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Proteome-wide Mendelian randomization @«

identifies causal plasma proteins in prostate
cancer development
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Abstract

Background The etiology of prostate cancer remained elusive, whether plasma protein levels are associated
with prostate cancer is still unknown.

Methods We have performed Mendelian randomization analyses to calculate the causal effects of plasma proteins
on the risk of prostate cancer in the PRACTICAL consortium dataset using cis-protein quantitative trait loci (cis-pQTL)
variants as instrumental variables for plasma proteins, and cis-expression quantitative trait locus (cis-eQTL) for the cir-
culating gene expression. We also replicated the findings in the FinnGen consortium.

Results Genetically proxied levels of 4 plasma proteins (CREB3L4, HDGF, SERPINA3, GNPNAT1) were identified

as positively correlated with an increased risk of prostate cancer, while an increase in genetically proxied levels

of 5 plasma proteins (TNFRSF6B, GSK3A, EIF4B, CLICT, SMAD?2) were significantly associated with a decreased risk

of prostate cancer in the PRACTICAL consortium. Among the identified proteins, the causal effects of six proteins
including CREB3L4, HDGF, SERPINA3, TNFRSF6B, EIF4B, and SMAD2 remained significant in the replication analy-

ses in the FinnGen consortium and when combined with meta-analyses (SMAD2: OR 0.710, 95% Cl 0.578-0.873,
p-value=0.001; CREB3L4: OR 1.260, 95% Cl 1.164-1.364, p-value <0.0001; HDGF: OR 1.072, 95% CI 1.021-1.125,
p-value=0.005; SERPINA3: OR 1.138,95% Cl 1.091-1.187, p-value < 0.0001; TNFRSF6B: OR 0.656, 95% Cl 0.496-0.869,
p-value=0.003; EIF4B: OR 0.701, 95% Cl 0.618-0.796, p-value < 0.0001). SMAD2 and CREB3L4 gene expressions proxied
with cis-expression quantitative trait loci are also significantly associated with the risk of prostate cancer in both con-
sortiums and when combined with meta-analyses (SMAD2: OR 0.787, 95% Cl 0.719-0.861, p-value=1.00% 1 o
CREB31L4: OR 1.219, 95% Cl 1.033-1.438, p-value=0.019).

Conclusions Our consistent results highlighted the important roles of plasma SMAD2 and CREB3L4 in the risk
of prostate cancer. Further investigations on these proteins may reveal their potential in the prevention and treatment
of prostate cancer.
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Background

Prostate cancer is one of the most common types of
cancer in males, with the second highest incidence rate
among all malignant tumors [1, 2]. Although the prog-
nosis of prostate cancer at early stages is relatively good,
with a 5-year survival rate over 99%, the survival rates
drop sharply for patients with advanced or metastatic
prostate cancer [1]. The overall death rate of prostate
cancer ranks fifth among all cancer deaths in males,
which imposes a significant burden on society [3]. There-
fore, investigations on the molecular mechanisms under-
lying prostate cancer progression may help to identify
potential pharmaceutical targets and improve the overall
prognosis of prostate cancer. Currently, the etiology of
prostate cancer remained elusive, although several risk
factors have been identified as associated with prostate
cancer risk including obesity, diet, inflammation, age,
family history [4—6]. Previous studies have proposed
that levels of circulating proteins can be associated with
the risk of prostate cancer [7, 8]. However, the number
of studies on this topic is limited and most of the related
studies are based on an observational design, which may
be biased by reverse causality and confounding factors.
Additionally, it is not feasible to explore the associations
of thousands of proteins with prostate cancer using ran-
domized control trials. To address these problems, we
have performed Mendelian randomization (MR) study
by integrating genetic datasets from large genome-wide
association studies.

