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Abstract

Background —Spontaneous coronary artery dissection (SCAD) is a cause of acute coronary
syndrome that predominantly affects women. Its pathophysiology remains unclear but connective
tissue disorders (CTD) and other vasculopathies have been observed in a number of SCAD
patients. A genetic component for SCAD is increasingly appreciated, although few genes have
been robustly implicated. We sought to clarify the genetic etiology of SCAD using targeted

and genome-wide methods in a cohort of sporadic cases to identify both common and rare
disease-associated variants.
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Methods —A cohort of 91 unrelated sporadic SCAD cases was investigated for rare,
deleterious variants in genes associated with either SCAD or CTD, while new candidate genes
were sought using rare variant collapsing analysis and identification of novel loss-of-function
variants in genes intolerant to such variation. Finally, two SCAD polygenic risk scores (PRS) were
applied to assess the contribution of common variants.

Results —We identified 10 cases with at least one rare, likely disease-causing variant in
CTD-associated genes, although only one had a CTD phenotype. No genes were significantly
associated with SCAD from genome-wide collapsing analysis, however, enrichment for TGF-$
signaling pathway genes was found with analysis of 24 genes harboring novel loss-of-function
variants. Both PRS demonstrated that sporadic SCAD cases have a significantly elevated genetic
SCAD risk compared to controls.

Conclusions —SCAD shares some genetic overlap with CTD, even in the absence of any
major CTD phenotype. Consistent with a complex genetic architecture, SCAD patients also have a
higher burden of common variants than controls.

Keywords

Spontaneous coronary artery dissection; genome sequencing; connective tissue disorders; rare
variants

Introduction

Spontaneous coronary artery dissection (SCAD) is a potentially fatal disorder that
predominantly affects women. It manifests as an acute coronary syndrome (myocardial
infarction or unstable angina) or sudden cardiac death. SCAD arises due either to rupture
of the vasa vasorum or to an intimal tear.> The resulting intramural hematoma causes the
wall of the culprit vessel to bulge into the lumen, thereby obstructing blood flow to the
myocardium and culminating in myocardial injury. SCAD is the cause of up to 4% of acute
coronary syndromes and is the primary cause of pregnancy-related myocardial infarction.?
Often those affected have few of the traditional risk factors associated with atherosclerotic
coronary artery disease (e.g. dyslipidemia, diabetes, obesity).?

Factors known to precipitate or predispose to SCAD include pregnancy, the presence

of extra-coronary vascular disorders (principally fibromuscular dysplasia [FMD]),
hypertension, inflammatory diseases, migraine and major physical or emotional stress.!
Over the last decade SCAD cases have been reported in patients with connective tissue
disorders (CTD)?3 and previously undiagnosed CTD found in SCAD patients.*% CTD
feature a vascular element, and a growing body of evidence now exists to link SCAD with
other vasculopathies, such as FMD and migraine. Moreover, a high proportion of FMD-free
SCAD cases show vascular abnormalities.” Therefore, an overlap between SCAD and CTD,
as well as other vasculopathies, merits further investigation.

A genetic component to SCAD etiology is suggested by the identification of several
multigenerational SCAD pedigrees.8 A single nucleotide polymorphism (SNP) in the
PHACTRI/EDNI locus is associated not only with an increased risk of SCAD, but also

an increased risk of migraine, FMD and cervical artery dissection.® 10 A further six common
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independent loci are now associated with SCAD.% 11. 12 Recently, rare variants in three
genes with apparently unrelated function have been proposed to contribute specifically

to SCAD pathophysiology, with 7SRZ identified in a sporadic SCAD cohort;13 72N
found initially in a SCAD pedigree and then in sporadic cases;* and a single rare F11R
variant in an affected mother-daughter pair.1> Taken together, these findings suggest that
the genetic architecture underlying SCAD is complex, involving both rare and common
variants. Moreover, there appears to be an overlap between potential SCAD genes and those
underlying CTD and vasculopathies.18 However, the prevalence of variants in CTD- or
SCAD-related candidate genes, and the role of either common or rare variants across SCAD
cohorts, has not yet been established. Using whole genome sequencing (WGS) of a cohort
of 91 unrelated SCAD patients, we sought to: (i) identify potentially damaging coding and
non-coding rare genetic variants in SCAD- and CTD-associated genes even in the absence
of a CTD phenotype; (ii) further investigate the role of common variants; and (iii) identify
candidate genes that might play a role in SCAD etiology.

