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Abstract

Background: Thoracic aortic dissection is an emergent life-threatening condition. Routine
screening for genetic variants causing thoracic aortic dissection is not currently performed for
patients or family members.

Methods: We performed whole exome sequencing of 240 patients with thoracic aortic dissection
(n=235) or rupture (n=5) and 258 controls matched for age, sex, and ancestry. Blinded to case-
control status, we annotated variants in 11 genes for pathogenicity.

Results: Twenty-four pathogenic variants in 6 genes (COL3A1, FBNI1, LOX, PRKGI1, SMADS3,
TGFBRZ2) were identified in 26 individuals, representing 10.8% of aortic cases and 0% of controls.
Among dissection cases, we compared those with pathogenic variants to those without and found
that pathogenic variant carriers had significantly earlier onset of dissection (41 vs. 57 years),
higher rates of root aneurysm (54% vs. 30%), less hypertension (15% vs. 57%), lower rates of
smoking (19% vs. 45%), and greater incidence of aortic disease in family members. Multivariable
logistic regression showed that pathogenic variant carrier status was significantly associated with
age <50 [odds ratio (OR) = 5.5; 95% CI: 1.6-19.7], no history of hypertension (OR=5.6; 95% ClI:
1.4-22.3) and family history of aortic disease (mother: OR=5.7; 95% ClI: 1.4-22.3, siblings:
OR=5.1; 95% CI 1.1-23.9, children: OR=6.0; 95% ClI: 1.4-26.7).

Conclusions: Clinical genetic testing of known hereditary thoracic aortic dissection genes
should be considered in patients with a thoracic aortic dissection, followed by cascade screening
of family members, especially in patients with age-of-onset <50 years, family history of thoracic
aortic disease, and no history of hypertension.

Journal Subject Terms:

Aortic Dissection; Genetics

Keywords
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Introduction

Thoracic aortic dissection is a life-threatening condition, responsible for 15,000 deaths a
year in the United States.l: 2 Approximately 30% of patients presenting with a thoracic
aortic aneurysm and dissection have an underlying genetic predisposition,3 which can be
associated with syndromic features, such as Marfan syndrome or Loeys-Dietz syndrome, or
not associated with syndromic features, as with ACTAZ, MYLK, and MYH11 mutations.*
Variants in many genes, including FBN1, SMAD3, and ACTAZ, among others, can lead to
either syndromic or non-syndromic thoracic aortic aneurysm and dissection.#® Recent
advances in the field have shown definitive and strong evidence to support the role of
pathogenic variants in ACTAZ, COL3A1, FBN1, MYH11, SMAD3, TGFBZ2, TGFBRI,
TGFBR2, MYLK, LOX, and PRKG1 as predisposing to hereditary thoracic aortic disease.’
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These genetic findings play a critical role for the patient and family members, helping to
guide clinical decision-making to prevent or lessen the likelihood of a catastrophic event.
Aortic diameter is a central criterion when deciding prophylactic surgical intervention, and
the recommended aortic diameter for surgical intervention differs for those with and without
an underlying genetic predisposition. The American Heart Association/American College of
Cardiology (AHA/ACC) guidelines® recommend that patients with genetically mediated
aneurysms undergo elective surgical repair at an ascending or aortic root diameter of 4.0-5.0
cm, depending on the condition. Whereas patients without a known genetic mutation may
undergo elective surgical repair when the ascending or aortic root diameter is > 5.5 cm, there
are also established risk factors, such as an aortic diameter growth rate between > 3 to 5mm/
year8: 9 that may drive early surgical intervention. Recent work shows that different genes
predisposing to hereditary thoracic aortic dissection have varying presentations and courses.
10, 11 For instance, patients with ACTA2 mutations more often present with acute aortic
dissections whereas patients with Marfan syndrome often present with skeletal and ocular
features before thoracic aortic dilation is discovered.12

Despite the potential clinical impact of genetic findings, clinicians are usually not aware that
a patient has an underlying pathogenic variant upon initial presentation with a thoracic aortic
dissection. The identification of variants known to predispose to thoracic aortic dissection
has the potential to improve clinical management and guide treatment strategies for patients
and family members. The objective of this study was to evaluate trends in pathogenic
variants carriers with a history of thoracic aortic dissection or thoracic aortic rupture, as well
as to identify which patients and corresponding family members may benefit from clinic
genetic testing. We examined all genes in the genome and none reached exome-wide
significance for single variant tests or gene-based burden tests.

