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BACKGROUND: Analyses of genomic and proteomics data in prospective biobank studies in diverse populations may discover 
novel or repurposing drug targets for stroke.

METHODS: We extracted individual cis-protein quantitative trait locus for 2923 proteins measured using Olink Explore 
panel from a genome-wide association study in prospective China Kadoorie Biobank and UK Biobank, both established 
≈20 years ago. These cis-protein quantitative trait loci were used in ancestry-specific 2-sample Mendelian randomization 
analyses of ischemic stroke (IS) in East Asians (n=22 664 cases) and Europeans (n=62 100 cases). We further undertook 
colocalization analyses to examine the shared causal variants of cis-protein quantitative trait locus with stroke, along with 
various downstream analyses (eg, phenome-wide association study, drug development lookups) to clarify mechanisms of 
action and druggability.

RESULTS: In Mendelian randomization analyses, the genetically predicted plasma levels of 10 proteins were significantly 
associated with IS in East Asians (n=2) and Europeans (n=9), with 6 proteins (FGF5 [fibroblast growth factor 5], TMPRSS5 
[transmembrane protease serine 5], FURIN, F11 [coagulation factor XI], ALDH2 [aldehyde dehydrogenase 2], and ABO [histo-
blood group ABO system transferase]) showing positive and 4 (GRK5 [G protein-coupled receptor kinase 5], KIAA0319 
[dyslexia-associated protein KIAA0319], PROCR [endothelial protein C receptor], and MMP12 [macrophage metalloelastase 
12]) showing inverse associations, all directionally consistent between East Asians and Europeans. Colocalization analyses 
provided strong evidence (posterior probabilities for the H4 hypothesis ≥0.7) of shared genetic variants with IS for 9 out 
of 10 proteins (except ABO). Moreover, 8 proteins were also causally associated, in the expected directions, with systolic 
blood pressure (positive/inverse: 4/2), low-density lipoprotein cholesterol (1 positive), body mass index (1 inverse), type 2 
diabetes (2/1), or atrial fibrillation (3/1). Phenome-wide association study analyses and lookups in knock-out mouse models 
confirmed their importance for IS or stroke-related traits (eg, hematologic phenotypes). Of these 10 proteins, 1 was not 
druggable (ABO), 3 had known primary (F11) or potentially repurposed (ALDH2, MMP12) drug targets for stroke, and 6 
(PROCR, GRK5, FGF5, FURIN, KIAA0319, and TMPRSS5) had no evidence of any drug targets.

CONCLUSIONS: Proteogenomic investigation in diverse ancestry populations identified the causal relevance of 10 proteins for 
IS, with several being potentially novel or repurposed targets that could be prioritized for further investigation.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Stroke is the second leading cause of death world-
wide, causing an estimated >6.5 million annual 
deaths and a substantial burden of long-term dis-

ability.1,2 Several important modifiable causes of stroke 
are well-established (eg, hypertension, dyslipidemia, 
smoking, alcohol drinking),2 leading to improved preven-
tion and treatment (eg, statin and blood pressure low-
ering treatment).2 Despite these, the development of 
novel therapies for stroke based on new insights from 
human genetic evidence is needed to target novel causal 
pathways relevant to stroke or stroke types (eg, isch-
emic stroke [IS]) specifically. Recently, a trans-ancestry 
genome-wide association study (GWAS) identified asso-
ciation signals for stroke types at 89 (61 new) indepen-
dent loci.3 However, the mechanisms underlying many 
of these associations remain to be elucidated. Plasma 
proteins play a central role in human biology and repre-
sent a major source of therapeutic targets.4–7 Analyses of 
plasma protein biomarkers, particularly when integrated 
with genomic data in different ancestry populations, 

could help to clarify disease pathogenesis and discover 
novel therapeutic targets for stroke.

Mendelian randomization (MR) and colocalization are 
2 genetic approaches that are used to clarify the causal 
relevance of traits (eg, circulating proteins) and diseases 
(eg, stroke).8 Previous MR analyses have identified several 
novel protein biomarkers for stroke, including F11 (coagu-
lation factor XI), MMP12 (macrophage metalloelastase 
12), and TMPRSS5 (transmembrane protease serine 5),9–

12 which are involved in thrombus propagation and stabili-
zation. However, the available evidence on proteomics and 
stroke has been constrained by studies involving primarily 
European-ancestry populations, relatively small numbers 
of proteins with robust genetic instruments (eg, cis-protein 
quantitative trait locus [pQTLs]), or moderate case num-
bers in stroke GWAS consortia.9–12 Moreover, little is known 
about the relevance of these emerging and novel protein 
biomarkers for stroke in Chinese and other ancestry popu-
lations where the stroke rates, distribution of risk factors, 
and genetic architecture differ greatly from Europeans.

We undertook a proteome-wide genetic investigation 
for IS in China Kadoorie Biobank (CKB) and UK Bio-
bank (UKB) involving ≈3000 proteins. The study aims 
to (1) use cis-pQTLs identified in GWAS for proteins to 
assess their causal relevance for IS in 2-sample MR and 
colocalization analyses in global ancestry-specific stroke 
consortia; (2) reveal pathways and mechanisms of action 
by which proteins may influence stroke risk, including 
those that may be mediated through major stroke risk 
factors (ie, systolic blood pressure [SBP], low-density 
lipoprotein cholesterol [LDL-C], body mass index, type 2 
diabetes [T2D], and atrial fibrillation [AF]); (3) explore the 
druggability, predicted side-effects and additional indica-
tions of causal proteins for stroke using phenome-wide 
association study (PheWAS), tissue expression, drug 
databases, and in vitro and in vivo experimental evidence.

