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Abstract: The incidence of bladder cancer (BCa) is increasing worldwide and the development of drug targets for 
BCa is necessary. We conducted a proteome-wide association study (PWAS) mainly using mendelian randomiza-
tion (MR) to explore the causal proteins associated with BCa. Protein quantitative trait locis (pQTLs) were derived 
from two large proteome genome-wide association studies. After validation by multiple sensitivity analysis and two 
replication analyses, we identified five plasma proteins showed significant causal associations with BCa. Our study 
indicated that GSTM4 (OR = 0.81 (0.74-0.89), P = 5.14 × 10-6, PPH4 = 0.89) emerged as the most reliable target. 
Besides, PSCA, LY6D, SLURP1 and GSTM1 also showed clear causal association but only failed in colocalization. We 
also performed several downstream analyses. Protein-protein interactions analysis found these causal targets came 
from glutathione S-transferase family or lymphocyte antigen-6 family. Phenome-wide MR analysis revealed PSCA 
may lead to peptic ulcer and local infections of skin and subcutaneous tissue. We then employed single-cell analy-
sis, protein-protein interactions, and druggability evaluation. Phenome-wide MR analysis was to assess the possible 
side effects of these drug targets. Finally, the reliability of GSTM4 in BCa was confirmed via colony formation assay.
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Introduction

Bladder cancer (BCa) is a common malignant 
tumor of the urinary system. In 2020, there 
were 573,278 new cases of BCa globally, with 
212,536 deaths [1]. After the initial treatment 
of BCa, if not diagnosed and monitored in a 
timely manner, it often recurs and may prog-
ress. There is an urgent need for further evi-
dence on non-invasive early diagnostic bio-
markers and the development of new therapeu-
tic targets for BCa.

Human proteins represent the primary catego-
ry of drug targets [2]. Due to active secretion or 
cellular leakage, proteins may appear in circula-
tion, providing the potential for a more precise 
understanding of current human health status 
[3]. From a genetic perspective, conducting in-
depth exploration of the relationship between 
potential protein drug targets and diseases can 
help reduce the failure rate and cost of drug 
research [4]. With advancements in high-th- 
roughput genomic and proteomic technologies 

in plasma, the identification of potential thera-
peutic targets for diseases based on Mendelian 
randomization (MR) is becoming feasible across 
an increasing range of phenotypes.

MR analysis is a tool for causal inference in the 
context of the rapid development of large-scale 
GWAS and MR was used as the main research 
method in this study [5]. There are three crucial 
assumptions underlying MR analysis. Firstly, 
the genetic variants designated as instrumen-
tal variables need to exhibit a strong and reli-
able association with the exposure under study. 
Secondly, these genetic variants must not have 
any associations with potential confounding 
factors. Thirdly, the chosen genetic variants 
should influence the risk of the outcome strictly 
through the target risk factor and not by any 
alternative routes [6]. Using genetic variables 
as instrumental variables for exposure, MR can 
strengthen causal inference [7]. Compared to 
observational studies, the MR analysis can min-
imize residual confounding because the genetic 
variants will be randomly assorted at concep-
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tion and therefore uncorrelated with important 
confounders [8]. However, MR studies integrat-
ing GWAS and protein quantitative trait loci 
(pQTL) data on BCa are scarcely reported.

In this study, we combined two large human 
plasma proteomic studies with proteome-wide 
MR analysis to systematically identify circulat-
ing protein biomarkers associated with BCa 
risk.

Materials and methods

The overall design of this study is shown in 
Figure 1. Firstly, we assessed the causal asso-
ciation between plasma proteins and BCa using 
proteome-wide MR analysis and Bonferroni cor-
rection. We then check the reliability by two rep-
lication analyses. Bayesian colocalization test, 
MR pleiotropy residual sum and outlier (MR 
PRESSO) test, heterogeneity analysis, pleiotro-
py analysis, reverse MR, and steiger filtering 

test will further serve as sensitivity analysis 
methods. Besides, single-cell analysis, protein-
protein interaction (PPI) analysis and druggabil-
ity for these significant targets will be per-
formed. We also investigated the causal asso-
ciations between these targets and other 
phenotypes.

