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Spontaneous coronary artery dissection (SCAD) has been acknowledged as a significant cause of acute myocardial infarction (AMI), predominantly in young to middle-aged women. SCAD often occurs in patients with fewer cardiovascular risk factors than atherosclerotic AMI. Unfortunately, SCAD remains under-diagnosed due to a lack of awareness among health-care providers leading to misdiagnosis. The underlying pathophysiological mechanisms of SCAD are not well understood. SCAD occurring in members of the same family has been described, suggesting a potentially identifiable genetically triggered cause in at least some cases. However, thus far, the search for highly penetrant mutations in candidate pathways has had a low yield, often pointing to genes involved in other clinically undiagnosed hereditary syndromes manifesting as SCAD. Recent exploratory efforts using exome sequencing and genome-wide association studies have provided several interesting leads toward understanding the pathogenesis of SCAD. Here, we review recent publications where rare and common genetic factors were reported to associate with a predisposition to SCAD and indicate suggestions for the future strategies and approaches needed to fully address the genetic basis of this intriguing and atypical cause of AMI.

Introduction

Since the end of the 20 th century, there has been a persistent disparity in the age-standardized risk of death from acute cardiovascular events for men compared to women. Significantly inferior quality of care and outcomes after acute myocardial infarction (AMI) have been reported in young women compared to young men [START_REF] Wilkinson | Sex differences in quality indicator attainment for myocardial infarction: a nationwide cohort study[END_REF][START_REF] Smilowitz | Acute Myocardial Infarction During Pregnancy and the Puerperium in the United States[END_REF][START_REF] Vaccarino | Myocardial Infarction in Young Women[END_REF][START_REF] Arora | Twenty Year Trends and Sex Differences in Young Adults Hospitalized With Acute Myocardial Infarction[END_REF][START_REF] Gabet | Acute coronary syndrome in women: rising hospitalizations in middle-aged French women, 2004-14[END_REF][START_REF] Virani | Heart Disease and Stroke Statistics-2020 Update: A Report From the American Heart Association[END_REF] . This may, in part, be due to a higher incidence of non-atherosclerotic AMI presentations in women.

Spontaneous coronary artery dissection (SCAD) has emerged as an important cause of AMI and may contribute to these sex disparities in AMI outcomes. The etiology of SCAD is not fully understood. Nevertheless, there are several recognized factors associated with SCAD which include female sex, pregnancy-related factors, emotional stress, extreme exercise and hypertension. SCAD also rarely occurs in patients with inherited connective tissue disorders although data from genetic testing studies indicates that only a small minority of patients carry mutations in established causal genes [START_REF] Carss | Spontaneous Coronary Artery Dissection: Insights on Rare Genetic Variation from Genome Sequencing[END_REF][START_REF] Verstraeten | Enrichment of Rare Variants in Loeys-Dietz Syndrome Genes in Spontaneous Coronary Artery Dissection but Not in Severe Fibromuscular Dysplasia[END_REF] . However, exploration of these rare pathogenic variants in SCAD has considerable potential both to enhance our understanding of the pathophysiological mechanisms underlying this condition and to help clinicians in determining those cases where genetic testing may enhance clinical management and potentially trigger family screening.

One important feature of SCAD is the demonstration in at least half of affected patients have concurrent extra-coronary arteriopathies, mainly fibromuscular dysplasia (FMD). There is also an association with migraine [START_REF] Hayes | Spontaneous Coronary Artery Dissection: Current State of the Science: A Scientific Statement From the American Heart Association[END_REF] , an important neurovascular disorder. Both migraine and FMD are, like SCAD, more prevalent among women. Increasing evidence has demonstrated the role of common genetic loci in determining the risk of SCAD, illustrated by recent genetic association studies identifying common risk variants [START_REF] Adlam | Association of the PHACTR1/EDN1 Genetic Locus With Spontaneous Coronary Artery Dissection[END_REF][START_REF] Saw | Chromosome 1q21.2 and additional loci influence risk of spontaneous coronary artery dissection and myocardial infarction[END_REF][START_REF] Turley | Identification of Susceptibility Loci for Spontaneous Coronary Artery Dissection[END_REF] . Interestingly, some of these variants are shared with FMD, migraine and cervical artery dissection [START_REF] Adlam | Association of the PHACTR1/EDN1 Genetic Locus With Spontaneous Coronary Artery Dissection[END_REF][START_REF] Saw | Chromosome 1q21.2 and additional loci influence risk of spontaneous coronary artery dissection and myocardial infarction[END_REF][START_REF] Turley | Identification of Susceptibility Loci for Spontaneous Coronary Artery Dissection[END_REF] .

In this review we discuss the nature of the SCAD phenotype, explore the different genetic research strategies employed in the past five years, and summarize the main results obtained from recent studies dedicated to investigating the genetics of SCAD (Table 1). We also discuss the difficulties and limitations of these studies and provide ideas on how to enhance research efforts aimed at increasing genetic knowledge about this atypical and important cause of AMI.

