ORIGINAL ARTICLE

Carcinogenesis, 2018, Vol. 39, No. 7, 879-888

doi:10.1093/carcin/bgy062
Advance Access publication May 3, 2018
Original Article

Single-nucleotide polymorphisms of stemness genes
predicted to regulate RNA splicing, microRNA and
oncogenic signaling are associated with prostate cancer

survival

Jennifer A .Freedman'?f, Yanru Wang!?1, Xuechan Li? Hongliang Liu'?,
Patricia G.Moorman?3, Daniel J.George®?, Norman H.Lee*, Terry Hyslop?”,

Qingyi Weil?t and Steven R.Patierno®?*

Department of Medicine, Division of Medical Oncology, 2Duke Cancer Institute and *Department of Community and Family
Medicine, Duke University Medical Center, Durham, NC 27710, USA, “Department of Pharmacology and Physiology, The
George Washington University School of Medicine and Health Sciences, Washington, DC 20037, USA and °Department of
Biostatistics and Bioinformatics, Duke University Medical Center, Durham, NC 27710, USA

*To whom correspondence should be addressed. Tel: +1 919 613 5093; Fax: +1 919 681 7385; Email: steven.patierno@duke.edu

*These authors contributed equally to this work.

Abstract

Prostate cancer (PCa) is a clinically and molecularly heterogeneous disease, with variation in outcomes only partially
predicted by grade and stage. Additional tools to distinguish indolent from aggressive disease are needed. Phenotypic
characteristics of stemness correlate with poor cancer prognosis. Given this correlation, we identified single-nucleotide
polymorphisms (SNPs) of stemness-related genes and examined their associations with PCa survival. SNPs within
stemness-related genes were analyzed for association with overall survival of PCa in the Prostate, Lung, Colorectal and
Ovarian Cancer Screening Trial. Significant SNPs predicted to be functional were selected for linkage disequilibrium

analysis and combined and stratified analyses. Identified SNPs were evaluated for association with gene expression. SNPs
of CD44 (rs9666607), ABCC1 (rs35605 and rs212091) and GDF15 (rs1058587) were associated with PCa survival and predicted
to be functional. A role for r1s9666607 of CD44 and rs35605 of ABCC1 in RNA splicing regulation, rs212091 of ABCC1 in
miRNA binding site activity and rs1058587 of GDF15 in causing an amino acid change was predicted. These SNPs represent
potential novel prognostic markers for overall survival of PCa and support a contribution of the stemness pathway to PCa

patient outcome.

Introduction

Prostate cancer (PCa) is the most common cancer and sec-
ond leading cause of cancer-related death in men living in the
USA (1). The natural course of PCa exhibits tremendous clinical
heterogeneity; therefore, prognostic tools distinguishing indo-
lent from aggressive disease are urgently needed to delineate
patients at greater risk of progressing on active surveillance
or through localized therapy. In addition, these tools have the

potential to increase our understanding of the molecular mech-
anisms underlying aggressive disease and to rationalize specific
targeting of particular oncogenic signaling pathways in selected
patients. Such tools to distinguish and target aggressive disease
may also impact PCa disparities and the more aggressive char-
acteristics of PCa in African American men (2). Current prognos-
tic tools for PCa use non-specific host (age, race, comorbidities),
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Abbreviations
AUC area under curve
CI confidence interval
eQTL expression quantitative trait loci
FPRP false-positive report probability
GWAS genome-wide association study
HR hazards ratio
LD linkage disequilibrium
0s overall survival
PCa prostate cancer
PLCO Prostate, Lung, Colorectal and Ovarian Cancer

Screening Trial

PSA prostate-specific antigen
ROC receiver-operating characteristic
SNP single-nucleotide polymorphism

tumor [prostate-specific antigen (PSA), Gleason score] and
post-treatment characteristics (morphological and molecular
markers) (3). Pre- and post-operative nomograms employ com-
binations of the aforementioned characteristics with additional
molecular markers (4).

