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Variant analysis of prostate cancer in Japanese patients and
a new attempt to predict related biological pathways
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Abstract. There are regional and/or ethnic differences in
tumorigenic pathways among several types of cancer, including
prostate cancer (PCa). However, information on genome-wide
gene alterations and the transcriptome is currently only avail-
able for PCa patients from Western countries. In order to
profile the genetic alterations in Japanese patients with PCa,
new panels were created to examine nucleotide sequence
variations in 71 selected PCa-related genes (KCC71) and to
detect all fusion RNA transcripts known in PCa (PCaFusion).
An analysis of 21 Japanese PCa cases identified 33 different
somatic variants in 24 genes in the KCC71 panel, including
2 in SPOP (F102V and F133L), 2 in BRCA2 (11859fs and
R2318ter, resulting in premature termination of the poly-
peptide), and 1 each in BRAF (K601E), CDHI (E880K) and
RBI1 (R621S), as pathogenic alterations. Unexpectedly, the
TMPRSS2-ERG fusion transcript was detected in only 1 case,
although the SLC45A3-ELK4 and USP9Y-TTTY15 fusion
transcripts, known as transcription-mediated chimeric RNAs,
were detected in all examined cases. A new pathway analysis
with The Cancer Network Galaxy (TCNG), a cancer gene
regulatory network database, was also applied in an attempt to
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predict molecular pathways implicated in PCa in the Japanese
population. Based on the 24 genes having somatic variants
identified by the panel analysis as initial seed genes, a putative
core network was finally established, including 5 identified
genes, namely TNK2, SOX9, CDHI, FOXAI and TP53, with
high commonality from TCNG datasets. These genes are
expected to be involved in tumor development, as revealed
by the results of an enrichment analysis with Gene Ontology
terms. This analysis must be further extended to include more
cases in order to verify this method and also to elucidate the
characteristics of PCa in Japanese patients.

Introduction

Several integrated analyses of whole-genome and whole-exome
sequencing data and transcriptomics have been reported for
cohorts of prostate cancer (PCa) in Western countries. In these
cohorts, the incidence of androgen-inducible fusion oncogenes
generated by chromosomal alterations involving erythroblas-
tosis virus E26 transformation-specific related gene (ERG)
was reported to be >50% (1-4). In addition to ERG-associated
fusion events, variants of SPOP and MEDI2 and deletions
of chromosome 5q21/6q21 have been reported as common
genomic alterations (5,6). Recently, BRCAI, BRCA2 (5,7) and
HOXBI3 (5,8) were identified as new therapeutic targets or
tumor markers, on which new molecular pathway analyses are
currently being conducted.

We previously reported that PCa harboring the
TMPRSS2-ERG fusion gene was less frequent in Japan
compared with Western countries (9). Another group supported
this finding in an independent Japanese cohort together
with a Chinese cohort, suggesting that this low frequency
is characteristic of PCa in Asians (10). Although the exact
frequency of SPOP variations has not yet been determined in
Japanese patients, TMPRSS2-ERG and SPOP variations occur
in a mutually exclusive manner in Western countries (6,11),
and it has been reported that there may be a clinical benefit



944

in classifying patients into TMPRSS2-ERG-positive and
SPOP-mutated groups (9). This background suggests the
potential benefits of also performing thorough investigations
of the genomic alterations in Japanese patients, as well as in
patients from Western countries.

It has been indicated that the profiling of genetic alterations
alone is insufficient to obtain a comprehensive understanding
of the tumorigenesis pathway; trans-omics studies are required
for this purpose. However, such studies are resource-intensive
due to the need for genomic, transcriptomic, proteomic,
epigenetic, or more omics analyses on the same tumor
specimen, followed by integration of the results and identifica-
tion of the biological pathways. In the present study, the gene
network model data of The Cancer Network Galaxy (TCNG;
Human Genome Center, University of Tokyo; http://tcng.hgc.
jp/index.html) was used to deduce the characteristics of PCa in
the Japanese population, using the limited gene variation data
that were obtained in the present study. TCNG is a database
of gene networks estimated from high-throughput biological
data using a Bayesian network (12,13). Some genetic variants
disrupt the balance of the regulatory relationships between
genes, which may result in cancer; as such, if this approach
is extended to include a higher number of cases, the above
analyses may enable a comprehensive overview of PCa in
Japanese patients.