METHODS
The study is reported following the STROBE guidelines 
(Strengthening the Reporting of Observational Studies in 
Epidemiology) for MR studies (Supplemental Material).

Data Availability
GWAS summary statistics for the proteins were extracted from 
the UK Biobank Pharma Proteomics Project discovery cohort.13 
In CKB, full proteogenomics summary statistics are available at 
the GWAS Catalog (accession codes pending) and on the CKB 
PheWeb (pheweb.ckbiobank.org).14 All data used for this study 
is publicly available from the respective GWAS (Table S1).

Ethics Approval
The CKB complies with all the required ethical standards for 
medical research on human subjects. Ethical approvals were 
granted and maintained by the relevant institutional ethical 
research committees in the United Kingdom and China.

Nonstandard Abbreviations and Acronyms

AF	 atrial fibrillation
ALDH2	 aldehyde dehydrogenase 2
Apo[a]	 apolipoprotein(a)
CKB	 China Kadoorie Biobank
CVD	 cardiovascular diseases
EAS	 East Asians
EUR	 Europeans
F11	 coagulation factor XI
FGF5	 fibroblast growth factor 5
FVIII	 coagulation factor VIII
GRK5	 G protein-coupled receptor kinase 5
GWAS	 genome-wide association study
IS	 ischemic stroke
KIAA0319	� dyslexia-associated protein 

KIAA0319
LDL-C	 low-density lipoprotein cholesterol
MMP12	 macrophage metalloelastase 12
MR	 Mendelian randomization
OR	 odds ratio
PheWAS	 phenome-wide association study
PP4	� posterior probabilities for the H4 

hypothesis
pQTL	 protein quantitative trait loci
PROCR	 endothelial protein C receptor
SBP	 systolic blood pressure
SCARA5	 scavenger receptor class A member 5
TMPRSS5	 transmembrane protease serine 5
T2D	 type 2 diabetes
UKB	 UK Biobank
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Study Population
The study population included CKB and UKB participants. CKB 
is a prospective cohort study of 512 724 adults aged from 30 
to 79 years recruited from 10 geographically diverse areas 
across China from 2004 to 2008.15,16 UKB is a prospective 
cohort of 503 317 adults aged from 40 to 70 years recruited 
from 2006 to 2010 across 22 assessment centers in the 
United Kingdom.13 At the initial baseline visit, the participants 
in both CKB and UKB completed a questionnaire (interviewer- 
administered in CKB and touchscreen in UKB) on sociode-
mographic and lifestyle factors (eg, smoking, alcohol drinking, 
and physical activity), and medical history and medication (eg, 
statin), underwent physical measurements (eg, blood pressure, 
heart rate, height and weight, and waist and hip circumfer-
ences), and had biological samples (eg, nonfasting blood sam-
ple) taken by trained staff for long-term storage.

In both studies, prior ethical approvals were obtained, and all 
participants provided written informed consent.

Proteomics Assay
In CKB, the proteomics assay of 2923 unique proteins was 
conducted among 3977 participants, who had no prior history 
of cardiovascular diseases (CVD), and no use of lipid-lowering 
drugs (eg, statins) at the time of sample collection, but had 
genome-wide genotyping data available (see Table S2 for 
more details).5 Stored baseline plasma samples from partici-
pants were retrieved, thawed, and subaliquoted to multiple ali-
quots, with 1 aliquot (100 µL) used to make 2 sets of 96-well 
plates (40 µL/well). These were then shipped on dry ice, the 
first set (batch 1) to the Olink Biosciences Laboratory, Uppsala, 
Sweden, and the second set (batch 2) to Olink Laboratory in 
Boston, USA, subsequently. Batch 1 covered 1463 unique pro-
teins first released by Olink (Explore 1536 panel), while batch 2 
covered a further 1460 unique proteins released subsequently 
by Olink (Explore Expansion panel).17

In UKB, measurements of the same 2923 proteins were 
generated using the Olink Explore 3072 panel in 54 306 par-
ticipants selected for the UK Biobank Pharma Proteomics 
Project (see Table S3 for more details).13 The retrieved plasma 
samples were transferred to the Olink Biosciences Laboratory, 
Uppsala, Sweden for measurements. The details of the UK 
Biobank Pharma Proteomics Project study design, sample 
selection, proteomics assay, and quality control have been pre-
viously described elsewhere.13

Discovery of pQTL for Proteins
The summary-level statistics of genetic associations with lev-
els of 2923 circulating proteins were extracted from GWAS in 
CKB (East Asians [EAS]; n=3974)14,18 and UKB (Europeans 
[EUR] ancestry only; n=34 557),13 which identified pQTL, with 
the cis-pQTLs defined as variants within 500 Kbp (CKB) or 1 
Mbp (UKB) of the encoded gene region that passed a con-
servative multiple-test-corrected threshold of P<1.7×10−11 (ie, 
5×10−8/2923 proteins). All other associations were catego-
rized as trans-pQTLs. The cis-pQTLs were used in the pres-
ent study as they are less prone to horizontal pleiotropy. To 
minimize bias from pleiotropy and ensure the robustness of 
selected instrumental variables, we only used the leading cis-
pQTL (ie, lowest P value) for any proteins with >1 cis-pQTLs for 
subsequent analyses.

