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Abstract

Background—The associations of ERG overexpression with clinical behavior and molecular
pathways of prostate cancer are incompletely known. We assessed the association of ERG
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expression with AR, PTEN, SPINK1, Ki-67, and EZH2 expression levels, deletion, and mutations
of chromosomal region 3p14 and TP53, and clinicopathologic variables.

Methods—The material consisted of 326 prostatectomies, 166 needle biopsies from men treated
primarily with endocrine therapy, 177 transurethral resections of castration-resistant prostate
cancers (CRPC), and 114 CRPC metastases obtained from 32 men. Immunohistochemistry, FISH,
and sequencing was used for the measurements.

Results—ERG expression was found in about 45% of all patient cohorts. In a multivariate
analysis, ERG expression showed independent value of favorable prognosis (P = 0.019). ERG
positivity was significantly associated with loss of PTEN expression in prostatectomy (P =
0.0348), and locally recurrent CRPCs (P = 0.0042). Loss of PTEN expression was associated (P =
0.0085) with shorter progression-free survival in ERG-positive, but not in negative cases. When
metastases in each subject were compared, consistent ERG, PTEN, and AR expression as well as
TP53 mutations were found in a majority of subjects.

Conclusions—A similar frequency of ERG positivity from early to late stage of the disease
suggests lack of selection of ERG expression during disease progression. The prognostic
significance of PTEN loss solely in ERG-positive cases indicates interaction of these pathways.
The finding of consistent genetic alterations in different metastases suggests that the major genetic
alterations take place in the primary tumor.

Impact—Interaction of PTEN and ERG pathways warrants further studies.

Introduction

Gene fusions involvingTMPRSS2(transmembrane protease, serine 2) and ETS family
transcription factors are common in prostate cancer. The most common fusion occurs
betweenTMPRSS2 and ERG[v-ets erythroblastosis virus E26 oncogene homolog (avian)], in
approximately 50% of clinical prostate cancers (1). TMPRS2 is expressed in normal and
neoplastic prostate tissue, but its exact biologic activity and function are unclear. The
androgen response elements, located in the TMPRSS2 promoter region, make TMPRSS2
androgen inducible (2, 3). Fusion with TMPRSS2 make ETS transcription factors to become
androgen inducible leading to their overexpression in prostate cancer. Approximately 90%
of prostate cancers with ERG overexpression have TMPRSS2: ERG fusion (4). Two other
known gene fusions causing ERG overexpression are SLC45A3: ERG(solute carrier family
45,member3) and NDRG1:ERG (N-myc downstream regulated 1), whose frequencies are
less than 5% (5).

Discordant data have been published concerning the effects of TMPRSS2: ERG fusion on
prognosis and survival. In prostatectomy-treated patients, some have found association with
better prognosis and survival (6, 7), some with more aggressive disease (8-10), and others
have not found any association (11, 12). In a recent meta-analysis of 5,074 men treated with
radical prostatectomy, no association with good or bad prognosis was found (13). In
hormonally treated patients, TMPRSS2: ERG fusion has not been found to predict the
response to therapy, suggesting that the TMPRSS2: ERG fusion does not implicate hormone
dependence of the cancer (14, 15).
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In vitro studies have shown that activation of the androgen receptor (AR) increases ERG
expression in fusion positive cells (16). It has also been suggested that ERG could disrupt
androgen signaling directly by inhibiting AR expression and suppressing AR downstream
target genes (17). Previous studies have suggested that TMPRSS2: ERG fusion is associated
with deletions of TP53 (tumor protein p53), PTEN, and a region in chromosome 3p14
(GRCh37/hg19, chr3 ~71, 000, 000-73,000,000 bp, UCSC Genome Browser; refs. 18, 19).
The expression levels ofEZH2[enhancer of zeste homolog 2 (Drosophila)] and ERG have
been found to be positively correlated in clinical prostate cancers. ERG can bind to the
EZH2 promoter and induce its expression (17). In prostatectomy samples, SPINK1 (serine
peptidase inhibitor, Kazal type 1) has been found to be almost exclusively expressed in ETS-
fusion negative tumors (20). Association between AR and PTEN has also been suggested,
but the results have been controversial showing both positive and negative correlations (21—
24).

The aim of the study was to systematically interrogate whether ERG expression is associated
with the expression of PTEN, AR, SPINK1, Ki-67, and EZH2, and with the genomic copy
number and mutations of TP53 and chromosome region 3p14 in large cohorts (totaling over
800 samples and 701 patients) of prostate cancers of different stages. A separate goal was to
study clonality of prostate cancer metastases.

Materials and Methods

Clinical tumor samples

The use of clinical material was approved by the ethical committee of the Tampere
University Hospital (TAUH, Tampere, Finland) and the National Authority for Medicolegal
Affairs and the Johns Hopkins Medicine Institutional Review Board (autopsy samples).

Prostatectomy specimens—Three-hundred and twenty six formalin-fixed, paraffin-
embedded (FFPE) prostate cancer samples from consecutive prostatectomies were obtained
from TAUH. The clinicopathologic description of the cohort is given in Supplementary
Table S1. Progression was defined as prostate-specific antigen (PSA) value 0.5 ng/mL or
more in two consecutive measurements or the emergence of metastases. Fifty-one percent of
the patients experienced progression.

Prostate needle biopsy specimens—One-hundred and sixty six FFPE samples from
initial diagnostic prostate needle biopsies were obtained from TAUH. The material has been
previously described in details (14) and in Supplementary Table S1.

Locally recurrent CRPC specimens—One-hundred and seventy seven FFPE samples
of locally recurrent castration-resistant prostate cancer (CRPC) from transurethral resection
of the prostate (TURP) were obtained from the TAUH (Supplementary Table S1).

CRPC metastases—114 metastases were obtained from 32 men who died of CRPC and
underwent autopsy as part of the project to Eliminate Lethal Prostate Cancer (PELICAN)
rapid autopsy program at the Johns Hopkins Autopsy Study of Lethal Prostate Cancer
(Supplementary Tables S2 and S3). During the course of their treatment for metastatic
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prostate cancer all subjects received androgen deprivation therapy, either with LHR
Hanalogue or orchiectomy. Many of them also received antiandrogens, one or more,
intermittently during the course of their disease.