Methods are available in the Supplementary Material. The study was approved by the

St. Vincent’s Hospital Human Research Ethics Committee (HREC/16/SVH/338, protocol
number SVH 16/245) and conducted in accordance with the Australian National Health and
Medical Research Council’s National Statement on Ethical Conduct in Human Research
and the CPMP/ICH Note for Guidance on Good Clinical Practice. All patients gave signed
informed consent prior to enrolment into the study and SCAD diagnosis was confirmed by
expert review of coronary angiogram images (blinded to the results of the genetic analysis).

Clinical cohort characteristics

The cohort of 91 unrelated SCAD cases subjected to WGS (clinical characteristics
summarized in Table 1) was 91.2% (83) female, predominantly European (88; 96.7%),
and had an average age at the first SCAD event of 45 years (range: 24 — 69). The majority
of patients had only one SCAD event, with 11 (12.1%) having suffered multiple episodes.
Migraine was present in 42 (46.2%) patients and FMD in 12 of 43 patients screened
(27.9%). Stressors at the time of SCAD were common, with 46 (50.5%) patients reporting
chronic emotional stress, 14 (15.4%) reporting physical stress, and four (4.4%) reporting
acute emotional stress. The most common cardiovascular risk factor was hypertension
(18.7%, n = 17). Two (2.2%) cases had prior CTD diagnoses: vascular Ehlers Danlos
syndrome (VEDS) and Alport syndrome (AS).

Tier 1 and Tier 2 gene screen

We created a two-tiered list of 90 genes based on eight diagnostic gene panels for CTD

and vasculopathies, and on previous publications that identified gene mutations in SCAD
patients (accessed December 2019, Supplementary Table I). Tier 1 consisted of 75 genes that
are associated with CTD with high confidence and Tier 2 contained 15 lower confidence
CTD genes and genes found to be associated with SCAD (Supplementary Table II). The
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predicted pathogenicity of rare variants was assessed according to American College of
Medical Genetics (ACMG) criteria. SCAD cases carrying clinically actionable variants
in CTD-associated genes were contacted to ascertain phenotypic features relevant to the
indicated CTD disorder (Supplementary Table I11)

A total of six (6.6%) cases had a pathogenic or likely pathogenic variant in a Tier 1 gene
(ALDH18A1, n=1; COL3A1,n=1; COL4A1, n=2; FBNI1, n=2), implicating 4/75 genes

in this Tier (Figure 1; Table 2). One additional case had a likely pathogenic variant in a

Tier 2 gene, ACV/R1, and one case, 090, harbored two likely pathogenic variants, one in
ALDHI18A1 (Tier 1) and one in ACVRI (Tier 2, Table 2). All cases were heterozygous for
their respective variants. A further two cases with heterozygous variants were identified in
Tier 1 genes that cause disease in an autosomal recessive (AR) fashion (A£BPI1, n=1; and
SLC2A10, n=1) (Supplementary Table V). Also of interest, a heterozygous variant in a Tier
2 gene, ABCC6 (NM_001171.5:¢.2787+1G>T), was identified in two unrelated individuals
(Supplementary Table 1V), although ABCC6 predominantly causes AR disease. Only one of
the 11 cases carrying potential disease-causing genes had any phenotypic evidence for the
cognate CTD, although five of these cases had at least one second-degree relative with an
aneurysm or dissection elsewhere (clinical details in Supplementary Table V). Variants of
uncertain significance (VUS) were identified in 40/80 remaining cases, 35 of which had at
least one VUS in a Tier 1 gene (Supplementary Table VI).

