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Spontaneous Coronary Artery Dissection: Insights on rare genetic variation from genome sequencing

Keywords: Genetics, Etiology Spontaneous coronary artery dissection, sequencing, rare variant, genetics, UK Biobank Non-standard SCAD: Spontaneous Coronary Artery Dissection FMD: Fibromuscular dysplasia CTD: Connective tissue disorder PCKD: Polycystic kidney disease EDS: Ehlers-Danlos syndrome LDS: Loeys-Dietz syndrome CCDS: Consensus Coding Sequence

Background: Spontaneous coronary artery dissection (SCAD) occurs when an epicardial coronary artery is narrowed or occluded by an intramural hematoma. SCAD mainly affects women and is associated with pregnancy and systemic arteriopathies, particularly fibromuscular dysplasia. Variants in several genes, such as those causing connective tissue disorders, have been implicated; however, the genetic architecture is poorly understood.

Here, we aim to better understand the diagnostic yield of rare variant genetic testing among a cohort of SCAD survivors and to identify genes or gene-sets that have a significant enrichment of rare variants.

Methods:

We sequenced a cohort of 384 SCAD survivors from the UK, alongside 13,722 UK Biobank controls and a validation cohort of 92 SCAD survivors. We performed a research diagnostic screen for pathogenic variants, and exome-wide and gene-set rare variant collapsing analyses.

Results:

The majority of patients within both cohorts are female, 29% of the study cohort and 14% validation cohort have a remote arteriopathy. Four cases across the two cohorts had a diagnosed connective tissue disorder. We identified pathogenic or likely pathogenic variants in seven genes (PKD1, COL3A1, SMAD3, TGFB2, LOX, MYLK, and YY1AP1) in 14/384 cases in the study cohort and in 1/92 cases in the validation cohort. In our rare variant collapsing analysis, PKD1 was the highest ranked gene and several functionally plausible genes were enriched for rare variants, although no gene achieved study-wide statistical significance. Gene-set enrichment analysis suggested a role for additional genes involved in renal function.

Conclusion:

By studying the largest sequenced cohort of SCAD survivors we demonstrate that, based on current knowledge, only a small proportion have a pathogenic variant that CIRCCVG/2020/003030R2 3 could explain their disease. Our findings strengthen the overlap between SCAD and renal and connective tissue disorders and we highlight several new genes for future validation.

Introduction

Spontaneous coronary artery dissection (SCAD) results from the development of an expanding hematoma within the wall of a coronary artery, caused either by haemorrhage in the tunica media or possibly an intimal tear and resulting in the development of a false lumen. 1 As the hematoma enlarges, it compresses the true lumen resulting in coronary insufficiency leading to myocardial ischemia, infarction or both and, in some cases, heart failure, and sudden death. Once considered a rare disease, it is now clear that the prevalence has been underestimated 2,3 and up to 4% of patients with an acute coronary syndrome (ST elevation myocardial infarct (STEMI), non-STEMI or unstable angina) who undergo coronary angiography present with SCAD. 4 SCAD mainly affects young to middle-aged women without an increase in typical cardiovascular risk factors and accounts for up to half of pregnancy-associated myocardial infarction. SCAD has also been associated with multiparity, systemic arteriopathies (particularly fibromuscular dysplasia (FMD)), connective tissue disorders (CTD), inflammatory diseases, and polycystic kidney disease (PCKD), and associated precipitating factors include intensive exercise or emotional stress. 2,3 The etiology of SCAD is believed to include a genetic component, although this remains poorly understood. There have been reports of familial SCAD risk 5 and 5-8% of SCAD patients have been found to carry deleterious variants in genes that cause heritable CTDs including FBN1, COL3A1, and SMAD3. [6][7][8] Of less clear significance, variants in PKD1, associated with autosomal dominant PCKD, and LMX1B, associated with Nail-patella syndrome, have also been described in SCAD. 7 More recently, variants in TSR1 and TLN1 have been reported in familial and sporadic SCAD cases 9,[START_REF] Li | Fast and accurate short read alignment with Burrows-Wheeler transform[END_REF] . Additionally, common variants however, we have been unable to phase the two heterozygous YY1AP1 PTVs in the patient.

Of the 15 different pathogenic/likely pathogenic alleles, 11 (73%) have previously been reported in SCAD or a related condition in HGMD or ClinVar, and four (two in PKD1 and two in the single YY1AP1 case) are novel PTVs reported here for the first time.

There were an additional 19 cases where a single heterozygous variant was identified in a recessive tier 1 or 2 gene, including three cases with structural variants (SVs) (Supplementary Figure 2). These were not considered pathogenic or likely pathogenic because they were not identified in biallelic form (Supplementary Table 2).

We did not identify any pathogenic or likely pathogenic SVs. However, we did identify a heterozygous deletion (GRCh38.10:52048268-52058807del; 11kb) in ScPt0668423L that causes an in-frame deletion of exon 6 of PRKG1. The deletion is absent in gnomAD v2 SVs, Decipher, and ClinVar, and a clear drop in coverage is visible on examination of the reads (Supplementary Figure 2).

We sought to further investigate the seven genes in which we identified pathogenic/likely pathogenic variants in the UK cohort in an independent Victor Chang Cardiac Research Institute cohort of 92 sporadic SCAD cases. Among these seven genes we identified a single putatively pathogenic PTV in COL3A1 (2-189004115-A-AG, ENST00000304636: c.2798dupG (p.Ser934fs)).

Clinical features of SCAD patients with identified pathogenic variants

Clinical details of the 14 cases carrying pathogenic or likely pathogenic variants are provided in Supplementary Table 3. Two (ScPt0150875X and ScPt0395467Z) of the five cases with CIRCCVG/2020/003030R2 9 PKD1 variants, both PTVs, have PCKD. The mother of ScPt0395467Z has PCKD and hypermobility and their maternal grandmother had PCKD and died due to ruptured berry aneurysm. ScPt0150875X has no family history of PCKD, cardiovascular, other than hypertension and hypercholesterolemia, or CTDs. One case (ScPt0743044L) with a likely pathogenic missense variant in PKD1 has hypermobility with Ehlers-Danlos syndrome (EDS) like features, reports easy bruising and has a family history of SCAD (1 st cousin) and hypermobility (son). Of the remaining two patients, one (ScPt0899224S) has an aortic root Neither case (BPt00521469 and ScPt0162409J) with COL3A1 variants has typical characteristics of vascular EDS. BPt00521469 has high palate and pes planus and has one male sibling with patella dislocation and another with recurrent pneumothorax. ScPt0162409J has subconjunctival haemorrhage and both she and her mother have scoliosis.

