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Somatic inactivation of the glutathione S-trans-

ferase-� gene (GSTP1) via CpG island hypermethyl-

ation occurs early during prostate carcinogenesis,

present in �70% of high-grade prostatic intraepithe-

lial neoplasia (high-grade PIN) lesions and more than

90% of adenocarcinomas. Recently, there has been a

resurgence of the concept that foci of prostatic atro-

phy (referred to as proliferative inflammatory atro-

phy or PIA) may be precursor lesions for the devel-

opment of prostate cancer and/or high-grade PIN.

Many of the cells within PIA lesions contain elevated

levels of GSTP1, glutathione S-transferase-� (GSTA1),

and cyclooxygenase-II proteins, suggesting a stress re-

sponse. Because not all PIA cells are positive for GSTP1

protein, we hypothesized that some of the cells within

these regions acquire GSTP1 CpG island hypermethyl-

ation, increasing the chance of progression to high-

grade PIN and/or adenocarcinoma. Separate regions

(n �199) from 27 formalin-fixed paraffin-embedded

prostates were microdissected by laser-capture micro-

dissection (Arcturus PixCell II). These regions in-

cluded normal epithelium (n � 48) , hyperplastic

epithelium from benign prostatic hyperplasia nod-

ules (n � 22), PIA (n � 64), high-grade PIN (n � 32),

and adenocarcinoma (n � 33). Genomic DNA was

isolated and assessed for GSTP1 CpG island hyper-

methylation by methylation-specific polymerase

chain reaction. GSTP1 CpG island hypermethylation

was not detected in normal epithelium (0 of 48) or in

hyperplastic epithelium (0 of 22), but was found in 4

of 64 (6.3%) PIA lesions. The difference in the fre-

quency of GSTP1 CpG island hypermethylation be-

tween normal or hyperplastic epithelium and PIA was

statistically significant (P � 0.049). Similar to studies

using nonmicrodissected cases, hypermethylation

was found in 22 of 32 (68.8%) high-grade PIN lesions

and in 30 of 33 (90.9%) adenocarcinoma lesions. Un-

like normal or hyperplastic epithelium, GSTP1 CpG

island hypermethylation can be detected in some PIA

lesions. These data support the hypothesis that atro-

phic epithelium in a subset of PIA lesions may lead to

high-grade PIN and/or adenocarcinoma. Because

these atrophic lesions are so prevalent and extensive,

even though only a small subset contains this somatic

DNA alteration, the clinical impact may be substan-

tial. (Am J Pathol 2003, 163:923–933)

Various focal atrophic lesions involving prostatic epithe-

lium have been described by a diverse range of termi-

nology.1 Recently Ruska and colleagues2 simplified the

classification of most of these lesions, referring to them as

simple atrophy or postatrophic hyperplasia. McNeal3 re-

ferred to similar focal lesions as postinflammatory atro-

phy, to emphasize the finding that most of these areas

showed signs of ongoing or remote chronic inflammation.

To highlight the fact that these atrophic foci in the pros-
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tate tend to be highly proliferative and are associated

with inflammation, we termed these lesions “proliferative

inflammatory atrophy” (PIA).4 Long-term chronic inflam-

mation may contribute to carcinogenesis in many organ

systems through a postulated mechanism of repetitive

tissue damage and regeneration in the presence of re-

active phagocyte-derived oxygen and nitrogen species

and cytokines.5 That these lesions are incurring oxidative

stress is suggested by the fact that expression of gluta-

thione S-transferase � (GSTP1) and � (GSTA), enzymes

typically induced in response to oxidative or electrophilic

stresses, are elevated in PIA.4,6 Also, cyclooxygenase II,

another stress-inducible enzyme, is elevated in PIA.7

Several investigators in the early part of the last century

suggested that focal prostatic atrophy may be a precur-

sor to prostate cancer by virtue of the predilection for

both lesions to occur in the peripheral zone and their

frequent occurrence near carcinoma lesions.8,9 Franks10

and Liavag11 postulated that at least some forms of atro-

phy might directly give rise to cancer in the prostate.

Recent morphological, immunohistochemical, and mo-

lecular-genetic evidence have provided preliminary sup-

port for this concept.4,12–15 For example, atrophic epithe-

lium in PIA is frequently found to merge directly with, and

display morphological transitions to, high-grade PIN12

and is often found near small carcinoma lesions.10–12 In

addition, some atrophic lesions have been shown to ac-

quire somatic chromosome 8 abnormalities13,15 and p53

mutations14—genetic changes that are associated with

prostate cancer and high-grade PIN.

GSTP1, encoding glutathione S-transferase-�, has

been proposed to be a caretaker gene, protecting cells

against genome damage mediated by oxidants and elec-

trophiles from inflammation or dietary exposures.16–18 In

the human prostate, the vast majority of high-grade PIN

and prostatic adenocarcinoma lesions fail to express

GSTP1, whose loss is associated with hypermethylation

of the CpG island encompassing the GSTP1 promoter.

