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Abstract 

Stroke, a leading cause of long-term disability and death worldwide, has a heritable 

component. Recent gene discovery efforts have expanded the number of known single-gene 

disorders associated with stroke and linked common variants at approximately 35 genetic 

loci to stroke risk. These discoveries have highlighted novel mechanisms and pathways 

implicated in stroke related to large artery atherosclerosis, cardioembolism, and small vessel 

disease, and defined shared genetic influences with related vascular traits. Further, genetics 

has successfully established causal relationships with risk factors and holds promise for 

prioritizing targets for exploration in clinical trials. Genome-wide polygenic scores enable the 

identification of high-risk individuals before the emergence of vascular risk factors. 

Challenges ahead include a better understanding of rare variants and ancestral differences 

for integration of genetics into precision medicine, integration with other omics data, 

uncovering the genetic factors that govern stroke recurrence and stroke outcome and, 

ultimately, the conversion of genetic discoveries to novel therapies. 
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Introduction 

Stroke remains a leading cause of death and long-term disability across the globe.1 Despite 

the discovery of modifiable and non-modifiable risk factors as well as effective treatments 

novel therapeutic approaches are urgently needed. Uncovering the genetic contributions to 

stroke promises a better definition of causal pathways, the identification of novel therapeutic 

targets, and improved options for diagnosis and prognostication.2-7 

 

The last five years have seen dramatic advances in genomic technologies, sequencing 

costs, biobanking, and data sharing, which collectively have accelerated genetic 

discovery.2,8,9 Genetic studies in stroke are now interrogating both common and rare genetic 

variation for a causal role in disease. Genome-wide association studies (GWAS) in stroke 

and other vascular traits such as blood pressure and atrial fibrillation have tested over a 

million samples and associated an ever-increasing number of loci with disease risk.2,10 These 

discoveries, along with the expanding availability of other omics data, have begun to 

elucidate causal pathways, relevant cell and tissue types, and, in some instances, yielded 

novel drug targets.2 

 

Here, we review the latest discoveries in stroke genetics. In particular, we discuss the 

identification of novel Mendelian causes of stroke,4,5,11
 the discovery of at least 35 stroke risk 

loci harboring common genetic variants,2,7 insights into subtype-specific mechanisms for 

stroke, genetic overlap with related traits, and efforts to understand the underlying biological 

mechanisms.2,3,7 We further discuss how genetic discoveries could improve diagnosis, risk 

prediction, and the treatment of stroke. Indeed, recent observations have elucidated how 

genetics could be leveraged to discover novel drug targets and identify high-risk individuals 

many years before the emergence of classical indicators of stroke risk. 2,6,12,13 Because of 

their substantially different pathophysiologies, the following conditions were not considered: 

subarachnoid haemorrhage, cerebral aneurysms, cavernous malformations, dissections, and 

cerebral venous thrombosis. 

 

 

 

Genetic discovery for stroke 

 

Family-based studies and Mendelian stroke 

Advances in sequencing technology have facilitated the discovery of single-gene disorders 

associated with stroke beyond classical syndromes such as CADASIL and sickle-cell disease 

(Table 1). Most notably, there has been a substantial expansion of the spectrum of ischemic 
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small vessel disease (SVD), which may manifest with ischemic stroke (‘small vessel stroke’, 

Panel), cognitive decline, and other manifestations. Among the most recent discoveries are 

heterozygous mutations within the 3’ untranslated region of COL4A1 (the gene encoding 

collagen 4A1) as a cause of pontine autosomal dominant microangiopathy with 

leukoencephalopathy (PADMAL), a severe form of SVD that typically manifests with early 

onset ischemic stroke.4 These mutations disrupt a binding site for miR-29 and were shown to 

upregulate COL4A1 mRNA expression. Heterozygous mutations (in particular, glycine 

substitutions) in the triple helical domains of COL4A1 or COL4A2 cause a different syndrome 

characterized by hemorrhagic stroke14 along with additional neurological and non-

neurological manifestations (Table 1).4,5,11,14-23 Sequencing has further pinpointed 

heterozygous mutations in HTRA1 (encoding high temperature requirement serine protease 

A1, HTRA1) in families with autosomal dominant SVD.5 The condition typically manifests with 

stroke and cognitive decline in mid to late adulthood with more and more cases reported over 

the last years. In contrast, homozygous and compound heterozygous HTRA1 mutations 

causing cerebral autosomal recessive arteriopathy with subcortical infarcts and 

leukoencephalopathy (CARASIL) seem very rare.24 CARASIL manifests at a much younger 

age than the syndrome of heterozygous mutation carriers and further features non-

neurological symptoms. 

 

Hereditary SVD syndromes typically presenting during childhood include deficiency of 

adenosine deaminase 2 (DADA2), an autoinflammatory disease manifesting with small 

vessel vasculitis caused by CECR1 mutations.20 Recently described mutations in CTSA 

(encoding cathepsin A)11 and FOXC1 (encoding forkhead box C1)19 are associated with 

young onset autosomal dominant SVD. 

 

Common sporadic stroke 

Sporadic stroke arises through multiple risk factors and mechanisms. It is broadly classified 

as ischemic (large artery stroke, cardioembolic stroke, and small vessel stroke) and 

hemorrhagic (deep and lobar intracerebral haemorrhage [ICH]). The assignment to specific 

subtypes draws on the presence of established stroke risk factors and intermediate 

phenotypes such as carotid stenosis (for large artery stroke), or atrial fibrillation (for 

cardioembolic stroke). Yet, in a substantial proportion of cases, the responsible stroke 

mechanism remains uncertain either because diagnostic work-up fails to find an established 

stroke etiology or because there are multiple competing etiologies. This complexity, along 

with the existence of different algorithms for stroke classification (discussed in 25), has posed 

challenges to unravelling the genetic underpinnings of sporadic multifactorial stroke. 
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Common genetic variants associated with stroke 

Common genetic variants, defined here as an allele frequency of >0.5% (one carrier per 100 

individuals), have been associated with stroke using genome-wide association studies 

(GWAS), which compare the frequency of variants (mostly single nucleotide variants, SNPs) 

between groups of individuals. The first successful stroke GWAS included 3,548 patients and 

5,972 controls and identified common variants at HDAC9 (encoding histone deacetylase 9), 

that conferred an ~40% increased risk for large artery stroke per copy of the risk allele.26 

Since then, GWAS in progressively larger sample sizes have identified at least 35 loci with 

robust links to stroke risk.2,27,28 Collectively, these studies enable the following conclusions: 

First, the vast majority of associated SNPs have a minor allele frequency of >5% and are 

associated with a modest increase in stroke risk (typically < 30% increase per allele) (Table 

2). Second, most (~90%) associated variants reside outside protein-coding sequences and 

approximately half are intergenic. Third, there are risk loci for all major diagnostic categories 

including any stroke (AS), any ischemic stroke (AIS), large artery stroke, cardioembolic 

stroke, small vessel stroke, and ICH, both lobar and deep ICH (Table 2, and 27,28). Fourth, at 

several loci, the association is restricted to a specific etiological stroke subtype. For instance, 

in the MEGASTROKE GWAS (>67,000 stroke cases and >450,000 controls)2 the lead 

variants near EDNRA, TSPAN2, and LINC01492 reached genome-wide significance (p<5 x 

10-8) for large artery stroke but showed no association (p>0.05) with other stroke subtypes, 

implying mechanisms limited to atherosclerosis. Fifth, many genetic variants that confer risk 

of stroke also influence risk of related traits (Figure 1). Notably, about a quarter of the 32 

genome-wide significant loci identified by MEGASTROKE are established risk loci for high 

blood pressure. Other loci (e.g., near SMARCA4-LDLR) are established risk loci for lipid 

levels.2 Also, there is genetic overlap between large artery stroke and the related trait of 

coronary artery disease (CAD) (e.g. near HDAC9-TWIST1, EDNRA, and 9p21)2,29,30 and the 

intermediate phenotypes of carotid intima media thickness (IMT) and carotid plaque (e.g., at 

EDNRA)2,31. Sixth, several stroke risk loci contain genes previously implicated in monogenic 

SVD (e.g. COL4A1, COL4A2, and HTRA1)2,7 (Table 3) suggesting a biological overlap 

between common stroke and rare familial stroke syndromes. And finally, while several risk 

loci integrate into previously suspected biological pathways for stroke, roughly one third show 

no obvious relationship with known pathways, pointing to mechanisms not previously 

implicated in stroke pathophysiology. 

 

The heritability of stroke (i.e. the proportion of variation in risk attributable to inherited genetic 

variation) calculated from genome-wide data has been estimated to be 30%-40%32,33 

although a substantial proportion of this variation is likely to be mediated by known risk 

factors for stroke. Overall, the number of risk loci identified to date remains relatively small 
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when compared to other common conditions including CAD. This is partly due to the 

complexity of stroke as a phenotype as well as the smaller sample sizes that are as yet 

available for etiologically-defined subtypes in recent GWAS. Not surprisingly, the lead 

variants at stroke risk loci identified to date explain roughly 1 to 2% of stroke heritability,2 

which is markedly lower than published figures for other traits.30 Given the impact of larger 

sample sizes on genetic discovery in other diseases, it is reasonable to assume that 

analyses of larger numbers of stroke cases will yield substantial numbers of new loci.  

 

Rare variants in sporadic stroke 

The rapid development of low-cost sequencing technologies now enables genome-wide 

genotyping of all variants across the genome. Rare variant detection requires this large-scale 

sequencing and benefits from analytical strategies that aggregate rare variants in a given 

gene into variant sets, enabling a comparison of the aggregate frequency across groups.34 

The two largest stroke studies32,35 to date focused on coding regions (the exome) rather than 

the whole genome. While too small to detect robust associations with rare (allele frequency 

<0.5%) variants, these studies provide a first step towards future discovery. With the rapid 

decline in sequencing costs and expected gain of information on rare variants for precision 

medicine approaches (see below), much larger datasets are expected in the near future. 

 

 

From Genetic Discovery to Biological Mechanisms 

 

Because of the complex nature of GWAS signals, the often-large number of genes within risk 

loci, and the complexity of gene regulatory mechanisms occasionally involving multiple or 

distant genes, mapping GWAS signals to their causal mechanisms is rarely straightforward. 

Elucidating these mechanisms requires additional genetic data and work in animal and 

cellular models, which often vary from locus to locus. These challenges notwithstanding, 

recent functional genomics studies have provided initial insights into the mechanisms linking 

common variants with stroke risk. In the following, we highlight key observations on biological 

mechanisms derived from recent genetic discoveries starting with all stroke and then moving 

to etiological stroke subtypes. We focus on genes and gene loci that have received particular 

attention. 

