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Genetic variants and risk of prostate cancer using pathway analysis of 
a genome-wide association study
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This study explored candidate causal single nucleotide polymorphisms (SNPs) to clarify the biological mechanism of prostate 
cancer (PCa). Identify candidate Causal SNPs and Pathways (ICSNPathway) analysis was applied using a PCa genome-wide 
association study (GWAS) dataset that included 473,736 SNPs in 1151 cases of PCa and 1156 controls of European ancestry. 
Five candidate causal SNPs, three candidate causal genes, and two candidate causal pathways were identified using integrating 
linkage disequilibrium analysis, functional SNP annotation, and pathway-based analysis. The ICSNPathway analysis sug-
gested three hypothetical mechanisms of PCa. The first was rs13112390, rs13112358, rs2048074 to nei-like DNA glycosylase 
3 (NEIL3) gene to damaged DNA binding. The second was rs3087386 to REV1, DNA directed polymerase (REV1) gene to 
damaged DNA binding. The third was rs1063134 to potassium channel, inwardly rectifying subfamily J, member 4 (KCNJ4) 
gene to inward rectifier potassium channel activity. 
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Prostate cancer (PCa) is the most frequently diagnosed 
malignancy in men. In the United States, an estimated 220,800 
new cases and 27,540 PCa-related deaths were projected 
to occur in 2015 [1]. PCa has a variable clinical course and 
remarkable genetic heterogeneity [2]. Previous genome-wide 
association studies (GWASs) of PCa patients identified more 
than 50 single nucleotide polymorphisms (SNPs) associated 
with susceptibility for PCa [3]. 

GWAS has been proven as a valuable tool for identifying the 
common alleles that confer susceptibility to complex diseases 
[4, 5]. Increased numbers of GWASs have led to the discovery 
of novel disease associated genes [4, 5]. One of the advantages 
of the GWAS approach is that it can reveal causal genes not 
previously suspected in disease etiology, as well as identify ge-
netic effects of nongenic DNA region [5]. Improving the results 
of GWAS concerning the mechanism of disease development 
and genetic pathways has been a key challenge in interpreting 
GWAS data [6, 7], because the functional pathway using ge-
nomic database has a high statistical power in identifying novel 
biological pathways that drive disease development [6]. 

To identify candidate Causal Single Nucleotide polymor-
phisms and Pathways (ICSNPathway) analysis was developed 

to detect candidate SNPs and their corresponding candidate bi-
ological pathways from GWAS data, together with integrating 
linkage disequilibrium (LD) analysis, functional SNP anno-
tation, and pathway-based analysis (PBA) [8]. This pathway 
analysis may advance GWAS data interpretation from variants 
to biological mechanisms, because it distinguishes candidate 
SNPs and their corresponding candidate pathways [8]. 

In this study, we performed ICSNPathway analysis using 
a PCa GWAS dataset available online, to identify candidate 
SNPs and promising biological pathways that contribute to 
PCa susceptibility.

Materials and methods 

Study population. The PCa GWAS dataset is publicly 
available from the NCBI dbGap (http://www.ncbi.nlm.nih.
gov/projects/gap/cgi-bin/study.cgi?study_id=phs000207.
v1.p1). This GWAS dataset includes genotypes of 473,736 
SNPs obtained from Illumina HumanHap 300 and HumanHap 
240 genotyping assays. The study population included 1,151 
PCa patients and 1,156 control participants from the Cancer 
Genetic Markers of Susceptibility (CGEMS) data of prostate 

http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000207.v1.p1
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000207.v1.p1
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000207.v1.p1
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adenocarcinoma [9]. The randomized study population enroll-
ment occurred between1993 and 2001. The CGEMS cohort 
consisted of White, non-Hispanic males with no prior history 
of PCa before randomization [9]. Controls were selected by 
incidence-density sampling. Control subjects were character-
ized by the same year of entry into the cohort as the case set, the 
same 5-year age-at-entry interval (55-59, 60-64, 65-69, 70-74) 
as the case set, and were observed through the same year of 
follow-up as the case set with no PCa diagnosis [9]. The dataset 
was filtered to remove genotyping errors. SNPs were excluded 
if they displayed significant deviation from Hardy-Weinberg 
equilibrium in the controls (P <104) or had a call rate <90% 
in cases or controls. Finally, 472,982 SNPs were included for 
downstream pathway analysis.