Clinical features and pathophysiology of SCAD

SCAD causes a non-iatrogenic and non-traumatic spontaneous separation of the coronary artery wall within the tunica media [START_REF] Saw | Spontaneous Coronary Artery Dissection: Clinical Outcomes and Risk of Recurrence[END_REF] . The first report describing SCAD was published as early as 1931 for a case of sudden cardiac death in a 42-years old woman [START_REF] Pretty | Dissecting aneurysm of coronary artery in a woman aged 42: rupture[END_REF] . SCAD predominantly affects women, with fewer cardiovascular risk factors compared to an atherosclerotic AMI population. It may represent 1.7 to 4% of all acute coronary syndrome (AMI) presentations [START_REF] Hayes | Spontaneous Coronary Artery Dissection: Current State of the Science: A Scientific Statement From the American Heart Association[END_REF][START_REF] Saw | Spontaneous Coronary Artery Dissection: Clinical Outcomes and Risk of Recurrence[END_REF] . Some studies have suggested that SCAD represents up to 22-35% of AMI cases affecting women aged under 50 years, which indicates its predominance in early middle-aged women [START_REF] Hayes | Spontaneous Coronary Artery Dissection: Current State of the Science: A Scientific Statement From the American Heart Association[END_REF][START_REF] Saw | Spontaneous Coronary Artery Dissection: Clinical Outcomes and Risk of Recurrence[END_REF] . The coronary arterial dissection is thought to arise either from a disruption or 'tear' in the endothelial/intimal layer allowing blood from the true lumen to enter the sub-intimal space, or from spontaneous bleeding of a traversing micro vessel within the media. The resulting accumulation of blood within the medial layer leads to the formation of a tracking false lumen. The intramural hematoma in the false lumen compresses the true lumen leading to coronary insufficiency and AMI [START_REF] Al-Hussaini | Spontaneous coronary artery dissection[END_REF] . The diagnosis of SCAD is generally made at invasive coronary angiography [START_REF] Combaret | National French Registry of Spontaneous Coronary Artery Dissections: Prevalence of Fibromuscular Dysplasia and Genetic Analyses[END_REF] (Figure 1). Delayed or missed diagnoses are common, primarily due to a lower recourse to biomarker testing and coronary angiography in young women presenting with chest pain, due to their lower perceived risk. SCAD is also a rare cause of sudden cardiac death although post mortem diagnosis is also reportedly challenging [START_REF] Margaritis | Vascular histopathology and connective tissue ultrastructure in spontaneous coronary artery dissection: pathophysiological and clinical implications[END_REF] .

