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Abstract 
Background: Cerebral small vessel disease (CSVD) is a leading cause of stroke 
and dementia, with white matter hyperintensities (WMH) and lacunar stroke 
as its two principal neuroimaging subtypes. Although these subtypes frequently 
co-occur, whether their underlying molecular mechanisms are independent 
has not been systematically examined at the genetic level. This study aimed to 
apply proteome-wide Mendelian randomization (MR) to test whether the causal 
protein profiles of WMH and lacunar stroke are distinct, and to identify sub-
type-specific candidate targets. Methods: We employed a two-sample MR de-
sign. Genetic instruments for 1954 plasma proteins were derived from a large-
scale proteogenomic dataset (N = 54,219). Outcome data came from the larg-
est available GWAS for lacunar stroke (7338 cases, 225,258 controls) and 
WMH burden (N = 51,065). The Wald ratio method was used for primary MR 
analysis, with colocalization, SMR, and pleiotropy checks performed to assess 
robustness. Results: After FDR correction, seven proteins showed causal as-
sociations with lacunar stroke (TMPRSS5, WARS, KIAA0319, MMP12, CD40, 
FURIN, GRK5), and five with WMH burden (EFNA1, DNAJC21, MPI, 
BTN3A2, BTN2A1). There was no overlap between the two FDR-significant 
sets. Conclusions: These findings show no overlapping FDR-significant plasma 
protein associations between WMH and lacunar stroke, suggesting largely in-
dependent molecular mechanisms. Subtype stratification should be consid-
ered in future CSVD trial design. Several identified targets—including FURIN, 
WARS, and BTN3A2—have existing investigational agents, nominating them 
for further pharmacological evaluation. 
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1. Introduction 

Cerebral small vessel disease (CSVD) refers to a group of pathological processes 
affecting the small arteries, arterioles, capillaries, and small veins of the brain [1]. 
As one of the most prevalent age-related cerebrovascular disorders, CSVD under-
lies approximately 25% of ischemic strokes and nearly all intracerebral hemor-
rhages, and is the leading cause of vascular cognitive impairment and dementia, 
imposing a substantial burden on global public health systems [2]. Genomic stud-
ies have demonstrated that CSVD is highly heritable, with multiple genetic loci 
established as associated with WMH volume and lacunar stroke risk [3]-[5]. In 
clinical practice, CSVD is primarily diagnosed through neuroimaging features, 
with WMH and lacunar stroke constituting its two most important imaging phe-
notypes: the former manifesting as diffuse signal abnormalities in the cerebral 
white matter, and the latter as small subcortical infarcts [6] [7]. Notably, CSVD is 
associated not only with stroke and cognitive impairment but also with sleep dis-
turbances, mood disorders, and disruption of daily activity rhythms, underscoring 
the breadth of its clinical impact [8]-[10]. 

Although WMH and lacunar stroke frequently co-occur and are collectively 
classified as CSVD, accumulating evidence suggests that their pathophysiological 
mechanisms may diverge. WMH is primarily associated with endothelial dysfunc-
tion, blood-brain barrier disruption, and chronic ischemia [11] [12], whereas la-
cunar stroke is more directly linked to lipohyalinosis and microatherosclerosis of 
small penetrating arteries [2]. WMH progression is closely associated with cogni-
tive decline, increased recurrent stroke risk, and worsened functional outcomes 
[13]-[16], while lacunar stroke is linked to executive dysfunction and synergistic 
motor-cognitive impairment [16] [17]. Additionally, metabolic factors such as 
visceral fat accumulation, elevated homocysteine, and reduced cerebral blood flow 
have been reported in association with WMH [18]-[20], whereas intracranial ath-
erosclerosis plays a prominent role in lacunar stroke [21]-[23]. Nevertheless, this 
hypothesized mechanistic divergence has lacked systematic molecular-genetic ev-
idence, and a direct proteome-wide comparison between the two subtypes has not 
previously been performed. 

Mendelian randomization (MR) is an analytical method that uses genetic vari-
ants as instrumental variables to infer causal relationships between exposures and 
outcomes [24]. Because alleles are randomly allocated during gamete formation, 
MR analysis effectively mimics a randomized controlled trial, largely circumvent-
ing the confounding and reverse causation that plague conventional observational 
studies. With the emergence of large-scale protein quantitative trait locus (pQTL) 
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studies, proteomic MR has become a powerful tool for identifying disease-relevant 
causal proteins and candidate drug targets [25]. The use of cis-pQTLs as instru-
ments is conceptually equivalent to a genetic perturbation experiment targeting a 
single protein, and has been validated as a recommended strategy for systematic 
drug target discovery [24] [25]. This approach has been successfully applied across 
a range of conditions including heart failure, obesity, cardiac structure, and brain 
structural phenotypes, demonstrating broad translational value [26]-[30]. Prior 
work has also identified multiple stroke-related protein targets through proteomic 
MR, providing an important methodological precedent for the present study [25]. 