Nine variants within Tier 1 genes were predicted to alter splicing. Four of these, each
occurring in one of four cases (4.4%), are heterozygous variants in genes causing autosomal
dominant (AD) disease (Table 3). The remaining five variants are heterozygous but in Tier
1 genes causing AR disease. These were identified in four additional cases and in one

case with a splice-altering variant in an AD Tier 1 gene (Supplementary Table 1V). One
case, 091, had both a splice variant in PRKGI and a likely pathogenic missense variant

in ACV/RI (Tier 2; Table 2). Two cases showed some phenotypic evidence of the cognate
CTD upon follow-up even though one of them only had a heterozygote variant in an AR
gene (ADAMTS2) (Supplementary Table V). A third case had a second degree relative with
an extra-coronary dissection, when again carrying a heterozygote variant in an AR gene
(ADAMTS10) (Supplementary Table V). We also identified ultra-rare variants (with MAF
<0.001) that are potentially splice-altering, although with a lower SpliceAl score (0.2 - 0.4,
Supplementary Table VII). No abnormal splicing caused by the nine variants was expected
to be able to be validated in whole blood as only two of the nine variants were predicted to
escape nonsense-mediated decay, while all nine were lowly expressed in blood (Table 3).

No structural variants (SV) were identified that directly impacted an exon within any of the
90 Tier 1 and Tier 2 genes investigated, nor caused a deletion of any of these genes. One
VUS was identified in case 079, however: a heterozygous 60kb duplication of the entirety
of the Tier 2 gene, MYLK2Z, together with FOXS1 and a partial duplication of DUPS15and
TPX2 (GRCh37: chr20:30387503-30447873).

In total, 17 cases were identified that carried potential disease-causing variants in Tier 1
and 2 genes that could underlie SCAD etiology, including cases heterozygous for variants
in genes causing an AR CTD. Upon follow up, none of these patients had a prior CTD
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diagnosis, nor were any found to meet the criteria for the appropriate CTD diagnosis
(Supplementary Table V). Clinical characteristics of these cases were compared to the other
members of the SCAD cohort; variant carriers were significantly younger on average than
non-carriers (mean age at first SCAD in carriers 40.8 years vs 46.5 years, p = 0.028, Table
1). No other differences were identified.

Rare Variant Collapsing Analysis

The general utility of our Tier 1 and Tier 2 gene lists in distinguishing SCAD from healthy
controls was examined by rare variant collapsing analysis taking all 90 genes as the sole
analysis unit. Rare variants (gnomAD MAF < 0.01) were included for analysis if the
consequence was a frameshift or nonsense alteration, an alteration of a canonical splice

site, or a missense mutation with phred-scaled CADD > 12 and PolyPhen HDIV “P” or
“D”. Overall, a larger proportion of SCAD cases (n=88) carried at least one qualifying
variant within this set of genes than did controls from the Medical Reference Genome Bank
(MGRB) (n=1127) (Table 4, 86.4% vs 76.8%, p-value = 0.022), highlighting the general
association of these genes with SCAD. When each tier was considered as a single unit for
analysis, Tier 1 (75 genes) showed a significant enrichment of SCAD cases carrying at least
one qualifying variant (85.2% vs 72% of controls, p-value = 0.0037), while Tier 2 (15 genes)
did not (p-value = 0.15; Supplementary Table VIII). Thus, the higher confidence Tier 1 gene
set is primarily driving the association of SCAD with CTD and vasculopathies.

Genome-wide Analysis

To broaden the search beyond CTD and vasculopathy genes, we used a rare variant
collapsing analysis to investigate all genes, genome-wide, for a novel potential association
with SCAD. No single gene had a significantly greater proportion of cases carrying
qualifying variant(s) compared to the control cohort after multiple testing correction.
However, 375 genes were nominally significantly enriched in SCAD cases compared to
controls (Supplementary Table 1X). Gene ontology analysis for biological processes did not
identify any significant associations for these 375 genes.

We interrogated our dataset for novel loss of function (LoF) variants or likely damaging SVs
within LoF intolerant genes. Twenty-four novel LoF variants were found across 24 different
genes, in 22 cases (Supplementary Table X). For eight of the identified genes and variants,
the carrier was found to also have one or more candidate variants within genes on our CTD
list. Pathway analysis of these 24 genes showed a significant overrepresentation within the
TGF-p signaling pathway (WP366, adjusted p-value = 0.0005). Seven cases each had one
unigue SV with exonic impact affecting a total of 10 LoF-intolerant genes, however, none of
these genes were affected by SVs in more than one of the seven cases (Supplementary Table
XI). No genes were found with both SVs and LoF variants. These 24 genes were assessed
for LoF variants in a validation cohort of 384 UK SCAD samples!®, which identified one
further novel LoF variant in ACACA (Supplementary Table X).