The full methods for this manuscript are available as supplemental material. In accordancy
with the Transparency and Openness Promotion (TOP) guidelines the data that support the
findings of this study are available from the corresponding author (CJW) upon reasonable
request and approval from the institutional internal review board. The study was approved by
the institutional review board at the University of Michigan and all subjects provided
informed consent.

Annotation of variants from research-level whole exome sequencing identifies pathogenic

variants

A total of 240 cases with a clinical diagnosis of thoracic aortic dissection (type A or type B)
or rupture with or without aortic aneurysm and 258 age-, sex-, and ancestry-matched
controls had whole exome sequences available following quality control (see Methods for
quality control failures). For the 498 samples passing quality control, 248 variants were
annotated blind to the variant carrier’s case or control status. 24 pathogenic variants in 6
genes (COL3A1, FBN1, LOX, PRKG1, SMADS3, TGFBR2) were identified, found
exclusively in 26 cases (Table 1), representing 10.8% of cases and 0% of controls. Two
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variants were seen twice in cases who were first degree relatives. There is a significant
burden of pathogenic variants in FBN/I in cases compared to controls (N¢ases=18,
Ncontrols=0; p-value=2.5x107°, Supplementary Table 1). These variants are predominantly
found in calcium-binding epidermal growth factor domains of FBNZ (Figure 1). We
examined the proportion of pathogenic variants that were present in commonly used
databases and found that of the 24, 11 were present in dbSNP3, 8 were listed as pathogenic
in ClinVarl4, and 2 were present in gnomAD?® (see Supplementary Note).

Validation targeted sequencing

Molecular Inversion Probe Sequencing was utilized to ensure the highest level of confidence
in the whole exome sequencing variant calls and to protect against potential sample swaps.
The carrier status of pathogenic variants identified through whole exome sequencing was
verified by Molecular Inversion Probe Sequencing in all 26 samples (Supplementary Table
2).

Research-level whole exome sequencing and implications for precision health

For 17 of the 26 pathogenic variant carriers (hereon pathogenic carriers), the whole exome
sequencing results aligned with the current clinical diagnoses in the electronic medical
record, including 5 patients (5/17) in which clinical genetic testing previously identified the
same pathogenic variant as whole exome sequencing (Table 2 and Supplementary Table 3).
Whole exome sequencing results provided validation for 12 pathogenic carriers with a
clinical diagnosis of Marfan syndrome based on the Revised Ghent Nosology.16 There were
no genetic testing results for the above 12 patients other than the whole exome sequencing
results from this study. For the 9 remaining pathogenic carriers, whole exome sequencing
and annotation of pathogenic variants added diagnostic precision to the clinical diagnosis
(Table 2). Specifically, 8 of these pathogenic carriers (8/9) lacked a specific clinical
diagnosis, but whole exome sequencing and history of thoracic aortic dissection shifted the
clinical diagnosis per guidelines to Marfan syndrome6 (FBN/Z, n=4), vascular Ehlers-
Danlos syndrome® (COL3A1, n=1), or familial thoracic aortic disease (LOX, PRKGI, and
SMADS3, n=3). For 1 pathogenic carrier (1/9) there was an incorrect diagnosis of Marfan
syndrome, which was amended to Loeys-Dietz syndrome based on a pathogenic variant
identified in 7TGFBRZ2 and history of an acute Type A aortic dissection. In addition, the
whole exome sequencing results provide a basis for cascade screening for the family
members of all 26 cases per AHA guidelines.8

Variants of unknown significance

86 of the 248 annotated variants in aortopathy genes were annotated as VUS. After
excluding one of each first degree relative pair (see Methods) and cases with pathogenic
variants, 58 of 213 cases (27.2%) and 51 of 258 controls (19.8%) had at least one VUS
identified from whole exome sequencing, which was not significant (p-value=0.072,
Supplementary Table 4). There is, however, a significant association between pathogenic
variants and cases (p-value=2.8x10~7, Supplementary Table 4). None of the 11 genes
demonstrated association between carrier status for VUS and thoracic aortic dissection or
rupture case/control status (Supplementary Table 1).
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Clinical characteristics between pathogenic variant and non-pathogenic variant carriers

