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Abstract

BACKGROUND—Prostate cancer (PCa) is clinically and biologically heterogeneous, making it
difficult to predict at detection whether it will take an indolent or aggressive disease course. Cell
cycle-regulated genes may be more highly expressed in actively dividing cells, with transcript
levels reflecting tumor growth rate. Here we evaluated expression of cell cycle genes in relation to
PCa outcomes in a population-based cohort.

METHODS—Gene expression data were generated from tumor tissues obtained at radical
prostatectomy for 383 population-based patients (12.3-years average follow-up). The overall mean
and individual transcript levels of 30 selected cell cycle genes was compared between patients
with no evidence of recurrence (73%) and those who recurred (27%) or died (7%) from PCa.

RESULTS—The multivariate adjusted hazard ratio (HR) for a change from the 25t to 75t
percentile of mean gene expression level (range 8.02-10.05) was 1.25 (95% CI1 0.96-1.63; P=
0.10) for PCa recurrence risk, and did not vary substantially by Gleason score, TMPRSS2-ERG
fusion status, or family history of PCa. For lethal PCa, the HR for a change (25 to 75t
percentile) in mean gene expression level was 2.04 (95% CI 1.26-3.31; = 0.004), adjusted for
clinicopathological variables. The ROC curve for mean gene expression level alone (AUC =
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0.740) did not perform as well as clinicopathological variables alone (AUC = 0.803) for predicting
lethal PCa, and the addition of gene expression to clinicopathological variables did not
substantially improve prediction (AUC = 0.827; £=0.18). Higher 7K1 expression was strongly
associated with both recurrent (2= 6.7x107°) and lethal (2= 6.4x1076) PCa.

CONCLUSIONS—Mean expression level for 30 selected cell cycle-regulated genes was
unrelated to recurrence risk, but was associated with a two-fold increase in risk of lethal PCa.
However, gene expression had less discriminatory accuracy than clinical variables alone for
predicting lethal events. Transcript levels for several genes in the panel were significantly
overexpressed in lethal vs. non-recurrent PCa.

Keywords

cell cycle-regulated genes; gene expression; patient outcomes; population-based cohort; prostate
cancer

INTRODUCTION

Prostate cancer (PCa) is highly prevalent, and it is second only to lung cancer as a leading
cause of cancer-related death among American men [1]. In 2015, an estimated 220,000 PCa
cases will be diagnosed and more than 27,000 men will die from the disease. PCa is
characterized by substantial biological heterogeneity, which makes it clinically challenging
to predict tumor aggressiveness and to identify which patients need treatment. Therefore,
additional prognostic biomarkers that are independent of the current standard
clinicopathological measures of diagnostic prostate-specific antigen (PSA) level, tumor
stage, and Gleason score are urgently needed to more accurately predict individual patient
outcomes.

The dysregulation of cell cycle-regulated genes is a common feature shared among different
cancer types that has been associated with cancer aggressiveness and poor patient outcomes
[2-6]. Cell cycle-regulated genes are those with expression levels that peak at specific times
in the cell cycle and oscillate with a periodicity corresponding to cell cycle duration [7].
These genes are crucial for normal growth and development as they are involved in
processes necessary for cell duplication including DNA replication and repair, spindle
assembly, and the accurate segregation of daughter chromosomes. The observation that
increased expression of cell cycle genes is often associated with proliferative tumors may be
due in part to the presence of large numbers of cycling cells in these tissues. However, many
of these genes are also likely directly involved in tumorigenesis (e.g., STKand PLK;, with
peak expression levels at cell cycle phase G2/M, that exhibit transforming activity in cell
lines) [8]. Other cell cycle-regulated genes have decreased expression level in proliferative
tumors that is associated with metastasis and poor prognosis. Included in this group are
genes with peak expression levels at the M/G1 phase of the cell cycle that are involved in
cell adhesion and actin cytoskeleton regulation, such as VCL, CNN2, SMTN, and AFAP
[7,9,10].

Molecular signatures of tumor aggressiveness based on the expression profile of cell cycle-
regulated genes were initially developed to sort breast cancer [2,3,11-13] and lymphoma [5]
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patients into good versus poor prognostic subgroups. Subsequently, several studies (Suppl.
Table 1) of PCa patients evaluated a panel of 31 cell cycle-regulated genes to assess
expression levels in relation to prognosis. Cuzick et al. [14,15] studied a cohort of men
treated with radical prostatectomy (RP) at a U.S. facility and a conservatively managed PCa
cohort from the U.K. and reported that the average expression level of the 31 genes was an
independent prognostic marker for PCa recurrence and mortality. In a more recent study,
Cooperberg et al. [16] analyzed a series of RP patients from an academic medical center and
also reported that the gene expression information improved the ability to stratify PCa
patients into lower versus higher risk groups for biochemical recurrence. To further evaluate
the relationship between tumor tissue RNA expression profiles of genes in the cell cycle
pathway (selected based on Cuzick et al, [14,15]) and prognosis, we studied a population-
based cohort of PCa patients who had undergone RP. We evaluated the expression profile of
30 genes (Suppl. Table 2) in relation to outcomes and its predictive accuracy for predictive
accuracy for classifying patients at risk for PCa recurrence and lethality. In addition, we
tested for differences in expression level of each gene according to patient outcome groups.

