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Abstract Somatic hypermethylation of CpG island sequences atGSTP1, the gene encoding the p-class glutathione
S-transferase, appears to be characteristic of human prostatic carcinogenesis. To consider the potential utility of this
epigenetic alteration as a biomarker for prostate cancer, we present here a comprehensive review of the literature
describing somaticGSTP1 changes inDNA from prostate cells and tissues.GSTP1CpG island hypermethylation has been
detected in prostate cancer DNA using a variety of assay techniques, including (i) Southern blot analysis (SB), after
treatmentwith 5-mC-sensitive restriction endonucleases, (ii) the polymerase chain reaction, following treatmentwith 5-mC-
sensitive restriction endonucleases (RE-PCR), (iii) bisulfite genomic sequencing (BGS), and (iv) bisulfite modification
followed by the polymerase chain reaction, using primers selective for target sequences containing 5-mC (MSP). In the
majority of the case series so far reported,GSTP1 CpG island hypermethylation was present in DNA from at least 90% of
prostate cancer cases.When analyses have been carefully conducted,GSTP1CpG island hypermethylation has not been
found inDNA from normal prostate tissues, or from benign prostatic hyperplasia (BPH) tissues, thoughGSTP1CpG island
hypermethylation changes have been detected in DNA from candidate prostate cancer precursor lesions proliferative
inflammatory atrophy (PIA) and prostatic intraepithelial neoplasia (PIN). Using PCR methods, GSTP1 CpG island
hypermethylation has also been detected in urine, ejaculate, and plasma from men with prostate cancer. GSTP1 CpG
island hypermethylation, a somatic epigenetic alteration, appears poised to serve as a molecular biomarker useful for
prostate cancer screening, detection, and diagnosis. J. Cell. Biochem. 91: 540–552, 2004. � 2003 Wiley-Liss, Inc.
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THE NEED FOR NEW PROSTATE CANCER
BIOMARKERS

Prostate cancer is the most commonly diag-
nosed cancer, and the second leading cause of
cancer death, in men over the age of 40 years in
the United States (US). An estimated 220,900
men in the US will be diagnosed with prostate
cancer in 2003, accompanied by an estimated

28,900 prostate cancer deaths [Jemal et al.,
2003]. Prostate cancer screening, using serum
prostate-specific antigen (PSA) testing and
digital rectal examination, clearly detects pros-
tate cancer at an early stage, permitting more
men with prostate cancer to be treated with
curative intent using surgery or radiation
therapy, though whether population screening
reduces prostate cancer mortality has been
debated [de Koning et al., 2002; Harris and
Lohr, 2002; Frankel et al., 2003]. Nonetheless,
the contribution of serum PSA testing to pro-
state cancer screening and early detection has
been dramatic: the predictive value of an
elevated serum PSA for prostate cancer is
greater than that of digital rectal examination
or any other clinical test [Cooner et al., 1990;
Catalona et al., 1994; Ellis et al., 1994].

Men with an abnormally elevated serum PSA
(or with an abnormal digital rectal examination)
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are typically subjected to prostate core needle
biopsies, in which prostate tissues are system-
atically sampled to discern the presence or ab-
sence of prostate cancer. Traditionally, a serum
PSAof 4 ng/ml has beenused as the threshold or
‘‘cut-point’’ value to prompt prostate biopsy,
though the use of lower threshold values has
been proposed [Catalona et al., 1997b, 2000;
Carter, 2000]. The difficulty is that for anygiven
PSA threshold value, many men with prostate
cancer will have serum PSA values below the
threshold and not be diagnosed, while many
men without prostate cancer will have serum
PSA values above the threshold and be need-
lessly subjected to prostate biopsy procedures.
The source of this difficulty is that an elevated
serum PSA is not specific for prostate cancer.
PSA, produced by prostatic epithelial cells in
response to androgenic stimulation of the pro-
state, is normally secreted into the ejaculate.
The appearance of PSA in the bloodstream,
reflecting distortion of the normal glandular
architecture of the prostate, occurs not only in
men with prostate cancer, but also in men with
infection and/or inflammation of the prostate
or with benign prostatic hyperplasia (BPH)
[Stamey et al., 1987]. Several new strategies
for selectively detecting various molecular
forms of PSA in the bloodstream (‘‘free’’ PSA,
‘‘complexed’’ PSA, and ‘‘pro-PSA’’) are under
development to improve the specificity of
PSA testing for prostate cancer detection
[Christensson et al., 1993; Mikolajczyk et al.,
2000; Djavan et al., 2002]. However, newmolec-
ular biomarkers of prostate cancer, capable of
improving both the sensitivity and specificity
of prostate cancer detection, are desperately
needed.
The accurate diagnosis of prostate cancer