Several potential triggers and precipitants have been described in SCAD. A recent Dutch cohort of patients reported a higher frequency of a precipitating emotional stressor in the 24 hours prior to acute SCAD presentation, compared to an atherosclerotic AMI population [START_REF] Smaardijk | Psychological and clinical characteristics of patients with spontaneous coronary artery dissection: A case-control study[END_REF] . Another reported precipitant is extreme physical effort or stress, such as weight lifting. This occurs more often among men, compared to women [START_REF] Hayes | Spontaneous Coronary Artery Dissection: Current State of the Science: A Scientific Statement From the American Heart Association[END_REF] . Given the female sex predominance, sex hormone fluctuations may have a role in SCAD risk, although the precise mechanism remains unclear and SCAD is also known to occur in men, nulliparous and post-menopausal women. There is a clear association between SCAD and the peri-partum period in some cases. Indeed, this condition was historically reported primarily as a cause of pregnancy-associated AMI, although estimations from more recent series suggest only 2 to 8% of SCAD cases occur during pregnancy or the post-partum period [START_REF] Faden | A nationwide evaluation of spontaneous coronary artery dissection in pregnancy and the puerperium[END_REF][START_REF] Elkayam | Pregnancy-associated acute myocardial infarction: a review of contemporary experience in 150 cases between 2006 and 2011[END_REF] . A causal link with hormonal contraception or hormone replacement therapy remains to be unequivocally demonstrated in a valid comparison with an appropriate control population. SCAD has been consistently associated, in several large observational studies, with extracoronary arteriopathies, mainly FMD [START_REF] Hayes | Spontaneous Coronary Artery Dissection: Current State of the Science: A Scientific Statement From the American Heart Association[END_REF][START_REF] Adlam | European Society of Cardiology, acute cardiovascular care association, SCAD study group: a position paper on spontaneous coronary artery dissection[END_REF][START_REF] Tweet | Clinical features, management, and prognosis of spontaneous coronary artery dissection[END_REF][START_REF] Saw | Spontaneous coronary artery dissection in patients with fibromuscular dysplasia: a case series[END_REF][START_REF] Persu | Hypertension and the Kidney" of the European Society of Hypertension and the European Fibromuscular Dysplasia Initiative. Revisiting Fibromuscular Dysplasia: Rationale of the European Fibromuscular Dysplasia Initiative[END_REF][START_REF] Prasad | Prevalence of extracoronary vascular abnormalities and fibromuscular dysplasia in patients with spontaneous coronary artery dissection[END_REF] . FMD is a non-inflammatory, non-atherosclerotic vascular disease that affects medium size arteries (Figure 2). FMD, like SCAD, has a strong female predominance (˃80%) [START_REF] Gornik | First international consensus on the diagnosis and management of fibromuscular dysplasia[END_REF] . FMD is characterized by the pathognomonic radiological 'string-of-beads' appearance, most commonly of renal, cervical, femoral and iliac arteries, although any arterial bed can be affected. It may additionally be associated with arterial stenosis, aneurysm, dissection, occlusion or arterial tortuosity [START_REF] Olin | The United States Registry for Fibromuscular Dysplasia: results in the first 447 patients[END_REF][START_REF] Persu | European consensus on the diagnosis and management of fibromuscular dysplasia[END_REF][START_REF] Maas | Spontaneous coronary artery dissections and fibromuscular dysplasia: Current insights on pathophysiology, sex and gender[END_REF] . Importantly, FMD has been associated with SCAD, with a prevalence of 50 to 75% [START_REF] Saw | Spontaneous coronary artery dissection in patients with fibromuscular dysplasia: a case series[END_REF][START_REF] Henkin | Spontaneous coronary artery dissection and its association with heritable connective tissue disorders[END_REF] . Whist the association between SCAD and extra-coronary arteriopathies has been widely demonstrated, the underlying coronary artery vulnerability in SCAD is less clear. Angiographic and intracoronary imaging appearances reportedly of coronary artery FMD have been reported in SCAD [START_REF] Moulson | Histopathology of Coronary Fibromuscular Dysplasia Causing Spontaneous Coronary Artery Dissection[END_REF] , but such changes do not seem universal and histological appearances of classical medial FMD seem uncommon [START_REF] Margaritis | Vascular histopathology and connective tissue ultrastructure in spontaneous coronary artery dissection: pathophysiological and clinical implications[END_REF] . The association of SCAD and extra-coronary FMD does however suggest these conditions may share pathophysiological elements. SCAD may also share causal aspects with migraine (Figure 2), which is reportedly increased in several series of patients and registries of SCAD and FMD patients [START_REF] Kok | Prevalence and Clinical Factors of Migraine in Patients With Spontaneous Coronary Artery Dissection[END_REF] .

Many important factors remain to be established regarding the underlying pathogenesis of SCAD, including the role of specific genetic risk factors and how these interact with suspected environmental triggers. Nonetheless, recent efforts have enabled important advances to clarify several key elements of the genetic basis of SCAD, including both rare and common genetic factors.

Familial SCAD and panel testing for arteriopathy-associated genes

Initially, SCAD was considered as a rare and largely sporadically occurring disease, with evidence of familial inheritance only reported in a small subset of patients [START_REF] Goel | Familial spontaneous coronary artery dissection: evidence for genetic susceptibility[END_REF] . SCAD had been reported in occasional patients with several rare vascular syndromes, mainly vascular Ehlers-Danlos syndrome (vEDS) [START_REF] Pepin | Survival is affected by mutation type and molecular mechanism in vascular Ehlers-Danlos syndrome (EDS type IV)[END_REF][START_REF] Frank | The type of variants at the COL3A1 gene associates with the phenotype and severity of vascular Ehlers-Danlos syndrome[END_REF] , Marfan 14 , and Loeys-Dietz syndromes [START_REF] Henkin | Spontaneous coronary artery dissection and its association with heritable connective tissue disorders[END_REF][START_REF] Garcia-Bermudez | Repeated Loss of Consciousness in a Young Woman: A Suspicious SMAD3 Mutation Underlying Spontaneous Coronary Artery Dissection[END_REF] . Other case reports described SCAD in association with polycystic kidney disease [START_REF] Klingenberg-Salachova | Spontaneous coronary artery dissection in polycystic kidney disease[END_REF] or Alport syndrome [START_REF] Hayes | Spontaneous Coronary Artery Dissection: Current State of the Science: A Scientific Statement From the American Heart Association[END_REF] . There is a large body of evidence from these extensively studied rare connective tissue disorders that supports arterial fragility with vascular dissection a recognized clinical risk among affected patients [START_REF] Saw | Spontaneous Coronary Artery Dissection: Clinical Outcomes and Risk of Recurrence[END_REF][START_REF] Saw | Spontaneous coronary artery dissection: association with predisposing arteriopathies and precipitating stressors and cardiovascular outcomes[END_REF][START_REF] Lebrun | Spontaneous coronary artery dissection (SCAD): The underdiagnosed cardiac condition that plagues women[END_REF] (Figure 2). The clinical overlap between SCAD and these rare hereditary connective tissue disorders and aortopathies implied a shared genetic pathophysiology, involving highly penetrant mutations from a finite list of genes. These associations motivated a more systematic search for other rare mutations in genes causing these syndromes in SCAD patients.