Materials and methods

PCa patients and tumor specimens. A total of 21 PCa patients
who underwent radical prostatectomy between 2011 and 2014
at the Department of Urology, Yokohama City University
Graduate School of Medicine, were included in the present
study. Several parts of each resected prostate that had been
indicated to contain cancer tissues by preoperative examina-
tions were embedded in OCT compound (Sakura Finetek
Japan) and immediately stored at -80°C. The patient clinical
information is summarized in Table I. All the patients were
Japanese, with a mean age of 67 years (range, 51-76 years), and
serum prostate-specific antigen (PSA) values ranging from
4.4 to 31.0 ng/ml (mean, 10.4+7.36 ng/ml). All tumors were
diagnosed as non-metastatic adenocarcinomas and assigned
a Gleason score of 6-9 at the Department of Pathology. When
multiple Gleason scores had been assigned to one patient, the
highest score was used, as shown in Table I.

Design of the original panels for detection of genetic altera-
tions. In order to profile the genetic alterations in Japanese
patients with PCa in an efficient as well as highly sensitive
manner, two original panels were prepared for the targeted
sequencing of genes that were reported to be altered in
previous whole-genome or whole-exome sequencing studies
in Western countries. The KCC71 panel was for DNA samples
designed to detect single-nucleotide variations (SNVs) and
small insertions and deletions (indels) in 71 PCa-related genes
and driver genes reported by whole-exome and whole-genome
sequencing (4-11,14,15) (Table SI). The PCaFusion panel
was for RNA samples designed to detect transcripts derived
from 38 previously reported fusion transcripts, together with
8 control transcripts (Table SI). In addition, the PCaFusion
panel was designed to detect fusion transcripts with different
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exonic junctions from the same fusion partners (1-5,14-18).
The multiplex-PCR primer sets for the KCC71 and PCaFusion
panels are provided in Tables SIIA and SIIB.

Sample preparation and target sequencing with the original
panels. To obtain DNA and RNA samples, a thin-sliced section
was prepared from each stored frozen specimen, embedded
in OCT compound and stained with hematoxylin and eosin
(HE). Based on information on the area of tumor tissues in the
HE-stained section, PCa tissues were obtained directly from
the remaining OCT-embedded specimen, from which DNA
and RNA were extracted using ZR-Duet DNA/RNA miniprep
(Zymo Research), following the manufacturer's protocol.
DNA and RNA were quantified with Qubit 2 (Thermo Fisher
Scientific, Inc.). To assess the DNA and RNA quality, ratios
of optical densities, A260/A280 and A260/A230, were further
evaluated by NanoPhotometer (Implen). A total of 10 ng of
genomic DNA or total RNA was used to create panel libraries
for each specimen. Library amplification was performed using
Ton Torrent AmpliSeq™ technology, along with sequencing
with the Ion PGM next-generation sequencer (Thermo Fisher
Scientific, Inc.).

Variant call and validation. Torrent Suite v4.0.2 and Ion
Reporter version 4.4 (Thermo Fisher Scientific, Inc.) softwares
were used to process and analyze the sequenced data from
the Ion PGM. Quality control reports were obtained from
the Torrent Suite. To identify somatic variants, the SN'Vs and
indels with a coverage rate of =20 and with coding amino
acid sequence substitutions when compared with the UCSC
hg19 reference genome sequence were first selected. Next,
single-nucleotide polymorphisms (SNPs) were excluded by
using the sequences as queries against the data in the data-
bases COSMIC (http://cancer.sanger.ac.uk/cosmic), dbSNPs
(NCBI, NIH; https://www.ncbi.nlm.nih.gov/projects/SNP/),
the 1000 Genomes Project (http://www.1000genomes.org),
and other publicly accessible databases. For SNVs for which it
remained unclear whether they were SNPs or somatic variants
after database analysis, Sanger sequencing on DNA from the
non-neoplastic counterpart of each specimen was performed
to obtain definitive results. Finally, sequence alterations with
an allele frequency of >5% were defined as somatic variants in
the present study.