using systematic core needle biopsies can also
be improved. Currently, trans-rectal ultra-
sound (TRUS) is used to ensure adequate
sampling of prostate tissues by biopsies in men
suspected to have prostate cancer based on
serum PSA levels or a suspicious digital rectal
examination. Most often, hypoechoic regions in
the prostate are biopsied, along with systematic
sampling of the peripheral zone of the pro-
state, where most significant cancers arise. The
optimal biopsy strategy, including the number
and placement of biopsies, that avoids mis-
sing significant cancers, remains controversial
[Babaian et al., 2000; Terris, 2000]. Another
challenge for prostate cancer diagnosis by core

needle biopsy is that because only small
amounts of prostate tissues are sampled by core
needle biopsies, many prostate cancers can be
difficult to diagnose by surgical pathologists.
Tiny fragments of prostate cancer may appear
as ‘‘small foci of atypical glands suspicious
for, but not diagnostic of, prostate cancer’’ in a
prostate biopsy; a variety of non-neoplastic
conditions seen inprostate biopsiesmaymimick
prostate cancer [Epstein and Yang, 2002;
DeMarzo et al., 2003]. To aid in better re-
cognizing prostate cancer when it is present
in prostate biopsy specimens, a variety of
immunohistochemistry tools have been de-
veloped and applied, including antibodies
against cytokeratins, a-methyl-acyl-CoA race-
mase (AMACR), and p63 [Signoretti et al., 2000;
Jiang et al., 2001; Parsons et al., 2001; Luo
et al., 2002]. Unfortunately, none of these
tools used alone provides a definitive prostate
cancer diagnosis. Most pathologists use a com-
bination of findings to make an accurate
diagnosis of prostate cancer on a core needle
biopsy specimen. Clearly, new biomarkers of
prostate cancer, capable of distinguishing pros-
tate cancer from other prostatic abnormalities,
will aid in prostate cancer diagnosis.

In this review, the potential utility of
somatic GSTP1 CpG island hypermethylation
change as a molecular biomarker for prostate
cancer screening, detection, and diagnosis, is
considered.

GSTP1 AND CARCINOGEN DETOXIFICATION

GlutathioneS-transferases (GSTs) are a large
family of enzymes that can detoxify reactive
chemical species by catalyzing conjugation
reactions with reduced glutathione [Hayes and
Pulford, 1995]. The enzymes function as dimers
composed of subunit polypeptides from four
main classes: a, m, p, and y. GSTP1 encodes
the single p-class GST subunit polypeptide;
GSTP1-1 is homo-dimeric enzyme. In most cell
types, GST expression can be induced to high
levels by exposure to reactive chemical species,
a process involving increased GST gene tran-
scription, mediated by activation of the tran-
scriptional trans-activator Nrf2 via release
from Keap1 complexes in the cytoplasm
[Dinkova-Kostova et al., 2002]. This induc-
tion of GST activity likely prevents or attenu-
ates the development of cancer upon exposure
to carcinogens [Ramos-Gomez et al., 2001;
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Thimmulappa et al., 2002]. A critical role for p-
class GSTs as a barrier to cancer development is
supported by studies of mice carrying disrupted
Gstp1/2 genes, which when compared to wild-
type mice, display increased skin tumors upon
topical exposure to the carcinogen 7,12
dimethylbenz[a]anthracene (DMBA) [Hender-
son et al., 1998].

