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Prognostic biomarkers are needed to distinguish patients with clinically

localized prostate cancer (PCa) who are at high risk of metastatic progres-

sion. The tumor transcriptome may reveal its aggressiveness potential and

have utility for predicting adverse patient outcomes. Genomewide gene

expression levels were measured in primary tumor samples of 383 patients

in a population-based discovery cohort, and from an independent clinical

validation dataset of 78 patients. Patients were followed for ≥ 5 years after

radical prostatectomy to ascertain outcomes. Area under the receiver-oper-

ating characteristic curve (AUC), partial AUC (pAUC, 95% specificity),

and P-value criteria were used to detect and validate the differentially

expressed transcripts. Twenty-three differentially expressed transcripts in

patients with metastatic-lethal compared with nonrecurrent PCa were vali-

dated (P < 0.05; false discovery rate < 0.20) in the independent dataset.

The addition of each validated transcript to a model with Gleason score

showed that 17 transcripts significantly improved the AUC (range: 0.83–
0.88; all P-values < 0.05). These differentially expressed mRNAs represent

genes with diverse cellular functions related to tumor aggressiveness. This

study validated 23 gene transcripts for predicting metastatic-lethal PCa in

patients surgically treated for clinically localized disease. Several of these

mRNA biomarkers have clinical potential for identifying the subset of PCa

patients with more aggressive tumors who would benefit from closer moni-

toring and adjuvant therapy.
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1. Introduction

In the United States, an estimated 180 890 new cases

of prostate cancer (PCa) will be diagnosed in 2016 and

more than 26 000 will die from the disease, making

PCa the second leading cause of cancer-related death

among American men (Siegel et al., 2016). PCa is bio-

logically heterogeneous and has a variable clinical

course; therefore, it is a challenge to predict which

patients diagnosed with localized tumors will experi-

ence metastatic progression. Gleason score is currently

the best clinical variable for determining tumor aggres-

siveness and metastatic potential. Prognostic biomark-

ers that can improve upon Gleason score and

accurately determine the individualized risk of meta-

static progression for men diagnosed with clinically

localized PCa and treated with radical prostatectomy

(RP) are urgently needed.

Tumor-derived gene expression signatures have been

shown to have predictive power for distinguishing

between patients with more aggressive vs. less aggres-

sive PCa (Bostrom et al., 2015; Ross et al., 2016).

These gene expression levels are the product of under-

lying tumor genomic variation and epigenomic modifi-

cation, both of which may influence metastatic

progression (Alumkal et al., 2008; Goering et al.,

2012; Jeronimo et al., 2011; Schoenborn et al., 2013).

Most reported gene expression panels were selected

from a limited set of selected genes or biological path-

ways previously implicated in carcinogenesis (Cuzick

et al., 2011; Klein et al., 2014; Nakagawa et al., 2008;

Penney et al., 2011). Of the three commercially available

gene expression panels for predicting PCa outcomes,

only one (Decipher, GenomeDx) was constructed from

an analysis of genomewide mRNA data (Erho et al.,

2013). The Decipher panel uses 22 transcripts to predict

clinical metastasis in patients treated with RP. Some

gene expression panels have been validated by subse-

quent studies to inform secondary treatment decisions

(Bishoff et al., 2014; Cooperberg et al., 2013; Klein

et al., 2016; Knezevic et al., 2013). However, there

remains substantial room to improve the prognostic

capabilities of these expression panels, including identi-

fying other transcripts that capture additional informa-

tion about tumor aggressiveness.

Here, we examine genomewide tumor gene expres-

sion levels in a population-based cohort of patients

with PCa who underwent RP as primary therapy, with

the goal of identifying novel prognostic biomarkers.

Transcriptome data were used to select the most infor-

mative gene transcripts based on their ability to

improve upon Gleason score for predicting metastatic

progression. Promising transcripts were then analyzed

in an independent cohort for validation of their accu-

racy as prognostic biomarkers.

2. Materials and methods

2.1 Study population

This study included 383 men of European American

ancestry from the Fred Hutchinson (FH) Cancer

Research Center cohort who were diagnosed with clin-

ically localized PCa and underwent RP as primary

treatment. These patients were previously enrolled in

population-based studies of PCa in residents of King

County, Washington (Agalliu et al., 2008; Stanford

et al., 1999). The first study included men aged 40–
64 years who were diagnosed between 1993 and 1996,

while the second study focused on men aged 35–
74 years who were diagnosed between 2002 and 2005.