One patient (ScPT0443400X) with a TGFB2 variant, which is mutated in Loeys-Dietz syndrome (LDS), has hypermobility, Chiari malformation (mother and sister also affected) and reports easily bruising. The other case (ScPt0698633H) with likely pathogenic TGFB2 variant has remote arteriopathies including left carotid artery dissection and right internal carotid aneurysm, and no family history of disease. The two patients with SMAD3 variants, CIRCCVG/2020/003030R2 10 which also causes LDS) have not yet been screened for remote arteriopathies. Both have a family history of aortic aneurysm.

Our patient with a LOX variant also had right internal carotid dissection and FMD and their mother died due to intracerebral bleed secondary to aneurysm. The patient with a pathogenic variant in MYLK has dyslipidemia and systemic inflammatory disease and no relevant family history. The case with two YY1AP1 variants has FMD, renal artery stenosis, brachydactyly, and migraines.

We could identify no significant differences between the 14 cases with pathogenic or likely pathogenic variants and the remainder of cases in terms of their age, recurrence, and several other clinical endpoints including remote arteriopathies and hypermobility (Supplementary Table 4).

The patient with a deletion of PRKG1 exon 6 had no other notable clinical characteristics besides a single SCAD event.

Gene-level collapsing analysis

To identify genes enriched for rare variants in SCAD cases in the UK cohort compared to controls, we used gene-level collapsing analysis. [15][16][17] Cases are the subset who are of European ancestry, are unrelated, and pass quality control filters (n=357). For controls, we used exome sequencing data from 13,722 individuals from the UK Biobank who had highquality exome sequencing data, were unrelated, of European ancestry, and had no report of a relevant disease (Supplementary Table 5). We ran eleven different collapsing analysis models CIRCCVG/2020/003030R2 with different definitions of qualifying variants (QVs), each designed to capture slightly different genetic architecture (Supplementary Methods and Table 3).

No association reached study-wide significance (Table 4, Supplementary Table 6, and Supplementary Figure 3). One of the highest ranked associations was PKD1, which was the highest ranked gene in the ultra-rare damaging missense tolerance ratio (MTR) model (p=7.3x10 -6 ). The association for the ultra-rare damaging model is weaker (p=0.0018), demonstrating that variants in regions of PKD1 that are intolerant to missense variation are more likely to be associated with SCAD (Supplementary Table 7). The PKD1 signal could be considered significant upon restricting the search-space and thus multiple-testing correction to the top decile (n=1,928) highest expressed genes in the coronary artery tissue data from the GTEX database (accessed 19/11/2019). [START_REF] Richards | Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology[END_REF] 

Prioritisation of non-significant genes from collapsing analysis results by manual review and automated machine learning

Although no association reached study-wide significance, we hypothesized that within the highly ranked results may be genes in which rare variants do increase the risk of SCAD, but our current study is underpowered to highlight them. Therefore, we further investigated highly ranked results with the aim of identifying a shortlist of genes not previously associated with SCAD but are functionally plausible and could be further investigated in future larger SCAD studies. We employed two complementary approaches: manual review alongside an automated machine-learning approach. Genes prioritized by the manual approach (which was conducted blind to the results of the automated machine-learning method) include PAM, GLI3, SEC24B, COL18A1, NFATC4, ARNTL, TBX2, HDAC9, SOX9, SORBS2 and COL4A2; CIRCCVG/2020/003030R2 all implicated in blood pressure regulation and cardiovascular system development and morphology (Supplementary Table 8).

Although the manual approach is flexible and thorough, it requires substantial expertise in the phenotype and can be laborious. Thus, we also employed mantis-ml 19 , a machine-learning method for gene prioritisation. We trained mantis-ml on SCAD tier 1 and 2 genes to identify which of the remaining genes share characteristics most commonly with those genes. During the application on SCAD tier 1 and 2 genes, mantis-ml predictions were primarily driven by disease/phenotype-specific mouse knockout models, protein-protein interactions with known SCAD-associated genes, gene expression in heart and aorta, GWAS hits and heart-associated Gene Ontology terms (Supplementary Figure 4).

To assess whether the top ranked genes from the collapsing analysis were preferentially enriched for the top mantis-ml predictions we performed multiple hypergeometric tests between the top 5% mantis-ml predictions and the top gene hits from collapsing analysis (p<0.05) for different types of QVs. We observed that the top ranked genes from the "ultrarare variant" collapsing analysis were significantly enriched for the top 5% mantis-ml predictions (Supplementary Figure 5a). There was no significant enrichment when adopting the "synonymous variant" collapsing analysis model (Supplementary Figure 5b), suggesting that mantis-ml's predictions are likely pointing towards the top-ranked genes from collapsing analyses that are likely to be SCAD risk genes. Mantis-ml yielded a consensus list of ten genes that are highly ranked in the collapsing analysis for "ultra-rare" variants (Table 4 and Supplementary Figure 5c). All ten consensus predictions from mantis-ml were also prioritized by the manual approach.
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Gene-set enrichment analysis

We next explored gene-set enrichment among 9,339 pre-defined gene-sets, including our SCAD gene lists. Only the SCAD tier 1 gene-set (p=3.6x10 -7 , comprising six genes) reached the Bonferroni-corrected significance threshold of p<5.4x10 -7 ; a key positive control demonstrating that there is clear statistical enrichment of damaging variants in tier 1 genes among SCAD cases compared to controls. This signal is driven by six individuals with QVs in PKD1, three in COL3A1, and two in SMAD3. The gene-set with the second lowest p-value is Loop of Henle development genes (p=2.4x10 -6 , comprising 11 genes), driven by the same six individuals with QVs in PKD1, two in HES5, two in UMOD, and one in DLL1 (Supplementary Tables 7 and9, and Supplementary Figure 6). Importantly, for these two gene-sets, upon excluding individuals with PKD1 QVs, both remained highly ranked albeit no longer significant (for SCAD tier 1 genes p=0.016 (122/9339 gene-sets) and for Loop of Henle development genes p=0.04 (268/9339 gene-sets)). Thus, while the signals observed in these gene-sets are clearly primarily driven by PKD1, there appear to be suggestive signal from the remaining genes in the gene-sets.

