm repair should also be based on the underlying gene altered to trigger the disease.
11–13

Genetic testing for rare disease-causing variants in HTAD genes is available worldwide. It is 

crucial to identify individuals with an increased risk for thoracic aortic disease since 

dissections and the associated premature deaths are preventable. Identifying the underlying 

HTAD gene triggering TAD provides powerful information for aortic and other vascular 

disease management, along with identifying at risk family members. Variants in these genes 

need to be investigated in a patient with thoracic aortic disease and syndromic features, a 

family history, or early-onset disease (defined as an aortic dissection less than 56 years of 

age). It is important to remember that variants in HTAD genes can result in a phenotypic 

spectrum that ranges from syndromic to a risk for thoracic aortic disease in the absence of 

any associated syndromic features. In the absence of syndromic features, the only clinical 

clue for a HTAD gene running in the family is a history of aortic dissections, thoracic aortic 

aneurysms or unexplained sudden death. Therefore, family history is a powerful tool to 

identify individuals at risk for aortic dissections. We are striving to establish a precision 

medicine model with dissection “risk” scores that integrates specific predisposing genetic 

variant with other risk factors (aortic size, arterial tortuosity, age, sex, hypertension, plans 

for pregnancy, etc.) to predict an individual’s risk for an acute aortic dissection, and thus can 

be used to timing of surgical repair of the thoracic aorta. Going forward, a main challenge 

for identifying all the genes and variants that predispose to TAD is the significant genetic 

heterogeneity for this disease. In addition, the classification of rare variants in known HTAD 

genes as to whether they are pathogenic variants, low penetrant risk variants or benign needs 

to be improved.
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The Genetics of Abdominal Aortic Aneurysm

Abdominal aortic aneurysm (AAA) is a common chronic disorder90 that shares many risk 

factors with occlusive forms of atherosclerosis but also appears to be a distinct pathologic 

entity. For example, diabetes is negatively associated with both AAA susceptibility and 

progression (AAA growth rate), which is in contrast to atherosclerosis.91 Nevertheless, it is 

significant to note the correlation between aneurysmal or pre-aneurysmal infra-renal aortic 

dimensions and non-AAA related cardiovascular mortality,92 emphasizing a substantive 

degree of overlap between these disorders.

Population epidemiology evidence suggests a strong genetic component in AAA risk, with 

twin studies indicating that heritability (the proportion of variance attributable to genetic 

effects) may be as high as 70%.93 In population studies, approximately 20% of AAA 

patients report an affected first-degree relative, which is substantially higher than the 2–10% 

typically reported by unaffected controls.94–98 Correspondingly, a positive family history has 

been shown to be associated with an approximate doubling of an individual’s risk of 

developing AAA.99 In the vast majority of AAA patients, the pattern of inheritance appears 

to be autosomal, although evidence for both recessive and dominant models have been 

suggested.100 These facts highlight a point of caution when considering the genetic risk of 

AAA, as it may be important to note the potential distinction between patients presenting 

with familial versus sporadic disease. Family-based linkage analysis studies may well be 

investigating a different genetic entity to that identified through GWAS focused on 

individual patients with AAAs, the majority of which will not have a family history.

Nevertheless, it is clear that AAA does cluster within some families94, 96, 97, 101, 102 and this 

along with observations of the co-occurrence of thoracic aortic aneurysm (TAA) and AAA,
103, 104 have led to investigations into a potential shared genetic risk between dilating arterial 

phenotypes, such as TAA, AAA and intracranial aneurysm.105 Although some potentially 

pan-aneurysmal effects, notably in the 9p21 (CDKN2B-AS1)105, 106 and 15q21 (near the 

FBN1 gene)105 loci, have been reported, the overarching impression appears to be, at best, a 

very modest genetic overlap between these aneurysmal phenotypes.