Global GWAS Consortia for Stroke and Stroke 
Risk Factors
To reduce confounding by population stratification, we 
extracted estimates for the associations of the protein instru-
mental variables with specific outcome measures only in EAS 
or EUR ancestry populations (see Table S1). The primary out-
comes of the present study were IS (BioBank Japan in EAS: 
22 664; GIGASTROKE [EUR only] in EUR: 62 100 cases) 
and any stroke (GIGASTROKE [EAS only] in EAS: 27 413; 
GIGASTROKE [EUR only] in EUR: 73 652 cases).3,19 The 
secondary outcomes were 5 major risk factors for IS: that 
is SBP (EAS/EUR: 145 505/1006,863 participants),19,20 
LDL-C (146 500/1320,000 participants),21 body mass index 
(173 430/700 000 participants), T2D (88 109/242 283 
cases), and AF (4150/60 620 cases).

Statistical Analyses
We used 2-sample MR analyses to assess the associations 
between genetically predicted protein levels and study out-
comes. The Wald ratio method was used to estimate odds ratios 
(ORs) and mean differences (95% CI) for binary (primary) and 
quantitative (secondary) outcomes, respectively, based on 
1-SD higher levels of each protein. Colocalization analyses 
were performed to assess whether proteins and stroke have a 
shared signal at cis-pQTL, with fine-mapping performed using 
the SuSiE (v. 0.12.35) to identify 95% credible sets of likely 
causal variants.22 For each cis-pQTLs, SuSiE was conducted 
using an internal CKB LD reference of 40K unrelated Chinese 
individuals or UKB LD reference of 40K unrelated white British 
individuals, with the maximum number of nonzero effects in the 
SuSiE set to 10, the minimum absolute correlation allowed in 
a credible set to 0.1, and the maximum number of iterations 
to 100 000. When the number of fine-mapped credible sets 
was found to be equal to 10, the maximum number of nonzero 
effects was set to 15. Colocalization using SuSiE output was 
performed using the coloc (v. 5.2.1) package in R. Two signals 
were considered as having strong evidence of colocalization if 
the posterior probability for shared causal variants (posterior 
probabilities for the H4 hypothesis [PP4]) was ≥0.7.

For proteins that were causally associated with both IS and 
SBP, we conducted a formal mediation analysis to assess if 
the total effects of proteins on IS were via SBP, both directly 
and indirectly, based on a 2-sample MR of proteins and IS. To 
decompose direct and indirect effects, we used results from 
2-step MR and chose the Product method to estimate the beta 
of the indirect effect and the Delta method to estimate the 
SE.23 For the MR of SBP and IS, we used the publicly available 
estimates from genetically determined SBP to IS in EAS24 and 
EUR,10 respectively. For proteins showing significant associa-
tions with stroke, a further 2-sample MR was conducted using 
leading trans-pQTL, with lookups in ancestry-specific stroke 
GWAS. Moreover, we screened protein expression data from 
the RNA database of Genotype-Tissue Expression (https://
gtexportal.org/home/) to examine the tissue-specific role of 
the causal proteins in stroke. We further searched the Common 
Metabolic Diseases Knowledge Portal (https://hugeamp.org/) 
for associations of genes with available diseases (n=555) and 
phenotypes (n=642) using Human Genetic Evidence scores 
to evaluate the extent to which human genetic evidence sup-
ports the role of a gene in a disease or phenotype.25 Additional 
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downstream analyses included single gene knock-out models 
(www.mousephenotype.org) and for those stroke-related pro-
teins. To assess the potential druggability of identified proteins, 
we searched DrugBank and OpenTargets databases, for details 
of drug development.

All statistical analyses were performed using R, version 
4.1.2. Benjamini-Hochberg’s false discovery rate (5%) was 
used to correct for multiple testing.

RESULTS
Overall, GWAS in CKB and UKB identified cis-pQTL for 
1159 and 1954 (1148 overlapped) proteins respectively 
(Figure 1), which were used for 2-sample MR and colo-
calization analyses.

In 2-sample MR of EAS (ie, CKB and BioBank Japan) 
involving 971 cis-pQTLs (F-statistic ≥30) with GWAS sum-
mary statistics of stroke, genetically determined levels 
of 2 proteins (ALDH2 [aldehyde dehydrogenase 2] and 

FGF5 [fibroblast growth factor 5]) were significantly asso-
ciated with disease risk after correction for multiple test-
ing (Figure 2A and 2B). The ORs per 1−SD higher levels 
of ALDH2 were 1.60 (95% CI, 1.39–1.84; P=8.2e−11) 
for IS and 1.36 (95% CI, 1.23–1.51; P=9.8e−9) for any 
stroke, while for FGF5, they were 1.14 (95% CI, 1.08–1.19; 
P=2.1e−7), and 1.15 (95% CI, 1.10–1.20; P=9.0e−11), 
respectively (Figure 3). In replication analyses of different 
EAS populations from GIGASTROKE consortia involv-
ing 935 cis-pQTLs, the same 2 proteins showed signifi-
cant associations with stroke. Moreover, in colocalization 
analyses, there was strong evidence (PP4>0.95) of shared 
genetic variants between these 2 proteins and IS (Figure 3; 
Figure S1). The genetically determined levels of FGF5 and 
ALDH2 were positively associated with SBP and AF but 
not with LDL-C (Figure 4) and ALDH2 was also positively 
associated with T2D in EAS populations (Figure S2).

