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a b s t r a c t 

Accumulating evidence suggests a correlation between stroke and hematological traits along with their associated 

risk factors, yet the precise shared genetic basis remains elusive. We collected GWAS summary statistics of stroke 

and potentially related hematological traits or risk factors from the GWAS Catalog and used LDSC to estimate 

genetic correlations and heritabilities. For trait pairs with significant correlations, we performed a comprehensive 

multi-trait GWAS analysis to identify pleiotropic loci shared by stroke and genetically correlated hematological 

traits or risk factors in both Europeans and East Asians. Our MTAG analysis identified 59 pleiotropic loci asso- 

ciated with both stroke and hypertension in Europeans, along with 17 such loci in East Asians. Among these 

loci, 33 were previously unknown in Europeans, and six were previously unknown in East Asians, suggesting 

potential new insights into the genetic basis of these traits. In the MTAG analysis of ischemic stroke and venous 

thromboembolism, we found six known loci and two novel loci. Notably, the 10q22.1 locus (rs12242391) was 

identified as an eQTL for the nearby gene TSPAN15 in multiple tissues, including whole blood. Furthermore, the 

12q13.13 locus (rs4759076), which had not been reported in association with ischemic stroke or venous throm- 

boembolism previously, exhibited a strong cis-eQTL effect with the nearby gene NFE2, a crucial regulator of 

megakaryocyte biogenesis and platelet production. Our study provided valuable insights into the shared genetic 

architecture of stroke and hematological traits or risk factors, highlighting potential avenues for future research 

and clinical applications. 
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. Introduction 

Stroke is a cardiovascular disease (CVD) that occurs when the blood

upply to a part of the brain is interrupted or reduced. According to

he World Health Organization (WHO), stroke is the second leading

ause of death and the third leading cause of disability-adjusted life-

ears (DALYs) worldwide [ 1 ]. The burden of stroke extends beyond

ortality, as survivors often endure long-term impairments, including

aralysis, cognitive deficits, and speech difficulties, imposing a heavy

ocioeconomic burden on individuals, families, and societies. 

Epidemiological studies have identified several risk factors con-

ributing to the occurrence of stroke, such as hypertension, smoking

nd drinking [ 2–4 ]. Besides, a growing body of evidence suggests that
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enetic factors play a crucial role in stroke susceptibility. The heritabil-

ty of ischemic stroke has been estimated at 38 ∼39%, varying across

troke subtypes [ 5 , 6 ]. To unravel the genetic underpins of stroke, mul-

iple Genome-Wide Association Studies (GWAS) have been conducted.

o date, a total of 89 significant loci have been detected in the largest

WAS of stroke comprising 110,182 cases and 1,503,898 controls [ 7 ],

hich indicates a polygenic model of inheritance. However, GWAS stud-

es have primarily focused on individual traits in isolation, disregard-

ng the potential shared genetic determinants among related pheno-

ypes. Recently, multi-trait analysis of GWAS (MTAG) has emerged as

 powerful approach to explore the genetic overlap and shared etiol-

gy among complex traits [ 8 ]. By jointly analyzing multiple genetic

orrelated traits, MTAG can identify pleiotropic genetic variants that
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nfluence related phenotypes, uncovering the genetic interplay between

hese conditions and the shared biological pathways implicated in their

evelopment. 

The most significant recognized risk factor for stroke is hypertension,

hich is established as capable of causing the bursting or blockage of

he arteries that deliver blood and oxygen to the brain [ 9 ]. Besides, cer-

ain hematological traits such as red blood cell distribution width and

emoglobin concentration have also been reported to be associated with

troke [ 10 , 11 ]. Hematologic abnormalities can also lead to thrombosis

n the cerebral vasculature, causing ischemic cerebrovascular events.

lthough mechanisms of coagulation disorders that increase the risk of

trokes are still not well understood, accumulating evidence suggests

hat coagulation factors may play a role in stroke pathophysiology [ 12–

4 ]. In summary, stroke is likely influenced by a range of mechanisms

inked to hematological risk factors, each with its own genetic back-

round. 

In this study, we first quantified genetic correlations between stroke

nd potentially related hematological traits or risk factors in Europeans

nd East Asians respectively. To further investigate the shared genetic

rchitecture between the correlated traits, we conducted a comprehen-

ive MTAG analysis and identified pleiotropic loci shared by stroke and

enetic correlated hematological traits or risk factors in Europeans and

ast Asians. 

. Methods 

.1. GWAS data 

The hitherto largest GWAS of stroke and subtypes (ischemic stroke,

ardioembolic stroke, small vessel stroke and large artery stroke) was

erformed based on international collaborations in 110,182 cases and

,503,898 controls [ 7 ]. GWAS summary statistics of stroke and subtypes

rom Europeans and East Asians were downloaded from GWAS Catalog

 15 ]. Details of stroke GWAS datasets are presented in Table S1. 