MATERIALS AND METHODS

Patients

The present study included 383 men of European American ancestry who had undergone RP
as primary treatment for clinically localized PCa and were previously enrolled in population-
based studies of PCa in King County, Washington [17,18]. The first study ascertained cases
under age 65 years who were diagnosed between 1993 and 1996, and for the second study
men were under age 75 and were diagnosed between 2002 and 2005. The study was
approved by the Fred Hutchinson Cancer Research Center Institutional Review Board, and
all participants signed informed consent statements. Patient information including
demographic factors, family cancer history, pathological tumor stage, Gleason score, PSA
level at diagnosis, and tumor TMPRSS2-ERG fusion status was available. Vital status and
underlying cause of death were obtained from the Seattle-Puget Sound SEER cancer registry
and coded according to SEER guidelines [19]. Follow-up surveys were completed by
patients between 2004-2005 and 2010-2011, and patients were classified as recurrent if they
had a rising post-treatment PSA level (PSA = 0.2 ng/mL), received secondary treatment
(e.g., radiation therapy, androgen deprivation therapy, orchiectomy, or chemotherapy), had a
positive lymph node or prostate bed biopsy, MRI, CT, or bone scan showing PCa, were told
by a physician that their PCa had recurred, or died of PCa (confirmed by death certificate).
A lethal phenotype category was defined as patients who developed metastasis or died of
PCa.

Sample Preparation and RNA Extraction

Formalin-fixed paraffin-embedded (FFPE) tumor tissue blocks from RP samples were used
to prepare H&E stained slides that were reviewed by a PCa pathologist to confirm the
presence and location of prostate adenocarcinoma. Two 1-mm tumor tissue cores per patient
were taken from the dominant lesion in areas containing = 75% tumor cells. RNA was
isolated using the RNeasy® FFPE Kit (Qiagen Inc., Valencia, CA), quantified using
RiboGreen, and stored at -80°C. A 200ng RNA aliquot per patient was shipped to Illumina
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for genome-wide gene expression profiling [20]. Laboratory personnel were blinded to
patient outcomes, which were evenly distributed across batches of tumor RNA.

Gene Expression Profiling

Expression profiling was conducted using the Whole-Genome DASL® (cDNA-mediated
Annealing, Selection, Extension, and Ligation) HT Assay (Illumina, Inc., San Diego, CA).
Briefly, tumor RNA was converted to cDNA using biotinylated oligo and random nonamer
primers, and was subsequently immobilized to a streptavidin-coated solid support.
Quantitative RT-PCR and analysis of housekeeping gene RPL13awere used for
prequalification assessment of cDNA. Biotinylated cDNAs were annealed to assay-specific
oligonucleotides to create PCR templates that were amplified using labeled and biotinylated
universal primers. The labeled PCR products were captured on streptavidin paramagnetic
beads, washed, and denatured to yield single-stranded fluorescent molecules. These were
hybridized to the HumanHT-12 v4 Expression BeadChip and scanned using BeadArray®
Reader to extract intensity images for >29,000 transcripts. We included a blind duplicate
sample for six patients that were randomly distributed across the plates. The transcript
correlations between duplicated samples ranged from 0.98 to 0.99. In addition, replicate
tumor RNA samples from two patients were included on every plate, and the transcript
correlations across plates were >0.99 for each subject.

Statistical Analysis

Batch effects were removed using ComBat [21] and gene expression data were quantile
normalized and log2 transformed using R statistical computing software [22]. Gene
expression levels were then calculated for: 1) men without evidence of PCa recurrence; 2)
men with any evidence of PCa recurrence; and 3) a subgroup of patients who developed
metastasis or died of PCa (Table 1). Time to recurrence was imputed for patients who died
from PCa but whose date of recurrence was unknown [23], based on those with known time
to recurrence who died of PCa. Follow-up time was calculated from the date of PCa
diagnosis to the date of recurrence, PCa-specific death or death from another cause, or last
follow-up.

