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Abstract

In DNA from prostate tumors, methylation patterns in gene promoter regions can be a biomarker 

for disease progression. It remains unclear whether methylation patterns in benign prostate tissue

—prior to malignant transformation—may provide similar prognostic information. To determine 

whether early methylation events predict prostate cancer outcomes, we evaluated histologically 

benign prostate specimens from 353 men who eventually developed prostate cancer and received 

“definitive” treatment [radical prostatectomy (58%) or radiation therapy (42%)]. Cases were 

drawn from a large hospital-based cohort of men with benign prostate biopsy specimens collected 

between 1990 and 2002. Risk of disease progression associated with methylation was estimated 

using time-to-event analyses. Average follow-up was over 5 years; biochemical recurrence (BCR) 

occurred in 91 cases (26%). In White men, methylation of the APC gene was associated with 

increased risk of BCR, even after adjusting for standard clinical risk factors for prostate cancer 

progression (adjusted hazard ratio (aHR) = 2.26; 95%CI 1.23–4.16). APC methylation was most 

strongly associated with a significant increased risk of BCR in White men with low prostate 

specific antigen at cohort entry (HR = 3.66; 95%CI 1.51–8.85). In additional stratified analyses, 

we found that methylation of the RARB gene significantly increased risk of BCR in African 

American cases who demonstrated methylation of at least one of the other four genes under study 

(HR = 3.80; 95%CI 1.07–13.53). These findings may have implications in the early identification 

of aggressive prostate cancer as well as reducing unnecessary medical procedures and emotional 

distress for men who present with markers of indolent disease.
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Prostate cancer is the most common noncutaneous cancer in men in the United States, with 

the diagnoses projected to increase 40% between 2010 and 2020.1 Prostate cancer is 

characterized by its marked multi-focal nature—67–96% of prostatectomy specimens 

display more than one tumor focus.2,3 This suggests the presence of a “field defect,” 

whereby factors underlying carcinogenesis result in molecular changes throughout large 

areas of the prostate.4 Such changes are measurable in histologically normal cells and 

generally precede overt carcinogenesis. Studies of tumor-adjacent benign tissue have found 

alterations in gene expression,5,6 telomere DNA content,7 gene copy number 8 that mimic a 

malignant phenotype. In addition, often there is an increased prevalence of methylation in 

genes such as APC,9 GSTP110 and RARB2 9,10 known to be methylated in prostate cancer. 

The mechanisms underlying these alterations are not clearly understood, but may be 

explained by one or more factors including extended effects of carcinogens, lateral 

expansion of the tumor or influence of the tumor on the adjacent tissue. All these fall under 

the general rubric of field cancerization and have clinical relevance in terms of early 

detection and treatment of prostate cancer.

Aberrant methylation may arise from any number of insults to the entire prostate, incidental 

or cumulative, many resulting in transcriptional silencing and inactivation of genes that 

regulate critical cell processes and is considered an early landmark event in 

carcinogenesis.11 Epigenetic changes are thought to occur progressively in prostate cancer, 

and DNA methylation may also be involved in the regulation of biologic pathways leading to 

metastasis,12,13 but it remains unclear at what stage these changes have prognostic 

significance.14 Panels of methylation markers are emerging that demonstrate added utility 

for prediction of disease progression beyond standard clinical parameters,15,16 but results 

vary across studies. Two recent studies both showed methylation of glutathione S-transferase 

pi 1 (GSTP1), a gene where methylation has long been associated with presence of prostate 

cancer, also may have predictive value in disease recurrence.17,18 To date, all studies that 

have examined gene promoter methylation as a risk factor for disease progression have 

assessed methylation at the time of disease diagnosis. None have tested whether methylation 

that occurs before disease onset has any prognostic value.

