Journal of Cancer 2019, Vol. 10

5585

g0y [VYSPRING

vgﬁ INTERNATIONAL PUBLISHER

Research Paper

Journal of Cancer

2019; 10(22): 5585-5596. doi: 10.7150/jca.31725

Comprehensive investigation of alternative splicing and
development of a prognostic risk score for prostate

cancer based on six-gene signatures

Zhe-Xu Caol?, Guang-An Xiaol?", Wei Zhang! %, Jin Jil’2, Chen Ye!2, Dan Liu'?, Qin-Qin Tian!?, Ying-Hao
Sun Prof12™

1.
2.

Department of Urology, Shanghai Changhai Hospital, Naval Medical University (Second Military Medical University), Shanghai 200433, China.

Shanghai Key Laboratory of Cell Engineering, Naval Medical University (Second Military Medical University), Shanghai 200433, China.

*These authors have contributed equally to this work

< Corresponding author: Prof. Ying-Hao Sun, Postal address: 168 Changhai Road, Shanghai, 200433 China. Email: sunyhsmmu@126.com; Phone: 136-0160-7755

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).
See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2018.11.22; Accepted: 2019.05.30; Published: 2019.09.07

Abstract

Purpose: To systematically document alternative splicing profiles of prostate cancer in relatively large
populations in order to construct a prognostic predictors model for prostate cancer.

Methods: Splicing data and clinical information of 495 prostate cancer patients were obtained from The
Cancer Genome Atlas (TCGA). The SpliceSeq database was used to extract information regarding
splicing events. Multiple bioinformatic tools were used for functional and pathway enrichment analysis as
well as for construction of gene interaction networks. Candidate gene expression profiles were verified
with clinical samples using QRT-PCR.

Results: We detected a total of 44070 alternative splicing events of 10381 genes in prostate cancer. 7
and 14 KEGG pathways were enriched and were associated with overall and recurrence-free survival,
respectively. The expression of 396 genes among the 1526 overall survival genes associated alternative
splicing events were associated with overall survival. The expression of 483 genes among the 1916
recurrence-free survival genes associated alternative splicing events were associated with
recurrence-free survival. Lastly, we constructed the prognosis risk score system based on the expression
profiles of six-gene signatures which in combination had an AUC of 0.941 for overall survival associated
alternative splicing events, followed by overall survival associated gene expressions with an AUC of 0.794,
a recurrence-free survival associated gene expression with an AUC of 0.752 and recurrence-free survival
associated alternative splicing events with an AUC of 0.735, indicating its strong ability to predict patient
outcome. The expression profile of the six genes was also confirmed in different prostate cell lines and
clinic samples.

Conclusion: Our comprehensive investigation of alternative splicing not only provided insight into the
biological pathways of alternative splicing involved in the development of prostate cancer but also
revealed new potential biomarkers for prognosticating as well as novel therapeutic targets for
development of prostate cancer treatment.
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Introduction

Alternative splicing (AS) is a naturally occurring
event that serves to regulate the volume of functional
mRNA. It contributes towards the proteome diversity
in a given organism by increasing the complexity of
the transcriptome. More than 90% of human genes are

known to have alternative forms of splicing, with
about 60% of these splice variants encoding distinct
protein isoforms. Through the production of a broad
range of protein species, AS confers an evolutionary
advantage for more complex life forms. Nevertheless,
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AS dysfunction leads to aberrant proteins, which has
been thought to lead to the development of several
human diseases, including cancer [1].

Prostate cancer (PCa) accounts for almost one in
five of all newly diagnosed cancer and is projected to
be the most frequent cancer amongst men in 2018
(164,690 new cases). Moreover, estimated deaths of
PCa occupied the second (29,430 deaths) amongst
men [2]. Increasing evidence demonstrates that AS is
involved in the initiation and progression of cancer.
Several splice variants that are known to be involved
in cancer have been identified in PCa, including
VEGFA, KLF6, BCL2L2, ERG, FGFR2, TMPRSS2-ERG
and AR [3,4]. Therefore, AS disorders are to be
recognized as important biological occurances that
can be detected for tumor diagnosis as well as
function as potential targets in drug development [5].

AS could also be a potential prognostic factor in
PCa. The prognostic value of AS events and patient
prognosis have been reported in several cancer types,
including lung [6], colon [7] and bladder [8].
However, previous studies only focused on the role of
a single AS in PCa [9,10,11]. Limited efforts have been
made in systematic cancer prognostic analyses of AS
in PCa patients. Given the considerable amount of AS
occurances in PCa, it is entirely feasible that there are
several more yet to be discovered AS in this condition.