The pathogenic carriers were significantly younger with a median of 41 years (age range 18-
61 years) versus 57 years (age range 17-89 years) of age. 77% of pathogenic carriers were <
50 years old while 72% of non-pathogenic carriers were >50 years old. Pathogenic carriers
also had significantly more root aneurysms (54% vs. 30%), less hypertension (15% vs.
57%), and less history of smoking (19% vs. 45%) compared to the non-pathogenic carriers.
Moreover, the pathogenic carriers had a greater incidence of thoracic aortic disease in
parents, siblings, and children (all p-values<0.05) (Table 3). Pathogenic carriers presented
with more type A than type B dissections although this comparison was not significant
(69.2% vs. 58.9%, p=0.421). One pathogenic carrier had a bicuspid aortic valve compared to
17 non-pathogenic variant carriers with biscuspid aortic valves. Multivariable logistic
regression showed that pathogenic carriers were significantly more likely to have dissection
age < 50 years old, family history of thoracic aortic disease, and no history of hypertension
(Table 4).

Discussion

The current study reports our initial experience with research-level whole exome sequencing
in patients with thoracic aortic dissection or rupture with or without aneurysm. We tested
240 cases and 258 controls for pathogenic variants in 11 genes known to cause aortic
dissection.” By whole exome sequencing and validation targeted sequencing, we found
pathogenic variants in 10.8% of cases and 0% of controls. 58 (27.2%) cases and 51 (19.8%)
controls were identified as carriers of variants of unknown significance.

In the general population, the incidence of pathogenic variants in our 11 genes of interest is
very low (1 x 1077 %, see Supplementary Note). Our diagnostic yield of 10.8% parallels the
9.3% in previous work, which identified pathogenic variants in the same 11 genes based on
research-level whole exome sequencing of 355 patients with sporadic aortic dissection and
early onset (<56 years of age).1 In contrast, the yield of whole exome sequencing in 102
thoracic aortic aneurysm and dissection patients was much lower, with only 3.9% of cases
carrying a pathogenic variant in one of 21 genes of interest.18 Similarly, Weerakkody et al.1?
performed targeted genetic analysis of 15 genes in a mixed cohort of 967 familial and
sporadic thoracic aortic aneurysm or dissection cases, and identified 49 pathogenic or likely
pathogenic variants in 47 patients which represents a diagnostic yield of 4.9%. We report a
two-fold increased proportion of pathogenic variant carriers (10.8%) in a cohort with a more
severe phenotype consisting of only thoracic aortic dissection or rupture cases, suggesting
the utility of pursuing a clinical genetic diagnosis in this patient group specifically. The 89%
of dissection cases that do not have a pathogenic variant may be due to a pathogenic variant
currently annotated as a VUS, a pathogenic variant in a gene not yet identified, a high
polygenic risk of aortopathy, and/or environmental risk factors. Additional studies of
dissection cases may help identify novel genes underlying risk in remaining cases. Notably,
the incidence of BAV in non-pathogenic variant carriers (17/216) is higher than that of the
general population similar to other studies??, indicating that BAV is a risk factor for aortic
dissection even in the absence of a known pathogenic variant.

Circ Genom Precis Med. Author manuscript; available in PMC 2020 June 18.
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The significant risk factors for a pathogenic variant in patients with thoracic aortic dissection
or rupture were young age (<50 years old), no history of hypertension, but strong family
history of thoracic aortic aneurysm, dissection or rupture (Table 4). This is in agreement
with a recent study in familial and sporadic cases of aneurysm or dissection of the thoracic
aorta which demonstrated a significantly increased probability of harboring a pathogenic or
likely pathogenic variant in cases which were syndromic, young (age <50), or with a known
or probable family history.19 Patients with pathogenic variants in 7TGFBR1/2 (Loeys-Dietz
syndrome), FBNI (Marfan syndrome), and MYH11 have a higher risk of aortic dissection
and suffer more complications from aortic dissection, including death. Therefore AHA/ACC
guideline recommends early and aggressive prophylactic operation to resect the abnormal
thoracic aorta in patients with pathogenic variants.8 Our results support the clinical
importance of obtaining clinical genetic testing of known hereditary thoracic aortic
dissection genes for thoracic aortic dissection and rupture patients, especially those with
onset < 50 years old, no history of hypertension, and a positive family history of thoracic
aortic disease.