The past era of candidate gene association studies

Approximately 100 studies have performed candidate gene based investigations into the 

genetic basis of AAA. Bradley and colleagues reviewed the state of reported AAA genetic 

associations in 2014107 and showed that while over 250 genes had been investigated, 

resulting in 87 positive associations, only six were supported by strong evidence, with a 

further three deemed to have moderate supporting evidence. A range of genetics study 

design issues were catalogued, including failure to correct for multiple testing, potential 

systematic genotyping errors (no assessment of Hardy-Weinberg equilibrium), flexible post-

hoc inheritance model testing, small sample size, population stratification, lack of validation 

in independent cohorts and quality of control samples. Unfortunately, the entire early 

population genetics era was blighted by such deficiencies, leading to a situation whereby the 

majority of previously reported candidate gene associations are likely false positives.
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Family-based linkage studies

The most extensive family-based linkage analysis study for familial AAA was conducted by 

Shibamura and colleagues and examined 119 families.108 Two loci, 4q31 and 19q13 were 

shown to be in linkage with AAA, but only when sex and the number of affected individuals 

in a family group were included as covariates. The large size of the regions implicated in this 

analysis makes it very difficult to identify the causative genes, however, these regions do 

harbour genes of potential interest. These include the endothelin receptor type A within 

4q31 and a number of kallikrien genes within 19q13. SNP variants of endothelin receptor 

type A (EDNRA) are robustly associated with coronary artery disease (CAD)109, while 

genes such as kallikrien 1 (KLK1) have been shown to have altered expression in AAA 

tissue.110 Unfortunately, due in part to the late age of onset of AAA disease, the difficulties 

associated with collecting large numbers of affected families has resulted in most 

researchers shifting towards case-control genome-wide association studies. As highlighted 

above, familial AAA, as the focus of linkage studies and the more common sporadic AAA 

presentation, may have different genetic architectures. Further work is needed to validate the 

results of previous familial AAA linkage analysis associations. Such opportunities may yet 

develop as AAA population screening becomes increasingly more available throughout the 

world.

The GWAS era: Independently validated associations at a genome-wide level of 
significance

To date the largest analysis of AAA genetics was performed by a multi-national consortium 

that examined over ten thousand AAA cases. The study consisted of a meta-analysis of six 

GWAS from five countries (The United States, United Kingdom, Netherlands, Iceland and 

New Zealand), with validation analysis in a further eight independent cohorts.111 It should 

be noted that family history was not collected in each of the contributing GWAS and it was 

therefore not possible to differentiate between familial and sporadic AAA cases. In the New 

Zealand cohorts, which contributed 20 percent of the discovery meta-GWAS cases, 

approximately 17 percent of cases had an affected first degree relative. The results of the 

AAA meta-GWAS are therefore likely to be far more pertinent to sporadic, rather than 

familial AAA. It is also unclear if treating familial and sporadic AAA as the same affection 

status had any substantive effect on the resulting association analysis.

Nevertheless, ten genetic loci were associated with AAA, nine of which remained below a 

genome wide level of significance (p=5×10−8) when validated within independent cohorts.

The locus that did not reach genome-wide significance, when combined with the validation 

cohorts, was 12q13 (LRP1), however, it should be noted that previous reports have 

suggested genome wide significance for a SNP in this locus.112 The peak meta-GWAS SNP 

(rs1385526111, in complete linkage disequilibrium with the original SNP reported for this 

locus, rs1466535112) is within an intron of the LRP1 gene. In addition, as noted above, 

LRP1 variants have also been associated with sporadic acute aortic dissections.87 Of note, 

the peak AAA (rs1385526) and STAAD (rs11172113) SNPs are in modest linkage 

disequilibrium (r2=0.54, CEU), with the aortic dissection risk SNP being significantly 

associated with AAA (P<3.8×10−8, I2=0, pHet=0.58) in the meta-GWAS discovery cohort. 
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The balance of evidence appears to suggest that the LRP1 locus should be considered to be 

associated with AAA. Therefore, at this point in time, a total of ten loci should be 

considered to be robustly associated with AAA.