MR analyses employed genetic variants as instrumental
variables to proxy certain exposures to assess the causal
effects of the exposures on the outcomes of interest [9].
As the SNPs are presumed to be assigned randomly dur-
ing gamete formation and is less likely to be affected by
confounding factors, the MR design mimics the rand-
omized controlled trials and reduces the risk of reverse
causality and residual confounding. Specially, we have
also used cis-protein quantitative trait loci (cis-pQTL)
and cis-expression quantitative trait loci (cis-eQTL) vari-
ants as instrumental variables for the proteins of inter-
est. A cis variant is an SNP within a certain range of the
transcription start site of the protein-encoding gene [10].
Findings from MR studies may be biased by horizontal
pleiotropy which occurs when the instrumental variable
has an effect on the outcome independent of the expo-
sure. Using cis-pQTL and cis-eQTLs as proxies for the
levels of circulating proteome can help to decrease the
risk of horizontal pleiotropy [11, 12]. Previous stud-
ies have used cis- pQTL to estimate the causal effects
of circulating proteome on the risk of multiple diseases
[10, 11, 13, 14]. Our study can highlight causal proteins
and genes involved in the incidence of prostate cancer
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and may provide potential targets for the prevention and
treatment of prostate cancer.

Methods

Study design

The schematic plot of the study design is presented in
Fig. 1. Cis-pQTL variants and their associations with
circulating proteins were obtained from a previous pub-
lication [15]. Associations of the cis-pQTL variants with
prostate cancer were studied in summary-level statistics
of genome-wide association studies (GWASs) from the
Prostate Cancer Association Group to Investigate Can-
cer Associated Alterations in the Genome (PRACTICAL)
consortium and FinnGen Release 8 [16, 17]. Two-sample
MR analyses were performed to assess the causal asso-
ciations between circulating proteome and the risk of
prostate cancer in the two independent cohorts respec-
tively and the causal estimates were combined with meta-
analyses. In addition, we also used cis-eQTL to proxy the
circulating expression of protein coding genes to validate
the causal effects of the identified proteins on prostate
cancer risk with MR analyses.

Exposures

7141 conditional independent cis-pQTL variants for 1925
plasma proteins were obtained from a previous publica-
tion based on individual-level data from the Atheroscle-
rosis Risk in Communities (ARIC) study (Table 1) [15,
18]. Only subjects of European ancestry were included
in our analyses, with in total of 7213 European Ameri-
cans included. The plasma protein levels were measured
by SomaLogic Inc. (Boulder, Colorado, US) using an
aptamer (SOMAmer)-based approach [19]. Genotyp-
ing of the samples was performed with Affymetrix 6.0
DNA microarray and then imputed with TOPMed ref-
erence panel (Freeze 5b) [15]. The results were adjusted
for covariates such as sex, age, study site, and 10 genetic
principle components. The mapping window of the cis-
pQTL variants was defined as within 500 kb of the tran-
scription starting site of the target proteins. Cis-eQTL
variants for SMAD2, CREB3L4, EIF4B and HDGF gene
expression were obtained from the eQTLGen consortium
phase II (https://www.eqtlgen.org/) [20]. The cis-eQTL
datasets for circulating expression of SMAD2, CREB3L4,
EIF4B and HDGF were based on a cohort enrolling over
31,000 subjects of European ancestry.

Prostate cancer

In the primary analyses, we obtained the summary-
level GWAS data of prostate cancer from the PRACTI-
CAL study, which is a meta-analysis of 52 GWAS studies
enrolling 79,148 prostate cancer patients and 61,106
controls from European ancestry (Table 1) [16]. In the
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(79,148 cases and 61,106 controls)
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MR analyses with the
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Replication cohort from FinnGen (release 8)
(11,590 cases and 110189 controls)
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6 of the 9 proteins remained
significant (p<0.05) in FinnGen cohort:
CREB3L4, HDGF, SERPINA3,
TNFRSF6B, EIF4B, and SMAD2
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meta analyses of results from
discovery and replication analyses

y

MR analyses of the gene expression of
the 6 proteins proxied with cis-eQTLs

v

Colocalization analyses of the 6
proteins with prostate cancer

Fig. 1 Schematic view of the study design

Table 1 Detailed information of data sources of the included GWAS studies. GWAS, genome-wide association studies