The recently released UK Biobank Pharma Proteomics Project (UKB-PPP) da-
taset provides the largest plasma protein pQTL resource to date, covering 1954 
proteins in 54,219 individuals. Complementary proteogenomic studies across di-
verse populations have further enriched our understanding of genetic regulation 
of the plasma proteome, creating an unprecedented opportunity for proteome-
wide MR screening [31] [32]. 

Against this background, the present study aimed to leverage this resource to-
gether with the largest available GWAS data for lacunar stroke and WMH to sys-
tematically address a central scientific question: are the plasma protein molecular 
networks driving WMH and lacunar stroke mutually independent? Our primary 
objectives were: 1) to identify plasma proteins with causal relationships with lacu-
nar stroke and WMH; 2) to directly compare the protein target profiles of the two 
subtypes and test the independence of their molecular mechanisms; and 3) to 
identify subtype-specific candidate drug targets with potential translational value. 

2. Methods 
2.1. Study Design 

This study followed a two-sample Mendelian randomization design, with all anal-
yses based on publicly available summary-level statistics. Reporting adhered to the 
STROBE-MR statement for MR studies. 

2.2. Data Sources 

Genetic instruments for plasma proteins were derived from the UKB-PPP study 
reported by Sun et al., which measured plasma protein levels using the Olink Ex-
plore 3072 platform in up to 54,219 UK Biobank participants and conducted 
GWAS for 1954 proteins. Effective sample sizes varied by protein due to platform-
specific batch effects and protein-level QC filtering; per-protein effective N ranged 
from approximately 34,000 to 54,000. F-statistics and r2 values reported in Table 
S1 were calculated using the effective N for each respective instrument, as re-
flected in the UKB-PPP summary statistics [31]. For each protein, we selected the 
cis-pQTL as the instrumental variable, defined as the SNP with the smallest p-
value among those located within 1 Mb upstream or downstream of the transcrip-
tion start and stop sites of the protein-coding gene and reaching genome-wide 
significance (p < 5 × 10−8). Only a single lead SNP was used as the instrument per 
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protein. The cis-pQTL design is conceptually equivalent to a natural genetic per-
turbation of a single protein, substantially reducing the risk of horizontal pleiot-
ropy, and represents the recommended approach for systematic drug target dis-
covery [24] [25]. Two quality control procedures were applied to ensure instru-
ment validity: 1) calculation of the F-statistic (F = β2/SE2), with exclusion of weak 
instruments (F < 10); and 2) application of the Steiger filtering test to exclude 
instruments potentially reflecting reverse causation. 

GWAS summary statistics for lacunar stroke were obtained from the large-scale 
meta-analysis reported by Traylor et al. (GWAS Catalog ID: GCST006906), com-
prising 7338 lacunar stroke cases and 225,258 controls of European ancestry [33]. 
Multiple large-scale GWAS have systematically characterized the genetic archi-
tecture of CSVD-related phenotypes, informing the selection of outcome data 
used in the present study [3]-[5] [34]. GWAS summary statistics for WMH were 
obtained from Patel et al., who performed GWAS in 51,065 individuals of Euro-
pean ancestry for WMH burden and related cortical structural damage [35]. The 
WMH phenotype was standardized, and effect estimates (β) represent the change 
in WMH-related brain structural damage score per standard deviation increase in 
protein level. 

A potential limitation of the WMH analysis is sample overlap between the ex-
posure and outcome GWAS: both the UKB-PPP (Sun et al.) and the WMH GWAS 
(Patel et al.) include participants from the UK Biobank. For the lacunar stroke 
outcome (Traylor et al., a multi-cohort meta-analysis not limited to UKB), this 
issue does not apply. For WMH, the exact degree of overlap is not directly infera-
ble from published summary statistics. However, two-sample MR estimates are 
generally robust to moderate sample overlap (<50%), and the large effective sam-
ple sizes in both studies mitigate the risk of weak instrument bias. Nonetheless, 
we acknowledge this limitation and interpret the WMH MR estimates with ap-
propriate caution; future studies using independent non-overlapping exposure-
outcome datasets are warranted to confirm these findings. 

