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Abstract
BACKGROUND—Glutathione-S-transferase (Gst) genes are down-regulated in human prostate
cancer, and GSTP1 silencing is mediated by promoter DNA hypermethylation in this malignancy.
We examined Gst gene expression and Gst promoter DNA methylation in normal murine prostates
and Transgenic Adenocarcinoma of Mouse Prostate (TRAMP) tumors.

METHODS—Primary and metastatic tumors were obtained from TRAMP mice, and normal
prostates were obtained from strain-matched WT mice (n=15/group). Quantitative real-time RT-PCR
was used to measure GstA4, GstK1, GstM1, GstO1, and GstP1 mRNA expression, and Western
blotting and immunohistochemical staining was used to measure GstM1 and GstP1 protein
expression. MassARRAY Quantitative Methylation Analysis was used to measure DNA methylation
of the 5’ CpG islands of GstA4, GstK1, GstM1, GstO1, and GstP1. TRAMP-C2 cells were treated
with the epigenetic remodeling drugs decitabine and trichostatin A (TSA) alone and in combination,
and Gst gene expression was measured.

RESULTS—Of the genes analyzed, GstM1 and GstP1 were expressed at highest levels in normal
prostate. All five Gst genes showed greatly reduced expression in primary tumors compared to normal
prostate, but not in tumor metastases. Gst promoter methylation was unchanged in TRAMP tumors
compared to normal prostate. Combined decitabine + TSA treatment significantly enhanced the
expression of 4/5 Gst genes in TRAMP-C2 cells.

CONCLUSIONS—Gst genes are extensively downregulated in primary but not metastatic TRAMP
tumors. Promoter DNA hypermethylation does not appear to drive Gst gene repression in TRAMP
primary tumors; however, pharmacological studies using TRAMP cells suggest the involvement of
epigenetic mechanisms in Gst gene repression.
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INTRODUCTION
Glutathione S-transferase (Gst) genes are phase II detoxification enzymes that detoxify
xenobiotics, environmental carcinogens, and reactive oxygen species (1,2). Gst proteins
catalyze the addition of reduced glutathione to substrates to form thiolethers (1,3), resulting in
the formation of less toxic and reactive products that are targeted for excretion (4). Mammalian
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Gst enzymes are subdivided into three main groups, including a diverse family of cytosolic
Gst genes including (Alpha (A) Mu (M), Pi (P), Sigma (S), Theta (T), Zeta (Z), and Omega
(O), the mitochondrial GST gene Kappa (K), and microsomal Gst genes, designated MAPEG
(4). Increased Gst activity is a response associated with exposure to toxic and foreign
compounds and may reduce the mutagenic burden imposed by exposure to these agents (1,5).
In support of this idea, GstP1/P2 knockout mice show an increased incidence of 7,12
dimethylbenz[a]anthracene (DMBA)-induced skin tumors (2). Murine tissues that are exposed
to increased levels of carcinogens and xenobiotics, including liver and kidney, show higher
levels of Gst expression (1). Increased levels of toxic metabolites induce Gst gene expression
through the Keap1/Nrf2 pathway, which activates GST gene expression via antioxidant
response element (ARE) enhancers found in Gst promoter regions (4). Consistent with this
model, Nrf2 null mice display decreased basal expression of multiple Gst genes (6).

In murine chemically-induced carcinogenesis models and human cancer, Gst genes are
frequently over-expressed (4,7). However, in contrast to most tumor types, GST genes are
frequently down-regulated in human prostate cancer (7,8). Of particular note, GSTP1 is
transcriptionally silenced by DNA hypermethylation in human prostate cancer at high
frequency and consequently is being developed as a diagnostic marker for prostate cancer
(9-19). GSTP1 hypermethylation is an early event during prostate cancer formation, occurring
in atrophic hyperplasia and prostatic intraepithelial neoplasia. Functional loss of GSTP1 has
been proposed to promote the development of genomic instability and prostate cancer (20).
Recently, DNA methylation silencing of Mu-class Gst genes was reported in Barrett's
adenocarcinoma, further supporting a role for DNA hypermethylation in Gst gene deregulation
in human cancer (21).