Sample size Year Population

Pubmed ID Website

Traits MR-base ID Consortium Cases Control

Prostate cancer ieu-b-85 PRACTICAL 79,148 61,106

Prostate cancer NA Finngenrelease 8 11,590 110,189 121,779
cis-pQTLs NA ARIC NA NA 7213

140,254

2018 European 29,892,016  http://practical.icrac.
uk/blog/?page_id=
8164

2023 European NA https.//www.finngen.fi/

2022 European American 35,501,419  NA

PRACTICAL study, categorization of European ances-
try was determined by identifying individuals with an
estimated European ancestry over 80%, by referring to
the HapMap populations. Duplicated samples and first-
degree relatives were excluded. The QC pipeline excluded
SNPs with a call rate < 95%, not in Hardy—Weinberg equi-
librium (P<1077 in controls or P<107!2 in cases), and

with a minor allele frequency MAF<1%. 498,417 SNPs
were retained after the QC steps. Definition of prostate
cancer and case sources of the PRACTICAL study are
described in detail in the source paper [16]. A likelihood-
ratio test was used in the analyses to minimize bias from
rare variants. A fix-effect inverse variance weighted meta-
analysis method was used to combine the odd ratios (OR)
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and standard errors by using METAL [21]. 1528 plasma
proteins had enough IVs to be included in the analyses in
the PRACTICAL dataset.

In the secondary analyses, summary-level GWAS data
of prostate cancer were derived from the FinnGen release
8 [17]. Individuals with genotype missingness (>5%) and
non-Finnish ancestry were excluded. A total of 121,779
male subjects (11,590 cases and 110,189 healthy controls)
were enrolled in the cohort. In GWAS quality control
steps, variants with high missingness (>2%), low HWE
P-value (<1e—6) and low minor allele count (MAC < 3)
were excluded. Prostate cancer was defined with ICD
codes (ICD-10: C61; ICD-9: 185; ICD-8: 185). 1514 pro-
teins had enough IVs to be included in the MR analyses
in the FinnGen dataset.

Mendelian randomization

Associations between plasma protein levels or gene
expressions and prostate cancer risk estimated from indi-
vidual SNPs (cis-pQTLs and cis- eQTLs) were calculated
with Wald ratios. A fixed-effect inverse variance weighted
(IVW) method was used to combine the Wald ratios
when less than 3 SNPs were used as instrumental vari-
ables, otherwise, a random-effect IVW method was used.
MR-Egger and weighted median approaches were fur-
ther used as sensitivity analyses. MR-Egger method can
detect potential horizontal pleiotropy with a p-value of
its intercept and provide causal estimates after correcting
for the horizontal pleiotropy at the sacrifice of statistical
power with instrument strength independent of direct
effect assumption (InSIDE) [22]. The weighted median
model can generate causal estimates when up to half of
the instrumental variables were invalid [23]. Cochrane’s
Q values were calculated to quantify the heterogeneity in
the analyses. The meta-regression (MR) analysis results
were reported as odds ratios (OR) and their correspond-
ing 95% confidence intervals (CI), scaled to a one stand-
ard deviation (SD) increment in the genetically predicted
plasma protein levels.

The results of MR analyses from the two different pros-
tate datasets were further combined with meta-analyses
to validate the robustness of the findings. When signifi-
cant heterogeneity (I>>50% or p-value<0.05) exists, a
random-effect model would be used in the meta-analy-
ses, otherwise, a fixed effect mode would be used.