Methylation changes at this site have been detected in up

to 100% of prostate cancer DNA specimens16,19–32 and

in �70% of high-grade PIN,24,28,30,32,33 but are generally

not found in normal prostate tissue. Although many of the

luminal epithelial cells in PIA lesions express GSTP1,

some do not.4 We hypothesize that some PIA cells may

acquire GSTP1 CpG island hypermethylation leaving

these cells vulnerable to progress to high-grade PIN

and/or adenocarcinoma. Because atrophic cells ex-

pressing GSTP1 would not be expected to harbor GSTP1

promoter hypermethylation, and because the majority of

the tissue within areas of PIA is stromal, we needed a

method to enrich the epithelial cells in these regions to

perform molecular analysis. For this, we isolated selected

cell populations using laser-capture microdissection

(LCM). Here, we report the results of a large survey of

human clinical prostate tissues that examined the meth-

ylation status of the GSTP1 CpG island in matched sam-

ples of normal prostate, epithelial benign prostatic hyper-

plasia (BPH) tissue, PIA, high-grade PIN, and prostatic

adenocarcinoma.

Materials and Methods

Prostate Tissue Samples

Twenty-seven formalin-fixed paraffin-embedded radical

prostatectomy specimens were randomly selected from a

larger series of patients who underwent radical retropu-

bic prostatectomy for clinically localized prostate adeno-

carcinoma at The Johns Hopkins Hospital between 2000

and 2001. All patients provided informed consent for use

of tissues, and the use of tissues was approved by the

Johns Hopkins University School of Medicine Institutional

Review Board. The median patient age was 59-years-old

and ranged from 47 to 67 years. The median preopera-

tive serum prostate specific antigen (PSA) was 5.5

(range, 4.0 to 11.5). The median Gleason score was 6

(range, 5 to 8) and the pathological stage ranged from

pT2N0Mx to pT3aN0Mx. A series of a 5-�m sections and

two 10-�m sections were cut from each tissue block. A

5-�m section was hematoxylin and eosin (H&E)-stained

for pathological evaluation to identify each region. One or

two 10-�m sections were used for LCM. Adjacent sec-

tions in some cases were stained by immunohistochem-

istry for 34�E12 and/or GSTP1.

Histological Classification of Normal and

Hyperplastic Tissues

Epithelium was classified as histologically normal when

glands contained two epithelial cell layers lined by lumi-

nal cells that were tall and columnar. These luminal cells

contained pale-to-clear cytoplasm and nuclei that were

generally round, mostly basally located, and nearly even

in size and shape and showed either no evidence of

nucleoli or only very small nucleoli (�1 �m). These nor-

mal appearing glands contained abundant papillary in-

foldings and were generally lined by a continuous or

mostly continuous basal cell layer. Epithelium was clas-

sified as hyperplastic when a similar histological appear-

ance to that of normal epithelium, albeit at times with

more pronounced papillae, was seen and the region oc-

curred within an enlarged nodule in the transitional zone

(nodular hyperplasia or benign prostatic hyperplasia).3

Histological Classification of PIA

We classified PIA lesions into the following types: simple

atrophy, postatrophic hyperplasia, or mixed simple atro-

phy/postatrophic hyperplasia.2 Simple atrophy consists

of atrophic cells lining acini with relatively normal caliber

that lack papillary fronds, where the number of glands

per unit area do not appear to be increased relative to

normal tissue. Postatrophic hyperplasia consists of acini

that are smaller and round and appear in a lobular dis-

tribution, often surrounding a somewhat dilated duct with

an apparent increase in the number of small glands

compared to normal tissue.2 Often, these two patterns

are found in the same region, appearing to merge to-

gether (mixed lesions). The epithelium in both types of

atrophy is composed of two layers consisting of flat basal
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cells and cubical to low-columnar luminal cells. The ma-

jority of luminal cells in atrophic regions contain scant

basophilic cytoplasm. The spatial relation between PIA

and high-grade PIN or carcinoma was examined as pre-

viously described.12 We recorded whether the atrophic

lesion was merging directly with high-grade PIN, merging

with carcinoma, adjacent to high-grade PIN and/or car-

cinoma (�100 �m), near to high-grade PIN and/or car-

cinoma (�100 �m to �1 mm), and distant from high-

grade PIN and/or carcinoma (�1 mm). We also evaluated

the nuclear features of the PIA luminal cells and classified

individual lesions as containing no nuclear atypia, or

having focal atypia (�1% of atrophic cells) consisting of

nucleolar and nuclear enlargement beyond that of normal

epithelium, but less than that found in high-grade PIN.

These regions containing nuclear atypia were designated

as focal low-grade PIN, as indicated previously.12 Nucle-

olar enlargement in atrophic cells directly abutting acute

or chronic inflammatory cells was considered reactive

atypia and not PIN.