The Cancer Genome Atlas (TCGA), an initiative
spearheaded by the US National Institutes of Health,
is home to biological information on samples of more
than 10,000 patients with over 33 different types of
cancer, and is a rich source of data for investigating
patterns of AS in malignancies. SpliceSeq is a resource
for RNA-Seq data from TCGA and functions as an
easily accessible source of AS and splicing events
identification with analysis regarding potential
functional changes resulting from splice variations
[12]. Kahles et al. comprehensively analyzed AS
across 32 cancer types from 8,705 patients in order to
detect tumor variants and AS through RNA analysis
and whole-exome sequencing [13].

Given the importance of AS and the lack of a
comprehensive study regarding AS occurrences in
PCa, our study seeks to systematically profile AS in
PCa in a relatively large population. More
importantly, we aim to construct a prognosticating
model for PCa that may serve as a foundation for the
drug discovery in PCa.

Materials and methods
Identification of AS events in TCGA RNA-seq
data

Level 3 RNA-seq data and clinical information
from 495 patients were extracted from the TCGA data

portal  (https://tcga-data.nci.nih.gov/tcga/). AS
profiles were generated for each patient using the
SpliceSeq tool. A total of 495 patients with survival
times of more than 90 days and fully characterized
TCGA Splice Seq and RNA-Seq data were included in
the present study. We annotated exons using
GENCODE (GRCh38 p2 version) (https://www.gen
codegenes.org/#) and designated exons as either the
first (representing alternative transcriptional start),
last (representing alternative transcriptional end), or
internal within available transcripts. For each exon, its
FPKM (Fragments Per Kilobase per Million mapped
reads, a measure of its level of expression by RNAseq)
was downloaded and normalized as TPM (Trans Per
Million) data. The Percent Spliced In (PSI) value, a
value between 0 to 1 that is commonly used to
quantify AS occurrences, was calculated for seven
types of AS events: Mutually Exclusive Exons (ME),
Exon Skip (ES), Alternate Acceptor site (AA) and
Alternate Donor site (AD), Retained Intron (RI),
Alternate Terminator (AT), Alternate Promoter (AP).

Identification of AS events associated to
prognosis

The association between the AS events and
patient overall survival (OS) and recurrence-free
survival (RFS) were respectively evaluated by
univariate Kaplan-Meier analysis, with the p-value
threshold designated to be 0.05. Patient samples were
categorized into two groups using the PSI median
value. A Venn diagram is wused to present
relationships between AS events associated genes in
OS and RFS. For the seven types of AS, UpSet plots
were used to depict sets that intersected, as a single
gene may have more than 2 splicing events that are
each significantly linked to OS. As described by Lex et
al, UpSet plots are a novel means of depicting
intersecting sets in a more comprehensive and
quantitative manner in comparison to Venn diagrams,
especially in the case of five or more sets [14]. A
stepwise multivariate Cox regression including the
top 10 genes that were significantly associated with
prognosis (p <0.05) was applied. These genes were
then used to construct the area under the curve (AUC)
of the receiver-operator characteristic (ROC) curve for
each model. The ability of each AS to predict PCa
prognosis was derived from the ROC curve [15].

Gene network construction and functional
enrichment analyses

Further exploration of the interactions between
alternatively spliced genes in PCa was carried out via
gene network analyses. It was performed via the
Search Tool for the Retrieval of Interacting Genes
(STRING) database (http://www.string-db.org/), a
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biological databank of predicted and known
protein-protein interactions (PPI) that offers a
system-wide view of cellular processes. A confidence
score of 20.4 was determined as the threshold. Gene
networks were created with the Cytoscape (version
3.4.0) [16] program. Pathway enrichment analyses
based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) were performed for alternatively
spliced genes. The p-value <0.05 was established as
the threshold for KEGG functional analysis.

Detection of the relationship between
alternatively spliced genes expression and
prognosis and screening of prognostic
signature

TCGA PCa level 3 RNA-seq derived gene
expression levels were subjected to univariate Kaplan-
Meier analysis. The Pearson correlation coefficient
was calculated for the candidate prognosis associated
genes and the AS events identified as above. Genes
with |Pearson correlation coefficient| >0.50 were
considered to be prognostic signatures.

Development of a six-gene signature
prognostic risk score system

6 candidate prognostic genes were subjected to a
multivariate Cox regression analysis in order to
establish a prognostic risk score for predicting RFS
and OS. This score was developed using a linear
combination of the PSI value or gene expression level
multiplied by the regression coefficient determined
using the multivariate Cox regression model () with
the following formula which has been used in prior
studies [17]: Risk score = Bgenel*expgenel + Pgene2*
expgene2 + ... Pgene6*expgene6 or Risk score =
Pgenel*PSIgenel + Pgene2*PSlgene2 + ... (genet*
PSIgene6.

