Keynote Lecture Series

The genetics and genomics of thoracic aortic disease

Pawel Pomianowski, John A. Elefteriades

Yale University School of Medicine, New Haven, Connecticut, USA

Corresponding to: John A. Elefteriades, MD. Yale University School of Medicine, 330 Cedar St., New Haven, CT 06510, USA. Email: john.elefteriades@yale.edu.

Genetic studies over the past several decades have helped to better elucidate the genomics and inheritance

of thoracic aortic diseases. Seminal work from various researchers have identified several genetic factors and

mutations that predispose to aortic aneurysms, which will aid in better screening and early intervention,

resulting in better clinical outcomes. Syndromic aneurysms have been associated with Marfan syndrome,

Loeys-Dietz syndrome, aneurysm osteoarthritis syndrome, arterial tortuosity syndrome, Ehlers-Danlos
Syndrome, and TGFp mutation. Mutations in MYHI11, TGFfRI, TGFSR2, MYLK, and ACTA2 genes have

been linked to familial non-syndromic cases, although linkage analysis is limited by incomplete penetrance

and/or locus heterogeneity. This overview presents a summary of key genetic and genomic factors that are

associated with thoracic aortic diseases.
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Introduction

Thoracic aortic aneurysms (TAA) and aortic dissections
(TAAD) are responsible for 15,000 deaths in the United
States annually (1). Despite progressive dilatation, aortic
aneurysms usually remain asymptomatic until dissection
or rupture occurs. While there are highly effective
prophylactic surgical interventions, their implementation is
hampered by the difficulties in identifying at-risk subjects.
Indeed, there are no high-yield risk factors that can be used
for screening the general population. Identification of the
underlying genetic basis of aortic aneurysms should lead
to better screening, early intervention, and better clinical
outcomes.

Thoracic aortic aneurysms are divided into two broad
categories: syndromic (associated with abnormalities
of other organ systems) and non-syndromic (with
manifestations restricted to the aorta) (2).

Syndromic aortic aneurysms

Hippocrates first described a clinical syndrome consistent
with Ehler-Danlos and its accompanying easy bruising and
bleeding as far back as 400 BC. Writing in his “Airs, Waters,
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and Places”, he noted that Nomads and Scythians had lax
joints and easy bruising. The Danish dermatologist Ehler in
1901 and the French physician Danlos in 1908 then refined
the clinical description of the disorder. Several years earlier,
Antoine Marfan, a French pediatrician, had described a
hereditary connective tissue disorder which came to bear his
name. His report was made in 1896 in the Bulletin of the
Medical Society of Paris and described a five-year-old girl
with long limbs and digits (3). It was not until over 50 years
later that the syndrome was fully described, including the
involvement of aneurysms of the ascending aorta. In 2006,
Loeys and Dietz described the syndrome of early, malignant
arterial dilatations and unique facial features which
characterize the syndrome that bears their names (4). These
were the first clinical reports of recognizing the genetically
heterogenous nature of thoracic aorta aneurysms.

Syndromic aortic aneurysms occur in patients with:
Marfan syndrome (MFS), Loeys-Dietz syndrome (LDS),
aneurysm osteoarthritis syndrome (AOS), arterial tortuosity
syndrome (ATS), Ehlers-Danlos Syndrome (EDS) (2,5) and
TGFB mutations. Many of the syndromic aneurysms can be
diagnosed by their characteristic dysmorphic features and
gene testing (Tubles 1,2).
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Table 1 Associations with syndromic and non-syndromic aneurysms

