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Abstract

Background—In the United States, half of men with prostate cancer harbor the androgen-

regulated gene fusion TMPRSS2:ERG. We hypothesized that men with TMPRSS2:ERG positive 

tumors are more responsive to androgen deprivation therapy (ADT).
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Methods—We studied a cohort of 239 men with prostate cancer from the Physicians’ Health 

Study and Health Professionals Follow-up Study who received ADT during their disease course. 

Fusion status was assessed on available tumor tissue by immunohistochemistry for ERG protein 

expression. We used Cox models to calculate hazard ratios (HRs) and 95 percent confidence 

intervals (CIs) for assessment of prostate cancer-specific mortality after ADT initiation.

Results—Roughly half of the men had stage T3 or higher tumors at diagnosis and 39% had 

Gleason 8–10 tumors. During an average follow-up of 10.2 years, 42 men died from prostate 

cancer. There was a non-significant inverse association between positive fusion status and time to 

death from prostate cancer after ADT (multivariable HR: 0.76; 95% CI: 0.40–1.45). Harboring the 

TMPRSS2:ERG fusion was associated with a statistically significant lower risk of prostate cancer 

mortality among men who were treated with orchiectomy (multivariable HR: 0.13; 95% CI: 0.03–

0.62), based on 15 events.

Conclusions—Our results, combined with those from earlier studies, provide suggestive 

evidence that men with TMPRSS2:ERG positive tumors may have longer prostate cancer survival 

after ADT. Larger cohorts are needed for more robust results and to assess whether men with 

tumors harboring the fusion benefit from treatment with ADT in the (neo)adjuvant or metastatic 

setting specifically.

INTRODUCTION

Prostatic tumor growth is strongly regulated by androgenic hormones and androgen receptor 

signaling. For decades, hormonal ablation has been the standard approach to treat prostate 

cancer patients with newly metastatic disease [1], and has also been used in combination 

with radiation or surgery for men with locally advanced cancer [2]. Androgen deprivation 

therapy (ADT), by surgical or chemical castration, suppresses androgens, which in turn 

decreases androgen receptor signaling, ultimately resulting in slowed tumor growth and 

prolonged survival. In the metastatic setting, men typically respond to ADT for 18 to 24 

months before ultimately becoming castration-resistant, although there is considerable 

variability in response time [3,4].

In the United States, roughly half of men with prostate cancer harbor a somatic gene event 

known as the TMPRSS2:ERG fusion [5,6]. The fusion involves TMPRSS2, a gene regulated 

by androgenic hormones [7], and ERG, a member of the erythroblast transformation specific 

(ETS) family of transcription factors, which is a set of genes that are critically involved in 

oncogenic pathways and play key roles in the regulation of cellular proliferation, 

differentiation and apoptosis [8]. In TMPRSS2:ERG positive prostate cancer, the fusion of 

TMPRSS2 with ERG renders its oncogenic function under androgen regulation [9].

Given this feature, tumors harboring the fusion may be more dependent on androgen 

signaling and men with such tumors may therefore be more responsive to the effects of ADT 

than men with tumors lacking the fusion. While some studies have supported the hypothesis 

[10,11], other studies have not seen an association between TMPRSS2:ERG status and 

responsiveness to ADT (Table 1) [9,12]. In the largest analysis to-date, we investigated 

whether the TMPRSS2:ERG fusion is associated with prolonged survival among men with 
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prostate cancer treated with ADT from the prospective Physicians’ Health Study and the 

Health Professionals Follow-up Study.

MATERIALS AND METHODS

Study population

This study included men diagnosed with prostate cancer from the Physicians’ Health Study 

and the Health Professionals Follow-up Study for whom tumor tissue was available, ERG 

status was assessed and who underwent ADT during their clinical course. The Physicians’ 

Health Study consisted of two randomized primary prevention trials of aspirin and dietary 

supplements among US male physicians ages 40 to 84; the Physicians’ Health Study I 

included 22,071 at randomization in 1982 and an additional 7,000 men enrolled in the 

Physicians’ Health Study II in 1995 (clinicaltrials.gov Identifier: NCT00270647) [13,14]. 