 

All stroke 

Fine mapping at the SH2B3 locus identified rs3184504 as the most likely causal variant.2 

Further functional annotation revealed SH2B3 as the most likely causal gene.2 rs3184504 

causes an amino acid exchange (P262W) in the lymphocyte adaptor protein LNK (the protein 
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encoded by SH2B3) and also associates with hypertension, type 1 diabetes, CAD, platelet 

counts, and leukocytosis, collectively suggesting an involvement of this locus in multiple 

mechanisms relevant to stroke pathophysiology. Genetic variation at SH2B3 associates with 

both the broader phenotypes of AS, AIS, and with the etiologically defined stroke subtypes 

large artery stroke and small vessel stroke, providing an example of shared genetic 

influences between etiological subtypes.2 LNK is predominantly expressed in hematopoietic 

and endothelial cells and negatively regulates cytokine signaling and cell proliferation.36 LNK 

deficiency is associated with increased platelet production and activation, accelerated arterial 

thrombosis and atherosclerosis in hypercholesterolemic mice,37 and other mechanisms under 

investigation. Collectively, these findings highlight the potential of genetics to uncover 

disease mechanisms while also illustrating challenges of genetic epidemiology as SH2B3 

has also been associated with traits whose link to stroke is more difficult to explain. 

 

A substantial proportion of stroke risk variants associate with the mRNA expression, 

methylation, or protein levels of nearby genes primarily in stroke-relevant tissues (vascular, 

brain) and cell types (e.g., endothelial cells, blood, and immune cells) thus emphasizing their 

role in stroke pathophysiology and providing an entry point for functional exploration. 

Bioinformatic analyses further highlight a role of specific pathways, most notably cardiac 

pathways (e.g., ‘enlarged heart’ and ‘cardiomyocyte differentiation via bone-morphogenetic-

protein receptors’) the coagulation system, and nitric oxide (NO) metabolism but also other 

pathways.2  

 

Large artery stroke 

The strongest association signal for large artery stroke identified to date is near HDAC92,26,32 

a locus that also associates with CAD (Figure 1), peripheral artery disease, and moyamoya 

disease.2,30,38 rs2109595, the lead SNP for stroke and likely causal variant2 resides in 

regulatory DNA 3’ to HDAC9. Risk variants associate with elevated HDAC9 expression levels 

in blood cells with a gene dosage effect,39 and deficiency of Hdac9 attenuates 

atherosclerosis in experimental mice.39,40 Studies in Ldlr-/- mice suggest a pro-atherogenic 

effect of Hdac9 in macrophages via changes in their activation status and cholesterol efflux40 

although HDAC9 is also expressed in other cell types relevant to atherosclerosis.41  

Irrespective of the specific mechanisms and cell types involved, pharmacological inhibition 

with subclass-specific HDAC inhibitors seems a potential strategy for atheroprotection that 

deserves further study. 

 

Among the most extensively studied risk loci for atherosclerosis is a region on chromosome 

9p21 originally identified in CAD but subsequently shown to also associate with peripheral 
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artery disease, intracranial and abdominal aortic aneurysms, carotid plaque,31 and stroke, in 

particular large artery stroke.2,42 Risk variants at 9p21 (i) are responsible for up to 20% of the 

population attributable risk of large artery stroke,2,42  (ii) are considered to mediate their 

effects through mechanisms that are largely independent from established risk factors for 

atherosclerosis, and (iii) likely act through several genes at this locus. Specifically, these 

variants are associated with reduced expression of the cell cycle suppressor genes CDKN2A 

and CDKN2B43,44 and with vascular smoot muscle cell (SMC) proliferation and SMC content 

in human atherosclerotic plaques.43,44 CDKN2B has been implicated in SMC physiology and 

clearance of apoptotic debris, and mice deficient of Cdkn2b develop advanced 

atherosclerotic lesions composed of large, lipid-laden necrotic cores45. Altogether, the 

available evidence suggests a role of 9p21 in vascular remodeling, a key process in 

atherosclerosis. Importantly, CDKN2A/B and a circular non-coding antisense RNA 

(circANRIL) that is also transcribed at 9p2146 have been suggested as possible targets for 

preventive strategies. 

 

Recent GWAS further found variants near TSPAN2,2,25 LINC01492,2 EDNRA,2 and 

MMP122,47 to be associated with large artery stroke. EDNRA and MMP12 offer potential 

mechanistic insights: ENDRA (encoding endothelin receptor A, ETA) is expressed in SMCs, 

endothelial cells, and macrophages. Variants at EDNRA also associate with carotid IMT 

(reflecting early atherosclerosis),31 CAD30 (Figure 1), and intracranial aneurysms, hence 

suggesting a broader role of this gene and Endothelin-1 signaling in vascular disease.48 

Activation of ETA has effects on vasoconstriction, SMC proliferation, extracellular matrix 

(ECM) production, and fibrosis,48 i.e., processes relevant to atherosclerosis. Moreover, 

pharmacological inhibition of ETA normalized NO-mediated endothelium-dependent 

dysfunction49 and attenuated atheroma formation in atherosclerotic mice49 thus offering a 

perspective for alternative preventive strategies. MMP12 (encoding matrix metalloproteinase 

12, MMP12) was originally identified by an age-at-onset informed approach.47 MMPs 

degrade ECM proteins, show increased activity in atherosclerotic plaques and have 

suspected roles in the growth, destabilization, and rupture of atherosclerotic lesions. 

Collectively, these findings suggest a causal role of the MMP12 protease in atherosclerosis 

(reviewed in 47). Additional mechanism supported by recent stroke GWAS include changes in 

lipoprotein(a) metabolism (evidenced by LPA, a subthreshold locus for large artery stroke 

[p=1.3E-7]2 known to be implicated in atherosclerosis50) and thromboembolism (evidenced by 

FGA, ILF3-SLC44A2, and ABO, established risk loci for venous thromboembolism51). Hence, 

risk loci for large artery stroke highlight different aspects of the biology underlying large artery 

stroke (Figure 1). 
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These observations highlight different biological pathways underpinning large artery stroke. 

However, additional work, including fine mapping, gene set enrichment analyses, and work in 

experimental models, is needed to robustly establish relationships between risk-associated 

variants and biological mechanisms that result in stroke or stroke-related phenotypes. 

Cardioembolic stroke 

Genetic risk for cardioembolic stroke exhibits close links with the genetics of atrial fibrillation 

(AF): (i) all loci reaching genome-wide significance for common variant association with 

cardioembolic stroke (nearest genes PITX2, ZFHX2, NKX2-5) are established risk loci for 

AF10; (ii) at all loci the association signal for stroke is confined to cardioembolic stroke; (iii) 

the association signals here and at subthreshold loci for cardioembolic stroke (near CAV1/2 

and PRRX1)2 overlap with those for AF, and (iv) show a similar architecture (e.g. near 

PITX2). In addition, there are strong genetic links with venous thromboembolism: loci near 

ABO, FGA (encoding fibrinogen alpha), and F11 (a subthreshold locus for cardioembolic 

stroke [p=5.2 x 10-8], encoding factor XI) are established risk loci for venous 

thromboembolism51 and are known to modulate haemostatic traits.51 Interestingly, genetic 

risk for the broader phenotype of AS or AIS further shows links with cardiac mechanisms 

beyond those implicated in AF as exemplified by the associations near LRCH1 and ANK2, 

found in cardiac pacing and familial forms of cardiac disease (discussed in 2). 

 

Small vessel stroke 

The identification of genes implicated in monogenic SVD has been instrumental to 

understanding the biology of small vessel stroke and SVD. Experimental studies in mutant 

mice and cultured cells highlight key physiological and pathological processes linked to 

genes implicated in monogenic SVD (Table 3).11,14,15,24,52-63 Recurrent themes include TGF-ß 

signaling,24,52 ECM formation/biology,11,14,15,53-56 blood-brain barrier (BBB) function,52,57,58 and 

specific cellular constituents of brain microvessels, in particular endothelial cells, pericytes, 

and SMCs (Table 3).56,59,60 Proteomics studies of isolated brain microvessels from mutation 

carriers and mouse models further revealed an unexpected molecular link between CADASIL 

and CARASIL that involves accumulation of the HTRA1 protease and its substrates in 

microvessels from NOTCH3 mutation carriers.54 

 

Common variant association studies identified various risk loci that show predominant 

association with small vessel stroke (Table 2). ZCCHC14, FOXF2, and CASZ1 encode 

transcription factors expressed in the vasculature.52,61,62 Foxf2 (expressed in brain endothelial 

cells and pericytes) is required for brain pericyte differentiation and development and 

maintenance of the BBB (Table 3).52 Most notably, Foxf2 deficient mice develop 

microhemorrhages and neuronal loss thus recapitulating features of human SVD.3 The 
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specific mechanisms by which common variants at HTRA1, COL4A1, and COL4A2 confer 

risk of small vessel stroke are still elusive but possibly include altered expression levels of 

these genes, a finding consistent with the mechanisms seen for rare mutations in these 

genes. Importantly, several of the risk loci for small vessel stroke (in particular, PMF1–

SEMA4A, LOC100505841, SH3PXD2A, and COL4A22,64,65) also associate with radiological 

white matter hyperintensities (WMH), thus highlighting shared biology of small vessel stroke 

and WMH. PMF1–SEMA4A further reached genome-wide significance for association with 

deep (nonlobar) ICH,28 consistent with nonlobar ICH being part of the phenotypic spectrum of 

SVD. Interestingly, genetic studies in humans in combination with experimental data suggest 

a broader role of the neural crest genes FOXF2, FOXC1 (near FOXF2), and PITX2 in SVD-

related phenotypes.3,19 

 

Hemorrhagic stroke 

ICH is one subtype of stroke for which genetic evidence points to shared pathways between 

familial and sporadic disease. Sequencing of COL4A1 and COL4A2 in a cohort of sporadic 

ICH identified coding variants with in vitro pathological consequences resembling familial 

mutations in the same genes.66 GWAS of ICH, on the other hand, have identified 

associations in the region of COL4A2 in nonlobar ICH, as well as small vessel stroke and 

WMH, highlighting the shared pathways underlying the various manifestations of cerebral 

SVD. The shared biology between ICH and small vessel stroke is also underscored by 

associations at PMF1/SLC25A44.2,28 An additional important observation has been that 

variation associated with risk of ICH can also affect the extent of bleeding, as measured by 

haematoma volume,67 providing support for hypotheses generated from histopathologic data 

that ICH expands through the disruption of diseased vessels in the periphery of the original 

vessel rupture. 