Identification of candidate causal SNPs and pathways. We 
conducted ICSNPathway analysis as described previously [10]. 
Briefly, candidate causal SNPs are pre-selected by LD analy-
sis and the most significant functional SNPs are annotated. 
This method led to the discovery of biological pathways and 
mechanisms for the pre-selected candidate causal SNPs using 
PBA [8]. A full list of PCa GWAS SNP P-values was entered 
into the ICSNPathway analysis. ICSNPathway analysis is based 
on LD analysis and the detection of functional SNPs using 
improved-gene set enrichment analysis (i-GSEA). SNPs in LD 
are identified and the most significant SNPs of a GWAS dataset 
are identified and analyzed to find more possible candidate 
causal SNPs based on the extended data set, such as HapMap 
data. We selected the following optional parameters for LD: 
CEPH/CEU (Utah residents with ancestry from Northern 
and Western Europe), a cutoff for LD measurement as r2 of 

0.8, and the maximum distance to search LD neighborhoods 
as 200kb. The ICSNPathway pre-selects candidate causal SNPs 
based on functional SNPs (i.e., SNPs that may alter protein, 
gene expression or the role of protein in the context of the 
pathway). The functional SNPs include deleterious and non-
deleterious non-synonymous SNPs, SNPs leading to a gain 
or loss of a stop codon, SNPs resulting in a frame shift, SNPs 
within essential splice sites, and SNPs in regulatory regions. 
The ICSNPathway server detects pathway-associated traits in 
the full list of GWAS SNP P-values using i-GSEA [8, 10]. 

“The most significant SNPs” refers to SNPs with a P-value 
below a certain threshold. The P-value threshold to extract 
the most significant SNPs is specified from the GWAS SNP 
P-values. ICSNPathway analysis presents the most significant 
pathways from the original GWAS when a P-value threshold 
< 0.01 is selected. We arranged 2 parameters for the analysis 
in this study. The first parameter was ‘within gene,’ meaning 
that only the P-values of SNPs located within genes were 
utilized in the PBA algorithm. The second parameter was 
a false discovery rate (FDR) cutoff of 0.05 for multiple test-
ing corrections. The FDR, which is defined as the expected 
proportion of false positives among all significant tests, 
allows us to identify a set of positive candidates. Minimum 
and maximum cut-off of 5 and 100, respectively, were used 
to avoid overly narrow or overly broad functional categories 
[8,10]. 

We selected 4 pathway databases: the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/
pathway.html) [11], the BioCarta (http://www.biocarta.com/
genes/index.asp), the Gene ontology of biological process 
(http://www.geneontology.org) [12], and the Gene ontology 
of molecular function (http://www.broadinstitute.org/gsea/
msigdb/index.jsp) to ensure a  comprehensive coverage of 
pathways, and to obtain high-quality information for well-
defined pathways. When a candidate SNP was not present on 
a particular genotyping array, proxy SNPs in LD with that can-
didate SNP were identified, based on observed LD patterns in 
HapMap data (http://www.broadinstitute.org/mpg/snap). An 
SNP annotation and proxy search was carried out to identify 
and annotate proxy SNPs, using HapMap.

Results

Utilizing GWAS SNP p-values as input, ICSNPathway 
analysis identified five candidate causal SNPs, three can-
didate causal genes, and two candidate causal pathways 
(http://ICSNPathway.psych.ac.cn/getResult.do?tag=A5F
58141EFE285F7FD316198EC72E58C_1449375126529) 
(Table  1 and 2; Figure 1). SNP rs13112390, rs13112358, 
rs2048074, rs3087386, and rs1063134, which were rep-

Table 1. Candidate causal SNPs 

Candidate
causal SNP Functional class Gene

Candidate
causal

pathway*
-log10(P)† In LD with r2 D’ -log10(P)‡ Chromosome

No. Position
RefSNP
Alleles

rs13112390 non-synonymous coding NEIL3 1 2.859 rs13112390 - - 2.859 4 177353681 A/C
rs13112358 non-synonymous coding NEIL3 1 2.305 rs13112358 - - 2.305 4 177353596 C/T
rs2048074 frameshift coding NEIL3 1 2.244 rs2048074 - - 2.244 4 177353411 A/G
rs3087386 non-synonymous coding REV1 1 2.077 rs3087386 - - 2.077 2 99439044 C/T
rs1063134 regulatory region KCNJ4 2 2.090 rs1063134 - - 2.090 22 38426693 C/T