Inducible GST activity also appears to protect
against liver cancer development in response to
carcinogen exposures. For example, when rats
are treated with hepatocarcinogens, hyperplas-
tic liver nodules composed of cells containing
very high levels of the rat p-class GST, GST-P,
appear [Farber and Cameron, 1980; Sato et al.,
1984; Roomi et al., 1985; Satoh et al., 1985;
Bannasch, 1986; Farber and Sarma, 1987]. The
majority of these hyperplastic liver nodules
ultimately regress and disappear, perhaps as a
result of increased protection against further
cell and genome damage afforded by high level
GST-P expression. A few of the lesions pro-
gress to hepatocellular carcinoma, indicating
that the high GST-P-expressing hyperplastic
liver nodules are bona fide cancer precursor
lesions. Rainbow trout (Onchorhynchusmykiss),
which display defects in GST regulation in the
liver following exposure to aflatoxin B1 or 1,2-
dimethylbenzanthracene, develop both high
GST-expressing and low GST-expressing
hyperplastic liver nodules upon carcinogen
treatment, but only the low GST-expressing
hyperplastic nodules appear to progress to
hepatocellular carcinoma [Kirby et al., 1990].
Thus, inadequate GST expression in liver
cancer precursor lesions likely increases the
risk of progression to cancer [Hayes et al., 1990;
Kirby et al., 1990]. Prophylactic induction of
GST activity may protect against carcinogen
damage in the liver. Oltipraz, a therapeutic
inducer of GST activity, reduced aflatoxin B1

damage when administered to a human clinical
study cohort at high risk for aflatoxin exposure
and liver cancer development in China [Kensler
et al., 1998].

p-class GSTs may help detoxify heterocyclic
amines, candidate dietary prostate carcinogens
present in well-done or charred meats, in
prostate cells [Nelson et al., 2001]. The best
studied of these carcinogens, the heterocyclic
aromatic amine 2-amino-1-methyl-6-phenyli-
midazo[4,5-b]pyridine (PhIP), triggers muta-
tions by adduction toDNAbases aftermetabolic
activation by various cellular enzymes [Gross

et al., 1993; Morgenthaler and Holzhauser,
1995; Knize et al., 1997]. For rats, PhIP is a
prostate carcinogen: rats fed PhIP have been
reported to accumulate mutations in prostate
DNA and to develop prostate cancer [Shirai
et al., 1997, 1999; Stuart et al., 2000]. Whether
PhIP consumption leads to human prostate
cancer development has not been established.
Nonetheless, in human prostate cancer cells,
GSTP1 activity has been found to provide
protection against PhIP genotoxicity. When
LNCaP human prostate cancer cells, known to
be devoid of GSTP1, were exposed to metaboli-
cally-activated PhIP, high levels of PhIP–DNA
adducts were detected, while LNCaP prostate
cancer cells modified to express GSTP1 were
resistant to the formation of pro-mutagenic
PhIP–DNA adducts [Nelson et al., 2001].

SOMATIC GSTP1 CpG ISLAND
HYPERMETHYLATION AND

TRANSCRIPTIONAL SILENCING

The self-complementary dinucleotide
sequence CpG, which is under-represented in
the human genome, frequently carries 5-mC, a
modification that can be maintained through
DNA replication via the action of DNA methyl-
transferases. CpG islands, clusters of CpG
dinucleotides that do not carry 5-mC modifica-
tions, ranging in size from �400–2,000 bp,
encompass the transcriptional regulatory re-
gion of many genes [Bird, 1986]. Aberrant
methylation of CpG dinucleotides in these CpG
island sequences has emerged as one of themost
common somatic genome alterations in human
cancers [Jones and Baylin, 2002]. Hypermethy-
lation of CpG island sequences leads to gene
silencing by preventing gene transcription. The
GSTP1 CpG island (see Fig. 1), a region
extending from a pentad [ATAAA]n repeat
sequence located at �414 of the GSTP1 tran-
scription start site to an area betweenþ296 and
þ625, is unmethylated in all normal human
cells and tissues [Millar et al., 2000]. However,
in human prostate cancer cells, somaticGSTP1
CpG island hypermethylation and loss of
GSTP1 expression appears to be the most
common and consistent genome abnormality
[Lee et al., 1994a; Lin et al., 2001]. Somatic
GSTP1 CpG island hypermethylation has also
been reported in >80% of hepatocellular carci-
noma cases and �30% of breast cancer cases
[Esteller et al., 1998; Tchou et al., 2000].
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The mechanism by which an accumulation of
5-mCpG dinucleotides in the GSTP1 promoter
region leads to inhibition of GSTP1 trans-
cription involves 5-mC-binding domain (MBD)
family proteins. All MBD family proteins con-
tain sequences similar to a 60–80 amino acid
motif shown in MeCP2 to be responsible for
5-mCpG binding binding [Nan et al., 1993;
Hendrich and Bird, 1998]. MeCP2, the first of
these proteins to be identified, acts as a trans-
criptional trans-repressor through its interac-
tions with Sin3A and histone deacetylases
[Meehan et al., 1992; Jones et al., 1998; Nan
et al., 1998]. However, MeCP2 does not appear
to participate in the silencing of GSTP1 carry-
ing hypermethylated CpG island sequences in
human cancer cells. Instead, MeCP1, a multi-
component transcriptional repression complex
that contains MBD2,144 is more likely respon-
sible: in experiments using chromatin immuno-
precipitation (ChIP) and siRNA ‘‘knock-down’’
analyses, MBD2 has been identified as a critical
mediator of transcription repression associated
with GSTP1 CpG island hypermethylation
(see Fig. 2) [Feng and Zhang, 2001; Bakker
et al., 2002; LinandNelson, 2003]. In addition to
MBD2, MeCP1 contains proteins, such as the