 

 

Clinical applications 

 

Substantial progress in understanding the genetic underpinnings of stroke has begun to lay 

the groundwork for future integration of genetic data into routine clinical practice (genomic 

medicine). 

 

Risk Prediction 

Aggregation of multiple common variants into polygenic risk scores (PRS) enables 

ascertainment of high-risk individuals at young age thus offering opportunities for early 

prevention.68,69 For instance, a recent study found that applying a PRS consisting of 90 SNPs 
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to data from UK Biobank (>300,000 subjects) could identify individuals with a 35% increased 

risk of incident stroke (hazard ratio: 1.35). This cutoff included a third of the population.6 

Compared to individuals in the bottom tertile of the PRS who had a favourable lifestyle 

(defined as 3 or 4 healthy lifestyle factors) individuals in the upper tertile of the PRS had a 

relative risk (hazard ratio) of 1.44, 1.70 and 2.30 depending on whether they had a 

favourable, intermediate (2 healthy lifestyle factors) or unfavorable (0 or 1 healthy lifestyle 

factors) lifestyle, respectively. Indeed, lifestyle risk was similar across all PRS strata, thus 

highlighting the potential for early risk stratification and prevention via genetics.6 Additional 

work is needed to further improve genetic risk prediction, to extend this approach across 

other ancestral backgrounds, and to weigh its benefits against possible unfavorable 

consequences including costs and psychological distress.69 

 

Exploration of potential therapeutic targets by Mendelian Randomisation 

An increasingly recognized opportunity for genetics is the exploration of causal relationships 

between risk factors (exposures) and disease outcomes through Mendelian Randomisation 

(MR).70,71 MR exploits genetic variants causally related to an exposure as instruments, and 

investigates their associations with a disease (Panel and Figure 2).72-89 Because individual 

alleles are allocated at random during meiotic segregation, MR shares many features with 

randomized controlled trials (RCTs). Like RCTs, MR overcomes limitations of observational 

studies, in particular bias resulting from conventional confounding or reverse causality. 

 

An important requirement for MR studies is a robust association between the genetic 

instrument (single SNP or multiple variants) and the exposure of interest. For instance, an 

intronic variant (rs6511720) in the low-density lipoprotein (LDL) receptor (LDLR) gene has 

consistently been shown to associate with LDL cholesterol (LDLC) levels. Like other variants 

known to influence LDLC, rs6511720 further associates with risk of myocardial infarction in a 

concordant fashion.90 MR studies have demonstrated a dose-response relationship between 

genetically elevated LDLC levels and CAD91 consistent with trials involving statins and other 

cholesterol lowering interventions. Conversely, MR studies examining HDL as an exposure 

found no causal effect of genetically determined HDL levels on the risk of CAD again in 

accordance with RCTs (reviewed in 71). 

 

MR studies may predict the success or failure of RCTs, thus saving on risks for study 

participants and on costs.71 Examples, in which MR studies predicted the success or failure 

of RCTs include studies on inactivating mutations in NPC1L1 (encoding the drug target for 

ezetimibe)92 and variants in PLA2G7 (encoding lipoprotein-associated phospholipase A2, the 

drug target for darapladib, reviewed in 71), respectively.  
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Only recently, investigators have started to apply MR to stroke.93 A MR study on blood lipids 

found genetically elevated LDLC levels associate with risk of large artery stroke but not small 

vessel stroke and cardioembolic stroke.73 In contrast, genetically elevated HDL cholesterol 

associated with a reduced risk of small vessel stroke and no effects on large artery stroke 

and cardioembolic stroke. Differential effects on etiological stroke subtypes were further seen 

for T2D in that genetically defined T2D was found to associate with both small vessel stroke 

and large artery stroke but not cardioembolic stroke and ICH.76,77 A MR study on the waist-to-

hip ratio adjusted for body mass index (BMI) found waist-to-hip ratio to be causally related to 

a higher risk of ischemic stroke. This finding adds to observational data emphasizing the 

need to consider measures of adiposity beyond BMI for risk prediction and patient 

management.94 MR may further identify novel risk factors and potential drug targets for 

stroke as illustrated by a recent study that found genetically elevated levels of the 

inflammatory cytokine MCP-1/CCL2 to be associated with risk of stroke.83 Table 4 provides 

and overview on notable MR studies in stroke. 

 

While potentially highly informative, MR analyses also pose specific challenges that require 

consideration.71 MR is based on the crucial assumptions that the genetic instruments are not 

associated with potential confounders and that they influence the risk of the disease under 

study only through the risk factor of interest (Figure 2). One example of a violation of these 

assumptions is horizontal pleiotropy, which refers to a genetic variant being associated with 

traits on discrete pathways that are also causal in disease. Horizontal pleiotropy can be 

formally assessed using specific algorithms.71 Also, there are several methodological 

requirements that must be met to confidently exclude a causal relationship between an 

exposure and disease. These requirements must be kept in mind when interpreting negative 

MR results (Table 4). With increasing availability of large-scale genetic data and improved 

databases, MR studies will become even more informative and relevant for clinical 

practice.50,95 

 

Exploiting genetics for drug discovery  

Genetics holds great promise for catalyzing drug development and prioritizing targets for 

exploration in RCTs. Aside from identifying causal pathways and novel drug targets, genetics 

may help in anticipating the full range of efficacy and safety consequences of 

pharmacological interventions.12,50 Key approaches aside from MR71 include the exploitation 

of protective variants,96-99 the examination of naturally occurring human knockouts,100 and 

phenome-wide association studies (PheWAS)75,101 (Figure 3). PheWAS studies benefit from 

large datasets with detailed genotyping and extensive phenotyping of multiple traits. Such 
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datasets are currently generated through commercial (e.g. DECODE genetics), government 

(e.g. UK Biobank), and institutional (e.g. Kaiser Permanente research bank) funding. By 

leveraging data from >100.000 UK Biobank participants a recent PheWAS study provided a 

comprehensive account of the phenotypic consequences of genetically lowered Lp(a) levels 

on various disease states including a reduced risk of stroke.75 A specific advantage of 

exquisitely phenotyped longitudinal cohort studies such as the Rotterdam, Framingham, 3C, 

and Whitehall studies is the quality of phenotyping and completeness of clinical data and the 

possibility to study association with life course and pre-event phenotype status. The 

prospects of genetics for drug discovery are highlighted by the recent observation that risk 

loci for stroke are significantly enriched in drug-target genes for antithrombotic therapy. 

Specifically, FGA (Table 2) is a target for alteplase and other thrombolytic agents, and 

PDE3A is a target for cilostazol an antiplatelet agent approved for stroke prevention in Asia.2 

Utilizing genetics for drug discovery and genomic medicine represents a major area of future 

research. 

 

Monogenic stroke 

Advances in Mendelian stroke genetics have improved options for molecular diagnosis, 

prognostication, counseling, and in some instances prevention or treatment.8 Diagnostic 

algorithms should consider the predominant stroke mechanism, mode of inheritance, and 

presence or absence of systemic manifestations (e.g., involving the skin, eye, and skeletal 

system) (Table 1). In most instances, molecular genetic testing remains key to establishing a 

diagnosis. However in some conditions, a positive skin biopsy (for CADASIL), laboratory test 

(for homocystinuria), or detailed clinical examination (for Marfan Syndrome) may suffice. In 

light of falling costs for whole exome and whole genome sequencing, information on rare 

variants associated with stroke is quickly accumulating. Challenges arising from this 

information include their interpretation in terms of phenotypic consequences and relevance 

for disease as well as ethical and medicolegal aspects of handling genetic information. 

 

Conclusions and future directions 

The global burden of stroke remains high.1 Uncovering the biological pathways from genetic 

variants to stroke pathology holds the promise of identifying novel targets for 

intervention.2,12,13 Genetic information can further be used to improve stroke diagnosis and 

prognostication.5,6,14,68 Recent discoveries have expanded the number of genes and 

mutations proven to cause familial stroke, while GWAS have yielded at least 35 independent 

loci across the genome with an impact on stroke risk.4,5,7,11,14,17,19,20,68 Functional exploration of 

these loci will be key to generating drug targets and novel therapies. The application of 

analytic techniques such as MR facilitates the exploration of causal relationships with 
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exposures and prioritize potential therapeutic targets for stroke.71,83,92 Aggregation of multiple 

SNPs from across the genome into PRS enables the identification of individuals at high risk 

for stroke at young age.6 

 

Several lines of research promise to accelerate the discovery of novel biological pathways for 

stroke. Investigators are working to identify the many undiscovered loci for stroke through the 

study of substantially larger sample sizes.2,7 Biobanks, such as those of the UK,9 and studies 

such as China-Kadoorie, will vastly expand the opportunity for gene discovery in the near 

future and the broad sharing of data will undoubtedly accelerate the process (see 

www.cerebrovascularportal.org). Genetic discovery will benefit from further refinement of 

diagnostic categories (e.g. cardioembolic stroke of specific origin). However, this will require 

resources to ensure a minimum common level of investigation in large patient samples. A 

crucial gap that must be filled, however, is the relative absence of cases of non-European 

ancestry.2 Along these same lines, ancestry-specific studies will be vital for the development 

of genetics-derived strategies and tools that are effective across populations.  

 

The development of novel effective drugs, the holy grail of the application of human genetics, 

is rapidly accelerating in a range of common diseases as a result of the GWAS revolution.50 

Indeed, it has become clear that drugs supported by human genetic data are much more 

likely to advance to approval by regulatory agencies than those lacking such data.13 Further 

progress will require the development of novel cell and tissue models (e.g., employing 

genome editing in human inducible pluripotent stem cells) and advances in functional 

genomics and multi-level omics to uncover the flow of information in stroke pathophysiology.  

 

Nearly all efforts in human stroke genetics completed thus far have targeted risk of stroke 

and can ultimately be expected to catalyse improvements in stroke prevention. The search 

for variants implicated in recurrent versus first-ever events provides another avenue for 

discovery. Equally needed, however, is progress in the understanding and treatment of 

stroke outcome. Genetic studies focusing on outcome and recovery after stroke are just at 

the beginning but expected to further improve options for clinical applications.102,103 

 

 

 

Search strategy and selection criteria 

We identified articles published in English by searches of PubMed between Jan 1, 2012 and 

December 31, 2018, and from references cited in relevant articles. We used the search 

terms “stroke”, “intracerebral AND haemorrhage”, “genetics”, “gene”, “variant”, “association”, 

http://www.cerebrovascularportal.org/
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“mendelian”, “drug”, and “personalised medicine.” We further checked reference lists of 

reviews and searched for articles describing the function of genes associated with stroke and 

of proteins encoded by these genes. The final reference list was generated based on 

relevance to the topics covered in this review. 
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Figure legends  

 

Figure 1. Risk loci for large artery stroke and their association with related vascular 

traits.  Shown are genetic loci that either reached genome-wide significance for association 

with large artery stroke (bold) or reached genome-wide significance for any ischemic stroke 

and in addition showed a strong association signal (p<5 x 10-4) for large artery stroke in 

MEGASTROKE.2 Several of the risk loci for large artery stroke are established risk loci for 

related vascular traits.2,31 IMT, intima media thickness. 