The loci, in chronological order of identification and with the nearest gene(s), are 9p21 

(CDKN2BAS1/ANRIL)106, 9q33 (DAB2IP)113, 12q13 (LRP1)112, 1q21.3 (IL6R)114, 1p13.3 

(PSRC1/CELSR2/SORT1)115 and 19p13.2 (LDLR)116 followed by the four loci identified in 

the meta-GWAS111, 1q32.3 (SMYD2), 13q12.11 (LINC00540), 20q13.12 (PLTP/PCIF1/
MMP9/ZNF335), and 21q22.2 (ERG).

Although the recent AAA meta-GWAS performed an extensive series of bioinformatic 

analyses and lookups, interpreting the functional effects of these AAA SNPs remains a 

challenge. Unlike monogenic disorders, such as Marfan syndrome that can be linked to a 

functional variant influencing a biologically plausible gene, many of the AAA variants are 

not intragenic nor do they appear to directly alter functional elements of genes, such as 

promoters or CpG islands. However, by examining potential effects through tools, such as 

expression quantitative trait loci (eQTLs), phenome-wide association (PheWAS) and 

chromatin interaction databases (such as GWAS3D), a series of (biologically plausible) gene 

associations were identified. When placed in a series of different network analysis tools 

genes such as MMP9, IL6R and LDLR were highlighted as hub features in the pathway 

networks. This is encouraging given that metalloproteinase activity117, tissue 

inflammation118–120 and lipoprotein accumulation120 are documented features of AAA 

pathobiology.

Genetic overlap between CAD and AAA

Consistent with the phenotypic overlap noted above, several of these genetic features appear 

to overlap with the genetic associations reported for CAD.109, 121 As noted above, AAA is 

now recognised as a related but distinct entity from occlusive atherosclerotic disease, such as 

CAD. Nevertheless, given that over 70 robust genetic associations have now been reported 

for CAD109, 121 it is worth considering the potential overlap between validated CAD and 

AAA associations.

The AAA loci 9p21 (CDKN2BAS1/ANRIL),106 1q21.3 (IL6R),114 1p13.3 (PSRC1/
CELSR2/SORT1),115 19p13.2 (LDLR)116 and 20q13.12 (PLTP/PCIF1/MMP9/ZNF335)111 

appear to have the strongest overlap with occlusive atherosclerotic diseases.109, 121, 122 Of 

note, other potential AAA associations, such as SNPs associated with the LPA gene,123 have 

been shown to lose their statistical significance when those cases with concurrent CAD were 

excluded from the analysis, suggesting that the observed unadjusted AAA associations were 

likely being confounded by the presence of concurrent atherosclerotic disease. The concept 

of ‘pan-atherosclerotic’ genetic association is well recognised for markers such as 

9p21(CDKN2BAS1/ANRIL) and also matches the broad arterial disease phenotype 

associations of circulating markers such as Lp(a) protein.124 There will undoubtedly be 

numerous other regions of genetic overlap between AAA and ‘occlusive’ atherosclerotic 

diseases, however the identification of these common loci is hampered by the limited size of 

the AAA meta-GWAS. For example, the SNP rs964184 (11q23.1 near ZNF259, APOA5- 
A4-C3-A) is significantly and reproducibly associated with CAD (P=1×10−17)125, while this 
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SNP in the AAA meta-GWAS summary data also suggests a potential association 

(P<5×10−5, I2=0, pHet=0.84), but the association falls below a genome-wide multiple testing 

significance threshold.