Much evidence suggests that cells having a stemness pheno-
type play important roles in cancer initiation, progression and
lack of treatment efficacy, and thus cancer-related death (5).
Cells within the prostate having a stemness phenotype, charac-
terized by an ability to proliferate, self-renew and give rise to the
cellular heterogeneity of the tissue, have been identified (6-9).
In addition to the benign cells within the prostate that have a
stemness phenotype, PCa cells possessing this phenotype have
also been identified (10,11). As is generally a characteristic of
cancer cells having a stemness phenotype, PCa cells having this
phenotype tend to metastasize and be resistant to therapeutic
agents, including androgen deprivation therapy, chemotherapy
and radiotherapy (12-14). Consistent with this phenotype, the
gene expression signature of these cells is predictive of poor
prognosis. Gene expression profiling studies have revealed
genes upregulated in PCa progenitor cells, including epidermal
growth factor receptor, hedgehog, Wnt/p-catenin, Notch, hyalu-
ronan/CD44, stromal cell-derived factor-1/chemokine receptor
4, genes playing a role in glycolytic metabolism, Akt, NF-kB,
hypoxia-inducible factors and embryonic stem cell-like tran-
scription factors that play a role in stemness, including Oct3/4,
Sox2, Nanog and Bmi-1 (15). Despite the presence and potential
of prostate cells having a stemness phenotype to portend a poor
prognosis, and the utmost importance of such a phenotype in
populations at the greatest risk for developing aggressive dis-
ease, none of the current prognostic tools for PCa directly reflect
stemness.

It is well established that germline single-nucleotide poly-
morphisms (SNPs) are associated with cancer risk, confirming
the significance of genetic variation as a molecular mechanism
underlying carcinogenesis. PCa is no exception to this para-
digm, and a meta-analysis using high-density SNP genotyping
data from nine studies, including subjects of European, African,
Japanese and Latino ancestry, has identified 23 SNPs associ-
ated with PCa risk (16). In addition, SNPs associated with early
onset of PCa and with aggressive PCa have also been identified
(17,18). In the post-genomic and post-GWAS era, it is possible
to take a hypothesis-driven, targeted pathway-based, multigene
approach to identify genetic variation in an oncogenic signal-
ing pathway and its association with cancer risk. Recently, we
have identified SNPs in stemness-related genes that were sig-
nificantly associated with racial disparities in susceptibility to

PCa and were predicted to function in regulation of RNA splicing
(19). Far fewer studies have revealed germline SNPs associated
with PCa prognosis, in part because of the challenge of obtaining
sufficient sample sizes with clinical annotation. Two genome-
wide association studies (GWASs) have demonstrated the po-
tential of germline SNPs to have an effect on PCa prognosis, as
these studies have used the ProtecT data and the Korean Cancer
Prevention Study-II and Korean Genome Epidemiology Study
to identify SNPs associated with the PSA level (20,21). A limited
number of smaller studies have also demonstrated the poten-
tial for germline SNPs to predict PCa prognosis; therefore, it is
important to identify SNPs associated with early biochemical
recurrence, PSA levels, tumor and prostate volume and PCa
aggressiveness/Gleason score (22-26).

Given the previous identification of germline SNPs that are
associated with PCa prognosis, it is likely that identifying gen-
etic variation in additional oncogenic signaling pathways will
lead to novel tools for PCa prognosis. In the post-GWAS era, it is
possible to take a hypothesis-driven, targeted pathway-based,
multigene approach to identify genetic variation in an onco-
genic signaling pathway and its association with cancer sur-
vival. Given the potential of prostate cells having a stemness
phenotype to portend a poor prognosis, it is likely that genetic
variation contributing to this phenotype could also serve as
novel precision biomarkers that have prognostic significance
for PCa in distinguishing aggressive from indolent disease at the
time of screening and diagnosis and/or as novel molecular tar-
gets for developmental therapeutics against aggressive PCa (19).
To elucidate such genetic variation, we applied a hypothesis-
driven, targeted pathway-based, multigene approach to identify
SNPs of stemness-related genes and examine their associations
with survival of PCa patients using available GWAS genotyping
data from the Prostate, Lung, Colorectal and Ovarian Cancer
Screening Trial (PLCO) (27). Compared with GWAS analyses, the
approach used here has the advantages of including biologic-
ally relevant targets a priori, allowing fewer SNPs to be honed
in on for analyses and enabling expression quantitative trait
loci (eQTL) analyses to assess the functional relevance of SNPs
under investigation. It should be noted that the typical highly
stringent GWAS significance threshold is not applicable to this
targeted pathway-based approach because the number of SNPs
tested is much lower.

Materials and methods

Study population

The present study included 1150 PCa cases that were diagnosed among
men enrolled in the PLCO cohort (27). The PLCO originally enrolled 77500
men and 77500 women aged 55-74 years. It is a National Cancer Institute
(NCI)-funded, multicenter, randomized trial focused on screening for
cancer at 10 medical centers in the USA between 1993 and 2011. The PLCO
collected blood specimens from the first screening visit, gathered exten-
sive information about each participant and followed all participants
for at least 13 years after enrollment. Genomic DNA extracted from the
blood samples was genotyped using Illumina HumanHap300v1.1 and
HumanHap250Sv1.0 (dbGaP accession: phs000207.v1.p1) (28). The present
study includes genotype data from 1150 non-Hispanic white PCa patients.
Tumor staging was determined according to the fifth edition American
Joint Committee on Cancer (AJCC) staging system. The follow-up time was
defined from PCa diagnosis to the date of last follow-up or time of death.
We used overall survival (OS) of PCa as the primary end point of the pre-
sent study. The institutional review boards of each participating institu-
tion approved the PLCO and the use of biospecimens for further research,
and all subjects signed a written informed consent. The current analyses
were conducted after application to and approval from the NIH/NCIL.