GWAS summary statistics of hematological traits or risk factors from

uropeans including red blood cell (RBC) traits, platelet traits, blood

ressure measurements, hypertension, protein levels of coagulation fac-

ors, venous thromboembolism and pulmonary embolism were also

ownloaded from GWAS Catalog [ 15 ]. For East Asian populations, only

ed blood cell (RBC) traits, platelet traits, blood pressure measurements

nd hypertension were available in GWAS Catalog [ 15 ]. Besides, GWAS

ummary statistics of smoking behavior and alcohol consumption were

lso analyzed. The information of all included GWAS data from Euro-

eans and East Asians is summarized in Table S2. 

The Institutional Review Board of Shandong First Medical University

 Shandong Academy of Medical Sciences reviewed and approved the

tudy. Given that the GWAS summary statistics data mentioned were

ourced from the public domain, the board granted an exemption from

equiring patient consent. 

.2. Global genetic correlation analysis 

The cross-ancestry genetic correlation (Rg ) for stroke and subtypes

etween Europeans and East Asians was estimated using Popcorn [ 16 ], a

omputational method that determines the correlation of causal-variant

ffect sizes at SNPs common across population groups using GWAS

ummary-level data and LD information. Ancestry-specific LD scores

ere derived from the 1000 Genomes reference population [ 17 ]. The

ntra-ancestry genetic correlation Rg for stroke and subtypes, as well

s for stroke and hematological traits was estimated by LD (Linkage

isequilibrium) score regression (LDSC) using GWAS summary statis-

ics [ 18 ]. The LDSC method is described by the following equation:

[𝛽𝑗 𝛾𝑗 ] =
√
𝑁1 𝑁2 𝑟𝑔 
𝑀 

𝑙𝑗 +
𝑁𝑠 𝑟 √
𝑁1 𝑁2 

, where 𝛽𝑗 and 𝛾𝑗 denote the effect size

f SNP j on the two tested traits, 𝑁1 and 𝑁2 are the sample sizes of

wo tested traits, 𝑁 is the number of overlapping samples between
𝑠 

2

wo tested traits, r is the phenotypic correlation in overlapping samples

nd 𝑙𝑗 is the LD score. Pre-computed linkage disequilibrium scores for

apMap3 SNPs calculated based on East-Asian-ancestry or European-

ncestry individuals from the 1000 Genomes Project were used in the

nalysis, and SNP markers with an imputation INFO score < 0.9 were

xcluded. SNP based heritability of analyzed traits was also estimated

y LDSC [ 18 ]. 

.3. Cell-type-specific enrichment of SNP heritability 

Stratified LDSC (s-LDSC) was used to detect potential functional cat-

gories or cell types contributing disproportionately to the heritability

f studied traits. S-LDSC first divides the genome into non-overlapping

ets of genomic regions based on various functional annotations or crite-

ia, and then estimates the heritability for each subset or stratum of the

enome. After estimating heritability for each stratum, s-LDSC compares

he observed heritability in each stratum to the expected heritability

ased on the proportion of SNPs in that stratum. This comparison allows

or the assessment of heritability enrichment within specific genomic

nnotations. Significant heritability enrichment in particular genomic

nnotations suggests that genetic variants within those regions play a

isproportionate role in influencing the trait of interest. This informa-

ion can provide insights into the biological mechanisms underlying the

rait and prioritize genomic regions for further functional characteriza-

ion. 

In this study, annotation data were constructed by the Roadmap

roject for six chromatin marks (DHS, H3K27ac, H3K36me3, H3K4me1,

3K4me3, and H3K9ac) in a set of 88 cell types or tissues were used to

artition the SNP heritability of each trait. For each chromatin mark,

ell-type-specific annotations were further classified into nine broad

roups including adipose, central nervous system, digestive system, car-

iovascular, musculoskeletal and connective tissue, immune and blood,

iver, pancreas, and others [ 19 ]. Annotation-specific enrichment values

or each trait were transformed into color scale and visualized by hier-

rchical clustering. 

.4. Local genetic correlation analysis 

Considering that genetic correlation estimated by LDSC aggregates

nformation across all variants in the genome, we further estimated the

airwise local genetic correlation using 𝜌-HESS (heritability estimation

rom summary statistics) [ 20 ]. P-HESS are designed to quantify the local

enetic correlation between pairs of traits at each of the 1703 prespec-

fied LD independent segments with an average length of 1.6 Mb. All

ignificant trait pairs identified in the global genetic correlation analysis

LDSC, p < 0.01) underwent local genetic correlation analysis ( 𝜌-HESS)

o further investigate which specific local genomic regions contributed

o the global genetic association. A Bonferroni corrected p value less

han 0.05/1703 was considered as statistically significant. 