9p21 (CDKN2BAS1/ANRIL)—Both the lead SNP in the AAA meta-GWAS 

(rs1075727)111 and the original SNP reported at this locus (rs10757278)106 are in strong 

linkage disequilibrium (r2>0.9 CEU). The 9p21 locus is strongly associated with a broad 

range of arterial pathologies, including coronary artery disease.106 These SNPs appear to 

influence CDKN2A and CDKN2B expression via alterations in the neighboring non-coding 

antisense CDKN2BAS1.126, 127 These cyclin dependent kinase inhibitors are strong 

mediators of vascular tissue proliferation and inflammation.127

1q21.3 (IL6R)—Both the lead SNP in the AAA meta-GWAS (rs4129267)111 and the 

original SNP reported at this locus (rs7529229)114 are in linkage disequilibrium (r2=1 CEU) 

and are located within introns of the interleukin 6 receptor (IL6R) gene. Circulating levels of 

IL-6 have been shown to be associated with the presence of small AAAs114 and both of 

these AAA SNPs are in high LD (r2>0.95, CEU) with a SNP (rs2228145) which has been 

shown to be strongly associated with circulating IL-6 levels.128 Nevertheless, this locus does 

not appear to be AAA specific as it has also been shown to be associated with a wide range 

of chronic conditions including coronary artery disease109 and asthma.129

1p13.3 (PSRC1/CELSR2/SORT1)—Both the lead SNP in the AAA meta-GWAS 

(rs602633)111 and the original SNP reported at this locus (rs599839)115 are in linkage 

disequilibrium (r2=1 CEU) and are located near the promoter of PSRC1. There are however, 

several other genes in this region, including CELSR2 and SORT1; and eQTL and chromatin 

interaction data suggest that SORT1 is likely to be the most significantly influenced by these 

SNPs.111, 130 The sortilin-1 gene (SORT1) is expressed in the liver and regulates plasma 

LDL-cholesterol via interactions with PCSK9 acidic sphingomyelinase and apolipoprotein 

B100 in hepatocytes.131 The gene is also expressed in the aortic wall115 and recent work 

suggests that SORT1 may play an important role as a regulator of vascular smooth muscle 

calcification.132 SNPs in this locus are also associated with CAD125 and given its 

association with both dyslipidemia and arterial wall calcification, this locus appears to have 

a broad cardiovascular risk association.

19p13.2 (LDLR)—The same variant (rs6511720) was reported as the peak SNP for this 

locus in both the meta-GWAS111 and original report for this AAA association.116 LDLR 
encodes for a member of the LDL-cholesterol cell surface receptor family and this SNP 

variant (or others in high LD) have a strong association with both increased plasma LDL-

cholesterol133 and CAD.109 Importantly, LDLR mutations are the most common cause of 

familial hypercholesterolemia. Due to its strong association with dyslipidemia this locus 

appears to confer pan-atherosclerotic risk and, as with the variants in 9p21, 1q21.3 and 

1p13.3, does not appear to have a AAA specific association. This notwithstanding, 

Mendelian randomization studies have suggested that dyslipidemia, and in particular 

elevated LDL, are potentially causally associated with AAA.134, 135
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20q13.12 (PLTP/PCIF1/MMP9/ZNF335)—The peak SNP (rs3827066) for this locus is 

located within an intron of the ZNF335 gene, however there are several other genes in the 

surrounding 100kb region, including PLTP, PCIF1, NEURL2 and MMP9. MMP9 is an 

obvious gene of interest, given the large body of work implicating this metalloproteinase in 

end-stage AAA pathobiology.136 However, it should be noted that this SNP most-likely has 

the strongest association with PLTP, as evidenced by independent eQTL data derived from 

aortic tissue and chromatin interaction analysis. PLTP plays a role in cholesterol transport, 

especially HDL.137 Induced overexpression of PLTP in mice results in an elevated 

atherogenic lipid profile, increased atherosclerotic lesion area, and reduced plaque stability 

(as assessed by collagen content).138 PLTP expression is significantly higher in AAA tissue 

than in control aorta.111 Interestingly, there may be an indirect link between this SNP and 

MMP9, since PLTP inhibition has been shown to alter ERK and NF-κB activation, and in 

turn, MMP-9 levels within lung tissues.139 There is no literature that would suggest a 

potential link with the nearest gene (ZNF335) and AAA, with the only reported genetic 

association for this gene being with celiac disease.140

While this locus was reported as a potential AAA specific association111, a recent meta-

analysis identified the rs3827066 SNP as also being associated with CAD.122 The 

cumulative evidence therefore suggests that this locus is likely to exert its pathogenic 

influences in a similar fashion to that of the SORT1 locus, primarily through aberrations of 

lipid metabolism but with potential influences on vessel wall inflammation and extracellular 

matrix composition.