Colocalization analyses

We have further studied the shared causal variants
between the identified pQTL and prostate cancer with
colocalization analyses. Colocalization analyses can
test if the identified associations were biased by linkage
disequilibrium. The coloc.abf function from R package
coloc were used to perform the analyses [24]. Full GWAS
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summary data of prostate cancer from the PRACTI-
CAL consortium and pQTL datasets from the ARIC
study were included in the analyses. We set the priors
to default, with p1 as 1x107%, p2 as 1x107%, and p12 as
1x107°. The analyses were based on a Bayesian model
that assess the five following hypothesis: (1) no associa-
tion with either trait; (2) association with trait 1 only; (3)
association with trait 2 only; (4) two traits are associ-
ated, but distinct causal variants for two traits; and (5)
two traits are associated, and shares same causal variant.
A posterior probability is provided for each hypothesis
testing (PHO, PH1, PH2, PH3, PH4). PH4 over 0.8 were
considered a strong support for colocalization, while
0.8>PH4>0.5 were considered a medium support for
colocalization.

Statistical analyses

All analyses were two-sided. In the primary analyses in
the PRACTICAL dataset, a p-value less than 3.27 x107%
(0.05/1528 proteins, Bonferroni adjusted) was considered
statistically significant, while a p-value between 0.05 and
3.27x107% was considered suggestively significant. In
the replication analyses in the FinnGen dataset, a p-value
less than 0.05was considered significant. All analyses
were performed on the R platform, with TwoSampleMR
and Mendelian Randomization packages [25, 26].

Results

Genetically-proxied Plasma proteins and Prostate cancer
We first assessed the causal effects of plasma pro-
tein levels proxied with cis-pQTLs on prostate can-
cer in the PRACTICAL dataset with Wald ratios or the
IVW method. 4 genetically-proxied plasma proteins
(CREB3L4, HDGF, SERPINA3, GNPNAT1) were iden-
tified as positively associated with an increased risk of
prostate cancer, while 5 genetically-proxied plasma pro-
teins (TNFRSF6B, GSK3A, EIF4B, CLIC1, SMAD?2)
were significantly associated with a decreased risk of
prostate cancer (Supplementary Fig. 1A). We then rep-
licated the analyses in a dataset from the FinnGen con-
sortium. Among the 4 genetically-proxied proteins that
significantly increased the risk of prostate cancer in
PRACTICAL, three of them (CREB3L4, HDGF, SER-
PINA, p<0.05) remained to have significant effects in
the FinnGen dataset, except GNPNAT1 (p-value =0.098)
(Fig. 2). Among the 5 proteins (TNFRSF6B, GSK3A,
EIF4B, CLIC1, SMAD2) whose genetically proxied lev-
els significantly reduced the risk of prostate cancer in
PRACTICAL, GSK3A (p-value=0.602) and CLIC1
(p-value=0.077) didn’t remain to be associated with
prostate cancer in the FinnGen dataset. The consist-
ency in the significance and direction of causal effects of
the six plasma proteins (CREB3L4, HDGF, SERPINAS3,
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Proteins No. of SNPs Odds Ratio (95%CIl) p.value
CREB3L4
PRACTICAL 1 HilH 1.222 (1.157-1.292) 9.25E-13
FinnGen 1 —l— 1.330(1.201-1.472) 4.43E-08
meta—analysis - 1.260 (1.164-1.364) < 0.0001
Heterogenity: 12 = 50.5%, p-value = 0.1551
HDGF
PRACTICAL 2 [ | 1.051 (1.033-1.069) 2.78E-08
FinnGen 1 HEH 1.105 (1.052-1.161)  7.06E-05
meta-analysis <& 1.072 (1.021-1.125) 0.005
Heterogenity: 12 = 72.1%, p—value = 0.0583
SERPINA3
PRACTICAL 7 HEH 1.146 (1.091-1.205) 6.24E-08
FinnGen 7 il 1.114 (1.026-1.210) 0.010
meta—-analysis <> 1.138 (1.091-1.187) < 0.0001
Heterogenity: 12 = 0.0%, p—value = 0.5643
| | |
0.5 1 1.5
Odds Ratio

Fig. 2 Forest plots showing the plasma proteins that were identified to significantly increase the risk of prostate cancer in the PRACTICAL dataset.
The causal estimates from the PRACTICAL and FinnGen datasets were combined with meta-analyses. SNP, single nucleotide polymorphism

TNFRSF6B, EIF4B, and SMAD2) highlighted their
importance in prostate cancer.