Two groups (the low-score and high-score
group) of patients were identified according to their
respective median risk scores. OS and RFS curves
were generated with the Kaplan-Meier method, and
two-side log-rank tests were employed to compare the
survival time between the low-risk and high-risk
groups of patients. ROC curves were generated to test
the specificity and sensitivity of the prognostic model
by calculating the AUC of the ROC curve.

Confirmation of gene expression using
RT-PCR

To confirm the expression of the six genes,
QRT-PCR was performed on prostate cell lines
including normal prostate epithelial: RWPE-1, cells
derived from in situ PCa: 22Rv1, and cells derived
from metastatic site: DU 145, LNCaP, PC-3, and
C4-2B.

PCa samples from Shanghai Changhai Hospital
were collected and categorized into high (Gleason
score =8,9,10) and low (Gleason score =6,7) grade
prostate cancer. These samples were then subjected to
QRT-PCR analysis. Ethical approval was obtained
from the ethics committee of the hospital prior to
sample collection. The Bio-Rad Connet Real-Time
PCR platform was used to perform QRT-PCR. The
Primer-BLAST online tool (https://www.ncbi.nlm.
nih.gov/tools/ primer-blast/index.cgi?LINK_LOC=BI
astHome) was used to design primers utilized for
QRT-PCR analysis. The primer sequences were shown
in Supplementary Table 1.

Table 1. the number of alternatively spliced genes in PPl for each
AS event.

oS RFS

Number of the Number Percent Number of the Number Percent
genes in PPI  of all genes in PPI  of all

network genes network genes
AA 72 151 0.48 74 167 0.44
AD 79 159 0.50 88 176 0.50
AP 98 211 0.46 176 304 0.58
AT 288 452 0.64 496 688 0.72
ES 392 548 0.72 501 656 0.76
ME 3 11 0.27 2 17 0.12
RI 112 211 0.53 131 186 0.70

Statistical analysis

All numerical data was expressed as the mean +
SD of three independent experiments. Categorical
data was presented in terms of percentages while
continuous data was presented as median (range).
The wunivariate and multivariate Cox regression
analyses were employed to identify prognosis-
associated alternative splicing events. Correlation
between alternative splicing events associated genes
expression and prognosis were analyzed with
Pearson correlation coefficient. Receiver operating
characteristic curves and Kaplan-Meier analysis
allowed for evaluation of the clinical significance of
genes for building a risk score system in PCa.
Statistical significance was determined when p <0.05.
Results were analyzed based on the SPSS version 19.0
(SPSS, Inc.). Gene networks were depicted using
Cytoscape version 3.4.0.

Results

The overall flowchart of this work was
summarized in Fig. 1.

Integrated Overview of AS events in TCGA
PCa cohort
A total of 495 PCa patients from the TCGA

database had their integrated mRNA splicing event
profiles analyzed. 10,381 genes revealed 44070 mRNA
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splicing events which comprised of 228 MEs in 223
genes, 3524 AAs in 2488 genes, 3101 ADs in 2185
genes, 8549 ATs in 3407 genes, 8993 APs in 3304
genes, 2747 Rls in 1851 genes, and 16772 ESs in 6579
genes. These findings hint that several mRNA splicing
events may be present in a single gene (Fig. 2a). Up to
50% of these alternative splicing events were ES
events, followed by AP and AT events. ME events
were rare (Fig. 2b).

Prognosis-related AS events in the TCGA PCa
cohort

To assess the prognostic values of splicing
events, clinical follow-up data (Supplementary Table
2) was integrated with the PCa patients categorized
into either high or low risk groups based on their PSI
levels. Univariate survival tests were conducted
amongst 44070 splicing events in order to study the
relationship between AS events with RFS and OS. A
total of 2407 OS associated splicing events involving
1526 genes and 3200 RFS associated splicing events
involving 1916 genes were uncovered
(Supplementary Table 3). There are 670 intersections
between the splicing events associated with OS and
RFS, involving 656 genes (Fig. 3a, b), suggesting
significant consistency between the splicing events
associated with OS and RFS. Splicing events
associated with OS are shown in Fig. 3c. It can be seen
from the figure that the ES events is not strongly
associated with OS. By contrast, the AT events appear
to be strongly associated to OS. This pattern of results
are also found when analyses were carried with RFS
(Fig. 3d), suggesting that most of the ES events were
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not associated with prognosis (about 3.8% associated
with OS and 4.8% associated with RFS), while
approximately 10% of the AT events were
significantly associated with prognosis.