Immunohistochemistry

Immunohistochemistry for high-molecular weight cytoker-

atin (HMWCK) and GSTP1 was performed with 34�E12

(primary monoclonal, dilution 1:50; Enzo Biochem, Farm-

ingdale, NY) and anti-GSTP1 (rabbit polyclonal, 1:4000;

DAKO, Carpinteria, CA) using the EnVision� detection

system (DAKO). Paraffin sections were deparaffinized

and rehydrated through a graded alcohol series. Steam

heating in citrate buffer (Vector Laboratories Inc., Burlin-

game, CA) was performed for 20 minutes for antigen

retrieval. Primary antibodies were incubated either over-

night at 4°C (GSTP1) or for 45 minutes at room temper-

ature (34�E12). Slides were counterstained with hema-

toxylin.

Cell Culture

The established human prostate cancer cell line LNCaP

(clone FGC, American Type Culture Collection catalog

no. CRL-1740) with known GSTP1 promoter hypermeth-

ylation,27 obtained from the American Type Culture Col-

lection (Rockville, MD), was grown in RPMI 1640 (Life

Technologies, Inc., Gaithersburg, MD) and 10% fetal calf

serum.

Laser Capture Microdissection

Two serial 10-�m sections were deparaffinized in two

changes of xylene solutions for 5 minutes and rehydrated

in 100%, 100%, and 95% ethanol for 3 minutes, 3 min-

utes, and 1 minute each, followed by staining with He-

matoxylin 7211 (Richard-Allan Scientific, Kalamazoo, MI)

for 45 seconds and Eosin-Y (Richard-Allan Scientific) for

1 second after rinsing with distilled water. The sections

were dehydrated in 95%, 100%, and 100% ethanol for 1

minute each, followed by two changes of xylene for 5

minutes each and air-dried. Regions of normal epithe-

lium, hyperplastic epithelium from transition zone nodules

(BPH), PIA, high-grade PIN, and prostatic adenocarci-

noma were obtained by LCM using the Pixcell II LCM

system (Arcturus Engineering Inc., Mountain View, CA)

from one or two sections using the CapSure HS LCM

Caps (Arcturus Engineering Inc.). All prostates contained

multiple regions of normal appearing epithelium and PIA,

and many contained high-grade PIN and areas of nodu-

lar hyperplasia (BPH) in the transition zone. Regions of

these histologies that were considered large enough to

microdissect were selected at random. Carcinoma le-

sions were also multifocal in the prostates and these were

also selected at random. To augment the resolution of the

LCM in cases in which PIA and regions of high-grade PIN

were in close proximity or merging, in many cases, slides

were temporarily coverslipped and scanned using the

BLISS System (Bacus Laboratory Inc., Lombard, IL). This

produces a high-resolution map of the entire region of

interest that can be used as a guide during LCM. After

coverslips were removed, LCM was performed in con-

junction with simultaneous visualization on a separate

computer screen using the BLISS images. This allowed

unambiguous isolation by LCM of atrophic cells from

lesions where atrophy was merging with high-grade PIN

or adenocarcinoma cells without isolation of high-grade

PIN cells or adenocarcinoma cells. That the neoplastic

cells were not procured in these cases was verified by

microscopic examination and permanently recorded by

rescanning the slides using the BLISS system after mi-

crodissection.

Isolation of Genomic DNA

DNA was isolated from the LNCaP cell line (positive

control for GSTP1 promoter hypermethylation) and hyper-

plastic tonsil gland (negative control) by use of a QIAamp

DNA Mini Kit (Qiagen Inc., Valencia, CA) following the

manufacturer’s protocol. The concentrations of extracted

DNA were measured with spectrometry. The cells cap-

tured with LCM were digested in 20 �l of proteinase K

buffer (2 mg/ml proteinase K, 10 mmol/L Tris-HCl, pH 8.0,

0.1 mmol/L ethylenediaminetetraacetic acid, and 1%

Tween 20) at 55°C overnight. After overnight incubation,

the samples were incubated at 95°C for 8 minutes to

inactivate the proteinase K. The DNA was isolated with

standard phenol extraction and ethanol precipitation by

adding 1.5 �l of glycogen (20 mg/ml; Roche Diagnostics

Corp., Indianapolis, IN) as a carrier. The isolated DNA

was eluted in 50 �l of H2O.

To determine the starting amount of DNA for bisulfite

modification, DNA extracted with LCM was quantified by

use of real-time quantitative polymerase chain reaction

(PCR) with SYBR Green I. Real-time quantitative PCR

analyses were performed with the i-Cycler IQ Real-Time

Detection System (Bio-Rad Laboratories, Inc., Hercules,

CA). The concentration of DNA was measured using the

absolute standard curve method following the i-Cycler IQ

Real-Time Detection System Resource guide. An abso-

lute standard curve was constructed with 10-fold serial

dilutions of LNCaP DNA ranging from 50 ng to 5 pg using

a human �-globin primer set. PCR primers of �-globin
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were 5�-GCAACCTCAAACAGACACCA-3� (forward) and

5�-CCTCACCACCAACTTCATCC-3� (reverse). The quan-

titative PCR reaction was performed with 1.0 �l of DNA

template in 25 �l of reaction mixture containing 2.5 �l of

10� PCR Buffer (Roche Applied Biosystems, Branch-

burg, NJ), 200 �mol/L each of the four dNTPs, 3.0 mmol/L

MgCl2, 0.4 �mol/L each forward and reverse primer, 0.5

�l of 1:2000 dilution SYBR Green I (10,000� stock) (Mo-

lecular Probes Inc., Eugene, OR) and 1.25 U of Ampli Taq

Gold (Roche Applied Biosystems). PCR reactions were

performed in triplicate. The PCR reaction was subjected

to hot start at 95°C for 10 minutes followed by 45 cycles

of denaturation at 95°C for 15 seconds, annealing, and

extension at 65°C for 30 minutes. DNA amplifications

were performed in a 96-well reaction plate.