Classification Chromosome Gene Protein Location Frequency Inheritance
Syndromic
Marfan 15g21.1 FBN1 Fibrillin 1 ECM 1:5,000-10,000 AD
Loeys-Dietz 3p24-25 TGFBR2, TGFB-R2 Cell surface Rare AD
9933-34 TGFBR1 TGFB-R1
Ehlers-Danlos 2q24.3-31 COL3A1 Type Il collagen ECM 1:10,000-25,000 AD
ATS 20g13.1 SLC2A10 GLUT10 Intracellular Rare AR
AOS 15022.2-24.3 Smad3 SMAD3 Intracellular Rare AD
TGFB2 1941 TGFB2 TGFp2 Intracellular Rare AD
Non-Syndromic
TAAD2 3p24-25 TGFBR2 TGFB-R2 Cell surface ~3 % of TAA AD
TAAD4 10923-24 ACTA2 Smooth muscle actin  Intracellular 10-15% of TAA AD
TAADS 9933-34 TGFBR1 TGFB-R1 Cell surface ~2 % of TAA AD
TAAD-PDA 16p12-13 MYH11 B-MHC Intracellular 1-2% of TAA AD
3g21.1 MYLK MLCK Intracellular ~1% of TAA

AD, autosomal dominant; AR, autosomal recessive; ATS, arterial tortuosity syndrome; AOS, aneurysm osteoarthritis syndrome;

TAA, thoracic aortic aneurysm

Table 2 Gene mutation

Recessive mutations—Almost always reduce or eliminate gene function

* Hypomorphic—Partial loss of function
*  Amorphic—Complete loss of function

» Loss-of-function mutations—Produces a non-working protein. Examples include:

+ Point mutations that create premature termination when the gene transcript is translated into protein - small (but significant)

changes in a single nucleotide base

» Deletions—remove information from the gene. A deletion could be as small as a single base or as large as the gene itself

» Insertions—occur when extra DNA is added into an existing gene. Frequently the extra DNA represents a duplication of a

portion of the gene

Insertions and deletions often shift the “reading frame” causing all subsequent amino acids to be erroneous and almost always

leading to premature termination of the protein
Dominant mutations
I. Haploinsufficiency —Reduce gene function to 50%
Il. Gain of function
Three types of gain-of-function mutations
A. Hypermorphic mutations—Increase gene activity

B. Antimorphic mutations (dominant-negative mutations)—antagonize wild-type gene function

C. Neomorphic mutations—Novel function

Marfan syndrome

Marfan syndrome (MFS) is the best known aortic aneurysm
syndrome and is caused by heterozygous mutations in
the FBNI gene. It occurs worldwide with an estimated
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incidence of 1 in 5,000 individuals and affects both sexes
equally. Clinically MFS is a multisystem disease affecting
the aorta (aortic aneurysm/dissection), the heart (mitral/

aortic valve insufficiency), the eyes (ectopia lentis), and
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Table 3 2010 Revised Ghent Nosology for Marfan Syndrome
In the absence of FHx

Ao (Z=2) and EL = MFS

Ao (Z=2) and FBN1 mutation = MFS

Ao (Z=2) and Syst (=7 pts) = MFS

EL and FBN1 mutation with known Ao enlargement = MFS

In the presence of FHx

EL and FH of MFS = MFS

Syst (=7 pts) and FHx of MFS = MFS

Ao (Z=2 above 20, =3 below 20 yrs) + FHx of MFS = MFS
Systemic score: 7 or higher is considered positive

Wrist and thumb sign: 3 points

Wrist or thumb sign: 1

Pectus carinatum: 2

Pectus excavatum 1

Hindfoot deformity: 2 (med rotation of med malleolus)

Pes planus: 1

Pneumothorax: 2

Dural ectasia: 2

Reduced upper/lower segment and increased armspan/

height.