The Fred Hutchinson Institutional Review Board

approved the study, and all participants signed

informed consent statements. Clinical information

including PSA level at diagnosis, pathological tumor

stage (local = pT2, N0/NX, M0; regional = pT3–T4
and/or N1, M0), and Gleason score was collected from

the Seattle-Puget Sound Surveillance, Epidemiology,

and End Results (SEER) cancer registry. PCa recur-

rence status was determined from the data collected in

two follow-up surveys that were completed by patients

in 2004–2005 and in 2010–2011, with review of medical

records and physician follow-up for clarification as

needed. Patients were classified as having PCa recur-

rence if they reported a postsurgery PSA of

≥ 0.2 ng�mL�1, had received secondary treatment (e.g.,

salvage radiation, androgen deprivation therapy,

orchiectomy, or chemotherapy), had a positive lymph

node or prostate bed biopsy, MRI, CT, or bone scan

showing metastatic PCa, were told by a physician that

the PCa had recurred, or died from PCa. Vital status

and underlying cause of death were obtained from the

SEER cancer registry, and cause of death was con-

firmed by review of death certificates. Patients who

developed metastasis or died of PCa were combined in

a metastatic-lethal category. Over an average follow-

Abbreviations

AUC, area under the receiver-operating characteristic curve; EV, Eastern Virginia; FDR, false discovery rate; FFPE, formalin-fixed, paraffin-

embedded; FH, Fred Hutchinson; mRNA, messenger RNA; pAUC, partial AUC; PCa, prostate cancer; PSA, prostate-specific antigen; RNA,

ribonucleic acid; RP, radical prostatectomy; SEER, Surveillance, Epidemiology, and End Results.
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up time of 12.8 years, there were 278 patients who had

no evidence of PCa recurrence and 27 patients who

progressed to metastatic-lethal PCa and were included

in the analyses.

The validation dataset consisted of 78 European

American men diagnosed with clinically localized PCa

who had radical prostatectomy and were treated at

Eastern Virginia (EV) Medical School. The dataset

included 32 men with metastatic or lethal PCa and 46

men with no evidence of recurrence (nested case–
control design); these patients were diagnosed and

treated during a similar time period as those in the dis-

covery cohort. Metastatic-lethal PCa was identified

using a similar protocol as for the FH cohort. These

men were diagnosed with PCa in 1992–2009 and were

followed for PCa outcomes on average for 9.0 years.

2.2 Sample preparation and RNA extraction

Formalin-fixed, paraffin-embedded (FFPE) PCa tumor

tissue blocks were obtained from radical prostatectomy

samples and used to make H&E-stained slides, which

were reviewed by a PCa pathologist to confirm the

presence of and the location of prostate adenocarci-

noma. For each patient, two 1-mm tumor tissue cores

were taken from the areas enriched with ≥ 75% tumor

cells from the dominant lesion. For 20 patients, benign

adjacent tissue cores were also taken. The RNeasy�

FFPE Kit (Qiagen Inc., Valencia, CA, USA) was used

to isolate the RNA from tissue cores, and the samples

were quantified with RiboGreen, aliquoted (200 ng per

patient) onto 96-well plates, and shipped to Illumina

for gene expression profiling (April et al., 2009). Tumor

RNA samples from patients with various outcomes

were randomly distributed across the plates and labora-

tory personnel were blinded to this information.

2.3 Gene expression profiling

The WG_DASL� HT Assay (Illumina, Inc., San

Diego, CA, USA) was used for gene expression profil-

ing. RNA was reverse-transcribed to cDNA using

biotinylated oligo (dT) and random nonamer primers

and immobilized to a streptavidin-coated solid sup-

port. Prequalification of cDNA was assessed using

quantitative RT-PCR and the analysis of housekeeping

gene RPL13a. Biotinylated cDNAs were annealed to

assay-specific oligonucleotides to create PCR templates

that were amplified using labeled and biotinylated uni-

versal primers. Labeled PCR products were captured

on streptavidin paramagnetic beads, washed, and

denatured to yield single-stranded fluorescent mole-

cules that were hybridized to the HumanHT-12 v4

Expression BeadChip. Samples were scanned using a

BeadArray� Reader that reads the fluorescence intensi-

ties, and intensity data file images were extracted for

29 377 transcripts that map to 20 818 genes.