Discussion

This study is the largest analysis to date of Mendelian-like rare genetic variants that might be responsible for SCAD. We have assessed the entire coding genome, rather than solely applying a candidate approach and have investigated the contribution of rare genetic variants to SCAD by analysing genomes of a large cohort of SCAD-survivors for pathogenic variants and performing rare variant collapsing analyses. We identified variants deemed pathogenic or likely pathogenic for CTDs and PCKD, including in genes not previously reported in SCAD.

Our findings strengthen the evidence that SCAD is an occasional clinical outcome in these CIRCCVG/2020/003030R2 conditions with implications for both clinical and genetic screening of SCAD patients. We also identified several new genes enriched for rare variants that require validation in larger future studies.

Overall, we identified variants that might be responsible for SCAD in 14/384 (3.6%) cases in the study cohort, which is in line with expectation from smaller studies. 6,7 Importantly, for controls we used exome sequencing data from the UK Biobank. The size of this cohort along with available phenotypic data allowed us to apply strict selection criteria, providing a major advantage over the 'controls of convenience' used by many previous rare-variant studies. As such, our identification of pathogenic or likely pathogenic variants probably represents an accurate reflection of the genetic burden of rare variants in SCAD and provides a better understanding of the genetic component of disease.

These findings have important implications for patient management. The role of clinical genetic testing in SCAD-survivors has been uncertain. Our results support the hypothesis that rare variants are likely causal in only a small subpopulation of SCAD cases, some with clinical features or a family history of CTDs or PCKD, suggesting that although these represent an important and pathophysiologically informative group, the yield from routine clinical genetic screening based on our current knowledge of SCAD genetics would be low.

The combination of careful clinical phenotyping (including assessment for typical changes in the palate, skin and facial features as well as musculoskeletal abnormalities 20,21 ), remote arteriopathy cross sectional imaging from brain to pelvis (which will necessarily include renal imaging) and assessment of family history, to include CTDs and PCKD, will identify most patients with pathogenic variants for further genetic assessment. Our data suggest a small number of patients with pathogenic variants will still be missed by this approach. However, CIRCCVG/2020/003030R2 given the rarity of such patients, the psychological morbidity of genetic screening and the lack of genotype-specific effective medical interventions, the merit of routine genetic screening of all SCAD-survivors is debatable. Five of our SCAD patients had pathogenic or likely pathogenic in PKD1, and PKD1 was also one of the highest ranked associations from the collapsing analysis. Two additional SCAD patients were also noted with PCKD and PKD1 missense variants of uncertain significance. Pathogenic PKD1 variants have previously been reported in SCAD patients, 7,22 and the observation here highlights that the co-occurrence of SCAD and PKD1 dysfunction is moving beyond being merely anecdotal, though notably, not every SCAD patient with PKD1 variants had polycystic kidneys. Polycystin 1 has been implicated in the structural integrity of blood vessels, providing a plausible genotype-phenotype mechanism for SCAD and potentially a useful paradigm to aid understanding of the coronary biomechanical processes leading to SCAD. 23,24 The involvement of PKD1 but not PKD2 may be explained by the known milder phenotype, especially in females of PKD2 where renal disease occurs later and fewer intracranial aneurysms are reported. The population prevalence of PKD2 disease variants is also lower than for PKD1. [25][26][START_REF] Rebhan | GeneCards: integrating information about genes, proteins and diseases[END_REF] Gene-set analysis identified Loop of Henle development genes, driven by individuals with QVs in PKD1, UMOD, HES5, and DLL1, suggesting that the association between SCAD events and renal dysfunction may be more extensive than has been recognized. Experiments in mice would support a role for these genes in SCAD pathogenesis via a direct effect on vessel development or maintenance. [28][29] We also found pathogenic variants in COL3A1 and SMAD3, which respectively cause vascular EDS, and LDS, and have previously been identified in multiple SCAD patients. 6,7 We also detected variants in TGFB2, which is also mutated in LDS, and MYLK, where CIRCCVG/2020/003030R2 variants are associated with aortic dissection and FMD, where variants have been described in single SCAD patients. 30 These are the first reported SCAD patients with variants in LOX and YY1AP1. LOX encodes an enzyme that cross-links fibres in connective tissue matrices, and PTVs in this gene cause thoracic aortic aneurysms and dissections 31 , while homozygous or compound heterozygous PTVs in YY1AP1 can cause Grange syndrome. 13 As with our patients with PKD1 variants, phenotypic expressivity of patients with variants in these genes was variable, with patient not always having classical clinical features typical of vascular EDS (COL3A1) or LDS (SMAD3, TGFB2). This lack of phenotypic concordance suggests selecting sub-sets of SCAD patients for genetic screening based on associated clinical phenotypes would miss some patients with mutations in those genes.

Although we did not find any pathogenic SVs, we did detect an in-frame deletion of PRKG1 exon 6. PRKG1 is associated with autosomal dominant familial aortic aneurysm, and the mechanism is thought to be gain-of-function. 32 It remains possible that the deletion in this SCAD patient produces a gain-of-function as it deletes a single, small, in-frame exon, but this would require further functional studies.