Fusion transcript detection. Torrent Suite v4.0.2 and Ion
Reporter version 4.4 were used to process and analyze the
sequenced data from the PCaFusion panel. Quality Check
reports were obtained from the Torrent Suite server. The
unclear fusion transcripts identified by the PCaFusion panel
were further verified by reverse-transcription (RT)-PCR
followed by Sanger sequencing of the products.

Results

Sequencing statistics. A summary of the sequencing statistics
is presented as a representative case of KCC71 panel analysis in
Fig. S1A. The means of the obtained reads and coverage were
3,902,663 and 1,850, respectively. The data on average align-
ment ratios revealed that 97.6% of the total reads were aligned
properly to the hgl9 human genome reference sequence. A
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Table I. Clinical information for 21 prostate cancer patients.
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Case Age (years) pTNM* Gleason Score® Histology PSA (ng/ml)
1 65 pT2cNOMO 3+3=6 Adenocarcinoma 7.2
2 69 pT3aNOMO 4+45=9 Adenocarcinoma 110
3 62 pT2cNOMO 3+4=7 Adenocarcinoma 5.6
4 76 pT2cNOMO 3+4=7 Adenocarcinoma 8.2
5 63 pT3b, NO 4+43=7 Adenocarcinoma 14.0
6 56 pT2cNOMO 3+4=7 Adenocarcinoma 44
7 61 pT2cNOMO 4+43=7 Adenocarcinoma 53
8 71 pT3aNOMO 3+4=7 Adenocarcinoma 15.2
9 76 pT3aNOMO 3+4=7 Adenocarcinoma 15.6

10 59 pT2cNOMO 4+4=8 Adenocarcinoma 114

11 75 pT2cNOMO 4+5=9 Adenocarcinoma 5.6

12 65 pT3aNOMO 3+4=7 Adenocarcinoma 54

13 71 pT3aNOMO 4+45=9 Adenocarcinoma 31.0

14 71 pT2cNOMO 4+44=8 Ductal adenocarcinoma 7.6

15 71 pT2cNOMO 3+4=7 Adenocarcinoma 8.9

16 75 pT1cNOMO 4+4=8 Adenocarcinoma 5.1

17 67 pT2cNOMO 3+5=8 Adenocarcinoma 29.1

18 73 pT3aNOMO 3+5=8 Adenocarcinoma 74

19 67 pT2cNOMO 3+4=7 Adenocarcinoma 7.2

20 51 pT2cNOMO 3+4=7 Adenocarcinoma 4.8

21 61 pT3aNOMO 4+43=7 Adenocarcinoma 8.2

*pTNM was based on the 7th edition of the TNM classification of malignant tumours (Wiley-Blackwell, 2009). *Gleason score was assigned
according to the 2014 ISUP consensus, appeared in Am J Surg Pathol 40(2): 244-52,2016. PSA, prostate-specific antigen.

summary of the sequencing statistics as a representative case
of the PCaFusion panel analysis is shown in Fig. S1B. The
mean number of obtained reads was 539,860. The data on the
average alignment ratios revealed that 88.1% of the total reads
were aligned properly to the hgl9 human genome reference
sequence.

