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Abstract Stroke, ischaemic stroke and subtypes of ischaemic stroke display substantial heritability. When compared with related
vascular conditions, the number of established risk loci reaching genome-wide significance for association with stroke
is still in the lower range, particularly for aetiological stroke subtypes such as large artery atherosclerotic stroke or
small vessel stroke. Nevertheless, for individual loci substantial progress has been made in determining the specific
mechanisms mediating stroke risk. In this review, we present a roadmap for functional follow-up of common risk var-
iants associated with stroke. First, we discuss in silico strategies for characterizing signals in non-coding regions and
highlight databases providing information on quantitative trait loci for mRNA and protein expression, as well as meth-
ylation, focussing on those with presumed relevance for stroke. Next, we discuss experimental strategies for following
up on non-coding risk variants and regions such as massively parallel reporter assays, proteome-wide association stud-
ies, and chromatin conformation capture (3C) assays. These and other approaches are relevant for gaining insight into
the specific variants and mechanisms mediating genetic stroke risk. Finally, we discuss how genetic findings could influ-
ence clinical practice by adding to diagnostic algorithms and eventually improve treatment options for stroke.
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This article is part of the Spotlight Issue on genome-wide association studies to cardiovascular research.

1. Stroke is a complex phenotype
caused by multiple aetiologies

Stroke is the second most common cause of death and disability world-
wide.1 Stroke presents as a heterogeneous disease, with about 20% of
stroke cases being of haemorrhagic origin (intracerebral haemorrhage,
ICH) and 80% being of ischaemic origin (ischaemic stroke, IS). The
ischaemic subtype can further be divided into aetiological subtypes
according to the Trial of Org 10172 in Acute Stroke Treatment
(TOAST) criteria,2 which include large artery atherosclerotic stroke
(LAS), cardioembolic stroke (CES), stroke due to small vessel disease
(SVS), known other aetiologies, and unknown aetiologies.

The incidence and prevalence of aetiological stroke subtypes varies
greatly depending on ethnicity. Thus, for example, the incidence of ICH
in Asian populations is almost two-times higher than in other
ethnicities.3 The frequency of aetiological IS subtypes likewise varies with
SVS being more frequent in Asian ethnicities, while CES is more frequent
in patients of European ancestry. Also, there is a significant difference in
the proportion of extracranial vs. intracranial atherosclerosis in Asian
and European patients, with intracranial atherosclerosis being more
prominent in Asian countries.4 Whether there is a genetic basis to this

differential distribution or whether lifestyle factors affecting vascular risk
factors play a more prominent role is still under debate.

The complexity and heterogeneous nature of stroke has posed a chal-
lenge to the discovery of genetic risk loci because of limited sample sizes
for aetiological stroke subtypes and the requirement to harmonize defi-
nitions and phenotyping protocols across multiple sites.

2. Stroke phenotyping poses a
challenge for stroke genetics

The complex nature of stroke is reflected by substantial efforts needed
for precise phenotyping and by the existence of alternative classification
systems. Although many phenotypes, especially those on a continuous
scale (e.g. height, blood pressure) are relatively easy to assemble, stroke
phenotyping is an intricate exercise.

Non-contrast computed tomography remains the standard imaging
modality for the initial evaluation of patients with suspected stroke. It
may identify early signs of IS, but most importantly is highly sensitive in
detecting acute intracerebral or subarachnoid haemorrhage. Detailed
phenotyping and sub-classification requires additional investigations
including imaging of large arteries for the detection of large artery
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stenosis, cardiac investigations for the detection of cardiac sources of
embolism, and, where available, brain magnetic resonance imaging (MRI)
for the detection and detailed assessment of small infarcts and other
brain pathologies.

To account for the heterogeneous nature of stroke, other classifica-
tion schemes for stroke besides the traditional TOAST classification
have been developed, with the causative classification for stroke (CCS)5

being a newly developed, computerized, evidence-based algorithm that
provides both causative and phenotypic stroke subtypes in a rule-based
manner. CCS can provide 8 or even 16 subtypes that specify the level of
confidence of an assignment. Yet, whether CSS or other alternative clas-
sification systems such as ASCO6 are better suited than TOAST for
gene identification remains to be determined.

3. Stroke displays substantial
heritability

Twin studies suggest a significant heritability for stroke. Monozygotic
twins are more likely (odds ratio�2.0) to be concordant for stroke than
dizygotic twins.7,8 A substantial heritability of stroke is further confirmed
by single nucleotide polymorphism (SNP)-based pseudo-heritability
measures derived from genome-wide association study (GWAS).
However, the two studies9,10 reporting GWAS-derived measures using
the GCTA software11 show some degree of variation. Both studies
agreed on the heritability estimate for stroke as a whole (�40%).
However, heritability estimates for stroke subtypes varied markedly.
Stills, LAS always showed the highest heritability measures (40.3 and
66%) while SVS showed the lowest measures (16.1 and 10%). With only
few genome-wide loci for stroke identified thus far, it seems there is still
a substantial proportion of missing heritability in stroke.

4. Common genetic variants
associated with stroke

Recent GWAS of stroke and related phenotypes have found several risk
loci to be associated with stroke and stroke subtypes (Figure 1).
Interestingly, most genome-wide associations are largely restricted to
aetiological stroke subtypes of IS: HDAC9,12,13 SERPINA1,14 and
TSPAN215 have been shown to associate with LAS, whereas PITX216 and
ZFHX317 associate with CES. Using traditional GWAS approaches, no
genome-wide significant association has been discovered for SVS. Yet,
using a covariate-informed approach, a recent study found a locus at
chr16p24 to be associated with SVS.18 This signal is situated in an
intergenic region between JPH3 and ZCCHC14, with the lead SNP being
associated with decreased expression of ZCCHC14 (Zinc Finger CCHC-
Type Containing 14) in tibial arterial tissue.