Recently, reports have suggested a possible connection between the Fragile X premutation
and a predisposition to SCAD.1” Hence, we applied three bioinformatics tools tailored to
identify known pathogenic short tandem repeats (STRs) in WGS data. No SCAD cases
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carried a premutation length expansion of the Fragile X STR, nor any other known disease-
associated STRs.

Polygenic Risk Score (PRS)

Using a recently constructed PRS for SCAD!! (Supplementary Table XI1), we found
significantly higher scores for our European SCAD cases (h = 88) versus MGRB controls

(n = 1127), with the median SCAD score in the 76™ percentile of control scores (p-value
=1.372e-09, Figure 2). To confirm that the SCAD PRS was specific to SCAD patients and
not indicative of a general cardiovascular signal, the SCAD PRS was also calculated for a
cohort of familial dilated cardiomyopathy (DCM) probands (n = 76). SCAD patients had
significantly higher median scores compared to DCM patients (p-value = 2.08e-07), with
the median score in DCM patients in the 46! control percentile, thereby not significantly
different from control scores (p-value = 0.291). Similar results were found when using a
PRS constructed from the five single nucleotide polymorphisms (SNPs) identified by Turley
et all2 (Supplementary Figure I, Supplementary Table XI1), with the two scores having three
SNPs in common. Overall, this indicates that individual SCAD cases had a higher total
burden of SCAD-associated common SNPs than controls.

Discussion

The genetic architecture of SCAD is not well understood. In this study we performed

WGS in a cohort of sporadic SCAD cases. Using a two-tiered candidate gene approach,

we identified rare, likely pathogenic variants in 11% of our cohort (AD variants in Tier 1
genes), candidate disease-causing variants in another 9.9% of our cohort, as well as potential
new disease genes. Our analysis included screening for single nucleotide variants, insertion/
deletions, structural variants, splice-altering variants including deep intronic variants, and
STR expansions, making this the first study to interrogate WGS data for all types of
variation to identify potential causes of SCAD. Of interest, our yield for likely pathogenic
or pathogenic variants in CTD-associated genes in SCAD patients is higher (11%) than
reported previously (3.6-8.2%)% 516

Epidemiologically, extra-coronary vascular disorders, such as CTD and vasculopathies, have
often been reported in SCAD patients, indicating a potential common genetic etiology.3-°
Six of our SCAD patients carried pathogenic or likely pathogenic variants in four Tier 1
genes associated with CTD, however, none of these cases had a prior CTD diagnosis, nor
did they meet the clinical criteria for CTD diagnosis upon follow-up. This suggests that
SCAD is potentially part of the phenotypic spectrum of these disorders and may occur in
people with subclinical CTD. A similar hypothesis has been advanced in relation to cervical
artery dissection, where the majority of apparently sporadic cases show connective tissue
anomalies, some of which appear severe yet occur in the absence of a clinically diagnosable
CTD.18 In a few cases, where the CTD is inherited in an AR pattern, the heterozygote
variants we identified may be dominant with respect to SCAD only, although more evidence
of patients carrying these variants would be required. Variant carriers were younger than
non-carriers at their first SCAD, as observed previously,® which suggests that their variant(s)
is contributing to their SCAD phenotype.
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Likely pathogenic FBNI variants were seen in two female cases, both lacking a previous
Marfan syndrome (MFS) diagnosis or any Marfanoid features at follow-up. SCAD has
previously been reported in MFS patients,* however, there has only been one report of
SCAD in a patient lacking a diagnosis of MFS prior to the discovery of an FBNI mutation,
albeit of unclear pathogenicity.1®