Gene variants by KCC71 panel analysis. As indicated
in Materials and methods, confirmed somatic nucleotide
sequence alterations of non-synonymous SN'Vs and indels,
with or without frameshifts, were considered as somatic vari-
ants in the present study. Somatic variants were detected in
17 of 21 patients by the present panel analyses. No variants
were detected in 4 patients (cases 18-21). A total of 33 somatic
variants were identified in 24 of 71 PCa-related genes in the
KCCT71 panel. The results are summarized in Fig. 1 (detailed
information is provided in Table SIII).

A total of 7 probable pathogenic variants in 5 genes were
identified in the present KCC71 panel analyses. Evident
driver gene variants in the literature were found in BRAF
(p-K601E) (22) and SPOP (p.F102V and p.F133L) (5,6).
Although not well characterized as driver genes in the litera-
ture, somatic variants with a high pathogenic score predicted
by FATMM (23-25) were also identified in CDHI (p.E880K)
and RBI (p.R621S). Two variants found in BRCA2, namely
p.11859fs and p.R2318ter, which may result in premature
termination and truncation of the BRCA?2 polypeptide, were

considered as pathogenic, although the identical alterations did
not appear in COSMIC.

The remaining 26 variants were considered as variants
of uncertain/unknown significance (VUSs), including AR
(p.K610E), CDHI (p.G62V), FOXAI (p.R265-K267 del) and
TP53 (p.V31I). These variants were found in the COSMIC v82
database with labels of ‘n/a’ or ‘neutral’ based on FATHMM
score. The CDHI (p.G62V) variant is not registered in
COSMIC; however, the identical mutation was reported as a
germline mutation detected in families with hereditary diffuse
gastric cancer (26). This non-synonymous mutation was in a
region encoding a pro-domain and is generally considered to
be non-pathogenic (23-25). The remaining 21 somatic muta-
tions did not appear in COSMIC.

Fusion transcripts by the PCaFusion panel analysis. The exis-
tence of gene fusion transcripts was analyzed to identify the
presence of fusion genes with the original PCaFusion panel.
All 8 non-fusion transcripts evaluated as positive controls
were detected in all specimens. In the present study, fusion
transcripts were designated as follows: The 5' gene symbol
(number of the exon located at the fusion site)-the 3' partner
gene symbol (exon number). For SLC45A3-ELK4 fusion
transcripts, SLC45A3(1)-ELK4(2) and SLC45A3(1)-ELK4(4)
were detected in all cases. By contrast, SLC45A3(2)-ELK4(2)
was identified in only 1 case (case 5). USP9Y-TTTY15 fusion
transcripts were detected in all examined cases. Among the
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Figure 1. Analyses of somatic variants and fusion transcripts by panel sequencing. The vertical axis indicates gene symbols or fusion transcripts. Genes in
the same pathway are in the same column. The horizontal axis represents each patient's ID. Shaded boxes, pathogenic variants; gray boxes, non-synonymous
variants of uncertain significance.
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Table II. Comparison of the frequency of somatic variants
identified between the KCC71 analysis and TCGA database
evaluated by signaling pathway.

Signaling P-value
pathway KCC (%) TCGA (%) (Fisher's log10)
PI3K 9.5 94 0.22

RAS 9.5 3.6 0.72

AR 28.6 6.2 2.67

DNA Repair 28.6 2.6 4.40

Cell cycle 23.8 17.8 049

other 524 332 1.20

PI3K, phosphoinositide 3 kinase; RAS, rat sarcoma oncogene; AR,
androgen receptor; TCGA, The Cancer Genome Atlas.

TMPRSS2-ERG fusion gene transcripts, TMPRSS2(1)-ERG(4)
was identified in only one case (case 11). No other fusion tran-
scripts were identified in the PCaFusion panel analysis. The
results are summarized in Fig. 1.