Some genome-wide signals for stroke are associated with multiple
subtypes of IS. This specifically applies to the chr12q2419 and the ABO
locus13 and might in part be mediated through established vascular risk
factors for stroke (e.g. hypertension) acting on multiple IS subtypes
simultaneously. Despite an even lower sample size, previous GWAS in
ICH have revealed two replicated genome-wide signals on 1q21 (for
non-lobar ICH) and 12q21 (for lobar ICH).20 Two published loci for IS
have not been successfully replicated in subsequent studies with larger
sample size.9,21

4.1 Exonic variants in stroke
As in other complex diseases, most of the GWAS-signals for stroke are
non-coding and therefore pose challenges to the biological follow-up of
these signals. Yet, some variants are exonic, enabling direct insight into
disease pathophysiology through amino-acid exchanges.

The gene encoding SH2B adapter protein 3 (SH2B3 or LNK) is located
on chr12q24. Variants at this locus are associated with multiple condi-
tions including cardiovascular risk factors and vascular diseases
(reviewed in22). Due to the intricate linkage disequilibrium (LD) struc-
ture at this locus and the large number of genes contained within the
region, it is difficult to pinpoint a specific gene underlying the increased
risk for stroke. However, some evidence may come from experimental
studies of SH2B3.23 An exonic variant [R262W, minor allele frequency
(MAF) 0.43 in Europeans] in this gene has been shown to cause loss of
function of SH2B3. This amino-acid change is associated with expansion
of haematopoietic stem cells and enhanced megakaryopoiesis in human
cord blood. In mice, haematopoietic Sh2b3 deficiency leads to acceler-
ated arterial thrombosis and atherosclerosis, but only in the setting of
hypercholesterolaemia. Together, these findings define SH2B3 as the
lead candidate for the causal gene at the chr12q24 locus.

SERPINA1 has recently been added to the list of genes implicated in LAS
pathophysiology.14 SERPINA1, encoding alpha-1-antitrypsin (AAT) was
identified by an exome-centric approach using the Illumina exome chip. A
common variant leading to an amino acid exchange (V213A, MAF 0.17 in
Europeans) in AAT was found to be exome-wide significant in a meta-
analysis of LAS cases and stroke-free controls from different ethnicities.
The availability of microscale thermophoresis assays previously developed
in the analysis of AAT provided an excellent opportunity to test the bio-
physical properties of the mutant vs. wild-type AAT protein. Indeed,
mutant AAT M1(V213) showed a higher dissociation constant with its
main interaction partner neutrophil elastase (NE) in lipid-rich plasma, but
not in lipid-free plasma. Hydrogen-deuterium exchange experiments fur-
ther showed an enhanced structural flexibility in the mutant protein. The
target enzyme of AAT, NE, is expressed by macrophages in advanced
atherosclerotic lesions.24 AAT might facilitate protection against matrix
breakdown by NE and clearance of lipoprotein deposits. However,
whether AAT is protective against atherosclerosis is still debated. Recent
studies have provided evidence for an interaction between AAT and lipo-
proteins including both low-density lipoprotein (LDL) and high-density
lipoprotein (HDL). Binding of AAT to reconstituted HDL reduced the
inhibitory capacity of AAT towards NE,25 similar to removing lipids from
plasma. Moreover, the allele-specific differences of the dissociation con-
stant disappeared, supporting the hypothesis of an altered interaction of
M1(V213) AAT with lipoproteins in the complex plasma environment.

4.2 Non-coding variants in stroke
As for other conditions, a key task in the post-GWAS era of stroke is to
determine how risk variants not interfering with protein structure medi-
ate increased risk for stroke. As indicated, the majority of genome-wide
associated signals reside in non-coding regions. Several non-coding var-
iants have been associated with high confidence with stroke or stroke
subtypes. Some of them are also associated with related cardiovascular
phenotypes, making them high priority for biological follow-up. For these
non-coding variants, there are two recent examples where a functional
role of the genomic region harbouring the risk variant could be identified
through wet-lab experiments.

HDAC9 is not only the strongest genetic risk factor for LAS, but is also
among the top associated signals in coronary artery disease (CAD)26 and
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..other cardiovascular diseases.27,28 rs2107595, the lead SNP for LAS at this
genomic locus is located in an enhancer element downstream of HDAC9
and upstream of TWIST1/FERD3L. rs2107595 has been shown to act as an
expression quantitative trait locus (eQTL) for HDAC9 in PBMCs.29

Consistent with directionality, Hdac9 deficiency was found to attenuate
atherosclerosis in two different mouse models for atherosclerosis, ApoE-/-

and Ldlr-/- mice.29,30 Collectively, these findings imply that the effects of
risk alleles at HDAC9 on stroke risk are at least in part mediated through
elevated HDAC9 expression levels. Thus, inhibition of Class II a histone
deacetylases31 or targeted inhibition of HDAC9 using HDAC9-specific
inhibitors have been proposed as a viable strategy for atheroprotection
and prevention of related clinical manifestations including stroke.29