Study population and data source

All data used in this study were of European 
ethnic origin. As this study was based on pub-
licly available summary statistics, ethical 
approval was not required. The GWAS data of 
BCa was obtained from Jiang L et al. (PheCode 
189.21), which contains 2,264 cases and 
454,084 controls performed by fast genome-
wide association (GWA) methods, generalized 
linear mixed model (GLMM)-based methods 
model [9]. GWASs for replication were obtained 
from MRCIEU Consortium (1,279 cases and 
372,016 controls) and Neale lab Consortium 

Figure 1. Overview of our study. MR: Mendelian randomization; PRESSO: Pleiotropy residual sum and outlier; PPH4: 
Posterior probability of hypothesis 4; PWAS: Proteome-wide association study.



Targets for bladder cancer: a proteome-wide MR study

1098	 Am J Cancer Res 2025;15(3):1096-1108

(1,554 cases and 359,640 controls, ICD10: 
C67) [10, 11]. Two large proteomic association 
studies were obtained from Sun et al. (54,219 
samples) and Ferkingstad et al. (35,559 sam-
ples), containing 2,940 and 4,917 proteins 
GWAS data, respectively [12, 13]. Plasma pro-
tein levels of Ferkingstad et al. were measured 
using the SomaScan multiplex aptamer assay 
and expressed in standardized units of stan-
dard deviation (SD) [13]. Plasma protein levels 
of Sun et al. were measured using the an- 
tibody-based proximity extension assay (PEA) 
on the Olink Explore 3072 platform and 
expressed in normalized protein expression 
(NPX) units [12]. The Ensembl Gene ID for each 
plasma protein can be found in Supplementary 
Table 2. Moreover, the GWAS studies of 16 
types of pan-cancer analysis and 15 types of 
lifestyle influencing factors were shown in 
Supplementary Table 1.

Proteome-wide MR analysis

First, we mapped SNPs to human genome Build 
38 (NCBI GRCh38) for further analysis. We 
used the following criteria to select pQTLs: (i) 
Showed genome-wide significant association (P 
< 5 × 10-8). (ii) The LD clumping was set (r2 < 
0.001) to identify independent pQTLs for each 
protein. (iii) For the pQTL, the SNPs and pro-
teins were located outside the major histocom-
patibility complex (MHC) region (chr6, 26-34 
Mb) and the pQTL was a cis-acting pQTL. (iv) To 
ensure the statistical effectiveness of IV, we 
only retained IVs with F-statistic > 10 (F = R2 × 
(N-2)/(1-R2), R2 = 2 × EAF × (1 - EAF) × beta2) 
[14]. F-statistics can evaluate the statistical 
power of each genetic instrument and R2 was 
the proportion of the variability of the protein 
levels explained by each genetic instrument. 
For duplicate proteins, the protein with the larg-
est sum of F-statistics was selected. In our 
research, we defined cis-acting pQTL as the 
leading SNP in the region that was located  
within 1 Mb of the transcription start site of  
the protein-coding gene. Finally, a total of  
8,133 instruments (cis pQTLs) and 2,631 
unique plasma proteins were included in the 
analysis. Instrument variables were presented 
in Supplementary Table 2.

In this study, the ‘TwoSampleMR’ package (ver-
sion 0.5.6) and R software (version 4.3.1) were 
used to perform proteome MR analysis [10]. 

We used the default parameters of ‘TwoSam- 
pleMR’ package to process GWAS data. Odds 
ratio (OR) with a 95% confidence interval (95% 
CI) was used to evaluate the risk effect. We 
mainly performed the inverse-variance weight-
ed (IVW) method to evaluate the causal asso-
ciation between plasma proteins and BCa. 
Besides, The Wald ratio method was also used 
for plasma proteins containing only one pQTL 
as a genetic instrument. Multiple testing cor-
rection was corrected by the Bonferroni meth-
od. We also performed additional analyses in- 
cluding weighted median, MR-Egger, simple 
mode, and weighted mode to account for hori-
zontal pleiotropy. These analyses can account 
for heterogeneity and horizontal pleiotropy to 
an extent [15]. Replication MR analysis was 
performed for the significantly identified pro-
teins based on the GWAS from MRC-IEU con-
sortium and Neale Lab consortium, respective-
ly. P-value < 0.05 was defined as the signifi-
cance level for replication.

Sensitivity analysis for proteome MR

If the number of IVs is sufficient, a heterogene-
ity test and horizontal pleiotropy test will be 
performed. P > 0.05 was considered to pass 
the heterogeneity test and horizontal pleiotropy 
test, respectively. MR-PRESSO global test was 
also used to evaluate the horizontal pleiotropy. 
If find evidence of horizontal pleiotropy, we will 
conduct the MR-PRESSO outlier test and pro-
vide the estimate of causal effect again after 
the removal of outliers by IVW analysis.