 

Figure 2. Exploration of potential therapeutic targets by Mendelian Randomisation. 

Schematic representation of the principles and requirements of instrumental variable 

analysis to generate causal estimates through MR: the genetic instrument (single variant 

or multiple variants) associates with the exposure; the genetic instrument must not 

associate with known or unknown confounders; any influence of the genetic instrument on 

the outcome phenotype is through the intermediate phenotype  

 

Figure 3. Exploiting genetics for drug discovery. Shown are approaches that facilitate 

the discovery, development, and prioritization of drug targets. 
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Tables 

 

Table 1. Mendelian causes of stroke 

 

Table 2. Common variants associated with stroke. Shown are the top signals from 

previous GWAS meta-analyses in MEGASTROKE2 and a combined meta-analysis of 

MEGASTROKE with data from UK biobank.7 For each locus, the variant showing the lowest 

p-value in the fixed effects trans-ancestral or European-only meta-analysis is shown. *results 

obtained in the European-only meta-analysis. For consistency, associations in stroke 

subtypes are taken from the respective European-only analyses. OR, odds ratio; CI, 

confidence interval. 

 

Table 3. Pathological and physiological processes related to genes and gene loci 

associated with small vessel stroke. Shown are genes implicated in Mendelian stroke 

(top) and gene loci associated with sporadic stroke (bottom) along with the presumed 

relationship to pathological (black symbols) and physiological (grey symbols) processes as 

supported by experimental studies  or observations in humans (references on the right). For 

instance, NOTCH3 has a physiological role in cell-cell signaling while disease-associated 

mutations cause abnormal folding, and accumulation of the NOTCH3 protein. Genes 

primarily implicated in intracerebral haemorrhage are underlined. *HTRA1, COL4A1/A2, and 

FOXF2 have been shown to affect Tgf-ß signaling. 

 

Table 4. Notable Mendelian Randomisation studies in stroke. Note that absence of 

support for a causal relationship may also relate to methodological aspects such as limited 

statistical power. For explanation see text. 
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Panels 

 

Panel 1. Glossary of terms and concepts relevant to stroke genetics  
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Panel. Glossary of terms and concepts relevant to stroke genetics 
 

Key genetic terms and concepts 

 3’ untranslated region - the untranslated segment of mRNA between the stop codon and the 3′ 

end of the transcript 

 Allele - alternate forms or varieties of a gene, usually arising through mutations, that are 

responsible for hereditary variation 

 Gene set enrichment analysis - a method to identify classes of genes or proteins that are over-

represented in a large set of genes or proteins and may have an association with disease 

phenotypes 

 Exome -  part of the genome composed of exons, the sequences which, when transcribed, remain 

within the mature RNA (after removal of introns) and contribute to the final protein product encoded 

by that gene 

 Fine mapping - process by which a trait-associated region from a GWAS is analysed to identify 

the particular genetic variants that are likely to causally influence the examined trait 

 Functional genomics - study of genes and their resulting gene products, and their role in 

biological processes 

 Genetic variant - an alteration in the most common DNA nucleotide sequence. The alteration may 

be benign, pathogenic, or of unknown significance 

 Genome-wide association study (GWAS) - study of a genome-wide set of genetic variants in 

different individuals to see if any variant is associated with a trait. GWASs typically focus on 

associations between SNPs and traits like major human diseases but can equally be applied to any 

other genetic variants 

 Intergenic region – refers to a stretch of DNA sequences located between genes. Intergenic 

regions are a subset of noncoding DNA 

 Lead SNP – refers to the SNP with the most significant p-value at a specific genetic locus 

 Minor allele frequency - refers to the frequency at which the second most common allele occurs 

in a given population 

 miR – microRNA is a small non-coding RNA molecule that functions in RNA silencing and post-

transcriptional regulation of gene expression 

 Non-coding DNA - components of DNA that do not encode protein sequences. Some noncoding 

DNA is transcribed into functional non-coding RNA molecules. Other functions of noncoding DNA 

include the transcriptional and translational regulation of protein-coding sequences 

 Polygenic risk score - summarises genome-wide genotype data into a single variable that 

measures genetic liability to a disorder or a trait 

 Population attributable risk – indicates the number of cases that would not occur in a population 

if the factor were eliminated 

 Protein-coding sequence – DNA sequence that is transcribed into mRNA and in which the 

corresponding mRNA molecule is translated into a polypeptide chain 

 Small vessel stroke – refers to an acute ischemic stroke likely to be caused by cerebral small 

vessel disease on the basis of diagnostic evaluation. Synonymous terms include “small artery 

stroke” “small artery ischemic stroke”, and “lacunar stroke”  

 

Key features of Mendelian Randomisation studies 

 use genetic information to confirm a causal relationship between an exposure and an outcome 

 unaffected by conventional confounding (random assortment of alleles at meiotic segregation) 

 benefit from absence of reverse causality (non-modifiable nature of transmitted germline genome) 

 require a robust association between the genetic instrument and the exposure 

 are increasingly powerful as larger GWAS datasets become available 

 have successfully been applied to vascular traits 

 may identify potential drug targets 

 may identify potential risks associated with pharmacological interventions 

 may replace RCTs in settings in which RCTs are not feasible or ethical to conduct  
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Abstract 

Stroke, a leading cause of long-term disability and death worldwide, has a heritable 

component. Recent gene discovery efforts have expanded the number of known single-gene 

disorders associated with stroke and linked common variants at approximately 35 genetic 

loci to stroke risk. These discoveries have highlighted novel mechanisms and pathways 

implicated in stroke related to large artery atherosclerosis, cardioembolism, and small vessel 

disease, and defined shared genetic influences with related vascular traits. Further, genetics 

has successfully established causal relationships with risk factors and holds promise for 

prioritizing targets for exploration in clinical trials. Genome-wide polygenic scores enable the 

identification of high-risk individuals before the emergence of vascular risk factors. 

Challenges ahead include a better understanding of rare variants and ancestral differences 

for integration of genetics into precision medicine, integration with other omics data, 

uncovering the genetic factors that govern stroke recurrence and stroke outcome and, 

ultimately, the conversion of genetic discoveries to novel therapies. 
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Introduction 

Stroke remains a leading cause of death and long-term disability across the globe.1 Despite 

the discovery of modifiable and non-modifiable risk factors as well as effective treatments 

novel therapeutic approaches are urgently needed. Uncovering the genetic contributions to 

stroke promises a better definition of causal pathways, the identification of novel therapeutic 

targets, and improved options for diagnosis and prognostication.2-7 

 

The last five years have seen dramatic advances in genomic technologies, sequencing 

costs, biobanking, and data sharing, which collectively have accelerated genetic 

discovery.2,8,9 Genetic studies in stroke are now interrogating both common and rare genetic 

variation for a causal role in disease. Genome-wide association studies (GWAS) in stroke 

and other vascular traits such as blood pressure and atrial fibrillation have tested over a 

million samples and associated an ever-increasing number of loci with disease risk.2,10 These 

discoveries, along with the expanding availability of other omics data, have begun to 

elucidate causal pathways, relevant cell and tissue types, and, in some instances, yielded 

novel drug targets.2 

 

Here, we review the latest discoveries in stroke genetics. In particular, we discuss the 

identification of novel Mendelian causes of stroke,4,5,11
 the discovery of at least 35 stroke risk 

loci harboring common genetic variants,2,7 insights into subtype-specific mechanisms for 

stroke, genetic overlap with related traits, and efforts to understand the underlying biological 

mechanisms.2,3,7 We further discuss how genetic discoveries could improve diagnosis, risk 

prediction, and the treatment of stroke. Indeed, recent observations have elucidated how 

genetics could be leveraged to discover novel drug targets and identify high-risk individuals 

many years before the emergence of classical indicators of stroke risk. 2,6,12,13 Because of 

their substantially different pathophysiologies, the following conditions were not considered: 

subarachnoid haemorrhage, cerebral aneurysms, cavernous malformations, dissections, and 

cerebral venous thrombosis. 

 

 

 

Genetic discovery for stroke 

 

Family-based studies and Mendelian stroke 

Advances in sequencing technology have facilitated the discovery of single-gene disorders 

associated with stroke beyond classical syndromes such as CADASIL and sickle-cell disease 

(Table 1). Most notably, there has been a substantial expansion of the spectrum of ischemic 
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small vessel disease (SVD), which may manifest with ischemic stroke (‘small vessel stroke’, 

Panel), cognitive decline, and other manifestations. Among the most recent discoveries are 

heterozygous mutations within the 3’ untranslated region of COL4A1 (the gene encoding 

collagen 4A1) as a cause of pontine autosomal dominant microangiopathy with 

leukoencephalopathy (PADMAL), a severe form of SVD that typically manifests with early 

onset ischemic stroke.4 These mutations disrupt a binding site for miR-29 and were shown to 

upregulate COL4A1 mRNA expression. Heterozygous mutations (in particular, glycine 

substitutions) in the triple helical domains of COL4A1 or COL4A2 cause a different syndrome 

characterized by hemorrhagic stroke14 along with additional neurological and non-

neurological manifestations (Table 1).4,5,11,14-23 Sequencing has further pinpointed 

heterozygous mutations in HTRA1 (encoding high temperature requirement serine protease 

A1, HTRA1) in families with autosomal dominant SVD.5 The condition typically manifests with 

stroke and cognitive decline in mid to late adulthood with more and more cases reported over 

the last years. In contrast, homozygous and compound heterozygous HTRA1 mutations 

causing cerebral autosomal recessive arteriopathy with subcortical infarcts and 

leukoencephalopathy (CARASIL) seem very rare.24 CARASIL manifests at a much younger 

age than the syndrome of heterozygous mutation carriers and further features non-

neurological symptoms. 

 

Hereditary SVD syndromes typically presenting during childhood include deficiency of 

adenosine deaminase 2 (DADA2), an autoinflammatory disease manifesting with small 

vessel vasculitis caused by CECR1 mutations.20 Recently described mutations in CTSA 

(encoding cathepsin A)11 and FOXC1 (encoding forkhead box C1)19 are associated with 

young onset autosomal dominant SVD. 