Gene and SNP selection

Based on the online database Genecards (http://www.genecards.org//), 25
stemness-related genes that reportedly play a role in PCa were selected,
using the search terms ‘prostate cancer stem cell’ (Supplementary
Table S1, available at Carcinogenesis Online). Genotyped SNPs within these
genes and their +2 kb flanking regions were selected for association ana-
lysis. There were available data for 635 genotyped SNPs of the 25 genes
in PLCO. SNPs in the GWAS data set were further selected by using the
following criteria: SNPs located on autosomal chromosomes; minor allelic
frequency > 5%; a genotyping rate > 95% and Hardy-Weinberg equilibrium
>1 x 107 As a result, 635 typed SNPs of the 25 genes were extracted from
the PLCO PCa GWAS data (dbGaP accession: phs000207.v1.pl). Nineteen
typed SNPs of 10 of the 25 genes showed an association with PCa OS and
passed multiple testing correction by the false-positive report probability
(FPRP) method that is independent of the number of multiple tests. These
10 gene regions were further imputed, filtering the imputed SNPs with
the criteria of minor allelic frequency > 5%, genotyping rate > 95% and
Hardy-Weinberg equilibrium > 1 x 10-° by using sequencing data from the
1000 Genomes Project to identify untyped functional SNPs that are linked
to the significant tagSNPs. The functional relevance of these SNPs was pre-
dicted by SNPinfo and RegulomeDB, which are publically available online
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tools. SNPinfo incorporates functional predictions of protein structure,
gene regulation, RNA splicing and microRNA binding (29). RegulomeDB
was used to identify the SNPs with previously reported links to eQTL
labeled within a score of ‘1’ (30).

Statistical analysis

Figure 1A provides a flowchart that outlines the analyses. Briefly, Cox
proportional hazards regression models were completed for each of the
selected SNPs of the 25 PCa stem cell-related genes. For multiple testing
correction, the FPRP approach was used with a cutoff value of 0.2 to lower
the probability of false-positive findings, which depends on the observed
P value, the statistical power and the prior probability, rather than the
number of tests (31). This is because many of the SNPs selected in the
GWAS data set are in linkage disequilibrium (LD), not independent per se,
particularly for those obtained from imputation. Based on the typed SNPs
on 500 kb flanking regions of the selected gene regions from the GWAS
data set, genotype imputation was performed with IMPUTE2 using multi-
population reference panels from the 1000 Genomes Project Phase 3 (2014
release) (32). Imputed SNPs with info value > 0.8 were qualified for fur-
ther analysis. Further filtering was completed using functional prediction
utilizing SNPinfo and eQTL annotation of RegulomeDB. Pairwise LD was
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Figure 1. (A) Overall flowchart. (B) Kaplan-Meier survival curves of prostate cancer patients, according to combined risk alleles of the four independent and significant
SNPs in low-, median-, and high-risk groups. MAF, minor allele frequency; HWE, Hardy-Weinberg equilibrium.
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estimated by using the data from Europeans in the 1000 Genomes Project
Phase 3. The number of effect genotypes was summarized to evaluate the
combined effects of all the independent and significant SNPs.

Kaplan-Meier curves and log-rank tests were used to evaluate the
associations between genotypes and OS. The heterogeneity of associa-
tions between subgroups in stratified analyses was assessed using the
y2-based Q-test. Cox regression models were used to estimate the hazard
ratio (HR) and 95% confidence interval (CI) for the associations of demo-
graphic and clinical characteristics with OS. Associations between SNPs
and OS (in additive genetic models) were obtained by both univariate and
multivariable Cox regression analyses performed by using the GenABEL
package of R software, with adjustments for age, Gleason score, stage and
primary treatment (33). In selecting our final multivariable model, we com-
bined risk alleles of the final set of independent and significant SNPs into
genetic ‘scores’ to test their joint effects on PCa survival. All patients were
allocated into eight groups, with one to eight risk alleles. Final model selec-
tion was completed based on the lowest Akaike information criterion (34).
A time-dependent receiver-operating characteristic (ROC) analysis was
performed to calculate area under curve (AUC) of SNPs and clinical char-
acteristics by using ‘survAUC’ package of R software (35). As an internal
validation, the final multivariate models were replicated in 1000 bootstrap
samples, where in each cohort sampled, a random two-third training set
and one-third testing set were analyzed with an AUC computed and then
averaged over the 1000 samples. We report the mean bootstrap AUC and
95% bootstrap Cls of the AUC for 3-, 5- and 10-year survival, as well as the
bootstrap P value, comparing the model with clinical variables alone with
clinical plus genetic variables in 1000 bootstrap training sets.