Comparative analysis between the variants detected by the
panels and the variants registered in cBioPortal. A compara-
tive analysis of the results of the KCC71 panel with TCGA and
other big data registered in cBioPortal (http:/www.cbioportal.
org) was performed. Briefly, the frequency of somatic vari-
ants in the aforementioned public databases were examined,
including the databases of TCGA, Broad Institute, Freed
Hutchinson Cancer Research Center, and Memorial Sloan
Kettering Cancer Center (hereafter referred to as ‘cBioPortal
databases’) for the 71 genes in the KCC71 panel, and this was
compared with the frequency obtained in the present study.
The total frequency of somatic variants in the 71 genes, calcu-
lated as the total variant number identified per examined case,
was higher compared with that in the cBioPortal databases
(present study, 33 different variants in 21 cases; summary of
cBioPortal databases, 849 variants in 1,656 cases) (Fig. S2, and
Tables SIV and SV). This difference was particularly notable
for the frequencies of variants in ATBF1, BRCA2 and LRPIB,
which were all =10% compared with those in the cBioPortal
databases. By contrast, the frequency of variants of TP53
was low (1 in 21 cases, 4.8%; Fig. 1). To compare those muta-
tion frequencies in terms of pathways, the ratio between the
number of patients with and without mutations in the genes in
a particular pathway was calculated. Then, the ratios from our
database and TCGA databases were compared using Fisher's
exact test. We observed that those ratios in genes belonging to
the androgen receptor (AR; -logl0 Fisher's P-value=2.67) and
DNA Repair (-logl0 Fisher's P-value=4.40) signaling path-
ways were particularly high compared with those in TCGA
database (Tables II, SIV and SV).

Pathways of PCa predicted by TCNG network analysis. Our
network analysis consisted of four steps as explained below
(Fig. 2A-D). In the first step, genes with mutations from the
KCCT71 panel analysis were selected as ‘initial seed genes’
(Fig. 2A). In the second step, the 7 gene networks of PCa
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in TCNG were selected as graphical representations of the
regulatory relationships between genes. The Gene Expression
Omnibus (GEO) ID and information from each selected gene
network for PCa are shown in Fig. 2B and Table SVI. In
the third step, the ‘initial seed genes’ were mapped on the
7 PCa gene networks, and a subnetwork around the ‘initial
seed genes’ was extracted from each of the gene networks;
each subnetwork consisted of the ‘initial seed genes’ and
downstream genes within the two passes around the initial
seed genes (Fig. 2C). Genes with one path from ‘initial seed
genes’ are referred to as ‘child genes’ and genes with a path
from the child genes are referred to as ‘grandchild genes’.
The obtained subnetworks show the regulation around the
seed genes. Next, we attempted to identify ‘extended common
seed genes’ that are shared among =6 subnetworks. In the
last step, a putative ‘core network’ of PCa was estimated
by integrating subnetworks around ‘the extended common
seed genes, referred to as ‘extended subnetworks’ (Fig. 2D).
The above network operations were conducted by using
the functions of igraph, a package of R version 3.5.0. The
subnetworks (relationships) of gene regulation were demon-
strated by graphical visualization using Cytoscape software
version 3.5.1 (19), as shown in Fig. S3, and the core network
was presented using igraph.

Two publicly available tools, Database for Annotation,
Visualization, and Integrated Discovery (DAVID; Laboratory
of Human Retrovirology and Immunoinformatics, https://
david.ncifcrf.gov/home.jsp) (20) and Reduce + Visualize
Gene Ontology (REVIGO; Redjer Boskivic Institute; http://
revigo.irb.hr) (21), were then used to investigate the biological
functions associated with the gene groups involved in the
core network. DAVID v6.8, which mainly provides typical
batch annotation and Gene Ontology (GO) term enrichment
analysis, was used to highlight the most relevant GO terms
associated with a given gene list, in order to elucidate the
biological meaning behind a large list of genes. Enrichment
analysis was performed using DAVID for the core network
genes listed in Table SVII, and a functional annotation chart
including a list of GO IDs and P-values for the enrichment
tests was obtained. The functional annotation chart report
of DAVID shows categories, enriched terms associated with
a gene list of interest, related term search, genes involved in
the term, and percentages or modified Fisher's exact P-values.
REVIGO was used to summarize the results obtained from
DAVID (21). REVIGO provides a functional interpretation of
genes defined by GO with statistical methods. A list of GO
IDs and P-values was entered from the functional annotation
chart report of DAVID. The REVIGO GO tree map shows a
two-level hierarchy of GO terms.