Causal associations of all 1528 genetically-proxied
plasma proteins with prostate cancer in the PRACTICAL
consortium are shown in Supplementary Table 1. Results
from sensitivity analyses are presented in Supplementary
Table 2-5. Detailed information on all genetic variants
used in the analyses in the PRACTICAL dataset can be
found in Supplementary Table 6.

Causal associations of all 1514 genetically-proxied
plasma proteins with prostate cancer in the FinnGen
consortium are shown in Supplementary Table 7. Results
from sensitivity analyses are presented in Supplementary
Table 8-11. Detailed information on all genetic variants
used in the analyses in the FinnGen consortium can be
found in Supplementary Table 12.

Genetic variants used as instrumental variables were
searched on the PhenoScanner (http://www.phenoscann
er.medschl.cam.ac.uk/) and no horizontal pleiotropy
(p <5%107%) were identified (Table 2).

Meta-analysis

We then performed meta-analyses to combine the causal
estimates from PRACTICAL and FinnGen datasets.
Among the proteins that increased the risk of pros-
tate cancer (CREB3L4, HDGF, SERPINA), significant

heterogeneity was identified in CREB3L4 (I*=50.5%) and
HDGEF (I2=72.1%), and the causal estimates were com-
bined with a random-effect model, while the ones from
SERPINA3 (I>=0.0%) were combined with a fixed-effect
model (Fig. 2). All the genetically proxied protein lev-
els retained to have a significant causal association with
prostate cancer in the meta-analyses.

In the meta-analyses, one SD increase in genetically-
proxied CREB3L4 level significantly increased the risk
of prostate cancer (OR 1.260, 95% CI 1.164-1.364,
p-value<0.0001), and one SD increase in genetically-
proxied SMAD2 level significantly reduced the risk
of prostate cancer (OR 0.710, 95% CI 0.578-0.873,
p-value=0.001) (Figs. 2, 3). Significant causal effects
on prostate cancer were also obversed with HDGF
(OR 1.072, 95% CI 1.021-1.125, p-value=0.005), SER-
PINA3 (OR 1.138, 95% CI 1.091-1.187, p-value < 0.0001),
TNERSE6B (OR 0.656, 95% CI 0.496-0.869,
p-value=0.003), and EIF4B (OR 0.701, 95% CI 0.618—
0.796, p-value <0.0001).

Colocalization analyses

We further performed colocalization analyses with the
6 proteins identified in the meta-analyses. Among the
6 proteins (CREB3L4, HDGE, SERPINA3, TNFRSF6B,
EIF4B, and SMAD?2), SMAD2 (PH4=0.87) and
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Proteins No. of SNPs Odds Ratio (95%CIl) p.value
TNFRSF6B

PRACTICAL 1 HilH 0.578 (0.512-0.652) 4.05E-19
FinnGen 1 —— 0.771 (0.613-0.970) 0.026
meta—analysis ——— 0.656 (0.496-0.869) 0.003
Heterogenity: 12 = 79.1%, p-value = 0.0286

EIF4B

PRACTICAL 1 —— 0.702 (0.601-0.821) 8.84E-06
FinnGen 1 —l— 0.700 (0.562-0.871) 0.001
meta-analysis - 0.701 (0.618-0.796) < 0.0001
Heterogenity: 12 = 0.0%, p—value = 0.9822