DNA methylation is an epigenetic mark that regulates gene expression and plays a critical role
in embryonic development, cellular differentiation, and carcinogenesis (22). Moreover,
changes in DNA methylation play a key role in cancer (23). In addition to DNA methylation,
histone modifications, including lysine acetylation and methylation, are epigenetic regulatory
marks that are frequently altered in cancer (24). Epigenetic changes are distinct from genetic
mutations in a number of respects, most consequentially in that they are reversible. This
reversibility is important both from the standpoint of cancer prevention and treatment, as
nutritional and pharmacological agents that prevent or reverse epigenetic gene silencing may
have utility in cancer intervention strategies (25,26). In addition, the fact that epigenetic signals
are reversible may serve as a mechanism whereby tumor cells can differentially regulate gene
expression at distinct stages of tumorigenesis (27).

We and others have recently established Transgenic Adenocarcinoma of Mouse Prostate
(TRAMP) as a useful in vivo model to interrogate the role of epigenetic alterations in prostate
cancer (28-32). TRAMP utilizes expression of SV40 early genes driven by the androgen-
dependent rat probasin promoter to drive prostate tumorigenesis in the mouse (33). TRAMP
displays pathological stages of prostate cancer progression in a age-dependent fashion, and
progresses to metastatic tumor growth similar to the human disease (34). In addition, castration
of TRAMP animals results in progression to a castration-resistant disease phenotype, as is
observed in humans (35). We have previously demonstrated that TRAMP mice display stage-
specific alterations in DNA methyltransferase (Dnmt) protein expression, locus- and
phenotype-specific DNA hypermethylation, and global DNA hypomethylation, similar to the
epigenetic defects observed in human prostate cancer (28,30,31). In addition, Day and
colleagues have shown that pharmacological inhibition of DNA methylation prevents prostate
cancer formation, delays castration-resistant disease, and extends survival in TRAMP mice
(29,32). These studies have validated TRAMP as a useful model for deciphering the
contribution of aberrant DNA methylation to prostate cancer.
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The goals of the current study were two-fold. First, we sought to determine Gst gene expression
levels during tumor progression in TRAMP, to determine whether these genes are
downregulated, as has been observed in the human disease. Second, we investigated whether
promoter DNA hypermethylation is associated with the silencing of GstP1 and/or other Gst
genes in TRAMP. We also utilized TRAMP cells grown in vitro to investigate the possibility
that Gst genes are epigenetically regulated in this model. Our data indicate that Gst genes are
extensively downregulated in primary tumors in the TRAMP model but that this phenotype
does not correlate with DNA hypermethylation at proximal promoter regions. However,
epigenetic modulatory drugs used in combination led to the activation of specific Gst genes in
TRAMP cells, suggesting that additional epigenetic mechanisms beyond DNA methylation
likely play a role in Gst gene repression in TRAMP.

MATERIALS AND METHODS
Animals and Tissue Samples

TRAMP 50:50 C57BL/6 × FVB and strain-matched wild-type (WT) animals and tissues have
been described previously (31). Samples used in the current study are listed in Table 1. DNA
was extracted from 40 mg tissue samples using the Puregene genomic DNA extraction kit
(Gentra Systems, Minneapolis, MN). RNA was extracted from 20 mg tissue samples using
Trizol (Invitrogen, Carlsbad, CA). Cytosolic protein was extracted from 40 mg tissue samples
using the NE-PER Kit (Pierce, Rockford, IL).

Quantitative Real-Time Reverse Transcriptase PCR (qRT-PCR)
qRT-PCR was performed using the 7300 Real-time PCR system (Applied Biosystems, Foster
City, CA) as described previously (31), except that absolute quantification of mRNA copy
number relative to 18s rRNA was used. Gene-specific Gst primers are listed in Supplemental
Table 1. Primers for 18s rRNA were described previously (36).

Western Blotting
Western blotting was performed as described previously (31). 20 μg cytosolic protein extracts
were loaded per lane. Membranes were probed with the rabbit anti-GstM1 (1:1000) (Upstate
Biotechnology, Lake Placid, NY) or polyclonal rabbit anti-GstP1 (1:1500) (MBL laboratories,
Naka-ku Nagoya, Japan), followed by donkey anti-rabbit secondary antibody (Amersham
Biosciences, Buckinghamshire, England). Band density was quantified using the Versa Doc
5000 Imager System and Quantity One software (BioRad, Hercules, CA) as described (31).