 

Common sporadic stroke 

Sporadic stroke arises through multiple risk factors and mechanisms. It is broadly classified 

as ischemic (large artery stroke, cardioembolic stroke, and small vessel stroke) and 

hemorrhagic (deep and lobar intracerebral haemorrhage [ICH]). The assignment to specific 

subtypes draws on the presence of established stroke risk factors and intermediate 

phenotypes such as carotid stenosis (for large artery stroke), or atrial fibrillation (for 

cardioembolic stroke). Yet, in a substantial proportion of cases, the responsible stroke 

mechanism remains uncertain either because diagnostic work-up fails to find an established 

stroke etiology or because there are multiple competing etiologies. This complexity, along 

with the existence of different algorithms for stroke classification (discussed in 25), has posed 

challenges to unravelling the genetic underpinnings of sporadic multifactorial stroke. 
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Common genetic variants associated with stroke 

Common genetic variants, defined here as an allele frequency of >0.5% (one carrier per 100 

individuals), have been associated with stroke using genome-wide association studies 

(GWAS), which compare the frequency of variants (mostly single nucleotide variants, SNPs) 

between groups of individuals. The first successful stroke GWAS included 3,548 patients and 

5,972 controls and identified common variants at HDAC9 (encoding histone deacetylase 9), 

that conferred an ~40% increased risk for large artery stroke per copy of the risk allele.26 

Since then, GWAS in progressively larger sample sizes have identified at least 35 loci with 

robust links to stroke risk.2,27,28 Collectively, these studies enable the following conclusions: 

First, the vast majority of associated SNPs have a minor allele frequency of >5% and are 

associated with a modest increase in stroke risk (typically < 30% increase per allele) (Table 

2). Second, most (~90%) associated variants reside outside protein-coding sequences and 

approximately half are intergenic. Third, there are risk loci for all major diagnostic categories 

including any stroke (AS), any ischemic stroke (AIS), large artery stroke, cardioembolic 

stroke, small vessel stroke, and ICH, both lobar and deep ICH (Table 2, and 27,28). Fourth, at 

several loci, the association is restricted to a specific etiological stroke subtype. For instance, 

in the MEGASTROKE GWAS (>67,000 stroke cases and >450,000 controls)2 the lead 

variants near EDNRA, TSPAN2, and LINC01492 reached genome-wide significance (p<5 x 

10-8) for large artery stroke but showed no association (p>0.05) with other stroke subtypes, 

implying mechanisms limited to atherosclerosis. Fifth, many genetic variants that confer risk 

of stroke also influence risk of related traits (Figure 1). Notably, about a quarter of the 32 

genome-wide significant loci identified by MEGASTROKE are established risk loci for high 

blood pressure. Other loci (e.g., near SMARCA4-LDLR) are established risk loci for lipid 

levels.2 Also, there is genetic overlap between large artery stroke and the related trait of 

coronary artery disease (CAD) (e.g. near HDAC9-TWIST1, EDNRA, and 9p21)2,29,30 and the 

intermediate phenotypes of carotid intima media thickness (IMT) and carotid plaque (e.g., at 

EDNRA)2,31. Sixth, several stroke risk loci contain genes previously implicated in monogenic 

SVD (e.g. COL4A1, COL4A2, and HTRA1)2,7 (Table 3) suggesting a biological overlap 

between common stroke and rare familial stroke syndromes. And finally, while several risk 

loci integrate into previously suspected biological pathways for stroke, roughly one third show 

no obvious relationship with known pathways, pointing to mechanisms not previously 

implicated in stroke pathophysiology. 

 

The heritability of stroke (i.e. the proportion of variation in risk attributable to inherited genetic 

variation) calculated from genome-wide data has been estimated to be 30%-40%32,33 

although a substantial proportion of this variation is likely to be mediated by known risk 

factors for stroke. Overall, the number of risk loci identified to date remains relatively small 
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when compared to other common conditions including CAD. This is partly due to the 

complexity of stroke as a phenotype as well as the smaller sample sizes that are as yet 

available for etiologically-defined subtypes in recent GWAS. Not surprisingly, the lead 

variants at stroke risk loci identified to date explain roughly 1 to 2% of stroke heritability,2 

which is markedly lower than published figures for other traits.30 Given the impact of larger 

sample sizes on genetic discovery in other diseases, it is reasonable to assume that 

analyses of larger numbers of stroke cases will yield substantial numbers of new loci.  

 

Rare variants in sporadic stroke 

The rapid development of low-cost sequencing technologies now enables genome-wide 

genotyping of all variants across the genome. Rare variant detection requires this large-scale 

sequencing and benefits from analytical strategies that aggregate rare variants in a given 

gene into variant sets, enabling a comparison of the aggregate frequency across groups.34 

The two largest stroke studies32,35 to date focused on coding regions (the exome) rather than 

the whole genome. While too small to detect robust associations with rare (allele frequency 

<0.5%) variants, these studies provide a first step towards future discovery. With the rapid 

decline in sequencing costs and expected gain of information on rare variants for precision 

medicine approaches (see below), much larger datasets are expected in the near future. 

 

 

From Genetic Discovery to Biological Mechanisms 

 

Because of the complex nature of GWAS signals, the often-large number of genes within risk 

loci, and the complexity of gene regulatory mechanisms occasionally involving multiple or 

distant genes, mapping GWAS signals to their causal mechanisms is rarely straightforward. 

Elucidating these mechanisms requires additional genetic data and work in animal and 

cellular models, which often vary from locus to locus. These challenges notwithstanding, 

recent functional genomics studies have provided initial insights into the mechanisms linking 

common variants with stroke risk. In the following, we highlight key observations on biological 

mechanisms derived from recent genetic discoveries starting with all stroke and then moving 

to etiological stroke subtypes. We focus on genes and gene loci that have received particular 

attention. 

 

All stroke 

Fine mapping at the SH2B3 locus identified rs3184504 as the most likely causal variant.2 

Further functional annotation revealed SH2B3 as the most likely causal gene.2 rs3184504 

causes an amino acid exchange (P262W) in the lymphocyte adaptor protein LNK (the protein 
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encoded by SH2B3) and also associates with hypertension, type 1 diabetes, CAD, platelet 

counts, and leukocytosis, collectively suggesting an involvement of this locus in multiple 

mechanisms relevant to stroke pathophysiology. Genetic variation at SH2B3 associates with 

both the broader phenotypes of AS, AIS, and with the etiologically defined stroke subtypes 

large artery stroke and small vessel stroke, providing an example of shared genetic 

influences between etiological subtypes.2 LNK is predominantly expressed in hematopoietic 

and endothelial cells and negatively regulates cytokine signaling and cell proliferation.36 LNK 

deficiency is associated with increased platelet production and activation, accelerated arterial 

thrombosis and atherosclerosis in hypercholesterolemic mice,37 and other mechanisms under 

investigation. Collectively, these findings highlight the potential of genetics to uncover 

disease mechanisms while also illustrating challenges of genetic epidemiology as SH2B3 

has also been associated with traits whose link to stroke is more difficult to explain. 

 

A substantial proportion of stroke risk variants associate with the mRNA expression, 

methylation, or protein levels of nearby genes primarily in stroke-relevant tissues (vascular, 

brain) and cell types (e.g., endothelial cells, blood, and immune cells) thus emphasizing their 

role in stroke pathophysiology and providing an entry point for functional exploration. 

Bioinformatic analyses further highlight a role of specific pathways, most notably cardiac 

pathways (e.g., ‘enlarged heart’ and ‘cardiomyocyte differentiation via bone-morphogenetic-

protein receptors’) the coagulation system, and nitric oxide (NO) metabolism but also other 

pathways.2  

 

Large artery stroke 

The strongest association signal for large artery stroke identified to date is near HDAC92,26,32 

a locus that also associates with CAD (Figure 1), peripheral artery disease, and moyamoya 

disease.2,30,38 rs2109595, the lead SNP for stroke and likely causal variant2 resides in 

regulatory DNA 3’ to HDAC9. Risk variants associate with elevated HDAC9 expression levels 

in blood cells with a gene dosage effect,39 and deficiency of Hdac9 attenuates 

atherosclerosis in experimental mice.39,40 Studies in Ldlr-/- mice suggest a pro-atherogenic 

effect of Hdac9 in macrophages via changes in their activation status and cholesterol efflux40 

although HDAC9 is also expressed in other cell types relevant to atherosclerosis.41  

Irrespective of the specific mechanisms and cell types involved, pharmacological inhibition 

with subclass-specific HDAC inhibitors seems a potential strategy for atheroprotection that 

deserves further study. 

 

Among the most extensively studied risk loci for atherosclerosis is a region on chromosome 

9p21 originally identified in CAD but subsequently shown to also associate with peripheral 
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artery disease, intracranial and abdominal aortic aneurysms, carotid plaque,31 and stroke, in 

particular large artery stroke.2,42 Risk variants at 9p21 (i) are responsible for up to 20% of the 

population attributable risk of large artery stroke,2,42  (ii) are considered to mediate their 

effects through mechanisms that are largely independent from established risk factors for 

atherosclerosis, and (iii) likely act through several genes at this locus. Specifically, these 

variants are associated with reduced expression of the cell cycle suppressor genes CDKN2A 

and CDKN2B43,44 and with vascular smoot muscle cell (SMC) proliferation and SMC content 

in human atherosclerotic plaques.43,44 CDKN2B has been implicated in SMC physiology and 

clearance of apoptotic debris, and mice deficient of Cdkn2b develop advanced 

atherosclerotic lesions composed of large, lipid-laden necrotic cores45. Altogether, the 

available evidence suggests a role of 9p21 in vascular remodeling, a key process in 

atherosclerosis. Importantly, CDKN2A/B and a circular non-coding antisense RNA 

(circANRIL) that is also transcribed at 9p2146 have been suggested as possible targets for 

preventive strategies. 