Representative regions of FFPE tissue blocks were chosen for tissue microarray constructed
as described previously (6).

Dual- and three-color FISHs were carried out for detecting TMPRSS2: ERG rearrangement,
as well as deletions of TP53 and chromosomal region 3p14. Locus-specific bacterial
artificial chromosome probes were used: RP11- 164E1 (ERG), RP11-814F13 (upstream of
TMPRS2), RP11-367P1 (region between TMPRSS2 and ERG), RP11- 1057H11 (PDZRNS3,
chromosome 3p14), RP11-643D1 (FOXP1, chromosome 3p14), RP11-37G14 (SHQL,
chromosome 3p14), RP11-584A6 (MITF, chromosome 3p14),CTD- 305405 (TP53). A
chromosome 17 centromere-specific probe (p17H8) was used as a control in FISH analysis
of TP53 deletion. FISH was performed as previously described by Saramaki and colleagues
(6). FISH signals were scored from nonoverlapping nuclei with an Olympus BX50
epifluorescence microscope equipped with a charge-coupled device camera. Stacks of nine
images were captured through each filter set with the Image-Pro Plus 6.1 software (Media
Cybernetics Inc) and combined to produce an RGB image with an extended depth of focus.

Immunohistochemistry—Antibodies against ERG (EPR3864; Epitomics, Inc.), SPINK1
(6ES; ref. 25), AR (318; Novocastra Laboratories Ltd.), PTEN (138G6; Cell Signaling
Technology), Ki-67 (MML1; Leica Biosystems Newcastle Ltd.), and EZH2 (NCL-L-EZH2;
Novacastra) were used with Power Vision+ Poly-HRP IHC kit (ImmunoVision
Technologies Co.) according to the manufacturer’s instructions. The protocol has previously
been described (14). Slides were scanned with an Aperio ScanScope XT scanner (Aperio
Technologies, Inc.), and scoring was done in a blinded fashion with the use of a virtual
microscope (26). ERG, SPINK1, AR, and PTEN staining intensity was classified on a scale
from 0 to 3. The immunohistochemical staining criteria are listed in Supplementary Table
S4. Immunoratio (27, 28) web application was used for scoring Ki-67 and EZH2 staining.

Sequencing of TP53—TP53 exons 4 to 9 and introns 5, 7, and 8 were sequenced.
Primers used are listed in Supplementary Table S5. First, PCR was carried out with either
nonmicrodissected or laser capture microdissected (LCM) samples. Cycle sequencing
reaction was carried out with BigDye Terminator Cycle Sequencing kit (Applied
Biosystems), and the amplified products were sequenced using ABI Prism 310 or ABI Prism
3700-based capillary gel electrophoresis. Suspected mutations were confirmed in a
separately isolated and amplified LCM sample.

The mutations found by sequencing were confirmed by single-strand conformation
polymorphism (SSCP). Primers used are listed in Supplementary Table S6. Purified PCR
products were denatured and loaded onto 20% TBE polyacrylamide precast gels (Invitrogen)
using Thermo-Flow Electrophoresis Temperature Control System (Invitrogen). The gel was
stained with SybrGold (Molecular Probes) and visualized using the Fluorimager Sl (Vistra
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DNA Systems). Restriction enzyme-based sequence analyses were performed for putative
mutation-containing samples that were not confirmed by SSCP.

Statistical analyses—Fisher exact, 2, Mann-Whitney U, and unpaired t tests were used
to analyze the association between clinicopathologic, genetic, and expression variables.
Kaplan—Meier survival analysis and Mantel-Cox test were used to determine the
progression-free survival of patients. Cox regression analysis was used to assess the
independent prognostic value of study variables. In the regression-tree analysis, all study
variables were included in the model. The strongest prognostic factor was used to divide the
entire patient group into two subgroups. The analysis was then repeated in these subgroups
to find which, if any, of the remaining variables would further divide the patients into
smaller prognostically distinct groups. The process was continued as long as a significant (P
< 0.05) progression-free survival difference was found between the two groups. Five-year
progression-free survival was calculated for each branch for the regression-tree. For
heterogeneity analyses of the metastases with quantitative immunohistochemistry (IHC)
values, we computed SD between different metastases from a single individual. Empirical
background distribution of SD values was generated by randomly selecting corresponding
number of tumors across individuals. Random selection was repeated 1,000 times. P values
correspond to the probability of observing a given or smaller SD value in the background
distribution.

Comparison of TMPRSS2:ERG fusion detection by FISH and ERG expression
according to IHC—Altogether, 284 prostatectomy and locally recurrent CRPC samples
were analyzed by both FISH and IHC. TMPRSS2: ERG fusion was seen in 87 of 143 (61%)
ERG-positive samples, whereas 3 of 141 (2%) ERG-negative samples showed

TMPRS2: ERG fusion (P < 0.0001; Supplementary Table S7).

Prostatectomy specimens—Positive ERG staining (intensity 1-3) was seen in 48%
(137/287) of the prostatectomy samples (Table 1; Supplementary Fig. S1A and S1B). The
ERG positivity rate remained same regardless of the use of PSA in diagnosis. Samples
obtained before the introduction of PSA measurements (diagnosis in 1980s), as well as
samples from the time of occasional (diagnosis between 1990-1995) and routine PSA
(diagnosis 1996-) tests showed ERG positivity in 45%, 48%, and 47% of the samples,
respectively (Supplementary Table S8). ERG positivity was significantly associated with
longer progression-free survival compared with ERG-negative cases in Kaplan—-Meier
analysis (P = 0.0014; Fig. 1A). If we excluded the cases included in our previously
published analysis (6), the association still remained significant (P = 0.0371, Supplementary
Fig S2). In multivariate analysis, ERG showed independent prognostic value (Table 2). The
regression-tree analysis demonstrated that the prognostic power of ERG was restricted to
large tumors (pT3 stage) as well to smaller (pT2) tumors with high Gleason score (GS;
Supplementary Fig S3). High Ki-67 and EZH2 expression was significantly associated with
ERG positivity (P =0.0034, P < 0.0001, respectively; Table 1).
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High nuclear AR staining (intensity 2—3) was seen in 82% (206/252) and low (intensity 1) or
negative (intensity 0) in 18% (46/252) of the prostatectomy samples. 5% (13/252) of the
samples showed no AR staining (Table 1; Supplementary Fig S1C and S1D). High nuclear
AR expression was associated with ERG positivity (P < 0.0001; Table 3). Interestingly,
samples expressing low or no AR staining had significantly higher primary PSA levels
compared with tumors with high AR expression (P = 0.0276). This association was lost
when totally AR-negative tumors were compared with the rest of the prostatectomy samples
(P =0.6030).High AR expression was significantly associated with high Ki-67 and EZH2
expression (P < 0.0001, P < 0.0001, respectively; Table 1), but not with progression-free
survival (P = 0.3089; Fig. 1B).