Immunohistochemistry (IHC)
IHC was performed on 5μm sections from paraffin embedded samples of normal prostates
from WT mice and primary TRAMP tumors using standard methods. Briefly, endogenous
peroxidase was blocked for 15 min at room temperature, using 3% H202 in methanol. Antigen
was retrieved by boiling the slides in Citrate buffer for 20 min. Slides were placed in a
humidified chamber with 300μl of 1° polyclonal anti-GstP1 antibody (rabbit 1:2000) or GstM1
1° polyclonal antibody (1:300), diluted in 1% BSA/1X Tris-P04, and incubated overnight at
4°C. Next, slides were incubated with secondary antibody (donkey α-rabbit (1:100) secondary
antibody (Amersham) at room temperature for 2 hrs. Images of representative tissues were
obtained using an Olympus IX50 inverted Microscope and Retiga EXi Camera.

MassARRAY Quantitative DNA Methylation Analyses (MAQMA)
MAQMA is a quantitative assay that utilizes matrix-assisted laser desorption/ionization
(MALDI) time of flight (TOF) mass spectrometry (MS) and base-specific cleavage to
interrogate DNA methylation patterns in sodium-bisulfite converted DNA (37). Primers used
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for MAQMA analysis are shown in Supplemental Table 1. Sodium bisulfite conversions were
accomplished using the EZ DNA methylation kit (Zymo Research, Orange, CA), and DNA
methylation analysis was performed using the MassARRAY system and EpiTYPER software
(Sequenom, San Diego, CA). Assay controls included DNA from disease-free mouse whole
blood (Clontech, Cat.# 6650-1) as unmethylated control, this same DNA methylated to
completion in vitro using SssI CpG methylase (New England Biolabs, Beverly, MA) as
methylated control, and a 50:50 mix of the unmethylated and methylated control DNAs.

TRAMP-C2 Cells and Drug Treatments
The TRAMP-C2 cell line and its in vitro cultivation conditions were described previously
(38). Briefly, cells were grown in DMEM media with 10% FBS, 5 ug/ml insulin, 50 units/ml
pen-strep, 2 mM L-glutamine, and 10−8 M DHT. Cells were treated with 5-aza-2’-
deoxycytidine (decitabine) (Sigma, St. Louis, MO) dissolved in PBS and/or Trichostatin A
(TSA) (Sigma) solubilized in DMSO. Cells were treated with 1.0 μM decitabine on day 0 and
day 2. On day 4, cells were treated with 600 nM TSA or DMSO control. Cells were harvested
on day 5. For TSA-only treatments, cells were treated with 600 nM TSA and harvested one-
day (24 hours) post treatment. RNAs were extracted and qRT-PCR analyses for Gst gene
expression were performed as described above.

RESULTS
Gst mRNA Expression in Normal Mouse Prostate and TRAMP tumors

We initially sought to determine the expression patterns of various Gst genes at the mRNA
level in normal murine prostate and TRAMP tumors. Of note, a recent study reported that Gst-
M genes are downregulated in TRAMP (39), but the expression levels of other Gst family
members in TRAMP are unknown, as are the level of expression of different Gst genes in
normal murine prostate. To address these questions, we developed quantitative real time RT-
PCR (qRT-PCR) assays to measure the expression of five Gst genes: GstA4, GstK1, GstM1,
GstO1, and GstP1 (Supplemental Table 1). We chose to focus on these five Gst genes because
GSTP1 silencing is well established in human prostate cancer (12), and a recent microarray
study indicated potentially reduced expression of these particular Gst genes in T-antigen
induced murine tumors ((40) and K.K. Deeb, personal communication). The tissues under study
included 15 primary and 15 metastatic tumors from TRAMP animals as well as 15 normal
prostates from strain-matched WT animals (Table 1). For the metastatic tumors, we utilized
five samples each from kidney, liver, and lymph node metastases (Table 1). For all parameters
measured in this study, we obtained virtually identical results for the three different metastatic
sites (data not shown), thus these data are combined together into one group in the graphs
presented below.