.5. Multi-trait analysis of GWAS 

Multi-trait GWAS meta-analysis for stroke and hematological traits

as performed by the Multi-Trait Analysis of GWAS (MTAG) framework,

 generalized meta-analysis method that outputs trait-specific SNP asso-

iations [ 8 ]. MTAG can increase the power to detect loci from correlated

raits by analyzing GWAS summary statistics jointly. It also accounts

or sample overlap and incomplete genetic correlation, when com-

aring with the conventional inverse-variance weighted meta-analysis.

he first step of MTAG is to filter variants by removing non common

NPs, duplicated SNPs, or SNPs with strand ambiguity. MTAG then

stimates the pairwise genetic correlation between traits using LDSC

 18 ] and uses these estimates to calibrate the variance-covariance ma-

rix of the random effect component. MTAG next performs a random-

ffect meta-analysis to generate the SNP-level summary statistics.

e prioritized significant pleiotropic SNPs that reached genome-wide
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Asians. 
ignificance ( p < 5 × 10–8 ) in the multi-trait analysis and suggestive

ignificance ( p < 0.001) in the original single-trait GWAS. 

.6. Colocalization and gene-based analysis 

Coloc [ 21 ] was used to investigate Bayesian colocalization of loci

dentified in MTAG analysis between stroke and related hematolog-

cal traits or risk factors. With the default priors (p1 = 1 × 10− 4 ,

2 = 1 × 10− 4 and p12 = 1 × 10− 5 ), we considered evidence for colocal-

zation when the posterior probability of shared causal variant (PP.H4)

as greater than 0.8. Summary-data-based Mendelian Randomization

SMR) [ 22 ] was used to perform gene-based analysis. Each locus iden-

ified in MTAG underwent SMR analysis, using cis-eQTL summary data

f whole blood from the GTEx v8. Within each locus, significant genes

ere identified using Bonferroni correction (corrected p < 0.05) to ac-

ount for the multiple comparisons of tested genes. Additionally, genes

xhibiting significant trends ( p < 0.05) were also provided alongside the

orrected results. 

. Results 

.1. Genetic correlations stroke and subtypes 

To better understand the genetic architecture of stroke and its sub-

ypes across different ancestries, we estimated the cross-ancestry ge-

etic correlation between Europeans and East Asians using Popcorn.

s shown in Table S3, there was no significant cross-ancestry genetic

orrelation for any stroke subtype. We also examined the genetic cor-

elation between stroke and subtypes using LDSC in European and East

sian populations, respectively. In Europeans, all five subtypes of stroke

xhibit significant positive correlation (Fig. S1 a), with the strongest as-

ociations observed between small vessel stroke and Stroke (Rg = 1.22,

 = 3.78 × 10− 16 ), as well as between small vessel stroke and Ischemic

troke (Rg = 1.15, p = 2.66 × 10− 17 ). In East Asians, significant positive

orrelations exist among only four subtypes of stroke, including stroke,

mall vessel stroke, ischemic stroke, and large artery stroke. Notably,

o significant association was found between cardioembolic stroke and

ny other stroke type (Fig. S1 b). 

.2. Genetic correlations between stroke and hematological traits or risk 

actors 

We utilized LDSC to estimate the SNP-based heritability, which al-

owed us to determine the proportion of phenotypic variance explained

y the tested variants. Heritability estimates on the observed scale us-

ng GWAS summary statistics of stroke is 0.59% and 1.5% (Table S4) in

uropeans and East Asians. By comparison, hypertension demonstrated

igher heritability estimates, with rates of 11% among Europeans and

.7% among East Asians (Table S4). We next investigated genetic cor-

elations between stroke and hematological traits or risk factors. With

ore GWAS data available for Europeans, we conducted a more compre-

ensive analysis, encompassing a broader range of risk factors. In Euro-

eans, stroke and subtypes were significantly correlated with hyperten-

ion (Rg = 0.42, p = 2.2 × 10− 42 ) and blood pressure measurements in-

luding diastolic blood pressure (DBP), pulse pressure and systolic blood

ressure (SBP) ( Fig. 1 a and Table S5). Venous thromoboembolism and

ulmonary embolism were also significantly correlated with stroke and

schemic stroke (Table S5). Whereas, a significant negative genetic cor-

elation was detected between stroke and vitamin K-dependent protein

 (PROC, Rg = − 0.39, p = 3 × 10− 4 ), which serves as the key compo-

ent of an important natural anticoagulant pathway [ 23 ]. In contrast,

o correlation was detected between stroke and red blood cell traits, or

etween stroke and platelet traits. In East Asians, stroke and subtypes

ere also significantly correlated with hypertension and blood pressure

easurements ( Fig. 1 b and Table S5). Interestingly, large artery stroke
3

as negatively correlated with hemoglobin concentration (Rg = − 0.43,

 = 9.3 × 10− 3 ), which was not observed in Europeans. 