The discovery of the FOXF2/FOXQ1 locus exemplifies how a specific
gene located in the vicinity of common risk variants can be linked to a
stroke phenotype through independent experimental data downstream

of the GWAS approach. A common variant at the FOXF2/FOXQ1 locus
was recently found to be associated with any stroke (ischaemic þ hae-
morrhagic stroke) using a traditional GWAS strategy.32 The lead SNP is
located between the two forkhead box genes FOXQ1 and FOXF2, with no
eQTL information available. The association signal was particularly strong
for SVS. Experimental work further showed that conditional deletion of
Foxf2 in adult mice leads to cerebral infarction, reactive gliosis, and micro-
haemorrhage. Experimental studies performed in another study provided
insights on how FOXF2 might influence small vessel pathology.33 Foxf2 is
required for brain pericyte differentiation and for the development and
maintenance of the blood-brain-barrier (BBB) in mice. Pericytes from
Foxf2-/- mice are relatively abundant in brain microvessels but express
very low levels of PDGFRb, a marker of pericyte differentiation. Foxf2-/-

mice further develop BBB leakage along with perivascular oedema and a
reduction in transforming growth factor (TGF) beta signalling. These findings

Figure 1 Risk loci for stroke and stroke subtypes. Shown are the genomic locations of published risk loci reaching genome-wide significance in previous
GWAS for stroke. In some cases associations are limited to a specific stroke subtype, while others are associated with multiple stroke subtypes. Sample sizes
of the original GWAS study are given below each locus.
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..are well in line with observations from mouse models for monogenic small
vessel disease that have suggested a role of pericytes and the BBB34 as
well altered TGF beta signalling35 in cerebral small vessel disease.

5. Approaches for functional follow-
up of variants in regulatory regions

Other than for HDAC9 and FOXF2, for most of the known non-coding
GWAS signals for stroke, the relevant gene responsible for mediating
stroke risk is still elusive. In the following we discuss currently used
approaches for discovering mechanisms that mediate stroke risk. We
start by providing an overview on in silico methods, exploiting informa-
tion on gene expression, protein abundance and methylation patterns to
identify relevant genes and gene products for stroke. These approaches
enable identifying or prioritizing relevant tissues and cell types implicated
in mediating genetic risk for developing stroke. In the subsequent section
we discuss traditional and recently introduced wet-lab techniques pro-
viding direct experimental evidence for a specific regulatory mechanism.

5.1 In silico approaches
As information on eQTL, protein QTL (pQTL) and methylation QTL
(meQTL) is accumulating,36–44 exploitation of publicly and non-publicly
available data, and integration of the multiple layers of information has
become a rich source for functional follow-up of GWAS signals.eQTLs

describe variants associated with changes in the transcriptome, either
acting in a cell-type specific manner on nearby transcripts (cis) or on tran-
scripts being further away in the genome (trans). For many complex dis-
eases candidate tissues and cell types are rather obvious [e.g.
cardiomyocytes for myocardial infarction (MI); immune cells for autoim-
mune diseases]. For stroke, however, this is less straight-forward, requir-
ing the inclusion of extensive datasets from multiple sources.

Cellular constituents of the neurovascular unit (NVU, including vascu-
lar endothelial cells and pericytes), vascular smooth muscle cells, macro-
phages and constituents of peripheral blood (e.g. immune cells, platelets,
coagulation factors) are all assumed to play a role in stroke pathophysiol-
ogy. Stroke susceptibility is further influenced by resident brain cells (e.g.
neurons, astroglia, oligodendroglia, microglia) which also contribute to
stroke recovery, secondary responses, and outcome. Hence, there is a
requirement to expand on tailored eQTL datasets for stroke and stroke
subtypes, as candidate tissues and cell types also vary between IS sub-
types. For instance, studies on LAS require data on carotid and aortic tis-
sue whereas studies on SVS require data on cellular constituents of the
NVU. However, the acquisition of such data is intrinsically difficult, as
patient samples e.g. brain vascular endothelial cells or brain microvessels
are difficult to obtain and, ideally, eQTL information would be extracted
from a truly representative sample including cases and controls as this
would remove bias in the analysis.

A selection of currently available eQTL datasets with particular rele-
vance for stroke is presented in Table 1. These ressources represent the

..............................................................................................................................................................................................................................

Table 1 Overview of available eQTL, pQTL, and meQTL datasets relevant for stroke (selection)

Dataset PMID Tissues represented in dataset Number of

individuals

eQTL

GTEx V6 25954001 44 post-mortem tissuesa 449

GRASP2 25428361 2082 published GWAS results including eQTLs

HGVD 26911352 Peripheral blood cells 1208

BIOS 27918535 Whole blood 2116

Blueprint epigenome project 22398613 Monocytes, granulocyte neutrophils, eosinophils, macrophages (M0, M1

and M2), naive CD4þ and naive CD8þ cells and cell line samples

197

STARNET 27540175 Atherosclerotic-lesion-free internal mammary artery, atherosclerotic

aortic root, subcutaneous fat, visceral abdominal fat, skeletal muscle,

and liver

600 patients coronary

artery disease

Aortic endothelial cells study 23667179 Aortic endothelial cells 147

Religious order study 22471860 Brain-specific cell types (e.g. neurons, astrocytes) 1240