Armspan to height: 1

Scoliosis or kyphosis: 1

Reduced elbow extension: 1

3 of 5 facial features': 1

Skin striae: 1

Myopia: 1

Mitral valve prolapse: 1

Facial features: dolichocephaly, downward slanting pal-
pebral fissures, enophthalmos, retrognathia, and malar
hypoplasia. Ao, aortic diameter at sinus of Valsalva; EL,
ectopia lentis; FHx, family history; med, medial; MFS,
Marfan syndrome; syst, systemic score; Z, z-score

the musculoskeletal system (overgrowth). The diagnosis
of Marfan syndrome is made based on the revised Ghent
Nosology, which incorporates clinical criteria (based on a
point score system), family history, and molecular genetic
testing of the FBNI gene (Table 3). Marfan syndrome
follows an autosomal dominant pattern of inheritance with
high penetrance (the probability of manifesting a disease)
and significant inter/intra-familial variability in disease
expression (6). In the majority of MFS patients, the disease
is caused by a mutation in FBNI gene on chromosome
15g21.1, which encodes an extracellular matrix protein,
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fibrillin-1 (7). Over 600 FBN1 gene mutations have been
identified to date, and the detection rate for the FBNI
mutations by DNA sequencing ranges from 70-93%
in patients who meet the clinical diagnostic criteria (8).
Various types of mutations in the FBNI gene have been
identified, including nonsense, deletion/insertion, splice-site
mutations, and missense mutations (9) with some genotype-
phenotype correlations. The most severe forms of Marfan
syndrome are associated with FBNI mutations between
exons 24-32 causing in-frame loss or gain of central coding
sequences. Mutations causing premature stop codons result
in rapid degradation of mutant transcripts and usually
present with a milder phenotype (10).

Loeys-Dietz syndrome

A subset of patients previously thought to have Marfan
syndrome do not have identifiable mutations in FBNI.
Most of these patients are now classified as having Loeys-
Dietz syndrome (LDS) (4,11). LDS is an autosomal
dominant disorder of connective tissue with multisystem
involvement (2). Patients with typical dysmorphic features
(hypertelorism, craniosynostoses, cleft palate) are classified
as LDS type 1; those with mild dysmorphic features (only
hypertelorism) without other dysmorphic findings but with
velvety, translucent skin, easy bruising, and atrophic scars
are classified as LDS type 2 (12). The natural history of
both types of LDS is marked by early and rapid onset of
thoracic aortic aneurysms (originating at the level of the
sinuses of Valsalva) and death at an early age (mean age
reported at 26.1 years) (12).

LDS is caused by a heterozygous mutation in one of the
transforming growth factor beta receptor genes (TGFSR1
or TGFPR2). TGFBR2 mutations on chromosome 3 (3p24.1)
account for the majority of LDS mutations (75%), and
TGFpRI1 mutations on chromosome 9 (9q22.33) account for
the remaining 25% (12). Direct sequencing of both TGFpR1
and TGFBR2 allows for the identification of a causal
mutation in more than 95% of individuals. Although most
LDS mutations are missense, other types of mutations have
been seen including: splice-site, nonsense, deletions, and
insertions. In LDS, de novo mutations are found in 75%
of patients. Both TGFBR1 and TGFBR2 gene mutations
are thought to result in the overall up-regulation of TGFB
signaling. The classical TGF signaling pathway involving
the Smad-mediated cascade has been characterized by
signals that not only induce extracellular matrix (ECM)
deposition but also matrix degradation. This implicates the
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pathway as being critical to the structure and composition
of ECM (13). Enhanced TGFP signaling with downstream
canonical pSmad2 upregulation has been described as the
predominant mechanism in both Marfan and Loeys-Dietz
aneurysm formation (11).