.3. Cell-type-specific enrichment of SNP heritability 

For stroke and its subtypes, we further partitioned SNP heritability

ased on six chromatin marks and nine cell types. We found that both

uropeans and East Asians exhibited similar patterns at six chromatin

arks (Fig. S2) in hypertension, which differ from stroke and its sub-

ypes, reflecting their unique genetic characteristics. Notably, tissues or

ell types classified under the cardiovascular category, such as heart,

trium, ventricle and aorta, showed significant enrichment for stroke

r its subtypes in chromatin marks H3K27ac, H3K4me3, and H3K9ac.

e also observed that stroke and its subtypes exhibited significant her-

tability enrichments in tissues or cell types classified as musculoskele-

al/connective tissue and digestive. 

.4. Local genetic correlations between stroke and hematological traits or 

isk factors 

We next conducted a comprehensive genome-wide scan to identify

pecific genomic regions that contribute to the shared heritability of

enetically correlated traits. After correcting for multiple testing, we

iscovered a significant correlation between stroke and hypertension in

uropeans, specifically at the 12q24 region ( Fig. 2 a). This finding was

onsistent with the observed significance of the 12q24 region in rela-

ion to stroke and various blood pressure measurements, such as DBP

 Fig. 2 b) and SBP ( Fig. 2 c). While no significant region was identified

etween stroke and hypertension in East Asians (Fig. S3a), we found

hat 12q24 displayed a correlation between stroke and blood pressure

easurements, mirroring the findings in Europeans (Fig. S3b&c). Inter-

stingly, previous studies have also identified significant GWAS signals

n the 12q24 region for stroke, hypertension, and blood pressure mea-

urements [ 7 , 24 , 25 ]. We did not find any significant correlated regions

etween stroke and other hematological traits or risk factors. 

.5. Multi-trait meta-analysis of stroke and hematological risk factors 

The evidence obtained from the genetic correlation analysis moti-

ated us to delve deeper into identifying potential pleiotropic loci shared

etween stroke and hematological risk factors. To accomplish this, we

erformed multi-trait meta-analysis on each genetically correlated trait

air using MTAG, and prioritized SNPs reaching genome-wide signifi-

ance ( p < 5 × 10− 8) . During the analysis of stroke and hypertension, we

ere able to detect a total of 59 significant signals from individuals of

uropean descent. Among these signals, 26 were located in loci that had

een previously reported in stroke, while the other 33 loci were newly

dentified ( Fig. 3 a and Table S6). Out of these 33 loci, 29 were known

n hypertension. The remaining four pleiotropic loci (Table S6) were

ound to be previously unreported in both stroke and hypertension. No-

ably, one of the four pleiotropic loci, rs2493283, is located within the

ene PRDM16 , which has been previously associated with stroke. We

urther utilized LocusZoom [ 26 ] to visualize the genetic associations

ithin this specific region. As shown in Fig. 4 , regional plots of associa-

ion results indicated two independent signals in gene region of PRDM16

Fig. 4a&b). The known locus rs2500281 was found to be located in the

ntronic region between the third and fourth exon of PRDM16 , while

he novel locus rs2493283 was situated close to the 3 ′ end of the gene.

n our analysis of East Asians, 17 shared loci were identified from stroke

nd hypertension ( Fig. 3 b and Table S12). Among them, six loci were

reviously detected in hypertension, while the remaining 11 loci had

reviously been reported in association with stroke, including the gene

egion of PRDM16 . Unlike in Europeans, regional plots indicated that

nly one signal (rs10047257) located within PRDM16 ( Fig. 4 c) for East
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Fig. 1. Heatmaps of pairwise genome-wide genetic correlations between stroke and hematological traits in Europeans (a) and East Asians (b) . The matrix 

displays the strength of correlation (size of each square) and significant associations are marked with an asterisk ( p < 0.05), and the shade of each square denotes a 

positive (blue) or negative (red) correlation, varying in shade by magnitude of correlation. 
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We next performed MTAG analysis to identify variants affecting both

troke and venous thromboembolism in Europeans. A total of six sig-

ificant loci were detected to be shared between stroke and venous

hromboembolism, but all of them have been previously reported in

onventional GWAS of stroke (Table S7). However, when analyzing

schemic stroke and venous thromboembolism specifically, we identi-

ed two novel loci at 10q22.1 (rs12242391) and 12q13.13 (rs4759076)