Low quality probes were filtered out with Illumina Human WGDASLv4.db in R
Bioconductor. Of 31 cell cycle-regulated genes evaluated by Cuzick et al. [14,15], 30 were
robustly expressed in our dataset (c18orf24 was filtered out due to low quality). For eight
genes with multiple transcripts, we selected the transcript with the highest variability in the
non-recurrence group for analysis. Expression levels for the 30 transcripts were used to
calculate the mean gene expression level for each patient.

Cox proportional hazards models were used to calculate hazard ratios (HR) for time to PCa
recurrence and time to PCa death according to the mean gene expression level, with and
without adjusting for clinicopathological variables. Clinicopathological variables included
age at diagnosis, Gleason score, diagnostic PSA level (using the natural logarithm of 1+PSA
for consistency with earlier reports (categorized with a missing indicator variable)) [14,15],
and pathologic tumor stage. Additional models were adjusted for the established cell
proliferation marker Ki67 [24]. Secondary analyses evaluated mean gene expression level by
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time to recurrence in subsets of patients stratified by tumor TMPRSS2-ERG fusion status,
first-degree PCa family history, and Gleason score (stratified into three groups: <6; 7=3+4;
and >7=4+3). Kaplan-Meier plots were generated for both overall recurrence and lethal PCa
outcomes using mean expression level divided into three categories: 1) < 25th percentile; 2)
25th to 75th percentile; and 3) = 75th percentile. Log-rank tests were used to determine
whether the time to event was significantly different between the highest (= 75%) and lowest
(< 25%) categories. Receiver operating characteristic (ROC) curve analysis was performed
to examine the sensitivity and specificity of models with mean gene expression level alone,
clinicopathological variables alone, and mean gene expression level combined with
clinicopathological variables, using a 5-fold cross validation, for both recurrence and lethal
PCa outcomes. For these analyses, recurrence or lethal PCa outcome compared to non-
recurrence was modelled as a binary outcome.

We next examined the expression levels of individual genes included in the 30 gene panel in
relation to patient outcomes. The mean expression level of each transcript was compared
between men without evidence of PCa recurrence and: 1) men with any evidence of PCa
recurrence; and 2) a subgroup of patients with metastatic or lethal PCa, using a ¢test.

Mean gene expression level of the 30 transcripts was calculated for 383 PCa cases (mean
age at diagnosis = 58 years) who were classified as having no evidence of PCa recurrence
(73%) or having a recurrence event (27%) over an average follow-up of 12.3 years (Table 1).
A subset of cases who progressed to metastatic or lethal PCa (7% of the total cohort) was
also examined (Table 1). The average gene expression level was lower for the non-
recurrence group (mean expression level = 8.82) compared to the recurrence group (mean
expression level = 8.94, £=0.005), and it was highest in men who progressed to metastatic
or lethal PCa (mean expression level = 9.13, £=0.002). The median time of follow-up or
time to event was: 12.4 years for the non-recurrence group; 12.2 years for the recurrence
group; and 12.5 years for the metastatic/lethal PCa group (Table 1).

The hazard ratio (HR) associated with a change from the 25 to 75t percentile of mean
expression level distribution (range 8.02-10.05, Suppl. Figure 1) in the univariate analysis
was 1.43 (95% CI 1.12-1.84; P=004) for time to recurrence and 2.41 (95% CI 1.57-3.71, P
< 0.0001) for time to PCa death (Table 2). After adjusting for covariates (i.e., age at
diagnosis, diagnostic PSA level, Gleason score, and pathological stage), the HRs decreased
to 1.25 (95% ClI 0.96-1.63; £=0.10) for overall recurrence and 2.04 (95% CI 1.26-3.31; P
= 0.004) for lethal outcomes. Addition of the cell proliferation marker Ki67 expression to
the models did not significantly change the results (not shown). Mean gene expression level
was weakly correlated with diagnostic PSA level (0.15) and Gleason score (0.14). Figure 1
provides Kaplan-Meier curves for time to recurrence and time to PCa metastasis or death for
patients stratified by percentile of mean expression level distribution. Patients in the high
(=75%) versus low (<25%) expression group had a lower probability of recurrence-free
survival (log-rank test #=0.01) and lethal PCa-free survival (log-rank test 2= 0.006) over a
15-year follow-up period.
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In secondary analyses, Cox proportional hazards models were used to evaluate mean gene
expression level by time to PCa recurrence after stratifying by Gleason score, 7TMPRSS2-
ERG fusion status, and PCa family history (Suppl. Table 3). The HR associated with mean
expression level for patients with a Gleason score of < 6 (HR=1.29; 95% CI 0.0.71-2.37)
was not significantly different (P= 0.73) from those with higher Gleason scores of 7(3+4),
HR=1.36 (95% CI 0.90-2.05) and Gleason 7(4+3) and 8-10 combined, HR=1.09 (95% ClI
0.70-1.69). Patients with TMPRSS2-ERG fusion positive tumors had an HR for time to
recurrence (1.61; 95% CI 1.13-2.31) similar to patients with fusion negative tumors (HR =
1.36; 95% CI 1.10-1.68; £=0.67) in relation to mean expression level. HRs for expression
level in association with time to recurrence did not differ substantially (2= 0.86) in patients
without (HR = 1.42) versus with a family history of PCa (HR = 1.51). There were too few
individuals in the lethal PCa subgroup to complete stratified analyses.

