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Altered genome methylation is a hallmark of human malignancies. In this study, high-throughput
analyses of concordant gene methylation and expression events were performed for 91 human prostate
specimens, including prostate tumor (T), matched normal adjacent to tumor (AT), and organ donor
(OD). Methylated DNA in genomic DNA was immunoprecipitated with anti-methylcytidine antibodies
and detected by Affymetrix human whole genome SNP 6.0 chips. Among the methylated CpG islands,
11,481 islands were found located in the promoter and exon 1 regions of 9295 genes. Genes (7641)
were methylated frequently across OD, AT, and T samples, whereas 239 genes were differentially
methylated in only T and 785 genes in both AT and T but not OD. Genes with promoter methylation and
concordantly suppressed expression were identified. Pathway analysis suggested that many of the
methylated genes in T and AT are involved in cell growth and mitogenesis. Classification analysis of the
differentially methylated genes in T or OD produced a specificity of 89.4% and a sensitivity of 85.7%.
The T and AT groups, however, were only slightly separated by the prediction analysis, indicating
a strong field effect. A gene methylation prediction model was shown to predict prostate cancer relapse
with sensitivity of 80.0% and specificity of 85.0%. These results suggest methylation patterns useful in
predicting clinical outcomes of prostate cancer. (Am J Pathol 2013, 182: 2028e2036; http://
dx.doi.org/10.1016/j.ajpath.2013.02.040)
Supported by the National Cancer Institute (grant RO1 CA098249 to
J.-H.L.), the American Cancer Society (grant RSG-08-137-01-CNE to
Y.P.Y.), and the University of Pittsburgh Cancer Institute.
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Prostate cancer is one of the most prevalent malignancies
among American men, with approximately 280,000 new
cases diagnosed annually. Each year up to 28,050 patients
with prostate cancer die in the United States alone, and
mortality from prostate cancer is only second to lung carci-
noma in the United States.1 Although most prostate cancers
are indolent and responsive to the available hormone thera-
pies, a significant number of cases become hormone refrac-
tory and metastatic. The precise cause of prostate cancer
progression has remained elusive, despite extensive research
efforts and recent advances in our understanding of this
disease. Comprehensive gene expression and genome anal-
yses have suggested that a global pattern of gene expression
and copy number alterations exist for prostate cancer.2e4 The
related gene products include critical molecules in signaling
pathways, DNA replication, cell growth, cell cycle check-
points, and apoptosis.5e8

Hypermethylation of the gene promoter is a well-known
epigenetic event that silences gene expression and is a critical
stigative Pathology.

.

regulatory component in normal physiology, mediating gene
imprinting for inactivation of the X chromosome9 and tissue-
specific gene expression,10 and in pathological processes,
mediating inactivation of tumor suppressor genes and
promoting tumorigenesis.11,12 Addition of a methyl group to
the cytosine residue of CpG dinucleotides by methyltrans-
ferase creates a binding motif for methyl-cytosine binding
proteins, methyl-CpG-binding domain (MBD) or methyl-
CpG-binding protein 2 (MeCP2), which in turn produces
steric hindrance at the CpG clusters located in the promoter
regions to transcriptional activators or repressors.13,14

Silencing of genes involved in cell cycle control, cell
survival, DNA damage repair, and signal transduction is the
characteristics of cancer cells.15e23 There is a lack of global
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Prostate Cancer Methylation Profiling
correlation of CpG island methylation and gene expression in
prostate cancer. To map the epigenetic regulation leading to
altered expression of hundreds of genes in prostate cancer, we
performed a genome-wide concordance analysis of gene
methylation and expression in matched prostate tumor (T),
benign prostate tissues adjacent to cancer (AT), and organ
donor prostate without history of urological disease or any
malignancy (OD). We found unique methylation profiles that
distinguished the T, AT, and OD samples.

Materials and Methods

Genomic DNA Preparation

Ninety-one specimens of prostate cancer and adjacent benign
prostate tissues and organ donor prostates were obtained from
University of Pittsburgh Tissue Bank in compliance with
institutional regulatory guidelines (Supplemental Table S1).
To ensure high purity (�80%) of tumor cells, needle-
microdissection was performed by pathologists to isolate
the tumor cells from adjacent normal tissues (�3-mmdistance
from the tumor). For AT and OD samples, similar needle-
microdissections were performed to achieve 80% epithelial
purity. GenomicDNAof these T andAT tissueswas extracted
with a commercially available tissue and blood DNA
extraction kit (Qiagen, Hilden, Germany). The protocols of
tissue procurement and procedure were approved by Institu-
tion Board of Review of the University of Pittsburgh.