Rush Memory and Aging Project 22471867 Brain-specific cell types (e.g. neurons, astrocytes) 1752

pQTL

KORA 28240269 Blood plasma samples 1000

meQTL

Blueprint epigenome project 22398613 Monocytes, granulocyte neutrophils, eosinophils, macrophages (M0, M1

and M2), naive CD4þ and naive CD8þ cells and cell line samples

197

ARIC 25935004 Leukocytes 2097

Given are the name of the study, the reference to the published data and an overview of the samples included.
aIn alphabetical order: Adipose—Subcutaneous, Adipose—Visceral (Omentum), Adrenal Gland, Anterior cingulate cortex (BA24), Artery—Aorta, Artery—Tibial, Brain, Breast—
Mammary Tissue, Caudate (basal ganglia), Cells—EBV-transformed lymphocytes, Cells—Transformed fibroblasts, Cerebellar Hemisphere, Cerebellum, Colon—Sigmoid, Colon—
Transverse, Cortex, Esophagus—Gastroesophageal Junction, Esophagus—Mucosa, Esophagus—Muscularis, Frontal Cortex (BA9), Heart—Atrial Appendage, Heart—Left Ventricle,
Hippocampus, Hypothalamus, Liver, Lung, Muscle—Skeletal, Nerve—Tibial, Nucleus accumbens (basal ganglia), Ovary, Pancreas, Pituitary, Prostate, Putamen (basal ganglia), Skin—
Not Sun Exposed (Suprapubic), Skin—Sun Exposed (Lower leg), Small Intestine - Terminal Ileum, Spleen, Stomach, Testis, Thyroid, Uterus, Vagina and Whole Blood.

Challenges and opportunities in stroke genetics 1229
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article-abstract/114/9/1226/4938588 by guest on 06 April 2020

Deleted Text: <italic>-</italic>
Deleted Text: -
Deleted Text: quantitative trait loci
Deleted Text: quantitative trait loci
Deleted Text: ,
Deleted Text: (
Deleted Text: )
Deleted Text: ischemic stroke


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
best annotated datasets. While most studies are primary studies with
data collected from different tissues of non-diseased individuals, the
GRASP2 database collects information on eQTLs by automatically
extracting information from publications and their Supplementary
material and thus represents the largest curated database on eQTLs
with information on many relevant tissues for stroke.

Another dataset with obvious relevance to stroke and cardiovascular
disease is STARNET, which provides data on atherosclerotic-lesion-free
internal mammary artery, atherosclerotic aortic root, subcutaneous fat,
visceral abdominal fat, skeletal muscle, and liver from diseased
individuals.41

An alternative approach to performing lookups in eQTL databases is
performing a transcript-wide association study (TWAS).45 TWAS inte-
grates GWAS and eQTL data by predicting gene expression levels for
individuals with genotypic information from gene expression data of
external studies. This way, the expression level of a gene is imputed for
each individual with a given genotype. Association between the expres-
sion and stroke trait is indirectly estimated by linear combination of
SNP-trait standardized effect sizes and weighting the predicted expres-
sion while accounting for LD among SNPs. TWAS benefits from a lower
multiple-testing burden by probing several thousands of genes. TWAS
also has the benefit of prioritizing the likely causal gene within an associ-
ated locus that contains multiple genes since the results are gene-based.
A limitation of TWAS is the requirement for individual level data
whereas large-scale GWAS data for stroke are mostly available as sum-
mary association statistics.pQTL analyses (e.g. using the SomaSCAN
platform46 or olink47) provide information on multiple proteins that can
be assessed for functional follow-up. In pQTL analyses, individual genetic
variants are correlated with differential protein expression. pQTL stud-
ies so far have mostly been performed on healthy individuals, but recent
efforts have started to link genetic variation with changes in protein
expression in complex diseases.48,49 Interestingly, transcriptome and
proteome studies have shown a relatively low correlation between
mRNA and protein abundance. This likely relates to different protein
turnover, RNA stability or other issues.

For meQTL analysis, methylation is treated as a quantitative trait
dependent on the genotype. In meQTL studies, hundreds of thousands
of CpGs can be studied simultaneously, offering highly complementary
data on the regulatory capacity of genomic regions. meQTLs can act in
cis or trans, and it has been shown that disease-associated variants can
have widespread effects on DNA methylation in trans, likely reflecting
differential occupancy of trans-binding sites by cis-regulated transcription
factors.39 This technique has recently been used to study the association
of cerebral white matter hyperintensity (WMH) burden on MRI with
accelerated ageing in African-American participants of the
Atherosclerosis Risk in Communities (ARIC) study. DNA methylation
age acceleration represents the deviation of the DNA methylation-
predicted age from the chronologic age.50 There was a significant associ-
ation between accelerated epigenetic aging and increased WMH burden,
independent of known risk factors, including chronologic age. Another
study tested whether biological age estimated by DNA methylation pre-
dicts functional outcome 3 months post-IS better than chronological
age.51 Interestingly, biological age outperformed chronological age and
remained a significant predictor of clinical even when adjusting for chro-
nological age, stroke severity, and recanalization treatment. This study
also highlights the potential influence of (epi)genetic variation on stroke
outcome. Taken together, meQTL analysis already in its early stages
shows promise in stroke research.

As mentioned earlier, determining the cell types and tissues responsible
for mediating stroke risk remains a challenge. An indirect method to deter-
mine the specific cell types involved in the pathogenesis of stroke is
derived from GWAS summary statistics. The hypothesis behind this
approach is that genome-wide significant or sub-threshold signals originat-
ing from GWAS will be enriched in functional epigenetic chromatin marks
like H3K4me3 (active promoters) or H3K4me1 (active enhancers) in a
cell-type specific manner.52 Tools like epigwas53 make use of this informa-
tion compiled by the ENCODE54 and the Epigenomics Roadmap consor-
tium.55 Such enrichment has convincingly been shown for rheumatoid
arthritis (RA) which is characterized by an enrichment of GWAS signals in
regulatory variants from various immune cells.56

Expectedly, methods like epigwas will provide insight in the specific
cell types and tissues causally involved in stroke pathogenesis. However,
this information is reliant on the cell types and tissues provided by
ENCODE and Roadmap. Although Roadmap includes blood, brain, and
vascular (heart and human umbilical vein endothelial cells) tissue infor-
mation, many possibly relevant cell types for stroke and stroke subtypes
are missing.