In a series reported by Henkin et al. of 116 patients referred from a national SCAD referral center for medical genetics evaluation, 59 underwent panel-based gene sequencing. Of these, only three had mutations in genes associated with known connective tissue disorders including one patient with Marfan syndrome; one patient with vEDS alone and a third patient with vEDS who also had FMD [START_REF] Henkin | Spontaneous coronary artery dissection and its association with heritable connective tissue disorders[END_REF] . Another study by Kadaan et al. reported findings from 44 patients referred by a tertiary SCAD clinic for evaluation in a cardiovascular genetics clinic and selected for panel-based gene testing. Six patients (8.2%) had an identifiable genetic disorder associated with vascular disease, three patients with collagen type III alpha 1 chain gene (COL3A1) mutations causative for vEDS, one patient with LIM homeobox transcription factor 1 beta gene (LMX1B) mutation causative for Nail-patella syndrome, one with mutation in polycystin 1, transient receptor potential channel interacting gene (PKD1) causative for autosomal dominant polycystic kidney disease, and one with mutation in SMAD family member 3 gene (SMAD3) involved in Loeys-Dietz syndrome [START_REF] Kaadan | Prospective Cardiovascular Genetics Evaluation in Spontaneous Coronary Artery Dissection[END_REF] . Together, these two small studies suggested rare causal variants in COL3A1 as the most frequent genetic finding in SCAD patients [START_REF] Henkin | Spontaneous coronary artery dissection and its association with heritable connective tissue disorders[END_REF] .

In a more recent study by Verstraeten et al, targeted sequencing of a panel of 25 genes involved in thoracic and aortic aneurysm and dissection was applied to a cohort of 179 patients with SCAD±FMD and 102 patients with severe FMD only [START_REF] Verstraeten | Enrichment of Rare Variants in Loeys-Dietz Syndrome Genes in Spontaneous Coronary Artery Dissection but Not in Severe Fibromuscular Dysplasia[END_REF] . Using the public database of genetic variants in the general population (gnomAD) as a control set, the authors showed that SMAD family member 2 gene (SMAD2), a key transcriptional regulator of transforming growth factor (TGF)-beta signaling, reached significant enrichment for rare variants in patients with SCAD±FMD compared with the general population after applying a false discovery rate correction [START_REF] Verstraeten | Enrichment of Rare Variants in Loeys-Dietz Syndrome Genes in Spontaneous Coronary Artery Dissection but Not in Severe Fibromuscular Dysplasia[END_REF] . The authors also reported a significantly higher combined frequency of variants in all 6 Loeys-Dietz syndrome genes in SCAD but not FMD-only patients, although, other than SMAD2, these did not individually reach the corrected threshold for statistical significance [START_REF] Verstraeten | Enrichment of Rare Variants in Loeys-Dietz Syndrome Genes in Spontaneous Coronary Artery Dissection but Not in Severe Fibromuscular Dysplasia[END_REF] . Likely pathogenic variants in SCAD patients were also reported in COL3A1, filamin A gene (FLNA) and lysyl oxidase gene (LOX).

Genetic investigations of SCAD using exome and genome sequencing

Several exome and genome sequencing studies have recently been conducted in small pedigrees or sporadic series of SCAD patients. An exome sequencing study of 85 SCAD cases and 296 controls of Han Chinese origin implicated the TSR1 Ribosome Maturation Factor gene (TSR1) gene [START_REF] Sun | Association of TSR1 Variants and Spontaneous Coronary Artery Dissection[END_REF] . After removing variants with a minor allele frequency (MAF) <1% in public databases and selection of in silico predicted deleterious variants, a gene-based association test was implemented where TSR1 was the top associated gene. The authors replicated this result in a validation cohort of 53 SCAD patients and 201 healthy controls and confirmed a significant excess of rare coding variants in the TSR1 in SCAD patients compared to ethnically matched controls. Immunohistochemistry analysis further reported showing expression of TSR1 in human coronary arteries. We note however, that TSR1 is ubiquitously expressed in human tissues, (gtexportal.org, accessed July 2021). An important additional limitation acknowledged by the authors is the lack of exclusion of atherosclerotic causes of dissection, which may explain the surprisingly low percentage of women (~17% in this cohort) (Table 1). TSR1 is a key nucleo-cytoplasmic pre-40S ribosome biogenesis factor that is essential for the final maturation of 20S rRNA to 18S rRNA [START_REF] Hector | Snapshots of pre-rRNA structural flexibility reveal eukaryotic 40S assembly dynamics at nucleotide resolution[END_REF][START_REF] Turowski | Rio1 mediates ATP-dependent final maturation of 40S ribosomal subunits[END_REF][START_REF] Gelperin | Bms1p, a novel GTPbinding protein, and the related Tsr1p are required for distinct steps of 40S ribosome biogenesis in yeast[END_REF] . It is hypothesized to be a blocker that excludes binding with pre-40S particles of the GTPase eIF5B and the ATPase Rio1, and 60S subunit joining during the cytoplasmic maturation of the 40S ribosomal subunits [START_REF] Mccaughan | Pre-40S ribosome biogenesis factor Tsr1 is an inactive structural mimic of translational GTPases[END_REF] . The relevance of this molecular mechanism to coronary arterial dissection, is, at present, unclear. Additional limitations, also acknowledged by the authors, are the need for validation in an in vivo or at least in vitro model to functionally characterize the impact of the 6 rare mutations identified, the lack of segregation in larger pedigrees, the absence of FMD screening and the need for validation in additional ethnic backgrounds.