In 2-sample MR of UKB and GIGASTROKE-
EUR involving 1455 cis-pQTLs (F-statistic ≥45), we 

Figure 1. Overview of study design, analytic approaches, and key findings.
AF indicates atrial fibrillation; AS, any stroke; BBJ, BioBank Japan; BMI, body mass index; BP, blood pressure; CKB, China Kadoorie Biobank; 
EAS, East Asians; EUR, Europeans; GTEx, genotype-tissue expression; GWAS, genome-wide association study; IS, ischemic stroke; KO, knock-
out; LDL, low-density lipoprotein; MR, Mendelian randomization; PheWAS, phenome-wide association study; pQTL, protein quantitative trait loci; 
T2D, type 2 diabetes; and UKB, UK Biobank.
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identified a total of 11 putatively causal proteins (GRK5 [G  
protein-coupled receptor kinase 5], FURIN, KIAAA0319 
[dyslexia-associated protein KIAA0319], PROCR 
[endothelial protein C receptor], TMPRSS5, F11, ABO, 
MMP12, FGF5, SCARA5 [scavenger receptor class A 
member 5], and Apo[a] [apolipoprotein(a)]) for IS (the 
first 9 proteins) or any stroke (10 proteins except FGF5), 
with the first 8 proteins overlapped between them and 
1 (FGF5) overlapped with IS in EAS (Figure 2C and 
2D). These resulted in a total of 12 putatively causal 
proteins for IS or any stroke in EAS or EUR. Of the 9 
IS-associated proteins in EUR, 5 (FURIN, F11, FGF5, 
ABO, and TMPRSS5) showed positive associations, with 
ORs ranging from 1.04 (1.02–1.05) for TMPRSS5 to 
1.23 (1.14–1.34) for FURIN, and 4 (GRK5, KIAA0319, 
PROCR5, and MMP12) showed inverse associations, 
with ORs ranging from 0.83 (0.78–0.87) for GRK5 to 
0.93 (0.91–0.96) for MMP12 (Figure 3A). Of the 2 
proteins associated only with any stroke after multiple-
testing correction, 1 (Apo[a]) showed positive (1.05, 
1.02–1.07) and 1 (SCARA5) showed inverse (0.92, 
0.88–0.96) associations, with the remaining 8 showing 
similar, at least directionally, associations to those with IS 
(Figure 3B). In replication analyses using MEGASTROKE 
(EUR only), 6 out of 9 proteins (KIAA0319, MMP12, 
ABO, FURIN, GRK5, and TMPRSS5) were replicated for 
IS. All proteins (except those without cis-pQTL identified) 
shared the same direction with findings in EAS (Tables 
S4 and S5). Moreover, colocalization analyses provided 
strong support (PP4≥0.7) for shared genetic variants of 
8 out of 9 proteins (except ABO with PP4 of 0.669) with 

IS, with 5 proteins (F11, MMP12, PROCR, KIAA0319, 
and GRK5) having PP4>0.95 (Figure 3; Figure S3).

Of these 11 stroke-associated proteins in EUR, 4 
proteins (FGF5, FURIN, Apo[a], and TMPRSS5) were 
positive, and 3 (KIAA0319, PROCR, and SCARA5) 
were inversely associated with SBP. Moreover, 2 pro-
teins (ABO and Apo[a]) were positively associated with 
LDL-C, 2 (ABO and MMP12) with T2D, 1 (PROCR) with 
body mass index, and 4 (Apo[a], FGF5, TMPRSS5, and 
MMP12) with AF (Figure 4; Figure S2f). These associa-
tions were all directionally consistent with their expected 
associations with stroke risk. The estimated proportion of 
the mediation effect of FGF5 via SBP was ≈77% in EUR 
but only 5% in EAS (Table S6). For FURIN, the media-
tion effect through SBP accounted for 41% of the total 
effect on IS. In contrast, the mediation effects via SBP 
were all small for other proteins, including KIAA0319 
(8%), TMPRSS5 (6%), PROCR (1%), and ALDH2 (1%). 
Using leading trans-pQTL in MR analyses, we further 
replicated associations of 3 proteins (F11, MMP12, and 
SCARA5) with IS (Table S7).