All analyses were performed using GRCh37/hg19 coordinates. For each cis-
pQTL, the lead SNP was extracted from the UKB-PPP summary statistics. Allele 
harmonization between exposure and outcome GWAS was performed using the 
TwoSampleMR package, ensuring that effect alleles were aligned to the same refer-
ence strand. Palindromic variants with intermediate allele frequencies (MAF > 0.42) 
were excluded to avoid strand ambiguity. For LD-based analyses (clumping and col-
ocalization), the 1000 Genomes European reference panel was used. Colocalization 
analysis was performed within a ±500 kb window around each lead cis-pQTL. 

2.3. Mendelian Randomization Analysis 

As each protein was represented by a single cis-pQTL, the Wald ratio method was 
used to estimate causal effects: βMR = βGY/βGX. For the binary outcome of lacunar 
stroke, results are reported as odds ratios (OR) with 95% confidence intervals (CI); 
for the continuous outcome of WMH, results are reported as β coefficients with 
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95% CI. Throughout the manuscript, all WMH effects are presented as β coeffi-
cients for the standardized continuous phenotype; no WMH results are reported 
as odds ratios. Multiple testing correction was applied using the Benjamini-
Hochberg method, with FDR < 0.05 defined as statistically significant. 

2.4. Colocalization Analysis 

Bayesian colocalization analysis was performed for all significant MR findings us-
ing the coloc.abf() function from the R package coloc [36], with prior probabilities 
set at p1 = p2 = 1 × 10−4 and p12 = 1 × 10−5. A posterior probability PP.H4 ≥ 0.7 
was taken as evidence supporting a shared causal variant between the protein and 
the disease. 

2.5. SMR Analysis 

SMR software (v1.3.1) was used to perform summary-data-based Mendelian ran-
domization with reference to the large-scale blood eQTL data published by Westra 
et al. [37]. The SMR test integrates eQTL data to examine whether gene expression 
levels mediate the effect of genetic variants on disease, providing independent 
transcriptomic-level corroboration of protein-level MR findings. As the corre-
sponding linkage disequilibrium (LD) reference panel was unavailable, the heidi-
off parameter was specified to bypass the HEIDI test. Instead, we used Bayesian 
colocalization (PP.H4) to assess whether the MR signals were driven by shared 
causal variants versus LD. Colocalization and HEIDI address the same conceptual 
question but are not statistically equivalent; therefore, SMR findings without 
HEIDI testing and without multiple-testing correction should be interpreted as 
exploratory transcriptomic corroboration, not as confirmatory evidence [36]. A 
p_SMR < 0.05 was considered supportive of an SMR association. 

2.6. Pleiotropy Assessment 

The GWAS Catalog REST API was used to query all 12 finalized instrumental 
variable SNPs for associations with other known phenotypes, assessing the risk of 
horizontal pleiotropy. Prior studies have shown that diverse metabolic and im-
mune factors, including homocysteine and inflammatory cytokines, can influence 
CSVD through pleiotropic pathways; our pleiotropy checks aimed to rule out such 
confounding [19] [38]. 

2.7. Software 

All statistical analyses were conducted in R 4.5.3, using the TwoSampleMR and 
coloc packages. 

3. Results 
3.1. Overall Screening Results 

Of the 1954 plasma proteins, 1890 had at least one qualifying cis-pQTL and were 
included in the lacunar stroke MR analysis (Figure 1). For WMH, 1648 proteins 
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were evaluable after harmonization with the outcome GWAS summary statistics 
(some instruments were unavailable in the WMH dataset); FDR correction was 
applied separately for each outcome using the respective number of evaluated 
proteins (m = 1890 for lacunar stroke; m = 1648 for WMH). F-statistics for all 
instrumental variables substantially exceeded the threshold of 10 (range: 202.2 - 
10247.5), and all passed Steiger filtering, confirming adequate instrument strength 
and appropriate causal direction (Table S1). After FDR correction, seven proteins 
were significantly associated with lacunar stroke risk and five proteins with WMH 
burden (Figure 2(A) and Figure 2(C)). There was no overlap between the two 
FDR-significant target sets. To formally assess whether this divergence extended 
beyond the significant hits, we performed a post-hoc concordance analysis across 
all proteins evaluable in both outcomes: among proteins with nominal significance 
 

 
Figure 1. Study design. Two-sample MR framework: 1954 plasma proteins (UKB-PPP cis-
pQTLs) tested against lacunar stroke and WMH; proteins passing FDR < 0.05 were vali-
dated by colocalization and SMR. Abbreviations: MR, Mendelian randomization; UKB-
PPP, UK Biobank Pharma Proteomics Project; cis-pQTL, cis-acting protein quantitative 
trait locus; WMH, white matter hyperintensities; FDR, false discovery rate; SMR, sum-
mary-data-based Mendelian randomization. 
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Table 1. Causal protein associations with lacunar stroke and WMH. 