qRT-PCR analysis revealed the relative expression of the five Gst genes in normal prostate as
GstM1>>GstP1>GstO1>GstK1>GstA4 (Fig 1A). This finding suggests a more prominent
role for GstM1 (and to a lesser extent GstP1) in the function of the normal murine prostate as
compared to the other Gst genes. We next examined Gst gene expression in TRAMP primary
and metastatic tumors. Strikingly, we observed a similar pattern of expression of each Gst gene,
with significantly reduced expression in primary tumors, and increased expression (relative to
primary tumors and/or normal prostates) in metastatic tumors (Fig. 1B-F). This general pattern
held true despite the differences in the basal level of expression of each gene in the normal
prostate (Fig. 1A). The uniformly reduced expression of Gst genes in TRAMP primary tumors
is clearly not an artifact of overall gene expression levels in TRAMP, as our previous studies
have demonstrated both increased and decreased expression of genes in TRAMP tumors
relative to strain-matched normal prostate in this sample set (30,31).
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GstM1 and GstP1 Protein Expression in Normal Mouse Prostate and TRAMP tumors
Based on the data presented above, we performed Western blot analysis to measure the
expression of Gst proteins in normal prostate and TRAMP tumors. We focused our attention
on GstM1 and GstP1, as antibodies from these proteins were commercially available and
because these two genes displayed the highest level of mRNA expression in normal murine
prostate. Additionally, GstP1 was of particular interest because it is silenced by DNA
hypermethylation in human prostate cancer (12). At the mRNA level, both GstM1 and GstP1
are significantly down-regulated in primary TRAMP tumors but not in metastases (Fig. 1). Fig.
2A-B show results from Western blot analyses of GstM1 and GstP1 protein expression,
respectively. As shown, GstM1 and GstP1 are expressed at high levels in normal prostate, and
their expression is reduced in primary tumors (Fig. 2A-B). For GstM1, the downregulation
was relatively uniform and many tumors showed no observable expression, while for GstP1
downregulation was more variable and approximately one-third of the tumors showed similar
levels of expression as normal prostate (Fig. 2). In metastases, GstM1 remains expressed at a
lower level than normal prostate, but not as low as seen in primary tumors (Fig. 2A). In contrast,
GstP1 does not show reduced protein expression in metastases, and expression is enhanced in
some lesions (Fig. 2B).

To confirm our Western blot results, we performed immunohistochemical (IHC) staining of
GstM1 and GstP1 in five primary TRAMP tumors along with five strain-matched normal
prostates from WT mice. Representative results are shown in Supplemental Fig. 1. Negative
control IgG staining of normal ventral prostate showed nuclear hematoxylin staining, but no
non-specific staining (Supplemental Fig. 1A-B). In normal ventral prostate both GstM1 and
GstP1 were expressed at high level in epithelial cells, with little staining in the stroma
(Supplemental Fig. 1A-B). In contrast, TRAMP ventral prostate tumors showed very little
staining of either protein (Supplemental Fig. 1A-B). Lateral, dorsal, and anterior prostatic lobes
of TRAMP tumors were also examined and these gave similar results (data not shown). We
also performed staining on a small set of metastatic tumors and observed variable GstM1 and
GstP1 expression, similar to that observed for TRAMP metastases at the mRNA level and by
Western blotting (data not shown). Taken together the data indicate that, similar to their
mRNAs, GstM1 and GstP1 protein expression is downregulated in primary TRAMP tumors
but not in tumor metastases.

DNA Methylation Status of Gst Genes in Normal Mouse Prostate and TRAMP tumors
The data presented above demonstrate that Gst gene expression is highly reduced in TRAMP
primary tumors relative to normal murine prostate. GstP1 silencing is the most commonly
observed hypermethylation event in human prostate cancer (41). We thus sought to determine
whether DNA hypermethylation plays a role in down-regulation of GstP1 and/or other murine
Gst genes in TRAMP. Initially, we analyzed the 5’ regions of each Gst gene under study, as
genes targeted by DNA hypermethylation in cancer contain 5’ CpG islands (42). Notably, each
Gst gene examined contained a 5’ CpG island flanking or upstream of the predicted
transcriptional start site (Fig. 3). Based on this finding, we next examined the methylation
status of each gene. Given the large number of samples involved in this study (i.e. 45 biological
samples × 5 genes = 225 samples for analysis), we sought a high-throughput and quantitative
method for measurement of DNA methylation. For this task, we utilized MassARRAY
Quantitative DNA Methylation Analyses (MAQMA) (37). MAQMA allows for quantitative
measurement of DNA methylation at CpG sites contained within PCR amplicons from sodium
bisulfite converted DNA. MAQMA data can be represented both as the methylation level of
individual CpG sites and as the average methylation level over an entire sequenced region.