Correlations between SNPs and mRNA expression of the correspond-
ing genes were analyzed by using general linear regression with an addi-
tive genetic model in R software. Genotype data and normalized mRNA

expression levels were obtained from lymphoblastoid cell lines from 716
unrelated individuals of the HapMap 3 Project using Illumina Human-6 v2
Expression BeadChip, including 107 Northern Europeans from Utah (CEU),
242 Asians (CHB), 41 individuals of Mexican (MXL) ancestry and 326 indi-
viduals of African (YRI) ancestry (36). The raw expression data were nor-
malized on a log2 scale using a quantile method, as described previously
in the published article from the HapMap 3 Project. All statistical analyses
were calculated using SAS software (version 9.1.3; SAS Institute, Cary, NC)
unless otherwise specified.

Results

Basic characteristics of the study population

The overall workflow of the present study is summarized in
Figure 1A. Basic characteristics of the 1150 non-Hispanic white
PCa patients from the PLCO are described in Table 1. The me-
dian age of the patients was 67 years. Of these 1150 patients, 215
(18.7%) were deceased at the last follow-up (Table 1). The me-
dian follow-up time was 121.7 months. In multivariate analyses,
five of the six selected variables were found to be significantly
associated with PCa OS. These variables were age at diagnosis
(HR = 1.80, >67 versus <67), Gleason score (HR = 2.52, >8 versus
2-6), tumor stage (HR = 1.76, III/IV versus I/II), aggressiveness
(HR = 1.89, non-aggressive versus aggressive) and treatment
(HR = 2.06, 1.56, 4.28 and 2.68 for radiotherapy alone, radio-
therapy + hormone therapy, hormone therapy alone and other
treatments versus radical prostatectomy, respectively).

Table 1. Clinical characteristics of the prostate cancer PLCO study in overall survival

Frequency Univariate analysis Multivariate analysis®
Characteristics All Deaths (%) HR (95% CI) P HR (95% CI) P
Overall 1150 215 (18.7)
Age (years)
Median (range) 67 (55-81)
<67 544 70 (12.9) 1.00 1.00
67 606 145 (23.9) 2.24 (1.68-2.98) <0.001 1.80 (1.34-2.42) <0.001
PSA before diagnosis (ng/ml)
Median (range) 6.1 (0.05-1137)
<6.1 572 89 (15.6) 1.00 1.00
6.1 578 126 (21.8) 1.38 (1.05-1.81) 0.021 0.98 (0.74-1.30) 0.887
Gleason score
2>&<6 567 96 (16.9) 1.00 1.00
=7 464 76 (16.4) 1.19 (0.88-1.61) 0.254 1.23 (0.90-1.70) 0.199
>8 114 41 (36.0) 3.13 (2.17-4.53) <0.001 2.52 (1.68-3.77) <0.001
Missing 5
Stage
/11 913 153 (16.7) 1.00 1.00
II1/1v 237 62 (26.2) 1.62 (1.20-2.17) 0.002 1.76 (1.26-2.46) 0.001
Aggressiveness®
Non-aggressive 489 78 (16.0) 1.00 1.00
Aggressive 659 137 (20.8) 1.65 (1.24-2.18) 0.001 1.89 (1.40-2.56) <0.001
Missing 2
Types of treatments
Radical prostatectomy 614 75 (12.2) 1.00 1.00
Radiotherapy alone 194 46 (23.7) 2.00 (1.39-2.89) <0.001 2.06 (1.39-3.06) <0.001
Radiotherapy + endocrine therapy 202 40 (19.8) 1.96 (1.34-2.88) 0.001 1.56 (1.03-2.36) 0.035
Endocrine therapy alone 54 29 (53.7) 7.21 (4.68-11.09) <0.001 4.28 (2.64-6.92) <0.001
Other treatments 86 25(29.1) 2.53(1.61-3.98) <0.001 2.68 (1.65-4.36) <0.001

aMultivariate Cox regression analyses were adjusted for age, Gleason score, PSA level, stage and primary treatments. In subgroup of ‘Aggressiveness’, we included age,

PSA level and primary treatment for adjustments.

"Non-aggressive: cases with a Gleason score < 7 and stage < III; Aggressive: cases with a Gleason score > 7 or stage > III.