Immunoprecipitation and Amplification of Methylated
DNA

Each DNA sample was divided into two aliquots of 250 ng
and was digested with either StyI or Nsp1 (New England
BioLabs, Ipswich, MA) at 37�C for 2 hours, followed by
ligation to the corresponding StyI or Nsp1 adapters (Affy-
metrix, Santa Clara, CA) at 16�C for 16 hours. The two
adapter-ligated DNAs were pooled and purified with an
Amicon Ultra-centrifugation filter (Millipore, Billerica, MA).
Fifty nanograms of the purifiedDNA in 450mLof Tris-EDTA
buffer were denatured by boiling in water for 10 minutes.
Methylated DNA was then immunoprecipitated with 5 mg of
antie5-methylcytosine antibody (Zymo Research, Irvine,
CA) in immunoprecipitation buffer (10 mmol/L NaPO4, 140
mmol/L NaCl, and 0.05% Triton X-100, pH 7) by rocking at
4�C for 2 hours. The immunocomplexes were captured with
magnetic bead-protein A/G (Millipore) by shaking at room
temperature for 30 minutes. Three washes were performed
with 1 mL of immunoprecipitation buffer, and additional
washes with 300 mL of elution buffer heated to 50�C for
10 minutes were performed until the DNA in flow-through
reached zero. Methylated DNA was then eluted from the
beads with 100 mL of elution buffer heated to 75�C for
5 minutes. The eluted DNAwas PCR amplified with titanium
DNA polymerase and primer 002 from Affymetrix SNP 6.0
reagent kit, using 30 thermal cycles of 94�C for 30 seconds,
The American Journal of Pathology - ajp.amjpathol.org
60�C for 45 seconds, and 65�C for 60 seconds. Amplification
efficiency was assessed by resolving amplicons with 1%
agarose gel electrophoresis. Samples were then purified and
fragmented by incubating with DNase1 at 37�C for
35 minutes. The fragmented DNA samples (range, 100e200
bp) were biotin labeled with terminal transferase at 37�C for
4 hours and hybridized to Affymetrix human whole genome
SNP 6.0 chips at 50�C for 19 hours. After washes with 6�
SSPE (saline, sodium phosphate, EDTA) buffer and staining
with phycoerythrin streptoavidin in an automated Affymetrix
fluid station, the chips were scanned byAffymetrix GeneChip
scanner 3000 7G.

Sample Baseline Genome Copy Number Analysis

To determine the baseline copy number of each sample,
genome DNA of each sample was analyzed with the Affyme-
trix SNP 6.0 chip. Briefly, the adaptor ligated DNA was
prepared from StyI and Nsp1 digestion as described in Immu-
noprecipitation and Amplification of Methylated DNA. The
efficiency of amplificationwas verified by resolving amplicons
with 1% agarose gel electrophoresis. The total amount of
purified amplicons was in the range of 200 to 250 mg.3,24 As
described in the section above, the amplicons were DNAse1
fragmented, biotin labeled, hybridized to the Affymetrix SNP
6.0 chips, and processed for genome copy number analysis.

DNA Methylation Analysis

The hybridization signals of methylation-enriched DNA from
91 prostate tissues were analyzed by Partek Genomics Suite
6.6 (Partek, Inc., St. Louis, MO). Pair-wise copy number
analyses of methylation-enriched DNA were performed with
genome copy numbers of the unenriched DNA samples as
baselines with criteria of marker numbers >10 and segment
length >2000 bp. The segments that were detected as ampli-
fied or unchanged in comparison with the baseline copy
number of the duplicate samples were considered to be
enriched by the methylation-specific antibodies. These meth-
ylated fragments were then screened for CpG islands. Criteria
of 50% C and G and expected CpG of 0.65 in a region of
>200 bp was used to define a CpG island.25e27 The CpG
islands located in the region of 1000 bp upstream and 500 bp
downstream of mRNA start site of a gene were designated as
gene-associated CpG islands and were annotated through the
UCSC (University of California Santa Cruz) genome build
hg18. Microarray data location of Raw *.cel files of data will
be available at Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo; accession number GSE45000).