SWI/SNF helicase Mi-2 and HDACs, that may
contribute to transcription repression [Feng
and Zhang, 2001].

ASSAYS FOR THE DETECTION OF SOMATIC
CpG ISLAND HYPERMETHYLATION

A number of strategies for the detection of
CpG island hypermethylation have been devel-
oped, including Southern blot (SB) analysis or

Fig. 1. The GSTP1 CpG island (adapted from Millar et al., J Biol Chem 275:24893–24899, 2000).

Fig. 2. GSTP1 silencing mediated by recruitment of 5-mC-
binding domain (MBD) family proteins to hypermethylated
GSTP1 CpG island alleles.
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polymerase chain reactionamplification ofDNA
treated with 5-mC-sensitive restriction endonu-
cleases (RE-PCR), bisulfite genomic sequencing
(BGS) [Clark et al., 1994], and bisulfite mod-
ification of DNA followed by selective polymer-
ase chain reaction amplification of target DNA
sequences containing 5-mC (MS-PCR) [Herman
et al., 1996]. Historically, SB analysis was the
first assay systematically applied to the study of
DNA methylation. More recently, PCR-based
approaches,withgreater sensitivity for 5-mCpG-
containing DNA sequences, have more or less
replaced SB analysis. RE-PCR is a very sensi-
tive technique, capable of detecting a single
hypermethylated CpG island allele [Lee et al.,
1997]. However, this assay is prone to ‘‘false
positive’’ detection of CpG island as incomplete
destruction of unmethylated CpG island
sequences by 5-mC-sensitive restriction endonu-
cleases tends to lead to ‘‘false positive’’ detection
of CpG island hypermethylation. Currently,
the most popular approach used is MS-PCR
[Herman et al., 1996]. In this assay, genomic
DNA is subjected to treatment with bisulfite,
which reacts with C bases in preference to
5-mC bases, facilitating the deamination of C to

produce U while 5-mC remains unchanged. As a
consequence, differences in DNA methylation
become manifest as differences in DNA se-
quence. To selectively detect target CpG island
DNA carrying 5-mCpG, PCR primers specific
for target sequences resulting from bisulfite
modification of 5-mCpG-containing DNA are
used for PCR. Of importance, if the primers
are appropriately designed, MS-PCR specifi-
cally detectsCpG island alleles carrying 5-mCpG
within the PCR primer annealing sites, leading
to low ‘‘false-positive’’ detection of CpG island
hypermethylation. However, CpG island alleles
carrying 5-mCpG at various sites other than the
primer annealing sites are often not detected,
representing ‘‘false-negatives’’ (see Fig. 3). Both
RE-PCR and MS-PCR can be performed using
quantitative ‘‘real-time’’ PCR amplification
methods. BGS is the only one of the commonly
used DNA methylation assays which can dis-
cern the pattern of CpG dinucleotide methyla-
tion at target sequences in specific alleles.
Nevertheless, because BGS has limited sensi-
tivity for the detection of somatic CpG dinu-
cleotide methylation changes, it is not under
development as a clinical test.