Negative PTEN staining (intensity 0) was seen in 15% (42/282) of the samples (Table 1;
Supplementary Fig. S1E and S1F). ERG positivity was significantly associated with loss of
PTEN expression (P = 0.0348; Table 3). Cases with no PTEN expression had significantly
shorter progression- free survival than patients with some PTEN expression (P = 0.0133;
Fig. 1C). In multivariate analysis, PTEN showed borderline independent prognostic value
(Table 2). In ERG-positive cases, the progression-free survival was significantly shorter in
PTEN negative compared with positive cases (P = 0.0085; Fig. 1D). In contrast, in ERG-
negative cases, PTEN expression was not associated with the progression-free survival (P =
0.5614; Fig. 1E). In the regression-tree analysis, PTEN showed prognostic value in
subgroups of tumors with pT2 stage, GS 7 and ERG positivity as well as in tumors with
pT2, GS<7 and 10 ng/mL<PSA<30 ng/mL (Supplementary Fig. S3). PTEN loss was also
significantly associated with hemizygous deletion of TP53 (P = 0.0281, Supplementary
Table S9).

Strong SPINK1 expression (intensity 3) was found in 14% (34/243) of the samples (Table 4;
Supplementary Fig. S1G and S1H) and almost exclusively in ERG-negative cases (P =
0.0002; Table 3). Strong SPINK1 staining was significantly associated with high Gleason
score (P = 0.0305; Table 4). There was no significant difference in progression-free survival
between high and low SPINK1 expression (P = 0.2479; Fig. 2A). In ERG-negative cases,
SPINKT1 did not either have prognostic value (P = 0.9056; Supplementary Fig. S4).

FISH was carried out to detect the frequency of TP53 deletion (Supplementary Fig. S5A and
S5B). Hemizygous deletion of TP53 was found in 7% (17/234) of the cases (Table 4). There
was no difference in ERG expression levels (P = 0.2108; Table 3) or in progression-free
survival between cases with or without deletion (P = 0.7746; Fig. 2B). However, the
deletion was associated with high pT stage and low diagnostic PSA levels (P = 0.0480, P =
0.0386, respectively; Table 4).

FISH was also used to detect the frequency of chromosome 3p14 deletion (Supplementary
Fig. S5C and S5D). Deletion of chromosomal region 3p14 was seen in 3% (6/ 229) of the
specimens (Table 4). The expression of ERG was not associated with 3p14 deletion (P =
0.4317; Table 3).

Prostate needle biopsies—The biopsy cohort represented more advanced disease and
older patients than the prostatectomy cohort. Positive ERG staining was seen in 45%
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(74/166) of the biopsies (Table 1). The ERG expression was not associated with
progression-free survival (Supplementary Fig. S6), or Ki-67 and EZH2 expression levels
(Table 1). Strong SPINK1 expression was seen in 18% (29/161) of the samples (Table 4),
and it was found almost exclusively in ERG-negative samples (Table 3).

Locally recurrent CRPCs—Positive ERG staining was seen in 47% (72/153) of the
locally recurrent CRPCs (Table 1). ERG negativity was associated with high EZH2 (P =
0.0373; Table 1), whereas not with Ki-67.

High nuclear AR expression was found in 93% (126/135) and low or negative expression in
7% (9/135) of the samples (Table 1). Two of 135 (1.5%) tumor samples were negative. ERG
was not associated with AR expression levels (Table 3).

Negative PTEN expression was seen in 45% (55/122) and low or negative in 51% (62/122)
of the cases (Table 1). ERG positivity was significantly associated with loss of PTEN
expression (P =0.0042; Table 3). Negative PTEN expression was associated with higher
EZH2 expression level (P = 0.0169, Table 1).

Strong SPINK1 expression was found in 12% (17/137), deletion of TP53 (hemizygous) in
18% (24/136), and deletion of chromosome 3p14 region in 4% (5/112) of the cases (Table
4). Strong SPINK1 expression was seen almost exclusively in ERG negative cases (P =
0.0058, Table 3). ERG expression levels were not associated with deletions of TP53 and
3pl4 (Table 3).

CRPC metastases—One hundred and fourteen CRPC metastases from 32 study subjects
were studied. Samples showing no immunoreactivity with any of the antibodies were
excluded from analyses. Thus, one hundred metastases from 31 subjects were suitable for
the analyses. Twenty-five subjects had 2 to 5 and the remaining 6 had one metastasis
available. Positive ERG staining was seen in 49% (44/90) of the samples, and in 45%
(14/31) of the subjects (Table 1). TMPRSS2: ERG fusion transcripts have been studied in a
small subset of these subjects by Liu and Laitinen and colleagues (29). All cases with
TMPRS2: ERG fusion transcripts (6 samples) also showed positive ERG staining. ERG
expression was not associated with Ki-67 or EZH2 staining (Table 1).

High nuclear AR expression was found in 76% (68/90) and low or negative in 24% (22/90)
of the samples. Five of 90 (6%) samples were totally negative for AR. Of the 30, 27 (90%)
showed high AR expression in at least one tumor sample, whereas 2 subjects (7%) had
totally negative AR expression in all tumor samples (Table 1). AR expression level was not
associated with the ERG positivity (Table 3).