Functional Analysis of Differentially Methylated Genes

The differential profiles of methylated genes were deter-
mined by comparing the CpG islands of T/OD, AT/OD, and
T/AT, respectively. For each given gene-associated CpG
island, the fraction of samples that were methylated was
2029
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tabulated for each group. A two-by-two contingency table
was constructed and Fisher exact test was performed to detect
the differential methylation of CpG islands. To examine
whether the differential methylations of these gene-associated
CpG islands were functional, the previously published U95
Affymetrix chip gene expression data of 130 cases of prostate
cancer and donors (overlapping 75 of 91 samples of our
present methylation analyses or 82%) were assessed.4 The
expression of each methylated gene was measured by
calculating Pearson correlation coefficient between gene
expression values4,7 and methylation state vector (0,1) for
each matched sample (33). The differential gene expression
analysis that used a one-sided t-test was performed. A func-
tional methylated gene was defined as a gene that was
detected as hypermethylated in the analysis and was shown to
have down-regulated gene expression. The difference in
methylation status of these functional methylated genes
between the compared groups was named as differential
functional methylation events in the analysis. Significant
differences in methylation and expression were indicated by
a P value <0.05. Six sets of concordant genes were identi-
fied, including the hypermethylated and hypomethylated gene
sets in T/D, AT/D, and T/AT groups.

Pathway Enrichment Analyses

Pathway analysis was performed for the six sets of concordant
genes.A total of 2287 pathwayswere curated fromMSigDB,28

which contains information from Biocarta, Kyoto Encyclo-
pedia of Genes and Genomes, Reactome, and Gene Ontology
databases. The one-sided Fisher exact test (overrepresentation)
was applied to calculate the statistical significance of pathway
enrichment, and P values were corrected by the Benjamini-
Hochberg procedure for multiple comparisons to calculate
q values.

Statistical Prediction Model

Prediction (classification) analyses were performed for the four
comparison groups: i) T versus OD, ii) AT versus OD, iii)
T relapse versus T nonrelapse, and iv) T fast relapse versus slow
relapse or nonrelapse. The conventional leave-one-out cross
validation (LOOCV) approach was used to assess accuracy.29

In LOOCV, one sample was left out for evaluation, and the
remaining samples were used to construct a prediction model,
which was then applied to the left-out sample evaluation for
accuracy of prediction. The process was repeated until all of the
samples were left out as test samples and the sensitivity and the
specificity of the model for prediction of cancer or normal were
achieved. The differentially methylated CpG islands were then
applied as predictive features in the prediction model, and the
top (parameter r) differentially methylated CpG islands (having
equal number of differentially hypermethylation and hypo-
methylation) were selected for their significance in group
comparisons of hypermethylation and hypomethylation with
the use of Fisher exact test. To predict the left-out test sample,
2030
the percentage of concordance (parameter t) was calculated as
a threshold for themethylation pattern in the training setwith the
prediction model in the top (r) differentially hypermethylated
and hypomethylated CpG islands. Parameter (t) was used to
balance the sensitivity and specificity trade-off in the prediction
model. By varying p, a receiver operating characteristic (ROC)
curve for classification was produced. In this analysis, the (r)
that produced the best area under the curve (AUC)was selected,
and the threshold pwas determined bymaximizing the Youden
index (sensitivityþ specificity� 1) for the best sensitivity and
specificity trade-off andoverall accuracy rate.Thecriterionused
gave equal significance in sensitivity and specificity. To eval-
uate whether the prediction result was better than that obtained
by a random approach, AUC was used as a test. Permutation
analyses were performed to assess the statistical significance by
random shuffling of the class labels (case and control) with new
AUC values being calculated; this procedure was repeated
100 times to generate the null distribution. The P value was
calculated as thepercentage of 100nullAUCs frompermutation
and was greater than the observed AUC.

Methylation-Specific PCR

The genomic DNA from the same group of prostate tissue
samples was treated with sodium bisulfite (Epitec bisulfite kit;
Qiagen) at 95�C for 5 minutes, followed by 60�C for 4 hours,
and desulfonated as described in the manufacturer’s manual.
The bisulfite-converted DNA was amplified as previously
described,30,31 using CDKN1c methylation-specific primers
(50-CGCGGTCGTTAATTAGTCGC-30/50-ACACAACGCA-
CTTAACCTATAA-30) or CDKN1c unmethylation-specific
primers (50-TTTGTTTTGTGGTTGTTAATTAGTTGT-30/
50-ACACAACACACTTAACCTATAA-30) with the fol-
lowing thermal cycling conditions: 40 cycles of 95�C for
30 seconds and 61�C for 1 minute, followed by 72�C for
2 minutes for methylation primers; or 40 cycles of 95�C
for 30 seconds and 60�C for 1 minute, followed by 72�C for
2 minutes for unmethylation primers.