It is important to clarify that other circumstances may exist that would warrant similar or
different recommendations based on our findings. For instance, if a patient had a positive
family history of thoracic aortic disease, clinical genetic testing for the patient and family
members especially the offspring would be recommended despite the patient’s age at the
time of dissection (< or > 50 years of age). If a patient had a negative family history and was
< 50 years of age, clinical genetic testing for the patient would be recommended, but
cascade screening for family members would only be recommended if a pathogenic variant
was identified in the patient. Beyond clinical genetic testing, screening with a CT angiogram
(CTA) or MRI would be recommended to rule out thoracic aortic disease among the
patient’s family members. If a patient had a negative family history and was > 50 years of
age, clinical genetic testing for the patient or family members would not be recommened,
although screening with a CTA or MRI would be recommended to rule out thoracic aortic
disease among the patient’s family members. Routine surveillance should be performed for
all patients surviving a thoracic aortic dissection. Less frequent surveillance utilizing a CTA
or MRI is recommended for family members without thoracic aortic diease at initial CTA or
MRI since family members may have a higher risk of thoracic aortic dissection compared to
the normal population.

We did not find a difference in the percentage of VUS in 11 dissection genes among cases
compared to controls (p = 0.07). In contrast, a previous study found a significantly increased
burden of VUS in hereditary thoracic aortic dissection genes in dissection cases < 56 years
of age compared with public controls (p = 2 x 1078).17 However, several differences in the
two studies may contribute to the varied results. Whereas the sample size of the previous
study’s control group was substantially higher, we analyzed cases and controls from the
same batch and performed all quality control and variant annotation blinded to case or
control status. Additionally, a focus on younger onset dissection cases may identify higher
rates of VUS that may actually be pathogenic.?! Although the 2015 American College of
Medical Genetics guidelines?? state that “a variant of uncertain significance should not be
used in clinical decision-making,” we found evidence that VUS from clinical genetic testing
resulted in the introduction of syndromic labels and diagnoses into the electronic medical
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record. Specifically, a VUS in TGFBRZ2was subsequently described as a “novel change
likely causing Loeys-Dietz syndrome.” The statistically similar rate of VUS in cases and
controls demonstrates the need for a greater understanding of the high frequency of VUS in
controls (15% in Guo et al'” and 20% in this study) and careful interpretation of VUS in
clinical practice.

To address the limitation that our sample processing and whole exome sequencing was not
performed in a CLIA-certified laboratory, we verified pathogenic variants using MIPS.
Furthermore, we performed expert-annotation of variant pathogenicity blinded to case or
control status. This, coupled with the absence of pathogenic variants in controls, provides
increased confidence in the results. These precautions lend additional evidence that the
research-level whole exome sequencing results are of high enough quality to return findings
to patients, which will trigger verification by clinical genetic testing performed in a CLIA-
certified laboratory and cascade screening for the same pathogenic variant in family
members. Electronic medical record review of the cases with a pathogenic variant suggested
an average of 4 (3.88) first degree relatives per patient that would now be candidates for
cascade screening. We are also limited by the 1) retrospective review, 2) possibility of
incomplete electronic medical records, especially if a patient was seen at an outside
institution, and 3) potential for limited family history knowledge.

In conclusion, this work provides evidence that whole exome sequencing and annotation can
accurately identify pathogenic variants in established genes for hereditary thoracic aortic
dissection in patients with a thoracic aortic dissection or rupture. Moreover, the results
highlight meaningful implications for precision health by providing clinical guidance on
how to manage both patients and family members. We recommend clinical genetic testing of
hereditary thoracic aortic dissection genes in patients who have suffered a thoracic aortic
dissection, especially for those with an onset prior to 50 years old, a family history of
thoracic aortic disease, and no history of hypertension. Clinical genetic testing may help to
prevent catastrophic events, such as thoracic aortic dissections and death, for family
members of pathogenic variant carriers who have a high risk but have yet to develop the
phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of pathogenic and variants of unknown significance in Fibrillin 1 (FBNI). Each

point is a sample, with controls above the protein diagram and cases below.
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Table 2.

Comparison Between Clinical Diagnosis and Pathogenic Variants Identified With Whole Exome Sequencing

Diagnostic improvement

Clinical Diagnosis Clinical Diagnosis S
Matched Changed and implications for
Number of Number of Number of

Variants Genes Variants Genes Variants Genes
Clinical genetic testing * * *
previously performed 5 FBNI1', SMADS3", PRKG1 0 0 0 }
No prior clinical 12 T4 1 2¢ 8 FBN1§, SMAD3§, LOX§,
genetic testing FBNI TGFBR. cotsar

*

Clinical diagnois and clinical genetic testing were consistent with the whole exome sequencing results

fCIinicaI diagnosis based on the Revised Ghent Nosology without clinical genetic testing was consistent with whole exome sequencing results.
’tCIinicaI diagnosis without clinical genetic testing was inconsistent with whole exome sequencing results

§Clinical diagnosis without clinical genetic testing would be improved by the whole exome result.
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Demographic and Clinical Characteristics at the Time of Dissection

Table 3.