Given that a single gene may possess more than
two alternative splicing patterns that may be strongly
related to prognosis, an UpSet plot was drawn to
better visualize the intersecting functions. This
diagram is depicted in Fig. 4.
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Figure 1. Overall flowchart of the work
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Figure 2. Overview of seven types of AS in this study. a, lllustrations for seven types of AS events, including Exon Skip (ES), Alternate Donor site (AD), and Alternate
Acceptor site (AA), Retained Intron (RI), Mutually Exclusive Exons (ME), Alternate Terminator (AT), Alternate Promoter (AP). b, Number of AS events and involved genes from

the 495 PCa patients.
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Potentials of AS to predict PCa prognosis

To detect whether the selected variable shear
event can be used as a prognostic signature, the top 10
most significant prognosis associated alternatively
spliced genes across seven types of AS are illustrated
in Fig. 5 and Fig. 6. Kaplan-Meier analysis was
applied (Supplementary Figure 1, 2), followed by
multivariate Cox regression in order to generate a risk
score system comprising of potentially prognostic
alternatively spliced genes. ROC curve analyses were
generated to assess the sensitivity and specificity of
gene signatures and to estimate the discriminatory
power of the prognostic gene expression signatures
(Computational ~ formulas are provided in
Supplementary Table 4). The AUC was calculated and
the data showed that all seven types of splicing events
exhibited high efficiency with a large AUC, while ME
type events were associated with the most optimal OS
(AUC: 0,972) and RI type events associated with the
most optimal RFS (AUC: 0.941) (Fig. 7).

Gene networks prognosis- associated
alternative splicing events and functional
enrichment analyses

Prognosis associated alternatively spliced genes
were computed into STRING for characterizing the
gene interaction networks. These were then visualized
using Cytoscape (Fig. 8). We documented the
regulatory network regulating splicing with their

1e+02 Te+06 Te+10 03 05

alternatively spliced genes. As shown in Fig. 8, AT
and ES participated in most of the interactions. We
also calculated the number of alternatively spliced
genes in PPI for each AS event (Table 1) and observed
that most of the prognosis associated alternatively
spliced genes participated in protein interactions,
suggesting that a majority of the genes involved
function to regulate different biological functions. To
further gain insight into the biological roles of the
alternative spliced genes, we performed KEGG
pathway analyses. 7 KEGG enriched pathways
associated with OS including AT: pyruvate
metabolism, Huntington's  disease, lysosome,
thermogenesis, ME: bacterial invasion of epithelial
cells, AD: ribosome, ES: valine, leucine and isoleucine
degradation. 14 KEGG enriched pathways associated
with RFS including ES: salmonella infection, protein
processing in the endoplasmic reticulum, peroxisome,
adherens junction, shigellosis, Alzheimer's disease,
tight junction, focal adhesion, platelet activation, AT:
lysosome, oxidative phosphorylation, thermogenesis,
AA: thermogenesis, ribosome, RI: mineral absorption,
ribosome, AD: ribosome. Importantly, survival
associated AT was found to be a critical splicing event
in OS and participates in 4 pathways while survival
associated ES played a major role in RFS as it was
involved in 9 pathways. Additionally, AA, AD, and
RI were enriched in the ribosome pathway, indicating
this pathway may correlate with recurrence (Fig. 9).
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The relationship between AS events
associated genes expression profile and
prognosis and screening of prognostic
signature

Furthermore, univariate survival test was also
conducted with genes expression profile involving in
splicing events as identified above. As shown in
supplementary Table 5, the expression of 396 genes
among 1526 OS associated alternatively spliced genes
were associated with OS. Similarly, 483 genes among
1916 RFS associated alternatively spliced genes were
associated with RFS (Supplementary Table 6).
Associations between the PSI prognostic values and
gene expression levels of prognosis associated
alternatively spliced genes were evaluated with the
Spearman’s test. Finally, we obtained 237 (59.8%)
genes significantly correlated with OS associated

alternatively spliced genes (p <0.05), and 329 (68.1%)
genes significantly correlated with RFS associated

alternatively spliced genes (Supplementary Table 7,
8).