We prioritized a total of 11 genes highly ranked in the collapsing analysis, namely, PAM, GLI3, SEC24B, COL18A1, NFATC4, ARNTL, TBX2, HDAC9, SOX9, SORBS2 and COL4A2, for future validation. Each of these genes represent a credible candidate for SCAD, based on function, expression and mouse phenotype, but require validation in future studies. Ten of these genes (bar PAM) were also prioritized by our machine learning tool mantis-ml, demonstrating the complementarity of the approaches and confirming mantis-ml as a promising addition to the gene prioritisation toolbox.

CIRCCVG/2020/003030R2

Limitations

Given the low frequency and genetic heterogeneity of SCAD, our study is relatively underpowered for novel gene discovery. Furthermore, while we utilized the power of genome sequencing to some extent (i.e. by investigating deletions), several classes of variation were beyond the scope of this study including novel clinically relevant non-coding variants, more complex structural variants, and the contribution of common variants including polygenic risk. Finally, the SCAD cohort recruited at the Victor Chang Cardiac Research Institute was only adopted for reviewing additional variants in the subset of tier 1 and 2 genes where variants had been found in the UK cohort.

Conclusion

We have demonstrated that only ~3.6% of SCAD-survivors have a pathogenic variant that is likely responsible for their phenotype. Our study supports previous reports of a connection between PKD1 and SCAD, indicating a statistically confident association. Moreover, geneset enrichment analyses suggest the relationship might extend beyond PKD1 to other renal disease genes. The repertoire of CTD genes reported to be involved in SCAD may also be higher than previously thought, as suggested in this study by the identification of patients with pathogenic variants in TGFB2, LOX, MYLK, and YY1AP1. We anticipate that the growing catalogue of candidate SCAD risk alleles we have identified here could assist in delineating meaningful genetic endotypes although the overall contribution of rare variants to disease is small. No P LP = likely-pathogenic; P = pathogenic; * variant previously reported. 13 CIRCCVG/2020/003030R1 6), plus those that are highly ranked and have been prioritized by manual or machine learning approaches. Only the model with the lowest p-value is shown for each gene. For full results see Supplementary Table 6. LCI=Lower confidence interval (95%), UCI=Upper confidence interval (95%).

Gene

Supplementary Methods

Cohorts UK SCAD cohort: recruitment and clinical characteristics

Patients were recruited to the UK SCAD Registry (ISRCTN42661582) by self-referral, primary care physician referral, or referral from the clinical team at the index presenting hospital, and all had an angiographically confirmed diagnosis of SCAD. Patients with atherosclerotic, traumatic or iatrogenic dissection (except where the latter complicates definite SCAD) were excluded. Angiographic analysis was conducted by two experienced SCAD clinicians (AA-H and DA), blinded to the results of the genetic analysis, and images were classified using a modified Yip and Saw classification. (1) Here we studied a cohort of 384 cases in the UK SCAD registry. Clinical characteristics are given in Table 1.

Victor Chang Cardiac Research Institute SCAD cohort: recruitment and clinical characteristics

Patients were recruited via a social media platform or through direct referral from cardiologists. The diagnosis of SCAD was confirmed by review of coronary angiogram images by an expert interventional cardiologist (DM) blinded to the results of the genetic analysis. Patient information was obtained by phone interviews, review of specialist letters and hospital records. The 92 SCAD patients reported here are from a broader cohort of 292 patients recruited to date and were selected for sequencing based on angiographically-confirmed SCAD, severity of SCAD and/or recurrence.

UK Biobank cardiovascular-screened controls

Controls for association analyses were selected from 502,543 UK Biobank participants. Of these, 151,027 had exome sequencing available at the time of this study. We further limited analyses to the subset of participants with no report of cardiovascular, endocrine, liver, renal, or connective tissue disorders (Supplementary Table 5).
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Sequencing, alignment, and variant calling

For the University of Leicester SCAD cohort, genomic DNA from SCAD cases was extracted and underwent paired-end 150bp WGS at Human Longevity Inc using the NovaSeq6000 platform. For SCAD cases, >98% of consensus coding sequence release 22 (CCDS) has at least 10x coverage and average coverage of the CCDS achieved 42-fold read-depth. Genomic DNA from UK Biobank controls underwent paired-end 75bp whole exome sequencing (WES) at Regeneron Pharmaceuticals using the IDT xGen v1 capture kit on the NovaSeq6000 machines. For UK Biobank controls, >95% of CCDS has at least 10x coverage and average CCDS read-depth of 59X. All case and control sequences were processed through the same bioinformatics pipeline, this included re-processing all the UK Biobank controls from their unaligned FASTQ state. A custom-built Amazon Web Services (AWS) cloud compute platform running Illumina DRAGEN Bio-IT Platform Germline Pipeline v3.0.7 was adopted to align the reads to the GRCh38 genome reference and perform small variant SNV and indel calling. For the Victor Chang Cardiac Research Institute cohort, genomic DNA was extracted and WGS performed using the Illumina HiSeq X Ten platform with 30x coverage. Reads were aligned to the GRCh37 reference genome with Burrows-Wheeler Aligner (10) and variants called with the Genome Analysis Toolkit Best Practices (11). Principal component analysis using 17,453 ethnic-specific SNVs and projection to the 1000 Genomes principal components confirmed ethnicity. Non-relatedness of subjects in the cohort was confirmed with KING (12). Variants were annotated with ANNOVAR (13) against RefSeq (version 01-06-2017) using multiple pathogenicity prediction algorithms.

CIRCCVG/2020/003030R2

SCAD tiered gene list

We compiled a tiered list of genes of interest to SCAD based on publicly available gene lists and literature searches. The tiers indicate the current level of evidence for the association of each gene with SCAD. Tier 1 genes (n=6) comprise those that either harbour rare variants reported as pathogenic or likely pathogenic in multiple SCAD patients, or an enrichment of rare missense variants in cases compared to controls. Tier 2 genes (n=124) comprise those that harbour rare, presumed clinically relevant, variants that were found in a single SCAD patient or among patients with connective tissue or vascular disorders, or common variants associated with these disorders. Tier 3 genes (n=303) represent genes of interest contributing to relevant phenotypes in mice (Supplementary Table 1).