Potential AAA specific associations

The observation of cross-phenotype genetic associations with other cardiometabolic traits is 

not particularly surprising given the epidemiology of AAA. Unfortunately, however, 

conventional cardiovascular risk reduction therapies, such as antihypertensive and anti-

dyslipidemic medications, have no significant effects on AAA growth rates.141 This lack of 

effective medical therapies highlights the need to improve our understanding of the disease 

specific pathobiological features of AAA. The recently reported AAA meta-GWAS 

identified several loci with no apparent overlap with either CAD burden or cardiovascular 

disease-related metabolic traits such as diabetes, hypertension or dyslipidemia.

1q32.3 (SMYD2)—The peak SNP (rs1795061) in this locus is located near the promoter of 

SMYD2. The SET and MYND domain containing 2 (SMYD2) gene is highly expressed in 

muscle cells and is associated with myofibril organisation. The SMYD2 protein interacts 

with three functional groups of molecules, involved with chromatin remodelling and histone 

modification, DNA replication and repair and molecular chaperones such as heat shock 

protein 90 (Hsp90).142 The ability of SMYD2 to methylate Hsp90 is potentially significant 

as methylated Hsp90 and Smyd2 can form a complex with the sarcomere protein Titin’s 

N2A domain to alter sarcomere stability. SMYD2 also appears to regulate macrophage 

associated inflammatory cytokine production by methylating the promoters of the 

interleukin 6 (IL6) and tumor necrosis factor alpha (TNF) genes. This in turn leads to 

inhibition of NF-κB and ERK signalling143, with both of these pathways having been 

implicated as regulators of vascular remodelling and AAA formation.144, 145 The potential 
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biological association between SMYD2 and AAA is further supported by observations such 

as the inhibition of Hsp90 reducing AAA formation in murine models146 and the significant 

hypomethylation of the SMYD2 promoter in smooth muscle cells extracted from AAAs 

compared to controls.147 SMYD2 methylation in aortic smooth muscle correlates with gene 

expression and the protein appears to have lower cytoplasmic abundance in smooth muscle 

within the residual AAA tunica media compared with that of non-aneurysmal controls.147

12q13 (LRP1)—As discussed above, SNPs in this locus have also been shown to be 

associated with thoracic aortic dissection. LRP1 encodes for low-density lipoprotein 

receptor-related protein 1, a gene that is known to be highly expressed in vascular smooth 

muscle, macrophages, and fibroblasts. Smooth muscle cell specific LRP1 knockout mice 

have altered smooth muscle function, including enhanced migration, abnormally activated 

TGF-β and PDGF signalling148, resulting in aortic wall structural alterations leading to 

aneurysm formation.149 Although some LRP1 SNPs are linked with circulating lipid levels, 

eQTL data suggests that the AAA associated LRP1 variants influence aortic, but not hepatic, 

gene expression.112 In addition, the AAA associated LRP1 variants (rs1385526111 and 

rs1466535112) appear to be independently associated from dyslipidemia, diabetes, blood 

pressure or history of CAD.112 The LRP1 pathway is therefore of considerable interest as a 

potentially disease specific driver of both thoracic and abdominal aortic aneurysm.