In normal murine prostate, all five Gst genes displayed a low to moderate level of DNA
methylation overall, ranging from 20-40% methylation over the sequenced region (Fig 4A).

Mavis et al. Page 5

Prostate. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For each gene, there was some variability in the methylation level of individual CpG sites
within the sequenced region (Fig. 5). Based on the distinct levels of expression of the different
Gst genes in normal prostate (Fig. 1A), we examined whether there is an association between
Gst gene expression and Gst gene methylation levels in normal prostate. Interestingly, we
observed an inverse association between expression and methylation, although GstA4 (which
shows the lowest expression in normal prostate) is an outlier (Fig. 4B). When GstA4 is removed
from the data set, the correlation coefficient for the inverse association between Gst expression
and methylation approaches 1.0 (Fig. 4C). These data suggest that DNA methylation could
play a role in regulating Gst gene expression in normal murine prostate tissue although other
factors are likely involved.

We also examined Gst promoter methylation in TRAMP tumors. Contrary to our expectation,
the overall methylation level of each Gst gene was unchanged in primary tumors and metastases
compared to normal prostate (Fig. 6). Despite a lack of overall methylation changes in the 5’
CpG islands, hypermethylation of specific critical CpG sites could potentially account for
reduced Gst gene expression in primary TRAMP tumors. To test this, we examined the
methylation status of individual CpG sites within each promoter region (Fig. 5). For GstA4,
two specific CpG sites (site 12 and site 16) showed increased methylation in primary tumors
and metastases compared to normal prostate (Fig. 5A). However, as GstA4 showed reduced
expression in primary tumors but increased expression in metastatic tumors relative to normal
prostate (Fig. 1B), it is unlikely that the methylation of these sites mediate repression.
Importantly, for the other four Gst genes studied, none of the individual CpG sites showed
significant methylation differences in TRAMP primary tumors relative to normal prostate from
WT mice (Fig. 5B-E).

Pharmacological Inhibition of Epigenetic Enzymes induces Gst gene expression in TRAMP-
C2 Cells

While the above data suggested that DNA hypermethylation may not be responsible for the
repression of Gst genes in primary TRAMP tumors, we can not exclude the possibility that
other epigenetic mechanisms e.g. histone deacetylation could contribute to Gst gene silencing
in TRAMP and/or that DNA hypermethylation at cryptic enhancer regions could play a role.
Thus, to more comprehensively test potential epigenetic repression of Gst gene in TRAMP,
we utilized a pharmacological approach on TRAMP-C2 cells grown in vitro. The TRAMP-C2
cell line was established from a primary TRAMP tumor obtained from a 32 week old mouse
(38). MAQMA analysis of Gst gene methylation in TRAMP-C2 cells revealed that Gst genes
are heterogeneously methylated, similar to that observed in normal prostate and TRAMP tumor
samples (data not shown). We treated TRAMP-C2 cells with decitabine, a classical DNA
methyltransferase inhibitor (43), and/or TSA, a potent histone deacetylase inhibitor (44) to test
the involvement of the respective epigenetic enzymes in Gst gene expression. As shown in Fig.
7, either decitabine or TSA treatment alone did not significantly induce the expression of any
of five Gst genes under study, other than a small level of induction of GstA4 with TSA, and a
small level of induction of GstO1 with decitabine, respectively. In contrast, combined
decitabine + TSA treatment led to significant activation of each Gst gene with the exception
of GstM1 (Fig. 7). These data suggest that multiple levels of epigenetic repression are operative
on Gst family genes in TRAMP.