Likely pathogenic variants in exons 42 and 51 of COL4A1 were found in two cases, both
of whom were 35 years or younger at first SCAD, each suffering one pregnancy-associated
SCAD and one additional SCAD event. While the case carrying c.3592G>A (exon 51)
reported no further CTD features bar an abdominal aneurysm in her maternal grandfather,
the case carrying the novel variant ¢.3592G>A (exon 42) reported a possible carotid
dissection and strokes in multiple family members including an intracerebral hemorrhage
in her son during the 3" trimester of pregnancy, leading to cerebral palsy. Mutations in
COL4A1 may cause brain small vessel disease 1 (BSVD1) or hereditary angiopathy with
nephropathy, aneurysms, and muscle cramps and pathogenic COL4A1 variants have also
been reported in cervical artery dissection families.29 Variants causing BSVD1 have almost
exclusively been identified between exons 25 and 51.21 Confirmation of the novel exon 42
variant in both the SCAD-affected mother and her son suggests this variant may indeed be
responsible for the vascular events in this family.

A heterozygous frameshift insertion leading to premature termination of the protein encoded
by COL3A1 was identified in one male, as we have previously reported.18 Although
variants in COL3A1 are the major genetic cause of vascular EDS, an autosomal dominant
disorder, our patient did not exhibit any clinical characteristics of EDS upon follow-up.
Different types of mutation in COL3A1 cause VEDS of varying severity: null variants,
similar to the one described here, have been linked to a less typical, “subclinical” phenotype
presenting with fewer diagnostic criteria than is typical of VEDS patients and showing
variable penetrance.22 23 Indeed, in one study of null COL3A1 variant carriers, 9/18 cases
had arterial dissection as their initial complication, and generally no minor characteristics
of disease.?2 Reportable COL3A1 variants have been found previously in SCAD patients
with only vascular characteristics.* ® These data suggest that null COL3A1 variants may
have an important role in SCAD, which has possible treatment implications. p-blockers,

for example, are often prescribed for both VEDS and SCAD patients, but differences in
effectiveness of various B-blockers in VEDS/COL3A1 variant carriers and mouse models
have been reported.24 25 SCAD patients found to have a COL3A1 mutation may benefit
from a tailored treatment plan.

In one case, a likely pathogenic missense variant was identified in ALDHI8A1. To date, few
such individuals have been identified and little is known about cardiovascular complications
in the ALDH18A1-linked CTD, cutis laxa. However, dominant-negative mutation carriers
with severe disease including arterial tortuosity are known?%, as are recessive cutis laxa
patients with cardiovascular abnormalities including aneurysms.2’

Very few of our cohort had a pre-existing CTD diagnosis. Only one case was known to have
VEDS and another, Alport syndrome (AS). The genes known to cause VEDS are included on
most CTD panels and were thus on our gene lists. None of the three genes associated with
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AS - COL4A3, COL4A4, and COL4AS5 - featured in any of our gene list sources, yet SCAD
has been previously observed in two patients with AS3: 28 and other arteriopathies have been
reported in AS patients.20 We thus report the third known case of SCAD in an AS patient,
for whom we identified a pathogenic variant in COL4A4 after screening genes associated
with AS. Screening of the remainder of the cohort identified two more carriers of rare
heterozygote variants in COL4A4, a likely pathogenic variant and a splice-altering variant
(Supplementary Table XI11). The inheritance of AS has been reported as both dominant and
recessive with slightly different phenotypes.2® Neither of these two cases had a pre-existing
diagnosis nor renal or hearing problems, which are commonly associated with AS. We are
the first to systematically assess AS genes within a SCAD cohort and our high discovery rate
compared to other CTD genes suggests these genes are worth considering in future studies.

We also looked for variants that would alter splicing, including deep intronic variants.

We identified four variants in Tier 1 genes in four cases, of which three had no other

variants in any gene. Validation of these variants /7 vivo has not been possible due to

their very low expression in blood and the fact that the majority are predicted to undergo
nonsense-mediated decay. Although splicing alterations outside of canonical sites have never
before been considered in SCAD, our data suggest they are likely to have a role and that
broadening the search space of variant types in SCAD will contribute to our understanding
of disease mechanisms.