Bidirectional MR analysis can detect potential 
reverse causality. Following the criteria of 
pQTLs, 5 genetic instruments for BCa were 
selected from GWAS summary data of Jiang L 
et al. Genetic instruments for BCa are present-
ed in Supplementary Table 3. We mainly used 
the IVW method to assess the causal associa-
tion between BCa and plasma proteins. Be- 
sides, steiger test was used to assess the dire- 
ctionality of each genetic instrument and P < 
0.05 was considered a stronger effect of in- 
strumental variables on exposure than on 
outcomes.

Bayesian colocalization analysis

Bayesian colocalization analysis was employed 
to test whether plasma proteins and BCa share 
the same causal variant [16]. Colocalization 
was executed with default parameters (p1 = 1 
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× 10-4, p2 = 1 × 10-4, p12 = 1 × 10-5), and SNPs 
within ±500 kb of the pQTL were selected for 
analysis. When multiple pQTLs existed for a 
plasma protein, colocalization analyses were 
performed on each pQTL separately and the 
pQTL with the strongest colocalization analys- 
es was displayed. There were 5 types of colo-
calization analysis scenarios. In our study, we 
only analyzed the posterior probability of 
hypothesis 3 (PPH3) and the posterior probabil-
ity of hypothesis 4 (PPH4). PPH3 was defined 
as plasma proteins and BCa is significantly 
associated with SNP loci in a given genomic 
region but is driven by different causal variant 
loci. PPH4 was defined as plasma proteins and 
BCa are significantly associated with SNP loci 
in a genomic region and driven by the same 
causal variant locus. PPH4 ≥ 80% was consid-
ered strong evidence of causal associations 
and a shared causal variant. We also defined 
proteins with PPH3 + PPH4 ≥ 80% as poten- 
tial evidence [17]. The colocalization analysis 
was conducted using the coloc package (ver-
sion 5.2.3) and the visualization of colocalized 
regions was facilitated by the ‘LocusCompareR’ 
package.

Single-cell analysis

The significant proteins discovered by Proteo- 
me MR were assessed by the cell-specific 
enrichment single-cell analysis. We used five 
BCa tissues from Gene Expression Omnibus 
(GEO) high throughput expression sequencing 
data as well as four adjacent normal tissues 
from GSE222315. The sequencing data from 
cancer and normal tissues was separately inte-
grated and batch effects. The Seurat data of 
BCa tissues included 26,498 genes in 42,654 
cells. We selected cells and genes with the fol-
lowing criteria: a gene detected in at least 3 
cells was retained; a cell detected more than 
200 but less than 5000 genes were retained;  
a cell with < 10% mitochondrial gene and with 
< 3% hemoglobin gene retained. The ‘SingleR’ 
package was used to annotate each cell type. 
Genes with an average Log2 fold change 
(Log2FC) more than 0.25 and a false discovery 
rate (FDR) adjusted p-value < 0.05 were con-
sidered as enrichment genes in a cell type.

Protein-protein interaction (PPI) and druggabil-
ity evaluation

We used the STRING database to assess  
protein-protein interactions (https://string-db.

org/). Minimum required interaction score was 
set at medium confidence (0.400). All other set-
tings were set to default. The sources of asso-
ciations were also shown in the result and can 
be divided into known interactions, predicted 
interactions, and others.

We assessed whether the identified genes or 
proteins could serve as potential therapeutic 
targets by DGIdb and DrugBank databases [18, 
19]. We searched for drugs targeting these 
selected proteins. The information of drugs that 
targeted these causal proteins was document-
ed, including “drug or component name”, “drug 
groups”, “action”, and “indication”. We priori-
tized the potential druggable targets by inte-
grating the above information and focus on 
whether drugs have the potential to treat can-
cer patients.

Cross-cancer effect analysis and influence of 
lifestyles for the potential drug targets

We conducted two-sample MR analyses to 
evaluate the association between significant 
circulating proteins and 16 site-specific can-
cers (Supplementary Table 1). Besides, we con-
ducted two-sample MR analyses of healthy life-
style factors and significant circulating proteins 
to determine which BCa-associated proteins 
could be modulated by healthy lifestyle inter-
ventions. A total of 15 healthy lifestyle factors 
(Supplementary Table 1) were used to assess 
their association with five causal proteins. The 
analytical approach of MR was consistent with 
the description provided above.