DISCUSSION
Here we report the expression and methylation status of Gst genes in a normal murine prostate
and murine prostate tumors arising in the TRAMP model. The Gst genes we studied represent
5 key Gst gene classes, including cytosolic (GstA4, GstM1, GstO1, GstP1) and mitochondrial
(GstK1) class Gst genes. Of these genes, GstM1 is expressed at the highest levels in normal
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murine prostate, followed by GstP1. Using quantitative methods to measure gene expression
and promoter DNA methylation, we find that, with the exception of GstA4, there is a strong
inverse correlation between Gst gene expression and DNA methylation levels in the normal
murine prostate. Most notably, we find that the expression of all five Gst genes studied is
dramatically reduced at the mRNA level in primary TRAMP tumors relative to normal prostate.
For GstM1 and GstP1, this observation was substantiated at the protein level using both
Western blot analyses and IHC.

In contrast to the uniform Gst gene repression observed in primary TRAMP tumors, metastatic
TRAMP tumors from three distinct sites (lymph node, liver and kidney) displayed variable
levels of Gst gene expression relative to normal prostate, ranging from moderately reduced
expression (GstK1) to dramatically increased expression (GstA4). Notably, each Gst gene was
expressed at significantly higher levels in tumor metastases relative to primary tumors. We
also find that promoter DNA methylation levels of each Gst gene are moderate (~20-40%
methylation) in normal prostate and this value was unchanged in TRAMP tumors (either
primary or metastatic). This suggests that DNA hypermethylation of Gst genes may not play
a primary role in the dramatic repression of these genes observed in primary TRAMP tumors.
Importantly, a lack of promoter hypermethylation of Gst genes in primary tumors along with
the increased Gst gene expression in metastases may be related. It is possible that DNA
hypermethylation, a relatively stable epigenetic lesion, would not be selected for as a chief
mechanism for Gst gene repression in primary tumors if enhanced expression of these genes
contributes to the transition to metastatic tumor growth.

Our findings of reduced Gst mRNA and protein expression in TRAMP are in agreement with
a recent report that the expression of GstM genes and overall Gst enzymatic activity is
decreased in TRAMP tumors (39). The fact that Gst genes of numerous classes are repressed
in TRAMP tumors suggests the existence of a common underlying mechanism for repression.
In this context, a key upstream regulator of Gst genes, Nrf2, is downregulated in TRAMP
tumors (39). Prostate epithelial cells derived from Nrf2 null mice were shown to display
reduced expression of GstM genes, overall Gst activity, and increased reactive oxygen species
relative to control cells (39). Importantly, Nrf2 and GstM expression has been identified to be
downregulated in human prostate cancers in microarray studies (39). The mechanism of
downregulation of Nrf2 in human prostate cancer and TRAMP is currently unknown, but
Frohlich et al reported that the Nrf2 gene is not DNA hypermethylated in TRAMP (39).

Nrf2 regulates Gst gene expression via binding to the antioxidant response element (ARE)
found in the promoter or enhancer regions of many Gst genes (4). For the genes investigated
in the current study, characterized or non-characterized ARE elements are found in the
upstream promoter regions of GstA4, GstM1, and GstP1 (4). For GstA4 and GstP1, the position
of the ARE is contained within the region of DNA methylation analysis. Thus although DNA
hypermethylation and associated chromatin conformation changes could in theory restrict
binding of Nrf2 to hypermethylated Gst promoters, this does not appear to be the mechanism
of Gst downregulation in TRAMP tumors. We cannot exclude the possibility that
hypermethylation of other upstream regions or cryptic enhancers of Gst genes could contribute
to Gst repression in TRAMP. It also remains plausible that other epigenetic changes, e.g.
histone modification status, could be altered at Gst ARE sites in TRAMP tumors. Supporting
this idea, we find that combined treatment of cultured TRAMP cells with decitabine and TSA
induces the expression of multiple Gst genes. Synergistic induction of epigenetically repressed
genes by combined treatment with DNMT and HDAC inhibitors is a classical observation, and
was noted recently for human GST-M genes (21,45). Chromatin immunoprecipitation analysis
of TRAMP tissue samples, while technically challenging, will be required to directly address
the involvement of altered histone modifications in Gst gene silencing in vivo.
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Our finding of an inverse relationship between Gst gene expression and Gst promoter DNA
methylation levels in normal murine prostate was unexpected. Whether differential DNA
methylation plays a role in regulating gene expression in normal tissues has been actively
debated. Interestingly, recent reports have found clear evidence for this phenomenon (46-48).
Moreover, a recent study found a significant inverse correlation between human GSTM5
expression and promoter DNA methylation in normal esophageal mucosa (21). Taken together,
these data suggest that DNA methylation may play a role in regulating Gst gene expression in
normal tissues. Unlike normal prostate, we did not observe a clear correlation between Gst
gene expression in TRAMP tumors and DNA methylation levels (data not shown).