Screening establishment of prognostic scoring
system based on six-gene signatures

As previously described, the Pearson correlation
coefficient between candidate alternatively spliced
genes and AS events was calculated, selecting genes
with |Pearson correlation coefficient| >0.50 as
candidates to construct the prognostic signature for
PCa patients. There were 46 genes associated with
RFES (Supplementary Table 9,10) and 7 associated with
OS (Supplementary Table 11,12), with 6 genes
overlapping from the two groups (Supplementary
Table 13,14). These six genes were then utilized to
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construct a prognostic risk scoring system for PCa.
Among these, LUC7L3, SUGP2, SF3B1 and CST3
showed positive coefficients in Pearson correlation
analysis. For the remaining two genes, we observed
negative coefficients in Pearson correlation analysis
(Fig. 10).

The computational formulas are provided as
follows:

Data of OS associated gene expression: Risk score=
(0.0659*express level of LUC7L3) + (-0.043*
express level of SUGP2) + (-0.013*express level of
SE3B1) +(0.0004*express level of CST3) + (0.197*
express level of UBAP2) +(0.114*express level of
ARHGEF39)

Data of RFS associated gene expression: Risk score=
(0.006*express level of LUC7L3) + (0.023*
express level of SUGP2) +(-0.009*express level of
SF3B1) + (-0.002*express level of CST3) + (0.059*
express level of UBAP2) +(0.150*express level of
ARHGEF39)

Data of OS associated PSI: Risk score= (0.021*PSI of
LUC7L3) + (0.029*PSI of SUGP2) + (0.016*PSI of
SF3B1) + (-1.892*PSI of CST3) + (-0.052*PSI of UBAP2)
+(-0.028*PSI of ARHGEF39)

Data of RFS associated PSI: Risk score= (0.0009*
PSI of LUC7L3) + (0.0182*PSI of SUGP2) + (0.0122*PSI
of SF3B1) + (-0.6707*PSI of CST3) + (0.002*PSI of
UBAP2) + (-0.0319*PSI of ARHGEF39)
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® oniy AT
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Only RI

@ Muti-Events

Figure 8. PPl network of prognosis associated alternatively spliced genes in PCa. a, PPl network of OS associated alternatively spliced genes. b, PPl network of RFS

associated alternatively spliced genes.
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Figure 11. Kaplan-Meier and ROC curves of prognosis risk score system for PCa patients. a, Kaplan-Meier curves of OS associated AS events. ¢, Kaplan-Meier

curves of OS associated gene expressions. e, Kaplan-Meier curves of RFS associated AS events. g, Kaplan-Meier curves of RFS associated gene expressions (red line indicates high
risk group while the blue line indicates low risk group). b, ROC curves of OS associated AS events. d, ROC curves of OS associated gene expressions. f, ROC curves of RFS
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The multivariate Kaplan-Meier survival curves
of the two groups based on the score system notably
different,  showing  good  performance in
distinguishing either OS or RFS for patients with
high-risk and low-risk (Fig. 1la, ¢, e, g). The
effectiveness of this prognostic model was confirmed
using ROC curves. The data showed that the
prognostic risk score system (OS associated AS
events) exhibited the highest efficiency with an AUC
of 0.941, followed by risk score (OS associated gene
expressions) with an AUC of 0.794, risk score
(recurrence-free survival associated gene expressions)
with an AUC of 0.752 and risk score (recurrence-free

survival associated AS events) with an AUC of 0.735.

Confirmation of the six gene expression

As shown in Fig. 12a, the expressions of these 6
genes were first confirmed in prostate cell lines. We
found that the expression of four among these six
genes increased from normal prostate epithelial to
PCa in situ and metastatic PCa. These four genes were
also consistently raised in the clinical samples (Fig.
12b, ¢, d, e). The clinical samples contain 27 high and
45 low grade tumors. The lowest gene expression
value was used in order to allow direct data
comparison.
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Figure 12. a, gene expression profiles in different cell lines. b, ARHGEF39 expression
profiles in clinical samples. ¢, LUC7L3 expression profiles in clinical samples. d, SF3BI
expression profiles in clinical samples e, CST3 expression profiles in clinical samples.
In clinical samples, the target gene expression was normalized to B-actin (ACt) and
compared with the maximum ACt. Data are presented as AACt. Results are
presented as mean * SD. *p <0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

Discussion

PCa is known for its biological heterogeneity
which plays a role in the development of castration-
resistant prostate cancer (CRPC), posing a substantial
obstacle for physicians. Alternative pre-mRNA
splicing may be a key genetic process which could
open up new possibilities for developing novel
markers for early diagnosis or optimal risk
stratification, and targets for future therapeutic
approaches [5,18]. Preliminary investigations into the
utility of aberrant AS event in predicting patient
outcome has been widely documented in recent
literature. For example, androgen receptor-variants
(AR-Vs) are unusually shortened AR protein isoforms
that retains the NH2-terminal domain but lacks the
variable COOH-terminal domains which
encompasses the ligand binding domain (LBD) [19].
Several preclinical investigations have suggested that
AR-Vs, specifically AR-V7, the most frequently
expressed AR-V, may be linked to the development of
enzalutamide and abiraterone resistance [20].