Fig. 3. Methylation-specific PCR (MSP or MS-PCR) is prone to ‘‘false-negative’’ detection of GSTP1 CpG
island hypermethylation.
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GSTP1 CpG ISLAND HYPERMETHYLATION
IN NORMAL AND NEOPLASTIC

PROSTATE TISSUES

Several studies assessing GSTP1 CpG island
hypermethylation in prostate cancer, and other
humancancers, havebeen reported (seeTable I).
In general, independent of the assay technique
used, somatic GSTP1 CpG island hypermethy-
lation has been detected in DNA from >90% of
prostate cancers and �70% of prostatic intrae-
pithelial neoplasia (PIN) lesions. In addition,
GSTP1 CpG island methylation changes have
been found in >80% of liver cancers, �30% of
breast cancers, and 10% or less of other human
cancers [Esteller et al., 1998; Tchou et al., 2000].
As described above, most of the GSTP1 CpG
island methylation assay techniques used in
case series of prostate cancer are prone to ‘‘false-
negatives.’’ The fraction of prostate cancers
harboring genomic DNA with GSTP1 CpG
island hypermethylation may actually be much

higher than 90%. In the two case series that
have featured BGS analyses of GSTP1 CpG
island hypermethylation, unmethylatedGSTP1
CpG island alleles were only found in two
prostate cancer cases exhibiting high level
GSTP1 expression, and in one of these cases,
one GSTP1 allele carried GSTP1 CpG island
hypermethylation changes while the other did
not [Millar et al., 1999; Lin et al., 2001]. GSTP1
expression has been detected in only 3% of pro-
state cancer cases or less [Lee et al., 1994b]. As
proof that GSTP1 CpG hypermethylation leads
to gene silencing, all of the prostate cancer cases
devoid of GSTP1 polypeptide expression that
have been studied using BGS have exhibited
GSTP1 CpG island hypermethylation [Millar
et al., 1999; Lin et al., 2001].

Some studies have claimed to have detected
GSTP1 CpG island hypermethylation in DNA
from normal prostate tissues or from benign
prostatic hyperplasia (BPH) tissues. For exam-
ple, Jeronimo et al. [2001] found GSTP1 CpG

TABLE I. GSTP1 CpG Island Hypermethylation in DNA From Normal and
Neoplastic Prostate Cells and Tissues

Study
Detection
techniquea Specimen

Resultsb (% with GSTP1 CpG
island hypermethylation)

Normal
(%)

BPH
(%)

PIN
(%)

PCA
(%)

Lee et al. [Lee et al., 1994b] SB Tissue 3 0 100
Lee et al. [Lee et al., 1997] RE-PCR Tissue 8.1 91
Brooks et al. [Brooks et al., 1998] RE-PCR Tissue 70
Esteller et al. [Esteller et al., 1998] MS-PCR Tissue 83
Santourlidis et al. [Santourlidis et al., 1999] RE-PCR Tissue 75
Millar et al. [Millar et al., 1999] BGS Tissue 83
Suh et al. [Suh et al., 2000] RE-PCR Ejaculate 44
Goessl et al. [Goessl et al., 2000] MS-PCR Tissue 0 94

Plasma 0 72
Ejaculate 0 50

Goessl et al. [Goessl et al., 2001b] MS-PCR Urine 2 29 73
Cairns et al. [Cairns et al., 2001] MS-PCR Tissue 79

Urine 27
Lin et al. [Lin et al., 2001] SB, RE-PCR Tissue 0 95?
Goessl et al. [Goessl et al., 2001a] MS-PCR Tissue 0 90

Plasma 0 72
Ejaculate 0 50
Urine 3 76

Jeronimo et al. [Jeronimo et al., 2001] Q-MS-PCR Tissue 29 54 91
Murayama et al. [Maruyama et al., 2002] MS-PCR Tissue 3 36
Goessl et al. [Goessl et al., 2002] MS-PCR Biopsy washing 0 67 70
Chu et al. [Chu et al., 2002] RE-PCR Tissue 7 100
Jeronimo et al. [Jeronimo et al., 2002] MS-PCR Plasma 0 36

Urine 3.2 30
Harden et al. [Harden et al., 2003] Q-MS-PCR Tissue (biopsy) 0 73
Gonzalgo et al. [Gonzalgo et al., 2003b] Q-MS-PCR Urine (after biopsy) 33 67 58
Nakayama et al. [Nakayama et al., 2003] MS-PCR Tissue (LCMc) 0 0 69 91
Gonzalgo et al. [Gonzalgo et al., 2003a] MS-PCR Prostatic secretions 86