Of the 10 IS-associated proteins in EAS or EUR, 4 
(F11, ABO, MMP12, and TMPRSS5) were replicated 
in previous MR studies, 5 (PROCR, GRK5, FGF5, 
ALDH2, and FURIN) were associated with prioritized 
genetic signals in previous GWAS of stroke (Table). 
PheWAS analyses of these 10 proteins suggested 
that 8 proteins (ABO, F11, ALDH2, MMP12, PROCR, 
GRK5, FGF5, and FURIN) were associated with IS 
or other CVD outcomes (eg, MI), and the remaining 
2 (KIAA0319 and TMPRSS5) were associated with 

Figure 2. Associations of genetically predicted plasma levels of proteins with risk of stroke types in East Asians (EAS) and 
Europeans (EUR) populations.
The number of proteins included is 1159 in EAS and 1954 in EUR. Each point represents a single association test between a gene and stroke 
outcomes ordered by genomic position on the x-axis and the association strength on the y-axis as the −log10(P). The horizontal line reflects the 
significant threshold of the false discovery rate P<0.05 and is set at the highest unadjusted P value that is below that threshold, with red points 
showing significant positive associations and blue points showing significant inverse associations, with names given for certain selected proteins.
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hematological (eg, platelet volume and count), hepatic 
(eg, alanine transaminase), renal (eg, estimated Glo-
merular Filtration Rate), and anthropometric (eg, height) 
phenotypes (Table S8). Moreover, ALDH2, ABO, and 
FURIN, all highly expressed in the central vascular or 
central nervous system, were associated with several 
lipid biomarkers (eg, triglyceride, total cholesterol, and 
high-density lipoprotein cholesterol). Furthermore, addi-
tional analyses of single-gene knock-out mouse mod-
els identified associations with several cardiovascular 

phenotypes (ALDH2, GRK5, and FURIN), hematopoi-
etic phenotypes (F11, MMP12, KIAA0319, PROCR, 
and ALDH2), central nervous system related pheno-
types (GRK5, MMP12, and KIAA0319) and integu-
ment phenotypes (ABO and FGF5). With the exception 
of ABO with poor druggability, of the 9 other proteins, 
there were no reports of associated drug targets and 
development for 6 proteins, while for the remaining 3 
proteins (F11, ALDH2, and MMP12) with drug devel-
opment, only 1 (F11) involved stroke and the remaining 

Figure 3. Adjusted odds ratios (ORs) per 1−SD higher genetically predicted levels of 12 proteins for risk of ischemic stroke and 
any stroke in East Asians (EAS) and Europeans (EUR) populations.
A, Ischemic stroke; (B) any stroke. The size of the squares is proportional to the inverse of the variance of the log ORs.

Figure 4. Chord diagram showing 12 
potential causal proteins identified 
for risks of ischemic stroke (IS) and 
any stroke and their associations with 
5 major stroke risk factors.
AF indicates atrial fibrillation; BMI, body 
mass index; BP, blood pressure; LDL, 
low-density lipoprotein; and T2D, type 2 
diabetes.
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2 involved alcohol dependence (ALDH2) and cancer 
(MMP12).

DISCUSSION
The present proteome-wide genetic analyses of 2923 
proteins in EAS and EUR populations provided robust 
genetic evidence for the causal relevance of 12 proteins 
in the pathogenesis of IS (10 proteins) or any stroke (11 
proteins). For 3 proteins (GRK5, F11, and MMP12), the 
associations with stroke were likely mediated through 
hematological traits, while for the other 9 proteins, they 
were likely mediated in part by major stroke risk factors, 
particularly SBP. PheWAS analyses and KO mouse mod-
els confirmed the importance of these proteins for stroke 
or stroke-related traits. Of these 10 IS-related proteins, 
6 were novel, among which 5 proteins (PROCR, GRK5, 
FGF5, ALDH2, and FURIN) were further prioritized by 
GWAS signals as potential drug targets for stroke.

While previous MR analyses have identified sev-
eral putatively causal proteins for stroke, these studies 
only involved European ancestry populations, with vary-
ing numbers of proteins assayed (n=41–4137) using 

different platforms and genetic instruments (n=308–
653) identified from GWAS.9–12 Nevertheless, of the 10 
causal proteins identified for IS in the present study, 4 
proteins (ABO, F11, MMP12, and TMPRSS5) were pre-
viously reported in MR studies, while for the remaining 6 
proteins, 5 had GWAS support of their roles in IS, mainly 
in EUR populations (Table). Our study provided further 
evidence of their relevance for IS in East Asian popula-
tions and their potential as novel drug targets.

ABO is a glycosyltransferase enzyme whose activ-
ity determines ABO blood type. Consistent with our 
findings, previous observational studies suggested that 
non-O blood individuals (higher ABO enzymatic activity) 
had a higher risk of venous thromboembolism, IS and 
myocardial infarction, possibly mediated by higher levels 
of several clotting proteins (eg, FVIII [coagulation factor 
VIII] and von Willebrand Factor) in these individuals.26 Our 
separate genetic analyses also demonstrated positive 
associations of ABO with risks of cardio-embolic or large 
artery subtypes of IS and levels of LDL-C and risk of T2D 
(Figure S2), for reasons that require further investigation. 
However, drugs targeting ABO may be not feasible, given 
the uncertain effect on blood type and potential side 

Table.  PheWAS Results of 10 Proteins Showing Genetic Associations With Ischemic Stroke in East Asians and Europeans, 
and Their Potential as Novel or Repurposing Drug Targets

Protein

Reported in previous
PheWAS associations 
(phenotypes)

Highly expressed 
tissues KO mouse phenotype

Drug target 
developmentGWAS MR

Not druggable

 � ABO (histo-blood group 
ABO system transferase)