Variables AILle’aéi‘;e(r)]ts Non—’fl’itzhlcigenic Pat’{}ggz]gni c p
Age of onset, years 56 (45, 66) 57 (47, 67) 38 (26,48) <.001
Age of dissection, years 56 (45, 67) 57 (47, 67) 41(29,50) <.001
Male 159 (66) 146 (68) 13(50)  0.102
Race (% Caucasian) 212 (88) 190 (89) 22 (85) 0.76
Ethnicity (% non-Hispanic) 224 (93) 198 (93) 26 (100) 0.30
Thoracic aortic indications
Root aneurysm 78 (33) 64 (30) 14 (54) 0.025
Ascending aneurysm 119 (50) 107 (50) 12 (46) 0.87
Arch aneurysm 59 (25) 55 (26) 4 (15) 0.34
Descending aneurysm 71 (30) 66 (31) 5(19) 0.32
Max aneurysmal diameter, mm 48 (42, 57) 47 (42, 55) 57(48,71)  0.03
Type A aortic dissection 144 (60) 126 (59) 18 (69) 0.42
Type B aortic dissection 91 (38) 84 (39) 7(27) 0.31
Rupture 5(2.1) 4(1.9) 1(3.8) 0.441
Risk Factors
HTN 126 (53) 122 (57) 4(15) <.001
Dyslipidemia 42 (18) 40 (19) 2(7.7) 0.27
Smoking history (former/current) 102 (43) 97 (45) 5(19) 0.02
Type 2 diabetes mellitus 6 (2.5) 6 (2.8) 0 (0) 1.00
Medications
ACE-I 29 (12) 27 (13) 2(7.7) 0.75
Calcium channel blocker 11 (4.6) 11 (5.1) 0 (0) 0.61
ARB 14 (5.8) 13 (6.1) 1(3.8) 1.00
Beta-Blocker 68 (28) 62 (29) 6 (23) 0.69
Anti-HTN medications (% yes) 83 (35) 77 (36) 6 (23) 0.28
Number of HTN medications 0.40
0 157 (65) 137 (64) 20 (77)
1 50 (21) 46 (21) 4(15)
2 27 (11) 26 (12) 1(3.8)
3 6 (2.5) 5(2.3) 1(3.8)
Family history, first-degree relative
Mother 41 (17) 31 (15) 10 (50)  0.008
Father 47 (20) 39 (18) 8 (31) 0.22
Sibling, at least one known 42 (18) 30 (14) 12 (46) <.001
Child, at least one known 18 (7.5) 10 (5) 8(31) <.001
CLIA genetic testing (% yes) 20 (8.0) 15 (7.0) 5(19.2) 0.05
Pathogenic variant 5(2.0) 0 (0) 5(19.2) <.001
Likely pathogenic or VUS 8(3.8) 8(3.8) 0(0) 0.604
No variant identified 7(3.3) 7(3.3) 0 (0) 1.0
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Values are median (IQR) or n (%).
Correction for multiple statistical tests was not performed.

ACE-I=angiotensin converting enzyme inhibitor; ARB=Angiotensin Il receptor blocker; CLIA: Clinical Laboratory Improvement Amendments;
HTN=hypertension
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Table 4.
Risk factors for cases with a pathogenic variant
Variables OR 95% Wald ConfidenceLimits  P-value
L ower Upper
Age <50 vs>50 55 16 19.7 0.008
Sex (femalevsmale) 1.1 0.3 3.8 0.84
Caucasian 07 01 31 0.60
Root aneurysm 1.7 0.6 52 0.34
Hypertension 56 14 22.3 0.015
Smoking history 26 07 9.9 0.16
Family history
Mother 57 14 22.3 0.013
Father 03 01 1.6 0.17
Siblings 51 11 23.9 0.04
Children 60 14 26.7 0.017

Page 15

Hypertension was defined as no hypertension versus had a diagnosis of hypertension. Smoking history was defined as no smoking history versus

had a smoking history. Family history was defined as aortic disease noted within a first-degree relative.
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