Methylation-Specific PCR (MSP)

In the majority of isolated specimens, 10 ng of genomic

DNA, measured with real-time PCR, was modified with

bisulfite using the CpGenome DNA modification kit (In-

tergen, Norcross, GA) following the manufacturer’s pro-

tocol. The bisulfite-modified DNA was eluted in 25 �l of

H2O. In some LCM samples where yields were lower,

between 1.9 and 10 ng of DNA was treated with bisulfite.

To enhance the sensitivity of detection of methylated

alleles, two different primer sets were used for MSP. The

first set34 utilizes two sets of primers for each sample; one

that detects densely methylated alleles (a) and the other

that detects unmethylated alleles (b). The second set28

utilizes two sets of primers as well; one that detects

densely methylated alleles (c) and the other that detects

an unrelated gene, MYOD1, that controls for efficacy of

bisulfite conversion (d). a, GSTP1-methylated specific

primer 1, 5�-TTCGGGGTGTAGCGGTCGTC-3� (forward),

5�-GCCCCAATACTAAATCACGACG-3� (reverse); b,

GSTP1 unmethylated specific primer, 5�-GATGTTTGG-

GGTGTAGTGGTTGTT-3� (forward), 5�-CCACCCCAATA-

CTAAATCACAACA-3� (reverse); c, GSTP1 methylated

specific primer 2, 5�-AGTTGCGCGGCGATTTC-3� (for-

ward), 5�-GCCCCAATACTAAATCACGACG-3� (reverse); d,

MYOD1 primer, 5�-CCAACTCCAAATCCCCTCTCTAT-3�

(forward), 5�-TGATTAATTTAGATTGGGTTTAGAGAAGGA-3�

(reverse). The two primer sets to detect densely methyl-

ated alleles in the human GSPT1 promoter are depicted

in Figure 1. The PCR reaction was performed with 2.5 �l

of bisulfite-modified DNA template in 25 �l of reaction

mixture containing 2.5 �l 10� PCR buffer, 200 �mol/L of

each dNTP, 3.0 mmol/L MgCl2 (a, b), 3.5 mmol/L MgCl2
(c), 4.5 mmol/L MgCl2 (d), 0.25 �mol/L each primer (a, b),

0.6 �mol/L each primer (c, d), and 1.25 U of Ampli Taq

Gold. The PCR reaction was subjected to hot start at

95°C for 10 minutes followed by 50 cycles of denaturation

at 95°C for 1 minute, annealing at 59°C for 30 seconds,

and extension at 72°C for 1 minute and a final extension

at 72°C for 7 minutes (a, b), or 50 cycles of denaturation

at 95°C for 15 seconds, annealing, and extension at 65°C

for 1 minute and a final extension at 72°C for 7 minutes (c,

d). Eight �l of each PCR reaction were loaded onto a 3%

agarose gel and stained with Gel Star nucleic acid gel

stain (BMA Bio Whittaker Molecular Applications, Rock-

land, ME). DNA from the prostate cancer cell line LNCaP,

which is known to contain only densely methylated

GSPT1 alleles,16 was used as a positive control for

GSTP1 methylation, normal human tonsil DNA was used

as a negative control, and dH20 used as a control for

contamination in PCR reactions.

The Sensitivity of MSP for the GSTP1 CpG

Island

Although MSP is a very sensitive method for detecting

methylation changes, bisulfite treatment can result in de-

creased yields of DNA. We found that to consistently

obtain the correct PCR products, �1 ng of LNCaP DNA

was needed for bisulfite modification. The results of real-

time quantitative PCR with the �-globin primers showed

�5 to 10 pg of genomic DNA was obtained from one cell,

such that 1000 to 2000 cells were needed to obtain 10 ng

of genomic DNA. In an experiment to investigate the

sensitivity of MSP, LNCaP DNA was mixed with tonsil

DNA in different proportions, and the limit of detection

was 1% of LNCaP DNA (100 pg) in a total of 10 ng of

bisulfite-treated DNA for both primer sets (data not

shown).

Statistical Analysis

Differences in frequency of GSTP1 hypermethylation be-

tween normal and hyperplastic epithelium, PIA, high-

grade PIN, and adenocarcinoma were assessed with the

Fisher’s exact or the chi-square test using Stata 6.0 for

Microsoft Windows software.