Given these considerations, information on cell-type-specific enrich-
ment of epigenetic marks might guide the prioritization of cell types for
lookups in eQTL, meQTL or pQTL databases. The information obtained
through these sources can then be integrated into a ‘biological score’ or
‘functional score’.57 This approach assigns an arbitrary score to each gene
in risk loci for stroke for each category (e.g. eQTL, pQTL, exonic variant)
that is deemed to be relevant for functional follow-up, resulting in an
ordered list of genes that might be causally involved in stroke pathogenesis.

5.2 Mutation databases
Identification of disease-related genes by whatever method helps priori-
tizing genes for targeted analysis of rare exonic mutations potentially
linked more directly to the disease. The Genome Aggregation Database
(gnomAD, formerly EXAC) database58 offers free access to whole
exome and whole genome data, making it an invaluable resource for fur-
ther bioinformatics analyses. The latest gnomAD release spans 123 136
exomes and 15 496 genomes from unrelated individuals sequenced as
part of various disease-specific and population genetic studies.

In a similar approach, deCODE sequenced 2636 Icelanders to a
median depth of 20� and imputed variants of 104 220 individuals down
to a MAF of 0.1%.59 Additional targeted re-sequencing of risk loci will
provide further evidence of potential rare mutations contributing to the
missing heritability in stroke.

5.3 Experimental approaches
A complementary approach to in silico-based methods of gathering infor-
mation through published databases is the de novo creation of functional
data through wet-lab experiments. In this section, we briefly highlight
three techniques that show promise for the experimental follow-up of
non-coding variants. We further briefly review gene editing methods
that can be used to study the effect of a specific genetic variant in induced
pluripotent stem cells that can subsequently be differentiated to specific
(vascular) cell types.

Massively parallel reporter assays (MPRAs) can be utilized to prioritize
GWAS variants according to their transcriptional activity.60,61 A hallmark
of this method is the identification of proximal promoter or enhancer
elements in a genomic region associated with stroke and testing the
effect of natural genetic variation in an identified set of putative pro-
moters, enhancers or silencers. The overall workflow of an MPRA
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.experiment is illustrated in Figure 2A. In short, the method involves syn-
thesizing, in parallel, the promoters or enhancers along with a transcrip-
tional start site that is followed by a specific 20-bp ‘barcode’ sequence.
After co-transfection of multiple of these constructs, the mRNA and

plasmid tags are counted. Regulatory sequences result in transcription of
the barcode sequence thus identifying functional elements. By introduc-
ing genetic variation, the consequences of the variant of interest on tran-
scriptional activity can be quantified.

Figure 2 (A) Schematic illustration of a MPRA experiment. Oligonucleotides containing enhancer variants coupled to distinguishing tags are first generated
using microarray-based DNA synthesis. An invariant promoter-open reading frame (ORF) segment is then inserted between the variants and tags by double
digestion and directional ligation. The resulting reporter plasmid pool is co-transfected into a population of cells. The relative regulatory activities of the
transfected variants are inferred by sequencing and counting their corresponding tags from the cellular mRNA and the transfected plasmid pool. (B)
Schematic illustration of a PWAS experiment. Synthetic oligonucleotides containing the SNP are phosphorylated, polymerized and subsequently labelled by
desthiobiotin in a strand-specific manner. The immobilized DNA fragments are incubated with either light or heavy nuclear extract from the cell type of
interest. After removal of unbound proteins, bead fractions are combined and DNA-protein complexes are eluted with biotin. The eluate is precipitated,
digested and analysed by single-run, high resolution, quantitative MS. Specific interaction partners result in a ratio different from 1:1, demonstrating specific
enrichment at one variant of the single nucleotide polymorphism.
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Mass spectrometry (MS/MS)-based proteome-wide association studies

(PWAS, Figure 2B)62 allow identifying allele-specific binding of transcrip-
tion factors to regulatory sequences harbouring the variant of interest.
Variants disrupting or generating a transcription factor-binding site result
in altered affinity to the respective transcription factor, subsequently
resulting in a change of transcript levels. Differential binding can be meas-
ured using quantitative MS, thus revealing which transcription factors
and transcriptional cascades could be contributing to stroke.

Chromatin conformation capture (3C) assays allow identifying physical
interactions between chromosomal elements including interactions
between elements that are physically far apart from one other.63 These
assays can be used to quantify the number of interactions between
genomic loci that are located in close spatial proximity regardless of their
distance in the nucleotide sequence. A typical application is studying the
interaction between a promoter and an enhancer element, either
between two single loci (3C) or one locus vs. the entire genome (4C).
A more detailed description of these methods is provided in recent topi-
cal reviews.64

In order to be informative with respect to stroke the three methods
described earlier should ideally be conducted in appropriate cell systems
and expression frameworks.65,66 Ideally, this would involve experiments
in r multiple cell types relevant for stroke to gather a complete picture
of the complex regulatory actions involved in disease pathogenesis.