aSB, southern blot analysis: RE-PCR, 5-mCpG-sensitive restriction enzyme-PCR;Q-RE-PCR, quantitative ‘‘real-time’’ 5-mCpG-sensitive
restriction enzyme-PCR; BGS, bisulfite genomic sequencing;MS-PCR,methylation-specific PCR, Q-MS-PCR, quantitative ‘‘real-time’’
methylation-specific PCR.
bPCA, prostate adenocarcinoma; PIN, high-grade prostatic intraepithelial neoplasia; BPH, benign prostatic hyperplasia.
cLCM, laser capture micro-dissection.
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island hypermethylation in DNA from 29% of
BPH specimens. However, in these studies,
whether the tissues also harbored prostate
cancer cells or PIN cells was not carefully asses-
sed. To assess this issue directly, Nakayama
et al. undertook a study of GSTP1 CpG island
hypermethylation in the prostate using laser
capture microdissection to selectively recover
cells from normal prostatic epithelium, from
PIN, from prostate cancer, and from proli-
ferative inflammatory atrophy (PIA), a common
lesion that may at times be a precursor prostate
cancer, from 27 different prostates [Nakayama
et al., 2003]. After microdissection, genomic
DNA was subjected to MS-PCR assay for
GSTP1 CpG island hypermethylation. In this
study (see Fig. 4), GSTP1 hypermethylation
was not detected at all in DNA from normal
prostatic epithelium (0 of 48 regions) or from
BPH (0 of 22 nodules). GSTP1 hypermethyla-
tion was detected in DNA from 6% (4 of 64
lesions) of PIA, 69%ofPIN (22 of 32 lesions), and
91% of prostate cancer (30 of 33 lesions)
[Nakayama et al., 2003].

The mechanism by which cells carrying
hypermethylated GSTP1 CpG island alleles
accumulate during prostatic carcinogenesis

has not been determined. One possibility is that
GSTP1 may serve as a ‘‘caretaker’’ gene for
prostatic carcinogenesis analogous to the role
of DNAmismatch repair genes in the pathogen-
esis of colorectal cancer [Kinzler andVogelstein,
1997; DeWeese and Nelson, 2003]. Unlike on-
cogenes and tumor suppressor genes, which
when altered often modulate cancer cell growth
and aggressiveness, abnormal ‘‘caretaker’’ genes
tend to increase the rates at which somatic
genome alterations appear, increasing the
likelihood that cancer will arise [Kinzler and
Vogelstein, 1997; DeWeese and Nelson, 2003].
‘‘Caretaker’’ genes identified so far encode carci-
nogen-detoxification enzymes (like GSTP1),
DNA mismatch repair enzymes, DNA damage
recognition and repair enzymes, and proteins
responsible for maintaining chromosome integ-
rity and/or the fidelity of chromosome segrega-
tion during DNA replication and cell division
[DeWeese and Nelson, 2003]. Defects in such
‘‘caretaker’’ genes often arise early during
cancer development, or can be inherited in the
germline, and can render cells vulnerable to
genome damage mediated by environmental
carcinogens, facilitating cancer development in
response to such exposures. Another possibility

Fig. 4. Somatic GSTP1 CpG island hypermethylation accompanies prostatic carcinogenesis: results of a
laser capture micro-dissection study (Nakayama et al. Am J Pathol 163:923–933, 2003).
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to explain the accumulation of cells carrying
hypermethylated GSTP1 CpG island alleles
during prostatic carcinogenesis is that GSTP1
may interfere with growth or survival signaling
pathways, such as those activating N-terminal
c-Jun kinase (JNK) [Adler et al., 1999; Ruscoe
et al., 2001; Wang et al., 2001]. By this mech-
anism, it is possible that GSTP1 may act as a
tumor suppressor gene.

GSTP1 CpG ISLAND HYPERMETHYLATION
AS A BIOMARKER FOR PROSTATE CANCER

SCREENING AND DETECTION

To be useful for prostate cancer screening
and early detection, assays for GSTP1 CpG
island hypermethylation must target readily
available clinical specimens, such as peripheral
blood, urine, ejaculate, or expressed prostatic
secretions, and must have high sensitivity and
specificity for prostate cancer when used to
test such specimens. Analyses of DNA from
prostate tissues suggest that only prostate
cancers or prostate cancer precursor lesions
contain hypermethylated GSTP1 CpG island
sequences, indicating a high specificity for pro-
static carcinogenesis [Nakayama et al., 2003].
PCR-based detection strategies have proven
to be extraordinarily sensitive at detecting
DNA sequences containing GSTP1 CpG island
hypermethylation if present [Lee et al., 1997;
Jeronimo et al., 2001]. The key determinant of
assay specificity for prostate cancer (or prostate
cancer precursor lesion) detection will likely be
whether or not DNA sequences containing
GSTP1 CpG island hypermethylation are pre-
sent in the clinical specimen of interest.
Peripheral blood specimens are easy to obtain