Results

Histological and Key Immunophenotypic

Features of PIA

The histological features of PIA have been described

(see Materials and Methods).2,4 The histological classifi-

cations of the microdissected PIA lesions are shown in

Table 1. An example of PIA is shown in Figure 2, a

stereotypic case in which a large fraction of the periph-

eral zone was occupied by atrophic epithelium classified

as simple atrophy. Of the 64 PIA lesions microdissected,

44 (68.8%) were classified as simple atrophy, 5 (7.8%) as

postatrophic hyperplasia (PAH), and 15 (23.4%) as

mixed simple atrophy and postatrophic hyperplasia.

PIA can also be recognized and delineated by immu-

nohistochemical staining using the 34�E12 antibody. Al-

though 34�E12 staining is typically restricted to basal

Figure 1. Promoter region of the GSTP1 gene. Two different primer sets
targeting densely methylated alleles are depicted. Both primer sets have a
common reverse primer.
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Table 1. Histological Features and Methylation Status of PIA Lesions

Pt no. Lesion no. Type of PIA Primer 1 Primer 2 Relation to HGPIN Relation to CaP LGPIN

1 1 SA/PAH e e M D �

1 2 SA e e M D �

1 3 SA e e D D �

1 4 SA e e N D �

2 1 SA e e N D �

2 2 SA e e D D �

2 3 SA e e D D �

3 1 SA e e M D �

3 2 SA e e D D �

3 3 PAH e � D N �

4 1 SA � e D D �

5 1 SA e e D D �

5 2 SA e e D N �

6 1 SA e e D N �

7 1 SA e e D D �

7 2 SA � e D A �

8 1 SA � e M D �

8 2 SA/PAH e e N D �

8 3 SA e e D D �

9 1 SA e � M D �

9 2 SA e � D A �

9 3 SA e � M D �

10 1 SA e e D N �

10 2 PAH e e M D �

11 1 SA e e M D �

12 1 SA/PAH e e D D �

12 2 SA e � N N �

13 1 SA e e M D �

13 2 PAH e e D D �

13 3 SA e e N A �

14 1 SA e e D D �

14 2 SA � e N D �

14 3 SA f e N D �

14 4 SA e e M N �

15 1 SA/PAH e e D D �

15 2 SA/PAH e e D D �

16 1 SA/PAH e e D D �

16 2 SA e f D D �

16 3 SA/PAH e e D M �

17 1 SA/PAH e e M D �

17 2 SA e e M D �

18 1 SA e � D D �

18 2 SA e e D D �

19 1 SA/PAH e e D A �

19 2 SA/PAH e e M D �

19 3 SA e e D D �

20 1 PAH e e D D �

20 2 SA e e D D �

20 3 SA/PAH e e D D �

20 4 SA/PAH e � D D �

21 1 SA e � D D �

21 2 PAH e e D D �

22 1 SA � e D D �

22 2 SA/PAH e e D D �

23 1 SA e e D D �

23 2 SA/PAH � e M M �

24 1 SA e e N D �

24 2 SA f f D D �

25 1 SA e e D N �

25 2 SA e f M D �

26 1 SA e e M D �

26 2 SA � e D N �

27 1 SA/PAH e e N N �

27 2 SA e e D N �

GSTP1 primers: filled boxes, methylated results; open boxes, unmethylated results; dash, not amplified with control primer. Relationship to high-
grade PIN (HGPIN) or prostatic adenocarcinoma: M, merging; A, adjacent; N, near; D, distant. LGPIN: �, containing focal prominent nucleoli in
atrophic cells (low-grade PIN); �, no low-grade PIN present in lesion dissected.
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cells in normal appearing prostate epithelium, we have

shown that it is elevated in many of the atrophic luminal

cells of PIA if steam heat, and not protease digestion, is

used for antigen retrieval.35 Figure 3 shows an example

of this staining in another typical simple atrophy lesion.

Another characteristic immunohistochemical feature of

PIA is that GSTP1 protein is also elevated in many, but not

all, of the luminal cells (Figure 3).

As previously noted,4,12 a fraction of PIA lesions (16 of

64, 25%) contained areas that merged with high-grade

PIN (Table 1), the latter being characterized by cells with

numerous prominent nucleoli (between 1.5 and 2.5 �m

as measured by the BLISS system). Most of these cases

also contained atrophic appearing cells containing

somewhat more cytoplasm with nuclear and nucleolar

enlargement that was intermediate between normal epi-

thelium and high-grade PIN epithelium, suggestive of

transitions between PIA and high-grade PIN.12 PIA was

near to high-grade PIN in 9 lesions (14.1%), and distant

from high-grade PIN in 39 lesions (60.9%). Of the 48 PIA

lesions where there was no apparent merging with high-

grade PIN, 9 contained low-grade PIN (Figure 4). Careful

LCM permitted the selective isolation of atrophic cells,

even atrophic cells merging directly with high-grade PIN

or adenocarcinoma, without contamination by PIN or ad-

enocarcinoma cells (Figure 5). To further avoid the pos-

sibility of contamination, during microdissection we also

carefully avoided cells in PIA containing any nucleolar

enlargement when the lesion was merging with high-

grade PIN.