The workflow for the reconstruction of the core network of
PCa was schematically summarized with TCNG (Fig. 2A-D).
The 24 genes with somatic variations from the KCC71
panel analysis (Fig. 1) were selected as ‘initial seed genes.’
Although only 5 well-characterized pathogenic driver gene
mutations were identified in the present analysis and the
remaining 19 genes were considered as VUSs, all ‘initial seed
genes’ were reported to be involved in PCa in the literature
and databases (Materials and methods, Sample preparation
and target sequencing with the original panels). Subnetworks
were extracted from 7 public PCa gene networks in TCNG
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Figure 2. Network analysis of prostate cancer tumorigenesis scheme to reconstruct a core network of prostate cancer with TCNG database. (A) Detection of
initial seed genes through somatic variant analysis. (B) Selection of prostate cancer-related networks from TCNG, followed by the extraction of subnetworks
centered on each initial seed gene. (C) Extraction of extended common seed genes from multiple subnetworks. (D) Construction of a core network from the

extended common seed genes. TCNG, The Cancer Network Galaxy.

(Table SVI), which included initial seed genes (parent nodes),
and parent-child and child-grandchild genes in the network
(Fig. S3). ‘Extended common seed genes’, TNK2, SOX9,
CDHI, FOXAI and TP53, that were commonly included in the
subnetworks, were extracted. To identify the core network of
PCa s examined, extended subnetworks around the ‘extended
common seed genes’ were further extracted from each of the
original 7 PCa networks, integrated, and the core network was
finally reconstructed.

The core network around the ‘extended common seed
genes’ was further analyzed. The 3 extended common
seed genes, SOX9, CDHI and FOXAI, were connected via
edges with each other through the genes EMX2, NKX3-1
and TFAP2A, and formed a closed loop (Fig. 3, red arrows).
EMX, NKX3-1 and TFAP2A were the only genes in the
network located between the extended common genes. The
top 15 genes with high connectivity (hub genes), are listed
in Table SVIII. All 5 extended common genes are listed in
Table SIV, but none of the initial seed genes appears in it.
Only AR and SPOP as the initial seed genes appear in the
final network, with few edges.

The enrichment analysis using DAVID and REVIGO found
50 GO terms with adjusted P-values (Table SIX). REVIGO
generates tree maps of the GO terms, as shown in Fig. 4
and Fig. S4. The GO terms are joined into ‘superclusters’ of

loosely related terms and depicted with different colors. The
most significant GO term found was ‘positive regulation of
transcription from RNA polymerase II promoter’, followed by
‘epithelial cell differentiation’, ‘response to water deprivation’,
‘tissue homeostasis’, and ‘amino acid transport’.

Discussion

The present study attempted to elucidate the molecular path-
ways involved in PCa in Japanese patients by starting with
a limited number of cases and with a new bioinformatics
analysis using TCNG. Starting the analysis with 24 genes
harboring mutations as initial seed genes, we reached a core
network involving 3 genes that were not included among the
initial seed genes, but 2 of those had been well-characterized
in relation to PCa. This may demonstrate the validity of this
analytical approach, but further estimation with a larger
numbers of cases is required.