Aneurysm osteoarthritis syndrome

Aneurysm osteoarthritis syndrome (AOS) is a newly
described autosomal dominant syndrome with variable
expression which presents with aortic aneurysms in the
setting of atypical osteoarthritis and dysmorphic features.
The frequency of AOS is 2% among TAA patients. AOS
is caused by mutations in the Smad3 gene on chromosome
15 (15q22.33), which encodes a protein critical for cellular
signaling downstream of the TGFP receptors (14).
Mutations in Smad3 result in aortic aneurysms, dissections,
arterial tortuosity, early onset osteoarthritis, and cutaneous
anomalies. In one series, aortic aneurysms were present in
71% of patients with Smad3 mutations, mainly at the level
of the sinus of Valsalva but also affecting the abdominal
aorta and/or other arteries such as the splenic, common
iliac, mesenteric, renal, vertebral, and pulmonary arteries.
The mean age of death, due to aortic dissection, has been
reported at 54x15 years and occurred at mildly increased
aortic diameters (4.0-6.3 cm) (15). Arterial tortuosity
was diagnosed in 48% of patients. Velvety skin, striae,
and umbilical/inguinal hernias are common and joint
abnormalities; osteochondritis dissecans (OCD), meniscal
abnormalities, intervertebral disc degeneration, and early-
onset osteoarthritis have been reported in all cases of
AOS (16). Cerebrovascular abnormalities were also noted
to be common, and in 18% of patients concentric left
ventricular hypertrophy (LVH) was observed. Importantly,
LVH was not a consequence of hypertension as most
patients were normotensive without treatment (17).

Arterial tortuosity syndrome

Arterial tortuosity syndrome (ATS) is an autosomal
recessive disorder caused by mutations in the SLC2A410
gene on chromosome 20 (20q13.1), which encodes the
facilitative glucose transporter GLUT10 (18-20). GLUT10
is localized to the gene promoter region of decorin, a
natural inhibitor of TGFp. Mutations in the SLC2A410 gene
are thought to result in down-regulation of decorin and
thereby up-regulation of TGFp signaling. The mutations
which cause this syndrome are loss-of-function mutations.
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The clinical spectrum of ATS includes: arachnodactyly,
joint laxity or contractions, hypertelorism, cleft palate,
bifid uvula, micrognathia, down-slanting palpebral fissures,
blepharophimosis and arterial tortuosity with aneurysm
formation (18).

Ehlers-Danlos Syndrome Type IV
Ehlers-Danlos Syndrome Type IV (EDS IV) is an

autosomal dominant disorder with a prevalence of
1:10,000-25,000 in the US (21), caused by highly penetrant
mutations in COL3A1 (2q32.2). EDS 1V is characterized
by cutaneous findings (thin translucent skin, easy bruising)
and arterial, intestinal, or uterine rupture. In childhood,
inguinal hernias, pneumothoraces, and recurrent joint
and hip dislocations are common. Vascular aneurysms/
dissections or gastrointestinal perforation constitutes the
presenting signs in a majority of adults with EDS IV. The
average age for the first major arterial or gastrointestinal
complication is 23 years. Among patients with EDS IV
ascertained because of a medical complication associated
with the disorder, in 25% the complication was present
by age 20 and in 80% by age 40 (22). The median age of
death in patients with EDS IV is 48 years. The diagnosis
of EDS IV is made on clinical grounds (using major and
minor diagnostic criteria) and is confirmed by genetic
or protein-based testing (23). Surgical intervention is
notoriously dangerous in EDS IV due to excess vessel
fragility.

To date, at least 700 mutations in COL3AI have
been reported. Using direct sequence analysis 98%
of individuals with a clinical diagnosis of EDS IV are
shown to have a mutation in COL3A1, with 50% of EDS
IV patients having a de novo mutation. The majority
of mutations are missense mutations resulting in an
amino acid substitution for glycine residues in the [Gly-
X-Y];4; triplets of the triple helical domain or splice-site
mutations and mutations resulting in mRNA instability.
A small proportion of patients (2-3%) carry a genomic
deletion (23). Biochemical (protein-based) testing on
cultured cells from a skin biopsy is recommended when a
mutation is not identified by sequence analysis in a patient
with a clinical diagnosis.