Publicly available gene lists and literature searches conducted March-August 2018. PubMed search terms: "spontaneous coronary artery dissection" or "connective tissue disorder" and "gene" "spontaneous coronary artery dissection" "spontaneous coronary artery dissection" and "gene" "SCAD" and "gene" "coronary artery spasm" and "gene" "coronary artery spasm" and "GWAS" "aneurysm" and "gene" "aneurysm" and "GWAS" "Ehlers-Danlos Syndrome" and "vascular" and "gene" "carotid dissection" and "gene" "carotid dissection" and "GWAS" "arterial tortuosity" and "gene" "arterial tortuosity" and "GWAS" "migraine" and "gene" "migraine" and "GWAS" "hypermobile syndorme" and "gene" "hypermobile syndorme" and "GWAS" "arteritis" and "gene" "arteritis" and "GWAS" "abnormal vascular smooth muscle" and "gene" "abnormal vascular smooth muscle" and "GWAS" "abnormal blood vessel endothelium" and "gene" "abnormal blood vessel endothelium" and "GWAS" CIRCCVG/2020/003030R2 6 "abnormal coronary artery" and "gene" "abnormal coronary artery" and "GWAS" "fibromuscular dysplasia" and "gene" "fibromuscular dysplasia" and "GWAS" "FMD" and "gene" "FMD" and "GWAS" "Connective tissue disorder" and "gene" and "vascular" "Connective tissue disorder" and "GWAS" and "vascular" "CTD" and "gene" and "vascular" "CTD" and "GWAS" and "vascular" "Connective tissue disorder" and "gene" "Connective tissue disorder" and "GWAS" "CTD" and "gene" "CTD" and "GWAS"

Identification and interpretation of pathogenic variants

For the UK SCAD cohort, pathogenic and likely pathogenic SNVs, indels, and SVs were identified using automated filtering followed by manual review and classification according to ACMG guidelines (14).

In detail, first, automated filtering identified SNVs and indels in the 384 SCAD cases that fulfilled all the following criteria:

• DRAGEN Status = PASS • Quality score (QUAL) >= 30 in all carriers • Position is covered >=10X in >99% cases
• GnomAD minor allele frequency (popmax exomes) <= 0.001 (0.1%; in autosomes this is equivalent to 1 in 500 individuals sampled from a general population) (15) • Minor allele frequency in 384 cases < 0.05 (5%)

• Affects a SCAD tier 1 or tier 2 gene • Variant is 'high impact' in a gene for which loss of function is a known disease mechanism OR variant has previously been reported as DM in HGMD pro v2019.2 or pathogenic or likely pathogenic with no conflicts in ClinVar (accessed May 2019). (16, 17) CIRCCVG/2020/003030R2 7 Next, we performed manual review and classification of SNVs and indels according to ACMG guidelines. (18) The following factors were considered:

• Affected transcript(s)

• Proximity of protein truncating variants to 3' end terminus of gene • Consistency of variant consequence with previously reported pathogenic variants in the gene • Consistency of variant genotype with previously reported mode of inheritance of the gene • Consistency of SCAD phenotype with previously reported phenotype associated with the gene

• If variant has been previously reported as pathogenic, original literature was reviewed wherever possible to ensure the classification within HGMD/ClinVar was consistent with the original report Potentially pathogenic and likely pathogenic structural variants were also investigated. First, automated filtering identified the SVs in the 384 SCAD cases that fulfilled the following criteria:

• Deletion, because deletions generally have higher probability than other SV types of negatively impacting the function of a gene (19, 20) • Overlaps with CCDS region of SCAD tier 1 and 2 genes

• Frequency within SCAD cohort < 0.05 (5%) and frequency in external datasets (DGV and 1000 genomes (19, 20)) < 0.01 (1%)

• Supported by more than one caller among Parliament2's ensemble of callers

• Not flagged as low quality by Parliament2

Next, we performed manual review of SVs that passed automated filtering, considering the following factors in addition to all the factors already described for SNVs and indels:

• < 100 high quality heterozygous SNV calls within boundaries of deletion • Supported by both drop in coverage AND insert size/split read data

• Looks high-confidence upon manual inspection of the reads using Integrative Genomics Viewer (21) CIRCCVG/2020/003030R2 8 Assessment of statistical differences between clinical endpoints and individuals with pathogenic/likely pathogenic variants compared to those without was performed using Fisher's Exact Tests. Automated filtering of variants in genes identified in the University of Leicester SCAD cohort in the Victor Chang Cardiac Research Institute SCAD cohort was performed using VPOT (22) with the following parameters:

• gnomAD genomes (popmax) minor allele frequency < 0.01

• Missense, nonsense, frameshift, or splicing variants Loss of function variants in these genes were considered as well as missense variants reported as pathogenic or likely pathogenic in either ClinVar or HGMD. Variants thus identified were confirmed with manual inspection using IGV. ( 21)

Collapsing analysis

We selected the subset of 357 SCAD cases in the University of Leicester cohort and 13,722 UK Biobank controls who had high quality sequencing data, are unrelated, and of European ancestry. This aimed to minimise the risk of confounding technical artefacts. In detail, the following sample-level criteria for inclusion in the exome-wide collapsing analyses were applied:

• No evidence of contamination (VerifyBamID FREEMIX < 0.04) (23) • Good coverage (for cases average coverage of CCDS > 1 st percentile and < 99 th percentile and for controls >= 95% of CCDS with read depth >= 10X and average read depth >=37X and <=130X)

• Percentage of reads that map to reference genome > 1 st percentile (cases only) CIRCCVG/2020/003030R2 9

• Unrelated (i.e. exclude one of each related pair, up to 3 rd degree, calculated using PLINK http://pngu.mgh.harvard.edu/purcell/plink/) (24) • Predicted to be of European ancestry by Peddy (25) • Concordance between self-declared and genetic prediction of sex • Ancestry of controls PC1 or PC2 <= 3SDs from mean of those of cases

• Down-sampled controls to harmonise sex and menopause status of cohort with that of cases On average, at least 10-fold coverage was achieved for 96.7% and 96.6% of the 34.07 megabase pairs (Mbp) of the Consensus Coding Sequence (CCDS; release 22) for case and control subjects respectively. To alleviate confounding effects attributable to differential coverage, we only considered qualifying variants (QVs) affecting a pruned set of 33.13 Mbp (97.2%) of CCDS sites equally represented in HLI WGS and UK Biobank WES data.