Multivariate analyses of associations between SNPs
and PCa OS

Multivariate Cox models were used in the single locus analysis
to assess associations of 635 genotyped SNPs with OS in the
presence of age, Gleason score, stage and primary treatment (as
summarized in the Manhattan plot, Supplementary Figure S1,
available at Carcinogenesis Online). Of these 635 SNPs, 24 SNPs
were individually significantly associated with OSatP <0.05in an
additive genetic model. After applying the FPRP for noteworthy
SNPs, 19 SNPs in 10 genes (TP63, ITGA1, EGFR, MET, ALDH1A1,
ITGB1, CD44, ABCC1, GDF15 and ERG) remained statistically sig-
nificant, with an FPRP < 0.2 (Supplementary Table S2, available
at Carcinogenesis Online). Then, we performed the imputation
for potentially functional SNPs in the 10 genes (Supplementary
Table S3, available at Carcinogenesis Online). Of the 3484 imputed
SNPs, 9 SNPs with potential functions as predicted by SNPinfo
and eQTL annotation of RegulomeDB were finally identified
among 127 SNPs that remained significantly associated with
PCa OS in the single locus analysis after applying an FPRP < 0.2
for noteworthy SNPs (Supplementary Table S4, available at
Carcinogenesis Online).

LD analysis of the nine predicted functional SNPs

In the LD analysis of the nine imputed SNPs predicted to be func-
tional, five SNPs of ABCC1 (rs35604, rs35605, rs35607, rs35610 and
rs35613) and two SNPs of GDF15 (rs1058587 and rs16982345) were
in high LD, respectively (all r> > 0.8) (Supplementary Figure S2,
available at Carcinogenesis Online). The five SNPs of ABCC1 men-
tioned above were all in low LD with rs212091 (all r? < 0.2) located
in 3'UTR. Compared with the high LD SNPs of the corresponding
genes, rs35605 of ABCC1 and rs1058587 of GDF15 exhibited more
functional relevance, and both were located in exonic regions
(Table 2). Therefore, rs35605, rs1058587 and two other SNPs
(rs212091 and rs9666607) were chosen as independent SNPs for
additional analyses. Regional association plots of the regions
around the four SNPs are shown in Supplementary Figure S3,
available at Carcinogenesis Online.

Combined and stratified analyses of the four
independent SNPs

The minor alleles of rs35605 and rs212091 of ABCC1 were found
to be associated with better OS of PCa, with a variant-allele
attributed HR of 0.71 (95% CI = 0.53-0.94, P = 0.018) and 0.58 (95%
CI = 0.43-0.80, P = 0.001), respectively (Table 2). Compared with
their corresponding reference genotypes in a dominant genetic
model, patients with TC and TT genotypes of rs35605 and TC and
CC genotypes of 1s212091 had a decreased risk of death (HR=0.71,
95% CI = 0.51-0.97 and P = 0.034; HR = 0.60, 95% CI = 0.43-0.84
and P = 0.003, respectively; Supplementary Table S5, available at
Carcinogenesis Online). Meanwhile, the minor alleles of rs9666607
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of CD44 and rs1058587 of GDF15 were associated with a worse OS
from PCa in an additive genetic model, with an HR of 1.28 (95%
CI = 1.04-1.58, P = 0.018) and 1.29 (95% CI = 1.05-1.59, P = 0.015),
respectively (Table 2). Compared with the reference genotypes in
a recessive genetic model, patients with risk genotypes of two
SNPs had an increased risk of death (HR = 1.86 and P = 0.002 for
1s9666607; HR = 1.76 and P = 0.015 for rs1058587, respectively;
Supplementary Table S5, available at Carcinogenesis Online). In
addition, we determined the associations between the four SNPs
and PCa-specific survival. Although no trend reached statistical
significance, CD44 rs9666607, ABCC1 rs35605 and ABCC1 rs212091
showed the same trend effecting disease-specific survival that
was shown effecting OS (Supplementary Table S6, available at
Carcinogenesis Online).

We assessed five models that combined the risk alleles uti-
lizing different groupings (Table 3 and Supplementary Table S7,
available at Carcinogenesis Online). Based on the Akaike informa-
tion criterion, the model that used four groups of all patients
having 1-2, 3,4-5 and 6-8 risk alleles, respectively, was preferred.
In this model, an increase in per-unit risk score was significantly
associated with survival after adjustments (P = 5.30 x 107,
Table 3). More specifically, compared with the lowest risk group,
the other three risk groups of 3,4-5 and 6-8 risk alleles had an HR
of 4.81, 8.35 and 11.80-fold increased risk of death, respectively,
with 95% CI and P value of 1.10-21.00 and 0.037; 2.04-34.19 and
0.003; and 2.84-49.04 and 0.001, respectively (Table 3). To visu-
alize the HR effects, we present Kaplan-Meier survival curves of
the association between OS and genotypes on the four SNPs in
Supplementary Figure S4, available at Carcinogenesis Online, and
the combined effects in Figure 1B and Supplementary Figure S5,
available at Carcinogenesis Online.