SNP – single nucleotide polymorphism; LD – linkage disequilibrium; * – numbers indicates the indexes of pathway ranked significance (false discovery 
rate);No. – number; † – -log10(P) values of candidate causal SNPs in the original genome wide association studies (GWAS), -; this SNP is not represented in 
the original GWAS; ‡ – -log10(P) values of SNPs in LD with candidate causal SNPs in the original GWAS 

http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/pathway.html
http://www.biocarta.com/genes/index.asp
http://www.biocarta.com/genes/index.asp
http://www.broadinstitute.org/gsea/msigdb/index.jsp
http://www.broadinstitute.org/gsea/msigdb/index.jsp
http://ICSNPathway.psych.ac.cn/getResult.do?tag=A5F58141EFE285F7FD316198EC72E58C_1449375126529
http://ICSNPathway.psych.ac.cn/getResult.do?tag=A5F58141EFE285F7FD316198EC72E58C_1449375126529
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resented in the original GWAS (-log10(P)=2.859, 2.305, 
2.244, 2.077, and 2.090, respectively), were not in LD with 
any SNP. 

These five candidate causal SNPs, three candidate causal 
genes, and two causal pathways provided three hypothetical 
biological mechanisms for PCa. The first was rs13112390, 
rs13112358 (non-synonymous codings), and rs2048074 

(frameshift coding) to nei-like DNA glycosylase 3 (NEIL3) 
gene to damaged DNA binding. The second was rs3087386 
(non-synonymous coding) to REV1, DNA directed polymer-
ase (REV1) gene to damaged DNA binding. The third was 
rs1063134 (regulatory region) to potassium channel, inwardly 
rectifying subfamily J, member 4 (KCNJ4) gene to inward 
rectifier potassium channel activity (Tables 1 and 2). 

Figure 1. Regional LD plots of rs13112390 (NEIL3) (A), rs13112358 
(NEIL3) (B), rs2048074 (NEIL3) (C), rs3087386 (REV1) (D), and rs1063134 
(KCNJ4) (E). SNPs are plotted along with proxies (based on HAPMAP 
European American) as a function of genomic location, and are annotated 
with recombination rate across the locus (light-blue line). On the y-axis, 
pairwise r2 values are provided for each proxy SNP using color codes (For 
interpretation of color in this figure, the reader is referred to the web ver-
sion of this article).
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Discussion

In this pathway analysis, we identified five candidate causal 
SNPs, three candidate causal genes, and two candidate causal 
pathways. These candidate SNPs and pathways provided three 
hypothetical biological mechanisms. In this genome wide 
search for pathway associated with PCa, the most strongly 
associated pathway concerned damaged DNA binding. 

The nei-like DNA glycosylase 3 (NEIL3) gene belongs to 
a  class of DNA glycosylases that recognizes and removes 
oxidized DNA bases, and initiates the base excision repair 
pathway [13]. NEIL3 is highly expressed in various hu-
man cancer cells and tissues, including primary malignant 
melanomas associated with metastasis [13, 14]. It has been 
proposed that NEIL3 may be a potential tumor suppressor 
gene of hepatocellular carcinoma [15]. In addition, previous 
studies reported that NEIL3 SNP rs12645561 was associated 
with the risk of developing glioma and glioblastoma [16, 
17]. These observations may suggest that NEIL3 is required 
for the maintenance of cancer cell growth or the progression 
of malignancy, and that it may play a role in DNA repair as 
a tumor suppressor gene. In contrast, a conflicting associa-
tion between NEIL3 SNP rs1983132 and PCa risk has been 
reported [18]. Our pathway analysis proposes that the NEIL3 
gene and damaged DNA binding pathway play an important 
role in PCa susceptibility.

 Until now, the association between NEIL3 gene and PCa 
patients’ survival outcome has not been studied. Hildrestrand 
et al. [19] reported that the cDNA of PCa displayed a higher 
expression of NEIL3 than the corresponding normal prostate 
tissues. Unfortunately, this pathway analysis could not offer 
a clinical significance of the NEIL3 gene due to restrictions of 
the GWAS data. Further studies should clinically investigate 
the role of the NEIL3 gene in PCa.