Methylation changes are evident in non-neoplastic cells adjacent to prostate tumors, even as 

far as 10–20 mm from the primary tumor.19 Troung et al.20 successfully used the 

methylation status of two genes (EVX1 and FGF1) in tumor-associated benign biopsy 

specimens to discriminate between men with and without prostate cancer. Globally, 

methylation patterns in tumor-adjacent benign tissue are remarkably similar to the nearby 

cancer.21,22 Methylation patterns that distinguish tumor from normal prostate tissue, but that 

can be found in tumor adjacent benign tissue, may also have utility in predicting prostate 

cancer relapse.21 We found both methylation of either the APC or RARB gene in benign 

prostate increased risk for subsequent prostate cancer;23 other studies have shown that 
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methylation of APC 24,25 and RARB 26 may predict biochemical recurrence (BCR) of 

cancer.

The only published study of gene methylation in nontumor tissue and prostate cancer 

progression found that, after adjusting for Gleason score, methylation of both APC and 

GSTP1 in tumor-adjacent benign tissue was associated with a 2.4-fold increased risk of 

death from prostate cancer.27 Notably, methylation of these genes in tumor-adjacent benign 

tissue correlated with methylation status in tumor. We sought to determine whether aberrant 

gene promoter methylation that occurs prior to the onset of clinically detectable prostate 

cancer would predict BCR in prostate cancer cases that received definitive treatment. Using 

data from a previously conducted matched case-control study nested within a large historical 

cohort,23 we asked whether gene promoter methylation in prediagnostic benign tissue was 

associated with BCR, and whether associations between methylation status and BCR were 

race-specific.

Methods

Study sample

After obtaining approval from the Henry Ford Health System Institutional Review Board, a 

historical cohort of 6,692 men with a benign prostate specimen collected by needle core 

biopsy or transurethral resection of the prostate (TURP) between January 1990 and 

December 2002 was identified. Eligibility criteria included a recorded prostate specific 

antigen (PSA) level within a year of cohort entry and no history of a previous prostate 

cancer diagnosis. “Date of cohort entry” was defined as the date of the initial benign prostate 

specimen collection; “date of case diagnosis” was the date of first cancer-positive prostate 

tissue histology. Only cases diagnosed with prostate cancer one or more years from date of 

cohort entry were eligible for the study.

We identified 617 potentially eligible cases diagnosed with prostate cancer prior to July 

2007.28 Of these 617 cases, we measured methylation levels for at least one gene for 554 

cases. For the cases with methylation data, we then reviewed medical chart follow-up data to 

determine which cases had both definitive primary treatment (radical prostatectomy or 

external beam radiation therapy) and a minimum of two or more PSA tests after treatment, 

resulting in an analytic sample of 353 cases. The percentage of missing methylation data or 

positive methylation for any of the genes under study did not differ significantly between 

excluded and included cases. For these 353 cases, 58% underwent radical prostatectomy, 

while 42% received radiation. For surgical patients, BCR was defined as a postsurgery 

undetectable PSA followed by two consecutive detectable (>0.2 ng/ml) rising PSA levels 

four weeks or more postsurgery.29 For radiation-treated patients, we used the Phoenix 

criteria (PSA increase ≥2 ng/ml above nadir).30

Clinical and demographic data were abstracted from case medical records from five years 

before the date of cohort entry through the date of diagnosis. Data on all PSA tests were 

recorded and the PSA test value immediately prior to the initial benign biopsy was used as 

the PSA level at time of cohort entry. The PSA test value closest to, but preceding, the date 

of diagnosis, was considered the PSA level at time of diagnosis. All surgical specimens were 
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reviewed for the absence of malignancy and presence of inflammation by a single urological 

pathologist (ONK) blinded to outcomes 28 (Fig. 1). Inflammation in biopsy specimens was 

classified by grade (mild, moderate, severe), extent (focal, multifocal, diffuse) and 

compartmental location (stromal, periglandular, glandular).31 For the purposes of analysis, 

we dichotomized inflammation as present or absent where inflammation of any grade or 

extent and in any location was considered positive.