In subgroup analyses of patients with different risk scores,
which were stratified by age, PSA before diagnosis, Gleason
score, stage, aggressiveness or types of primary treatments, we
found no significant evidence for heterogeneity across strata (all
P for heterogeneity > 0.05, Supplementary Table S8, available at
Carcinogenesis Online). For each independent SNP in stratified
analysis, we observed heterogeneity in the age group for ABCC1
15212091 (P for heterogeneity = 0.017, Supplementary Table S9,
available at Carcinogenesis Online). In the subgroup of older age,
patients carried the protective allele C of rs212091 showed a bet-
ter survival, which means the allele T was associated with an
increased risk of death (Supplementary Table S9, available at
Carcinogenesis Online).

ROC curve and internal validation

We further evaluated combined risk scores for their poten-
tial to predict PCa OS by a time-dependent ROC. As shown in
Figure 2A, the AUC based on both trichotomized risk scores and
clinical characteristics was greater than that with only clinical

Table 2. The four independent and significant SNPs with potential functions

SNP Gene Chr. Position (hgl9) Location Allele® EAF SNPinfo® RegulomeDB¢ HR (95% CI)¢ pd FPRP4
159666607 CD44 11 35226155 Exon G/A 0.31 Splicing 5 1.28 (1.04-1.58) 0.018 0.141
1535605 ABCC1 16 16162019 Exon C/T 0.16  Splicing 1f 0.71(0.53-0.94)  0.018  0.138
15212091 ABCC1 16 16236650 3'UTR T/C 0.15 miRNA 7 0.58 (0.43-0.80) 0.001 0.009
151058587 GDF15 19 18499422 Exon C/G 0.26 nsSNP 4 1.29 (1.05-1.59) 0.015 0.117

Chr., chromosome; EAF, effect allele frequency; FPRP, false positive report probability; nsSNP, non-synonymous SNP; UTR, untranslated region.

“Reference/effect allele.
*SNPinfo, http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm.

‘RegulomeDB, http://regulome.stanford.edu/. SNPs with predicted scores of ‘1’ were considered as functional.
dMultivariate Cox regression analyses of an additive genetic model were adjusted for age, Gleason score, stage and primary treatments.
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Table 3. Combined analysis of the four independent and significant SNPs in four risk groups

Frequency Multivariate analysis®
Number of risk alleles® All Deaths (%) HR (95% CI) P AICe
1-2 46 2 (4.3) 1.00
3 158 19 (12.0) 4.81 (1.10-21.00) 0.037
45 709 138 (19.5) 8.35 (2.04-34.19) 0.003
6-8 213 53 (24.9) 11.80 (2.84-49.04) 0.001
Trend 5.30E-07 2666.68

AIC, Akaike information criterion.
aRisk alleles were rs9666607 A, rs35605 C, rs212091 T and rs1058587 G.

"Multivariate Cox regression analyses were adjusted for age, Gleason score, stage and primary treatments.

AIC in the trend model of multivariate Cox regression analyses.
4Two patients reached the end point were both with two risk alleles.
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Figure 2. ROC curves for prediction of prostate cancer survival based on only clinical characteristics (age, Gleason score and tumor stage) or additionally combined
effect genotypes, (A) time-dependent AUC and (B) ROC curves corresponding to the time point of 10 years.

characteristics at different time points. The AUC of the 10-year
survival models increased from 66.5% to 69.0% after adding the
genetic scores to the clinical characteristics (Figure 2B). To obtain
a more accurate estimate of the predictive performance, we also
applied the internal validation method (bootstrap) to estimate
the AUC and 95% CI. The bootstrap mean AUC and 95% CIs for
3-year survival were 73.3 (68.5-78.2) for clinical variables only
and 75.5 (70.4-80.5) for clinical plus genetic scores, bootstrap P
value = 0.032; similarly, for 5-year survival, 72.2 (68.0-76.4) for
clinical variables only and 74.2 (69.8-78.4) for clinical plus gen-
etic, bootstrap P value = 0.01; and finally, for 10-year survival,
69.7 (65.9-73.5) for clinical variables only and 71.7 (68.1-75.2) for
clinical plus genetic scores, bootstrap P value = 0.002.