2.4 Statistical analysis

Gene expression data were quantile-normalized and

log2-transformed (R Core Development Team, 2012;

http://cran.r-project.org/). Low-quality probes were fil-

tered out with IlluminaHumanWGDASLv4.db in R

Bioconductor, leaving 26 051 transcripts for further

analysis. Batch effects were removed using ComBat

(Johnson et al., 2007). FH blind duplicate samples

from 11 patients that were randomly distributed across

the plates had correlations ranging from 0.98 to 0.99,

and replicate samples from two patients that were

included on every plate had mean correlations of 0.99.

For the EV cohort, there were blind duplicate samples

from eight patients and replicates samples from four

patients, all with correlations ≥ 0.99.

The analysis strategy utilized a sequential selection,

panel building, and refinement approach (Feng et al.,

2004). As a first step, the FH discovery cohort was

used to assess the ability of each of the 26 051 tran-

scripts to distinguish men with metastatic-lethal PCa

(n = 27) from men with no evidence of recurrence

(n = 278). The AUC (area under the receiver-operating

characteristic curve) and pAUC (partial AUC) (Ma

et al., 2013) were calculated for each transcript. While

the AUC evaluates the overall performance, the pAUC

can be used to evaluate the performance at a fixed

high specificity (or sensitivity). We calculated the

pAUC at 95% specificity, aiming to select transcripts

with a low false-positive rate for classifying patients

with metastatic-lethal PCa. This approach increases

confidence that patients classified as high risk by the

biomarker in fact have high-risk tumors, which is

important if these men are to undergo more aggressive

monitoring and treatment regimens. Those transcripts

that ranked in the top 4% based on pAUC and the

top 1% based on AUC were included in a reduced

biomarker panel (n = 1216 transcripts).

We next identified in the FH cohort the subset of

biomarkers in the reduced panel of 1216 mRNAs that

showed the greatest improvement over Gleason score,

because we aimed to find the transcripts that were

complimentary to Gleason score in predicting tumor

aggressiveness. Other potential prognostic classifiers

were also considered, including age at diagnosis, diag-

nostic PSA level, and pathological tumor stage (lo-

cal = pT2, N0/NX, M0; regional = pT3–T4 and/or

N1, M0); however, these did not improve upon
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Gleason score alone (P-values for likelihood ratio test

> 0.05) and therefore were not included in subsequent

models. A logistic regression model was fit with Glea-

son score as the predictor and metastatic-lethal vs.

nonrecurrent PCa as the outcome. Using that base

model, forward model building was performed for

transcript selection based on three criteria to judge the

model performance: pAUC (at specificity of 0.95),

AUC, and P-value (Wald test). Transcript selection

continued until the model’s increase in pAUC was less

than 0.0005, increase in AUC was less than 0.005, or

P-value was greater than 0.05. To avoid randomness,

for each criterion we bootstrapped random samples

1000 times and repeated the stepwise model building

on each bootstrap sample. Those transcripts (n = 48)

that appeared more than 40 times in at least one of

the 1000 panels based on each of the three criteria

were picked as the most robust markers for further

analysis.

The panel of 48 robust transcripts identified in the

FH cohort was then evaluated in the independent EV

testing dataset. For each transcript, the AUC and

pAUC (at 95% specificity) were calculated for classify-

ing metastatic-lethal vs. nonrecurrent PCa. A t-test

was also performed for each biomarker to compare

the mean mRNA levels between the patient groups. P-

values for the AUC and pAUC were computed using

10 000 permutations, and 95% confidence intervals

were calculated using 2000 stratified bootstrap repli-

cates (pROC package in R). A P-value threshold of

0.05 (two-tailed test) was considered statistically signif-

icant, and a false discovery rate (FDR) of less than

0.20 was considered noteworthy to account for multi-

ple testing in the validation dataset (Benjamini and

Hochberg, 1995). Likelihood ratio tests were also com-

puted to compare the goodness of fit for base models

fit with Gleason score alone and alternative models fit

with Gleason score plus a transcript. All statistical

analyses were conducted using the R statistical comput-

ing software (http://cran.r-project.org/).