Qualifying variants (QVs) are the subset of rare, high-quality, coding SNVs/indels that are considered during collapsing analysis. We used eleven distinct QV models. Selection of QVs was achieved by imposing a series of variant-level filters. Some of these filters were applied to all QV models and some were specific to the eleven distinct QV models. These filters are detailed below.

For all QV models:

• Minimum coverage 10X
• Has annotations in CCDS transcripts (CCDS release 22; ~34Mb)

• Percent alternate reads in homozygous variants >= 0.8

• Percent alternate reads in heterozygous variants >= 0. After QVs had been selected, counts of cases that have at least one QV vs those that have no QVs were compared to controls using the two-tailed Fisher's exact test. Our study-wide significance threshold, CIRCCVG/2020/003030R2 13 after Bonferroni correction for the number of genes and models tested was α = (0.05/[10 × 18,659]) = 2.7×10 -7 . Although we retain genome-wide Bonferroni correction as our official significance cut-off (p<2.7×10 -7 ), we also assigned a tissue-specific adjusted alpha of p<4.1x10 - 6 considering only 12,069 genes with expression levels above 1.5 TPM based on mean TPM value for the "Artery -Coronary" tissue subtype in the GTEx database (accessed 19/11/2019) and not correcting for 10 differing models. With a goal of identifying a more refined subset of most highly expressed coronary artery tissue genes we further focused on top decile (10%) (n=1,928 genes; adjusted p<2.6x10-5).

Review of highly ranked non-significant collapsing analysis results

Genes that were highly ranked in the collapsing analysis, but not yet achieving study-wide statistical significance were manually evaluated by AAB and TRW. Genes were assessed for reported function, involvement in human disease, human tissue expression, and mouse phenotype using GeneCards, OMIM, Human Protein Atlas, MGI, as well as a broader literature review. (27-30) 

Mantis-ml

We also employed mantis-ml v1.5.4 (31), an automated gene prioritisation tool that considers a wealth of publicly available resources to objectively assign probabilities to genes of unknown relevance given an input set of seed genes; here 130 SCAD tier 1 and tier 2 genes (Supplementary Table 1). Automatic feature compilation was performed by providing the following disease/phenotype terms in the input configuration file: heart, cardio, aortic, aorta, coronary, vascular, artery, dissection, fibromuscular, kidney, vessel and connective tissue. Mantis-ml was trained using six different classifiers: Extra Trees, XGBoost, Random Forest, Gradient Boosting, Support Vector Classifier and feed-forward Deep Neural Net.

Once the mantis-ml genome-wide probabilities of being a SCAD gene were generated, we performed a hypergeometric test to determine whether the top-ranked collapsing analysis genes (i.e. genes achieving CIRCCVG/2020/003030R2 14 a p<0.05 in the collapsing analyses) were significantly enriched for the top 5% of mantis-ml SCADpredicted genes. A statistically significant result from the hypergeometric test would highlight that there are disease-ascertained genes among the top of the collapsing results and the specific genes most likely to be contributing to that enrichment. In parallel, and in addition to generating a permutation-based null, we also performed the hypergeometric enrichment test using the synonymous genetic model to define our empirical null controlling for the underlying case-control configurations.

Gene-set enrichment analysis

We assessed potential enrichment in gene-sets using Megagene (https://github.com/QuanliWang/MegaCollapsing). ( 32) Briefly, we applied a logistic regression model in which the tally of genes containing QVs in cases and controls are compared, correcting for sex, number of synonymous QVs each individual has in the gene-set, and the exome-wide tally of QVs each individual has in the QV model. We tested a total of 9,339 gene-sets for each QV model.

Apart from the four SCAD gene-sets, these gene-sets are standardised and designed to be diseaseagnostic Gene-sets containing two different genes with overlapping CCDS regions were excluded.

Gene-sets comprise the following:

1. 8390 gene-sets from Gene-Set Enrichment Analysis (33)

2. 912 gene families from HUGO Gene Nomenclature Committee (34)

3. 37 gene-sets associated with various diseases: cancer (https://www.cancer.gov/tcga), chronic kidney disease (35), epilepsy (32), and SCAD (tier 1, tier 2, tier 3, and the union of the three tiers) (16); ITPR1 (12); NOS2 (12); RYR2 (12); PAM (11); COL1A1 (10); HIF3A (10); PDGFRB (10) (11); COL6A2 (11); COL6A3 (11); ITPR3 (11); COL4A1 (10); ITPR1 (10); PPL (10); VWF (10) (17); NPC1L1 (15); APC (14); MCM7 (12); NOS2 (12); ATR (11); PAM (11); SCN11A (11); CAD (10) Supplementary Table 9: Gene-Set Enrichment Analysis (Megagene) Results. Capped at p < 0.001, for each gene, only the model with the lowest p value is shown.
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  diameter at the upper limit of normal, neither patient has any other SCAD associated phenotype or relevant family history. Notably, one other participant in the UK SCAD cohort and one patient in the Victor Chang Cardiac Research Institute SCAD cohort have PCKD and missense variants of uncertain significance in PKD1 (16-2100038-A-G, ENST00000262304: c.9746T>C (p.Leu3249Pro) and 16-2103514-A-G, ENST00000262304: c.8543T>C (p.Val2848Ala) respectively).