DNA isolation and methylation-specific PCR

Methylation studies were conducted using DNA from benign prostate specimens acquired 

by needle biopsy or TURP. Five-micron sections of paraffin-embedded prostate tissues were 

processed as previously described.23 Nested methylation-specific PCR was used to detect 

methylation in ~200 base pair promoter regions of the RARB, APC, CTNND2, RASSF1 and 

MGMT genes. Stage I primers were multiplexed to maximize DNA recovered from tissue 

(<200 ng for most biopsies). Because Stage I primers recognize bisulfite-modified templates 

but do not discriminate between methylated and unmethylated alleles, the PCR product from 

Stage I was diluted and then subjected to a second PCR (Stage II) with primers specific for a 

methylated template located around the transcriptional start site, where methylation—if 

present—is strongly correlated with gene silencing. Visualization of a gel band from stage II 

primer PCR product was considered positive methylation. Absence of gel band from stage II 

primer PCR product, but visualization of gel band from a stage I primer PCR product was 

considered negative methylation. Absence of both stage I and II PCR product bands was 

considered missing data. To ensure that only methylated alleles were amplified, Stage II 

PCR reactions were performed at annealing temperatures greater than the melting 

temperature of the Stage I primers. Sensitivity was approximately 1 in 500 even with the 

nested methylation-specific PCR approach, due to tissue degradation from formalin fixation 

and storage in paraffin.

Statistical analysis

χ2 tests and two sample t-tests were used to compare differences in demographic, clinical 

characteristics and methylation status with respect to BCR. Additional analyses that 

considered time to BCR included log-rank tests and Cox proportional hazard models that 

analyzed the difference between DNA methylation categories with respect to risk of BCR. 

Time to BCR was defined as the duration between the date of surgery or radiation and the 

second PSA test that defined the recurrence event or censored at the last postoperative PSA 

test for men that did not recur. Models were adjusted for tumor stage, advanced tumor grade, 

PSA level at cancer diagnosis, treatment type and age at cancer diagnosis. Stratified models 

were compared using a Cox proportional hazard model that included interaction terms with 

the stratified variable.

Results

Demographic and clinical characteristics of our analytic sample are shown in Table 1. 

Among the 353 cases, 91 (25.8%) recurred during the course of follow-up, with BCR events 

occurring between 2.3 and 167.6 months of follow-up with a median recurrence time of 22.5 

months. Cases that did not recur were followed between 1 month and 19 years, with a 
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median follow-up of 75.5 months. As expected, recurrent cases had higher PSA levels both 

at cohort entry and diagnosis as well as higher PSA velocity prior to diagnosis. Recurrent 

cases were also more likely to demonstrate higher Gleason grade (8–10) tumors than 

nonrecurrent cases.

Of the five genes studied, RARB, APC and CCND2 had slightly higher percentages of 

positive methylation among recurrent cases, but methylation status was not significantly 

different for any of the five genes between recurrent and nonrecurrent cases (Table 2). When 

we stratified by race, we found APC methylation was significantly higher among Whites 

with BCR (p = 0.006) and RASSF1 methylation was marginally higher in nonBCR African 

Americans (20% vs. 6%; p = 0.06). Using time-to-BCR as the outcome variable, we next 

estimated crude and adjusted hazard ratios for the three genes with the highest methylation 

percentage (RARB, APC and RASSF1) in both the full and race-stratified samples (Table 3). 

APC methylation demonstrated the strongest association with BCR in Whites in both crude 

(HR = 2.07; 95%CI 1.15–3.74) and adjusted analyses (Hazard Ratio (HR) = 2.26; 95% 

confidence interval (CI) = 1.23–4.16). In Figure 2b, the race-stratified survival curves for 

APC methylation show a clear separation by methylation status (overall log rank p values = 

0.04) with the survival curves for White cases with and without APC methylation 

significantly different from each other (p = 0.03). In addition, when we found a race x APC 
methylation interaction term to be statistically significant (p = 0.01). There were no 

significant associations between methylation status and BCR for any of the other genes, in 

either the full or race-stratified samples.