TGFp2 mutation

TGFp2 (1q41) is the gene most recently identified as a
cause of TAA. TGEf2 proteins are synthesized as peptides
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that form homodimers cross-linked through disulfide
bonds which are cleaved before secretion. Mutations
identified (frame-shift and nonsense) are predicted to cause
haplo-insufficiency. Clinical features in TGFB2 mutation
carriers are similar to those of other syndromes causing
thoracic aortic disease including: cardiovascular [aortic
root aneurysm (74%), cerebrovascular disease, and arterial
tortuosity], skeletal (pectus deformity, joint hyperflexibility,
scoliosis, and arachnodactyly), cutaneous (striae,
herniations), and pulmonary (pneumothorax, dural ectasia).
Median age of aortic disease presentation is 35 years, with
the majority of patients presenting with aneurysms at the
sinuses of Valsalva (4.7-5.4 cm). In a small series reported to
date, no aortic dissections occurred in individuals younger
than 31 years of age (24).

Non-syndromic aortic aneurysms

For non-syndromic inherited aneurysmal disorders, a
less heralded breakthrough occurred at Yale University
in 1981. One of us (JAE) was a young resident in the
audience when the distinguished Professor M. David
Tilson, together with his resident protégé Chau Dang,
presented at Surgical Grand Rounds their original
observation that aneurysmal disease was distinct clinically
from occlusive vascular disease—and that abdominal
aneurysmal disease tended to run in families. These truly
original and iconoclastic observations laid the foundation
for much work that was to come (25,26). In 1997 and
1999, Dr. Diana Milewicz in Texas and our team at Yale
reported, independently, that non-syndromic thoracic
aortic aneurysms tended to run in families. Both teams,
remarkably, reported the same likelihood—20%—that any
given proband would have a relative with a known aortic
aneurysm (27,28). In the years since those observations of
familial patterns in thoracic aortic disease, Milewicz and
colleagues have gone on to identify via linkage analysis
and other genetic techniques, the specific mutations that
underlie many cases of familial thoracic aortic aneurysm
and dissection (29).

Non-syndromic aortic aneurysms are thus divided into
Familial Thoracic Aortic Aneurysms (FTAA), where more
than one person in the family is affected, and sporadic TAA,
where only a single person in the family is known to have
an aneurysm. FTAAs typically present earlier in life than
sporadic aneurysms, have a higher annual growth rate, and
do not demonstrate association with traditional risk factors
for aortic disease such as dyslipidemia or coronary artery
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disease (28,30). Cases of non-syndromic TAA primarily
involve the thoracic aorta, a region from the aortic root to
the thoracic descending aorta.

Non-syndromic Familial Thoracic Aortic Aneurysms
and Dissections (FTAA and FTAAD) are also genetically
heterogeneous. Mutations in five genes (MYH11, TGFSRI,
TGFBR2, MYLK, and ACTA2) have thus far been identified
and all have autosomal dominant inheritance. Together
these account for only 23% of familial non-syndromic cases.
Two additional chromosomal regions have been implicated
(5q13-14 and 11q23.3-24) but no genes have as yet been
identified. Novel genes have been difficult to map by
linkage analysis, probably because of incomplete penetrance
and/or locus heterogeneity (2,31,32).

MYHI11 mutation

Mutations in the MYHI11 gene (chromosome 16p13.11)
account for 2% of non-syndromic TAADs, and have been
often associated with patent ductus arteriosus (PDA) (33).
The myosin superfamily is composed of a large class of
motor molecules which interact with actin filaments and
result in force generation through ATP hydrolysis. The
MYH]11 gene is composed of 42 exons and encodes MYH11
protein. The vertebrate smooth muscle myosin is composed
of a hexameric complex of 2 myosin heavy chains (SM-
MHC coded for by MYHI1), 2 essential light chains, and 2
regulatory light chains (RLC). Myosin heavy chains consist
of a globular head domain composed of ATPase and actin-
binding subdomains, a linker region with Ig repeats that
bind light chains, and a variable tail region which specializes
each myosin to its cellular functions. SM-MHC:s coiled-
coil domain in the tail region enables the protein to first
dimerize and then polymerize to form thick filaments that
interact with actin thin filaments. The coiled-coil domain
is composed of a 28 residue charge repeat of alternating
positive and negative residues. Most of the identified
pathogenic MYH11 mutations are located in the coiled-coil
domain of the protein (33,34) (Figure I).