SMAD2

PRACTICAL 1 HilH 0.774 (0.690-0.869) 1.53E-05
FinnGen 1 —— 0.625 (0.502-0.778) 2.65E-05
meta—-analysis - 0.710 (0.578-0.873) 0.001

Heterogenity: 12 = 65.2% , p—value = 0.0902

0.25 05 075 1

! | ! 1

1.25
Odds Ratio

Fig. 3 Forest plots showing the plasma proteins that were identified to significantly decrease the risk of prostate cancer in the PRACTICAL dataset.
The causal estimates from the PRACTICAL and FinnGen datasets were combined with meta-analyses. SNP, single nucleotide polymorphism

TNERSF6B (PH4=0.99) had a strong support of colo-
calization (PH4>0.8) (Supplementary Table 13). HDGF
(PH4=0.73) and SERPINA3 (PH4=0.61) had a medium
support for colocalization (0.8>PH4>0.5). CREB3L4
(PH4=0) and EIF4B (PH4=0) were not supported by
colocalization analyses.

Genetically proxied gene expression, and Prostate cancer
We further investigate the associations between geneti-
cally proxied circulating gene expression of CREB3L4,
HDGE SERPINA3, TNFRSF6B, EIF4B, and SMAD?2 and
prostate cancer risk by employing cis-eQTL for these
genes as instrumental variables. One cis-eQTL, rs948602
was used as an instrumental variable for SMAD2 gene
expression (Table 3). One SD increase in genetically
proxied SMAD?2 expression significantly decreased the
risk of prostate cancer in the PRACTICAL (OR 0.799,
95% CI 0.721-0.884, p-value=1.59x10"°) consor-
tium. In the FinnGen consortium, rs948602 is not avail-
able thus another SNP in linkage disequilibrium with
rs948602 (rs11082640, R?=0.9116) has been used as a
proxy and the result showed a significant association (OR
0.745, 95% CI 0.612-0.906, p-value =0.003). The associa-
tion remained consistent when combined with random-
effect meta-analysis (OR 0.787, 95% CI 0.719-0.861,
p-value=1.00x 10~ (Fig. 4).

One cis-eQTL (rs11264736) was used to proxy the
expression of CREB3L4 (Table 3). One SD increase in
genetically proxied CREB3L4 expression significantly
increased the risk of prostate cancer in both PRACTICAL
(OR 1.130, 95% CI 1.058-1.206, p-value=2.42x107%
and FinnGen consortium (OR 1.338, 95% CI 1.182-1.515,
p-value=4.31x107%). The fixed-effect model meta-anal-
ysis showed consistent results (OR 1.219, 95% CI 1.033—
1.438, p-value=0.019) (Fig. 4).

However, no eQTLs were available as instrumental
variables for TNFRSF6B and SERPINA3. For geneti-
cally proxied HDGF gene expression, the ORs of causal
effects on prostate cancer were 0.994 (95% CI 0.917-
1.075, p-value=0.857) and 1.019 (95% CI 0.875-1.187,
p-value=0.807) in PRACTICAL and FinnGen data-
sets respectively. For genetically proxied EIF4B gene
expression, the ORs were 0.938 (95% CI 0.799-1.101,
p-value=0.436) and 0927 (95% CI 0.773-1.113,
p-value=0.417) in PRACTICAL and FinnGen datasets
respectively. No horizontal pleiotropy was identified
in the analyses with the MR-Egger intercept test (p for
intercept > 0.05) or manual search on the PhenoScanner
(http://www.phenoscanner.medschl.cam.ac.uk/) for the
included instrumental variables.
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Associations Odds Ratio (95%Cl) p-value
SMAD2
Prostate cancer (PRACTICAL) HiH 0.799 (0.721-0.884)  1.59E-05
prostate cancer (FinnGen) —— 0.745 (0.612-0.906) 0.003
meta-analysis <o 0.787 (0.719-0.861)  1.00E-04
Heterogenity: 12 = 79.1%, p—value = 0.029
CREB3L4
Prostate cancer (PRACTICAL) HilH 1.13 (1.058-1.206) 2.42E-4
prostate cancer (FinnGen) —— 1.338 (1.182-1.515)  4.31E-06
meta-analysis e 1.219 (1.033-1.438) 0.019
Heterogenity: 12 = 0.0%, p-value = 0.535
I T T 1
0.5 1 1.5 2
Odds Ratio

Fig. 4 Forest plots showing the causal effects of SMAD2 and CREB3L4 gene expression proxied by cis-eQTL variants on the risk of prostate cancer.