Using the Tier 2 gene list, we identified two likely pathogenic variants in ACVRZin

two SCAD cases. However, both cases also possessed variants in a Tier 1 gene — either
ALDHI18A1or PRKG1. ACVR1is a receptor for bone morphogenetic proteins; both
receptor and ligands are thought to have a role in vascular homeostasis3? and mutations
therein can cause fibrodysplasia ossificans progressiva. Although variants in Tier 2 genes
potentially contributed to the genetic diagnosis of these patients, more evidence is required
to consider these clinically actionable.

Across our Tier 1 and 2 ACMG and Tier 1 splice-altering variant analyses, we identified
seven cases heterozygous for a variant of interest but only in a gene associated with

AR disease. Interestingly, of these seven, one case has some phenotypic support for the
associated CTD, another has an uncle with an aortic dissection, and a third has suffered three
SCAD events. In one case, a variant in an essential splice site was identified in the Tier 1
gene, AEBPI. This alteration has been shown to cause loss of the final 22 nucleotides of
exon 13, leading to a frameshift and has been previously reported as a biallelic variant
causing EDS.31 AEBPI heterozygote carriers have rarely been assessed clinically but
generally are healthy.3! The variant identified in a 27 year old SCAD case in the Tier 1 gene,
SLC2A10, has also been reported previously. This variant has been identified as one of two
causative variants for arterial tortuosity syndrome in four compound heterozygous families32
with heterozygous carriers lacking obvious angiographic abnormalities.32 Mutations in
ABCCE6 (Tier 2), found in two cases including one who sustained three SCADs, causes
pseudoxanthoma elasticum, typically with AR inheritance (MIM #264800), although an
atypical form with AD inheritance (MIM #177850) is also recognized. Both cases carry the
same pathogenic splice-altering variant. The role of these three variants and the variants in
the other genes causing AR disease — ADAMTS2, ADAMTS10, LTBP4, and SLC39A13
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— remains unclear, but the clinical findings of these patients suggest it may be worth
considering heterozygous variants in such genes in SCAD patients.

Given our high rate of identification of CTD and vasculopathy gene variants, we sought to
determine if these genes were collectively more likely to contain potentially damaging rare
(“qualifying™) variants within SCAD cases compared to controls in a collapsing analysis.
Such an analysis across both or either of our Tier genes indicated that SCAD cases were
significantly more likely to have at least one qualifying variant than controls, supporting
the general association of these genes with SCAD. However, a genome-wide rare variant
collapsing analysis assessing individual genes, found no gene significantly enriched for
cases with qualifying variants, although a total of 375 genes were nominally significantly
enriched in SCAD cases compared to controls. A comparison of the seven genes with the
lowest p-values in this study with our previously reported analysis of 384 UK patients6
identified PCDHA4 as nominally significant in both studies. Although both studies were
limited by sample size, further larger studies may reveal a more conclusive link between
SCAD and PCDHAA4.

Twenty-four LoF-intolerant genes were found to have novel LoF variants, but no LoF-
intolerant gene was identified in more than one case harboring structural variants.
Additionally, one gene, ACACA, was independently validated in our UK SCAD cohort,
with another LoF variant identified in one case. ACACA, Acetyl-CoA carboxylase alpha,
has an important role in fatty acid biosynthesis, and changes in lipid metabolism and
ACACA expression have been observed in mice overexpressing EDN133 — itself potentially
associated with SCAD via a common intronic SNP? — in the endothelium, with the
suggestion it may contribute to vascular injury. Etiological links between the remaining
LoF-intolerant genes and SCAD are plausible, e.g. AHR plays a role in cell adhesion

and extracellular matrix remodeling through interactions with estrogen receptor, NF-xB,
retinoic acid receptor and TGF- signaling pathways, and influences EDN1 expression,34
while, NEDD4L, WWPI1, TERT and SK/L interact with SMAD proteins in the TGF-$
signaling pathway.35: 38 Additionally, MASP, with a LoF variant in one case, was also
nominally enriched for potentially damaging non-synonymous single nucleotide variants in
UK patients.18 Our identification of TGF-B signaling as a significantly overrepresented
pathway is of interest, since gene variants causing disruption of the TGF-f signaling
pathway are commonly associated with CTD and vasculopathies.3’

Two individuals with fragile X FMR1 premutations and SCAD 17 and a third with fragile
X syndrome and SCAD 38 have been reported to date. No case reported a family history of
fragile X and we did not detect any expansions of the FMR1 repeat outside of the normal
range across our 91 SCAD cases. However, as the prevalence of fragile X premutation
carriers is estimated to be 1 in 150-300,39 a larger cohort may provide further insight to the
possible involvement of this expansion in SCAD.