Using a similar strategy, Turley et al. [START_REF] Turley | Rare Missense Variants in TLN1 Are Associated With Familial and Sporadic Spontaneous Coronary Artery Dissection[END_REF] performed next-generation sequencing and targeted mutation screening in a family pedigree involving 5 individuals, of which 3 were affected across 2 generations and a large sporadic SCAD cohort of 675 unrelated individuals. The family study identified a rare missense variant in TLN1, encoding the cytoskeletal protein talin1, with additional rare missense variants in the sporadic cohort, implicating TLN1 as a novel susceptibility gene. Talin plays an important role in focal adhesions and integrin activation [START_REF] Elliott | The Structure of the talin head reveals a novel extended conformation of the FERM domain[END_REF] . TLN1 is also highly expressed in vascular tissues and endothelial cells [START_REF] Monkley | Endothelial cell talin1 is essential for embryonic angiogenesis[END_REF] . This suggests alterations in expression of TLN1 leading to reduced arterial wall integrity as a putative pathogenic mechanism relevant to SCAD. Limitations in this study include the small number of affected individuals in the familial cases and a lack of a precise estimation of the frequency of rare variants in the sporadic SCAD cohort for the entire gene, given that only a partial resequencing was undertaken restricted to mutations in a specific coding domain of the gene [START_REF] Turley | Rare Missense Variants in TLN1 Are Associated With Familial and Sporadic Spontaneous Coronary Artery Dissection[END_REF] . Whole genome sequencing has also been reported in a mother and daughter pair who shared a very rare (frequency of 4 × 10 -6 ) and cross species conserved mutation in an intercellular tight junction coding gene named F11R [START_REF] Fahey | The Intercellular Tight Junction and Spontaneous Coronary Artery Dissection[END_REF] .

We have also recently described rare loss-of-function (LoF) mutations in FMD and SCAD [START_REF] Georges | Rare loss-of-function mutations of PTGIR are enriched in fibromuscular dysplasia[END_REF] of the prostacyclin receptor gene (PTGIR), a G protein coupled receptor with a cardioprotective function and an established role in atherothrombosis [START_REF] Majed | Molecular mechanisms regulating the vascular prostacyclin pathways and their adaptation during pregnancy and in the newborn[END_REF] . Specifically, four FMD and two SCAD patients carried a nonsynonymous (L67P, rs1397542892) and LoF (Q163X, rs199560500) variant alleles, which were found to significantly delay or totally impair cAMP signaling, respectively, after stimulation by iloprost, an agonist of the prostacyclin receptor [START_REF] Georges | Rare loss-of-function mutations of PTGIR are enriched in fibromuscular dysplasia[END_REF] . SCAD patients carrying PTGIR LoFs did not present with FMD in other arterial beds. This observation may suggest that the pathological impact of these mutations could be different in SCAD and FMD. There are numerous potentially relevant mechanisms where prostacyclin signaling is a key pathway, mainly in vasodilation, fibrosis, smooth muscle cells proliferation and platelet aggregation [START_REF] Georges | Rare loss-of-function mutations of PTGIR are enriched in fibromuscular dysplasia[END_REF] .