The Health Professionals Follow-up Study is an ongoing prospective study of risk factors for 

cancer and other diseases among 51,529 male health professionals ages 40 to 75 at 

enrollment in 1986. Participants in each cohort responded to a baseline questionnaire 

concerning their medical histories and known or suspected contributors to cancer and other 

chronic diseases. Follow-up questionnaires are mailed regularly to update information on 

potential risk factors and to identify newly diagnosed illnesses.

Clinical data and prostate cancer follow-up

Since the beginning of follow-up, 3,837 cases of prostate cancer have been diagnosed in the 

Physicians’ Health Study and 7,129 have been diagnosed in the Health Professionals 

Follow-up Study. Diagnoses are confirmed by review of medical records and pathology 

reports. The study team reviews these records in order to abstract information on tumor 

stage, prostate specific antigen (PSA) level at diagnosis, and treatments. Since 2000, we 

have conducted biennial follow-up of men in the cohorts living with prostate cancer to 

collect detailed information including: cancer treatments, biochemical recurrence, 

development of metastases, and PSA levels. Development of metastatic disease is verified by 

medical records for the majority of cases. Deaths are ascertained via repeat mailings, 

telephone calls to non-respondents, and inspection of the National Death Index. An 

endpoints committee of physicians confirms all deaths through review of death certificates 

and medical records. Prostate cancer is defined as the cause of death when there is evidence 

of extensive metastatic disease, and no other more plausible cause of death. Follow-up for 

mortality in the cohorts is over 95 percent.

Whenever possible, we have retrieved archival diagnostic tumor tissue material from 

participants with prostate cancer having undergone radical prostatectomy or transurethral 

resection of the prostate (TURP). In total, we were able to collect tumor tissue from and 

assay ERG status for 439 men with prostate cancer in the Physicians’ Health Study and 843 

in the Health Professionals Follow-up Study who were diagnosed between 1986 and 2004.

Identification of participants treated with ADT

This study included men treated with ADT at any point during their disease course. We 

considered treatment with ADT to include use of an anti-androgen (e.g., flutamide, 
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bicalutamide), injection with a gonadotropin-releasing hormone (GnRH) agonist (e.g., 

leuprolide, goserelin), and/or surgical castration (orchiectomy). Whenever possible, the 

study team ascertained information from patient medical records about the timing and 

utilization of these treatments as well as disease status at the time of therapy. If data were 

unavailable from medical records, we supplemented with information from follow-up 

questionnaires sent to patients. Among those assayed for ERG status, 239 men were treated 

with ADT, 86 from the Physicians’ Health Study and 153 from the Health Professionals 

Follow-up Study. Of the men, 215 had radical prostatectomy tissue available and 24 had 

TURP tissue available.

For some cases, we had only the year of ADT initiation and assigned the month to be June 

(n = 121). We compared dates of all ADT treatments to assign the earliest class of ADT 

received by each participant. If two classes of therapy were received in the same time frame, 

we considered participants to have received combination therapy (n = 45). We used explicit 

information from medical records (n = 166) and comparisons of primary and ADT treatment 

dates (n = 73) to determine whether subjects were receiving ADT as a primary therapy (n = 

19), (neo)adjuvant therapy (n = 92) or in response to disease progression (biochemical 

recurrence or development of metastases) (n = 124).

Tumor tissue and biomarker studies

The study pathologists (RTL, MF, ML) reviewed hematoxylin and eosin slides to provide 

uniform Gleason grading and other histopathological features, and to select areas of tumor 

for the construction of tumor tissue microarrays [15]. Tissue microarrays were constructed 

from archival prostate cancer tissue specimens by taking at least three 0.6-mm tumor cores 

from the primary tumor nodule or the nodule with the highest Gleason grade.