5.4 Gene editing
An increasingly used technology to functionally characterize individual
variants is genome editing using CRISPR/CAS9.67–69 Induced pluripotent
stem cells (iPSCs) or embryonic stem cells (ESCs) with knock-out or
knock-in-mutations can be compared within the same genomic context,
making this strategy particularly informative. Although primarily used in
the context of exonic mutations, genome editing can also be utilized to
study more subtle effects of regulatory variants. This also includes the
generation of cells heterozygous for the variant of interest.70 In a land-
mark study using CRISPR/Cas9 models, Gupta et al.71 recently examined
the role of a single SNP (rs9349379) in PHACTR1 on five vascular dis-
eases (Figure 1) previously shown to associate with this variant on a
genome-wide level of significance. The minor allele was shown to be
associated with an increased risk of both CAD and coronary calcification
and with a reduced risk of migraine, cervical artery dissection, fibromus-
cular dysplasia, and hypertension. Cervical artery dissection is a frequent
cause of juvenile stroke. However, variants at PHACTR1 have so far not
been associated with stroke. rs9349379 was further shown to be associ-
ated with reduced arterial stiffness and a reduction in flow-mediated vas-
odilation. iPSC-derived vascular endothelial and smooth muscle cells
carrying a 88-bp deletion around rs934939 were shown to exhibit
increased endothelin-1 expression. This effect was further confirmed in
ESCs and in plasma samples of human subjects, suggesting that activation
of the endothelin-A receptor results in vasoconstriction, vascular
smooth muscle cell (VSMC) proliferation, extracellular matrix (ECM)
production, and fibrosis. Whether this specific mechanism also plays a
role in stroke, needs to be determined.

Again, choosing the right cell types for CRISPR/CAS9 models derived
from stroke GWAS loci remains a challenge. Still, the use of iPSC- and
ESC-derived genome-edited cellular models has huge potential.
Although vascular cell types will be more informative for LAS, brain cell
types could be more of interest for SVS.

6. Translating genetic findings to
clinical practice

Translating recent discoveries in stroke genetics into clinical practice
remains a challenge. Potential applications include the identification of
novel disease markers, risk prediction using genetic information, drug re-
purposing and -positioning, and the determination of causal relationships
using mendelian randomization (MR).

6.1 Biomarker discovery
Although for other cardiovascular diseases blood-based diagnostic
markers with high clinical relevance have been available for years (e.g.
troponin for MI,72 D-dimer for venous thrombosis73,74), there are no
such markers for stroke. Among the clinically most relevant questions in
patients with acute stroke is the discrimination between ischaemic and
haemorrhagic stroke. Efforts have been made to identify blood-based
biomarkers, with mixed results. Glial fibrillary acidic protein (GFAP)
shows promise for differentiating ischaemic from haemorrhagic stroke.75

GFAP is anastroglial protein that is detectable in very low concentrations
in the blood of healthy individuals. Owing to the instantaneous destruc-
tion of astrocytes and disruption of the BBB following ICH GFAP is
instantly released into the plasma. In contrast, in IS, the structural integ-
rity of brain cells and the BBB remain preserved for some time after
symptom onset.76,77 However, due to a limited sensitivity and specificity
for ICH GFAP has so far not entered the clinic.

Later, it has been shown that not only proteins can act as biomarkers in
stroke. A combination of three microRNAs has recently been shown to
yield superior discrimination between IS, stroke mimics, transient ischemic
attacks (TIAs) and healthy controls compared with established protein-
based biomarkers.78 Whether proteins derived from GWAS also display
discriminative power to act as biomarkers needs to be determined.

6.2 Drug re-purposing
An increasingly recognized application of GWAS data is to link locus and
gene discovery to information on drug targets and determine whether
already existing drugs approved for other indications can be re-
purposed to target gene products and mechanisms relevant in the
respective phenotypes under investigation. For several drugs, their
immediate biological target (i.e. protein or peptide) is known. This infor-
mation is held in the Therapeutic Targets Database (TTD)79 and
DrugBank.80 Okada et al.56 successfully exploited this information by
linking data from the TTD and Drugbank to GWAS data on RA.
Analysing 98 biological candidate genes they found a significant enrich-
ment in approved drugs for RA suggesting that drugs previously not
approved for RA but targeting RA candidate genes could potentially be
repurposed to treat RA. This approach has successfully been used in var-
ious other conditions through their respective GWAS hits and may pro-
vide the stroke field with new candidate drugs derived from novel
candidate genes.81

6.3 Mendelian randomization
MR is the method of choice to prove a causal role of a variant or a set of
variants (genetic instrument) acting through an intermediate phenotype
or risk factor on the final outcome of stroke (Figure 3).82,83 MR analyses
for IS subtypes have documented a causal relationship between Type 2
diabetes and LAS/SVS, but not fasting glucose levels, fasting insulin levels
and body mass index.84 Other MR studies on stroke have yielded negative
results.85–87 Whether these negative findings reflect a a truly negative
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..association or relate to a lack of statistical power remains to be
determined.MR is extensively reviewed in another part of this special
issue. Still, we would like emphasize that sufficiently large sample sizes
(outcome variable) are particularly important in MR analysis to prove cau-
sality. This remains a challenge in studies on stroke.