The largest sequenced cohort of patients reported to date included 384 SCAD survivors who were analyzed alongside 13,722 controls from the UK Biobank 7 . This study aimed to assess the diagnostic yield of rare variant genetic testing in sporadic patients and was the first to comprehensively investigate whole genome sequencing from SCAD patients for coding (exome-wide) and indel genomic variants [START_REF] Carss | Spontaneous Coronary Artery Dissection: Insights on Rare Genetic Variation from Genome Sequencing[END_REF] . Pathogenic variants (according to American College of Genetics and Genomics guidelines) were identified in 14 (3.6%) patients, mostly in established genes harboring mutations previously described in SCAD or one of its related hereditary connective tissue disorders or arteriopathies. Variants were identified in COL3A1 (n=2), PKD1 (n=5) and SMAD3 (n=2), TGFB2 (n=2), LOX (n=1), myosin light chain kinase gene MYLK (n=1) and YY1 associated protein 1 gene YY1AP1 (n=1) [START_REF] Carss | Spontaneous Coronary Artery Dissection: Insights on Rare Genetic Variation from Genome Sequencing[END_REF] . Interestingly, two heterozygote variants were identified in YY1AP1, where homozygote or compound heterozygote mutations have been reported in Grange syndrome, a condition with FMD-like vascular features [START_REF] Guo | Loss-of-Function Mutations in YY1AP1 Lead to Grange Syndrome and a Fibromuscular Dysplasia-Like Vascular Disease[END_REF] . The authors did not have access to haplotype phased genotypes in the SCAD patients to precisely define the genetic model for this gene. This study used an interesting strategy based on a machine learning method for gene prioritization that identified 10 genes relevant to SCAD with ultra-rare variants, which included all those manually defined. Finally, using gene-set enrichment analysis, the authors reported an intriguing enrichment for variants in the loop of Henle development genes, driven mainly by the five individuals carrying variants in PKD1. In addition to previous reports [START_REF] Kaadan | Prospective Cardiovascular Genetics Evaluation in Spontaneous Coronary Artery Dissection[END_REF] , this result suggests the existence of a potential genetically driven association between SCAD and renal genetic disorders that deserves further investigation to clarify the molecular and cellular mechanisms shared by these two diseases.

Clinical testing for rare genetic variants in SCAD

Altogether, inherited arteriopathies and heritable connective tissue disorders appear to account for 4 to 10% of SCAD. The current consensus is not to recommend genetic testing in the absence of features from physical examination, imaging or family history suggestive of an associated heritable disorder [START_REF] Hayes | Spontaneous Coronary Artery Dissection: Current State of the Science: A Scientific Statement From the American Heart Association[END_REF] . Testing all prevalent cases of SCAD would be a potential source of stress for the large proportion of patients with negative results or worse, findings of uncertain significance. Nonetheless, even 4% is a relatively high proportion that might benefit from having a molecular diagnosis for severe vascular syndromes such as vEDS. A genetic diagnosis in such patients might alter clinical management through enhanced awareness of the potential risk of vascular complications in other arterial beds. Furthermore, pedigree screening these cases could allow additional affected members of the patient families to benefit from awareness of their putative vascular risk.