Loss of PTEN expression was found in 67% (61/91) of the samples. Of the subjects, 61%
(19/31) showed loss of PTEN expression (Table 1). Homozygous PTEN deletion has been
previously reported in subjects A28, A4, and A7 (29, 30). PTEN staining was negative in all
of these subjects’ samples. Loss of heterozygosity has been previously reported in subjects
A5, A8, Al10, A13, Al4, and A16 (28). Four of these subjects showed negative PTEN
staining in all of their samples. Loss of PTEN expression was not associated with ERG
expression, although there was a trend (Table 3).
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Strong SPINK1 expression was seen in 14% (13/91) of all samples. Of the subjects, 39%
(12/31) showed strong SPINK1 expression in, at least, one sample (Table 4). Strong
SPINK1 expression was not associated with ERG expression levels (Table 3).

Hemizygous deletion of TP53 was seen in 7 of 46 (15%) samples. The seven deletions were
from two subjects. Thus, of the 19 informative study subjects two (11%) showed deletion of
TP53 in at least one tumor sample (Table 4). TP53 deletion was not associated with ERG
expression levels (Table 3).

Deletion of chromosomal region 3p14 was seen in 2 of 41 (5%) samples. These two deletion
cases were from the same subject. Thus, of the 14 informative study subjects one (7%)
showed deletion of region 3p14 (Table 4). Because of the low frequency of chromosome
3p14 deletions, no further studies were conducted with this aberration.

Mutation analysis of TP53 in CRPC metastases

A TP53 mutation was found in 37% (36/98) of all metastases, and among the subjects, 41%
(13/32) showed mutation at least in one sample (Supplementary Table S10). In 12 of 13
cases, identical TP53 mutations were found among all metastatic sites studied. Subject A5
was the only case where nonuniform TP53 mutation was found. Two different mutations
were found in separate metastases, and one metastasis did not have any TP53 mutation. No
TP53 mutation was found in noncancerous control samples studied in parallel from each
subject. Of the 14 mutations identified, 10 where substitutions. Of these, one was a missense
substitution in exon 4, three were missense substitutions in exon 5, two were
chainterminating substitutions in exon 6, and four were missense substitutions in exon 8.
Three of the mutations were deletions. These were a 14 base pair (bp) deletion in intron 5, a
14 bp deletion in exon 6, and a 2 bp deletion in exon 6. One of the identified mutations was
a one bp insertion in exon 7. All deletions (except the deletion in intron 5) and insertion
mutations caused a frameshift, leading to an aberrant protein product or a chain termination
signal. TP53 alterations (mutation or deletion) tended to be more common in ERG-positive
than negative subjects (P = 0.0720; Supplementary Table S11).

Comparison of prostatectomy, needle biopsy, locally recurrent CRPC, and metastasized
CRPC specimens

The frequency of ERG expression was very similar in the 4 sample types, ranging from 45%
to 48% (Table 1). CRPC tumors showed higher AR expression than the hormone-naive
prostatectomy specimens (P = 0.0434; Table 1). Loss of PTEN expression was also
significantly more frequent in CRPC than in prostatectomy specimens (P < 0.0001; Table 1).
The frequency of strong SPINK1 expression was significantly higher in CRPC metastases
than in the rest of the sample sets studied (P < 0.0001; Table 4). TP53 deletion tended to be
more frequent in CRPC than in hormone-naive tumors (P=0.0531; Table 4). Deletion of
3p14 was rare in all tumor types.

Heterogeneity of CRPC metastases

We studied the heterogeneity of the immunostaining and TP53 mutations between
metastases from each subject with at least two different metastatic sites. Criteria for positive
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and negative or low and high expression were as before (Supplementary Table S4).
Consistent, either positive or negative, ERG expression was seen in 20 of 24 (83%) subjects.
Eight showed positive and 12 negative expression. Consistent PTEN expression was seen in
19 of 24 (79%) subjects, of which 14 showed loss of PTEN expression, and 5 no loss.
Identical TP53 mutations were found in metastases from 12 of 13 (92%) subjects. When low
(intensity O to 1) and high (intensity 2 to 3) expression criteria were used for AR, 14 of 25
(56%) subjects showed consistent results between the metastases. However, ifAR expression
was classified as positive (intensity 1 to 3) or negative (intensity 0) consistent results were
seen in all subjects. Four metastatic samples from the same subject were totally negative for
AR. Of the subjects showing strong SPINK1 expression, none had consistent SPINK1
staining in all metastases. For the Ki-67 and EZH2 quantitative IHC values, we compared
the SD of different metastases compared with that of randomly selected metastases from
whole cohort. The P value indicated that in 5 of 12 informative (>3 metastases per subject)
cases, the SD of EZH2 staining was significantly (P < 0.05) smaller between the metastases
from the same subject compared with randomly selected metastases. Similarly, 1 of 10 cases
showed a smaller SD for Ki-67 staining in the subject compared with randomly selected
metastases.

Discussion

In agreement with previous reports (6, 31, 32), we observed positive ERG staining in 45%—
48% of prostatectomy, prostate needle biopsy, locally recurrent CRPC and metastasized
CRPC samples, respectively (Fig. 3). We have previously reported that TMPRSS2: ERG
fusion is associated with longer progression-free survival in prostatectomy- treated patients
(6). Here, we almost doubled the sample size, and examined ERG protein expression instead
of fusion, and again, ERG positivity was significantly associated with longer progression-
free survival in prostatectomy-treated patients. We also compared the ERG expression in our
previously published prostatectomy material (6) with the new cases. In both sample sets,
Kaplan—Meier survival curves demonstrated longer progression- free survival for ERG-
positive cases. Even in pT3 (non-organ confined) primary prostate cancer, the fraction of
patients with 5-year progression-free survival is higher when ERG status is positive. This
further suggests that the molecular mechanisms of aggressiveness are not relatedERGstatus
per se. Most of the published studies have not found an association between ERG and
prognosis (13). The discrepancy may be due to differences between the patient cohorts
studied. Our prostatectomy material consists of population-based consecutive cases from a
single institution with patients accrued both before and after the PSA era. Notably, the ERG
positivity rate was similar in primary cancers detected before and after the onset of routine
use of PSA.