In summary, we demonstrate that reduced Gst gene expression is a common event in primary
tumors arising in the TRAMP model, reminiscent of human prostate cancer. Data presented in
the current paper as well as other published work suggest a key role for oxidative stress in
promoting prostate cancer in TRAMP (39,49). It appears plausible that Nrf2 and Gst gene
downregulation plays a major role in the accumulation of oxidative stress in both human and
murine prostate cancer. However, in contrast to the human disease, transcriptional silencing
of Gst genes does not appear to involve promoter DNA hypermethylation in murine prostate
cancer, at least in the TRAMP model, but may involve histone-mediated epigenetic
mechanisms, including histone deacetylation. A lack of Gst gene promoter DNA
hypermethylation, a relatively stable epigenetic lesion, in primary TRAMP tumors, could be
related to the fact that Gst gene expression may need to be reactivated later during tumor
progression in order contribute to metastatic tumor growth. Based on our work, further study
of the mechanisms involved in Gst gene repression in TRAMP primary tumors, as well as
direct assessment of the role of Gst gene downregulation in prostate cancer etiology are
warranted.

CONCLUSIONS
Gst genes encode phase II detoxification enzymes that protect the genome from oxidative stress
induced DNA damage. Unlike most malignancies, downregulation of Gst genes occurs in
human prostate cancer and for at least one of these genes (GSTP1), the mechanism of this
repression is promoter DNA hypermethylation. We show here that Gst genes from multiple
distinct families are repressed in the TRAMP murine prostate cancer model. This repression
occurs uniformly in primary TRAMP tumors, but not in tumor metastases taken from three
distinct sites. Unlike human prostate cancer, GstP1 and other Gst genes do not shown proximal
promoter DNA hypermethylation in either primary or metastatic murine TRAMP tumors. Data
from pharmacological experiments using TRAMP cells grown in vitro suggest that epigenetic
mechanisms in addition to DNA methylation may be involved in Gst gene repression in
TRAMP. Taken together, these data suggest that Gst gene downregulation is a common
etiological factor in prostate cancer and suggest TRAMP as a useful model to interrogate the
role of Gst genes in prostate cancer. While the precise mechanisms leading to Gst
downregulation may be distinct in human prostate cancer and TRAMP, in both circumstances
it is likely that epigenetic regulatory mechanisms are involved.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Gst Murine Glutathione-S-transferase gene

TRAMP transgenic adenocarcinoma of mouse prostate

DNMT cytosine DNA methyltransferase
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Fig. 1.
Gst mRNA expression in normal prostates from WT mice and TRAMP tumors. qRT-PCR of
Gst genes was performed as described in Materials and Methods using the samples described
in Table 1. Gst mRNA copy number is plotted relative to 18s rRNA expression. (A) Gst
expression in normal murine prostate (N = 15). Gst family members analyzed are shown on
the x-axis. (B) GstA4 (C) GstK1 (D) GstM1 (E) GstO1 and (F) GstP1 mRNA expression in
normal prostate (N), primary prostate tumor (P), and metastases (M) (N = 15/group). The
metastases group includes lymph node, kidney, and liver metastases (5 each). Error bars =
Standard deviation (SD). The results of unpaired two-tailed T-test comparisons are shown for
the indicated groups. In all cases, differences in Gst mRNA expression between Normal
Prostate and Metastatic tumors were not significant.
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Fig. 2.
Western blot analysis of GstM1 and GstP1 protein expression in normal prostates from WT
mice and TRAMP tumors. Cytosolic GstM1 and GstP1 protein levels were measured as
described in Materials and Methods using the samples described in Table 1; representative
Western blots are shown. (A) GstM1 Western blots. (B) GstP1 Western blots. Data labels:
Normal prostates (N), primary tumors (P), kidney metastases (KM), liver metastases (LM),
and lymph node metastases (LNM). For both panels, Ponceau S total protein staining served
as a loading control.
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Fig. 3.
5’ end of murine Gst genes, indicating position of CpG islands and primer sites used for DNA
methylation analyses. (A) GstA4, (B) GstK1, (C) GstM1, (D) GstO1, and (E) GstP1. For each
diagram, the predicted transcriptional start sites from the UC Santa Cruz Genome Browser are
shown with bent right arrows, and exons are shown with black filled bars. Hash marks indicate
CpG sites. Gray filled bars show 5’ CpG islands; CpG island characteristics as determined
using CpG island searcher (http://www.uscnorris.com/cpgislands2/cpg.aspx) are shown
beneath the gray bars. The approximate position and 5’ nucleotide coordinates of primers used
for MAQMA methylation analysis are shown by inward facing arrows.
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Fig. 4.
Gst gene methylation in normal murine prostate and inverse association with Gst mRNA
expression. (A) DNA methylation of the 5’ regions of Gst genes diagrammed in Fig. 4 were
determined by MassARRAY Quantitative DNA Methylation Analyses (MAQMA) as
described in the Materials and Methods. Results plotted are the average methylation value of
all CpG sites over the entire sequenced region, and all data are averaged over 5 normal prostate
samples. Error bars = SD. (B) Gst methylation values plotted against Gst mRNA expression
values shown in Fig. 1A. Non-linear regression (one-phase decay) correlation coefficient R2