Although we did not find merging between PIA and

adenocarcinoma in a previous study,12 there was evi-

dence of PIA merging with adenocarcinoma in 2 of 64

lesions (3.1%) in the present study (Figure 6). PIA was

adjacent to adenocarcinoma in 4 lesions (6.3%), near to

adenocarcinoma in 10 lesions (15.6%), and distant from

adenocarcinoma in 48 lesions (75.0%). Inflammatory in-

filtrates were found in all microdissected areas. The ex-

tent of inflammation varied from mild chronic to moderate

acute inflammation, although the majority of cases con-

tained mild to moderate amounts of chronic inflammation

and mild or no acute inflammation.

GSTP1 CpG Island Hypermethylation

To assess the amount of isolated genomic DNA tem-

plates obtained by LCM, we used an aliquot of each

sample obtained by LCM for real-time PCR. In a typical

LCM session, we obtained �1000 to 3000 cells from

each of two adjacent slides. An example of a lesion

before and after LCM is shown in Figure 5. The yield of

amplifiable template genomic DNA ranged from 1.95 ng

to 54.0 ng. One hundred ninety-nine of the 200 (99.5%)

samples showed readily amplifiable DNA using either set

of primers after bisulfite treatment. Bisulfite-modified DNA

was successfully amplified in 178 of the 200 samples

(89%) using the first primer set (GSPT1 methylated

primer 1 and unmethylated primer) and in 177 of the 200

samples (88.5%) using the second primer set (GSTP1

methylated primer 2 and MYOD primer). One hundred

fifty-six of the 200 lesions (78%) amplified for both primer

sets. A summary of the results of MSP is shown in Table

2. Two examples of MSP analysis are shown in Figure 7.

GSTP1 promoter hypermethylation was not detected in

normal epithelium (n � 48) from 27 patients or in hyper-

plastic epithelium (BPH) (n � 22) from 20 patients, de-

spite the fact that methylation was uniformly detected in

the positive control bisulfite-treated DNA from the LNCaP

cell line in these experimental runs (Table 2).

GSTP1 promoter methylation was found in 4 of 64 PIA

lesions (6.3%) from 4 of 27 patients (14.8%). One lesion

demonstrated methylated alleles using primer set 1, two

lesions contained methylated alleles using primer set 2,

and one lesion had detectable methylation using both

primer sets 1 and 2. All four methylated PIA lesions were

considered simple atrophy. Two of four microdissected

lesions with methylated alleles contained focal markedly

atypical cells (low-grade PIN). Although one of the four

methylated atrophy lesions merged with high-grade PIN,

the other three lesions did not and none of the positive

lesions either merged with cancer or were directly adja-

cent to cancer.

For statistical analysis, we pooled the results from the

normal epithelium (n � 48) with that of hyperplastic epi-

thelium (BPH) (n � 22) to obtain a total of 70 benign

nonatrophic epithelial regions. Comparing the benign

Figure 2. Histology of PIA of the prostate. A: Low-power view of PIA
(dotted lined area) occurring adjacent to adenocarcinoma (outlined area)
occupied a very large percentage of the total peripheral zone (PZ). A
hyperplasia nodule (BPH) is seen in transitional zone (TZ). B: Intermediate-
power view of boxed area. This lesion was classified as simple atrophy (SA).
Original magnifications: �12.5 (A); �40 (B).
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and hyperplastic epithelium (0 of 70) to that of PIA (4 of

64), there was a statistically significant difference in the

frequency of GSTP1 promoter hypermethylation (P �

0.049, Fisher’s exact test) (Table 2).

Hypermethylation of the GSTP1 promoter was de-

tected in 13 of 27 high-grade PIN lesions (48.1%) using

the first primer set and 16 of 29 lesions (55.2%) using the

second primer set. Combined, 22 of 32 high-grade PIN

lesions (68.8%) contained methylated alleles from 17 of

23 patients (73.9%). A statistically significant difference

in the frequency of GSTP1 promoter hypermethylation

was found between PIA foci and high-grade PIN foci (P �

0.001, chi-square) (Table 2).

Hypermethylation of the GSTP1 promoter was detected

in 23 of 30 adenocarcinoma lesions (76.7%) using the first

primer set, and 25 of 31 lesions (80.6%) using second

primer set. Combined, therefore, 30 of 33 carcinoma lesions

(90.9%) contained methylated alleles. All 27 patients

(100%) showed methylation in either of the two different

methylated primer sites or both sites. There was a signifi-

cant difference from high-grade PIN lesions to adenocarci-

noma lesions (P � 0.03, chi-square) (Table 2).

Figure 3. Immunohistochemical features of PIA. A: Medium-power view of PIA stained with H&E. Asterisk indicates adenocarcinoma. B: Medium-power view
of PIA stained with the 34�E12 monoclonal antibody. C: Heterogeneity of expression of GSTP1 in PIA. D: Higher power view of area in part of C. In parts B and
D, arrows indicate positive epithelial cells in PIA, and arrowheads indicate PIA cells with no staining. Original magnifications: �100 (A–C); �200 (D).