One caveat in our material was that we could analyze only progression-free, in practice
biochemical (i.e., PSA) progression-free survival, and not prostate cancer-specific survival.
It has recently been shown that ERG may suppress the expression of PSA through EZH2
and HDACs (33). Thus, PSA might not be a good surrogate marker of prognosis in the
context of ERG. The association of ERG expression with good prognosis is contradictory to
the finding of a strong correlation with high Ki-67 and EZH2 stainings. Both Ki-67 and
EZH2 being markers of poor prognosis in prostate cancer (34).
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We and others (14, 15) have previously reported that the TMPRSS2: ERG fusion is not
associated with prognosis in primarily endocrine treated patients. Here, we confirm this
finding by showing that the ERG expression is not associated with prognosis in endocrine-
treated patients. The discrepancy between the prostatectomy and endocrine-treated cohorts
could be due to the fact that the latter one represents more advanced disease.

The genes and proteins that we studied were selected because they have previously been
suggested to be associated with ERG. Indeed, we were able to confirm some of the
associations. For example, our data on prostatectomy samples are in concordance with the
study by Yu and colleagues (17), who showed that expression of ERG and EZH2 are
positively correlated, and that ERG can activate the expression of EZH2. However, we did
not find similar association in the biopsy or CRPC samples. Actually, in locally recurrent
CRPCs, EZH2 expression was marginally higher in ERG-negative than positive cases.
CRPC tumors had higher average expression of EZH2 than prostatectomy or needle biopsy
specimens. The findings may suggest that ERG regulates EZH2 only in early disease,
whereas other mechanisms regulate EZH2 expression in advanced disease or CRPC.

The expression of AR was significantly higher in CRPC than in the hormone-naive prostate
cancer specimens as has been previously reported (35-37). In prostatectomy samples, high
AR expression was significantly associated with higher Ki-67 and EZH2 expression levels.
In vitro studies have shown that AR increases ERG expression in TMPRSS2: ERG fusion
positive cells (16). In clinical prostate cancer samples, positive and negative correlations
have been found between AR and ERG (17, 32). In this study, high nuclear AR expression
was significantly associated with ERG expression in prostatectomy, but not in the CRPC
samples. This can be explained by the high overall AR expression in CRPC samples.

PTEN is a commonly altered tumor suppressor gene in prostate cancer, but mainly through
copy number loss rather than point mutation (18). Hemizygous PTEN deletion is found in
approximately 24%-39% and homozygous in 5% of the prostatectomy specimens (18, 38).
We found loss of PTEN expression in 15%, 45%, and 61% of prostatectomy, locally
recurrent and metastasized CRPC samples, respectively (Fig. 3). In prostatectomy samples,
loss of PTEN expression was significantly associated with shorter progression-free survival.
This is in line with previous results suggesting a significant role for PTEN in prostate cancer
progression (39, 40). The TMPRSS2: ERG fusion has previously been shown to be
associated with deletion of PTEN and also with PTEN expression levels (18, 19, 41). Our
study confirms the association in prostatectomy and CRPC samples. Also, absence of PTEN
expression was associated with adverse progression-free survival in ERG-positive cases, but
not in ERG-negative cases (Fig. 2). The data suggest interplay between ERG and PTEN
pathways. These results are in line with previous report by Yoshimoto and colleagues (42).
In contrast, Krohn and colleagues (43) reported that deletion of PTEN had prognostic impact
on both ERG negative and positive prostate cancer cases, and Reid et al. (44) found that the
deletion decrease prostate cancer specific survival of patients with ERG/ETV1 non-
rearranged tumors.

The frequency of SPINK1 positivity (~10%) in local disease, either hormone-naive or CRPC
was about the same as we and others have previously found in hormone-naive prostatectomy

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leinonen et al.

Page 11

and needle biopsy specimens (14, 20). In prostatectomy-treated patients, contradictory
results have been published concerning the effects of SPINK1 expression in progression and
survival. Tomlins and colleagues, (20) found an association between positive SPINK1
expression and shorter recurrence- free time, whereas we have previously reported no such
association (14). Here, with larger cohort we were able to replicate our previous finding. It
has previously been reported that SPINK1 overexpression is exclusive to ETS-fusion
negative tumors in prostatectomy-treated samples (20). Our results confirmed that strong
SPINK1 expression is found almost exclusively in ERG-negative samples in all other
samples types except in metastases. As the frequency of SPINK1 expression in the CRPC
metastases was higher than in the other specimens (Fig. 3), it may be that SPINK1 is
involved especially in the processes of metastasis. And as ERG is not associated with
metastasis, the association between ERG and SPINK1 is lost in the metastases.

Hemizygous deletion of TP53 was seen in 7%, 18%, and 11% of prostatectomy, locally
recurrent and metastasized CRPC samples, respectively (Fig. 3). The frequency of the
deletion is lower than we have previously published in metastases (29), most likely due to
poorer resolution of FISH compared with Affymetrix array 6.0 analysis. TMPRSS2: ERG
fusion and positive ERG expression have previously been thought to be associated with
deletion of TP53 and p53 expression levels (18, 31). However, we did not find an
association between ERG expression and TP53 deletion in any of the sample sets. TP53
mutation was found in 41% of the CRPC metastases, which is in line with previous studies
(45, 46).

We used three-color FISH to detect the deletion of 3p14 region in 3% to 7% of cases (Fig.
3). The frequency is lower than that of 19% reported by Taylor and colleagues (18). This
could be because our approach could not detect the smallest deletions in this area.
TMPRSS2: ERG fusion has been shown to be associated with this deletion (18). However,
we did not find any association between ERG expression and the deletion.

Our previous report from the same CRPC metastases as here showed that copy number
variations among metastases in a subject are shared suggesting that they originate from the
same primary tumor (29). The TP53 mutation data here support the notion of a monoclonal
origin of the metastases. We also showed here that immunostainings of ERG, PTEN, and
AR were very homogenous among the metastases in a given subject. Thus, it seems that the
level of expression of these genes is independent of local microenvironment. This is not
surprising, since the expression of these genes is, at least partly, dictated by genetic
alterations, for example for ERG, fusion with TMPRSS2, for PTEN, gene deletion, and for
AR, gene amplification. In contrast, the immunostaining of SPINK1, Ki-67, and partly also
EZH2, showed variability among the metastases in a given subject. Their variable
expression levels may reflect adaptation to different microenvironments affecting to the
metastases. Similar heterogeneity between metastases in the gene expression levels has also
been reported previously (47).