Because gene promoter methylation may potentially interact with other factors that presage a 

malignant environment such as an increased PSA level or presence of inflammation, we 

examined RARB and APC methylation associations stratified on these factors as well as the 

methylation of the other genes under study (Table 4). The latter was a crude indicator of 

possible field cancerization in the benign specimen in which methylation was being 

measured. For RARB methylation, the greatest differences across risk strata were observed 

for African American cases. RARB methylation conferred a significant increased risk for 

BCR in cases where another gene was methylated (“high methylation index”) and when 

inflammation was absent in the benign prostate specimen. Absence of prostatic 

inflammation had a similar positive effect on RARB methylation-associated prostate cancer 

risk of progression across racial groups, with a two-fold increased risk of BCR associated 

with the combination of positive RARB methylation and absence of histologic prostatic 

inflammation in the full sample (OR = 2.38; 95%CI 1.22–4.65).

For methylation of APC, the greatest differences across risk strata were observed for White 

men. APC methylation conferred a significant increased risk for BCR when no other gene 

was methylated (“low methylation index”), PSA was low at time of cohort entry, or when 

inflammation was present in the benign prostate specimen. Risk estimates for APC 
methylation were significantly different only between strata for the high and low PSA risk 

subsets (p = 0.02). In African Americans, APC methylation tended to be associated with 

decreased risk of BCR, however, none of the strata-specific estimates were significant. 

Stratified analyses of RASSF1 methylation did not reveal any significant associations for 

either the full or race-stratified samples (data not shown).
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Discussion

In our earlier study,23 we demonstrated that gene promoter methylation may be an indicator 

of field cancerization—a “field” indicative of clonal expansion and spreading of cells with 

genetic alterations that can lead to cancer initiation and potentially progression32—in the 

prostate. We now report results from the first study to examine methylation in preneoplastic 

prostate tissue and its association with later disease progression. We found a suggestive 

association between APC methylation and BCR in White men; the association remained 

after adjustment for standard clinical disease progression risk factors (HR = 2.26; 95%CI 

1.23–4.16). While in our earlier report, it was mainly in African American men where 

methylation of APC and to a greater extent, RARB, increased risk of prostate cancer, APC 
did increase risk of high grade disease two-fold in White men.23 In the present study, we 

found the hazard ratio for BCR associated with APC methylation was increased in White 

men and further accentuated in certain clinical substrata. These results support our 

hypothesis that aberrant DNA methylation—detected before the tumor becomes 

morphologically evident—is an early event in carcinogenesis that may drive cancer 

progression.

Because we have previously found that inflammation in benign prostate is inversely 

associated with subsequent risk of prostate cancer,28 we performed analyses stratified on 

inflammation status. Methylation of APC and RARB demonstrated divergent results. 

Methylation of APC was associated with a three-fold increased risk of BCR in White men 

with inflammation in their benign prostate specimens, but not in White men without 

inflammation. This is consistent with reports in other cancers. Methylation levels of both 

APC and RARB are increased in inflammatory versus noninflammatory breast cancer.33 In 

glioblastoma, methylation of RARB and RASSF1 are positively associated with expression 

of IL-6, a marker of chronic inflammation.34 In APC (Min/+) mutant mice that 

spontaneously develop prostate intraepithelial neoplasia and microinvasive carcinoma with 

increasing age, development of subsequent prostate cancer occurs in an inflammation-

dependent manner following infection with Helicobacter hepaticus.35

Conversely, RARB methylation in benign prostate was associated with a two-fold increased 

risk of BCR in the absence of inflammation with this increased risk observed mainly in 

African American men where positive RARB methylation and absence of inflammation in 

benign prostate was associated with a three-fold increased the risk of BCR. Racial 

differences are known to exist in prostate tumor immunobiology,36 particularly in genes 

related to inflammation,37 which may in part explain this finding. RARB methylation likely 

occurs early in prostate carcinogenesis,38 and the majority of studies investigating 

methylation as a marker of prostate cancer progression have found RARB methylation to be 

associated with an increased risk of BCR after adjusting for other known risk 

factors.25,26,39–42

Only one study to date has examined whether methylation markers in a prostate cancer field 

are predictive of disease outcome. Richiardi et al. showed that methylation of both the APC 
and GSTP1 genes in tumor-adjacent benign tissue were associated with a 2.4-fold increased 

risk in death from prostate cancer after adjusting for Gleason score.27 Methylation of both 
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genes in tumor-adjacent benign tissue correlated strongly with methylation status in tumor. 