and are the basis for most current prostate
cancer screening and early detection, which
feature serum PSA assays. Prostate cancer
DNA, with GSTP1 CpG island hypermethyla-
tion changes, could appear in the peripheral
bloodasa result of (i) circulatingprostate cancer
cells contributing to prostate cancer metas-
tases, of (ii) intravascular death of prostate
cancer cells with release of free DNA or chro-
matin fragments, or of (iii) circulating phago-
cytic cells that have ingested prostate cancer
cells. PCR methods have revealed that tran-
scripts for prostate lineage-restricted genes,
such as PSA, hK2, PSMA, and others, thought
to bepresent in circulating prostate cancer cells,
are commonly present in peripheral blood speci-

mens from men with prostate cancer [Moreno
et al., 1992; Katz et al., 1994; de la Taille et al.,
1999; Shariat et al., 2002]. In addition, cell
purification strategies have directly identified
circulating prostate cancer cells in men with
prostate cancer [Ts’o et al., 1997; Ellis et al.,
2003]. Of course, DNA-based assays have
several practical advantages over RNA-based
or cell-based assays as clinical tests. Jeronimo
et al. reported that GSTP1 CpG island hyper-
methylation could be detected in plasma from
some 36% of men with clinically localized pro-
state cancer [Jeronimo et al., 2002]. In another
study, Goessl et al. claimed that DNA with
GSTP1 CpG island hypermethylation changes
was present in plasma from 56% of men with
stageT2–3N0M0prostate cancer and 93%ofmen
withT4,Nþ, orMþprostate cancer [Goessl et al.,
2000, 2001b]. Are the 36–56% of men with cli-
nically localized prostate cancer anda ‘‘positive’’
test for DNA with GSTP1 CpG island hyper-
methylation in plamsa at risk for prostate
cancer recurrence or metastasis after surgery
or radiation therapy? Prospective cohort stu-
dies, in which the correlation between plasma
GSTP1CpG island hypermethylation and pros-
tate cancer relapse or progression is tested, will
need to be undertaken to address this question.

Urine, ejaculate, or expressed prostate fluid
are likely obtainable from many men at risk for
prostate cancer development. Presumably,
prostate cancer DNA, with GSTP1 CpG island
hypermethylation changes, could appear in
these specimens only via shedding of prostate
cancer cells, or cell fragments, into prostatic
ducts that communicate with the prostatic
urethra. PIA and PIN lesions are entirely
encompassed within prostatic ducts and might
be expected to shed cells, with GSTP1 CpG
island hypermethylation changes into the pro-
static urethra. However, prostate cancers tend
to invade out of the prostatic ducts. Whether
prostate cancers cells or cell fragments also
appear in secretions from prostatic ducts was
recently tested by Gonzalgo et al. [2003a], who
reported that hypermethylated GSTP1 CpG
island sequences could be detected in secretions
collected from 86% of radical prostatectomy
specimens from men with prostate cancer. The
abnormal DNA in these secretions may have
come from prostate cancer cells, or from PIN
cells, shed into prostate ducts. There is a high
concordance between the presence of PIN and
prostate cancer in prostate tissues [Sakr et al.,
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1994]. Goessl et al. have found that some 76%
of men with prostate cancer shed DNA with
GSTP1 CpG island hypermethylation into the
urine after prostate massage expression of
prostate secretions [Goessl et al., 2001b]. Spot
urine samples collected without prostate mas-
sage frommen with prostate cancer may be less
likely (�30%) to contain prostate cancer DNA
[Jeronimo et al., 2002]. Ejaculate specimens
frommen with prostate cancer have been found
to carry DNA with hypermethylated GSTP1
CpG island sequences in 44–50% of cases
[Goessl et al., 2000, 2001a; Suh et al., 2000].
The predictive value of GSTP1 CpG island
hypermethylation assays for urine or ejaculate
has not been assessed in prospective studies.
Also, the specificity of urine GSTP1 CpG island
hypermethylation testing for prostate cancer
may be undermined slightly be the propensity
for asmany as 20% of renal cell carcinoma cases
to carry hypermethylated GSTP1 CpG island
alleles [Esteller et al., 1998].