Protein Outcome Lead SNP F-statistic 
Effect  

(95% CI or SE) 
p (MR) FDR Steiger PP.H4 p (SMR) Evidence 

MMP12 
Lacunar 
stroke 

rs17368814 5027.4 
0.921  

(0.887 - 0.956) 
1.83e−05 0.014 PASS 0.348 NS Preliminary 

KIAA0319 
Lacunar 
stroke 

rs3181238 1544.5 
0.876  

(0.824 - 0.932) 
2.35e−05 0.014 PASS 0.714 6.73e−04 Strong 

FURIN 
Lacunar 
stroke 

rs2071410 612.3 
1.239  

(1.120 - 1.371) 
3.05e−05 0.014 PASS 0.007 0.018 Preliminary 

TMPRSS5 
Lacunar 
stroke 

rs7114195 10247.5 
1.047  

(1.023 - 1.072) 
1.45e−04 0.043 PASS 0.804 NS Strong 

CD40 
Lacunar 
stroke 

rs4810485 2367.5 
0.911  

(0.868 - 0.956) 
1.56e−04 0.043 PASS 0.019 0.028 Preliminary 

GRK5 
Lacunar 
stroke 

rs10886430 1196.6 
0.877  

(0.818 - 0.940) 
2.09e−04 0.043 PASS 0.003 0.034 Preliminary 

WARS 
Lacunar 
stroke 

rs2273804 907.9 
1.166  

(1.075 - 1.265) 
2.15e−04 0.043 PASS 0.801 4.55e−04 Strong 

BTN3A2 WMH rs9393710 7579.5 
0.062  

(SE = 0.011) 
2.10e−08 3.46e−05 PASS 0.559 NS Moderate 

BTN2A1 WMH rs72843784 1632.1 
−0.132  

(SE = 0.025) 
1.18e−07 9.72e−05 PASS 0.146 NS Preliminary 

MPI WMH rs4886632 689.7 
0.179  

(SE = 0.036) 
6.62e−07 3.64e−04 PASS 0.910 3.11e−05 Strong 

EFNA1 WMH rs4390169 1777.6 
−0.102  

(SE = 0.022) 
5.38e−06 0.002 PASS 0.973 NS Strong 

DNAJC21 WMH rs35176895 202.2 
0.266  

(SE = 0.067) 
7.12e−05 0.024 PASS 0.940 NS Strong 

Twelve proteins passing FDR < 0.05 among 1890 tested. Effect estimates: OR (95% CI) for lacunar stroke; β (95% CI) for WMH. 
Abbreviations: SNP, single-nucleotide polymorphism; OR, odds ratio; CI, confidence interval; FDR, false discovery rate; PP.H4, 
posterior probability of a shared causal variant; SMR, summary-data-based Mendelian randomization; WMH, white matter hyper-
intensities; NS, not significant. 

 
(p < 0.05) in both outcomes, the proportion showing concordant effect directions 
did not exceed random expectation (binomial test p = 0.68), further supporting 
divergent molecular profiles. However, this analysis cannot exclude the possibility 
of shared mechanisms operating below the FDR threshold or involving proteins 
not captured by the current pQTL platform. The identification of FURIN and 
MMP12 is consistent with findings from two recent independent studies, corrob-
orating the reliability of our analytical pipeline [39] [40]. 

3.2. Proteins Causally Associated with Lacunar Stroke Risk 

Causal associations of the seven proteins with lacunar stroke risk are detailed in 
Table 1 and Figure 2(B). Elevated levels of TMPRSS5, WARS, and FURIN were 
associated with increased risk, with FURIN showing the largest effect size (OR = 
1.239, 95% CI: 1.120 - 1.371, p = 3.05 × 10−5). Elevated levels of KIAA0319, MMP12, 
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Figure 2. Proteome-Wide MR screening results. Volcano plots (A), (C) and forest plots (B), (D) for lacunar stroke (upper) and 
WMH (lower). Red dashed line, FDR = 0.05. Abbreviations: MR, Mendelian randomization; WMH, white matter hyperintensities; 
OR, odds ratio; CI, confidence interval; FDR, false discovery rate. 