In order to identify molecular drivers of the genes in

the transcript signature, we used the Ingenuity Path-

way Analysis (Ingenuity Systems�, www.ingenuity.

com) to perform Upstream Regulator Analysis

(Kramer et al., 2014). The analysis was restricted to

experimentally observed results from within the Inge-

nuity Knowledge Base. Only direct relationships with

Fisher’s exact test overlap P-values < 0.05 were consid-

ered in molecular associations. Gene set enrichment

analysis (GSEA) was also performed to identify the

pathways that were overrepresented by the set of

gene transcripts in the validated expression panel

(Subramanian et al., 2005).

3. Results

3.1 Patient cohort characteristics

For both the FH and EV patient cohorts, the mean

age at diagnosis of patients with metastatic-lethal PCa

was similar to that of patients with no evidence of

recurrence (Table 1). As expected, men who pro-

gressed to metastatic-lethal outcomes were more likely

to have higher Gleason scores, regional stage disease,

and higher diagnostic PSA levels in both cohorts.

3.2 Evaluation of gene transcripts in the

discovery cohort

The 48 transcripts that were most predictive of meta-

static-lethal PCa events in the FH discovery cohort are

included in Table S1. These biomarkers were selected

based on their ability to improve the prognostic classi-

fication above Gleason score alone. The number of

times each biomarker was selected for model inclusion

by each criterion (AUC, pAUC, and P-value) is shown

in Table S2. Approximately half of the transcripts (25

of 48) had higher mRNA expression levels in meta-

static-lethal PCa patients compared with patients with-

out recurrence, and the fold change in mRNA levels

between the two patient groups ranged from 0.39 to

2.55 (Table S1). The AUC and pAUC values for pre-

dicting metastatic-lethal PCa events ranged from 0.54

to 0.84 and 0.0036 to 0.0186, respectively.

3.3 Evaluation of gene transcripts in the

validation dataset

The panel of 48 top-ranked transcripts identified

through a sequential selection strategy in the training

dataset was then evaluated in the EV testing dataset.

Forty-one (85.4%) of the transcripts had gene expres-

sion differences in the same direction (e.g., overexpres-

sion in metastatic-lethal compared with nonrecurrent

patients) in the EV cohort as was observed in the FH

training cohort. Twenty-three (47.9%) of the 48 tran-

scripts were validated based on significant AUC,

pAUC, and/or t-test P-values (Table 2); all

FDRs < 0.20 (Table 2). Of these, ten transcripts were

significant based on all three criteria, including those

for genes ALDH1A2, CLTCL1, DPT, ITGA11, KLC3,

PNMAL1, SPRY4, TNFSF4, TSC22D3, and ZNF704.

The transcript with the highest AUC was for SRD5A2

(AUC = 0.78, P-value = 1.0 9 10�4); mRNA expres-

sion differences for ALDH1A2 and TSC22D3 were the

most significant according to the AUC criterion

(P-values < 1.00 9 10�6). The transcript with the
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highest pAUC was for gene KLC3 (pAUC = 0.0154,

P-value < 1.0 9 10�6). The differential expression t-

test P-value was < 0.0008 for five transcripts (for genes

ALDH1A2, CLTCL1, SRD5A2, TSC22D3, and

ZNF704). A heat map of the 23 validated transcripts

in the two patient groups (metastatic-lethal and nonre-

currence) is included in Fig. S1.

3.4 Prognostic performance of validated

transcripts modeled with Gleason score

We next evaluated the performance of each of the 23

validated transcripts for classifying metastatic-lethal

PCa when combined with Gleason score in the EV

dataset (Table 3, Fig. 1). The AUC for Gleason score

alone was 0.80, which is higher than other reported

studies and likely reflects the nested case–control study
design in which a high percentage of patients with

metastatic-lethal outcomes had high Gleason score (8–
10) tumors. Gleason score had a pAUC of 0.0084 for

predicting metastatic-lethal PCa in the EV dataset.

The addition of individual transcripts to models with

Gleason score alone improved all the AUCs, which

ranged from 0.83 to 0.88. Fifteen of the 23 transcripts

also resulted in higher pAUCs (range: 0.0107–0.0254).
Likelihood ratio tests for differential gene expression

between patient groups were significant (P-value

< 0.05) for 17 transcripts (ALDH1A2, CENPE,

CLTCL1, DPT, ITGA11, KLC3, PJA1, PLCL2,

PNMAL1, SELE, SIGLEC8, SPRY4, TNFRSF19,

TNFSF4, TPX2, TSC22D3, and ZNF704), providing

evidence that these biomarkers are complimentary to

Gleason score for the prognostic classification of

patients with PCa. Most of the validated mRNAs pro-

vided unique information about tumor aggressiveness,

however, three pairs of transcripts in the validated set

of 23 were correlated (P-values < 0.05): CCNA2 and

TPX2 (r2 = 0.61); SRD5A2 and DPT (r2 = 0.56); and

SRD5A2 and FBLN1 (r2 = 0.73).