GSTP1 CpG ISLAND HYPERMETHYLATION
AS A BIOMARKER TO AID IN PROSTATE

CANCER DIAGNOSIS

The diagnosis of prostate cancer using core
needle biopsy specimens can be challenging for
surgical pathologists, as there are many condi-
tions that can mimick the histological appear-
ance of prostate cancer. Because GSTP1 CpG
island hypermethylation changes are present
only in prostate cancers, PIN lesions, and a
small fraction of PIA lesions, assays for hyper-
methylated GSTP1 CpG island alleles in DNA
from tissue specimens might aid pathologists in
establishing an accurate diagnosis [Nakayama
et al., 2003]. Also, because prostate cancers are
detected by a repeat biopsy procedure in as
many as 30% of men without a prostate cancer
diagnosis on an initial biopsy, highly sensitive
GSTP1 CpG island hypermethylation assays
used at the time of the first biopsy might iden-
tify men harboring prostate cancer who might
otherwise be missed [Catalona et al., 1997a;
Chon et al., 2002]. Concomitantly, if GSTP1
CpG island hypermethylation had a high
negative predictive value, as many as 70% of
men could be safely spared a second biopsy
procedure.

Goessl et al. [2002] used MS-PCR to detect
GSTP1 CpG island hypermethylation in DNA
from core biopsy needle washes, obtained by

rinsing biopsy specimens in isotonic saline
solutions. Via this approachGSTP1CpG island
hypermethylation was detected in 0% of men
without prostate cancer, 67% of men with PIN,
and 70% of men with cancer. Harden et al.
[2003] prepared DNA from paraffin-embedded
prostate biopsy specimens and found that 0%
of men without prostate cancer versus 73% of
menwith prostate cancer had hypermethylated
GSTP1 CpG island alleles. Ideally, if a GSTP1
CpG island hypermethylation assay could be
adapted for use on tissue sections in situ, in
such a way that histological appearance and
DNA methylation changes could be assessed
simultaneously, such an assay might serve as a
more effective adjunctive tool for surgical
pathologists [Nuovo et al., 1999]. Nonetheless,
Gonzalgo et al. examined hypermethylation of
the GSTP1 CpG island in DNA from urine
collected immediately after prostate biopsy,
comparing the results of methylation assays to
the histological diagnosis and finding GSTP1
CpG island hypermethylation in 67% of men
with PIN and 58% of men with prostate cancer
[Gonzalgo et al., 2003b]. 33% of men without
prostate cancer or PIN also exhibited GSTP1
CpG island hypermethylation in post-biopsy
urine DNA. For two of the men with hyper-
methylated GSTP1 CpG island sequences in
post-biopsy urine specimens but no clear pros-
tate cancer diagnosis, a subsequent prostate
biopsy procedure resulted in a prostate cancer
diagnosis. An estimated 20–36% men without
prostate cancer on an initial biopsy will have
cancer detected on a subsequent biopsy [Cata-
lona et al., 1997a; Chon et al., 2002]. Is it
possible that men with missed prostate cancers
at the time of initial prostate biopsy can be
identified via GSTP1 CpG island hypermethy-
lation testing of post-biopsy urine specimens,
providing an indication for early repeat biopsy
procedures? Prospectively collected data are
needed for the answer.

CONCLUSIONS

A somatic epigenetic change, hypermethyla-
tion of CpG island sequences encompassing
the regulatory region of GSTP1, almost uni-
formly accompanies prostatic carcinogenesis.
This genome alteration leads to gene silencing,
mediated by the MBD family protein MBD2,
and a phenotype of vulnerability to genome
damaging species. New PCR-based methods to
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specifically detect hypermethylated GSTP1
CpG island sequences have great promise as
molecular biomarkers for prostate cancer and
PIN. When these assays are applied to clinical
specimens, such as blood, urine, ejaculate, and
prostate secretions for prostate cancer screen-
ing and early detection, or such as prostate
biopsy specimens for aid in prostate cancer
diagnosis, the have exhibited great promise as
candidate clinical tests. A new series of pro-
spective studies, critically assessing the pre-
dictive value of such tests, are needed.
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