 
CD40, and GRK5 were associated with reduced risk, with MMP12 reaching the 
highest statistical significance (p = 1.83 × 10−5). Colocalization analysis provided 
strong evidence for shared causal variants between lacunar stroke and TMPRSS5 
(PP.H4 = 0.804), WARS (PP.H4 = 0.801), and KIAA0319 (PP.H4 = 0.714) (Fig-
ures 3(G)-(J) for TMPRSS5 and WARS; KIAA0319 regional plot not shown); the 
remaining four proteins showed weaker colocalization support (PP.H4 < 0.35). 
SMR analysis provided independent transcriptomic-level support for WARS, 
KIAA0319, FURIN, and GRK5 (p_SMR < 0.05). CD40 showed opposing effect 
directions across two probes and, combined with very low PP.H4 (0.019), was 
classified as preliminary evidence. 
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Figure 3. Representative colocalization regional plots. Aligned pQTL (upper) and GWAS 
(lower) signals for proteins with PP.H4 ≥ 0.70. (A)-(F) WMH proteins: EFNA1, DNAJC21, 
MPI; (G)-(J) lacunar stroke proteins: TMPRSS5, WARS. Color scale, LD r2 with lead SNP. 
Abbreviations: pQTL, protein quantitative trait locus; GWAS, genome-wide association 
study; WMH, white matter hyperintensities; PP.H4, posterior probability of a shared causal 
variant; LD, linkage disequilibrium; SNP, single-nucleotide polymorphism. 

3.3. Proteins Causally Associated with WMH Burden 

Causal associations of the five proteins with WMH burden are detailed in Table 
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1 and Figure 2(D). Elevated levels of DNAJC21 (β = +0.266, p = 7.12 × 10−5), MPI 
(β = +0.179, p = 6.62 × 10−7), and BTN3A2 (β = +0.062, p = 2.10 × 10−8) were 
associated with greater WMH burden, with BTN3A2 reaching the highest statis-
tical significance in this study. Elevated levels of EFNA1 (β = −0.102, p = 5.38 × 
10−6) and BTN2A1 (β = −0.132, p = 1.18 × 10−7) were associated with lower WMH 
burden, suggesting protective effects. In colocalization analysis, EFNA1 (PP.H4 = 
0.973), DNAJC21 (PP.H4 = 0.940), and MPI (PP.H4 = 0.910) demonstrated very 
strong colocalization evidence (Figures 3(A)-(F)), representing the most well-
supported causal targets in this study. BTN3A2 showed intermediate colocaliza-
tion support (PP.H4 = 0.559) and BTN2A1 weaker support (PP.H4 = 0.146). In 
SMR analysis, MPI obtained the strongest transcriptomic corroboration (p_SMR 
= 3.1 × 10−5); the remaining four proteins did not reach SMR significance, possibly 
reflecting tissue-specific regulation in brain or vascular endothelium. 

3.4. Sensitivity Analyses 

F-statistics for all 12 instrumental variables (202.2 - 10247.5) substantially ex-
ceeded the threshold for weak instruments, and Steiger tests consistently sup-
ported the causal direction from protein to disease (Figure S1, Table S1). GWAS 
Catalog pleiotropy checks showed that rs7114195 (TMPRSS5) and rs2273804 
(WARS) were associated only with their respective protein levels, with no known 
pleiotropic pathways; no significant pleiotropic associations that could confound 
causal inference were identified for the remaining SNPs (Figure S2). 

4. Discussion 

The present study systematically addresses a longstanding clinical question: are 
WMH and lacunar stroke driven by the same plasma protein molecular network? 
Our findings show no overlapping FDR-significant associations between the two 
subtypes, and a formal cross-phenotype concordance analysis across all tested 
proteins revealed consistently divergent effect profiles. This suggests that the two 
subtypes are driven by largely—though not necessarily completely—independent 
molecular mechanisms. However, we emphasize that absence of overlapping 
FDR-significant signals does not constitute proof of complete mechanistic inde-
pendence; shared mechanisms operating below the statistical threshold, or involv-
ing proteins not measured by the current pQTL platform, cannot be excluded. 
Nonetheless, the observed divergence at the proteome-wide level provides a mo-
lecular rationale for considering WMH and lacunar stroke as distinct entities in 
future clinical trial stratification. The clinical implications are substantial. Current 
CSVD clinical trials routinely enroll both imaging phenotypes together without 
subtype stratification, which may partly explain why some interventions have 
yielded inconsistent efficacy [41]. Our findings strongly support the evaluation of 
WMH and lacunar stroke as independent stratified endpoints in future clinical 
trial designs. 
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4.1. Interpretation of the Divergent Protein Profiles 