Figure 4. Atrophic gland showing features of low-grade PIN. Region of PIA
showing scattered cells with slight nuclear enlargement and prominent nu-
cleoli (arrows) designated as PIA containing focal low-grade PIN. Original
magnifications: �200; �600 (inset).
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The ability of a given DNA sample to be amplified by

both primer sets, as opposed to a single primer set, may

be a measure of the density of methylation of the GSTP1

promoter. The ratio of lesions that contained methylation

changes in both primer sites to lesions that showed meth-

ylation change in either set of primers was 1 of 4 PIA

lesions (25.0%), 7of 18 high-grade PIN lesions (38.9%),

and 18 of 27 adenocarcinoma lesions (66.7%).

Discussion

In this study we report results of the first attempt to

examine the methylation status of the CpG island in the

GSTP1 promoter region using microdissected samples.

We found that a small subset of PIA lesions (6.3%) in the

human prostate contains detectable hypermethylation of

this region. Consistent with previous studies using non-

microdissected samples,16,33 we found that the majority

of areas of carcinoma (90.9%) and the majority of high-

grade PIN frequently (68.8%) contained this molecular

alteration, but that normal appearing epithelium and hy-

perplastic epithelium did not (0%).

In a previous study examining the topographic relation

of PIA to high-grade PIN and adenocarcinoma, we se-

lected 13 radical prostatectomy specimens that con-

tained on average 5 separate foci of carcinoma and 50

separate foci of high-grade PIN.12 To study the earliest

lesions, these prostates all had tumor volumes of less

than 0.5 cm3. Although 42% of high-grade PIN lesions

were found to merge directly with atrophic epithelium, no

carcinomas were found to merge directly with atrophic

epithelium.12 However, 88% of carcinoma lesions were

within 1 mm of PIA.12 Previous studies by others using

H&E-stained slides did report areas of atrophy that ap-

peared to be merging directly with carcinoma,10,11 and in

the present study two PIA lesions appeared to be directly

merging with small foci of adenocarcinoma. Twenty-five

percent of the PIA lesions were found to merge directly

with high-grade PIN and 31.3% of the PIA lesions con-

tained at least some cells with prominent nucleoli (low-

grade PIN). Thus, morphological evidence indicates that

atrophic epithelial cells can develop nuclear atypia and

architectural changes that proceed either to PIN or to car-

cinoma directly. Morphological data alone, however, cannot

be used to directly implicate a cancer precursor. Thus,

several groups have begun to subject prostate atrophy to

molecular analysis. Previous studies have indicated that

chromosome 8 abnormalities, which are common in pros-

tate adenocarcinoma, were found in areas of simple atro-

phy and postatrophic hyperplasia. Gain of chromosome 8

Figure 5. Example of tissue sections scanned with the BLISS system before and after LCM. A–D: Mixed simple atrophy and postatrophic hyperplasia lesion from
a representative case was successfully microdissected where the same slide was scanned before and after microdissection using the BLISS system. Arrows indicate
large acini classified as simple atrophy and arrowheads indicate small round acini classified as postatrophic hyperplasia. C and D: A separate case showing areas
of atrophic epithelium merging directly with epithelium containing more cytoplasm and nuclear atypia (high-grade PIN). Note in D that high-grade PIN cells have
not been procured. Original magnifications: �25 [A (before LCM), B (after LCM)]; �200 [C (before LCM), D (after LCM)].
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centromere sequences was noted in 1.3% of normal, 2.1%

of simple atrophy, 2.8% of high-grade PIN, 4.0% of

postatrophic hyperplasia, and 6.0% of adenocarcinoma.13

In a study of postatrophic hyperplasia from Japan, Tsuji-

moto and colleagues14 reported that 5.3% of atrophy le-

sions, 4.2% of high-grade PIN, and 25.0% of adenocarci-

noma contained at least some cells harboring p53

mutations. Thus together with our results, there is accumu-

lating evidence that a subset of focal atrophy lesions in the

prostate may contain somatic molecular alterations charac-

teristic of prostate cancer.

GSTP1 is a phase II detoxification enzyme that de-

fends cells against DNA damage mediated by oxidants

or electrophiles.36 GSTP1 may function as a caretaker

gene, which when inactivated leads to additional somatic

genome alterations that promote tumor growth.37 For ex-

ample, mice with disrupted GSTP1/2 alleles showed an

increase in skin tumorigenesis in response to topical

carcinogen treatment.38 Rats fed 2-amino-1-methyl-6-

phenylimidazo [4,5-�] pyridine (PhIP), which is the most

abundant of the mutagenic heterocyclic amines found in

well-done or charred meats,39 showed mutations in pros-

tate DNA and developed prostate carcinoma.40,41 Loss

of GSTP1 function was found to increase PhIP induced

DNA damage in human prostate cells exposed to meta-

bolically activated PhIP in vitro.42

Figure 6. PIA merging with adenocarcinoma (CaP). A: Low-power view of a focus of PIA apparently merging with prostatic adenocarcinoma stained with H&E.
Arrows indicate PIA lesion. Arrowheads indicate adenocarcinoma acini. B: Medium-power view of area in A. C: High-power view. D: High-power view of
region of atrophy apparently merging with adenocarcinoma stained with the 34�E12 monoclonal antibody. Arrowheads indicate adenocarcinoma acini.
Asterisks indicate the lumen of atrophic acinus. Original magnifications: �40 (A); �100 (B); �400 (C, D).