We characterized the presence or absence of TMPRSS2:ERG in tumors by 

immunohistochemical assessment of ERG protein expression as previously described [16]. 

While ERG does occasionally fuse with genes other than TMPRSS2, immunohistochemistry 

has been shown to provide an effective marker for the fusion; it has demonstrated high 

concordance with TMPRSS2:ERG fusion status as assessed by both fluorescence in situ 

hybridization (FISH) [17,18] and quantitative polymerase chain reaction [19]. Briefly, 

sections of each TMA were prepared for analysis and ERG antisera were applied at 1:100 

for one hour. Detection of the primary ERG antibody was carried out and visualization of 

ERG was accomplished using the DAB substrate kit (Vector Laboratories Inc., Burlingame, 

CA). A study pathologist (RTL) manually analyzed tumor specimens for ERG expression. 

The presence of ERG staining in the vasculature endothelium served as a positive internal 

control. A case was considered to be TMPRSS2:ERG positive if at least one core from an 

individual case had positive ERG staining observed within prostate cancer epithelial cells.

Statistical analysis

We compared differences in clinical features by ERG status using t-tests for continuous 

variables, and Cochran-Armitage trend tests, Fisher’s exact tests or chi-squared tests to 

assess differences in categorical variables. We used Cox proportional hazards models to 

calculate hazard ratios (HRs) and 95 percent confidence intervals (CIs) for time to prostate 
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cancer-specific death. Follow-up time was calculated as the date of ADT initiation to death 

from prostate cancer, censored death from other causes or end of follow-up, whichever 

occurred first. We also considered all-cause mortality as a primary outcome. Follow-up for 

death ended in June 2011 for the Physicians’ Health Study and in December 2011 for the 

Health Professionals Follow-up Study. In that disease progression may differ according to 

the tumor tissue assessed for the fusion (radical prostatectomy or TURP), we ran sensitivity 

analyses in which we excluded men with TURP tissue specimens. Because stage at 

diagnosis is associated with ERG status, we also ran an analysis restricted to men with T2 or 

T3 N0/NX tumors, and we ran analyses separately for the Physicians’ Health Study and 

Health Professionals Follow-up Study.

Next, we assessed the association between prostate cancer outcomes and ERG status for 

different reasons of ADT initiation. Among men who were treated with ADT as a 

(neo)adjuvant treatment for non-metastatic disease, we ran additional Cox models looking at 

time to biochemical recurrence. To examine whether the subtype of ADT matters, we also 

conducted analyses restricted to those ever treated with each of the classes of ADT.

All analyses were conducted using SAS version 9.2 (SAS Institute, Inc.). All tests were 2-

sided with P < 0.05 considered to be statistically significant. This study was approved by the 

institutional review boards at the Harvard School of Public Health and Partners Health Care. 

Written informed consent was obtained from each subject.

RESULTS

The study cohort consisted of 239 men treated with androgen deprivation for whom ERG 

data were available (Table 2). The mean age at prostate cancer diagnosis was 65.8 years 

(SD: 6.5 years). Roughly half of the men had locally advanced or metastatic disease at 

diagnosis, and 39% had poorly differentiated Gleason 8–10 disease. Eight percent received 

ADT as primary treatment following diagnosis, 39% of men received ADT as adjuvant or 

neoadjuvant therapy, and 53% percent were treated in response to disease progression. More 

than half (57%) of patients were initially treated with a GnRH agonist. During a mean 

follow-up of 10.2 years from therapy initiation, 42 men died from prostate cancer and 61 

died of other causes; the cumulative incidence of death from prostate cancer was 18%.