7. Future directions and summary

Stroke is a complex phenotype with a large proportion of heritability still
unexplained. Larger GWAS meta-analyses with substantially increased
sample sizes and integrating genetic information from multiple ethnicities
to improve fine-mapping are currently underway. These studies are
expected to reveal novel genome-wide significant loci for stroke and
stroke subtypes. Figure 4 exemplifies how these novel findings might be
integrated into a work flow for functional follow-up of GWAS signals
using SVS as an example and summarizing the in silico and wet-lab strat-
egies mentioned earlier. GWAS remain key to the identification of risk
regions. These risk regions can be further tested, using fine-mapping
strategies, MPRA, PWAS or sequencing approaches for the identification
of rare variants to compile a comprehensive list of genetic variants
directly influencing stroke risk. Such rare variants can be exonic, leading
to testable hypotheses regarding the mechanisms linking the respective

gene and gene products to SVS. In the event of non-coding variants,
eQTL/pQTL/meQTL information in relevant cell types combined with
wet-lab experiments help prioritizing the candidate genes. These genes
can further be studied in knock-out or knock-in models of relevant cell
types or animal models. For SVS, the complete NVU, comprised of neu-
rons, astrocytes, vascular endothelial cells pericytes and ECM compo-
nents is expected to be a major factor in mediating disease risk and
should therefore serve, in parts or as a whole, as the model of choice.

In addition to traditional GWAS analysis, the analysis of endopheno-
types can also inform about variants and genes implicated in stroke risk.
Endophenotypes are intermediate disease states that are associated with
IS subtypes in the population, are independently and jointly heritable
with IS, and are present in individuals with and without IS. For many IS
subtypes including LAS, SVS, and CES, there are endophenotypes that
have been investigated in depth. For instance, carotid plaque and carotid
intima media thickness serve as endophenotypes for LAS and CAD/MI.88

Genome-wide signals were reported in or around ZHX2, APOC1, and
PINX1 for cIMT and in PIK3CG and EDNRA for plaque presence. Silent
brain infarcts and microbleeds are considered endophenotypes for SVS.
This also applies to WMH, a quantitative phenotype that is currently
moving into focus. A recent meta-analysis found TRIM65, SH3PXD2A,
EFEMP1, PMF1, and HAAO to be associated with WMH burden on a
genome-wide level.89 Atrial fibrillation, a major cause of CES, is among

Figure 3 Schematic presentation of a MR experiment. MR works under following assumptions. Assumption 1: The genetic instrument (a SNP or a combi-
nation of multiple SNPs) is robustly associated with the intermediate phenotype or risk factor (e.g. blood lipids). This is typically accounted for by focussing
on SNPs reaching genome-wide significance. Assumption 2: The genetic instrument is unrelated to any confounder biasing the relationship between the
intermediate phenotype and the outcome. Assumption 3: The genetic instrument is related to the outcome only through its association with the intermedi-
ate phenotype. In other words, the genetic instrument must not be related to a second risk factor or intermediate phenotype.
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..the most extensively studied endophenotypes with up to 25 genome-
wide significant loci being reported thus far.90 In general, quantitative
traits such as WMH offer higher statistical power for locus discovery
than dichotomous traits. As such, these endophenotypes remain of par-
ticular interest for stroke genetics.

Most, if not all GWAS studies have been performed on stroke risk.
However, another important measure would be functional and cognitive
outcome after stroke as measured by the modified Rankin scale91 and
targeted cognitive tests,92 respectively. The discovery of genetic factors
impacting on stroke outcome might help stratifying patients and offering
personalized care to individuals at risk of worse outcome, including func-
tional dependency or death

In contrast to other vascular conditions, there have been no sex-
specific GWAS on stroke conducted so far. Epidemiological data show
that men suffer from stroke more often than women, but even this

unequal distribution is subtype-specific. An obstacle to sex-specific stud-
ies is the reduction in statistical power due to even lower sample sizes.
Sex-specific signals are likely for stroke,93 probably on a lower scale than
for anthropomorphic traits.94

On a similar note, analysing non-autosomal data have been shown to
yield significant results in several diseases.95 The epidemiological differ-
ence between men and women in terms of stroke could potentially be
attributed to genetic variation on the X-chromosome. With specialized
imputation protocols, X-chromosomal markers can be analysed with
the same accuracy as autosomal markers. Of note however, previous
studies on CAD identified no genome-wide signals on the X-
chromosome,96 despite epidemiological evidence for sex-stratified risk.

Cross-phenotype analysis of diseases using LD score regression97,98

or gwas-pw99 can add to understanding disease mechanisms that are
specific to stroke or a specific stroke subtype as compared with more

Figure 4 Potential work flow for functional follow-up of GWAS signals as exemplified for small vessel stroke: Information from in silico methods (green)
and in vitro experiments (orange) can be integrated to form comprehensive lists of risk regions, risk variants, and risk genes for SVS. Technical advances in
the generation of transgenic mice and CRISPR/Cas9 mediated genome editing facilitate functional exploration of risk variants and risk genes in in vivo and cel-
lular models including differentiated ESCs/iPSCs. Candidate cell types for SVS include pericytes, vascular endothelial and smooth muscle cells, astrocytes,
microglia, neurons and oligodendrocytes.

1234 R. Malik and M. Dichgans
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article-abstract/114/9/1226/4938588 by guest on 06 April 2020

Deleted Text:  
Deleted Text:  (mRS) 
Deleted Text: ,
Deleted Text: ,
Deleted Text: z
Deleted Text: as
Deleted Text:  
Deleted Text: z
Deleted Text: ,
Deleted Text: to


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..pleiotropic signals or mechanisms associated with multiple related condi-
tions and multiple stroke subtypes. Results from cross-phenotype analy-
ses are available in the LDHub portal.100 Along the same lines, it is now
possible to conduct a complete phenome-wide association study where
a single lead SNP or a panel of lead variants istested against multiple phe-
notypes, delivering a true account of genotype-to-phenotype relation-
ships.101,102 Recent data releases from the UK Biobank103 offer a unique
opportunity to study these relationships with regard to stroke GWAS
signals.