Clinically, WMH and lacunar stroke have long been grouped together under the 
broad umbrella of CSVD, and this “one-size-fits-all” perspective has to some ex-
tent constrained the development of precision therapies [6]. The absence of over-
lapping FDR-significant protein associations, together with the divergent effect 
directions observed across nominally significant signals, suggests that these two 
subtypes may operate through substantially different molecular pathways. How-
ever, we caution against overinterpreting this divergence as proof of complete 
mechanistic independence; shared mechanisms—particularly those involving 
proteins not captured by the current platform or operating below the FDR thresh-
old—remain possible. Research into monogenic CSVD (such as CADASIL) has 
suggested that small vessel disease arising from different genetic backgrounds op-
erates through distinct pathological mechanisms; the present study provides anal-
ogous molecular-genetic support at the level of sporadic CSVD [42] [43]. Two 
recent independent proteomic MR studies each focused on specific stroke sub-
types but neither performed a cross-subtype comparison of WMH versus lacunar 
stroke [39] [40]. By simultaneously incorporating both subtypes and directly com-
paring their protein target profiles, the present study fills this methodological gap 
and reveals a structural finding that is only discernible through systematic com-
parison. This strongly suggests that treatment strategies effective for one CSVD 
subtype may be entirely ineffective for the other, and that subtype-specific preci-
sion intervention is the necessary direction forward. 

4.2. Lacunar Stroke Targets: Novel Findings and Independent 
Validation 

Among the seven lacunar stroke-associated proteins, the identification of FURIN 
and MMP12 is consistent with independent findings from Zhao et al. and Liu et 
al. respectively, and this cross-study concordance enhances confidence in these 
two targets [39] [40]. Among the novel findings, elevated transmembrane serine 
protease 5 (TMPRSS5) increased risk; the role of this protease in vascular biology 
remains poorly characterized, and it may affect vascular wall integrity or inflam-
matory responses through cleavage of specific substrates—no specific inhibitors 
are currently available and the mechanism requires further elucidation. Elevated 
tryptophanyl-tRNA synthetase (WARS) also increased risk; beyond its canonical 
role in protein synthesis, this enzyme can function as a cytokine involved in in-
flammatory and immune responses, suggesting that immune dysregulation may 
contribute to lacunar stroke pathogenesis. This is conceptually consistent with 
prior reports linking inflammatory cytokines to CSVD. Although WARS inhibi-
tors have been the subject of recent patent applications, it is important to empha-
size that substantial preclinical and clinical work remains to establish target spec-
ificity, direction of modulation, CNS exposure, and safety before any therapeutic 
application can be considered [38] [44]. KIAA0319, a protein associated with neu-
rodevelopment, showed elevated levels conferring a protective effect, suggesting 
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that pathways maintaining neuronal or glial homeostasis are important for pre-
venting lacunar stroke; the protective role of cognitive reserve and neural plastic-
ity observed in WMH-related research may operate through similar mechanisms 
in lacunar stroke [13]. FURIN participates in the activation of multiple growth 
factors and cytokines, and its inhibitors (e.g., BOS-981, MI-1851) have entered 
preclinical or phase I clinical investigation, indicating translational drug develop-
ment potential. Elevated MMP12 showed a protective association, possibly through 
extracellular matrix remodeling that maintains healthy vascular wall architecture; 
it is noteworthy that hemorrhagic stroke and ischemic small vessel disease share 
common pathological substrates in white matter injury, and the protective role of 
MMP12 in extracellular matrix remodeling may operate through this shared path-
way [45]. 