The prevalence of the fusion in the cohort of men undergoing ADT was 49% percent (Table 

2). Men with ERG-positive tumors were more likely to be diagnosed at a higher tumor stage 

(P = 0.03 for radical prostatectomy / pathological tumor stage, P = 0.02 for TURP / clinical 

tumor stage). ERG status was otherwise not significantly different for all characteristics 

evaluated, including the mean time from diagnosis to initiation of ADT (ERG-Positive: 3.0 

years, ERG-Negative: 3.6 years, P = 0.36)

Adjusted for age at diagnosis and cohort (Table 3), there was no significant association 

between positive ERG status and time from initiation of ADT to death from prostate cancer 

in the overall cohort undergoing ADT (HR: 0.96, 95% CI: 0.52–1.77). Among men who 

died from prostate cancer, there was a small but not significant difference in time from ADT 

initiation to death by ERG status (ERG-positive: 76 months, ERG-negative: 95 months, P = 
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0.14). Adjusting Cox models for stage at diagnosis made the hazard ratio more inverse, (HR: 

0.76, 95% CI: 0.40–1.45), but it remained non-significant. These results were confirmed by 

the cumulative incidence curves depicted in Figure 1. There was no difference between ERG 

status and cancer survival stratified by stage at diagnosis (data not shown). In an a-posteriori 
analysis, we adjusted the association between ERG status and death from prostate cancer for 

a propensity score based on age, cohort, stage, Gleason score and PSA level at diagnosis. 

Results remained null (HR: 0.82, 95% CI: 0.44–1.54). Similarly, there was no association 

between ERG status and time to all-cause mortality among men undergoing ADT. Analyses 

restricted to radical prostatectomy specimens, to men with T2 and T3 tumors, and within 

each cohort, all returned comparable results (data not shown).

Among those who were treated with ADT as a (neo)adjuvant treatment, multivariable results 

indicated a non-statistically significant inverse association between positive ERG status and 

death from prostate cancer (HR: 0.44, 95% CI: 0.13–1.50) (Table 3) as well as biochemical 

recurrence (HR: 0.43, 95% CI: 0.14–1.29). Results were null for time to prostate cancer 

mortality among men who initiated ADT after disease progression. After multivariable 

adjustment, there was a lower risk of death from prostate cancer associated with ERG-

positive prostate cancer among men who were treated with orchiectomy (HR: 0.13, 95% CI: 

0.03–0.62). It is important to note that there were only 15 total prostate cancer deaths in 

these analyses.

DISCUSSION

In this study of prostate cancer patients treated with ADT, there was no significant difference 

in the time to death from prostate cancer or all-cause mortality by TMPRSS2:ERG status. 

Moreover, there was no association between TMPRSS2:ERG and time to initiation of 

hormonal therapy after diagnosis. There was a non-significant inverse association between 

ERG status and death from prostate cancer among men who had received (neo)adjuvant 

ADT. There was also an inverse association between ERG status and prostate cancer 

mortality among men treated by orchiectomy.

It seems likely that the association between ERG status and response to ADT among men 

treated with orchiectomy is due to chance, but there may also be alternative explanations. 

Surgical castration is an irreversible procedure, making the effects of androgen deprivation 

lifelong. In contrast, chemical castration may be administered for varying durations and its 

effects may be reversed. It is possible that longer courses of therapy, either surgical or 

chemical, benefit men with ERG-positive prostate cancer. Our data did not permit 

assessment of each participant’s duration on these therapies because of lacking information 

about ADT stop dates.

We had hypothesized that ERG-positive tumors may be more responsive to androgen 

deprivation than ERG-negative tumors. When androgen receptor is activated, it regulates the 

transcription of TMPRSS2. When the oncogene ERG is fused to TMPRSS2, it also becomes 

androgen-regulated [20,21]. Disease with TMPRSS2:ERG is thus a unique model of cancer 

in which an oncogene is regulated by androgens. We speculated that androgen deprivation of 