 Fig. 3 c and Table S7). The 10q22.1 locus (rs12242391) near gene

SPAN15 is already known to be associated with venous thromboem-

olism. The rs4759076 variant, located in 12q13.13, is an intronic vari-

nt of the COPZ1 gene, which has not been reported in relation to is-

hemic stroke or venous thromboembolism before. Interestingly, the

OXC gene cluster, a known stroke locus, is also situated in 12q13.13

ut not identified by the MTAG analysis for ischemic stroke and ve-

ous thromboembolism. To further investigate this genomic region, we

enerated regional plots ( Fig. 5 a&b) and confirmed the presence of two

ndependent signals for ischemic stroke ( HOXC rs12426667 and COPZ1

s4759076) in individuals of European descent. Subsequently, we em-

loyed LocusCompare [ 27 ] to visualize co-localization of association

ignals in 12q13.13 ( Fig. 6 ). Our findings revealed that co-localization

etween ischemic stroke and venous thromboembolism was specifically

bserved in the COPZ1 gene region (rs4759076). Additionally, when ex-
4

mining regional plots of 12q13.13 in East Asians, only the signal sur-

ounding HOXC gene cluster (rs12426667) was observed (Fig. 5c&d),

uggesting that the HOXC gene cluster signal (rs12426667) is shared

mong populations of European and East Asian descent, whereas the

ignal from COPZ1 region (rs4759076) is specific to Europeans. More-

ver, GTEx data indicated that rs4759076 is an eQTL of COPZ1 in thy-

oid ( p = 0.00014) only. However, the eQTLGen Consortium data (Phase

) consisting of 31,684 blood samples [ 28 ] indicated that genotypes of

s4759076 are significantly correlated with multiple nearby genes (Ta-

le S17). Intriguingly, the strongest cis-eQTL effect was detected be-

ween rs4759076 and NFE2 ( p = 1.11 × 10− 59 ). The product of NFE2 is

ssential for regulating megakaryocyte biogenesis and platelet produc-

ion [ 29 ]. In consistent with this, the association between rs4759076

nd mean platelet volume is highly significant ( p = 2.2 × 10− 308 ) [ 30 ].

ccumulating evidence indicated that mean platelet volume is associ-

ted with mortality in acute ischemic stroke patients and may be used as

 prognostic marker [ 31 , 32 ]. Moreover, multiple studies demonstrated

hat mutations of NFE2 may cause thrombocytopenia [ 33–35 ], a con-

ition characterized by abnormally low levels of platelets. Thrombo-

ytopenia also appears to be associated with ischemic stroke [ 35–38 ].

esides, NFE2L2 , an important paralog of NFE2 , has been pointed as

 potential pharmacological target for ischemic stroke [ 39 ]. Oxidative
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Fig. 2. Local genetic correlation between stroke and blood pressure measurements in Europeans. (a) Manhattan plot showing the estimates of local genetic 

correlation, genetic covariance, and SNP heritability between stroke and hypertension in Europeans. (b) Manhattan plot showing the estimates of local genetic 

correlation, genetic covariance, and SNP heritability between stroke and diastolic blood pressure (DBP) in Europeans. (c) Manhattan plot showing the estimates of 

local genetic correlation, genetic covariance, and SNP heritability between stroke and systolic blood pressure (SBP) in Europeans. Red bars represent loci showing 

significant local genetic correlation after multiple testing adjustment ( p < 0.05/1703). 
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tress plays a significant role in the pathological process of stroke, char-

cterized by the excessive generation of reactive oxygen species (ROS).

he overproduction of ROS leads to brain ischemia/reperfusion injury.

FE2L2 encodes nuclear factor-E2-related factor 2 (Nrf2), which serves

s a critical regulator that stimulates the transcription of numerous an-

ioxidant genes. Recent evidence suggests that activating Nrf2 and its

arget genes may offer protective effects against ischemia/reperfusion

njury in the brain. Therapeutic interventions aimed at enhancing Nrf2

ctivity have shown promise in mitigating brain injury following stroke

y alleviating oxidative stress [ 39–41 ]. Taken together, NFE2 appears

o be a promising gene target of stroke that warrants future study. 