Additional efforts are underway to develop selective
AR-V inhibitors, which is a critical in augmenting
current chemotherapeutic options in those with
CRPC. Additionally, a classic tumor suppressor gene
KLF6, Kruppel-like factor 6 splice variant 1 (KLF6-
SV1) splice variant displays a markedly contrasting
effect on tumors. Raised expression of KLF6-SV1 is
associated with poorer prognosis and disease
recurrence in several cancers including PCa [21].

As mentioned above, in PCa, the function or
prognostic values of single alternative splicing events
of genes have been well studied, but no systematic
identification and prognostic value analysis of
splicing events have been reported. Several TCGA
data-based  research has  been  published.
Genome-wide analysis and prognostic models of
splicing events with TCGA RNA-seq data based on
SASEs were performed and created in order to
prognosticate patients with non-small cell lung cancer
[6], colorectal cancer [7], bladder urothelial carcinoma
[8], and ovarian cancer [22]. In our current study, we
provide a comprehensive analysis of alternative
splicing events and risk scores based on SASEs in 495
PCa patients for predicting the prognosis of PCa
patients. 44070 AS events from 10,381 genes were
determined with more than half of the events being
ES events. Univariate survival tests were conducted
for both RFS and OS. There is consistency between the
OS associated splicing events and RFS associated
splicing events, which is in line with clinical evidence
that the two outcomes share a similar tumorigenic
process. Moreover, associations between the PSI
values of prognosis associated alternative splicing
events and gene expression levels of prognosis
associated splicing factors were also highlighted in
our analysis in order to more accurately predict
prognostic associated alternative events. Eventually,
we built the six-gene prognosis risk score system by
correlation analysis for PSI and mRNA expression.
The model shows satisfied AUC of ROC of both genes
associated with survival and of those linked to PSI
associated survival, suggesting these genes show
promising potential in their application in PCa
prognostication, as they can be detected more
sensitively and may be utilized in the clinic.

The role of SF3B1 in cancer has been well
studied. SF3B1 mutations have been described as
driver mutation in several myeloid malignancies
including chronic lymphocytic leukemia, chronic
myelomonocytic leukemia and myelodysplastic
syndrome [23,24]. Additionally, a similar conclusion
was also drawn for breast cancer [25], liver cancer [26]
and uveal melanoma [27]. ARHGEF39, which is a
Dbl-family guanine nucleotide exchange factor, is
implicated in the development of a range of
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malignancies such as gastric cancer [28] and
non-small cell lung cancer [29]. LUC7L3 belongs to
the Luc” family, is involved in RNA splicing and is
used to identify MITF/TFE partners in translocation
renal cell carcinoma [30]. UBAP2 which codes for
ubiquitin-associated protein 2, may be interlinked
with 9p13.3 chromosomal region augmentation in
prostate  cancer, potentially participating in
tumorigenesis [31]. CST3 is a cysteine protease
inhibitor that mediates tissue inflammation,
neutrophil chemotaxis and bone resorption.
Additionally, the association between CST3 and
cancer progression was also been reported [32]. In
patients with melanoma, increased CST3 serum level
was correlated with the higher metastatic rate [33].
Janko Kos et al. reported that increased CST3 level
was significantly correlated with poor survival in
patients with colorectal cancer [34]. However, SUGP2
have not yet been studied in cancer.

Further in vivo and in vitro experiments are
required to confirm the significance of observed AS
events in this study. The noted importance of
regulation of these AS would also benefit from more
experiments concerning the discovery of in-depth
molecular mechanisms.

Patients in this cohort were stratified based on
their Gleason score. Several different classification
systems are currently being investigated, as it has
been found that several factors may contribute
towards PCa prognostication [35]. Given the use of
only Gleason score in this study, it is possible that
other factors may have been overlooked.

In summary, we have provided a comprehensive
investigation of splicing events in patients with PCa
and identified prognosis associated AS events. We
also screened the genes whose expression profile was
significantly associated with prognosis. Finally, we
constructed the prognosis risk score system based on
six-gene signatures which functioned well to stratify
risk for PCa patients. This work not only provided
insight into the pathobiological means of AS in PCa
tumorigenesis, but also lay the foundation for
development of potential prognostic biomarkers and
novel therapeutic targets of PCa.