Phenome-wide MR analysis

To investigate the potential side effects of 
these five significant druggable targets, we 
used summary statistics of diseases in the UK 
Biobank cohort (N ≤ 408961) as outcomes, 
and still used the pQTL of these five plasma 
proteins as IVs to perform phenome-wide MR 
via the IVW and Wald ratio method. We consid-
ered FDR < 0.05 as statistically significant 
causal effect. Scalable and Accurate Imple- 
mentation of Generalised Mixed Model (SAIGE) 
method can adjust for sample correlation and 
case-control imbalance and produce accurate 
p-values in very large sample data [20]. Sum- 
mary statistics of disease-associated SNPs 
were downloaded from the SAIGE GWAS 
(https://www.leelabsg.org/resources) [20]. To 
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ensure effective statistical power, we chose 
783 traits with more than 500 cases for phe-
nome-MR analyses. Further details are provid-
ed in Supplementary Table 8.

Cell lines and transfaction

BCa cell lines T24 cells and BIU cells were 
grown in Dulbecco’s Modified Eagle Medium 
(DMEM) (Gibco, USA) and RPMI-1640 (Gibco, 
USA) containing 10% fetal bovine serum, 1% 
penicillin, and streptomycin. Cells grew in the 
environment at 37°C with 5% CO2. T24 cells 
were sourced from Procell Life Science and 
Technology Co., Ltd. (Wuhan, China) and BIU 
were sourced from the cell bank of the Type 
Culture Collection of the Chinese Academy  
of Sciences (Shanghai, China). pCMV-GSTM4 
(human)-3×HA-Neo was purchased from Miao- 
Ling Biology Co., Ltd. (Wuhan, China) and cell 
transfection was performed using Lipofecta- 
mine 2000 (Invitrogen). Western blotting ass- 
essment was used to validate the transfection. 
Protein extracts were separated using gradient 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and then trans-
ferred to polyvinylidene fluoride (PVDF) mem-
branes (Cytiva, catalog number: 10600021) 
through electroblotting and incubated with pri-
mary antibodies (Proteintech Group, catalog 
number: 81290-1-RR & 66009-1-Ig) at 4°C 
overnight. Then a 1 h incubation with the appro-
priate HRP-conjugated secondary antibody at 
room temperature was performed.

Colony formation assay

T24 or BIU cells were seeded into a 6-well pla- 
te (approximately 1.0 × 103 cells/well) and cul-
tured with the corresponding medium for 10 
days. Then the cells were washed with phos-
phate-buffered saline and then treated with 4% 
paraformaldehyde solution and fixed for 20 
min. The cells were then stained with 1% crys-
tal violet solution for 30 min. Finally, the stain-
ing solution was slowly washed away with run-
ning water.

Results

Proteome-wide MR analysis identified five cir-
culating proteins for BCa

All genetic instruments had F-statistics abo- 
ve 10, indicating sufficient statistical power 
(Supplementary Table 2). The Wald ratio and 

IVW method were employed to identify pro- 
teins significantly associated with BCa risk. 
After Bonferroni correction (P < 1.90 × 10-5 
(0.05/2,631)), a total of five proteins were iden-
tified (Figure 2). We found that genetically pre-
dicted higher levels of PSCA (OR = 1.16 (1.09-
1.23), P = 1.30 × 10 -6), LY6D (OR = 1.35 (1.18-
1.54), P = 1.26 × 10-5) and SLURP1 (OR = 1.86 
(1.24-1.80), P = 5.03 × 10 -5) were associat- 
ed with an increased risk of BCa, while lower 
levels of the GSTM1 (OR = 0.80 (0.72-0.88),  
P = 3.27 × 10 -6) and GSTM4 (OR = 0.81 (0.74-
0.89), P = 5.14 × 10 -6) were associated with  
a higher risk of BCa. Other analytical models 
also support the directionality of our findings. 
All results of the discovery of proteome-wide 
MR are shown in Supplementary Table 4. Bas- 
ed on the Wald ratio or IVW method, all of the 
circulating proteins were successfully validated 
in the replication stage of MRC-IEU and Neale 
Lab and were all orientated in the same direc-
tion as the discovery.