The four independent SNPs and mRNA expression
of the related genes

Four independent SNPs showed some evidence of functional
relevance using online prediction tools, including SNPinfo and
RegulomeDB. Both rs35605 of ABCC1 and rs9666607 of CD44
are located in exonic regions and were predicted to play a role
in RNA splicing regulation by SNPinfo. Another SNP of ABCC1
is located in the 3'UTR and was predicted by SNPinfo to affect
the miRNA binding site activity. The non-synonymous SNP of
GDF15 could result in an amino acid substitution of the corre-
sponding protein product. To provide biological support for the
observed associations and predictions, we evaluated the cor-
relation between genotypes of the four independent SNPs and
their related mRNA expression levels using mRNA expression

data from Epstein-Barr virus-transformed lymphoblastoid cell
lines from 716 unrelated individuals in the HapMap3 Project. In
the HapMap3 Project, only sex and racial ethnicity were avail-
able for each individual. We recalculated the correlation of SNPs
and mRNA expression with and without the adjustments in all
716 individuals and 107 CEUs. All results are summarized in
Supplementary Table S10, available at Carcinogenesis Online, and
Figure 3 was revised with the adjusted P value. ABCC1 rs212091
T>C, GDF15 rs1058587 C>G, and CD44 rs9666607 G>A were signifi-
cantly associated with mRNA expression levels in overall popu-
lations (all P, < 0.05, Figure 3), of which only the risk A allele of
CD44 159666607 was associated with a higher mRNA ( = 0.053,
P, = 0.016, Figure 3A). The effect alleles of the other two SNPs
(rs212091C and rs1058587G) were all associated with a lower
mRNA expression of the corresponding gene (all <0, Figure 3E
and G). Consistent with overall populations, the analyses in CEU
population showed that the effect alleles of ABCC1 rs212091 T>C
were significantly associated with lower ABCC1 mRNA expres-
sion (P, < 0.05, f <0, Figure 3F). In addition, we found that the
minor allele T of ABCC1 rs35605 was associated with a higher
mRNA expression level (P = 0.018) in prostate tissue from the
GTEx Project (http://www.gtexportal.org/) (Supplementary
Table S11, available at Carcinogenesis Online).

Discussion

In the present study, we examined whether SNPs of stemness-
related genes are associated with PCa survival using available
genotyping data from the PLCO. After adjusting for age, Gleason
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score, stage and primary treatment, we identified four independ-
ent SNPs of the CD44, ABCC1 and GDF15 genes that are predicted
to be functional and associated with PCa survival. In addition to
the role of CD44, ABCC1 and GDF15 in stemness, these genes play
roles in tumor cell biology. Specifically, CD44, which encodes clus-
ter of differentiation 44, is a transmembrane glycoprotein (37). In
the context of tumor cell biology, an increase in CD44 expression
has been associated with metastasis and prognosis. Through
its ligands, CD44 mediates cellular adhesion, migration, innate
immunity, wound healing, cancer progression, metastasis and
activation of oncogenic signaling and transporters. Activation of
oncogenic signaling and transporters mediates cellular prolifer-
ation, migration, invasion, survival and therapeutic resistance.
Consistent with the roles of CD44, the CD44 rs9666607 G/A vari-
ant was associated with PCa survival in the present study. There
is much evidence that the CD44 gene undergoes alternative RNA
splicing. The expression of CD44 in normal and cancer cells and
CD44-mediated biological processes has been attributed to dis-
tinct CD44 isoforms. In the context of PCa, androgens and the
androgen receptor have been shown to play a role in regulating
alternative RNA splicing of the CD44 gene (38). SNPs in cis-act-
ing RNA splicing elements influence alternative RNA splicing.
Interestingly, the CD44 rs9666607 G/A variant was located in a
predicted exonic splicing enhancer and thus predicted to play a
role in RNA splicing regulation.