SCAD as a complex genetic disease involving common genetic variation

The low yield in genetic testing for SCAD using existing panels of genes involved in rare vascular diseases and genome sequencing studies has motivated the investigation of the role of common genetic variants. The first supporting evidence came from a study demonstrating the association between SCAD and the common variant rs9349379 (MAF=0.40 in unselected populations). This variant was known to have a role in the genetic susceptibility to coronary artery disease, 53 FMD 54 , migraine [START_REF] Freilinger | Genome-wide association analysis identifies susceptibility loci for migraine without aura[END_REF] and cervical artery dissection [START_REF] Debette | Common variation in PHACTR1 is associated with susceptibility to cervical artery dissection[END_REF] and is located in the intronic sequence of the phosphatase and actin regulator 1 gene (PHACTR1) [START_REF] Adlam | Association of the PHACTR1/EDN1 Genetic Locus With Spontaneous Coronary Artery Dissection[END_REF] . The association study combined four case control studies involving >1000 patients and 3500 controls from Europe and the USA. This showed that the same effect allele (rs9349379-A), reported to associate with FMD, cervical artery dissection and migraine significantly increased the genetic risk of SCAD [START_REF] Adlam | Association of the PHACTR1/EDN1 Genetic Locus With Spontaneous Coronary Artery Dissection[END_REF] . Recently, a first single-center genome-wide association study (GWAS) in SCAD was conducted in women of European ancestry [START_REF] Turley | Identification of Susceptibility Loci for Spontaneous Coronary Artery Dissection[END_REF] . The authors investigated ~5 million genotyped and imputed common variants in the discovery study of 484 patients and 1,477 controls, and followed-up 10 loci in an independent set of 180 cases and 340 controls. They identified a total of five replicated risk loci, including PHACTR1, at the genome-wide significance level, and several high-profile positional candidate genes. The strongest association signal was detected within chromosome 1q21.3 locus, with at least 25 genes mapping within the associated region of 400 kilobases defined by the authors. Based on eQTL analyses in arteries from GTEx and enhancer annotation, they reported mitochondrial ribosomal protein S21 gene (MRPS21), extracellular matrix protein 1 gene (ECM1) and ADAMTS like 4 gene (ADAMTSL4) as the most likely candidates. MRPS21 is involved in oxidative phosphorylation and its putative role in artery dissection is unclear. However, ECM1 and ADAMTSL4, which encodes secreted glycoproteins, could both play a potential role in cell-cell and cell-extracellular matrix adhesion to maintain artery integrity. An independent SCAD GWAS reported a similar association result on chromosome 1q21.3 based on two case control studies including 433 patients and 8470 controls. The authors performed colocalization analyses using expression data from the genotype and expression portal GTEx and reported ADAMTSL4 as the potential candidate gene in this locus [START_REF] Saw | Chromosome 1q21.2 and additional loci influence risk of spontaneous coronary artery dissection and myocardial infarction[END_REF] . Both GWAS reported association signals in the LDL receptor related protein 1 gene (LRP1) at 12q13.3, involving an intronic variant rs11172113 that significantly correlated with this gene expression in several artery tissues from GTEx [START_REF] Saw | Chromosome 1q21.2 and additional loci influence risk of spontaneous coronary artery dissection and myocardial infarction[END_REF][START_REF] Turley | Identification of Susceptibility Loci for Spontaneous Coronary Artery Dissection[END_REF] . Another locus was reported on Chr 21q22.11 locus, where several genes which show evidence of expression in arteries are potentially involved [START_REF] Saw | Chromosome 1q21.2 and additional loci influence risk of spontaneous coronary artery dissection and myocardial infarction[END_REF][START_REF] Turley | Identification of Susceptibility Loci for Spontaneous Coronary Artery Dissection[END_REF] . Turley et al., argued given the increasingly understood biological roles of long non-coding RNAs that LINC00310 might be the most likely candidate at this locus. On the other hand, Saw et al., performed co-localization analysis using gene expression in arteries and the association with SCAD at this locus and pointed to two candidates: MRPS6 encoding a mitochondrial ribomosomal protein S6 and KCNE2 encoding potassium voltagegated channel subfamily E regulatory subunit 2. Larger studies, involving ideally other ethnic backgrounds will certainly be needed to narrow down the causal variants and genes at this locus. One additional SCAD locus was identified by Turley et al. in the fibrillin gene (FBN1) at the 15q21.1 locus 12 . This association signal is driven by several common variants spanning a large linkage disequilibrium region that includes FBN1, a gene that harbors rare and private mutations causative of Marfan Syndrome. As highlighted by the authors, the protein encoded by ADAMTSL4, the best candidate gene at the 1q21.3 locus, binds to FBN1 and promotes microfibril assembly [START_REF] Hubmacher | ADAMTS proteins as modulators of microfibril formation and function[END_REF] . FBN1 was reported to be higher in plasma from 70 SCAD patients, compared to that in 70 non-SCAD patients who experienced AMI, or 70 healthy controls, and of relatively promising value in prognosis prediction of cardiovascular events during follow-up of SCAD patients 58 FBN1 is an important molecule which forms the backbone of the microfibrils in elastic tissues in the coronary artery wall and is involved in TGF-beta activation and signaling. Altogether, current genetic association studies of common variants provide evidence for a polygenic risk underlying most SCAD. Ongoing efforts to combine larger samples are expected to increase the current list of genetic susceptibility loci and, combined with deeper integrative functional annotation, may help to improve the resolution at current and future risk loci. No study to date has investigated potential genetic differences between angiographic subtypes although increasing evidence suggests these appearances represent different temporal phases of the same disease process rather than distinct clinical phenotypes. [START_REF] Jackson | Spontaneous Coronary Artery Dissection: Pathophysiological Insights From Optical Coherence Tomography[END_REF][START_REF] Waterbury | Early Natural History of Spontaneous Coronary Artery Dissection[END_REF][START_REF] Mori | Clinical Outcomes By Angiographic Type Of Spontaneous Coronary Artery Dissection[END_REF] 

SCAD as a genetically distinct cause of AMI sharing some genetic loci with other vascular diseases

Recent advances in the investigation of SCAD have provided evidence that the genetic basis of this condition is distinct from atherosclerotic AMI. A first example came from the PHACTR1 risk variant where the rs9349379-A allele confers risk for both SCAD and FMD [START_REF] Adlam | Association of the PHACTR1/EDN1 Genetic Locus With Spontaneous Coronary Artery Dissection[END_REF] . PHACTR1 is a highly pleiotropic risk locus for a large number of vascular disorders, including cervical artery dissection and migraine, two neurovascular conditions concomitant with SCAD (Figure 2). Similarly, rs11172113 at the LRP1 locus is also an established risk locus for both migraine and SCAD [START_REF] Freilinger | Genome-wide association analysis identifies susceptibility loci for migraine without aura[END_REF] . Interestingly, despite SCAD being a cause of AMI, the alternative rs9349379-G allele in PHACTR1 is associated with increased risk for classical coronary artery disease and atherosclerotic AMI, including in an analysis restricted to women only [START_REF] Adlam | Association of the PHACTR1/EDN1 Genetic Locus With Spontaneous Coronary Artery Dissection[END_REF] . This finding of an opposing direction of effect of SCAD and atherosclerotic AMI variants was further supported using a SCAD polygenic risk score calculated from GWAS data, which was found to be associated with protection from AMI in the UK biobank data [START_REF] Saw | Chromosome 1q21.2 and additional loci influence risk of spontaneous coronary artery dissection and myocardial infarction[END_REF] . Insights about the mechanisms behind these differences may arise from future investigation into SCAD risk variants and particularly any putative sex hormone mediated regulation of expression. Furthermore, the association signal in FBN1 in the Mayo Clinic SCAD GWAS, also overlaps with that previously reported for sporadic thoracic aortic aneurysm and dissection [START_REF] Lemaire | Genome-wide association study identifies a susceptibility locus for thoracic aortic aneurysms and aortic dissections spanning FBN1 at 15q21.1[END_REF] . This was the first common genetic locus with this aortopathy to be reported. Variants associated in both diseases are in strong linkage disequilibrium, and whether the same causal allele is at play both in thoracic aortic aneurysm and SCAD was not reported.