PRS calculated using common variants associated with SCAD®: 11 12 showed that our
SCAD cases carried a higher genetic risk than either controls or a DCM cohort, reinforcing
that there is a common genetic element to SCAD. This is the first demonstration of a
quantifiable polygenic burden of common variation in SCAD cases relative to a broad
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control population; a PRS having previously been applied only to distinguish SCAD risk

within an FMD cohort.1! This also indicates the complex etiology of SCAD; the majority
of cases potentially harboring multiple susceptibility alleles and only a minority having a
monogenic cause.

Interestingly, we could not replicate significant associations between SCAD and genes
identified in previous studies,13-1° despite our study being sufficiently powered to discover
an association of equivalent magnitude. Indeed, in contrast to Sun et all3 and Fahey et al 1
we found more potentially pathogenic 75R1 and F11R variants in controls than in cases
(Supplementary Table XIV). More potentially pathogenic 7LNI variants were observed in
cases than controls, in agreement with Turley et al,1* however, this difference did not reach
statistical significance in our cohort.

In summary, in-depth analysis of a sporadic SCAD cohort revealed a higher proportion,
relative to previous studies, of cases with CTD-related genetic variants despite being
otherwise asymptomatic; identified a new set of genes that may underlie SCAD
pathophysiology, with possible functional overlap with pathways altered in CTD; and
confirmed a role for common variants in SCAD risk. Further analysis of larger cohorts
should increase our understanding of the complex genetic architecture of SCAD and the
genetic etiology shared between SCAD and CTD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AS Alport syndrome

CTD connective tissue disorders

DCM Dilated cardiomyopathy

EDS Ehlers Danlos syndrome

FMD fibromuscular dysplasia

LoF Loss of function

MAF Minor allele frequency

MFS Marfan syndrome

MGRB Medical Genome Reference Bank
PRS Polygenic risk score

SCAD Spontaneous coronary artery dissection
SNP Single nucleotide polymorphism
SV Structural variant

WGS Whole Genome Sequencing
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Figure 1.
Summary of pathogenic single nucleotide variants (SNVs) and insertion/deletions (INDELS)

across CTD and vasculopathy genes identified in SCAD cases.
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Figure 2.
Polygenic Risk Score percentile amongst SCAD and dilated cardiomyopathy patients

relative to MGRB control samples. Control scores were used to create a reference
distribution of scores. Violin plots indicate the percentile score distribution relative to the
control distribution, while boxplots indicate the score quartiles.
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Table 1.

Cohort clinical characteristics in the total SCAD cohort and in subsets with/without CTD variants.
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SCAD casescarrying
Tier Lor Tier 2CTD

SCAD cases not

Total SCAD cohort (n . carrying Tier 1 or P +
=91) genevariants (n = Tier 2CTD variants | P-value
17) (n=74)

Mean age at first SCAD (y) 454 40.8 46.5 0.028
Female % 91.2% 94.1% 90.5% 1
Mean Height (cm) 167 167 (n = 16) 167 (n=72) 0.92
Mean BMI 26.4 27.4 (n=16) 26.2(n=72) 0.55
Pregnancy-related SCAD *o (n/n female) 12% (10/83) 25% (4/16) 9% (6/67) 0.09
Mean number of live births 213 (n=83) 2.19 (n=16) 212 (n=67) 0.84
>1 SCAD episode % (n) 12.1% (11) 23.5% (4) 9.5% (7) 0.21
Comorbidities

Connective tissue disorder % (n) 2% (2)

Kidney disorder % (n) 1% (1)

FMD % (n/n screened) 27.9% (12/43) 60% (3/5) 23.7% (9/38) 0.35

Migraines % (n) 46.2% (42) 41.2% (7) 47.3% (35) 0.79

T2 diabetes % (n) 3.3% (3)