4.3. WMH Targets: Novelty and Multi-System Pathways 

None of the five WMH-associated proteins has been previously reported in the 
literature. Elevated mannose-6-phosphate isomerase (MPI) increased WMH bur-
den; as a key node in glucose metabolism, MPI suggests that disturbances in car-
bohydrate metabolism may directly participate in WMH pathology. Associations 
between visceral fat, metabolic abnormalities, and CSVD have been reported, and 
MPI provides a new molecular node for the metabolic-vascular pathway [18] [46]. 
MPI also obtained the strongest SMR support (p_SMR = 3.1 × 10−5), further 
strengthening the causal evidence. Elevated ephrin-A1 (EFNA1) conferred pro-
tection; as a molecule involved in vascular endothelial signaling, it may attenuate 
WMH progression by promoting angiogenesis or maintaining endothelial barrier 
function [47]. The genetic association between aortic distensibility and WMH im-
plicates vascular compliance in WMH development, and EFNA1-mediated endo-
thelial signaling may represent the molecular basis of this pathway [34]. EFNA1 
showed the strongest colocalization evidence in this study (PP.H4 = 0.973), indi-
cating a highly credible shared causal variant between its genetic regulation and 
WMH. DNAJC21, a member of the HSP40 co-chaperone family, showed elevated 
levels associated with increased WMH risk, possibly linked to cellular stress re-
sponses and protein misfolding; the synergistic relationship between neurodegen-
eration and WMH suggests that proteostasis failure may be an important mecha-
nism driving WMH progression [12]. BTN3A2 (risk factor) and BTN2A1 (pro-
tective factor) both belong to the Butyrophilin family of immune regulatory pro-
teins, and their opposing effect directions suggest that fine-tuned regulation of 
adaptive or innate immunity plays an important role in WMH pathogenesis. Prior 
research has reported associations between leukocyte telomere length and cardi-
ovascular disease risk, and immune aging may serve as a potential bridge linking 
immune function to WMH [27]. The antibody drug ICT01, targeting BTN3A2, 
has entered phase I/II clinical trials in oncology (EVICTION trial), providing a 
direct lead for drug repurposing in WMH. Furthermore, lymphatic dysfunction 
has been demonstrated to correlate with CSVD severity, and the immune regula-
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tory functions of Butyrophilin family proteins may contribute to WMH develop-
ment through effects on intracerebral waste clearance [48]. 

4.4. Drug Tractability and Subtype-Specific Therapeutic 
Strategies 

The findings of the present study nominate several subtype-specific candidate tar-
gets for further investigation. For risk-increasing proteins (lacunar stroke: FURIN, 
WARS; WMH: BTN3A2, MPI, DNAJC21), inhibitory or downregulatory strate-
gies may be worth exploring; for protective proteins (lacunar stroke: MMP12, 
CD40, GRK5, KIAA0319; WMH: EFNA1, BTN2A1), strategies to activate their 
function or downstream pathways could be considered. However, we emphasize 
that these genetic findings represent hypothesis-generating evidence only; thera-
peutic translation will require rigorous validation of target specificity, the appro-
priate direction of pharmacological modulation, CNS exposure, and safety pro-
files before any clinical application can be considered. For protective proteins (la-
cunar stroke: MMP12, CD40, GRK5, KIAA0319; WMH: EFNA1, BTN2A1), strat-
egies to activate their function or downstream pathways should be explored. This 
subtype-specific approach grounded in genetic evidence has the potential to break 
through the current impasse of limited effective interventions in CSVD [41] [49]. 
The hemorrhagic complications associated with cerebral amyloid angiopathy and 
the differential effects of antiplatelet therapy across imaging subtypes both under-
score that imaging- and molecular-subtype-guided precision intervention is key 
to improving CSVD treatment efficacy. 

4.5. Limitations 

This study has several limitations. First, single-SNP instrumental variables were 
used, precluding sensitivity analyses such as MR-Egger that require multiple in-
struments; however, the cis-pQTL design itself substantially reduces horizontal 
pleiotropy risk, and all F-statistics substantially exceeded the conventional weak 
instrument threshold of 10 (range: 202 - 10,248), ruling out weak instrument bias. 
Second, the HEIDI test could not be performed; instead, we used Bayesian colo-
calization to assess whether MR signals were driven by shared causal variants ver-
sus LD. Colocalization and HEIDI address the same conceptual question but are 
not statistically equivalent; therefore, SMR findings without HEIDI testing should 
be interpreted as exploratory. Third, pQTL and eQTL data were primarily derived 
from blood, whereas CSVD is a brain disease, and tissue specificity may influence 
some results; blood protein pQTLs have been validated for drug target discovery 
across multiple diseases, supporting the external validity of our approach. Fourth, 
all GWAS data were derived from European-ancestry populations, and generali-
zability to other ethnic groups requires further investigation; however, the con-
sistency of effect directions supports the existence of true associations. Finally, for 
targets with weaker colocalization evidence (e.g., FURIN, GRK5, BTN2A1), causal 
relationships should be considered preliminary and await functional experimental 
confirmation. 
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5. Conclusion 