The results of this study suggest that the molecular changes indicative of field cancerization 

in prostate cancer are also linked to how the disease will progress in the malignant state. 

Although the authors note that they focused on methylation of only two genes—GSTP1 and 

APC—because of their involvement in crucial pivotal cell control pathways, it is likely that 

additional prognostic information could be obtained from other genes. Richiardi et al. also 

found increasing risk for prostate cancer mortality when both GSTP1 and APC were 

methylated, compared with when only one was methylated.27 This result is consistent with 

our finding of RARB methylation being associated with a greater increased risk for BCR in 

African Americans when APC, RASSF1, CTND2 or MGMT is methylated. However, it 

conflicts with our finding that BCR risk associated with APC methylation is highest in 

White men with a low methylation index. One explanation for latter finding could be that 

GSTP1 and APC work in complementary carcinogenesis pathways, whereas APC and the 

other four genes we studied (RARB, RASSF1, CTNND2, MGMT) work in antagonistic 

pathways. These results collectively suggest that promoter gene methylation is not an 

independent event, and should be considered in the context of gene networks and biological 

pathways.

While all study prostate tissue specimens were systematically reviewed by a pathologist to 

confirm absence of malignancy, the nature of our study design did not allow us to exclude 

men with small undectable tumor lesions at time of cohort entry. We chose the cutoff of one 

year for inclusion of incident cases based on earlier unpublished work that showed the 

cumulative incidence distribution of prostate cancer in men with a benign prostate specimen 

in our cohort formed a left skewed distribution with the majority of cases diagnosed within 

three months of the time of benign prostate specimen collection with a steady decline of 

incident cases thereafter. Since the slope in this decline leveled off at one year, and because a 

year would also generally encompass the time of any re-evaluation of suspicious biopsy 

findings,43 we chose one year of follow-up as the cutoff for study eligibility, which should 

eliminate most of the men with prostate cancers that were “missed” at time of cohort entry.

DNA methylation patterns may differ by race in both healthy and diseased tissue.44,45 In 

benign prostate, African Americans appear to have a higher baseline level of RARB 
methylation compared with White men.23,46 However, if racial differences in RARB 
methylation exist in benign prostate, these differences apparently disappear when the 

prostate becomes malignant.23,46,47 Interestingly, RARB methylation does not appear to be 

related to clinical parameters of disease in African American prostate cancer cases.23,46 If 

high levels of RARB methylation are a precursor for prostate cancer, then the elevated 

RARB methylation observed in histologically benign prostate tissue from African American 

men may suggest a higher baseline risk for this racial group, consistent with epidemiologic 

observations.48,49 In the current study, we found that RARB methylation was associated 

with disease outcome only in certain subgroups of African American patients, while APC 
methylation increased risk for disease progression only in White patients. These results are 

different than what we previously reported as far as the race-specific associations of 

methylation of these genes with prostate cancer risk.23 Biologic pathways involved in early 

development of cancer versus later cancer progression are likely different so congruence 

between risk estimates of gene methylation for disease occurrence versus progression would 

Rybicki et al. Page 7

Int J Cancer. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



not necessarily be expected. For example, cigarette smoking is not considered a strong risk 

factor for prostate cancer risk, but has been shown to increase risk for poor outcome.50

In summary, we show for the first time that promoter gene methylation in the earliest stages 

of prostate carcinogenesis may drive later disease outcomes. If an aggressive disease 

phenotype is epigenetically “programmed” in the earliest stages of disease—before cellular 

morphological changes that distinguish malignancy are apparent—this has important 

implications in the prevention and treatment of clinically significant prostate cancer. 

