Published online: 2019-12-16

THIEME

(0] 43\
ACCESS

State-of-the-Art Review 99

Genes Associated with Thoracic Aortic Aneurysm and
Dissection: 2019 Update and Clinical Implications

Thais Faggion Vinholo, MSc!
Mohammad A. Zafar, MD'

Adam |. Brownstein, MD?
Helena Kuivaniemi, MD, PhD*  Simon C. Body, MD, MPH?

Bulat A. Ziganshin, MD, PhD'-3

Allen E. Bale, MD® John A. Elefteriades, MD, PhD (hon)’

T Aortic Institute at Yale-New Haven Hospital, Yale University School
of Medicine, New Haven, Connecticut

2pepartment of Medicine, Johns Hopkins Hospital and Johns Hopkins
School of Medicine, Baltimore, Maryland

3 Department of Cardiovascular and Endovascular Surgery, Kazan
State Medical University, Kazan, Russia

4Division of Molecular Biology and Human Genetics, Department of
Biomedical Sciences, and Department of Psychiatry, Faculty of
Medicine and Health Sciences, Stellenbosch University, Tygerberg,
South Africa

5Department of Anesthesia, Critical Care and Pain Medicine, Beth
Israel Deaconess Medical Center, Harvard Medical School, Boston,
Massachusetts

6Department of Genetics, Yale School of Medicine, New Haven,
Connecticut

AORTA 2019;7:99-107.

Abstract
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Thoracic aortic aneurysm is a typically silent disease characterized by a lethal natural

history. Since the discovery of the familial nature of thoracic aortic aneurysm and
dissection (TAAD) almost 2 decades ago, our understanding of the genetics of this
disorder has undergone a transformative amplification. To date, at least 37 TAAD-
causing genes have been identified and an estimated 30% of the patients with familial
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Introduction

This review presents an annual update to the article “Genes
Associated with Thoracic Aortic Aneurysm and Dissection:
Update and Clinical Implications” originally published in
2017 and updated in 2018 in AORTA."? We have updated
the list of genes with identified genetic variants predisposing
individuals to a thoracic aortic aneurysm or dissection
(TAAD) in =Table 1, and the recommendation for individu-
alized surgical interventions for specific genetic mutations is
presented in ~Fig. 1.
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nonsyndromic TAAD harbor a pathogenic mutation in one of these genes. In this
review, we present our yearly update summarizing the genes associated with TAAD and
the ensuing clinical implications for surgical intervention. Molecular genetics will
continue to bolster this burgeoning catalog of culprit genes, enabling the provision of

Thoracic aortic aneurysm (TAA) affects 1% of the general
population® and its natural history is to enlarge an average of
0.14 cm per year.* Prior to often lethal dissection or rupture,
TAAs are usually asymptomatic. However, if identified and
treated with appropriate blood pressure control and surgical
intervention, life expectancy is improved.

Report of inherited TAAD in the 1990s° has led to the
discovery and understanding of genetic and molecular
mechanisms of TAAD.® To date, variants in 37 genes have
been associated with TAAD (=Table 1; =Fig. 1). These genes
explain approximately 30% of the familial nonsyndromic
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SMC, smooth muscle cell; TGF, transforming growth factor.

TAAD.” These genes encode proteins of the extracellular
matrix, vascular smooth muscle cell contractile unit, or
transforming growth factor B (TGF-B)-signaling pathways8
and thus are essential to the structure and maintenance of
the aortic wall.

During 2018, several important studies were published
that have enhanced our understanding of the pathogenesis of
TAAD. Gould et al® performed whole-exome sequencing
(WES) and targeted sequencing on 736 individuals with
bicuspid aortic valve (BAV), non-syndromic ascending aortic
aneurysm (AscAA), and 376 controls.’ In 13 (1.8%) of the
affected individuals a heterozygous ROBO4 mutation was
identified, including two variants that segregated with dis-
ease among two affected families.’ ROBO4 is well expressed
in vascular endothelial cells and plays a role in endothelial
barrier function.® In this study, its expression was found to be
diminished in the resected aorta sample of an affected
individual with AscAA.° To further test their hypothesis
that ROBO4 variants lead to the disruption of endothelial
performance at a cellular level, thus altering vascular per-
meability, the authors cultured human aortic endothelial
cells and either silenced ROBO4 or expressed ROBO4 variants.
They confirmed that ROBO4 abnormalities did indeed induce
endothelial barrier dysfunction. Lastly, the authors created
homozygous ROBO4 knockout mice and a knock-in mouse
with an ROBO4 splice donor site mutation; the affected mice
presented with a mix of aortic valve dysfunction (BAV and/or
aortic regurgitation or stenosis) and AscAA, confirming their
suspicion that a heterozygous mutation in ROBO4 can lead to
a nonsyndromic presentation of BAV/AscAA.9

Latent transforming growth factor binding proteins
(LTBP), a family of extracellular matrix glycoproteins, have
been shown to play a significant role in TGF-B regulation.'®

LTBP1, in particular, can bind to fibrillin-1 and inactivate
TGF-B.'%"" Quifiones-Pérez et al described a case series
involving a three-generation family with TAA found to
have a chromosome 2p22.3-p22.2 deletion involving
LTBP1, amongst other genes.10 Despite multiple genes being
involved in the deletion, LTBP1 was considered the likely
culprit given its relationship to TGF-f. In addition to TAA, the
affected individuals displayed additional features of Marfan
syndrome (MFS) and Loeys-Dietz syndrome, even though
none of them met the criteria for diagnosis.