History of high cholesterol % (n) 14.3% (13) 17.6% (3) 13.5% (10) 0.70

History of hypertension % (n) 18.7% (17) 11.8% (2) 20.3% (15) 0.51

Physical stress % (n) 15.4 (14) 11.8% (2) 16.2% (12) 1

History of anxiety/depression % (n) 23.1% (21) 35.3% (6) 20.3% (15) 0.21

Chronic emotional stress % (n) 50.5% (46) 41.2% (7) 52.7% (39) 0.43

Acute emotional stress % (n) 4.4% (4)

Heart disease % (n) 5.5% (5)

Dissection of the carotid or vertebral arteries % 6.6% (6)
(n)

Aneurysm % (n) 4.4% (4)

Stroke % (n) 2.2% (2)

Deep vein thrombosis % (n) 3.3% (3)
Family history

Heart disease % (n) 72.5% (66) 64.7% (11) 74.3% (55) 0.55

Dissection of any artery % (n) 4.4% (4)

Connective tissue disorder % (n) 1.1% (1)

Aneurysm % (n) 24.2% (22) 35.3% (6) 21.6% (16) 0.34

FMD % (n) 2.2% (2)

FMD, Fibromuscular dysplasia.

*
Gestation through to 5 months post-partum

P-values refer to comparisons between variant carriers and non-carriers, determined by t-tests for continuous variables and Fisher’s Exact for
proportions, which were tested only when at least 10 cases meeting the criteria were observed.

Circ Genom Precis Med. Author manuscript; available in PMC 2023 August 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Tarr et al.

Table 2.

Likely pathogenic and pathogenic variants in both Tier 1 and Tier 2 genes
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. . . . . ACMG gnomAD Varsome ACMG
Case | Gene Nucleotide variant Amino acid variant N N Lot
classification MAF criteria
Tier 1
090 ALDHI8A1 | NM_002860.4:c.1367G>A p.Arg456His Likely pathogenic 0.00004600 PM1, PM2, PP2,
PP3
146 COL3A1 NM_000090.3:¢.2798dupG p.Ser934llefsTer35 Pathogenic - PVS1, PM2, PP3
171 COL4A1 NM_001845.6:¢.3592G>A p.Gly1198Arg Likely pathogenic - PM1, PM2, PP2,
PP3
170 COL4A1 NM_001845.6:c.4877C>G p.Alal626Gly Likely pathogenic 0.00000707 PM1, PM2, PP2,
PP3
115 FBN1 NM_000138.4:c.793A>T p.Thr265Ser Likely pathogenic - PM1, PM2, PP2,
PP3
004 FBN1 NM_000138.4:c.256C>T p. Arg86Trp Likely pathogenic 0.00001195 PM1, PM2, PP2,
PP3
Tier 2
090 ACVRI NM_001111067.4:c.1298A>G | p.Asp433Gly Likely pathogenic 0.00000398 PM1, PM2, PP2,
PP3
091 | ACVRI NM_001111067.4:¢.1265G>A | p.Gly422Asp Likely pathogenic | - PM1, PM2, PP2,
PP3

ACMG, American College of Medical Genetics; MAF, minor allele frequency.

*
ACMG classifications are automatically derived from Varsome and manually evaluated

N
gnomAD MAF refers to all populations.

fACMG interpretation criteria, detailed in Supplementary Table XV
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Rare variant collapsing analysis results for the entire CTD and vasculopathy gene list or tiers therein

Table 4.

Page 21

Genelist SCAD genevariant carriersn (%), n =88 | Control genevariant carriersn (%),n=1127 | OR | p-value"
All genes (n = 90) 76 (86.4%) 865 (76.8%) 192 | 0.022
Tier 1 genes (n = 75) 75 (85.2%) 812 (72%) 2.24 0.0037
Tier 2 genes (n = 15) 15 (17%) 142 (12.6%) 1.42 0.15

OR, odds ratio: the odds of carrying variants in the SCAD group divided by the odds of carrying variants in the control group, calculated using a

2x2 contingency table.

*
P-values determined by one-sided Fisher’s exact test
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