Results

To investigate the global DNA methylation patterns of
prostate cancer, methylated DNA segments from the prostate
genome were analyzed by detecting methylation-enriched
DNA with Affymetrix human whole genome SNP 6.0. The
methylated genome DNA samples were immunoprecipitated
by antibodies specific for 5-methylcytidine, amplified, and
hybridized to the SNP 6.0 chip. The methylation genome
DNA profile of each sample was then analyzed with the
whole genome DNA profile from the same sample as base-
line. Regions of DNA were deemed methylated if they were
detected as amplified or unchanged in comparison with the
matched whole genome profile. A total of 34,413 genome
segments were identified as methylated regions. To study
whether all these genome segments were relevant to the
regulation of gene expression, we screened each for the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Methylation of genomes of prostate cancer (T),
benign prostate tissue adjacent to cancer (AT), and organ
donor prostate (OD) samples. A: Methylation frequency of
CpG islands in 23 pairs of chromosomes of T, AT, and OD.
Gray columns represent fractions of samples that have
methylation in the corresponding CpG islands, whereas red
columns are the statistically significant methylated CpG
islands (compared with the other two groups). B: Venn
diagram of methylated genes that occurred in at least 20%
of the samples.

Prostate Cancer Methylation Profiling
presence of gene-associated CpG islands. CpG islands
located within 1000 bp upstream and 500 bp downstream of
the mRNA start site of a gene were considered potentially
functional and were included. Based on these criteria, 11,481
potentially functional CpG islands were identified along with
a total of 9136 genes. Among the gene-associated CpG
islands, 9082 were found to be methylated in T, 8458 in AT,
and 8093 in OD samples.

To investigate the differential methylation status of pros-
tate cancer-related CpG islands, the data were classified into
groups of T (n Z 47), AT (n Z 30), and OD (n Z 14) and
compared in pairs for each CpG island identified. The
proportion of each group’s samples that showed methylation
in each gene-associated CpG island assessed was determined,
and the distributions of these CpG islands in different chro-
mosomes are shown in Figure 1A. By comparing three group
pairs (T/OD þ AT, AT/T þ OD, and OD/T þ AT), the
differentially methylated CpG islands (P < 0.01) in T were
identified in comparison with OD or AT (Figure 1A). Simi-
larly, the genes associated with CpG islands that were differ-
entially methylated in AT or OD were identified (Figure 1A).
The number of genes that had at least one associated CpG
island and were found to be methylated in at least 20% of
samples in each patient group is shown in a Venn diagram
(Figure 1B). Many of these methylated segments were not
unique and overlapped with at least one of the other groups.
A total of 7641 genes were methylated in all three groups
The American Journal of Pathology - ajp.amjpathol.org
(T, AT, and OD). Genes (785) were methylated in the T and
AT groups but not in the OD group. Only 239 genes were
methylated in the T group only, compared with the 19 and 22
genes thatwere uniquelymethylated in theATandODgroups,
respectively. The differentially methylated genes between the
T andOD groupsmainly clustered in regions of chromosomes
1, 3, 15, and 17 (Figure 2). Interestingly, the T and AT groups
shared many of the same differentially methylated genes,
which were not methylated in the OD group. Few genes were
detected with differential methylation between the T group
and the AT group. To rule out the effect of age on methylation
pattern, samples from patients and organ donors of age 50
years were analyzed in an age-matched manner. The results
also suggested a significant field effect: 110 CpG islands were
found uniquely methylated in the T group, whereas only 27
were in the AT group and 25 in the OD group. Greater than
79% (423 of 533) of CpG islands differentially methylated in
T group (versus OD) were also methylated in AT samples.