In the present study, 21 surgically removed PCa specimens
without any neoadjuvant treatments were analyzed using
our original DNA and RNA panels for PCa profiling. Both
panels functioned appropriately, as revealed by sequencing
statistics and the results obtained with the positive control
set for the RNA panel. The well-characterized pathogenic
TMPRSS2-ERG fusion gene transcript was identified in only
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Figure 3. Predicted final core network for prostate cancer in the Japanese population. The network from seven shared prostate cancer networks is shown. Genes
are represented by nodes with gene symbols and regulatory associations between genes are represented by arrows referred to as ‘edges.” Edges that form a

closed loop connecting the extended seed genes are colored red. Pink nodes, 5

1 case (1/21, 4.8%) in the PCaFusion panel analysis, which
was an unexpectedly low frequency when compared with that
in previous reports, even in Japanese or Chinese cohorts in
which the rate was significantly lower compared with that in
cohorts from Western countries (9,27). By contrast, two other
transcription-mediated chimeric RNAs, SLC45A3-ELK4
and USP9Y-TTTY15 fusion transcripts, were detected in all
examined cases. Although enriched in cancer tissues, the
pathogenicity of these fusion RNAs remains unclear, and they
were found to be expressed in both cancerous and adjacent
non-cancerous prostatic tissues. Highly sensitive methods,
such as RT-PCR, have demonstrated these RNAs in almost
all examined specimens (28,29). As our PCaFusion panel
analysis is a PCR-mediated amplicon sequencing technology,
the obtained results were compatible with those in previous

extended seed genes; green nodes, nodes with =10 edges.

reports. A similar transcription-mediated chimeric RNA,
SDKI-AMACR, was not found in the present study, although
Chinese cohorts identified the fusion transcript in 23-24% of
examined cases (26,29). Despite their similar origins in East
Asia, Chinese and Japanese PCa patients appear to differ in
their genetic or epigenetic background.

The KCC71 panel analysis identified 33 different genetic
variants associated with PCa in the Japanese. Two cases
contained SPOP mutations (2/21, 9.5%) in the hotspots in
the MATH domain. SPOP, encoding the E3 ubiquitin ligase,
is the most frequently mutated gene, with mutations found
in 6-15% of PCa cases across multiple cohorts, in a manner
mutually exclusive with the presence of the fusion gene
TMPRSS2-ERG. SPOP mutation is known to be associated
with certain clinicopathological characteristics, such as
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REVIGO gene ontology treemap

epithelial cell differentiation

demethylation

response to
virus

Figure 4. Biological processes of the core network of prostate cancer. REVIGO tree map showing the predicted biological processes of prostate cancer in the
Japanese. Each rectangle represents a biological function in terms of a Gene Ontology (GO) term, with the size adjusted to represent the P-value of the GO
term in the underlying GO term database. Superclusters are differentially colored. More detailed information is available in Fig. S4 and Table SVIII. REVIGO,

Reduce + Visualize Gene Ontology.

serum PSA level, pathological parameters and patient prog-
nosis (6,11). The frequency of SPOP mutation in the present
study was comparable with that in previous reports, which
may indicate the absence of major bias in our cohort; however,
the reason for the low frequency of TMPRSS2-ERG is unclear.
BRCA?2 truncating inactivating mutations were also identified
in 2 cases (9.5%). BRCA2 mutation is rare, with a frequency of
~2% in early-onset PCa (30); it has also been shown to be asso-
ciated with a higher Gleason score and poor prognosis (31,32).
Regarding our BRCA2-mutated cases, one had a Gleason score
of 9 and the other had a score of 7. The evaluation of BRCA2
mutation with biopsy or surgical specimens may also be useful
for selecting the treatment modality for Japanese patients.
Other pathogenic variants were found in CDHI, BRAF and
RBI, with 1 mutation per gene. The sample size was small and
precise comparison of the mutation frequency of each gene
with that in previous cohorts was not the principal objective of
this research. However, the overall frequency of mutated genes
and somatic variations in the 71 selected genes was higher
compared with that calculated from public big data, such
as TCGA. This may be a characteristic of PCa in Japanese
patients, but further investigation in large cohorts is required.
In recent years, efforts have intensified to obtain novel
meaningful insights into biological pathways involved in
cancer by utilizing big data in the life sciences. We herein
attempted to develop a new approach to extracting a common
core network related to PCa in the Japanese population
by integrating information on mutated genes identified in
KCCT71 panel analysis and multiple gene networks of PCa in
TCNG. Subsequently, we developed a new way of exploring
cancer-related gene interactions. TCNG is a database of cancer

gene regulatory networks estimated from publicly available
cancer gene expression data, in the GEO database, by using
Bayesian network models (12,13). In addition, by combining
data and examining common genes that constitute the core
network, it is possible to characterize the interactions among
genes that may cause cancer. The core network may be consid-
ered as the center of the pathogenic pathway.