value was caculated using GraphPad Prism and is shown. (C) Gst methylation values plotted
against Gst mRNA expression values shown in Fig. 1A, after removal of GstA4 data.
Correlation coefficient R2 value was calculated as described in panel C. Symbols : square =
GstM1; circle = GstA4; inverted triangle = GstP1; diamond = GstO1; triangle = GstK1.
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Fig. 5.
Individual CpG site DNA methylation of Gst genes in normal prostates from WT mice and
TRAMP tumors. (A) GstA4, (B) GstK1, (C) GstM1, (D) GstO1, and (E) GstP1. DNA
methylation of the 5’ regions of Gst genes diagrammed in Fig. 3 were determined by
MassARRAY Quantitative DNA Methylation Analyses (MAQMA) as described in the
Materials and Methods. Results plotted are the average methylation value of each CpG site (or
clusters of CpG sites) within each sequenced region, and data are averaged for normal prostate
(N) (N=5), primary tumor (P) (N=15), and metastatic tumors (M) (N = 15). Infrequently, CpG
sites failed MAQMA analysis; in these instances no data are shown (absence of bars on the
graph). Right arrows below X-axes indicate the approximate position of the predicted
transcriptional start site for each gene. Error bars = SD.
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Fig. 6.
Averaged Gst gene methylation in normal prostates from WT mice and TRAMP tumors. (A)
GstA4, (B) GstK1, (C) GstM1, (D) GstO1, and (E) GstP1. DNA methylation of the 5’ regions
of Gst genes diagrammed in Fig. 3 were determined by MassARRAY Quantitative DNA
Methylation Analyses (MAQMA) as described in the Materials and Methods. Results plotted
are the average methylation value of all CpG sites over the entire sequenced region, and all
data are averaged for normal prostates (N) (N=5), primary tumors (P) (N=15), and metastatic
tumors (M) (N = 15). The methylation data for the individual sites comprising each region are
shown in Fig. 5. Error bars = SD. In all cases, the differences between groups were not
significant (data not shown).
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Fig. 7.
Effect of decitabine and TSA treatment on Gst gene expression in TRAMP-C2 cells. TRAMP-
C2 cells were treated with 1.0 μM decitabine (DAC) and/or 600 nM trichostatin A (TSA) as
described in the Materials and Methods, and cells were harvest at five days post-DAC treatment
and/or one day post TSA treatment. The vehicle control consisted of treatment of TRAMP-C2
cells with PBS and DMSO for five days and one day, respectively. Gst mRNA expression was
measured by qRT-PCR as described in the Materials and Methods. (A) GstA4, (B) GstK1,
(C) GstM1, (D) GstO1, and (E) GstP1. Error bars = SD. Students T-test (unpaired, one-tailed)
was performed to test for significant differences in Gst gene expression between control cells
and cells treated with DAC and TSA. Results (P-values) are shown on the figure.
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