.6. Multi-trait meta-analysis of stroke and traits of smoking and alcohol 

onsumption 

In addition to hematological risk factors, we also investigated traits

elated to smoking and alcohol consumption, which were also consid-
5

red as risk factors of stroke. Our LDSC analysis confirmed that stroke

as genetically correlated with smoking and alcohol consumption. In

uropean populations, stroke was significantly correlated with multi-

le smoking traits including age of smoking initiation, smoking initi-

tion, smoking cessation and smoking status (Table S5). Interestingly,

troke was significantly correlated with the overall alcohol intake (al-

ohol consumption), but not with the overall alcohol frequency (drinks

er month) as shown in Table S5. In East Asian populations, stroke was

lso significantly correlated with age of smoking initiation and alcohol

onsumption (Table S5). In addition, local genetic correlation analy-

is using 𝜌-HESS revealed a significant correlation between stroke and

lcohol consumption at 12q24 in East Asians (Fig. S4). We next per-

ormed MTAG analysis of stroke and the correlated traits of smoking

nd alcohol consumption (Table S9–11 & Table S14–15). In the analy-

is of Europeans, we identified four pleiotropic loci between stroke and

lcohol consumption. Among them, two loci at 5q32 (rs55799797) and

1p11.2 (rs10769282) are novel in both stroke and alcohol consumption
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Fig. 3. Manhattan plot of the GWAS meta-analysis. (a) Multi-trait meta-analysis between stroke and hypertension in Europeans. (b) Multi-trait meta-analysis 

between stroke and hypertension in East Asians. (c) Multi-trait meta-analysis between ischemic stroke and venous thromboembolism in Europeans. Newly identified 

Loci are depicted in yellow, and previously reported Loci are depicted in blue. 
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Table S11). We also detected seven significant loci shared between

troke and smoking initiation, but all of them were previously reported

n stroke (Table S10). Similarly, four pleiotropic loci were detected from

troke and smoking status, but three of them were reported in stroke and

he other locus was known in smoking status (Table S9). In the analy-

is of East Asians, a strong pleiotropic signal between stroke and alcohol

onsumption was found at 12q24 (Table S15), which is highly consistent

ith the results from our local genetic correlation analysis. 

.7. Colocalization and gene-based analysis 

For each pleiotropic locus identified in MTAG, Coloc was used to

nvestigate Bayesian colocalization between stroke and corresponding

ematological traits or risk factors. In the colocalization analyses be-

ween stroke and hypertension in Europeans, 10 of 33 newly identified
6

oci in stroke were significantly colocalized (PP.H4 > 0.8) (Table S6).

n East Asians, Stroke showed colocalizations with hypertension in 8

oci, and 2 loci were found to be previously unreported in stroke (Table

12). SMR was further performed to prioritize candidate stroke causal

enes associated with pleiotropic loci identified in MTAG. By integrating

he European-ancestry MTAG statistics and cis-eQTL summary data of

hole blood from the GTEx, we identified multiple gene expression-trait

ssociations (Supplementary Tables 6–11). 

. Discussion 

In present study, we initially assessed the genetic correlation of

troke and its subtypes across and within different ancestries. Despite

he absence of a significant cross-ancestry genetic correlation for any

troke subtype, strong positive correlations between stroke and its
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Fig. 4. The regional plots of the PRDM16 locus associated with hyperten- 

sion using LocusZoom. (a) Known locus rs2500281 in Europeans. (b) Novel 

locus rs2493283 in Europeans. (c) Known locus rs10047257 in East Asians. Pur- 

ple diamond indicates the lead SNP, and circles represent the other SNPs in the 

region, with coloring from the linkage disequilibrium (r2 , based on the 1000 

Genomes Project Europeans/Asians) between each SNP and the lead SNP. 

s  

b  

t  

A  

i  

s  

c  

s  

S  

t  

i  

a  

r  

d  

E  

r  

o  

v  

p

 

c  

a  

a  

t  

M  

M  

2  

s  

I  

s  

(  

w  

g

 

o  

fi  

a  

M  

A  

e  

p  

s  

a  

i  

b  

t  

a  

t  

l  

a  

a  

t  

i  

f  

a  

y  

l  

(

 

s  

t  

P  

H  

s  

n  

f  

a  

r  

s  

(  

t  

o  

W  

b  
ubtypes are evident between European and East Asian populations (Ta-

le S3). This insignificant cross-ancestry genetic correlation may be at-

ributed to small sample sizes. The limited number of stroke cases among

sians reduces statistical power, impeding the identification of mean-

ngful genetic associations. Especially in the GWAS of cardioembolic

troke, with a relatively small sample size of only 926 cases, no signifi-

ant association was found between cardioembolic stroke and any other

troke type in the genetic correlation analysis in East Asians (Fig. S1 b).
7

ubsequently, we further elucidate the shared genetic architecture be-

ween stroke and potentially related hematological traits or risk factors

n European and East Asian populations, respectively. Stroke subtypes

mong Europeans exhibit broader associations with blood pressure-

elated traits and smoking behavior compared to East Asians, possibly

ue to the larger sample size and higher statistical power within the

uropean dataset. Interestingly, large artery stroke was negatively cor-

elated with hemoglobin concentration in East Asians, which was not

bserved in Europeans. This finding could potentially be attributed to

ariances in lifestyle habits and genetic backgrounds across different

opulations. 