Supplementary Material

Supplementary figures.

http:/ /www jcancer.org/v10p5585s1.pdf
Supplementary tables.

http:/ /www jcancer.org/v10p5585s2.xlsx

Acknowledgments

This study was supported by the National
Natural Science Foundation of China (81430058,
Yinghao Sun; 81802581, Wei Zhang), Shanghai

Clinical Medical Center of Urological Diseases
Program (20172701005, Yinghao Sun), and Shanghai
Sailing Program (18YF1422600, Wei Zhang).

Competing Interests

The authors have declared that no competing
interest exists.

References

1.  Zhang], Manley JL: Misregulation of pre-mRNA alternative splicing in cancer.
Cancer Discov 2013, 3(11):1228-1237.

2. Siegel RL, Miller KD, Jemal A: Cancer statistics, 2018. CA Cancer J Clin 2018,
68(1):7-30.

3. Antonopoulou E, Ladomery M: Targeting Splicing in Prostate Cancer. Int J
Mol Sci 2018, 19(5).

4. Hayes GM, Carpenito C, Davis PD, Dougherty ST, Dirks JF, Dougherty GJ:
Alternative splicing as a novel of means of regulating the expression of
therapeutic genes. Cancer Gene Ther 2002, 9(2):133-141.

5. Rajan P, Elliott DJ, Robson CN, Leung HY: Alternative splicing and biological
heterogeneity in prostate cancer. Nat Rev Urol 2009, 6(8):454-460.

6. LiY,SunN, LuZ, Sun S, HuangJ, Chen Z, He J: Prognostic alternative mRNA
splicing signature in non-small cell lung cancer. Cancer Lett 2017, 393:40-51.

7. Liu J, Li H, Shen S, Sun L, Yuan Y, Xing C: Alternative splicing events
implicated in carcinogenesis and prognosis of colorectal cancer. ] Cancer 2018,
9(10):1754-1764.

8. He RQ, Zhou XG, Yi QY, Deng CW, Gao JM, Chen G, Wang QY: Prognostic
Signature of Alternative Splicing Events in Bladder Urothelial Carcinoma
Based on Spliceseq Data from 317 Cases. Cell Physiol Biochem 2018,
48(3):1355-1368.

9. Narla G, DiFeo A, Yao S, Banno A, Hod E, Reeves HL, Qiao RF,
Camacho-Vanegas O, Levine A, Kirschenbaum A: Targeted inhibition of the
KLF6 splice variant, KLF6 SV1, suppresses prostate cancer cell growth and
spread. Cancer Res 2005, 65(13):5761-5768.

10. Hu Y, Dobi A, Sreenath T, Cook C, Tadase AY, Ravindranath L, Cullen ],
Furusato B, Chen Y, Thangapazham RL: Delineation of TMPRSS2-ERG splice
variants in prostate cancer. Clin Cancer Res 2008, 14(15):4719-4725.

11. Hu R, Dunn TA, Wei S, Isharwal S, Veltri RW, Humphreys E, Han M, Partin
AW, Vessella RL, Isaacs WB: Ligand-independent androgen receptor variants
derived from splicing of cryptic exons signify hormone-refractory prostate
cancer. Cancer Res 2009, 69(1):16-22.

12. Ryan M, Wong WC, Brown R, Akbani R, Su X, Broom B, Melott J, Weinstein J:
TCGASpliceSeq a compendium of alternative mRNA splicing in cancer.
Nucleic Acids Res 2016, 44(D1):D1018-1022.

13. Kahles A, Lehmann KV, Toussaint NC, Huser M, Stark SG, Sachsenberg T,
Stegle O, Kohlbacher O, Sander C, Cancer Genome Atlas Research N:
Comprehensive Analysis of Alternative Splicing Across Tumors from 8,705
Patients. Cancer Cell 2018, 34(2):211-224 e216.

14. Lex A, Gehlenborg N, Strobelt H, Vuillemot R, Pfister H: UpSet: Visualization
of Intersecting Sets. IEEE transactions on visualization and computer graphics
2014, 20(12):1983-1992.

15. Heagerty PJ, Lumley T, Pepe MS: Time-dependent ROC curves for censored
survival data and a diagnostic marker. Biometrics 2000, 56(2):337-344.

16. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T: Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res 2003,
13(11):2498-2504.

17.  Zhao Q, Sun J: Cox survival analysis of microarray gene expression data using
correlation principal component regression. Stat Appl Genet Mol Biol 2007,
6:Article16.