Gene methylation generally has a negative effect on gene
expression. However, such effect can vary according to the
characteristic of an associated CpG island, the level or posi-
tion of the cytosine methylation, and other structural features.
To investigate whether methylation of gene-associated CpG
islands affected the corresponding gene expression, we per-
formed a concordance analysis on differentially methylated
genes with the use of gene expression data available from our
previously published Affymetrix U95 expression data set.
2031
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Figure 2 Ideograms of differential methyla-
tions between T, AT, and OD; T versus OD, AT
versus OD, and T versus AT. Upper panel: Differ-
ential methylation in T (blue) and OD (red). Middle
panel: Differential methylation in AT (blue) and
OD (red). Lower panel: Differential methylation in
T (blue) and AT (red).
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These data overlapped 75 of 91 samples of the present
methylation analysis. Thus, the concordance analysis largely
reflected a direct methylation effect on expression. Differ-
entially methylated genes with down-regulation of gene
expression (P < 0.01) were designated as functional meth-
ylation. Genes with methylation but having no suppression of
gene expression were considered as nonfunctional methyla-
tion. Our analyses showed that 12.5% of the differentially
methylated genes are functional (Figure 3, AeC). The highest
frequency of functional differential methylation occurred in
the T group (n Z 47), with the lowest occurring in the OD
group (n Z 14) (Figure 3A). In particular, 95 of 650 genes
were functionally methylated in the T group, whereas only
7 of 35 were functionally methylated in the AT group. When
the AT group was compared with the OD group, 23 of 315
genes were classified as differentially methylated with sup-
pressed gene expression being detected in either theATorOD
group. Only five functional hypermethylation and one func-
tional hypomethylation events were found when the AT
group was compared with the T group. These results suggest
a significant similarity between the T and AT groups in their
methylation patterns.

To understand the significance of these differential DNA
methylation events, pathway analyses were performed on the
most significantly differentially hypermethylated and hypo-
methylated genes of each group (as identified by the Fisher
exact test of independence, P < 0.01). The most frequently
identified pathways corresponding to the DNA methylation
and associated genes are shown in Supplemental Tables S2
and S3. Many of the hypermethylated genes in T (T/OD)
were involved in inhibition of cell proliferation or cell division,
such as cyclin-dependent kinase inhibitor 1C (CDKN1C) and
CDKN2D, whereas the hypomethylated genes in T were
involved in membrane transport. No significant pathway
enrichment was identified when T was compared with AT. In
AT versus OD, an apoptosis pathway was suppressed in the
AT group [according to hypermethylation of some critical
2032
apoptotic genes, such as BCL2-associated X protein (BAX)
and proteasome (prosome, macropain) 26S unit, ATPase, 4
(PSMC4)], whereas the membrane transport molecules were
up-regulated by hypomethylation (Supplemental Table S3),
although with relatively weaker statistical significance.
To investigatewhether the differentiallymethylated genes in

prostate samples are predictive of prostate cancer, we per-
formed classification analyses with aggregated methylation
data for the differentially methylated CpG islands and the
prostate samples stratified as T, AT, or OD.We first ranked the
differential methylation genes by P value. We then built and
optimized our classification model by incremental inclusion of
top-ranked genes into the model, until the model showed no
improvement in prediction. With the use of 300 hyper-
methylated and 300 hypomethylated CpG islands identified in
the T group, our leave-one-out classification of T versus OD
showed a prediction specificity of 89.4% and a sensitivity of
85.7% (Figure 4A). Interestingly, when this prediction model
was used to classify 30 of the AT samples, 80.0% (24 of 30) of
the AT samples were predicted as cancer. Only six AT samples
(20%) were predicted as normal, resembling a significant field
effect as reported for other studies.3 In the classification of AT
versus OD, a model of 200 hypermethylated and 200 hypo-
methylated CpG islands was constructed, and the prediction
sensitivity of AT reached 71.4% and specificity reached 100%
(Figure 4B). As expected, the T versus AT classification yiel-
ded no statistically significant correct predictions.
Next, the LOOCVs were applied to predict the clinical