3.5 Functional classification of gene expression

panel

Functional categorization of the panel of 23 vali-

dated gene transcripts was performed using Gene

Ontology, BioCarta, KEGG, NCIPID, and Reactome

pathway annotations available from bioDBnet

(https://biodbnet-abcc.ncifcrf.gov). These genes are

included in the following broad categories: cell cycle/

proliferation; cytokine/immune/inflammatory; matrix/

adhesion; hormone/receptor/signal transduction; trans-

port; and other (Table S3). Further examination using

Table 1. Selected characteristics of the Fred Hutchinson (FH) and Eastern Virginia (EV) prostate cancer patients. SD, standard deviation;

PSA, prostate-specific antigen.

FH training dataset (n = 305)

P-valuea

EV testing dataset (n = 78)

P-valuea

No recurrence Metastatic-lethal No recurrence Metastatic-lethal

n = 278 n = 27 n = 46 n = 32

No. % Mean (SD) No. % Mean (SD) No. % Mean (SD) No. % Mean (SD)

Age at

diagnosis

(year)

58.2 (6.9) 57.8 (6.7) 0.38 59.8 (6.6) 60.1 (5.9) 0.41

Gleason score

≤ 6 157 56.5 5 18.5 < 0.01 14 30.4 2 6.2 < 0.01

7(3 + 4) 93 33.4 11 40.7 27 58.7 9 28.1

7(4 + 3) 15 5.4 5 18.5 2 4.3 7 21.9

8–10 13 4.7 6 22.2 3 6.5 14 43.8

Pathological stageb

Local 213 76.6 13 48.1 < 0.01 26 56.5 0 0 < 0.01

Regional 65 23.4 14 51.9 20 43.5 32 100

PSA (ng�mL�1) at diagnosis

< 4.0 47 16.9 2 7.4 < 0.01 11 23.9 5 15.6 < 0.01

4.0–4.9 174 62.6 7 25.9 30 65.2 19 59.4

10.0–19.9 30 10.8 6 22.2 3 6.5 6 18.8

≥ 20 11 4.0 8 29.6 1 2.0 2 6.2

Missing 16 5.7 4 14.8 1 2.0 0 0

a A t-test (age) or chi-square test was used (all categorical variables). b Local = pT2, N0/NX, M0; Regional = pT3–T4 and/or N1, M0.
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IPA (Ingenuity Pathway Analysis, www.ingenuity.com)

and Upstream Regulatory Analysis indicated that

expression of 11 (48%) of the 23 genes may be modu-

lated by nuclear hormone receptors, including the an-

drogen receptor (AR), aryl hydrocarbon receptor (AHR),

estrogen receptor 1 (ESR1), glucocorticoid receptor

(NR3C1), and peroxisome proliferator-activated receptor

gamma (PPARG) (Fig. S2). The Fisher’s exact test over-

lap P-values were < 0.05 for all nuclear hormone recep-

tors shown. Enrichment of the immune/inflammatory

pathway was confirmed by gene set enrichment analysis

(GSEA), and IPA indicated that several genes in this

pathway may be regulated by the transcription factor

CEBPB (Fig. S3).

4. Discussion

Our results demonstrate that gene expression levels in

primary prostate tumor tissue can significantly improve

upon Gleason score for distinguishing patients with clin-

ically localized disease who will develop metastatic pro-

gression or lethal PCa from those who remain

recurrence-free for at least 5 years after radical prostate-

ctomy. Of the 48 transcripts identified in the discovery

cohort as being differentially expressed and able to dis-

criminate between the two patient groups, with prog-

nostic power above that of Gleason score alone, 23 were

validated to predict metastatic-lethal outcomes in an

independent testing dataset.

The 23 differentially expressed transcripts reported

here, which were selected using an agnostic genome-

wide approach, have a minimal overlap with the com-

mercially available panels for predicting adverse

patient outcomes (Table S4). Only two genes repre-

sented in our panel are also included in the Oncotype

DX Prostate Cancer Assay (Klein et al., 2014):

SRD5A2 and TPX2. One gene, TNFRSF19, is

included in the Decipher panel (Erho et al., 2013).