Moreover, if early epigenetic markers of aggressive disease vary by race, this will affect the 

development and implementation of future molecular-based diagnostic tests. Our results are 

novel, and need to be replicated in independent ethnically diverse patient cohorts, especially 

where more definitive disease outcome data, such as development of metastatic disease and 

death due to prostate cancer, are available
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What’s new?

Methylation patterns hold clues to the risk of disease progression in men with prostate 

cancer. Whether risk of malignant transformation from benign prostatic disease can be 

similarly deduced is unknown. Here, methylation patterns in gene promoter regions were 

analyzed in benign tissue samples collected from men who later developed prostate 

cancer. In white men only, methylation of a known tumor suppressor gene in 

premalignant benign prostate was associated with an increased risk for subsequent 

disease progression. The results suggest that race-specific methylation panels could play 

a role in the early detection of aggressive prostate cancer.
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Figure 1. 
Representative histology of benign prostate specimens used in study. Photographs taken at 

20 × (panel A and B) and 40 × (panel C and D) of two different prostate specimens. Panels 

A and C depict normal prostate glandular architecture of a biopsy specimen of a 61 year old 

African American man. Panels on B and D depict prostate glands of biopsy specimen of a 79 

year old white man with significant atrophy and inflammation. [Color figure can be viewed 

in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. 
Kaplan-Meier survival plots for methylation-race subgroups. The curves show separate 

analyses of the methylation status of the RARB (a), APC (b) and RASSF1 (c) genes in 

benign prostate specimen. Prostate cancer disease-free survival is depicted for cases with a 

methylated—M (solid lines) or unmethylated—UM (broken lines) gene stratified by race: 

White (grey lines) and African American—AA (black lines) patients.
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Table 1

Demographic and clinical characteristics of prostate cancer cases by recurrence status

Variable Response Nonrecurrent cases
(N = 262)

Recurrent cases
(N = 91)

p values

Race White 152 (58%) 54 (59%) 0.825

African American 110 (42%) 37 (41%)

Age at cohort entry (n = 262) 63.7 ± 6.8 (n = 91) 64.5 ± 6.8 0.325

Age at diagnosis (n = 262) 68.3 ± 7.0 (n = 91) 68.8 ± 7.4 0.515

Median Date of Cohort Entry 07/11/1995 09/15/1994 0.424

Median Time until Dx in years 3.84 3.78 0.607

Median time until recur- rence/last follow-up 
(months)

75.48 22.54 <.001

Type of benign specimen Biopsy 247 (94%) 85 (93%) 0.763

Transurethral Resection of 
the Prostate

15 (6%) 6 (7%)

PSA level at cohort entry (ng/ml) (n = 262) 6.4 ± 3.6 (n = 91) 7.8 ± 5.8 0.033

PSA level at diagnosis (ng/ml) (n = 260) 9.2 ± 7.3 (n = 91) 17.4 ±28.9 0.009

PSA Velocity (ng/ml per year) (n = 257) 1.0 ± 1.9 (n = 90) 1.6 ±4.0 0.154

Number of PSA test prior to diagnosis (n = 262) 9.2 ± 5.5 (n = 91) 9.0 ±5.1 0.712

Inflammation Present 147 (57%) 48 (53%) 0.508

High Grade Prostatic Intra- epithelial Neoplasia 
present

29 (11%) 5 (5%) 0.114

Type of treatment Prostatectomy 153 (58%) 53 (58%) 0.979

Radiation 109 (42%) 38 (42%)

Tumor Stage 1 72 (27%) 24 (26%) 0.337

2 168 (64%) 54 (59%)

3 21 (8%) 13 (14%)

4 1 (0%) 0 (0%)

Gleason Grade <6 136 (54%) 27 (31%) <.001

7 (3 + 4) 53 (21%) 18 (21%)

7 (4 + 3) 29 (11%) 12 (14%)

8–10 36 (14%) 30 (34%)
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