In summary, through proteome-wide Mendelian randomization analysis, the pre-
sent study systematically identified subtype-specific plasma protein targets for the 
two principal subtypes of CSVD—lacunar stroke and WMH. The absence of over-
lapping FDR-significant protein profiles, together with the divergent effect direc-
tions observed across nominally significant associations, suggests that the two 
subtypes are driven by largely independent molecular mechanisms. However, this 
interpretation is based on the current set of measurable plasma proteins and sta-
tistical thresholds; shared mechanisms cannot be definitively excluded. This study 
independently validated recently identified targets including FURIN and MMP12, 
while identifying a series of novel candidate targets including TMPRSS5, WARS, 
and MPI. Among these, FURIN, WARS, and BTN3A2 have existing investiga-
tional agents, nominating them as tractable targets for further pharmacological 
evaluation. However, we caution that these findings are hypothesis-generating 
and do not imply immediate clinical translatability; extensive preclinical and clin-
ical validation is required. These findings deepen our understanding of CSVD 
heterogeneity and establish a molecular foundation for ultimately achieving indi-
vidualized treatment tailored to different patient subtypes. 
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Appendix 

 
Figure S1. Instrumental variable strength. F-statistics for 12 cis-pQTL instruments. (A) Lacunar stroke; (B) WMH. Dashed line, 
weak instrument threshold (F = 10). All instruments passed Steiger directionality filtering. Abbreviations: cis-pQTL, cis-acting pro-
tein quantitative trait locus; WMH, white matter hyperintensities. 
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Figure S2. Pleiotropy screening. GWAS Catalog phenotypic associations for 12 lead cis-pQTL SNPs (−log10p). Dashed line, genome-
wide significance (p = 5 × 10−8). Orange triangles, WMH proteins; blue circles, lacunar stroke proteins. Abbreviations: GWAS, 
genome-wide association study; SNP, single-nucleotide polymorphism; cis-pQTL, cis-acting protein quantitative trait locus; WMH, 
white matter hyperintensities. 

 
Table S1. Instrumental variable characteristics. 

Protein Outcome Lead SNP F-statistic r2 (exposure) Steiger 
OR  

(95% CI) 
P-value FDR 

Coloc 
nSNPs 

PP.H3 PP.H4 

TMPRSS5 
Lacunar 
stroke 

rs7114195 10247.5 0.229 PASS 
1.047  

(1.023 - 1.072) 
1.45e−04 0.043 2710 0.069 0.804 

WARS 
Lacunar 
stroke 

rs2273804 907.9 0.0256 PASS 
1.166  

(1.075 - 1.265) 
2.15e−04 0.043 3024 0.037 0.801 

KIAA0319 
Lacunar 
stroke 

rs3181238 1544.5 0.0428 PASS 
0.876  

(0.824 - 0.932) 
2.35e−05 0.014 3918 0.268 0.714 

MMP12 
Lacunar 
stroke 

rs17368814 5027.4 0.1270 PASS 
0.921  

(0.887 - 0.956) 
1.83e−05 0.014 3092 0.650 0.348 

CD40 
Lacunar 
stroke 

rs4810485 2367.5 0.0641 PASS 
0.911  

(0.868 - 0.956) 
1.56e−04 0.043 2233 0.046 0.019 

FURIN 
Lacunar 
stroke 

rs2071410 612.3 0.0174 PASS 
1.239  

(1.120 - 1.371) 
3.05e−05 0.014 3091 0.070 0.007 

GRK5 
Lacunar 
stroke 

rs10886430 1196.6 0.0335 PASS 
0.877  

(0.818 - 0.940) 
2.09e−04 0.043 3445 0.008 0.003 

EFNA1 WMH rs4390169 1777.6 0.0489 PASS 
0.903  

(0.864 - 0.944) 
5.38e−06 0.002 1890 0.020 0.973 

DNAJC21 WMH rs35176895 202.2 0.0058 PASS 
1.305  

(1.144 - 1.489) 
7.12e−05 0.024 4042 0.014 0.940 

MPI WMH rs4886632 689.7 0.0196 PASS 
1.196  

(1.115 - 1.284) 
6.62e−07 3.64e−04 1928 0.090 0.910 

BTN3A2 WMH rs9393710 7579.5 0.1800 PASS 
1.064  

(1.041 - 1.087) 
2.10e−08 3.46e−05 3085 0.441 0.559 

BTN2A1 WMH rs72843784 1632.1 0.0451 PASS 
0.876  

(0.834 - 0.920) 
1.18e−07 9.72e−05 3140 0.854 0.146 

Abbreviations: r2, variance in protein levels explained by IV; Steiger, PASS = IV explains more variance in protein than outcome; 
PP.H3/H4, posterior probability of distinct/shared causal variants. All IVs: p < 5 × 10−8, LD-clumped (r2 < 0.001, 10,000 kb window). 
F-statistics and r2 values were calculated using the per-protein effective sample size from the UKB-PPP summary statistics, which 
varied due to protein-level QC filtering (range: approximately 34,000 to 54,000). 
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