The recent published GWAS of stroke launched by the GIGASTROKE

onsortium has collected genetic data of 110,182 patients with stroke

nd 1,503,898 control individuals from multiple ancestries [ 7 ]. The

bove stroke GWAS employed three meta-analysis method including

he conventional IVW (inverse-variance weighted) meta-analysis, MR-

EGA (meta-regression of multi-ethnic genetic association) [ 42 ] and

TAG, leading to the identification of 89 significant loci. Among them,

6 loci were detected using MTAG with WMH (white matter hyperinten-

ity volume), CAD (coronary artery disease) and atrial fibrillation [ 7 ].

n addition to the above stroke associated traits, we found that a sub-

tantial number of known stroke loci are also present in hypertension

Table S16). Considering hypertension as a critical risk factor for stroke,

e performed a more in-depth MTAG analysis to exploring the shared

enetic mechanism between these two conditions. 

A strong genetic correlation between stroke and hypertension was

bserved in both Europeans and East Asians. Furthermore, we identi-

ed a significant local genetic correlation at 12q24, a region previously

ssociated with both conditions. To gain further insights, we employed

TAG analysis to identify shared loci between stroke and hypertension.

ccording to the average 𝜒2 test statistic, MTAG led to an increase in the

ffective sample size, specifically from 1,308,460 to 1,981,407 in Euro-

eans and from 264,655 to 347,679 in East Asians. With the enhanced

tatistical power, we successfully identified 59 pleiotropic loci associ-

ted with both stroke and hypertension in Europeans, and 17 such loci

n East Asians. Importantly, four of these loci were novel and had not

een previously linked to either condition. Notably, rs2493283, one of

he novel pleiotropic loci, was found within the genomic region associ-

ted with stroke encompassing PRDM16 . Subsequent detailed investiga-

ions confirmed that rs2493283 operated independently of the known

ocus rs2500281 in PRDM16 , implying a complex genetic mechanism

t play in this specific gene region concerning stroke. Another locus

mong the four novel pleiotropic ones, rs1028958, was situated near

he gene KLF5 , which encodes a zinc-finger transcription factor with

nvolvement in various biological processes. Multiple lines of evidence

urther substantiated that KLF5 exerts a regulatory role in both stroke

nd hypertension [ 43–45 ]. Additionally, we conducted an MTAG anal-

sis between stroke and blood pressure measurements, and the results

argely corroborated the findings pertaining to stroke and hypertension

Table S8 & S13). 

We next delved into the investigation of pleiotropic loci between

troke and coagulation disorders or coagulation factors, as a few po-

ential therapeutic targets identified in stroke GWAS, like F11 and

ROC , play roles in the coagulation mechanism and related disorders.

owever, no significant locus was identified through the MTAG of

troke and coagulation factors. The MTAG analysis of stroke and ve-

ous thromboembolism, with a slightly increased effective sample size

rom 1,308,460 to 1,420,136, identified six significant loci, which were

lready reported in stroke. Interestingly, we discovered two novel loci,

s12242391 at 10q22.1 and rs4759076 at 12q13.13, in the MTAG analy-

is of ischemic stroke and venous thromboembolism. The 10q22.1 locus

rs12242391) near gene TSPAN15 was previously reported in venous

hromboembolism. According to GTEx, variant rs12242391 is an eQTL

f TSPAN15 in multiple tissues including whole blood ( p = 2.1 × 10− 11 ).

hile the biological link between TSPAN15 and venous thromboem-

olism is still obscure, our results suggest that TSPAN15 might con-



Y. Jiang, Y. Song, Y. Li et al. Fundamental Research xxx (xxxx) xxx

ARTICLE IN PRESS
JID: FMRE [m5GeSdc;August 8, 2025;22:59]

Fig. 5. Regional plots of the 12q13.13 locus associated with ischemic stroke using LocusZoom. (a) Known locus rs12426667 in Europeans. (b) Novel locus 

rs4759076 in Europeans. (c) Locus rs12426667 in East Asians. (d) Locus rs4759076 in East Asians. Purple diamond indicates the lead SNP, and circles represent the 

other SNPs in the region, with coloring from the linkage disequilibrium (r2 , based on the 1000 Genomes Project Europeans/Asians) between each SNP and the lead 

SNP. 
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ribute to the pathology of both ischemic stroke and venous thromboem-

olism through a similar mechanism. Of note, we also identified a novel

ocus (rs4759076) located in the COPZ1 gene, which has never been

eported in ischemic stroke or venous thromboembolism before. Inter-

stingly, our eQTL analysis suggested the target gene is NFE2 as detailed

n the results section. The exploration of NFE2 and related mechanisms

ould pave the way for novel therapeutic strategies for ischemic stroke

reatment. 