There is no overlap between our validated panel of 23

mRNAs with those used to calculate the Prolaris cell

cycle progression (CCP) score (Cuzick et al., 2011);

however, four other cell cycle-regulated genes are rep-

resented in our panel (CCNA2, CENPE, CLTCL1,

and TPX2).

Table 3. Predictive performance of 23 validated transcripts in models combining each transcript with Gleason score in the Eastern Virginia

prostate cancer testing dataset. Significant P-values are shown in boldface.

Transcript ID Gene

Gleason scorea + transcript

P-valuebAUC pAUC

ILMN_1748538 ALDH1A2 0.87 0.0166 0.006

ILMN_1786125 CCNA2 0.83 0.0035 0.468

ILMN_1716279 CENPE 0.84 0.0107 0.017

ILMN_1694584 CLTCL1 0.86 0.0186 0.007

ILMN_1673843 CST2 0.85 0.0039 0.084

ILMN_1708107 DPT 0.85 0.0127 0.027

ILMN_1700541 FBLN1 0.86 0.0065 0.083

ILMN_1756358 FBXO36 0.84 0.0187 0.069

ILMN_2406084 ITGA11 0.86 0.0146 0.024

ILMN_1702738 KLC3 0.86 0.0185 0.001

ILMN_1661895 PI15 0.84 0.0079 0.115

ILMN_1734810 PJA1 0.86 0.0122 0.032

ILMN_1737025 PLCL2 0.84 0.0077 0.030

ILMN_1794490 PNMAL1 0.85 0.0213 0.006

ILMN_1739393 SELE 0.85 0.0160 0.036

ILMN_1730295 SIGLEC8 0.84 0.0254 0.006

ILMN_2086105 SPRY4 0.85 0.0179 0.028

ILMN_1788895 SRD5A2 0.86 0.0027 0.076

ILMN_1704154 TNFRSF19 0.86 0.0028 0.016

ILMN_2089875 TNFSF4 0.85 0.0157 0.006

ILMN_1796949 TPX2 0.85 0.0026 0.039

ILMN_1748124 TSC22D3 0.88 0.0180 0.001

ILMN_1656192 ZNF704 0.87 0.0171 0.002

a For comparison with Gleason score alone: AUC = 0.80; pAUC = 0.0084. b P-value for the likelihood ratio (LR) test comparing a model with

Gleason score alone with a model with Gleason score and the transcript for predicting metastatic-lethal vs. nonrecurrent prostate cancer.
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The genes represented by the 23 validated transcripts

belong to several broad functional categories with

diverse biological properties related to tumor aggres-

siveness, including hormone receptor signaling, adhe-

sion, transport, inflammation, and cell cycle regulation.

Eleven of these genes interact with nuclear hormone

receptors [AR, AHR, ESR1, NR3C1, and PPARG

(Table S3)] that regulate gene expression through ligand

binding. Androgen and its receptor, AR, drive PCa

development and progression (Capper et al., 2016), and

estrogen has been shown to mediate PCa progression

through the interaction with ESR1 (Mishra et al.,

2015). The other receptors influence inflammatory

response (NR3C1 and PPARG) and cell proliferation

and differentiation (AHR and NR3C1).

PCa-specific mortality results from metastasis of the

primary tumor; therefore, biological drivers of meta-

static progression have strong potential to predict

aggressive tumor biology. Genes with functions

related to this process are represented in the

expression panel, including six genes in the adhesion/

matrix pathway that may influence a cancer cell’s

ability to escape the primary tumor. Cell signaling

and transport are critical functions related to cancer

cell migration and establishment at a new location

that are also represented by transcripts in the panel

(17 and three genes, respectively). Chronic inflamma-

tion contributes to the metastatic process by provid-

ing a microenvironment that supports cancer cell

growth (Gurel et al., 2014; Shiao et al., 2016). Eight

of the 23 genes represented in the validated set of

transcripts are in the inflammatory/immune pathway.

Three of these genes were upregulated and five were

downregulated in patients progressing to metastatic-

lethal outcomes. In addition, seven inflammation-

related genes are shown to be regulated by the tran-

scription factor CEBPB, which functions to both pro-

mote proliferation and arrest growth in different cell

types and is itself frequently dysregulated in cancer

(Barakat et al., 2015; Willis et al., 2015).