√ √ Cardiovascular, hematological, 
Hepatic, glycemic, lipids and 
metabolic

Kidney, CVS, 
CNS

Integument, reproductive, 
and endocrine phenotype

…

In clinical trials for stroke

 � F11 (coagulation factor XI) √ √ Cardiovascular CVS, Kidney, 
CNS

CNS, hematopoietic, and 
metabolism phenotype

Phase II–III

In clinical trials for other indications (repurpose)

 � ALDH2 (aldehyde 
dehydrogenase)

√ … Anthropometric, cardiovascular, 
hematological, hepatic, glycemic, 
renal, and lipids

CVS, kidney, liver CVD, behavior/
neurological, and 
hematopoietic

Phases I–IV

 � MMP12 (macrophage 
metalloelastase)

√ √ Cardiovascular Adipose, 
pancreas, CVS

Hematopoietic, CNS Phase II–III

Novel drug targets

 � PROCR (endothelial protein 
C receptor)

√ … Cardiovascular, renal, and 
anthropometric

Kidney, adipose, 
CVS

Hematopoietic …

 � GRK5 (G protein-coupled 
receptor kinase 5)

√ … Hematological, anthropometric, 
and metabolic

CNS, CVS, 
adipose

CVD, CNS …

 � FGF5 (fibroblast growth 
factor 5)

√ … Anthropometric, cardiovascular, 
hepatic, renal and reproductive

CVS, CNS, 
Kidney

Integument …

 � FURIN √ … Cardiovascular, hematological, 
hepatic, reproductive, and lipids

CVS, stem cell, 
endothelium

CVD …

 � KIAA0319 (dyslexia-
associated protein 
KIAA0319)

… … Hematological, immunologic, 
anthropometric, and hepatic

CNS, CVS, 
pancreas

Hematopoietic, CNS …

 � TMPRSS5 (transmembrane 
protease serine 5)

… √ Hematological, reproductive, 
hepatic, sleep, and circadian

CNS, CVS, 
kidney

… …

ABO indicates histo-blood group ABO system transferase; CNS, central nervous system; CVD, cardiovascular diseases; CVS, cardiovascular system; GWAS, genome-
wide association study; KO, knock-out; MR, Mendelian randomization; and PheWAS, phenome-wide association study.
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effects across multiple tissues. F11 is a coagulation fac-
tor involved in thrombus propagation and stabilization,27 
whose inhibition has been hypothesized to reduce throm-
bosis without increasing bleeding tendency.28 Drugs 
targeting F11 (F11 inhibitors such as abelacimab) are 
currently under investigation for stroke (URL: https://
clinicaltrials.gov/; Unique identifiers: NCT04755283, 
NCT04304508, and NCT03766581),29 and our results 
provide genetic support for the likely success of develop-
ment programs. Moreover, our analyses also supported 
F11 as a possible target for the cardio-embolic subtype 
of IS (OR, 1.26 [1.16–1.37]; PP4=0.995). As for pos-
sible bleeding-adverse effects associated with lowering 
of F11 levels, recent studies did not find its causal asso-
ciation with intracerebral hemorrhage stroke risk in ran-
domized trials of second-generation F11 lowering drugs 
(antisense oligonucleotide),30 or MR study.31

MMP12 and ALDH2 represent potential drug- 
repurposing targets for the treatment of stroke. MMP12 
is a member of the matrix metalloproteinase family that 
contributes to vascular remodeling and atherosclerosis, 
but to date, its relationship with stroke is unclear with 
conflicting evidence from observational and genetic 
studies. One population-based study involving 2983 par-
ticipants with 450 incident IS cases found a significant 
positive association of MMP12 level, measured using 
the SomaScan platform, with IS risk (hazard ratio, 1.30 
[1.16–1.45]; P=4.5e−6).32 This contrasted with find-
ings in the present study and all previous genetic studies 
using different assays, which showed an inverse rela-
tionship.9–12 Moreover, our genetic analyses also found 
inverse associations of MMP12 with AF and T2D (Fig-
ure S2), 2 major risk factors for IS. In animal models 
of IS, MMP12 gene expression in the brain increases 
dramatically, and its suppression reduces brain dam-
age and promotes neurological, sensorimotor, and cog-
nitive functional outcomes.33 Consistent with PheWAS 
results (Table S8), there was also animal experimental 
evidence that genetic deletion of MMP12 ameliorates 
cardiometabolic disease by improving insulin sensitiv-
ity, systemic inflammation, and atherosclerotic features 
in mice.34 MMP12 is a drug target for cancer (breast 
or lung; phase III), hepatitis C infection (phase II), and 
chronic obstructive pulmonary disease (phase II), but is 
not currently being evaluated for stroke, thus highlight-
ing potential drug-repurposing opportunities for stroke. 
ALDH2 is a mitochondrial enzyme involved in the detoxi-
fication of alcohol-derived acetaldehyde and endog-
enous aldehydes. The ALDH2 locus had the strongest 
association signals with IS in EAS.19 Although numerous 
studies have attributed an accumulation of aldehydes 
(secondary to alcohol consumption, ischemia, or elevated 
oxidative stress) to an increased risk of CVD, recent 
studies suggested BP regulation and risks of small ves-
sel subtype of IS, AF, and T2D (Figure S2). However, we 
were unable to replicate the associations of ALDH2 and 

stroke in EUR due to a lack of cis-pQTL in UKB. ALDH2 
inhibitors are currently being tested in >30 phases I–IV 
trials for various indications, including alcohol depen-
dence, cocaine dependence, infection, and cancer, but 
not a stroke, thus representing its drug-repurposing 
opportunities for stroke.