 

Recent GWAS further found variants near TSPAN2,2,25 LINC01492,2 EDNRA,2 and 

MMP122,47 to be associated with large artery stroke. EDNRA and MMP12 offer potential 

mechanistic insights: ENDRA (encoding endothelin receptor A, ETA) is expressed in SMCs, 

endothelial cells, and macrophages. Variants at EDNRA also associate with carotid IMT 

(reflecting early atherosclerosis),31 CAD30 (Figure 1), and intracranial aneurysms, hence 

suggesting a broader role of this gene and Endothelin-1 signaling in vascular disease.48 

Activation of ETA has effects on vasoconstriction, SMC proliferation, extracellular matrix 

(ECM) production, and fibrosis,48 i.e., processes relevant to atherosclerosis. Moreover, 

pharmacological inhibition of ETA normalized NO-mediated endothelium-dependent 

dysfunction49 and attenuated atheroma formation in atherosclerotic mice49 thus offering a 

perspective for alternative preventive strategies. MMP12 (encoding matrix metalloproteinase 

12, MMP12) was originally identified by an age-at-onset informed approach.47 MMPs 

degrade ECM proteins, show increased activity in atherosclerotic plaques and have 

suspected roles in the growth, destabilization, and rupture of atherosclerotic lesions. 

Collectively, these findings suggest a causal role of the MMP12 protease in atherosclerosis 

(reviewed in 47). Additional mechanism supported by recent stroke GWAS include changes in 

lipoprotein(a) metabolism (evidenced by LPA, a subthreshold locus for large artery stroke 

[p=1.3E-7]2 known to be implicated in atherosclerosis50) and thromboembolism (evidenced by 

FGA, ILF3-SLC44A2, and ABO, established risk loci for venous thromboembolism51). Hence, 

risk loci for large artery stroke highlight different aspects of the biology underlying large artery 

stroke (Figure 1). 
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These observations highlight different biological pathways underpinning large artery stroke. 

However, additional work, including fine mapping, gene set enrichment analyses, and work in 

experimental models, is needed to robustly establish relationships between risk-associated 

variants and biological mechanisms that result in stroke or stroke-related phenotypes. 

Cardioembolic stroke 

Genetic risk for cardioembolic stroke exhibits close links with the genetics of atrial fibrillation 

(AF): (i) all loci reaching genome-wide significance for common variant association with 

cardioembolic stroke (nearest genes PITX2, ZFHX2, NKX2-5) are established risk loci for 

AF10; (ii) at all loci the association signal for stroke is confined to cardioembolic stroke; (iii) 

the association signals here and at subthreshold loci for cardioembolic stroke (near CAV1/2 

and PRRX1)2 overlap with those for AF, and (iv) show a similar architecture (e.g. near 

PITX2). In addition, there are strong genetic links with venous thromboembolism: loci near 

ABO, FGA (encoding fibrinogen alpha), and F11 (a subthreshold locus for cardioembolic 

stroke [p=5.2 x 10-8], encoding factor XI) are established risk loci for venous 

thromboembolism51 and are known to modulate haemostatic traits.51 Interestingly, genetic 

risk for the broader phenotype of AS or AIS further shows links with cardiac mechanisms 

beyond those implicated in AF as exemplified by the associations near LRCH1 and ANK2, 

found in cardiac pacing and familial forms of cardiac disease (discussed in 2). 

 

Small vessel stroke 

The identification of genes implicated in monogenic SVD has been instrumental to 

understanding the biology of small vessel stroke and SVD. Experimental studies in mutant 

mice and cultured cells highlight key physiological and pathological processes linked to 

genes implicated in monogenic SVD (Table 3).11,14,15,24,52-63 Recurrent themes include TGF-ß 

signaling,24,52 ECM formation/biology,11,14,15,53-56 blood-brain barrier (BBB) function,52,57,58 and 

specific cellular constituents of brain microvessels, in particular endothelial cells, pericytes, 

and SMCs (Table 3).56,59,60 Proteomics studies of isolated brain microvessels from mutation 

carriers and mouse models further revealed an unexpected molecular link between CADASIL 

and CARASIL that involves accumulation of the HTRA1 protease and its substrates in 

microvessels from NOTCH3 mutation carriers.54 

 

Common variant association studies identified various risk loci that show predominant 

association with small vessel stroke (Table 2). ZCCHC14, FOXF2, and CASZ1 encode 

transcription factors expressed in the vasculature.52,61,62 Foxf2 (expressed in brain endothelial 

cells and pericytes) is required for brain pericyte differentiation and development and 

maintenance of the BBB (Table 3).52 Most notably, Foxf2 deficient mice develop 

microhemorrhages and neuronal loss thus recapitulating features of human SVD.3 The 
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specific mechanisms by which common variants at HTRA1, COL4A1, and COL4A2 confer 

risk of small vessel stroke are still elusive but possibly include altered expression levels of 

these genes, a finding consistent with the mechanisms seen for rare mutations in these 

genes. Importantly, several of the risk loci for small vessel stroke (in particular, PMF1–

SEMA4A, LOC100505841, SH3PXD2A, and COL4A22,64,65) also associate with radiological 

white matter hyperintensities (WMH), thus highlighting shared biology of small vessel stroke 

and WMH. PMF1–SEMA4A further reached genome-wide significance for association with 

deep (nonlobar) ICH,28 consistent with nonlobar ICH being part of the phenotypic spectrum of 

SVD. Interestingly, genetic studies in humans in combination with experimental data suggest 

a broader role of the neural crest genes FOXF2, FOXC1 (near FOXF2), and PITX2 in SVD-

related phenotypes.3,19 

 

Hemorrhagic stroke 

ICH is one subtype of stroke for which genetic evidence points to shared pathways between 

familial and sporadic disease. Sequencing of COL4A1 and COL4A2 in a cohort of sporadic 

ICH identified coding variants with in vitro pathological consequences resembling familial 

mutations in the same genes.66 GWAS of ICH, on the other hand, have identified 

associations in the region of COL4A2 in nonlobar ICH, as well as small vessel stroke and 

WMH, highlighting the shared pathways underlying the various manifestations of cerebral 

SVD. The shared biology between ICH and small vessel stroke is also underscored by 

associations at PMF1/SLC25A44.2,28 An additional important observation has been that 

variation associated with risk of ICH can also affect the extent of bleeding, as measured by 

haematoma volume,67 providing support for hypotheses generated from histopathologic data 

that ICH expands through the disruption of diseased vessels in the periphery of the original 

vessel rupture. 

 

 

Clinical applications 

 

Substantial progress in understanding the genetic underpinnings of stroke has begun to lay 

the groundwork for future integration of genetic data into routine clinical practice (genomic 

medicine). 

 

Risk Prediction 

Aggregation of multiple common variants into polygenic risk scores (PRS) enables 

ascertainment of high-risk individuals at young age thus offering opportunities for early 

prevention.68,69 For instance, a recent study found that applying a PRS consisting of 90 SNPs 
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to data from UK Biobank (>300,000 subjects) could identify individuals with a 35% increased 

risk of incident stroke (hazard ratio: 1.35). This cutoff included a third of the population.6 

Compared to individuals in the bottom tertile of the PRS who had a favourable lifestyle 

(defined as 3 or 4 healthy lifestyle factors) individuals in the upper tertile of the PRS had a 

relative risk (hazard ratio) of 1.44, 1.70 and 2.30 depending on whether they had a 

favourable, intermediate (2 healthy lifestyle factors) or unfavorable (0 or 1 healthy lifestyle 

factors) lifestyle, respectively. Indeed, lifestyle risk was similar across all PRS strata, thus 

highlighting the potential for early risk stratification and prevention via genetics.6 Additional 

work is needed to further improve genetic risk prediction, to extend this approach across 

other ancestral backgrounds, and to weigh its benefits against possible unfavorable 

consequences including costs and psychological distress.69 

 

Exploration of potential therapeutic targets by Mendelian Randomisation 

An increasingly recognized opportunity for genetics is the exploration of causal relationships 

between risk factors (exposures) and disease outcomes through Mendelian Randomisation 

(MR).70,71 MR exploits genetic variants causally related to an exposure as instruments, and 

investigates their associations with a disease (Panel and Figure 2).72-89 Because individual 

alleles are allocated at random during meiotic segregation, MR shares many features with 

randomized controlled trials (RCTs). Like RCTs, MR overcomes limitations of observational 

studies, in particular bias resulting from conventional confounding or reverse causality. 

 

An important requirement for MR studies is a robust association between the genetic 

instrument (single SNP or multiple variants) and the exposure of interest. For instance, an 

intronic variant (rs6511720) in the low-density lipoprotein (LDL) receptor (LDLR) gene has 

consistently been shown to associate with LDL cholesterol (LDLC) levels. Like other variants 

known to influence LDLC, rs6511720 further associates with risk of myocardial infarction in a 

concordant fashion.90 MR studies have demonstrated a dose-response relationship between 

genetically elevated LDLC levels and CAD91 consistent with trials involving statins and other 

cholesterol lowering interventions. Conversely, MR studies examining HDL as an exposure 

found no causal effect of genetically determined HDL levels on the risk of CAD again in 

accordance with RCTs (reviewed in 71). 

 

MR studies may predict the success or failure of RCTs, thus saving on risks for study 

participants and on costs.71 Examples, in which MR studies predicted the success or failure 

of RCTs include studies on inactivating mutations in NPC1L1 (encoding the drug target for 

ezetimibe)92 and variants in PLA2G7 (encoding lipoprotein-associated phospholipase A2, the 

drug target for darapladib, reviewed in 71), respectively.  
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Only recently, investigators have started to apply MR to stroke.93 A MR study on blood lipids 

found genetically elevated LDLC levels associate with risk of large artery stroke but not small 

vessel stroke and cardioembolic stroke.73 In contrast, genetically elevated HDL cholesterol 

associated with a reduced risk of small vessel stroke and no effects on large artery stroke 

and cardioembolic stroke. Differential effects on etiological stroke subtypes were further seen 

for T2D in that genetically defined T2D was found to associate with both small vessel stroke 

and large artery stroke but not cardioembolic stroke and ICH.76,77 A MR study on the waist-to-

hip ratio adjusted for body mass index (BMI) found waist-to-hip ratio to be causally related to 

a higher risk of ischemic stroke. This finding adds to observational data emphasizing the 

need to consider measures of adiposity beyond BMI for risk prediction and patient 

management.94 MR may further identify novel risk factors and potential drug targets for 

stroke as illustrated by a recent study that found genetically elevated levels of the 

inflammatory cytokine MCP-1/CCL2 to be associated with risk of stroke.83 Table 4 provides 

and overview on notable MR studies in stroke. 