The current pathway analysis identified the candidate 
SNP rs3087386 within the REV1, DNA directed polymerase 
(REV1) gene at chromosome 2q11.1-11.2. REV1 is an es-
sential regulator of translesion DNA synthesis polymerase, 
essential for action against damaged bases [20]. It is known 
that an imbalance of translesion DNA synthesis polymerase 
leads to genomic instability, which can result in cancer [20]. 
The SNP rs3087386 has been related to lung cancer risk and 

survival in African Americans [21] and Chinese populations 
[22]. The SNP rs3087386 is a missense mutation (Phe257Ser) 
that might affect the functional properties of protein, REV1, 
which is associated with risk of lung and cervical cancers [23, 
24]. In contrast, the association between REV1 polymorphisms 
and breast cancer risk was not found [25]. Until now, REV1 
in relation to PCa has not been studied. Our analysis suggests 
that candidate REV1 and the associated pathway may hold 
a significant position in carcinogenesis of PCa. 

The potassium channel, inwardly rectifying subfamily J, 
member 4 (KCNJ4) gene is a member of the inward rectifier 
potassium channel family. To the best of our knowledge, there 
have been no studies regarding the KCNJ4 gene and its associ-
ated pathways, and PCa.

Over 20 PCa GWASs have been previously performed 
and have demonstrated the existence of more than 50 
common variants associated with a  risk of PCa, including 
β-microseminoprotein (MSMB), LOC727677, and HNF1B [3]. 
Although individual GWASs have been successful in detecting 
new susceptibility genes for various complex diseases, not all of 
the GWAS data has been fully analyzed [7]. Pathway analysis 
of genomic data through functionally derived gene sets can be 
a powerful analytical tool to reveal previously undiscovered 
genes or SNPs during gene- or SNP-based analyses [6, 7].

The current ICSNPathway analysis has several limitations. 
Firstly, the incomplete annotation of the human genome may 
weaken the pathway-based approach. Secondly, further large 
scale replication studies are required to establish candidate 
SNPs, genes, and associated pathways [26]; however, the 
verification of candidate SNPs in independent datasets was 
beyond the scope of this pathway analysis. Pathway analysis 
using GWAS plays a complementary role to the searching of 
novel genes that confer disease susceptibility [6, 8]. Thirdly, 
our pathway analysis did not detect the SNPs reported in prior 
GWASs, such as MSMB, LOC727677, and HNF1B. These dis-
cordances may be due to ethnic diversity, differences in sample 
size or type, and variable GWAS array chips. 

ICSNPathway analysis should be performed based on 
individual GWAS data of only a  single ancestry. As such, 
pathway analysis of Asian or African ancestry will broaden 
the novel biological pathways of PCa. Interestingly, Ge et al. 
[27] demonstrated the candidate SNPs, genes and pathways 

Table 2. Candidate causal pathways

Index Candidate causal pathway Description Nominal P FDR
1 Damaged DNA binding Interacting selectively with damaged DNA.Maturity onset diabetes of the 

young 
<0.001 0.031

2 Inward rectifier potassium channel activity An inwardly rectifying current-voltage relation is one where, at any given driv-
ing force, the inward flow of K+ ions exceeds the outward flow for the opposite 
driving force. The inward-rectification is due to a voltage-dependent block of 
the channel pore by a specific ligand or ligands, and, as a result, the macroscopic 
conductance depends on the difference between the membrane voltage and the 
K+ equilibrium potential, rather than on the membrane voltage itself. 

<0.001 0.040

FDR; false discovery rate

http://www.ncbi.nlm.nih.gov/pubmed/?term=Hildrestrand GA%5BAuthor%5D&cauthor=true&cauthor_uid=19426544
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hildrestrand GA%5BAuthor%5D&cauthor=true&cauthor_uid=19426544
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of regulating serum prostate-specific antigen (PSA) levels. At 
present, pathway analysis does not have the capacity to carry 
out analysis of combined tasks, such as PSA level regulation 
and PCa occurrence. Recent rapid developments of bioinfor-
matics tools will allow the analysis of more complex processes 
in the future. 

The choice of an appropriate threshold for significant 
SNPs can be rather arbitrary [6,28]. The observed SNP level 
threshold in GWASs has ranged from P <0.05 to P <5×10-8 [6]. 
Different levels of significant cut-off values (<0.01, <0.001, or 
<0.0001) for pathway analysis were assigned, with little differ-
ence in the discovery of significant pathways [28]. We adopted 
the P value of 0.01, considering the number of significant SNPs 
that could be entered for the pathway analysis.

In summary, we performed pathway analysis using a PCa 
GWAS dataset to estimate genetic associations of PCa with 
the SNPs and pathway levels. We identified 5 candidate causal 
SNPs, 3 candidate causal genes, 2 candidate causal pathways, 
and 3 hypothetical biological mechanisms, which may con-
tribute to PCa susceptibility. 
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