Sensitivity analysis for BCa causal proteins

Sensitivity analysis showed that there was no 
heterogeneity and pleiotropy in five circulating 
protein results. MR PRESSO analysis also 
denied the existence of pleiotropy in five pro-
teins. Besides, bidirectional MR analysis did 
not discover any causal effect of BCa on the 
level of five identified significant proteins 
(Supplementary Table 5). All steiger filtering 
test further ensured the directionality. Finally, 
Bayesian colocalization strongly suggested 
that GSTM4 (PPH3 = 0.023, PPH4 = 0.893) 
shared the same variant with BCa ( 
Supplementary Figure 1). However, we cannot 
find strong evidence of Bayesian colocalization 
in the other four proteins (PSCA (PPH3 = 0.308, 
PPH4 = 0.692); LY6D (PPH3 = 0.999, PPH4 = 
0.001); SLURP1 (PPH3 = 0.985, PPH4 = 0.015); 
GSTM1 (PPH3 = 0.202, PPH4 = 0.183)) (Supple- 
mentary Table 6; Supplementary Figures 2, 3, 4 
and 5). All results of sensitivity analysis are 
briefly shown in Table 1.

Cell‑type specificity expression in the bladder 
tumor tissue

The sequencing data from five tumor tissues 
were classified into six cell types, including 
Epithelial cell, T cell, Fibroblast cell, Endothelial 
cell, Monocyte cell, B cell, respectively (Figure 
3A). GSTM1, GSTM4, PSCA, and LY6D could be 
detected in bladder tumor tissues (Figure 3C). 
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Figure 2. Results of five significant proteins in PWAS. OR: Odds ratio; 95% CI: 95% confidence interval.

Table 1. Sensitivity analysis of significant plasma proteins
Protein Pheterogeneity Ppleiotropy PMR PRESSO PReverse MR PSteiger filtering PPH4

GSTM1 0.489 0.604 0.773 0.824 1.79E-83 0.183 
GSTM4 0.641 0.553 0.632 0.724 6.65E-11 0.893 
PSCA 0.735 0.784 0.798 0.546 4.85E-03 0.692 
LY6D 0.815 0.487 0.837 0.320 3.72E-02 9.07E-04
SLURP1 0.286 0.889 0.385 4.74E-03 0.015 
MR: Mendelian randomization; PRESSO: Pleiotropy residual sum and outlier; PPH4: Posterior probability of hypothesis 4.

Among them, GSTM4, PSCA and LY6D were 
able to show cell type-specific enrichment at 
Log2FC > 0.25, FDR < 0.05 (Figure 3B). GSTM4, 
PSCA and LY6D were mainly enriched specifi-
cally in epithelial cells. Besides, GSTM1, PSCA 
and LY6D were also able to show cell type-spe-
cific enrichment at Log2FC > 0.25, FDR < 0.05 
in epithelial cells (Figure 3D). In tumor adjacent 
tissues we also classified six cell types as  
the tumor tissue. However, GSTM4 cannot  
be detected at Log2FC > 0.25, FDR < 0.05 
(Supplementary Figure 6). We also found 
GSTM1 can mainly enrich specifically in epithe-
lial cells in normal tissues.

PPI and druggability evaluation on the poten-
tials of therapeutic targets

PPI analysis of five significant protein-coding 
genes identified four pairs of associations. 
Among them, GSTM1 and GSTM4 were known 
interactions from curated databases; The inter-
actions of PSCA, LY6D and SLURP1 were from 
textmining and co-expression (Supplementary 
Figure 7). We further identified 3 available drug 
targets including PSCA, GSTM1 and GSTM4 in 
druggability assessment (Supplementary Table 

7). The drug cisplatin can both target GSTM1 
and GSTM4 and be used in the treatment of 
advanced BCa. We also found numerous drugs 
targeting GSTM1 were related to inflammation, 
autoimmune diseases, and cancers. Besides, 
several unapproved anti-tumor drugs can tar-
get GSTM4 and PSCA. Further development of 
these targets and drugs may provide new solu-
tions for the treatment of BCa.

Four circulating proteins have cross-cancer 
effect

We further performed a two-sample MR analy-
sis of these five significant circulating proteins 
in 16 types of cancers. As shown in Figure 4, 
PSCA, LY6D, SLURP1 and GSTM4 were ob- 
served to have cross-cancer effect. Same with 
the trend we found in BCa, PSCA, LY6D, SLURP1 
frequently acted as cancer promoting factors, 
while GSTM1, GSTM4 frequently acted as can-
cer inhibiting factors. Among them, PSCA 
showed the most potent cross-cancer effect. 
Overexpression of PSCA significantly increases 
the risk of gastric cancer (OR = 1.29 (1.19-
1.39), P = 2.23 × 10-10). Significance remains 
even after Bonferroni correction. High level of 
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Figure 3. Single-cell type expression in bladder tumor tissues for the five significant targets identified by PWAS. A: A total of six cell types were identified. B, C: The 
expression of protein-coding genes in each cell type. D: GSTM4, LY6D and PSCA protein coding genes had evidence of enrichment in a cell type at average Log2FC 
> 0.25 and FDR < 0.05.
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Figure 4. Results of cross-cancer effect of these circulating targets.