The central genes of the network estimated here were
identified as the ‘extended common seed genes’ of PCa. All 5
identified common genes were initial seed genes and have been
well characterized as being associated with cancer, including
PCa. Surprisingly, only 3 genes were revealed to connect
common genes to each other, namely TFAP2A (between CDH1
and SOX9), EMX2 (between SOX9 and FOXAI), and NKX3-1
(between FOXAI and CDHI). Although none of these 3 genes
was involved with the initial seed genes, NKX3-1 is a well-known
prostate-specific tumor suppressor (33) and has been implicated
in prostatic epithelial cell differentiation (34) and the mainte-
nance of luminal stem cells (35). TFAP2A, also referred to as
AP-2 or AP2TF/TFAP?2, is a transcription factor and its tumor
suppressor properties were also reported in cancers including
PCa (36-38). As neither NKX3-1 nor TFAP2A were involved
with the initial seed genes, which were the starting point of the
present analysis, this may support the reliability of this analysis.
By contrast, although EM X2, a homeobox-containing transcrip-
tion factor, was characterized as a tumor suppressor gene in
cancers such as colorectal cancer (39), malignant pleural meso-
thelioma or lung cancer (40,41), to the best of our knowledge no
report on PCa has yet been published. Research on EMX2 may
elucidate the biological/pathological characteristics of PCa in
Japanese patients.
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In comparison with the generally Caucasian cohorts in
TCGA, the involvement of the AR pathway and the DNA
repair pathway were identified as characteristics associated with
PCa in the Japanese population. Although the AR pathway is
clearly significant worldwide, the potential involvement of
the DNA repair pathway in this disease was identified due to
the two pathogenic mutations that were identified in BRCA2.
Momozawa et al (43) reported the results of germline mutation
analysis of 7,636 Japanese PCa patients,and found that the BRCA2,
but not BRCA I, germline pathogenic variant was significantly
associated with PCa in Japanese patients. This contradicts the
Philadelphia Prostate Cancer Consensus 2017 (42), based gener-
ally on data from Western countries, which asserted that there
is high-grade evidence on the association of both BRCAI and
BRCA2 with PCa (43). It is possible that the disturbance of DNA
repair, partly through the inactivation of BRCA2, but not BRCAI,
is involved in PCa in Japanese patients. BRCAI and BRCA2
are currently considered as homologous recombination-related
genes, and associated differences in pathological phenotypes or
the clinical significance of their mutations, such as sensitivity to
poly(ADP-ribose) polymerase inhibitors, have not yet been well
addressed (44). BRCA2 may warrant further research as a gene
potentially associated with PCa in the Japanese.

‘We herein analyzed the associations among limited numbers
of genes with somatic variations based on a Bayesian network
model. Using a statistical approach, it appeared possible to
predict the association among not only directly interacting
genes, but also ones that act indirectly. The analysis using a
statistical model may be effective when, for example, used to
predict drug targets, as it can predict signaling pathways even
from genes that are not directly associated with each other. In
the analyses, genes that do not harbor well-characterized patho-
genic mutations served as initial seed genes. Mutations with
uncertain significance in these genes should be further function-
ally characterized in future research. In addition, although PCas
are known to be clonally heterogeneous tumors, the heteroge-
neity was not considered in the present study. Additional larger
studies considering this heterogeneity are required to obtain an
overall understanding of PCa in the Japanese population.
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