Mutations of the latent TGF-B binding protein-3 (LTBP3)
gene have been associated with TAAD in a WES study of 271
individuals from unrelated families with heritable thoracic
aortic disease (multiple affected family members) without a
known genetic etiology for aortopathy.'? In this study,
compound heterozygous variants in one family and a homo-
zygous insertion/deletion variant in LTBP3 in a second family
were identified. Sequencing of 338 additional individuals
with non-syndromic TAAD found nine additional heterozy-
gous LTBP3 rare variants. The authors also demonstrated that
LTBP3 knockout mice manifested enlarged aortic roots and
ascending aortas compared with wild type mice. These
findings demonstrate that individuals with LTPB3 are at
increased risk for TAAD, in addition to the already estab-
lished risk for skeletal and dental abnormalities.'>~

Rare mutations in the Parkin-like E3 ubiquitin ligase
Ariadne-1 (ARIH1) have been observed in patients with
early-onset or familial TAAD.'> ARTH1 encodes a protein of
the LINC (linker of nucleoskeleton and cytoskeleton), a
protein complex essential for anchoring myocyte nuclei to
the cytoskeleton.' Aortic tissues from patients with these
mutations exhibit affected nuclear morphology in vascular
smooth muscle cells.
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It is well known there is an increased risk for BAV and TAA
among individuals with Turner syndrome, although the
precise etiology has thus far remained elusive. Corbitt
et al'® demonstrated that Turner syndrome patients with
putatively-deleterious mutations in TIMP3 are associated
with a greater incidence of BAV and TAA than the patients
without TIMP3 variants. Hemizygosity for coincident TIMP1/
TIMP3 variants, synergistically increased the risk for BAV and
TAA,® due to TIMP1’s functional redundancy with TIMP3.

Numerous mutations of the myosin light chain kinase
(MYLK) gene have been associated with TAAD. Shalata et al
have identified an additional MYLK missense mutation in a
single pedigree.!” Myosin light chain kinase phosphorylates
myosin regulatory light chains to facilitate actin-myosin
generation of contraction. The mutation was shown to be
functional, reducing kinase activity.

Insights to the pathogenesis of TAAD are as important as
identifying TAAD variants. Nogi et al'® found the protein
expression of small GTP-binding protein GDP dissociation
stimulator (SmgGDS) in aortic smooth muscle cells was de-
creased in TAAD patients compared with controls.' 8 SmgGDSis
encoded by the RAP1GDS1 gene and known to be involved in
the contraction of vascular smooth muscle cell (VSMC).'8 Using
a heterozygous SmgGDS*/~ mouse model, since the complete
knockout (SmgGDS~/~) was embryologically lethal, they ob-
served that the downregulation of SmgGDS was causing
“pathological phenotype changes in VSMC” via the angioten-
sin-II pathway.'® Furthermore, they demonstrated that when
SmgGDS was overexpressed in the SmgGDS™/~, the mice had
less aortic growth and fewer aortic ruptures, suggesting that
SmgGDS could be used as a biomarker or a therapeutic agent.

Conclusion

Advances in 2018 have increased our understanding of the
pathogenesis of TAAD. The number of genes with genetic
variants or mutations associated with TAAD has increased
from 29 in our original 2017 report2 to 37 in this 2019 update.
Advances in genetic techniques and bioinformatics tools have
enabled rapid progress in the genetic and molecular under-
standing of TAA. As the cost for genome sequencing decreases,
we anticipate accelerating progress. With our greater under-
standing of the genetics of the individuals affected with TAAD
and their specific genetic mutations or susceptibility variants,
we can provide a personalized aortic care, tailoring surgical
recommendations for each patient depending on their individ-
ual genetic profiles. Because most families that have multiple
affected members with TAAD still have not had known genetic
variants identified in the aortopathy genes, we expect many
new genes harboring variants for TAAD will be discovered in the
foreseeable future and thereby enhance our genetic dictionary.
Furthermore, it is important to remind ourselves that every
disease-causing mutation starts out as a variant of unknown
significance (VUS).'® Only after extensive functional studies it is
possible to confidently state that a VUS is a disease-causing
mutation. Such work requires multidisciplinary collaboration.

We will continue to report annual updates regarding the
“TAA genetic dictionary” with updates to the Table and
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Figure below and provide suggested surgical intervention
criteria for each identified mutation.
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