To the best of our knowledge, 6 proteins (PROCR, 
GRK5, FGF5, KIAA0319, FURIN, and TMPRSS5) have 
not been extensively studied in stroke and represent 
novel drug targets. PROCR, also known as activated pro-
tein C receptor, is encoded by the PROCR gene and is a 
receptor for protein C (PROC) that enhances its activa-
tion and is an anti-coagulant serine protease activated by 
the blood coagulation pathway. Notably, there was no evi-
dence of any drug development targeting PROCR, how-
ever, PROC is a drug target currently being evaluated 
in phase II trials (Unique identifier: NCT02222714) for 
treatment (PROC activator) of acute IS and is poised for 
an upcoming phase III trial.35 PheWAS results confirmed 
its importance in CVD and kidney function (Table S8). 
Taken together, the available evidence provides strong 
support for PROCR as a potential treatment target 
(PROCR enhancer) for IS. In the present study, GRK5 
was the protein most strongly associated with IS in UKB. 
In CKB, however, we did not find a significant associa-
tion of GRK5 with IS, likely due to the universal pres-
ence of the rs10886430-A genotype (cis-pQTL in the 
present analyses) in EAS (>99.9%) compared with EUR 
(88%). GRK5, encoded by the GRK5 gene, is a mem-
ber of the GPCR kinase subfamily of the serine/threo-
nine kinase family, which preferentially phosphorylates 
the activated forms of a variety of GPCRs.36 GRK5 has 
also been implicated in the pathophysiology of athero-
sclerosis via modification of endothelial cell inflammation 
and desensitization of several cytokine and endothelin 
A and B receptors.37 The GRK5 locus was associated 
with IS and thrombosis in a cross-ancestry GWAS meta-
analyses of >110 000 stroke cases,3 but the underly-
ing mechanisms remain to be properly elucidated. In 
platelet RNA-sequencing data, GRK5 is by far the most 
expressed member of the GRK family, suggesting that 
GRK5 is likely to be the critical protein family mem-
ber active in platelets.38 Moreover, disruption of platelet 
GRK5 expression by rs10886430-A (same cis-pQTL 
used in our study) is associated with reduced platelet 
reactivity, and MR analyses also support a causal role of 
rs10886430-A in decreasing the risk of stroke, pulmo-
nary embolism, and venous thromboembolism through 
its effect on thrombin-induced platelet activity.38 Hence, 
the available evidence provides strong support for GRK5 
as a potential treatment target for IS and thrombosis, 
particularly in EUR.

FGF5 is a polypeptide growth factor that is highly 
expressed in central vascular and central nervous sys-
tems, and involved in biological processes including 
growth, development, neuronal functions, metabolism, 
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and angiogenesis.39 In both EAS and EUR, we found a 
causal association of FGF5 with IS using different genetic 
variants. However, we found a somewhat greater effect 
size in CKB than in UKB (1.14 versus 1.04), which may 
partly reflect the differences in the leading variants used 
and their frequencies (UKB 28% versus CKB 42%). In 
animal experiments, FGF5 upregulation was reported to 
increase myocardial blood flow and function, decrease 
myocyte apoptosis, and increase myocyte number.40–42 
Moreover, the FGF5 locus was one of the strongest asso-
ciation signals with BP in both EAS and EUR.19,20 More-
over, in addition to IS, our genetic analyses in both CKB 
and UKB also found a causal relevance of FGF5 for BP 
and AF (Figure S2), consistent with PheWAS findings. 
The directions of these associations were consistent 
with each other, indicating that the FGF5-stroke asso-
ciations may be mediated partly through known stroke 
risk factors (eg, BP and AF). KIAA0319 is a transmem-
brane protein with a presumed role in neuronal migration. 
Several genetic association studies have implicated the 
KIAA0319 gene in dyslexia susceptibility.43 In recent ani-
mal studies, the KIAA0319 gene is highly expressed in 
spinal cord neurons and spinal ganglion neurons, provid-
ing evidence that the KIAA0319 modulates axon growth 
and regeneration through Smad2 activation.43 Therefore, 
KIAA0319 has the potential to be a treatment target to 
improve functional recovery following stroke via modula-
tion of neurogenesis and neuroplasticity. Moreover, we 
found that genetically determined higher KIAA0319 lev-
els were associated with lower SBP, which may partially 
explain the protein-stroke associations.

TMPRSS5 is a member of the type II transmem-
brane serine protease family,44,45 but its function on 
CVD is poorly understood. Human TMPRSS5 mRNA is 
expressed in the brain and the protein is predominantly 
expressed in neurons, in their axons in the spinal cord.45 
A mouse model with mutant TMPRSS5 had reduced pro-
teolytic activity and suggested a role in hearing loss.46 
TMPRSS5 has been reported in a previous MR study 
to be associated with risks of IS and any stroke,10 per-
haps mediated by BP and AF, as supported by the pres-
ent genetic analyses (Figure S2). Furthermore, PheWAS 
analysis revealed its association with certain hematologi-
cal traits (eg, mean platelet volume, platelet count). Taken 
together, TMPRSS5 represents a potentially promising 
therapeutic target for IS, but further research is war-
ranted to clarify the underlying mechanisms involved. 
FURIN (also known as PCSK3) was the most strongly 
IS-associated protein in EUR. It is a catalytic enzyme 
involved in the activation of proteins involved in inflamma-
tion and atherosclerosis.47 We have previously reported 
a causal role of FURIN for IHD.48 Moreover, we found 
that FURIN was also causally associated with BP, which 
may partially explain its role in stroke. However, we found 
no evidence of drug development for stroke (and IHD) 
related to FURIN.