Figure 5. Results of lifestyles that can affect selected circulating protein targets.

PSCA can also increase the risk of pancreatic 
cancer (OR = 1.09 (1.02-1.18), P = 0.012), cer-
vix cancer (OR = 1.19 (1.02-1.37), P = 0.021), 
prostate cancer (OR = 1.02 (1.00-1.03), P =  
0.027). Besides, high level of LY6D can increa- 
se the risk of endometrial cancer (OR = 1.08 
(1.01-1.16), P = 0.025) and prostate cancer  
(OR = 1.04 (1.00-1.08), P = 0.037). High level 
of SLURP1 can increase the risk of endome- 
trial cancer (OR = 1.11 (1.02-1.21), P = 0.015). 

Finally, we found high level of GSTM4 may 
decrease the risk of stomach cancer (OR = 
0.84 (0.72-0.98), P = 0.029).

Four lifestyles were related to circulating pro-
teins

After analyzing the effects of 15 lifestyles on 
five circulating proteins, we identified four life-
styles that had a significant effect on these cir-
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culating proteins. As shown in Figure 5, we 
found that excessive leisure screen time 
increased circulating levels of LY6D (OR = 1.11 
(1.04-1.19), P = 0.00231), which can increase 
the risk of BCa. Moreover, increased coffee 
consumption enhanced circulating levels of 
GSTM1 (OR = 1.29 (1.09-1.53), P = 0.00363), 
which can decrease the risk of BCa. We also 
found that water consumption can act as a  
cancer promoter by increasing the level of 
SLURP1 (OR = 1.26 (1.09-1.47), P = 0.00208). 
However, the elevation of appendicular lean 
mass was able to reduce both PSCA (OR =  
0.97 (0.95-0.99), P = 0.00123) and GSTM1 (OR 
= 0.95 (0.92-0.99), P = 0.00730), thus demon-
strating an opposite effect on cancer risk.

Phenome-wide MR analysis of five druggable 
proteins

Most drugs work through the bloodstream. We 
assessed whether these five BCa-associated 
plasma proteins are beneficial or harmful to 
other traits. Therefore, we performed a phe-
nome-wide MR screening of 783 diseases or 
traits in the UK Biobank. The phenome-wide 
MR results are shown in Supplementary Tables 

9-13. Overall, we found a low level of PSCA (OR 
= 0.90 (0.87-0.94), FDR = 1.49 × 10 -5) and 
LY6D (OR = 0.95 (0.92-0.99), FDR = 0.037) 
may lead to duodenitis and similar phenome- 
na was also found in SLURP1 (OR = 0.84  
(0.76-0.93), P = 8.03 × 10 -4). Lower PSCA was 
significantly associated with peptic ulcer (excl. 
esophageal) (OR = 0.90 (0.88-0.94), FDR = 
2.93 × 10-5), especially duodenal ulcer (OR = 
0.79 (0.84-0.89), FDR = 6.74 × 10 -7). Besides, 
lower PSCA was associated with other local 
infections of skin and subcutaneous tissue  
(OR = 0.93 (0.89-0.97), FDR = 0.04). Finally, 
the five causal proteins we discovered once 
again showed a strong correlation with BCa in 
phenome-wide MR.

Plate colony formation assay verified the in-
hibitory action of GSTM4 in BCa cells

We have also carried out in vitro experiments to 
test the reliability of our results. As shown in 
Figure 6A, 6C, western blotting validated the 
successful transfection of GSTM4 in T24 and 
BIU cells. After treatment with the same condi-
tions, the number of BCa cells in the overex-
pressing GSTM4 group was generally lower 

Figure 6. Colony formation assay showed that GSTM4 inhibited proliferation of bladder cancer cells. Colony num-
bers was counted and plotted. A, C: GSTM4 transfection in bladder cancer cells was detected using western blotting. 
B, D: The effects of overexpression of GSTM4 on proliferation were measured by colony formation assay in T24 and 
BIU cells. *P < 0.05, **P < 0.01, ***P < 0.001.

https://e-century.us/files/ajcr/15/3/ajcr0159111suppltabs1-13.xlsx
https://e-century.us/files/ajcr/15/3/ajcr0159111suppltabs1-13.xlsx
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than that in the control group (Figure 6B, 6D). 
These results illustrated GSTM4 could sup-
press the proliferation of BCa cells.