Fig. 1. ROC curves for predicting metastatic-lethal prostate cancer. The top 10 validated transcripts with an AUC ≥ 0.85 for the

transcript + Gleason score are shown. Curves are shown for each transcript (GE = gene expression) alone, Gleason score (GL) alone, and

the transcript plus Gleason score combined (GE + GL).
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Cell cycle-regulated genes coordinate the normal cel-

lular functions of replication, division, differentiation,

and proliferation (Mosley and Keri, 2008; Whitfield

et al., 2002, 2006). With cell cycle dysregulation, nor-

mal DNA damage response does not occur, leading to

mutation accumulation, unchecked cell growth, and

increased risk of metastasis. The four cell cycle-regu-

lated genes (CCNA2, CENPE, CLTCL1, and TPX2)

in the current study were all overexpressed in patients

who progressed to metastatic-lethal PCa. Of these,

CCNA2 is of particular interest because it was also

overexpressed in PCa relative to normal (benign) pros-

tate tissue in three independent datasets, with even

higher levels in metastatic samples (Grasso et al.,

2012; Tomlins et al., 2007; Yu et al., 2004). CCNA2

upregulation is a promising therapeutic target in part

because this gene is reported to interact with a number

of available cancer drugs (Gao et al., 2014).

The 23 transcripts confirmed in the current study

were evaluated for their ability to improve upon the

predictive value of Gleason score alone (AUC = 0.80),

with individual transcript plus Gleason score AUC

values ranging from 0.83 to 0.88. Other potential prog-

nostic classifiers, including PSA level at diagnosis and

pathological tumor stage, did not improve upon mod-

els with Gleason score only (P-values > 0.05) and were

therefore not included in the model. These predictive

values are similar to or higher than those reported for

the commercially available gene expression panels

(Table S4): 0.74 for Decipher, 0.67 for Oncotype DX,

and 0.88 for Prolaris (Cuzick et al., 2011; Erho et al.,

2013; Klein et al., 2014). However, these AUC values

are not directly comparable because of the differences

in study design. Furthermore, the current study

focused on individual transcripts, while other studies

assessed the ability of transcripts combined into scores

to predict the outcomes. It is important to note that

there is a minimal overlap of transcripts in this study

with the commercially available gene expression pan-

els, suggesting that biomarkers from this study may

provide unique biological information to improve the

prognostic power of gene expression panels for distin-

guishing the patients at high risk of metastatic progres-

sion after radical prostatectomy.

Strengths of this study are the transcriptome-wide

approach for identifying prognostic biomarkers, the

population-based discovery cohort, the long-term fol-

low-up of patients diagnosed with clinically localized

disease, and the serious endpoint of metastatic-lethal

PCa. The identified transcripts were validated in an

independent patient dataset, confirming their ability to

improve upon Gleason score for predicting these

adverse outcomes. The 23 candidates that passed the

validation dataset, however, should be further vali-

dated, individually and jointly, in another independent

testing dataset before they are locked down for a piv-

otal validation trial of clinical utility. A potential limi-

tation is the number of patients with metastatic-lethal

PCa. However, these outcome events are rare in PCa

patients diagnosed with localized tumors and treated

surgically, and therefore, extended follow-up periods

are needed to accrue patients with metastatic progres-

sion. PCa is clinically and biologically heterogeneous, so

a combination of biomarkers that capture a range of

disease-related biological functions will likely perform

better than individual markers. Due to concerns about

overfitting the data, we did not combine the 23 tran-

scripts into a prognostic score. Future work in other

independent patient cohorts is needed to combine the

transcripts into a score, with the goal of improving

prognostic power to predict tumor aggressiveness.

In conclusion, we identified and validated 23 genes

with differential expression profiles that improve upon

Gleason score for distinguishing patients who progress

to metastatic-lethal PCa from those who remain recur-

rence-free for five or more years after radical prostatec-

tomy. These genes represent diverse biological pathways

related to tumor aggressiveness. Several of these are

known PCa genes, but a number of them have not previ-

ously been described as playing a role in this disease and

its propensity to metastasize. The gene expression

biomarkers identified here have potential clinical utility

for identifying the subset of patients that would benefit

from closer surveillance and adjuvant therapy.
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