The ERG aberrations were analyzed both for the expression with IHC as well as for the
TMPRS2: ERG fusion with FISH. Previous studies have demonstrated high concordance
between the FISH and IHC methods (29, 48). Here, the concordance was 80%. Only 61% of
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positive ERG samples by IHC had also detectable TMPRSS2: ERG fusion. This could be due
to poor sensitivity of FISH or ERG fusion with other 5’fusion partners, such as S_.C45A3
and NDRGL1 (5). Three cases with TMPRSS2: ERG fusion in the absence of ERG expression
could be due to failure of the staining.

In conclusion, our data show that the frequency of loss of PTEN expression, deletion of
TP53, as well as high expression of SPINK1 increases from hormone-naive localized and
advanced disease to localized and metastasized CRPC, whereas ERG positivity do not (Fig.
3). Taking together that ERG expression is highly constant across the spectrum of
pathologic stages and that it is not associated with adverse prognosis, it seems that ERG
does not seem to be involved in the regulation of aggressiveness of prostate cancer. The
association of ERG with the high expression of AR and EZH2 as well as loss of expression
of PTEN suggests that these molecular pathways are interlinked. Especially, the finding that
the prognostic value of PTEN loss is restricted to the ERG-positive cases indicates
interaction between these two genetic aberrations. The data also support our previous
finding that CRPC metastases in most of the subjects have common clonal origins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank Mariitta Vakkuri and Paivi Martikainen for skillful technical assistance.

S. Egawa has a commercial research grant from Takeda Pharma Research fund, Astellas research fund, and
AstraZeneca research fund.

Grant Support
This study was supported by Finnish Cultural Foundation, Pirkanmaa Regional fund, University of Tampere, the
Academy of Finland, the Cancer Society of Finland, the Reino Lahtikari Foundation, the Sigrid Juselius

Foundation, and the Medical Research Fund of Tampere University Hospital.

The costs of publication of this article were defrayed in part by the payment of page charges. This article must
therefore be hereby marked advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

References

1. Kumar-Sinha C, Tomlins SA, Chinnaiyan AM. Recurrent gene fusions in prostate cancer. Nat Rev
Cancer. 2008; 8:497-511. [PubMed: 18563191]

2. Lin B, Ferguson C, White JT, Wang S, Vessella R, True LD, et al. Prostate-localized and androgen-
regulated expression of the membrane-bound serine protease TMPRSS2. Cancer Res. 1999;
59:4180-4184. [PubMed: 10485450]

3. Afar DE, Vivanco |, Hubert RS, Kuo J, Chen E, Saffran DC, et al. Catalytic cleavage of the
androgen-regulated TMPRSS2 protease results in its secretion by prostate and prostate cancer
epithelia. Cancer Res. 2001; 61:1686-1692. [PubMed: 11245484]

4. Tomlins SA, Rhodes DR, Perner S, Dhanasekaran SM, Mehra R, Sun XW, et al. Recurrent fusion of
TMPRSS2 and ETS transcription factor genes in prostate cancer. Science. 2005; 310:644-648.
[PubMed: 16254181]

5. Pflueger D, Rickman DS, Shoner A, Perner S, LaFargue CJ, Svensson MA, et al. N-myc
downstream regulated gene 1 (NDRG1) is fused to ERG in prostate cancer. Neoplasia. 2009;
11:804-811. [PubMed: 19649210]

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leinonen et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 13

. Saraméki OR, Harjula AE, Martikainen PM, Vessella RL, Tammela TL, Visakorpi T.

TMPRSS2:ERG fusion identifies a subgroup of prostate cancers with a favorable prognosis. Clin
Cancer Res. 2008; 14:3395-3400. [PubMed: 18519769]

. Petrovics G, Liu A, Shaheduzzaman S, Furusato B, Sun C, Chen Y, et al. Frequent overexpression

of ETS-related gene-1 (ERG1) in prostate cancer transcriptome. Oncogene. 2005; 24:3847-3852.
[PubMed: 15750627]

. Wang J, Cai Y, Ren C, Ittmann M. Expression of variant TMPRSS/ERG fusion messenger RNAS is

associated with aggressive prostate cancer. Cancer Res. 2006; 66:8347-8351. [PubMed: 16951141]

. Demichelis F, Fall K, Perner S, Andrén O, Schmidt F, Setlur SR, et al. TMPRSS2:ERG gene fusion

associated with lethal prostate cancer in a watchful waiting cohort. Oncogene. 2007; 26:4596-4599.
[PubMed: 17237811]
Nam RK, Sugar L, Yang W, Srivastava S, Klotz LH, Yang LY, et al. Expression of the
TMPRSS2:ERG fusion gene predicts cancer recurrence after surgery for localised prostate cancer.
Br J Cancer. 2007; 97:1690-1695. [PubMed: 17971772]
Lapointe J, Kim YH, Miller MA, Li C, Kaygusuz G, van de Rijn M, et al. A variant TMPRSS2
isoform and ERG fusion product in prostate cancer with implications for molecular diagnosis.
Mod Pathol. 2007; 20:467-473. [PubMed: 17334351]
Gopalan A, Leversha MA, Satagopan JM, Zhou Q, Al-Ahmadie HA, Fine SW, et al. TMPRSS2-
ERG gene fusion is not associated with outcome in patients treated by prostatectomy. Cancer Res.
2009; 69:1400-1406. [PubMed: 19190343]

Pettersson A, Graff RE, Bauer SR, Pitt MJ, Lis RT, Stack EC, et al. The TMPRSS2:ERG
Rearrangement, ERG Expression, and Prostate Cancer Outcomes: A Cohort Study and Meta-
analysis. Cancer Epidemiol Biomarkers Prev. 2012; 21:1497-1509. [PubMed: 22736790]

Leinonen KA, Tolonen TT, Bracken H, Stenman UH, Tammela TL, Saramaki OR, et al.
Association of SPINK1 expression and TMPRSS2: ERG fusion with prognosis in endocrine-
treated prostate cancer. Clin Cancer Res. 2010; 16:2845-2851. [PubMed: 20442300]