ERG-positive cancers could diminish their oncogenic potential.
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Despite the biological rationale, few studies have evaluated the benefits of ADT in the 

context of TMPRSS2:ERG (Table 1). In 2009, Attard and colleagues published a case report 

of a patient with especially hormone-sensitive cancer [10]. The ERG-positive patient was 

treated with several rounds of ADT and maintained a long-lasting response to hormonal 

treatment despite poor prognostic factors at diagnosis. The following year, Boormans and 

colleagues assessed the association between ERG status and biochemical recurrence in a 

cohort of 71 men with initially hormone-naïve node-positive prostate cancer [9]. They found 

no difference in the time from start of endocrine therapy to biochemical recurrence 

according to ERG status. Leinonen and colleagues found similarly null results in their 

analysis of progression-free survival in 178 patients [12]. A case-control study of men 

treated with radical prostatectomy from Karnes and colleagues evaluated the interaction 

between ERG status and receipt of adjuvant ADT on time to systemic progression. Among 

ERG-positive participants, they found that treatment with adjuvant ADT was associated with 

a longer time to systemic progression, but their results were not statistically significant [11]. 

Our secondary analysis of men treated with (neo)adjuvant hormonal therapy indicated a 

possible protective association between positive ERG status and death from disease, but 

results did not reach significance. Overall, our study is the largest analysis to-date using fatal 

prostate cancer as the primary endpoint and results are consistent with those of the null 

studies.

Our study was limited by its sample size, even though it is the largest study of its kind to-

date. Based on 42 deaths from prostate cancer, we had only 57% power to detect an HR of 

0.50 at an alpha of 0.05. Our study population was heterogeneous with respect to timing and 

classes of ADT treatments received, but we were able to assess the association within 

specific subtypes of ADT. We were not able to further sub-classify (neo)adjuvant therapy 

into neoadjuvant versus adjuvant therapy (because of missing months of treatment) or 

therapy in response to biochemical recurrence versus metastatic progression (because of 

lacking data from medical records). Misclassification of treatment months was not likely 

differential between ERG-positive and ERG-negative patients. Our study did not include 

men who were treated with alternative forms of hormonal therapy used predominantly in 

castration-resistant prostate cancer. For example, we were unable to evaluate the prognostic 

value of TMPRSS2:ERG in the setting of abiraterone treatment; our cohort had low 

prevalence of abiraterone use given that it was not FDA-approved until 2011. As such, anti-

androgens, GnRH agonists and orchiectomy were the first lines of therapy administered for 

the treatment of advanced prostate cancer. While Attard and colleagues found that ERG 

rearrangement was associated with the magnitude of maximal PSA decline on abiraterone 

acetate [22], Danila and colleagues did not find that TMPRSS2:ERG predicts response to 

treatment [23]. We were unable to evaluate the time from treatment to castration-resistance 

in addition to death. Mortality, however, is a key clinical outcome used in clinical trials. 

Lastly, our study may have benefited from a test of interaction between treatment with ADT 

and ERG status. However, a large majority of men who die from prostate cancer are treated 

with ADT at some point during their clinical course. As such, we would expect to see very 

few cases of fatal prostate cancer in the set of men who do not receive ADT. We thus elected 

to limit our study population to those who had been treated with ADT.
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CONCLUSIONS

Treatment strategies targeted toward unique biological features of prostate cancer specific to 

certain subsets of patients have remained elusive. Upwards of 100,000 ERG-positive 

prostate cancers are diagnosed in the United States each year [24]; there would be key public 

health implications if they were more susceptible to treatment with ADT. Our results do not 

rule out the possibility that ERG status could be associated with responsiveness to hormonal 

therapy in certain settings, but larger cohorts are needed for more robust results. In 

particular, they should be well powered to evaluate the prognostic significance of 

TMPRSS2:ERG in patient subgroups defined by timing and class of ADT.
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Figure 1. 
Age, cohort and stage adjusted cumulative incidence of death from prostate cancer for the 

time from ADT initiation to outcomes by ERG status among 239 men treated with ADT for 

prostate cancer, Physicians’ Health Study, and Health Professionals Follow-up Study cohorts 

1986–2011
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