  SNVs and indels were annotated using SnpEff v4.3 against Ensembl Build 38.92.(2) Structural variants were called among the SCAD WGS data using the ensemble tool Parliament2, (3) comprising constituent tools BreakDancer, CNVnator, DELLY, LUMPY, and Manta. (4-8) Structural variants were annotated using AnnotSV.(9) 

3 and <= 0. 8 ••• 10 • 2 • 8 •• 50 •••• 11 ••••• 12 ••••••• 2 ••

 810285011122 Binomial test of alternate reads proportion p > 0.000001 Genotype quality score (GQ) >= 30 • Fisher's strand bias score (FS) <= 200 (indels) <= 60 (SNVs) • Mapping quality score (MQ) >= 40 Quality score (QUAL) >= 30 CIRCCVG/2020/003030R2 Read position rank sum score (RPRS) >= -Mapping quality rank sum score (MQRS) >= -DRAGEN variant status = PASS • Binomial test of difference in coverage between cases and controls p 0.000001 Variant site achieved 10-fold coverage in >=25% of GnomAD samples, and if variant was observed in GnomAD the variant calls in GnomAD achieved exome z score >=2.0, exome MQ >= 30 and exome allele count raw percent >= Not in a list of 951 observed sequencing artefacts or problematic variants Additionally, the following requirements are QV model specific. PTV model: • Variant consequence impact = high (exon_loss_variant, frameshift_variant, start_lost, stop_gained, stop_lost, splice_acceptor_variant, splice_donor_variant, gene_fusion, bidirectional_gene_fusion, rare_amino_acid_variant, or transcript_ablation) • LOO (leave one out) MAF <= 0.001 GnomAD exome global MAF <= 0.001 GnomAD exome PopMax MAF <= 0.001 • Variant fails any QC requirement (except coverage) in <=4 samples in cohort • Hardy-Weinberg Equilibrium exact test p-value >= 0.001 GnomAD exome random forest p >= 0.01 (SNVs) or >= 0.02 (indels) PTV or rare damaging model • Same as PTV model • OR same as rare damaging model Synonymous model: • Synonymous_variant • LOO MAF <= 0.0005 • GnomAD exome global MAF <= 0.00005 CIRCCVG/2020/003030R2 Variant fails any QC requirement (except coverage) in <=2 samples in cohort • Hardy-Weinberg Equilibrium exact test p-value >= 0.001 GnomAD exome random forest p >= 0.01 (SNVs) or >= 0.02 (indels) Ultra-rare damaging model: • Variant consequence impact = high or moderate (conservative_inframe_deletion, conservative_inframe_insertion, disruptive_inframe_insertion, disruptive_inframe_deletion, missense_variant_splice_region_variant, missense_variant, or protein_altering_variant) • LOO MAF <= 0.00025 • Not in GnomAD • Variant fails any QC requirement (except coverage) in <=1 sample in cohort • Hardy-Weinberg Equilibrium exact test p-value >= 0.001 • REVEL score >= 0.25 (26) Ultra-rare damaging (MTR) model: • Same as ultra-rare damaging model • Missense tolerance ratio (MTR) score <= 0.78 (equivalent to the exome-wide 25% most missense intolerant protein-coding regions) OR intragenic percentile <= 0.5 (equivalent to the transcript's 50% most missense intolerant protein-coding regions) Rare damaging model: • Variant consequence impact = high or moderate • LOO MAF <= 0.0005 GnomAD exome global MAF <= 0.00005 Variant fails any QC requirement (except coverage) in <=2 samples in cohort • Hardy-Weinberg Equilibrium exact test p-value >= 0.001 GnomAD exome random forest p >= 0.01 (SNVs) or >= 0.02 (indels) • REVEL score >= 0.25 Rare damaging (MTR) model: • Same as rare damaging model CIRCCVG/2020/003030R2 Missense tolerance ratio (MTR) score <= 0.78 OR centile <= 0.5 Flexible non-synonymous model: • Variant consequence impact = high or moderate • LOO MAF <= 0.001 GnomAD exome global MAF <= 0.0005 GnomAD exome PopMax MAF <= 0.001 Variant fails any QC requirement (except coverage) in <=4 samples in cohort • Hardy-Weinberg Equilibrium exact test p-value >= 0.001 • GnomAD exome random forest p >= 0.01 (SNVs) or >= 0.02 (indels) Flexible non-synonymous (MTR) model: • Same as flexible non-synonymous model • Missense tolerance ratio (MTR) score <= 0.78 OR centile <= 0.5 Flexible damaging model: • Same as flexible non-synonymous model • REVEL score >= 0.25 Recessive model: • Variant consequence impact = high or moderate • Variant homozygous, OR two heterozygous variants in same gene • LOO MAF <= 0.005 GnomAD exome global MAF <= 0.005 GnomAD exome PopMax MAF <= 0.005 GnomAD exome homozygous raw >= Variant fails any QC requirement (except coverage) in <=50 samples in cohort • Hardy-Weinberg Equilibrium exact test p-value >= 0.00001 GnomAD exome random forest p >= 0.01 (SNVs) or >= 0.02 (indels)

Figure 6 :

 6 Quantile-quantile plots show signals for gene-set enrichment analysis; ten different genetic models tested. MTR = missense tolerance ratio. PTV = protein truncating variant.

  

  

  

  

  

Table 1 . SCAD patient characteristics 1 2 Feature University of Leicester cohort Victor Chang Cardiac Research Institute cohort

 1 

	Unrelated to any other SCAD case (n)	384

*Arteriopathy is defined as any arterial abnormality and may include dilations of arteries outside normal limits, dissections, aneurysms and fibromuscular dysplasia but does not include arterial tortuosity. CTD -connective tissue disorder; PCKD -polycystic kidney disease. P-SCAD is defined as SCAD occurring during pregnancy or within 12 months of delivery. Note for UK data number of pregnancies is the number of gestations, for Australian data this is the number of live births.
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Table 2 . Pathogenic and likely pathogenic variants identified in 384 SCAD cases 1 2

 2 

Table 3 . Eleven different genetic models used to define qualifying variants for collapsing analysis 1