Boormans JL, Hermans KG, Made AC, van Leenders GJ, Wildhagen MF, Collette L, et al.
Expression of the androgen-regulated fusion gene TMPRSS2-ERG does not predict response to
endocrine treatment in hormone-naive, node-positive prostate cancer. Eur Urol. 2010; 57:830-835.
[PubMed: 19716227]

Li Y, Kong D, Wang Z, Ahmad A, Bao B, Padhye S, et al. Inactivation of AR/TMPRSS2-
ERG/Whnt signaling networks attenuates the aggressive behavior of prostate cancer cells. Cancer
Prev Res (Phila). 2011; 4:1495-1506. [PubMed: 21680704]

YuJ, YuJ, Mani RS, Cao Q, Brenner CJ, Cao X, et al. An integrated network of androgen
receptor, polycomb, and TMPRSS2-ERG gene fusions in prostate cancer progression. Cancer Cell.
2010; 17:443-454. [PubMed: 20478527]

Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, et al. Integrative genomic
profiling of human prostate cancer. Cancer Cell. 2010; 18:11-22. [PubMed: 20579941]

King JC, Xu J, Wongvipat J, Hieronymus H, Carver BS, Leung DH, Taylor BS, et al.
Cooperativity of TMPRSS2-ERG with PI3-kinase pathway activation in prostate oncogenesis. Nat
Genet. 2009; 41:524-526. [PubMed: 19396167]

Tomlins SA, Rhodes DR, Yu J, Varambally S, Mehra R, Perner S, et al. The role of SPINK1 in
ETS rearrangement-negative prostate cancers. Cancer Cell. 2008; 13:519-528. [PubMed:
18538735]

Mulholland DJ, Tran LM, Li Y, Cai H, Morim A, Wang S, et al. Cell autonomous role of PTEN in
regulating castration-resistant prostate cancer growth. Cancer Cell. 2011; 19:792-804. [PubMed:
21620777]

Carver BS, Chapinski C, Wongvipat J, Hieronymus H, Chen Y, Chandarlapaty S, et al. Reciprocal
feedback regulation of PI3K and androgen receptor signaling in PTEN-deficient prostate cancer.
Cancer Cell. 2011; 19:575-586. [PubMed: 21575859]

Sircar K, Yoshimoto M, Monzon FA, Koumakpayi IH, Katz RL, Khanna A, et al. PTEN genomic
deletion is associated with p-Akt and AR signalling in poorer outcome, hormone refractory
prostate cancer. J Pathol. 2009; 218:505-513. [PubMed: 19402094]

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leinonen et al.

24.

25.

26.

217.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 14

Wang Y, Romigh T, He X, Tan MH, Orloff MS, Silverman RH, et al. Differential regulation of
PTEN expression by androgen receptor in prostate and breast cancers. Oncogene. 2011; 30:4327—
4338. [PubMed: 21532617]

Osman S, Turpeinen U, Itkonen O, Stenman UH. Optimization of a time-resolved
immunofluorometric assay for tumor-associated trypsin inhibitor (TATI) using the streptavidin-
biotin system. J Immunol Methods. 1993; 161:97-106. [PubMed: 8486933]

Isola J, Tuominen V. JPEG2000 Virtual Slide microscope. 2006 Available from: http://
jvsmicroscope.uta.fi.

Isola J, Tuominen V. ImmunoRatio. 2010 Available from: http://jvsmicroscope.uta.fi/immunoratio.

Tuominen VJ, Ruotoistenméki S, Viitanen A, Jumppanen M, Isola J. ImmunoRatio: a publicly
available web application for quantitative image analysis of estrogen receptor (ER), progesterone
receptor (PR), and Ki-67. Breast Cancer Res. 2010; 12:R56. [PubMed: 20663194]

Liu W, Laitinen S, Khan S, Vihinen M, Kowalski J, Yu G, et al. Copy number analysis indicates
monoclonal origin of lethal metastatic prostate cancer. Nat Med. 2009; 15:559-565. [PubMed:
19363497]

Suzuki H, Freije D, Nusskern DR, Okami K, Cairns P, Sidransky D, et al. Interfocal heterogeneity
of PTEN/MMACL1 gene alterations in multiple metastatic prostate cancer tissues. Cancer Res.
1998; 58:204-209. [PubMed: 9443392]

Minner S, Enodien M, Sirma H, Luebke AM, Krohn A, Mayer PS, et al. ERG status is unrelated to
PSA recurrence in radically operated prostate cancer in the absence of antihormonal therapy. Clin
Cancer Res. 2011; 17:5878-5888. [PubMed: 21791629]

Hoogland AM, Jenster G, van Weerden WM, Trapman J, van der Kwast T, Roobol MJ, et al. ERG
immunohistochemistry is not predictive for PSA recurrence, local recurrence or overall survival
after radical prostatectomy for prostate cancer. Mod Pathol. 2012; 25:471-479. [PubMed:
22080055]

Chng KR, Chang CW, Tan SK, Yang C, Hong SZ, Sng NY, et al. A transcriptional repressor co-
regulatory network governing androgen response in prostate cancers. EMBO J. 2012; 31:2810-
2823. [PubMed: 22531786]

Laitinen S, Martikainen PM, Tolonen T, Isola J, Tammela TL, Visakorpi T. EZH2, Ki-67 and
MCMTY are prognostic markers in prostatectomy treated patients. Int J Cancer. 2008; 122:595-602.
[PubMed: 17943722]

Visakorpi T, Hyytinen E, Koivisto P, Tanner M, Keinanen R, Palmberg C, et al. In vivo
amplification of the androgen receptor gene and progression of human prostate cancer. Nat Genet.
1995; 9:401-406. [PubMed: 7795646]

Koivisto P, Kononen J, Palmberg C, Tammela T, Hyytinen E, Isola J, et al. Androgen receptor
gene amplification: a possible molecular mechanism for androgen deprivation therapy failure in
prostate cancer. Cancer Res. 1997; 57:314-319. [PubMed: 9000575]

Linja MJ, Savinainen KJ, Saramaki OR, Tammela TL, Vessella RL, Visakorpi T. Amplification
and overexpression of androgen receptor gene in hormone-refractory prostate cancer. Cancer Res.
2001; 61:3550-3555. [PubMed: 11325816]