 

While potentially highly informative, MR analyses also pose specific challenges that require 

consideration.71 MR is based on the crucial assumptions that the genetic instruments are not 

associated with potential confounders and that they influence the risk of the disease under 

study only through the risk factor of interest (Figure 2). One example of a violation of these 

assumptions is horizontal pleiotropy, which refers to a genetic variant being associated with 

traits on discrete pathways that are also causal in disease. Horizontal pleiotropy can be 

formally assessed using specific algorithms.71 Also, there are several methodological 

requirements that must be met to confidently exclude a causal relationship between an 

exposure and disease. These requirements must be kept in mind when interpreting negative 

MR results (Table 4). With increasing availability of large-scale genetic data and improved 

databases, MR studies will become even more informative and relevant for clinical 

practice.50,95 

 

Exploiting genetics for drug discovery  

Genetics holds great promise for catalyzing drug development and prioritizing targets for 

exploration in RCTs. Aside from identifying causal pathways and novel drug targets, genetics 

may help in anticipating the full range of efficacy and safety consequences of 

pharmacological interventions.12,50 Key approaches aside from MR71 include the exploitation 

of protective variants,96-99 the examination of naturally occurring human knockouts,100 and 

phenome-wide association studies (PheWAS)75,101 (Figure 3). PheWAS studies benefit from 

large datasets with detailed genotyping and extensive phenotyping of multiple traits. Such 
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datasets are currently generated through commercial (e.g. DECODE genetics), government 

(e.g. UK Biobank), and institutional (e.g. Kaiser Permanente research bank) funding. By 

leveraging data from >100.000 UK Biobank participants a recent PheWAS study provided a 

comprehensive account of the phenotypic consequences of genetically lowered Lp(a) levels 

on various disease states including a reduced risk of stroke.75 A specific advantage of 

exquisitely phenotyped longitudinal cohort studies such as the Rotterdam, Framingham, 3C, 

and Whitehall studies is the quality of phenotyping and completeness of clinical data and the 

possibility to study association with life course and pre-event phenotype status. The 

prospects of genetics for drug discovery are highlighted by the recent observation that risk 

loci for stroke are significantly enriched in drug-target genes for antithrombotic therapy. 

Specifically, FGA (Table 2) is a target for alteplase and other thrombolytic agents, and 

PDE3A is a target for cilostazol an antiplatelet agent approved for stroke prevention in Asia.2 

Utilizing genetics for drug discovery and genomic medicine represents a major area of future 

research. 

 

Monogenic stroke 

Advances in Mendelian stroke genetics have improved options for molecular diagnosis, 

prognostication, counseling, and in some instances prevention or treatment.8 Diagnostic 

algorithms should consider the predominant stroke mechanism, mode of inheritance, and 

presence or absence of systemic manifestations (e.g., involving the skin, eye, and skeletal 

system) (Table 1). In most instances, molecular genetic testing remains key to establishing a 

diagnosis. However in some conditions, a positive skin biopsy (for CADASIL), laboratory test 

(for homocystinuria), or detailed clinical examination (for Marfan Syndrome) may suffice. In 

light of falling costs for whole exome and whole genome sequencing, information on rare 

variants associated with stroke is quickly accumulating. Challenges arising from this 

information include their interpretation in terms of phenotypic consequences and relevance 

for disease as well as ethical and medicolegal aspects of handling genetic information. 

 

Conclusions and future directions 

The global burden of stroke remains high.1 Uncovering the biological pathways from genetic 

variants to stroke pathology holds the promise of identifying novel targets for 

intervention.2,12,13 Genetic information can further be used to improve stroke diagnosis and 

prognostication.5,6,14,68 Recent discoveries have expanded the number of genes and 

mutations proven to cause familial stroke, while GWAS have yielded at least 35 independent 

loci across the genome with an impact on stroke risk.4,5,7,11,14,17,19,20,68 Functional exploration of 

these loci will be key to generating drug targets and novel therapies. The application of 

analytic techniques such as MR facilitates the exploration of causal relationships with 
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exposures and prioritize potential therapeutic targets for stroke.71,83,92 Aggregation of multiple 

SNPs from across the genome into PRS enables the identification of individuals at high risk 

for stroke at young age.6 

 

Several lines of research promise to accelerate the discovery of novel biological pathways for 

stroke. Investigators are working to identify the many undiscovered loci for stroke through the 

study of substantially larger sample sizes.2,7 Biobanks, such as those of the UK,9 and studies 

such as China-Kadoorie, will vastly expand the opportunity for gene discovery in the near 

future and the broad sharing of data will undoubtedly accelerate the process (see 

www.cerebrovascularportal.org). Genetic discovery will benefit from further refinement of 

diagnostic categories (e.g. cardioembolic stroke of specific origin). However, this will require 

resources to ensure a minimum common level of investigation in large patient samples. A 

crucial gap that must be filled, however, is the relative absence of cases of non-European 

ancestry.2 Along these same lines, ancestry-specific studies will be vital for the development 

of genetics-derived strategies and tools that are effective across populations.  

 

The development of novel effective drugs, the holy grail of the application of human genetics, 

is rapidly accelerating in a range of common diseases as a result of the GWAS revolution.50 

Indeed, it has become clear that drugs supported by human genetic data are much more 

likely to advance to approval by regulatory agencies than those lacking such data.13 Further 

progress will require the development of novel cell and tissue models (e.g., employing 

genome editing in human inducible pluripotent stem cells) and advances in functional 

genomics and multi-level omics to uncover the flow of information in stroke pathophysiology.  

 

Nearly all efforts in human stroke genetics completed thus far have targeted risk of stroke 

and can ultimately be expected to catalyse improvements in stroke prevention. The search 

for variants implicated in recurrent versus first-ever events provides another avenue for 

discovery. Equally needed, however, is progress in the understanding and treatment of 

stroke outcome. Genetic studies focusing on outcome and recovery after stroke are just at 

the beginning but expected to further improve options for clinical applications.102,103 

 

 

 

Search strategy and selection criteria 

We identified articles published in English by searches of PubMed between Jan 1, 2012 and 

December 31, 2018, and from references cited in relevant articles. We used the search 

terms “stroke”, “intracerebral AND haemorrhage”, “genetics”, “gene”, “variant”, “association”, 

http://www.cerebrovascularportal.org/
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“mendelian”, “drug”, and “personalised medicine.” We further checked reference lists of 

reviews and searched for articles describing the function of genes associated with stroke and 

of proteins encoded by these genes. The final reference list was generated based on 

relevance to the topics covered in this review. 
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Figure legends  

 

Figure 1. Risk loci for large artery stroke and their association with related vascular 

traits.  Shown are genetic loci that either reached genome-wide significance for association 

with large artery stroke (bold) or reached genome-wide significance for any ischemic stroke 

and in addition showed a strong association signal (p<5 x 10-4) for large artery stroke in 

MEGASTROKE.2 Several of the risk loci for large artery stroke are established risk loci for 

related vascular traits.2,31 IMT, intima media thickness. 

 

Figure 2. Exploration of potential therapeutic targets by Mendelian Randomisation. 

Schematic representation of the principles and requirements of instrumental variable 

analysis to generate causal estimates through MR: the genetic instrument (single variant 

or multiple variants) associates with the exposure; the genetic instrument must not 

associate with known or unknown confounders; any influence of the genetic instrument on 

the outcome phenotype is through the intermediate phenotype  

 

Figure 3. Exploiting genetics for drug discovery. Shown are approaches that facilitate 

the discovery, development, and prioritization of drug targets. 
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Tables 

 

Table 1. Mendelian causes of stroke 

 

Table 2. Common variants associated with stroke. Shown are the top signals from 

previous GWAS meta-analyses in MEGASTROKE2 and a combined meta-analysis of 

MEGASTROKE with data from UK biobank.7 For each locus, the variant showing the lowest 

p-value in the fixed effects trans-ancestral or European-only meta-analysis is shown. *results 

obtained in the European-only meta-analysis. For consistency, associations in stroke 

subtypes are taken from the respective European-only analyses. OR, odds ratio; CI, 

confidence interval. 

 

Table 3. Pathological and physiological processes related to genes and gene loci 

associated with small vessel stroke. Shown are genes implicated in Mendelian stroke 

(top) and gene loci associated with sporadic stroke (bottom) along with the presumed 

relationship to pathological (black symbols) and physiological (grey symbols) processes as 

supported by experimental studies  or observations in humans (references on the right). For 

instance, NOTCH3 has a physiological role in cell-cell signaling while disease-associated 

mutations cause abnormal folding, and accumulation of the NOTCH3 protein. Genes 

primarily implicated in intracerebral haemorrhage are underlined. *HTRA1, COL4A1/A2, and 

FOXF2 have been shown to affect Tgf-ß signaling. 

 

Table 4. Notable Mendelian Randomisation studies in stroke. Note that absence of 

support for a causal relationship may also relate to methodological aspects such as limited 

statistical power. For explanation see text. 
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Panels 

 

Panel 1. Glossary of terms and concepts relevant to stroke genetics  
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Panel. Glossary of terms and concepts relevant to stroke genetics 
 

Key genetic terms and concepts 

 3’ untranslated region - the untranslated segment of mRNA between the stop codon and the 3′ 

end of the transcript 

 Allele - alternate forms or varieties of a gene, usually arising through mutations, that are 

responsible for hereditary variation 

 Gene set enrichment analysis - a method to identify classes of genes or proteins that are over-

represented in a large set of genes or proteins and may have an association with disease 

phenotypes 

 Exome -  part of the genome composed of exons, the sequences which, when transcribed, remain 

within the mature RNA (after removal of introns) and contribute to the final protein product encoded 

by that gene 

 Fine mapping - process by which a trait-associated region from a GWAS is analysed to identify 

the particular genetic variants that are likely to causally influence the examined trait 

 Functional genomics - study of genes and their resulting gene products, and their role in 

biological processes 

 Genetic variant - an alteration in the most common DNA nucleotide sequence. The alteration may 

be benign, pathogenic, or of unknown significance 

 Genome-wide association study (GWAS) - study of a genome-wide set of genetic variants in 

different individuals to see if any variant is associated with a trait. GWASs typically focus on 

associations between SNPs and traits like major human diseases but can equally be applied to any 

other genetic variants 

 Intergenic region – refers to a stretch of DNA sequences located between genes. Intergenic 

regions are a subset of noncoding DNA 

 Lead SNP – refers to the SNP with the most significant p-value at a specific genetic locus 

 Minor allele frequency - refers to the frequency at which the second most common allele occurs 

in a given population 

 miR – microRNA is a small non-coding RNA molecule that functions in RNA silencing and post-

transcriptional regulation of gene expression 

 Non-coding DNA - components of DNA that do not encode protein sequences. Some noncoding 

DNA is transcribed into functional non-coding RNA molecules. Other functions of noncoding DNA 

include the transcriptional and translational regulation of protein-coding sequences 