Heterozygous MYHI11 mutations result in thoracic
aortic aneurysms and are thought to act via a dominant
negative mechanism. Mutations in MYH11 identified in
FTAAD families are predominantly splice-site mutations
resulting in in-frame deletions and missense mutations.
Identification of MYH11 mutations responsible for
FTAAD is often difficult as in the general population.
According to the Exome Rare Variant database, 0.6% of
such variants have been identified for MYHI11 (http://evs.
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ACTA2 mutation

Mutations in ACTA2 gene are the most common mutations
resulting in aortic aneurysms and account for 10-15% of all
FTAAD mutations. They are heterozygous mutations which
encode the smooth muscle cytoskeletal protein actin alpha
2 (actin 02), which is the vascular smooth muscle specific
isoform involved in vascular smooth muscle cell contraction,
interacting with the B-myosin heavy chain (encoded by
MYH11) (36). The ACTA2 gene is localized to chromosome
10 (10q23.31). Mutations in ACTA2 act via a dominant
negative mechanism with reduced penetrance and variable
expressivity. Half of mutation carriers have no aortic disease.
ACTA2 mutations (to date approximately 30 mutations have
been identified) resulting in aortic aneurysms have been
predominantly found to be missense (37), although deletions
and splice-site mutations have also been described
(36,38-44). Patients with ACTA2 mutations present with
acute ascending (type A) or descending (type B) aortic
dissections, and a median survival of 67 years (36). Although
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the aortic diameter is variable prior to rupture, most studies
looking at ACTA2 mutations found the majority of aortic
aneurysms to be <5.0 cm prior to dissection. For this reason,
early surgical intervention should be considered even
when minimal changes in aortic diameter are recognized.
Histologically, ACTA2 mutations demonstrate vascular
smooth muscle hyperplasia but not hypertrophy. This
vascular smooth muscle hyperplasia has been associated
with a possible increased risk of stroke and coronary artery
disease (up to 25% in some studies) (38).

MYLK mutation

The MYLK gene is localized on chromosome 3 (3q21.1) and
accounts for 1% of all FTAA mutations. Mutations in MYLK,
which encodes myosin light chain kinase (MLCK), have been
exclusively associated with thoracic ascending aortic dissections
(TAAD). MLCK is a ubiquitously expressed kinase whose
target of phosphorylation is a 20 kDa regulatory light chain
(RLC) of myosin II (45). In smooth muscle cells initiation
of myogenic response to mechanical stretch is a result of
Ca/calmodulin complex activating MLCK. MLCK in turn
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phosphorylates RLC and this increases actin-activated
myosin II ATPase and initiates the physiologic
contraction of smooth muscle (37). MYLK mutations
follow an autosomal dominant pattern of inheritance, and
are thought to cause disease as a consequence of haplo-
insufficiency. Because the pathophysiology of MYLK
mutations is that of dissections and not aneurysms, it is
difficult to counsel as to the time of intervention (37).

Conclusions

Medical science has made substantial progress in
elucidating the genetic basis of aortic diseases since
Marfan's original observations a century ago. The
identification of specific mutations underlying syndromic
and non-syndromic thoracic aortic aneurysms now
permits precise identification of affected patients and
confirmation of clinical diagnoses. Further, it is becoming
clear that specific mutations lead to subtly different
patterns of disease progression. Soon, we will enter an
era of personalized aneurysm care, in which specific
mutations will determine the appropriate size criterion
for surgical intervention. Despite the great complexity of
interpreting the wealth of information generated by whole
genome sequencing, it is indeed this understanding that
will allow aortic care to evolve beyond the current surgical
plane, which, while delicate, intricate, and challenging, is
essentially human “plumbing”.
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