Yoshimoto M, Cunha IW, Coudry RA, Fonseca FP, Torres CH, Soares FA, et al. FISH analysis of
107 prostate cancers shows that PTEN genomic deletion is associated with poor clinical outcome.
Br J Cancer. 2007; 97:678-685. [PubMed: 17700571]

McCall P, Witton CJ, Grimsley S, Nielsen KV, Edwards J. Is PTEN loss associated with clinical
outcome measures in human prostate cancer? Br J Cancer. 2008; 99:1296-1301. [PubMed:
18854827]

McMenamin ME, Soung P, Perera S, Kaplan I, Loda M, Sellers WR. Loss of PTEN expression in
paraffin-embedded primary prostate cancer correlates with high Gleason score and advanced stage.
Cancer Res. 1999; 59:4291-4296. [PubMed: 10485474]

Carver BS, Tran J, Gopalan A, Chen Z, Shaikh S, Carracedo A, et al. Aberrant ERG expression
cooperates with loss of PTEN to promote cancer progression in the prostate. Nat Genet. 2009;
41:619-624. [PubMed: 19396168]

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2014 July 08.


http://jvsmicroscope.uta.fi
http://jvsmicroscope.uta.fi
http://jvsmicroscope.uta.fi/immunoratio

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leinonen et al.

42.

43.

44,

45,

46.

47.

48.

Page 15

Yoshimoto M, Joshua AM, Cunha IW, Coudry RA, Fonseca FP, Ludkovski O, et al. Absence of
TMPRSS2:ERG fusions and PTEN losses in prostate cancer is associated with a favorable
outcome. Mod Pathol. 2008; 21:1451-1460. [PubMed: 18500259]

Krohn A, Diedler T, Burkhardt L, Mayer PS, De Silva C, Meyer-Kornblum M, et al. Genomic
deletion of PTEN is associated with tumor progression and early PSA recurrence in ERG fusion-
positive and fusion-negative prostate cancer. Am J Pathol. 2012; 181:401-412. [PubMed:
22705054]

Reid AH, Attard G, Ambroisine L, Fisher G, Kovacs G, Brewer D, et al. Molecular
characterisation of ERG, ETV1 and PTEN gene loci identifies patients at low and high risk of
death from prostate cancer. Br J Cancer. 2010; 102:678-684. [PubMed: 20104229]

Bookstein R, MacGrogan D, Hilsenbeck SG, Sharkey F, Allred DC. p53 is mutated in a subset of
advanced-stage prostate cancers. Cancer Res. 1993; 53:3369-3373. [PubMed: 8324747]

Chi SG, deVere White RW, Meyers FJ, Siders DB, Lee F, Gumerlock PH. p53 in prostate cancer:
frequent expressed transition mutations. J Natl Cancer Inst. 1994; 86:926-933. [PubMed:
7515114]

Shah RB, Mehra R, Chinnaiyan AM, Shen R, Ghosh D, Zhou M, et al. Androgen-independent
prostate cancer is a heterogeneous group of diseases: lessons from a rapid autopsy program.
Cancer Res. 2004; 64:9209-9216. [PubMed: 15604294]

Park K, Tomlins SA, Mudaliar KM, Chiu YL, Esgueva R, Mehra R, et al. Antibody-based
detection of ERG rearrangement-positive prostate cancer. Neoplasia. 2010; 12:590-598. [PubMed:
20651988]

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leinonen et al.

Page 16

>

(vy)

100 4

T 804 ERG positive (n = 135) S 80~ , ,
g S AR high expression (n = 201)
3 3
o 601 604
(4] (4
& &
S 404 S 401
a ERG negative (n = 145) a
'gﬁ 20 4 S ‘8'-, 204 ARlow expression (n = 45)
a P =0.0014 a P =0.3089
0 L) L) L) L) LJ 0 L) L) LJ L) L)
0 48 % 144 192 240 0 48 % 144 192 240
Months Months
C D
100 - __ 100 4
s s
- - ERG positive
S 804 S 80 e
2 2 PTEN posit =104
s PTEN positive (n = 235) s pasitive (n =164)
- -
7]
o 60 « 60
£ 2
< <
s & g @ ERG positive
7] 7] i =
@ PTEN negative (n = 41) o FEN Rigiiveiia =24)
3 2 S 201
a P=0.0133 a P =0.0085
0 L) L) L) L) L] 0 L] L) L] L) L)
0 48 % 144 192 240 0 48 % 144 192 240
Months Months
E
__ 1004
®
S 801 ERG negative
g PTEN positive (n = 122)
(7]
o 604
2
S 401
@ ERG negative
o PTEN negative (n = 12)
o 204
.
o P =0.5614
0 L] L) L) LJ L
0 48 9 144 192 240
Months
Figure 1.

Kaplan—Meier analysis of progression-free survival of prostatectomy-treated patients
according to (A) ERG, (B) AR, and (C) PTEN. D, ERG-positive patients with loss of PTEN
expression had significantly shorter progression-free survival (P = 0.0085). E, PTEN
expression had no significant effect on progression-free survival of ERG-negative patients
(P =0.5614). Mantel-Cox test was used to calculate the P values.
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Kaplan—Meier analysis of progression-free survival of prostatectomy-treated patients
according to (A) SPINKZ1 expression, and (B) TP53 deletion. Mantel-Cox test was used to
calculate the P values.
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Cumulative percentage of ERG positivity, high expression of AR, loss of PTEN, deletion of
TP53 and 3p14, and strong SPINK1 staining in prostatectomy, locally recurrent CRPC, and
CRPC metastasis specimens.
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Table 2

Multivariate analysis of the variables of prostatectomy samples

Variable RR(95%CI) P

pT Stage (3 vs. 2) 2.59 (1.66-3.97) <0.001
PSA (>30 vs. >10 and <30, vs. <10 ng/mL)  1.47 (1.10-1.97)  0.001
Gleason score (>7 vs. 7 vs. <7) 1.52(1.09-2.11) 0.008
ERG (positive vs. negative) 0.59 (0.39-0.89) 0.019
PTEN (positive vs. negative) 0.57 (0.33-0.97)  0.052

NOTE: Other non-significant variables in the model: age.

Abbreviations: RR, relative risk; 95% CI, 95% confidence interval.
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