7.1 Summary
Stroke is a complex phenotype. For some time insights into stroke path-
ophysiology from genetics have been lagging behind discoveries in other
vascular phenotypes. Yet, with large multi-ancestry GWAS currently
underway the number of reported risk loci for stroke and aetiological
stroke subtypes is likely to increase in the near future. Combining in silico

and experimental approaches to their functional exploration will
improve our understanding of disease mechanisms in stroke and likely
provide the field with novel targets and pathways for intervention
(Figure 5).
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than chronological as predictor of 3-month outcome in ischemic stroke. Neurology
2017;89:830–836.

52. Maurano MT, Humbert R, Rynes E, Thurman RE, Haugen E, Wang H, Reynolds AP,
Sandstrom R, Qu H, Brody J, Shafer A, Neri F, Lee K, Kutyavin T, Stehling-Sun S,
Johnson AK, Canfield TK, Giste E, Diegel M, Bates D, Hansen RS, Neph S, Sabo PJ,
Heimfeld S, Raubitschek A, Ziegler S, Cotsapas C, Sotoodehnia N, Glass I, Sunyaev
SR, Kaul R, Stamatoyannopoulos JA. Systematic localization of common disease-
associated variation in regulatory DNA. Science 2012;337:1190–1195.

53. Trynka G, Sandor C, Han B, Xu H, Stranger BE, Liu XS, Raychaudhuri S. Chromatin
marks identify critical cell types for fine mapping complex trait variants. Nat Genet
2013;45:124–130.

54. Encode Project Consortium. An integrated encyclopedia of DNA elements in the
human genome. Nature 2012;489:57–74.

55. Kundaje A, Meuleman W, Ernst J, Bilenky M, Yen A, Heravi-Moussavi A,
Kheradpour P, Zhang Z, Wang J, Ziller MJ, Amin V, Whitaker JW, Schultz MD,
Ward LD, Sarkar A, Quon G, Sandstrom RS, Eaton ML, Wu Y-C, Pfenning AR,
Wang X, Claussnitzer M, Liu Y, Coarfa C, Harris RA, Shoresh N, Epstein CB,
Gjoneska E, Leung D, Xie W, Hawkins RD, Lister R, Hong C, Gascard P, Mungall
AJ, Moore R, Chuah E, Tam A, Canfield TK, Hansen RS, Kaul R, Sabo PJ, Bansal MS,
Carles A, Dixon JR, Farh K-H, Feizi S, Karlic R, Kim A-R, Kulkarni A, Li D, Lowdon
R, Elliott GNell, Mercer TR, Neph SJ, Onuchic V, Polak P, Rajagopal N, Ray P, Sallari
RC, Siebenthall KT, Sinnott-Armstrong NA, Stevens M, Thurman RE, Wu J, Zhang
B, Zhou X, Beaudet AE, Boyer LA, De Jager PL, Farnham PJ, Fisher SJ, Haussler D,
Jones SJM, Li W, Marra MA, McManus MT, Sunyaev S, Thomson JA, Tlsty TD, Tsai
L-H, Wang W, Waterland RA, Zhang MQ, Chadwick LH, Bernstein BE, Costello JF,
Ecker JR, Hirst M, Meissner A, Milosavljevic A, Ren B, Stamatoyannopoulos JA,
Wang T, Kellis M. Integrative analysis of 111 reference human epigenomes. Nature
2015;518:317–330.

56. Okada Y, Wu D, Trynka G, Raj T, Terao C, Ikari K, Kochi Y, Ohmura K, Suzuki A,
Yoshida S, Graham RR, Manoharan A, Ortmann W, Bhangale T, Denny JC, Carroll
RJ, Eyler AE, Greenberg JD, Kremer JM, Pappas DA, Jiang L, Yin J, Ye L, Su DF, Yang
J, Xie G, Keystone E, Westra HJ, Esko T, Metspalu A, Zhou X, Gupta N, Mirel D,
Stahl EA, Diogo D, Cui J, Liao K, Guo MH, Myouzen K, Kawaguchi T, Coenen MJ,
van Riel PL, van de Laar MA, Guchelaar HJ, Huizinga TW, Dieude P, Mariette X,
Bridges SL Jr, Zhernakova A, Toes RE, Tak PP, Miceli-Richard C, Bang SY, Lee HS,
Martin J, Gonzalez-Gay MA, Rodriguez-Rodriguez L, Rantapaa-Dahlqvist S, Arlestig
L, Choi HK, Kamatani Y, Galan P, Lathrop M, Consortium R, Consortium G, Eyre S,
Bowes J, Barton A, de Vries N, Moreland LW, Criswell LA, Karlson EW, Taniguchi
A, Yamada R, Kubo M, Liu JS, Bae SC, Worthington J, Padyukov L, Klareskog L,
Gregersen PK, Raychaudhuri S, Stranger BE, De Jager PL, Franke L, Visscher PM,
Brown MA, Yamanaka H, Mimori T, Takahashi A, Xu H, Behrens TW, Siminovitch
KA, Momohara S, Matsuda F, Yamamoto K, Plenge RM. Genetics of rheumatoid
arthritis contributes to biology and drug discovery. Nature 2014;506:376–381.

57. Brænne I, Civelek M, Vilne B, Di Narzo A, Johnson AD, Zhao Y, Reiz B, Codoni V,
Webb TR, Foroughi Asl H, Hamby SE, Zeng L, Trégouët D-A, Hao K, Topol EJ,
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