Cis-eQTL, cis expression quantitative trait loci

Discussion
In this study, we have employed 7141 conditional inde-
pendent cis-pQTL variants for 1925 plasma proteins and
tested their causal effects on the risk of prostate cancer.
Our large-scale proteome Mendelian randomization
analyses identified several plasma proteins as associated
with an increased or decreased risk of prostate cancer
in the PRACTICAL consortium. We validated our find-
ings in another large dataset from the FinnGen consor-
tium. Causal estimates of six proteins (CREB3L4, HDGF,
SERPINA3, TNFRSF6B, EIF4B, and SMAD2) remained
significant in both datasets. We further tested the
robustness of the results by assessing the causal effects
of SMAD2, CREB3L4, TNFRSF6B and SERPINA3 gene
expression on prostate cancer using cis-eQTL variants
as instrumental variables. We also employed colocaliza-
tion analyses to test if these protein levels share causal
loci with prostate cancer, and found evidence of colocali-
zation for SMAD2, TNFRSF6B, HDGF and SERPINA3
with prostate cancer, but not for CREB3L4 and EIF4B.
Consistency in the results highlighted the importance of
these plasma proteins in the incidence of prostate cancer.
SMAD?2 is a core transcriptional factor that medi-
ates the downstream signaling of the TGEF-P, thus is
involved in a variety of cellular processes including cell

proliferation, apoptosis, and differentiation [27, 28]. In
response to TGF-f signaling, SMAD?2 is phosphorylated
by TGE-P receptors and then associated with SMAD4.
Association with SMAD4 induced the translocation of
SMAD? to the cell nucleus where it acts as a transcrip-
tion repressor via forming a complex with other cofac-
tors. SMAD?2 has been reported as playing an important
role in several different cancer types including prostate
cancer, colorectal cancer, and skin cancer [28-31]. Smad2
has been reported to mediate TGF[ induced apopto-
sis and gene expression in prostate epithelial cells [28].
Silencing Smad2 alone induced the malignant transfor-
mation of NRP-152 cells when assessed with subcuta-
neous tumor growth in athymic mice [28]. It was also
reported that Smad2 expression is involved in zinc-
induced apoptosis through forming a Smad2/4 complex
in LNCaP cells, a prostate cancer cell line [32].

CREB3L4 is a CREB (cAMP responsive element bind-
ing) protein that contains a transmembrane domain
that can bind to the endoplasmic reticulum mem-
brane [33]. It has been reported that CREB3L4 is highly
expressed in prostate cancer, and the expression is
even higher in malignant prostate cells [34, 35]. Spe-
cifically, the expression of CREB3L4 is much elevated
in high-grade prostatic intraepithelial neoplasia, and
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adenocarcinomas, in comparison to normal prostate
cells [35]. CREB3L4 is known to be regulated by andro-
gen, it has also been reported that that CREB3L4 is
overexpressed in androgen-dependent prostate cancer
cells [36]. It has been shown that CREB3L4 promotes
the androgen-receptor (AR) recruitment to AR targets
and increased the expression of the target genes such as
prostate-specific antigen (PSA) [36].