ROC curve analyses were used to examine specificity and sensitivity of mean gene
expression level in comparison to clinicopathological variables for predicting PCa
recurrence and lethal PCa (Figure 2). The expression level alone (AUC = 0.597) did not
perform as well as the clinicopathological variables alone (AUC = 0.756) for predicting PCa
recurrence, and when expression level was combined with clinical variables, there was a
non-significant improvement (AUC = 0.759, £=0.17). Similar results were obtained for
predicting lethal PCa, with clinicopathological variables performing better (AUC = 0.803)
than expression level alone (AUC = 0.740), and their combination showing only slight
improvement (AUC = 0.827) over the clinicopathological variables (P= 0.18).

For the individual gene analysis, the expression of 7KZ exhibited the greatest statistically
significant difference among the patient groups (Suppl. Table 4). The lowest level of
expression was observed in patients with no evidence of PCa recurrence (9.54), with
substantially higher levels seen in the recurrence group (9.96, P= 6.7x107°) and in the lethal
PCa group (10.5, P= 6.4x1075). Nine other genes exhibited a similar pattern of statistically
significant differences (£ < 0.05) between the groups, with the lowest expression level for
the non-recurrence group. Four transcripts (one in NUSAPI, ORC6L, PBK, and PTTGI)
had a higher level of expression in the non-recurrence group compared to the other groups,
however, these differences were not statistically significant (£> 0.05).

DISCUSSION

Our results demonstrate that the average gene expression level of 30 cell cycle-regulated
genes is associated with time to PCa metastasis/death, independent of age, stage, PSA level,
and Gleason score at diagnosis in a population-based cohort of men who underwent RP;
however, this finding is based on a limited number of lethal events (n=27). The mean
expression level was not associated with overall PCa recurrence after controlling for
clinicpathological variables. These results are not totally consistent with findings from
Cuzick et al. [14,15] who first described the mean expression level of cell cycle-regulated
genes as a potential biomarker for predicting recurrence in a series of PCa patients in the
U.S. who underwent RP at a single facility [14], and for predicting time to death in
conservatively managed (i.e., watchful waiting) patients in the U.K. who were diagnosed by
TURP [14] or needle biopsy [15] (Suppl. Table 1). Cuzick et al. [14,15] generated
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expression data for 31 cell cycle genes using an RT-PCR assay (Myriad Genetics, Inc.; Salt
Lake City, UT), while we generated genome-wide transcriptome data and excluded one of
the 31 genes (c18orf24) due to poor quality transcript data. The HRs reported by Cuzick et
al. [15] for changes from the 25t to 75t percentile of the mean gene expression distribution
for PCa-specific mortality (unadjusted HR = 2.56; HR adjusted for clinical variables = 1.96)
are of similar magnitude and direction as ours (unadjusted HR = 2.41; adjusted HR = 2.41).
Cuzick et al. [14] reported HRs for time to biochemical recurrence as a 1-unit change in
mean gene expression level corresponding with an unadjusted HR = 1.89 and an adjusted
HR = 1.77, while our results, which are not directly comparable due to scale differences in
expression level, do not provide evidence of association with overall risk of PCa recurrence
(unadjusted HR = 1.43; adjusted HR = 1.25, comparing the 25" to 75t percentile).