13q12.11 (LINC00540),—The AAA associated SNPs in this locus are in a rather gene 

barren region, though it is located 3’ to a long non-coding RNA (LINC00540). While 

LINC00540 has no currently known function, both chromatin interaction and eQTL analyses 

independently suggest a distal association between the peak SNP in this locus and the 

fibroblast growth factor-9 (FGF9) gene. A subsequent lookup of an independent abdominal 

aortic wall whole genome mRNA expression dataset indicated increased FGF9 expression 

within aneurysmal aortic tissue. The FGF9 gene has been shown to be a key regulator of 

respiratory smooth muscle cell differentiation.150, as well as vascular smooth muscle and 

endothelial cell apoptosis thereby influencing post-infarct angiogenesis in cardiac tissue.151 

Extensive angiogenesis is an important pathogenic feature of AAA, being associated with 

medial atrophy, adventitial inflammation120 and sac rupture sites.152

21q22.2 (ERG)—The peak SNP in this locus (rs2836411) is located within an intron of the 

ETS (erythroblast transformation-specific) -related gene (ERG) and was shown to be 

associated with ERG expression in an independent eQTL dataset derived from mammary 

artery tissue.111 ERG encodes a transcriptional regulator protein that is normally present in 

hematopoietic and endothelial cells. ERG has a role in vascular endothelial growth factor 

mediated vascular development, and has also been shown to control endothelial cell 

activation.153 As such, ERG is proposed as a key mediator of vascular angiogenesis and 

inflammation, both of which play key roles in the development of AAA.120, 152 ERG also 

influences embryonic development of the aorta.154 Consistent with the ‘fetal origins of adult 

disease hypothesis’, such alterations in in utero aortic development may have a role in later-

life risk of developing AAA.155 ERG expression correlates with matrix metalloproteinase 9 

expression in human prostate cancer cells.156 Taken together this data, though limited, points 

to several potential roles by which ERG may influence the development of AAA.
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Pathway analysis

The AAA SNP loci and their predicted gene associations allow for gene pathway analyses to 

be performed.111 Using the integrated gene pathway function analysis tool DEPICT the 

strongest predicted gene set was long bone epiphyseal plate formation. This is intriguing 

given that previous studies have reported tall stature as a risk factor for AAA157 and 

conversely short stature as being associated with occlusive CAD.158, 159 Other predicted 

gene pathway sets were also consistent with our current pathophysiological understanding of 

AAA. These included plasma lipoprotein clearance, abnormal vascular smooth muscle 

physiology/ increased vasodilation, TGF-β regulation, inflammation-induced extracellular 

matrix remodeling, acute phase response including IL-6 secretion, abnormal T and B cell 

function/ activation, apoptosis, hyperglycemia and the phosphatidylinositol-4,5-bisphosphate 

3-kinase catalytic subunit alpha, c-Jun N-terminal kinase, and mitogen-activated kinase-like 

protein cascades.

Ingenuity Pathway Analysis (IPA) and Consensus PathDB network analysis both 

demonstrated similar results, and suggested a potential central role for MMP9 in AAA. IPA 

identified direct interactions between ERG, IL6R and LDLR with MMP9. Concordantly, 

ConsensusPathDB suggested a direct interaction between ERG and MMP9, with secondary 

interactions between both SMYD2 and LDLR and MMP9.

Importantly, particularly in the context of a polygenic disorder, these results suggest that the 

novel loci could act in concert, either synergistically or antagonistically, to affect the AAA 

phenotype. These potential interactions require further investigation but may provide much 

needed insights into novel, AAA disease-specific, therapeutic developments.

While the AAA meta-analysis brought together the largest case series to date, it is a long 

way from reaching the statistical power for the detection of genetic associations that have 

been reported for related phenotypes such as CAD. While it represents a good starting point, 

a considerable amount of further work is required to generate a more complete picture of the 

genetic basis of this disorder. Furthermore, while our understanding of the genetic basis of 

AAA has substantially evolved over the last decade, the therapeutic implications of these 

observations remain unclear.