Conclusions

Significant advances have been made in our understanding of the genetic basis of SCAD in the last five years. SCAD may occasionally result from rare genetic variants, generally in genes implicated in inherited arteriopathies or connective tissue disorders. This accounts for 4 to 10% of patients, depending on the degree of patient selection prior to genetic testing. Routine genetic testing is not current consensus practice in the field but this may be reconsidered as more information becomes available. The results of recent genetic studies suggest both rare and common genetic factors are implicated in the predisposition to SCAD. We highlight diverse biological mechanisms related to artery integrity, shared with several associated arteriopathies including FMD, cervical artery dissection, migraine and adult polycystic kidney disease. Finally, most of the described studies were limited in power, which has restricted the current yield from gene and loci discovery studies. Therefore, huge efforts are still needed to unravel the full genetic basis of this under-recognized cause of AMI. Despite the challenging complexity of diagnosis, use of larger cohorts of patients, with a special emphasis on including more diverse ethnicities will likely uncover additional molecular mechanisms of SCAD. The integration of transcriptomic and proteomic datasets combined with the development of cell systems and small animal genetic models are also expected to help develop future mechanisminformed therapeutic interventions.

Table 1. Summaries of articles published in the last five years (2015-2020) aiming to address the genetic basis of SCAD. Studies were cited in the order of year of publication (by November 2020). We display study design, summary of the main findings, number of SCAD patients studied, percentage of women and fibromuscular dysplasia among patients, and limitations we identified for each study. FMD: fibromuscular dysplasia. vEDS: vascular Ehlers Danlos syndrome. COL3A1: collagen type III alpha 1 chain, PKD1: polycystin 1, transient receptor potential channel interacting gene, SMAD3: SMAD family member 3 gene, PHACTR1: phosphatase and actin regulator 1 gene, TLN1: Talin1 gene, TSR1: TSR1 ribosome maturation factor gene, PTGIR: prostaglandin I2 receptor gene, ECM1: extracellular matrix protein 1 gene, ADAMTSL4: ADAMTS like 4 gene, FBN1: fibrillin 1 gene, LRP1: LDL Receptor related protein 1 gene, LINC00310: Long intergenic non-protein coding RNA 310, TGFB2: Transforming growth factor beta 2 gene, LOX: Lysyl oxidase protein gene, MYLK: Myosine light chain kinase gene, and YY1AP1: YY1 associated protein 1 gene. NA: not available. The study was inconclusive for several genes tested.

Year

Verstraeten 8 SCAD is reported in several connective tissue and rare aortopathies that mainly occur in Marfan and Ehlers Danlos syndromes. SCAD is also associated with common forms of vascular diseases, such as migraine and fibromuscular dysplasia, also more often diagnosed in women. Genetic factors are increasingly reported as an important cause of SCAD. Some of these causes are shared through rare and common genetic basis of the associated conditions. 

SCAD event

Figure 1 .Figure 2 .

 12 Figure 1. Clinical imaging of SCAD. Coronary angiographic examples of SCAD using the Yip-Saw classification (A-E). (A) Type 1 SCAD with dual lumen appearance in the proximal left anterior descending coronary artery (arrow). (B) Type 2a SCAD with false lumen commencing just after the second diagonal branch of the left anterior descending coronary artery (solid arrow) recovery of a normal vessel calibre distally (beyond dotted arrow). (C) Type 2b SCAD extending from the mid left anterior descending coronary artery (solid arrow) distally with no recovery of a normal lumen calibre (dotted arrow). (D) Type 3 SCAD with appearances mimicking a focal atherosclerotic stenosis (arrow) and requiring intracoronary imaging for diagnostic confirmation. (E) Type 4 SCAD with an occlusion at the junction of the mid and distal thirds of the left anterior descending coronary artery (solid arrow) but with evidence of upstream tapered narrowing (dotted arrow). (F) Optical coherence tomography image showing the darker contrast-filled true lumen (TL) surrounded by the compressive false lumen (FL) haematoma. Images from patients consented to the UK SCAD Study (ISRCTN42661582; UK national research ethics service 14/EM/0056)
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