HDGF is a nucleolar protein that was previously
found to be overexpressed in several malignancies,
such as hepatocellular carcinoma, non-small-cell lung
cancer, pancreatic cancer [37-40]. HDGF was reported
to play important roles in the apoptosis, angiogenesis,
and metastasis of cancer cells [41]. It was found to be a
survival related protein in prostate cancer, and HDGF
knockdown supressed prostate cancer cell proliferation
[42, 43]. SERPINA3 was previously found to be regu-
lated by inflammatory cytokines, and the expression
of SERPINAS3 is elevated in inflammatory conditions
[44, 45]. The overexpression of SERPINA3 is associ-
ated with decreased cell adhesion and inhibition of
apoptosis, and increased the risk of malignant tumors
[44]. These evidences are in line with our findings that
genetically proxied HDGF and SERPINAS3 levels posi-
tively correlated with prostate cancer risk.

TNFRSF6B is soluble secretary protein that lacks
transmembrane structure [46]. The expression of
TNEFRSF6B protein was reported to be associated with
apoptosis and immune monitoring [47]. It was found
to play crucial roles in pancreatic cancer, gastric can-
cer and hepatocellular carcinoma [12, 48, 49]. However,
the exact role of TNFRSF6B in prostate cancer is still
unclear. EIF4B was previously known as involved in the
regulation of protein synthesis and mitotic survival of
cancer cells [50]. The phosphorylation of EIF4B was
found to decrease the apoptosis of prostate cells [51].
While the relationship between EIF4B levels and pros-
tate cancer incidence has not been studies yet. Further
studies are needed to better clarify the exact role of
TNFRSF6B and EIF4B in prostate cancer.

Previous publications by Ren et al. and Desai et al.
have performed proteome-wide MR analyses and have
identified several potential diagnosis and treatment
targets for prostate cancer [13, 14]. Interestingly, Desai
et al. have also identified SERPINA3, CREB3L4, and
TNERSF6B as associated with the risk of prostate can-
cer using instrumental variable from different sets of
GWAS summary results. In our study, we have used a
different set of cis-pQTLs to further investigation the
causal effects of proteome on prostate cancer risk. Our
study has identified several novel targets with poten-
tials in early diagnosis and treatment of prostate cancer.
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Our study has several advantages, firstly, most of the
previous publications were based on cell studies or ani-
mal experiments, which are more prone to confounding
factors. Our study employed an MR design that can mini-
mize the risk of confounding bias and reverse causality.
Our analyses using large-scale genetic data from human
populations confirmed the role of plasma CREB3L4 and
SMAD? in the development of prostate cancer. Besides,
we have validated our findings in two different prostate
cancer datasets from non-overlapping populations, and
the consistency of the results showed the robustness of
our findings. Furthermore, we have restricted the instru-
mental variables to within a certain distance window of
the protein-coding genes, which helped to decrease the
risk from horizontal pleiotropy. Lastly, the study popula-
tion was limited to subjects of European ancestry to min-
imize the bias from population stratification.

However, our study also has several disadvantages.
Firstly, restricting the study population to European
ancestry also limited the generalization of our findings
to our populations. Secondly, we have used a dataset
from the PRACTICAL consortium as primary analyses
and replicated the analyses in the FinnGen dataset in the
secondary analyses, we assumed that if one protein dis-
covered in the primary analyses could be replicated in
the secondary analyses, it suggests the robustness of the
causal effects. However, the plasma proteins that didn’t
remain significant in the replication could also have a
causal effect on prostate cancer. Further work is needed
to test the effects of these proteins in prostate cancer.
Lastly, we focused on the effects of plasma proteins on
prostate cancer, which could be different from the effects
when expressed locally, further studies are necessary to
test their effects of local expression.

Conclusions

In conclusion, our results suggested that the increased
plasma level of SMAD?2 generated a protective effect on
prostate cancer, while a higher level of plasma CREB3L4
increased the risk of prostate cancer. Our study expanded
the understanding of the mechanisms of prostate cancer
and provided potential biomarkers determining the sus-
ceptibility to prostate cancer.
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