 3 

					Missense restricted to
	Model	Genetic model	External MAF (GnomAD)	Variant type	
					intolerant sub-regions
	PTV	Dominant	0.001	PTVs	NA
			0.001 (PTVs)	PTVs or non-PTVs REVEL Score	
	PTV or rare damaging Dominant	0.00005 (non-PTVs)	>=0.25	No
	Ultra-rare damaging	Dominant	0	REVEL Score >=0.25	No
	Ultra-rare damaging				
	(MTR)	Dominant	0	REVEL Score >=0.25	Yes
	Rare damaging	Dominant	0.00005	REVEL Score >=0.25	No
	Rare damaging (MTR) Dominant	0.00005	REVEL Score >=0.25	Yes
	Flexible damaging	Dominant	0.0005 (popmax 0.001)	REVEL Score >=0.25	No
	Flexible non-syn	Dominant	0.0005 (popmax 0.001)	All non-synonymous	No
	Flexible non-syn (MTR) Dominant	0.0005 (popmax 0.001)	All non-synonymous	Yes

PTV=protein-truncating variant; MTR=missense tolerance ratio; REVEL=score to predict damage caused by variant; MAF=minor allele frequency; popmax=maximum MAF across the different gnomAD populations. For full details of qualifying variant definitions see Supplementary Methods. CIRCCVG/2020/003030R1 32

Table 4 : Selected highly-ranked collapsing analysis results 1

 4 

	Gene	Gene Description		Qual	Qual Case	Qual	Qual Ctrl			Odds	Odds
			Model					P-value Odds Ratio	
	Name			Cases	PC	Ctrls	PC			Ratio LCI	Ratio UCI
		Polycystin-1. Mutated in								
			Ultra-rare damaging							
	PKD1	PCKD and previously		6	1.7%	14	0.1% 7.31E-06	16.7	6.4	43.8
			(MTR)							
		implicated in SCAD.								
		TBC domain family	Rare damaging							
	TBC1D9			7	2%	31	0.2% 4.07E-05	8.8	3.9	20.2
		member 9.	(MTR)							
		Transcription elongation								
	TCEAL7		Flexible non-syn	4	1.1%	5	0%	4.63E-05	31.1	8.3	116.3
		factor A-like 7.								
		DENN domain containing 5								
	DENND5A	A. RAB guanine nucleotide	Flexible non-syn	15	4.2%	167	1.2% 6.24E-05	3.6	2.1	6.1
		exchange factor.								

Table 1 : Tiered list of genes of interest to SCAD.

 1 Tier 1 genes harbour rare variants previously reported as pathogenic in multiple SCAD patients. Tier 2 genes harbour rare variants previously reported as being pathogenic in a single SCAD patient or patients with connective tissue disorders or vascular disorders or common variants associated with these disorders. Tier 3 genes are of interest based on relevant phenotypes in mouse models.
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Table 2 : Single heterozygous variants in SCAD patients in tier 1 or 2 genes associated with recessive connective tissue disorders or vascular

 2 they are all monoallelic (heterozygous). For SNVs and indels GnomAD exomes allele frequencies are shown and for SVs GnomAD genomes allele frequencies are shown.
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disorders. These variants would be considered pathogenic or likely pathogenic if they were biallelic, but none are confidently causative of SCAD in

Table 3 : Clinical information regarding patients affected by pathogenic and likely pathogenic variants

 3 
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. All the subjects with pathogenic variants are white females and none had pregnancy-related SCAD or recurrence. P= number of pregnancies defined as gestation ending with delivery. IE = intense exercise. ES = emotional stress. RA = remote arteriopathy as defined as any arterial abnormality and may include dilations or narrowing's of arteries outside normal limits, dissections, aneurysms and fibromuscular dysplasia but does not include arterial tortuosity. * = incomplete screening for remote arteriopathies. MV = mitral valve prolapse. SA = skeletal abnormalities. Skin = skin abnormalities. HTN = hypertension. CAD = family history of CAD. CTD = Connective Tissue disorder (includes PCKD). HM = Hypermobility. SoV = sinus of Valsalva. STJ = sinotubular junction. AA = ascending aorta. NA = not available. NR = no relevant data.

Table 4 : There are no significant differences in clinical endpoints between SCAD survivors with a pathogenic or likely pathogenic variants and those without.

 4 Arteriopathy is defined as any arterial abnormality and may include dilations of arteries outside normal limits, dissections,

	aneurysms and fibromuscular dysplasia but does not include arterial tortuosity. Pregnancy-associated SCAD (P-SCAD) was defined as SCAD occurring
	during gestation or within 12 months of delivery. YO = years old. OR = Odds Ratio, LCI = Lower confidence interval (95%), UCI = Upper confidence
	interval (95%). Solved = has pathogenic or likely pathogenic variant. P values calculated using two-sided Fisher's Exact tests. P value threshold of
	significance for this analysis = 0.006 (0.05/8).

Table 5 : Details of phenotypes excluded from UK Biobank controls for SCAD collapsing analysis.

 5 
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Table 6 : collapsing analysis results.

 6 Capped at p < 0.01, does not include synonymous model, for each gene, only the model with the lowest is on a list of genes in which variants are reported at a higher frequency than expected across multiple studies (i.e. they have a higher than expected mutation rate or are prone to false positive variant calls), or they have another human paralogue that is at least 90% reciprocally identical and therefore also prone to false positive variant calls due to mismapped reads. These associations should be interpreted with caution.
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p value is shown. LCI = Lower confidence interval (95%), UCI = Upper confidence interval (95%). All associations are enriched in cases. Gene flagged indicates

Table 7 : Details of qualifying variants in cases driving selected associations of interest in collapsing analysis and gene-set enrichment analysis

 7 
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. Qualifying variants in PKD1 drive signal in collapsing analysis (ultra-rare damaging (MTR) model). Qualifying variants in PKD1, COL3A1, and SMAD3 drive signal in SCAD tier 1 genes in gene-set enrichment analysis (ultra-rare damaging (MTR) model). Qualifying variants in PKD1, HES5, DLL1, and UMOD drive signal in Loop of Henle development genes in gene-set enrichment analysis (ultra-rare damaging (MTR) model).

Table 8 . Annotated selected highly-ranked collapsing analysis results listed inTable 4 .

 84 Expression pattern was annotated based on the Human Protein Atlas and Genotype-Tissue Expression databases. Mouse phenotypes were collected from MGI.
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