Table 2. Hypermethylation in GSTP1 CpG Island in Normal
Epithelium, BPH, PIA, High-Grade PIN, and
Adenocarcinoma in the Prostate

n (patients)

Any GSTP1
methylation*

(n, areas)

Normal 27 0/48 (0.0%)
BPH 20 0/22 (0.0%)
PIA 27 4/64 (6.3%)†

HGPIN 23 22/32 (68.8%)††

CaP 27 30/33 (90.9%)†††

*, Shown are number of microdissected regions with any GSPT1
hypermethylation by either primer set divided by the total number of
microdissected areas. †, P � 0.049 (Fisher’s exact test) compared with the
total of normal and BPH. ††, P � 0.001 compared with PIA (Fisher’s exact
test); †††, P � 0.03 compared with high-grade PIN (Chi-square test).
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In human prostates, the majority of high-grade PIN and

almost all adenocarcinoma cells fail to express GSTP1.

This lack of protein expression is associated with hyper-

methylation of the GSTP1 CpG island encompassing its

5� upstream promoter region.27,33 Although the normal

luminal cells generally do not express GSTP1, strong

staining is seen in underlying basal cells. We have pro-

posed that the consistent expression of GSTP1 may pro-

tect basal cells from DNA damage.17 In contrast, in ad-

dition to the basal cells, many of the luminal cells in PIA

lesions stain positively for GSTP1. We hypothesized that

the cells in PIA that lack GSTP1 expression may be a

consequence of GSTP1 CpG island hypermethylation.

The data presented here demonstrate that GSTP1 CpG

island hypermethylation changes occur in some PIA le-

sions. These results provide further molecular evidence

that at least some PIA lesions may harbor cells already

initiated to progress to high-grade PIN and/or prostatic

adenocarcinoma. The fact that only 6.3% of focal atrophy

lesions contain methylated GSTP1 alleles does not pre-

clude PIA from being a major precursor to prostate can-

cer because atrophy can occupy a very large percent-

age of the total peripheral zone of the prostate (Figure

2).10 Therefore, if 6.3% of prostate atrophy regions can

potentially lead to carcinoma, then the very high preva-

lence and extent of atrophy may help explain the high

frequency of multifocal prostate cancer and high-grade

PIN. It would be of interest to repeat this study in different

patient populations from different geographic locations to

determine how widespread these findings are.

Our results differ somewhat from that of Jeronimo and

colleagues.28 In their study, hypermethylation of the

GSTP1 CpG island was identified in 29% of BPH samples

whereas none of the BPH samples in our study showed

GSTP1 hypermethylation. There are several potential ex-

planations for this discrepancy. First, Jeronimo and col-

leagues28 used a much larger amount of DNA for MSP.

Thus, the chance of finding rare methylated cells in BPH

tissue was increased in their study. Another possible

explanation is that BPH samples in patients treated for

BPH symptoms, such as those used by Jeronimo and

colleagues,28 may be biologically different from those

samples obtained from an enlarged transition zone con-

taining histological nodular hyperplasia, as used in the

present study. Finally, Jeronimo and colleagues28 did not

use microdissected samples, and it is possible that some

of their specimens contained occult carcinoma or PIN.

Consistent with our results, however, they did find quan-

titatively much less GSTP1 hypermethylation in BPH than

in cancer specimens.28

The results of MSP using two different primer sets

support the hypothesis that the methylation of individual

CpG sites in the island may gradually increase during

progression of the neoplastic process. If so, inhibition of

de novo methylation at any stage could be important for

prevention of cancer development.

Although these studies provide new additional evi-

dence that some foci of prostate atrophy may be at risk

for developing into true neoplastic lesions, many new

questions are raised by these results. What cells in PIA

have GSTP1 hypermethylation? We presume that cells

that express GSTP1 in PIA would not have dense CpG

island methylation. This question may best be addressed

in the future by in situ methods for detection of CpG island

hypermethylation43 combined with immunostaining for

GSTP1 protein. Another possibility is that a higher per-

centage of PIA lesions contain a small number of cells

with methylated GSTP1 alleles but that this small fraction

may not be routinely detected by our method. Another

question is: does the extent of methylation changes at the

GSTP1 CpG island increase with neoplastic transforma-

tion in the prostate? Finally, does immune-mediated oxi-

dant stress lead to aberrant methylation changes? Fur-

ther studies are needed to address these issues.

In summary, GSTP1 CpG island hypermethylation ap-

peared in a subset of PIA lesions, though no GSTP1

hypermethylation was identified in normal appearing ep-

ithelium or epithelium of BPH tissue. High-grade PIN and

adenocarcinoma very frequently showed this somatic

molecular alteration. Our data support the hypothesis that

atrophic epithelium in a subset of PIA lesions may lead to

high-grade PIN and/or adenocarcinoma. Because these

lesions are so prevalent and extensive, even though only

a small subset contain this key somatic DNA alteration,

the clinical impact may be highly significant.
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