Potential gene-environment interactions

Given that smoking is by far the strongest environmental risk factor for AAA, and smoking 

consumption rates are significantly influenced by genetic factors, it is intriguing to consider 

whether such variants may be over-represented amongst AAA patients. If this were the case 

then it would represent an example of a gene influencing environment effect. Thorgeirsson 

and colleagues160 identified a series of SNPs in the CHRNB3-CHRNA6 (nicotinic 

acetylcholine receptor subunits) gene region of chromosome 15, which were associated with 

daily cigarette consumption rates. By far the strongest association was for rs1051730 (A 

effect allele). While a lookup of the AAA metaGWAS indicates that the same allele is 

overrepresented in AAA patients (odds ratio 1.10 (95%CI 1.04–1.15, P=1.2×10−3, I2=0.41) 

this association falls well below genome-wide significance.
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Although outside the scope of this review, another interesting mode of gene-environment 

interaction can be investigated via epigenetics, including differential DNA methylation and 

microRNA expression. AAA associated DNA methylation has been previously postulated,
161 and global differences in DNA methylation levels have been reported both for the 

presence and severity of aneurysmal disease.147 In addition, as described above, a targeted 

analysis of AAA genetic risk loci indicated that the SMYD2 locus is also differentially 

methylated.147 AAA epigenome wide association analysis is needed to fully ascertain the 

DNA methylation epigenetic associations in AAA, fortunately such a study, performed by 

members of the International Aneurysm Consortium, is in the final stages of completion and 

should be published in the near future.

This compendium summarises the current understanding of the inherited basis for aortic 

aneurysmal disease, and clearly highlights the need to differentiate between thoracic and 

abdominal aortic manifestations. Approximately 20% of thoracic aortic aneurysms are 

associated with an autosomal pattern of inheritance from a mutation in a single gene, 

whereas abdominal aortic aneurysms do not typically demonstrate such inheritance, but 

rather appear to present as a polygenic disorder involving variants of weaker effect. This 

notwithstanding, there are some distinct biological pathway similarities between TAAD and 

AAA, these include the TGF-β and LRP1 pathways, as well as other aspects of vascular 

smooth muscle cell function.

Currently, over a dozen causative genes have been validated for heritable thoracic aortic 

disease. Each confers a high risk for disease and genetic testing for these genes is now 

offered clinically. The situation is far less advanced for AAA, and while polygenic AAA risk 

scores are being developed, using genetic variants to predict AAAs has not progressed to the 

extent that it can be used to identify at risk individuals.
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EGF epithelial growth factor
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LINC linker of nucleoskeleton and cytoskeleton
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Figure 1: 
Thoracic aortic disease risk associated to variant frequencies (adapted from Manolio et al 
2009)3.
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Figure 2: 
Schematic representation of thoracic aortic aneurysms and aortic dissections.
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Figure 3: 
Schematic representation elastin lamellae and SMCs highlighting the proteins that are 

disrupted by mutations in genes, leading to heritable thoracic aortic disease. Extensions from 

the elastin lamellae with fibrillin-1-containing microfibrils at the end link to integrin 

receptors on the cell surface of SMCs. The integrin receptors then link to the contractile 

filaments inside the cells, thus forming the elastin-contractile unit. Also illustrated is the 

proteins involved in canonical TGF-β signaling that are disrupted by mutations in the 

corresponding genes to also lead to heritable thoracic aortic disease. The validated genes 

predisposing to thoracic aortic disease are shown in red and are adjacent to their 

corresponding protein. MLCK; myosin light chain kinase; PKG-1, type I cGMP-dependent 

protein kinase. (Illustration Credit: Ben Smith).
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Figure 4: A proposed mechanism by which mechanotransduction or mechanosensing across the 
elastin-contractile units predispose to thoracic aortic disease.
Thoracic aortic aneurysms and dissections are driven by environmental factors, such as 

hypertension (HTN), or mutations that disrupt proteins that are components of elastin-

contractile units. In the case of gene mutations, the elastin-contractile unit is predicted or has 

been shown to be disrupted,46, 162 and thus may upregulate cellular pathways in SMCs that 

lead to disease. In terms of hypertension triggering thoracic aortic disease, the elastin-

contractile unit may not be disrupted, or may be only altered in a minor way, but the 

hypertension increases the forces across the elastin-contractile unit, potentially activating the 

same downstream pathways leading to thoracic aortic aneurysms and dissections.
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