We further investigated two risk factors associated with stroke,

moking and alcohol consumption. In East Asians, our local genetic cor-

elation analysis revealed a significant link between stroke and alco-

ol consumption at 12q24. Subsequently, MTAG analysis identified a

ingle significant pleiotropic locus (rs77753011) related to both stroke

nd alcohol consumption at this specific region (Table S15). Notably,

he rs77753011 variant demonstrated linkage disequilibrium (LD) with

 missense variant of ALDH2 (rs671, R2 = 0.68) exclusively in the

ast Asian population. However, when examining the original sum-

ary statistics of alcohol dependence, we found that the standard error

SE) for rs671 was zero, resulting in an undefined Z-score (BETA/SE).

onsequently, rs671 was excluded from the MTAG analysis. Similarly,

he MTAG analysis for stroke and smoking behaviors (cigarettes per

ay) identified only one significant pleiotropic locus at 12q24. The top

NP at this locus, rs79105258 (Table S14), was also in LD with rs671

 R2 = 0.57), but this variant was missing in the original summary statis-

ics of the smoking behaviors GWAS and thus excluded from the anal-

sis. This suggests that the 12q24 locus detected by MTAG analysis for

troke and alcohol consumption, as well as for stroke and smoking be-
8

aviors, is likely influenced by rs671 in East Asians. The ALDH2 rs671

ariant leads to a loss of ALDH2 enzymatic activity, resulting in ad-

erse reactions to acetaldehyde, such as flushing, headaches, and nau-

ea, which effectively reduces alcohol consumption [ 46 ]. Consequently,

his genetic variant confers a protective effect against stroke. However,

arious studies have indicated that individuals carrying this variant who

till consume alcohol face an increased susceptibility to stroke, likely

ue to higher concentrations of acetaldehyde after drinking [ 47 , 48 ].

s a result, this genetic variant leads to diverse alcohol consumption

atterns and varying susceptibility to stroke. In European populations,

e identified four pleiotropic loci between stroke and alcohol con-

umption. Among them, two loci at 5q32 (rs55799797) and 11p11.2

rs10769282) are novel in both stroke and alcohol consumption. It is

orth mentioning that we found four pleiotropic loci between small

essel stroke and alcohol consumption including the 4q23 (rs1789896)

ocus. The lead variant rs1789896 is an eQTL of ADH1C , which en-

odes class I alcohol dehydrogenase. This variant may influence al-

ohol consumption and further confer risk to small vessel stroke in

uropeans. 

In this study, we conducted an in-depth multi-trait analysis on

troke and hematological traits or risk factors. The increased statistical

ower enabled us to identify more than thirty novel loci through joint

nalysis of stroke and hypertension, providing a comprehensive under-

tanding of the pleiotropic genetic architecture of both conditions. As

ypertension is a crucial risk factor for stroke, many loci may exhibit

ertical pleiotropy, arising from the causal relationship between these

wo traits. However, it is also essential to consider that certain genetic
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Fig. 6. Co-localization between ischemic stroke and venous thromboembolism in Europeans at 12q13.13 locus. Left panel showed the merged association 

plot for ischemic stroke and venous thromboembolism, and right panel showed the regional plots for ischemic stroke and venous thromboembolism respectively. 

(a) Points are colored by LD with respect to rs4759076, which is labeled with a purple diamond. (b) Points are colored by LD with respect to rs12426667, which is 

labeled with a purple diamond. 
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work. 
oci might demonstrate horizontal pleiotropy, directly influencing

oth traits. Further functional research is required to explore causal

ariants and underlying mechanisms at these loci, offering deeper

nsights into the etiology of stroke. Furthermore, we extended our

nvestigation to smoking and alcohol consumption, two additional risk

actors for stroke. Our analysis revealed that the identified variants

ontribute to stroke risk by regulating key enzymes involved in alcohol

etabolism, demonstrating vertical pleiotropy. Importantly, we made

 novel discovery during our analysis of ischemic stroke and venous

hromboembolism. We provided compelling evidence indicating that

he target gene NFE2 may contribute to the risk of ischemic stroke

hrough its role in regulating platelet production. 
9

. Conclusion 

In summary, our study sheds new light on the shared genetic mech-

nisms between stroke and hematological traits or risk factors. These

ndings have the potential to open up new avenues for the prevention

nd treatment of stroke, offering valuable insights into its genetic basis

nd associated risk factors. 
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