SCARA5 and Apo[a] were 2 proteins that showed 
significant associations with any stroke but nonsignifi-
cant albeit directionally consistent association with IS 
after multiple testing corrections. SCARA5 is a scav-
enger receptor that exports ferritin-bound iron from 
circulation to parenchymal tissues.49 Prior MR studies 
reported that lower levels of circulating iron were asso-
ciated with a lower risk of stroke, which could partially 
explain the protective effect of SCARA5 observed in the 
present study. Notably, prior MR analyses also found that 
SCARA5 was inversely associated with both IS and sub-
arachnoid hemorrhage,9,12 suggesting SCARA5 repre-
sents a promising drug target for different stroke types. 
Apo(a), the major protein component of lipoprotein(a; 
Lp[a]), is a well-established causal biomarker for CVD.50 
Apo(a) is encoded by the LPA gene, which contains a 
5.6-kb segment existing in multiple repeats (kringle IV-
type 2 repeat polymorphism) that is responsible for the 
Apo(a) isoform variation.50,51 Previous studies suggested 
that people with smaller Apo(a) isoforms are more 
effective at inhibiting thrombolysis, leading to a ≈2-fold 
higher risk of IS compared with those with larger pro-
tein isoforms.51 Further studies are needed to determine 
whether smaller Apo(a) isoforms are relevant to vascular 
disease independent of Lp(a) concentration and other 
risk factors.

The present study has several strengths, including 
proteome-wide genetic analyses in both EAS and EUR 
populations, the use of the largest stroke GWAS con-
sortia with replication involving different datasets, the 
use of ancestry-specific genetic instruments to assess 
causality, and multiple downstream analyses to assess 
possible mechanisms underlying these associations, 
including possible mediation of 2 major stroke risk fac-
tors (SBP, LDL-C). In addition to MR, we also undertook 
colocalization analyses to inform the causal inference. 
However, the present study also has limitations. First, 
despite being the largest to date in EAS, the number of 
proteins with genetic instruments in CKB was still mod-
est compared with UKB, limiting its power to detect more 
significant associations, and thus only 1 protein was rep-
licated for IS in ancestry-specific analyses though all 
proteins shared same direction. Second, the cis-pQTLs’ 
definition differs between CKB (±500 Kbp) and UKB 
(±1 Mbp), but all IS-related cis-pQTLs identified in UKB 
were located within gene position (±500 Kbp), and only 
7 more cis-pQTLs were identified in CKB using UKB cri-
terion (±1 Mbp). Third, we only used lead cis-pQTLs as 
genetic instruments without considering other cis-pQTLs 
present for many proteins, which may limit the identifica-
tion of novel associations. However, for the 10 IS-related 
proteins, each had only 1 cis-pQTL in CKB and UKB. 
Although the lead cis-pQTLs had high F-statistics (≥30), 
some exhibited low posterior inclusion probabilities, lead-
ing to uncertainty about their causal role at the locus. 
However, colocalization analyses supported the validity 
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of these genetic instruments. Moreover, although we 
used trans-pQTL to replicate certain results, we did not 
systematically explore the role of trans-pQTLs, which 
may provide further insights into stroke etiology. Fourth, 
≈3.5% of participants overlapped between UKB and 
GIGASTROKE. Given this small proportion of overlap, 
the impact on our results in EUR is expected to be neg-
ligible. Additionally, in replication analyses using MEGA-
STROKE, which has no participant overlap with UKB, 
6 out of 9 proteins were successfully replicated for IS, 
with the remaining 3 proteins showing nominal signifi-
cance. In the genetic analysis of any stroke among EAS, 
there was a 24% participant overlap between CKB and 
GIGASTROKE. However, the findings were identical to 
those from the genetic analysis of IS involving CKB and 
BioBank Japan, which had no overlap. These replication 
results support the validity of our findings. Fifth, the colo-
calization analyses were only conducted among those 
significant proteins identified in 2-sample MR, which 
might miss some valid targets. However, our approach 
(ie, 2-sample MR followed by colocalization analyses) is 
consistent with previous studies of a similar nature.10–12

In summary, the present study identified 10 putatively 
causal proteins for IS, with 1 (ABO) not feasible as a drug 
target and 1 (F11) having a known drug target for IS. Of 
the remaining 8 proteins, 2 (MMP12, ALDH2) have drug 
targets that could potentially be repurposed for IS, and 6 
were novel, including PROCR, GRK5, FGF5, and FURIN 
which could be prioritized for further in vitro and in vivo 
experiments and subsequent human studies to elucidate 
their mechanisms of action relevant for stroke. These 
findings demonstrated the potential of proteome-wide 
genetic analyses in different ancestry populations to dis-
cover novel or repurposing protein targets for stroke and 
many other diseases.
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