 Polygenic risk score - summarises genome-wide genotype data into a single variable that 

measures genetic liability to a disorder or a trait 

 Population attributable risk – indicates the number of cases that would not occur in a population 

if the factor were eliminated 

 Protein-coding sequence – DNA sequence that is transcribed into mRNA and in which the 

corresponding mRNA molecule is translated into a polypeptide chain 

 Small vessel stroke – refers to an acute ischemic stroke likely to be caused by cerebral small 

vessel disease on the basis of diagnostic evaluation. Synonymous terms include “small artery 

stroke” “small artery ischemic stroke”, and “lacunar stroke”  

 

Key features of Mendelian Randomisation studies 

 use genetic information to confirm a causal relationship between an exposure and an outcome 

 unaffected by conventional confounding (random assortment of alleles at meiotic segregation) 

 benefit from absence of reverse causality (non-modifiable nature of transmitted germline genome) 

 require a robust association between the genetic instrument and the exposure 

 are increasingly powerful as larger GWAS datasets become available 

 have successfully been applied to vascular traits 

 may identify potential drug targets 

 may identify potential risks associated with pharmacological interventions 

 may replace RCTs in settings in which RCTs are not feasible or ethical to conduct  
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Table 1. Mendelian Causes of Stroke 

Condition Mode of 
inheritance 

Underlying 
Gene(s) 

Stroke 
mechanism 

Comment and key references 
(selection) 

Mendelian conditions mostly manifesting with ischemic stroke 

CADASIL AD NOTCH3 SVD Most common hereditary stroke 
syndrome 16 

CARASIL AR HTRA1 SVD Heterozygous mutations in HTRA1 
may cause late onset SVD 5 

CARASAL AD CTSA SVD May manifest with both ischemic and 
hemorrhagic stroke; hypertension 11 

Fabry disease X-linked GLA SVD, LAD, CE Multi-organ disease; enzyme-
replacement therapy available 

PADMAL AD COL4A1 SVD Ischemic lacunar infarctions in the 
pons as a common presentation 4 

RVCL-S AD TREX1 SVD Retinopathy and Rim-enhancing 
mass lesions on neuroimaging 17 

Sickle-cell disease AR HBB Prothrombotic 
state, LAD 

Most common cause of stroke in 
children; hemorrhagic  strokes in 
adult patients 18 

FOXC1 deletion 
related angiopathy 

AD FOXC1 SVD White matter hyperintensities on 
brain MRI 19 

DADA2 AR CECR1 Small vessel 
vasculitis  

Typically manifests in early 
childhood; fewer, skin changes, 
polyarteritis nodosa 20 

Pseudoxanthoma 
elasticum 

AR ABCC6 LAD, SVD Skin and retinal changes; calcified 
elastic fibers 21 

Homocystinuria AR CBS and 
others 

LAD, CE, 
SVD, arterial 
dissection 

Thromboembolism, premature 
atherosclerosis, mental retardation, 
Marfan-like skeletal abnormalities 

Marfan Syndrome AD FBN1 CE, 
arterial 
dissection 

Clinical diagnosis based on skeletal 
abnormalities, aortic root aneurysm, 
ectopia lentis, and other features 

Vascular Ehlers-
Danlos Syndrome 

AD Col3A1 Arterial 
dissection 

Stroke typically before age 40 years 
22 

MELAS Maternal Mitochondrial 
DNA 

Microvascular 
& neuronal 
factors 

Strokelike episodes typically before 
age 40 years; seizures, 
encephalopathy 

Hereditary 
hemorrhagic 
telangiectasia 

AD ENG or ALK1 
in ~85%  
of cases 

Arteriovenous 
malformations 

Pulmonary AVMs as a cause of 
ischemic stroke; Cerebral AVMs as 
cause of intracerebral hemorrhage  23 

Mendelian conditions  mostly manifesting with hemorrhagic stroke 

COL4A1/2-related 
angiopathies 

AD and 
de novo 

COL4A1, 
COL4A2 

SVD About 50% are sporadic cases; 
Hemorrhages manifest perinatal, in 
childhood, or in adulthood 14 

Cerebral Amyloid 
Angiopathy 

AD APP, CST3 Cerebral 
Amyloid 
Angiopathy 

Manifests with stroke (mostly 
hemorrhagic) and dementia 

Cerebral 
cavernous 
malformations 

AD KRIT1, 
MGC4607, 
PDCD10 

Cerebral 
cavernous 
malformations 

Multiple cavernomas; proportion of 
familial cases is up to 50% in 
Hispanic-American patients 

Abbreviations: CADASIL = cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopthy; 
CARASIL = cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopthy; CARASAL = 
Cathepsin A–related arteriopathy with strokes and leukoencephalopathy; PADMAL = pontine autosomal dominant 
microangiopathy with leukoencephalopathy; RVCL-S = retinal vasculopathy with cerebral leukoencephalopathy (and 
systemic manifestations); DADA2 = Deficiency of Adenosine Deaminase 2; MELAS = Mitochondrial myopathy, 

Table



26 
 

encephalopathy, lactic acidosis and stroke-like episodes; SVD = small vessel disease; LAD = large artery disease; CE = 
cardioembolism. 
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Table 2. Common variants associated with stroke: Shown are the top signals from previous GWAS meta-analyses 
in MEGASTROKE2 and a combined meta-analysis of MEGASTROKE with data from UK biobank.7 For each locus the 
variant showing the lowest p-value in the fixed effects trans-ancestral or European-only meta-analysis is shown. 
*results obtained in the European-only meta-analysis. For consistency, associations in stroke subtypes are taken from 
the respective European-only analyses.  OR, odds ratio; CI, confidence interval.  

Top signal 
Associations in 
stroke subtypes 

p-value* 

R
ef

er
en

ce
 

rsID Gene(s) 
Risk allele 
(frequency 

in %) 

Stroke 
phenotype OR [95% CI] A

ny
 

A
ny

 is
ch

em
ic

 

La
rg

e 
ar
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ry

 

C
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m
bo

lic
 

Sm
al

l v
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rs880315 CASZ1 C (40) any  1.05 [1.04-1.07]      2 
rs12037987 WNT2B C (16) any 1.07 [1.05-1.10]      2 
rs12124533 TSPAN2 T (24) large artery 1.17 [1.11-1.23]      2 
rs1052053 PMF1-SEMA4A G (40) any 1.06 [1.05-1.08]      2 

rs146390073 RGS7 T (2) cardioembolic 1.95 [1.54-2.47]*      2 
rs12476527 KCNK3 G (48) any 1.05 [1.03-1.07]      2 
rs7610618 TM4SF4-TM4SF1 T (1) large artery 2.33 [1.74-3.12]*      2 

rs13143308 PITX2 T (28) cardioembolic 1.32 [1.27-1.37]      2 
rs34311906 ANK2 C (41) any ischemic 1.07 [1.04-1.09]*      2 
rs17612742 EDNRA C (21) large artery 1.19 [1.13-1.26]      2 
rs6825454 FGA C (31) any ischemic 1.06 [1.04-1.08]      2 

rs11957829 LOC100505841 A (82) any ischemic 1.07 [1.05-1.10]      2 
rs6891174 NKX2-5 A (35) cardioembolic 1.11 [1.07-1.16]      2 
rs4959130 FOXF2 A (14) any 1.08 [1.05-1.11]      2 

rs16896398 SLC22A7-ZNF318 T (34 any 1.05 [1.03-1.07]      2 
rs2107595 HDAC9-TWIST1 A (24) large artery 1.21 [1.15-1.26]      2 

rs42039 CDK6 C (77) any ischemic 1.07 [1.04-1.09]      2 
rs7859727 Chr9p21 T (53 any 1.05 [1.03-1.07]      2 

rs10820405 LINC01492 G (82) large artery 1.20 [1.12-1.28]*      2 
rs1799983 NOS3 T (32) any 1.05 [1.03-1.07]*      7 
rs635634 ABO T (19) any ischemic 1.08 [1.05-1.11]*      2 

rs2295786 SH3PXD2A A (60) any 1.05 [1.04-1.07]      2 
rs2005108 MMP12 T (12) any ischemic 1.08 [1.05-1.11]      2 
rs7304841 PDE3A A (59) any ischemic 1.05 [1.03-1.07]      2 
rs3184504 SH2B3 T (45) any ischemic 1.08 [1.06-1.10]      2 

rs35436 TBX3 C (62) any  1.05 [1.03-1.06]      2 
rs9526212 LRCH1 G (76) any  1.06 [1.04-1.08]      2 
rs9521634 COL4A1 C (36) any  1.04 [1.03-1.06]      7 
rs4932370 FURIN-FES A (33) any ischemic 1.05 [1.03-1.07]      2 

rs12932445 ZFHX3 C (21) cardioembolic 1.20 [1.15-1.25]      2 
rs12445022 ZCCHC14 A (31) any 1.06 [1.04-1.08]      2 
rs11867415 PRPF8 G (18) any ischemic 1.09 [1.06-1.13]      2 
rs2229383 ILF3-SLC44A2 T (65) any ischemic 1.05 [1.03-1.07]      2 
rs8103309 SMARCA4-LDLR T (65) any  1.05 [1.03-1.07]      2 
rs720470 DYRK1A T (71) any  1.05 [1.03-1.07]      7 

  
p-value:  <5E-8  <5E-5  <5E-2  >5E-2 
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NOTCH3
HTRA1
COL4A1
COL4A2
CTSA
GLA

ZCCHC14
FOXF2

HTRA1
COL4A1
COL4A2

CASZ1
SH3PXD2A

Rare variants
(genes  implicated in
Mendelian stroke)

Common variants
(gene loci associated with
sporadic stroke) PMF1

APP
CST3

LOC100505841

Pathological / Physiological Process

ApoEe2
ApoEe4

affects multiple processes
affects multiple processes

affects multiple processes

53; 54; 57
24: 54
14;15; 55; 58
14;15; 55
11
59

61
52

24
14; 54
14; 15; 55

62
63

-

n.a.
56; 60

-
n.a.
n.a.

documented role of gene in pathological process documented role of gene in physiological process
documented role of gene in both processes not examined, not reported, or controversial
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LDL Cholesterol 72-74

HDL Cholesterol 73

Triglycerides 73 Causal relationship:
Lp(a) 75
T2D 76; 77 supported by MR
BMI 76; 78
Waist-to-hip ratio adjusted for BMI 78 not supported by MR
Alcohol consumption 79
Homocysteine 80; 81 controversial
Serum CRP levels 82
Serum MCP-1 levels 83

Serum IL1-Receptor antagonist 84
IL 6 receptor signaling 85
Vitamin D binding protein levels 86

Serum Urate levels 87

Serum Cystatin C levels 88

References
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(A) Protective variants

(B) Human knockouts & recall by genotype

(C) Phenome-wide association studies
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