ABCC1, which encodes the ATP-binding cassette, subfamily
C, member 1, is a member of the ABC transporter family (39).
These transmembrane proteins play an important role in ATP-
dependent transport of lipids, metabolites and drugs. ABC trans-
porters have garnered attention in oncology, as overexpression
of such proteins, which efflux chemotherapeutic drugs from
cells, has been shown to cause multidrug resistance. In the con-
text of PCa, overexpression of ABCCI1 has been shown (40). In
addition, CD44*/CD133* PCa cells exhibiting an increased resist-
ance to cisplatin have been isolated, and the knockdown of
increased expression of Notchl in such cells has been shown
to decrease expression of ABCC1 and increase sensitivity to
cisplatin (41). More recently, ABC transporters are garnering
attention with respect to roles in cancer initiation and pro-
gression and transport of lipids that effect oncogenic signaling.
Substrates of ABCC1 include prostaglandins, leukotrienes and
sphingosine-1-phosphate. The minor alleles of the two vari-
ants of ABCC1, rs35605 C/T and rs212091 T/C were found to be
associated with better PCa survival in the present study. These
two ABCC1 variants were predicted to affect specific modes of
gene regulation, including RNA splicing and miRNA binding. The
rs35605 allele correlated with a trend toward increased expres-
sion of ABCC1 in blood cells of healthy individuals. On the other
hand, the rs212091 allele was correlated with decreased expres-
sion of ABCC1 in blood cells of healthy individuals. Multiple
ABCC1 RNA splice variants exist in PCa as well as other types
of solid tumors according to The Cancer Genome Atlas (TCGA)
Research database. The SNP rs212091 is located in exon 31,
which includes the 3'UTR, and differential RNA splicing events
involving exon 31 are detected in PCa and other types of solid
tumors. The SNP rs35605 is located in exon 13, and differential
RNA splicing events involving exon 13, while not detected in PCa
in TCGA, are detected in other types of solid tumors in TCGA,
including cancers of the breast, colon and lung. This event may
occur in stages of PCa not included in TCGA. It is possible that
1212091 and rs35605 regulate RNA splicing of ABCC1 and lead to
the opposing effects on expression and function.

GDF15, which encodes growth/differentiation factor-15, is a
cytokine and member of the transforming growth factor beta

(TGFp) family (42). It has been implicated in stress response, tis-
sue homeostasis and repair, embryonic development, osteogen-
esis, hematopoiesis and cancer risk and progression. Specific to
PCa, elevated expression of GDF15 has been shown in prosta-
tectomy and tumor-adjacent prostate tissues. GDF15 has shown
potential as a biomarker for PCa, as increased levels of GDF15
have been detected in serum from metastatic PCa patients,
GDF15 serum levels were associated with PCa prognosis, and
GDF15 is one of seven genes found to discriminate tumor and
control urine. At present, there is conflicting evidence for GDF15
having PCa suppressive and oncogenic activity. In addition, an
SNP of GDF15 has been associated with a decreased risk of PCa
and an increased risk of death from PCa (43). Consistent with
the roles of GDF15 as an oncogene and a prognostic factor for
PCa, the GDF15 rs1058587 C/G variant was found to be associ-
ated with PCa survival in the present study. This variant was
predicted to result in an amino acid change in the cystine-knot
cytokine and TGFp, C-terminal domain of GDF15.

In conclusion, we have identified SNPs of stemness-related
genes that are associated with PCa survival and are predicted
to have biological functions. An internal validation procedure,
utilizing bootstrap sampling and repeated generation of training
and testing sets, demonstrated the utility of the genes we iden-
tified beyond the usual prognostic variables. Limitations of the
present study include those associated with using available data
from the PLCO and HapMap3 Project. The genotype data includes
only 1150 non-Hispanic white PCa patients and thus prohibited
us from identifying SNPs of stemness-related genes and exam-
ining their associations with survival of African American PCa
patients. In addition, not having access to the target PCa tissues
from the participants prevented us from performing gene expres-
sion analysis using such tissues. Furthermore, associations were
limited to the clinical variables included in the data set. In the
future, these results should be confirmed in a larger, prospect-
ive study. In addition, associations of these SNPs with PCa sur-
vival should be investigated in a racially diverse cohort. Given
the higher PCa incidence and mortality in African Americans
and the more aggressive biology of African American PCa, under-
standing the molecular mechanisms underlying PCa in African
Americans and developing associated novel approaches for pre-
vention and treatment that will help reduce PCa disparities for
African Americans are urgently needed. Moreover, correlations
between genotypes of independent SNPs and their related mRNA
expression levels should be investigated in prostate tissue.
Furthermore, the functional consequences of the SNPs should be
assessed in PCa cells. Finally, generation of a cohort with anno-
tated behavioral, social, neighborhood and physiological factors
would enable associations of these SNPs with such factors to be
evaluated. Our findings that the AUC of the 10-year OS models
significantly increased after adding the genetic scores to clinical
variables and that in the time-dependent ROC, the cumulative
AUC at different time points were greater than the one includ-
ing only clinical variables suggest that these genetic factors have
the potential to serve as novel molecular targets for develop-
ment of biomarkers of aggressive PCa. Thus, our recent identi-
fication of RNA splicing regulatory variants in stemness-related
genes that were significantly associated with racial disparities in
susceptibility to PCa (19), and our findings in the present study
suggest genetic variation that impacts regulation of RNA splicing
of genes involved in stemness could be developed as biomark-
ers of PCa risk and survival. In addition, given the roles of these
stemness-related genes in tumor cell biology, these genetic fac-
tors also have the potential to serve as novel molecular targets
for developmental therapeutics against aggressive PCa.
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