Other recent studies using the same gene expression panel (see Suppl. Table 1) include one
by Cooperberg et al. [16] who studied a series of 413 RP patients treated at an academic
medical center. They reported an unadjusted HR = 2.1 (95% CI 1.6-2.9) per unit increase in
mean expression level, and an adjusted HR = 1.7 (95% CI 1.3-2.4), for biochemical
recurrence or use of secondary treatment. Freedland et al. [25] calculated mean expression
level for 141 African American and European American patients who underwent external
beam radiation therapy (EBRT), and reported an adjusted HR of 2.11 (95% CI 1.05-4.25)
for each 1-unit increase in score for time to biochemical recurrence, and an unadjusted HR
of 3.77 (95% CI 1.34-10.4) for disease-specific mortality. Bishoff et al. [26] evaluated the
mean gene expression level in biopsy samples from a series of RP patients (n=582), and
reported adjusted HRs of 1.47 (95% CI 1.23-1.76) for recurrence and 4.19 (95% CI 2.08-
8.45) for time to metastasis. These latter results, however, are based on small numbers of
adverse events (i.e., 6 deaths in Freedland et al. [25] and 12 patients with metastatic disease
in Bishoff et al. [26]). Our study examined the mean expression level of cell cycle-regulated
genes in a population-based cohort, which may be more representative of the general PCa
patient population in the U.S. than previous studies based on highly selected groups of
hospital- or clinic-based patients from a single or a few facilities. To our knowledge, our
study is the first to stratify patients based on tumor TMPRSS2-ERG fusion status or first-
degree family history of PCa, and we found similar HRs for time to biochemical recurrence
in these subgroups.

Despite differences across studies (Suppl. Table 1), most found similar associations (HRs of
approximately 2.0) between mean expression level of selected cell cycle-regulated genes and
risks of either PCa recurrence or lethal PCa, suggesting that expression level reflects tumor
behavior. However, associations results may not directly translate into the gene expression
profile having sufficient accuracy for classification of individual PCa patients. Pepe et al.
[27] have shown that very strong associations on the order of =10-fold in magnitude (e.g.,
HRs > 10.0) are usually required to accurately distinguish between individuals with versus
without a particular disease-related outcome. Use of a biomarker test to guide treatment
decisions for individual PCa patients also requires consideration of its classification
performance (i.e., sensitivity, specificity, positive and negative predictive values) in terms of
its intended clinical context and the extent to which its inclusion improves risk classification
beyond existing prognostic factors (e.g., stage, Gleason score, PSA) [28]. To investigate the
potential clinical application of the mean expression level of the 30-gene expression panel,
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we used ROC curve analyses for predicting both time to PCa recurrence and PCa-specific
death. These results showed that expression level did not substantially improve the ability to
predict patient outcomes beyond that of clinicopathological variables (age, Gleason score,
stage, PSA) alone. Although the mean gene expression level was associated with a two-fold
increase in the HR for lethal PCa, it had limited accuracy for stratifying individual patients
into lower versus higher-risk groups for predicting subsequent recurrent or lethal PCa.

The majority of the cell cycle-regulated genes in the panel were overexpressed in tumor
tissue from patients who experienced PCa recurrence compared to patients with no evidence
of recurrence, with the highest expression level present in those with lethal PCa. The
upregulation of cell cycle genes in proliferative tumors is well documented in the published
literature for several different types of cancer [2-6]. These genes are necessary for normal
function of the cell division cycle, as they play key roles in DNA replication and repair, and
chromosomal segregation, and they are frequently deregulated during tumorigenesis [8]. In
our study, there was a significant overexpression particularly of genes with peak expression
levels during the G2 and G2/M phases of the cell cycle, such as CDC2, KIF11, KIF20A,
PRC1, and TOPZA, with functions related to mitosis (see Suppl. Table 2). None of the genes
examined in this study had significantly lower expression levels in the lethal PCa group,
although previous studies have identified cell cycle-regulated genes that exhibit decreased
expression levels in proliferative tumors and are associated with poor patient outcomes
[7,9,10].

The top gene in the gene panel with significantly higher expression levels for the recurrence
and lethal PCa patient groups compared to the non-recurrence group was thymidine kinase 1
(7KI). TK1 is a DNA repair enzyme that peaks during the S phase of the cell cycle [29],
when DNA replication occurs. It is an established serum biomarker for several types of
cancer (e.g., breast, colon, lung, and lymphoma [30-32]), and its overexpression in tumor
compared to normal tissues was demonstrated across multiple cancer types, including PCa,
along with an increase in expression level with tumor grade[33]. Our study also
demonstrated that overexpression of FOXM1, KIF20A, and PRCI transcripts was
significantly (= 0.001) associated with lethal PCa.

CONCLUSIONS

Our results confirm an association between the mean expression level of selected cell cycle-
regulated genes and time to lethal PCa in a cohort of population-based patients treated with
RP. However, mean expression level did not substantially improve the AUC and had less
discriminatory accuracy than standard clinicopathological variables alone for predicting
disease recurrence or lethal patient outcomes. Several of the cell cycle-regulated genes (e.g.,
TK1, FOXMI) were significantly upregulated in tumors with more aggressive behavior,
these may contribute most to the cell cycle dysregulation involved in PCa progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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