18. Sette C: Alternative splicing programs in prostate cancer. Int J Cell Biol 2013,
2013:458727.

19. Dehm SM, Tindall DJ: Alternatively spliced androgen receptor variants.
Endocr Relat Cancer 2011, 18(5):R183-R196.

20. Ho'Y, Dehm SM: Androgen Receptor Rearrangement and Splicing Variants in
Resistance to Endocrine Therapies in Prostate Cancer. Endocrinology 2017,
158(6):1533-1542.

21. DiFeo A, Martignetti JA, Narla G: The role of KLF6 and its splice variants in
cancer therapy. Drug Resist Updat 2009, 12(1-2):1-7.

22. Zhu ], Chen Z, Yong L: Systematic profiling of alternative splicing signature
reveals prognostic predictor for ovarian cancer. Gynecol Oncol 2018,
148(2):368-374.

23. WangL, Lawrence MS, Wan Y, Stojanov P, Sougnez C, Stevenson K, Werner L,
Sivachenko A, DeLuca DS, Zhang L: SF3B1 and other novel cancer genes in
chronic lymphocytic leukemia. N Engl ] Med 2011, 365(26):2497-2506.

24. Papaemmanuil E, Cazzola M, Boultwood J, Malcovati L, Vyas P, Bowen D,
Pellagatti A, Wainscoat JS, Hellstrom-Lindberg E, Gambacorti-Passerini C:
Somatic SF3B1 mutation in myelodysplasia with ring sideroblasts. N Engl J
Med 2011, 365(15):1384-1395.

http://lwww.jcancer.org



Journal of Cancer 2019, Vol. 10

5596

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Ellis MJ, Ding L, Shen D, Luo J, Suman V], Wallis JW, Van Tine BA, Hoog J,
Goiffon R], Goldstein TC: Whole-genome analysis informs breast cancer
response to aromatase inhibition. Nature 2012, 486(7403):353-360.

Cancer Genome Atlas Research  Network. Electronic address:
wheeler@bcm.edu: Comprehensive and Integrative Genomic Characterization
of Hepatocellular Carcinoma. Cell 2017, 169(7):1327-1341.e1323.

Harbour JW, Roberson ED, Anbunathan H, Onken MD, Worley LA, Bowcock
AM: Recurrent mutations at codon 625 of the splicing factor SF3B1 in uveal
melanoma. Nat Genet 2013, 45(2):133-135.

Wang H, Li M, Tao X, Qian Y, Chen L, Tao G: ARHGEF39 promotes gastric
cancer cell proliferation and migration via Akt signaling pathway. Mol Cell
Biochem 2018, 440(1-2):33-42.

Zhou H, Cai L, Zhang X, Li A, Miao Y, Li Q, Qiu X, Wang E: ARHGEF39
promotes tumor progression via activation of Racl/P38 MAPK/ATF2
signaling and predicts poor prognosis in non-small cell lung cancer patients.
Lab Invest 2018, 98(5):670-681.

Malouf GG, Su X, Yao H, Gao J, Xiong L, He Q, Comperat E, Couturier J,
Molinie V, Escudier B: Next-generation sequencing of translocation renal cell
carcinoma reveals novel RNA splicing partners and frequent mutations of
chromatin-remodeling genes. Clin Cancer Res 2014, 20(15):4129-4140.

Latonen L, Leinonen KA, Gronlund T, Vessella RL, Tammela TL, Saramaki
OR, Visakorpi T: Amplification of the 9p13.3 chromosomal region in prostate
cancer. Genes Chromosomes Cancer 2016, 55(8):617-625.

Sokol J, Schiemann W: Cystatin C antagonizes transforming growth factor beta
signaling in normal and cancer cells. Mol Cancer Res 2004, 2(3):183-195.

Kos J, Stabuc B, Schweiger A, Krasovec M, Cimerman N, Kopitar-Jerala N,
Vrhovec I: Cathepsins B, H, and L and their inhibitors stefin A and cystatin C
in sera of melanoma patients. Clin Cancer Res 1997, 3(10):1815-1822.

Kos J, Krasovec M, Cimerman N, Nielsen H, Christensen I, Briinner N:
Cysteine proteinase inhibitors stefin A, stefin B, and cystatin C in sera from
patients with colorectal cancer: relation to prognosis. Clin Cancer Res 2000,
6(2):505-511.

Loeb S, Bruinsma SM, Nicholson J, Briganti A, Pickles T, Kakehi Y, Carlsson
SV, Roobol MJ: Active surveillance for prostate cancer: a systematic review of
clinicopathologic variables and biomarkers for risk stratification. Eur Urol
2015, 67(4):619-626.

http://lwww.jcancer.org