Discussion

In this study, we conducted a comprehensive 
investigation of the causal relationship be- 
tween 2,631 plasma proteins and BCa risk. 
Whole proteome MR identified five protein tar-
gets where genetically determined higher levels 
of PSCA, LY6D and SLURP1 could increase the 
risk of BCa, and genetically determined higher 
levels of GSTM1 and GSTM4 were associated 
with reduced risk of BCa. Validation of five plas-
ma proteins in two replication datasets (MRC-
IEU & UKBioBank) all passed. In addition, these 
five proteins passed all other sensitivity analy-
ses including the heterogeneity test, horizontal 
pleiotropy test, MR PRESSO test, reverse two-
sample MR test, and steiger test. However, 
Bayesian colocalization only identified causal 
effect for GSTM4. Overall, we identified GSTM4 
as the protein with the most convincing evi-
dence, while PSCA, LY6D, SLURP1 and GSTM1 
had slightly weaker evidence for causal associ-
ation with BCa. Among them, GSTM4 and 
SLURP1 are novel plasma protein markers 
associated with BCa. Several follow-up analy-
ses were performed for these five causal pro-
teins. We verified the expression of these pro-
tein-coding genes in different cell types of BCa 
tissues and adjacent tissues. Meanwhile, PPI 
analysis identified protein-protein interactions 
between PSCA, LY6D, and SLURP1, and pro-
tein-protein interactions between GSTM1 and 
GSTM4. The drugability assessment prioritized 
GSTM1 and GSTM4. Drugs targeting the other 
three proteins were not approved or explored. 
Besides, we found GSTM4, PSCA, LY6D, and 
SLURP1 had cross-cancer effects. Four types 
of daily lifestyles including coffee consumption, 
water consumption, leisure screen time and 
appendicular lean mass can affect the causal 
proteins related to BCa. In addition, pheno- 
me-wide MR showed potential side effects of 
PSCA and LY6D, which can serve as a reference 
for the pharmaceutical safety. Importantly, we 
also found that overexpression of GSTM4 can 
inhibit the proliferation of BCa cells through 
colony formation assay.

The five proteins we identified can be catego-
rized into two groups based on PPI analysis. 

The first group is PSCA, LY6D, and SLURP1, 
whose high expression increases the risk of 
BCa. PSCA, LY6D and SLURP1 are all belong to 
lymphocyte antigen-6 (LY6) gene family and 
located on human chromosome 8q24.3 [21]. 
The second group is GSTM1 and GSTM4, who- 
se high expression reduces the risk of BCa. 
GSTM1 and GSTM4 are both belong to gluta- 
thione S-transferase (GST) gene family µ class 
and located on human chromosome 1p13.3 
[22]. The proteins within these two groups have 
a similar locus, so it is valuable to explore the 
effect of these regions on BCa.

PSCA encodes a glycosylphosphatidylinositol-
anchored cell membrane glycoprotein and 
lowly expressed in bladder and stomach tissue 
[23]. Several genome-wide association studies 
indicated that SNPs on 8q24.3 in the PSCA 
gene can act as a risk factor for BCa [23, 24]. 
However, antineoplastic drugs targeting PSCA 
mostly in not approved and investigated states. 
Interestingly, as past studies have found and 
research has shown in our study, PSCA showed 
strong cross-cancer effect such as stomach 
cancer [25-27]. This implies that PSCA may 
play an important role in tumor formation and 
that it may be more beneficial to develop drugs 
that target PSCA. LY6D is a transmembranous 
protein widely spread across diverse cell types. 
Previous study have shown that LY6D can be  
a biomarker for urothelial cancer [21]. The 
expression of LY6D was also found to be higher 
in tumors with squamous cell differentiation 
than in tumors with classic urothelial histology 
[28]. In patients who had not received neoadju-
vant chemotherapy, LY6D was lower express- 
ed in resected tumors compared to transure-
thral resection of the bladder specimens [28]. 
SLURP1 can regulate the epithelial cell growth, 
program cell death, and tumor development, 
involve epithelial-mesenchymal transition, and 
serve as a biomarker for late epithelial differen-
tiation [21, 29, 30]. However, the association 
between SLURP1 and BCa has never been 
studied. To confirm our findings, further epide-
miologic studies and experimental research 
are needed.

Our research indicated that circulating GSTM4 
can act as an inhibitor in BCa. Similar to the 
trend of BCa, the protein levels of GSTM4 were 
reduced in breast cancer compared to normal 
tissue [31, 32]. In breast cancer and ovarian 
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cancer, researchers also indicated that low 
expression of GSTM4 was associated with a 
worse prognosis. However, direct evidence for 
GSTM4 protein and BCa risk has not been 
reported. In our research, GSTM4 can inhibit 
the proliferation of T24 and BIU cells. Further 
exploration of the molecular mechanism of 
GSTM4 in BCa will help us to better develop 
related drugs. Circulating GSTM1 also act as  
an inhibitor in our study. The association 
between GSTM1 polymorphisms and the risk of 
cancer has been studied extensively in a vari-
ety of cancer types, including BCa [33-36]. 
GSTM1 tends to exhibit tumor suppression in 
the previous studies. For example, deletion of 
the GSTM1 can increase the risk of cancer, 
including BCa, gastric cancer and liver cancer 
[37, 38]. Besides, according to our druggability 
evaluation, drugs targeting GSTM1 have been 
widely used in the treatment of cancer in the 
clinic. Our study also showed that drug develop-
ment for BCa targeting GSTM1 is valuable.

This study has strong advantages. With the 
development of GWAS and MR analysis, we 
comprehensively examined the causal associa-
tions between plasma protein biomarkers and 
BCa risk by performing proteome-wide MR. 
Through replications and multiple sensitivity 
analyses, we have largely ensured the reliability 
of the results. Meanwhile, evidence from sin-
gle-cell type expression analyses, PPI, drug-
gability assessments, cross-cancer analyses, 
and phenome-wide MR provided additional 
insights into the potential pathogenicity and 
druggability of candidate proteins for BCa. 
Assessing potential lifestyle effects on these 
target proteins can provide new insights into 
cancer prevention.

Our study has several limitations. Firstly, we 
only used cis-pQTL as an IV to study protein 
drug targets related to BCa. Using trans-pQTL 
can expand the scope of our search for protein 
targets. However, due to the lack of research 
between trans-pQTL and proteins, it is often 
difficult to interpret the causal relationship 
between trans-pQTL and BCa [39]. Secondly, 
although we divided significant circulating pro-
teins into two groups based on gene locus and 
protein-protein interactions, some PPI results 
were not supported by basic experiments. 
Thirdly, Bonferroni correction allows us to maxi-
mize the reliability but may lead to underesti-

mating the persuasive power of the omitted 
results. Finally, our study was performed only 
on data from European ancestry, further re- 
search is needed on non-European ancestry to 
confirm our findings.

Conclusion

Our study identified 5 plasma proteins associ-
ated with BCa risk and provided promising tar-
gets for developing biomarkers and therapeutic 
agents for BCa. Further experimental and clini-
cal studies are needed to evaluate the role of 
these targets.
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Supplementary Figure 1. Locus comparing plots for colocalization analysis of GSTM4 protein with bladder cancer 
(BCa) risk. The lead SNP rs17641881 is shown as a purple diamond.
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Supplementary Figure 2. Locus comparing plots for colocalization analysis of GSTM1 protein with BCa risk. The lead 
SNP rs2269340 is shown as a purple diamond.
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Supplementary Figure 3. Locus comparing plots for colocalization analysis of PSCA protein with BCa risk. The lead 
SNP rs7460106 is shown as a purple diamond.
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Supplementary Figure 4. Locus comparing plots for colocalization analysis of LY6D protein with BCa risk. The lead 
SNP rs118142585 is shown as a purple diamond.
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Supplementary Figure 5. Locus comparing plots for colocalization analysis of SLURP1 protein with BCa risk. The 
lead SNP rs2516381 is shown as a purple diamond.
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Supplementary Figure 6. Single-cell type expression in bladder tumor adjacent tissues for the significant targets identified by proteome-wide MR. A. A total of six 
cell types were identified. B, C. The expression of protein-coding genes in each cell type. D. Three protein-coding genes had evidence of enrichment in a cell type at 
average Log2FC > 0.25 and FDR < 0.05.
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Supplementary Figure 7. Protein-protein interaction results.