outcomes of prostate cancer samples. The cases of prostate
cancer were subdivided into groups of patients who relapsed
after radical prostatectomy and patients who had no relapse
for at least 5 years after the surgery. With the use of 20
differentially hypermethylated and 20 hypomethylated CpG
islands for the prostate cancer relapse samples, the prediction
specificity was 85.2% and sensitivity was 80.0% (Figure 5A)
for prostate cancer relapse. When the prostate cancer samples
were subdivided into fast relapsing [prostate-specific antigen
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Functional and differential methylation between T, AT, and OD. A: Differential methylation of CpG islands between T and OD. Left panel: CpG islands
differentially methylated in T samples (positive) versus OD (negative). Blue indicates CpG methylation associated with down-regulation of gene expression in
T samples. Right panel: CpG islands differentiallymethylated in OD samples (negative) versus T (positive). Green indicates CpGmethylation associated with down-
regulation of gene expression in OD samples. B: Differential methylation of CpG islands between T and AT. Left panel: CpG islands differentially methylated in
T samples (positive) versus AT (negative). Blue indicates CpG methylation associated with down-regulation of gene expression in T samples. Right panel: CpG
islands differentiallymethylated in AT samples (negative) versus T (positive). Green indicates CpGmethylation associatedwith down-regulation of gene expression
in AT samples. C: Differential methylation of CpG islands between AT and OD. Left panel: CpG islands differentially methylated in AT samples (positive) versus OD
(negative). Blue indicates CpG methylation associated with down-regulation of gene expression in AT samples. Right panel: CpG islands differentially methylated
in OD samples (negative) versus AT (positive). Green indicates CpG methylation associated with down-regulation of gene expression in OD samples.

Figure 4 Classification of prostate samples based on differential
methylation. A: Classification of T versus OD samples on the basis of 300
differentially methylated genes; ROC curve (left); methylation heat map
(pink indicates methylation and blue nonmethylation) (right). B: Classifi-
cation of AT versus OD samples on the basis of 800 differentially methyl-
ated genes; ROC curve (left); methylation heat map (pink indicates
methylation and blue nonmethylation) (right).

Prostate Cancer Methylation Profiling
doubling time (PSADT) of 4 months] and nonfast relapse
groups (nonrelapse or relapse with PSADT�15 months), the
prediction specificity was 88.9% and sensitivity was 78.9%
for fast relapse, using as few as 20 hypermethylated and 20
hypomethylated CpG islands identified from fast relapse
tumors (Figure 5B).

To validate the findings of methylated DNA, the CDKN1C
gene was selected for methylation-specific PCR analysis. As
indicated in Figure 6, A and B, the amplified methylated
CDKN1c productswere detected inmost of the tumor samples,
and both methylated and unmethylated amplicons were
detected in the PC3 cell line and a number of tumor samples.

Discussion

Systematic analyses of gene methylation of prostate cancer
have been performed with various approaches, including
hybridization of sodium bisulfite-treated DNA to predesigned
oligo probe set32 or extension by predesigned primers,33 or
deep sequencing of methylated CpG-enriched DNA.34 These
high throughput analyses were performed with various
commercial or institutional specific platforms and revealed
various methylation patterns in prostate cancer.32,34,35 Anti-
methylcytosine antibody enrichment of methylated DNA had
been used to perform whole genome methylation analyses. It
had been successfully validated in several studies.36e39 With
The American Journal of Pathology - ajp.amjpathol.org
the use of a similar strategy, our genome methylation analysis
revealed distinct patterns of genome methylation in several
types of prostate tissues. No significant preference was
observed toward high or low density of methylated CpG
2033
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Figure 5 Prediction of clinical outcomes of prostate samples on the basis
of differential methylation. A: Prediction of relapse versus no relapse for at
least 5 years from prostate cancer samples on the basis of 40 differentially
methylated genes; ROC curve (left); methylation heat map (pink indicates
methylation and blue nonmethylation) (right). B: Prediction of fast relapse
(PSADT <4 months) versus nonfast relapse from prostate cancer samples on
the basis of 40 differentially methylated genes; ROC curve (left); methylation
heat map (pink indicates methylation and blue nonmethylation) (right).

Figure 6 Methylation-specific PCR of CDKN1c CpG islands. A: Schematic
diagram of CpG islands in the promoter and exon 1 regions of CDKN1c. CpG
dinucleotides are indicated by the small red bar. The thick blue line represents
the span of the CpG island. U denotes primers designed for unmethylated
sequence, and M indicates methylated sequence. The mRNA start site is indi-
cated by an arrow. B: Methylation-specific PCR of prostate samples. The suffix
T denotes prostate cancers, and the suffix OD denotes organ donor prostates.
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islands on the basis of similar average CpG counts (n Z 15)
per 100 bp in a methylated CpG island detected in our assays
versus that (15.1) of all CpG islands in the human genome.

Epigenetic modification of DNA, such as cytosine meth-
ylation in CpG dinucleotides, is one of the most important
regulatory mechanisms of gene expression. Promoter DNA
methylation, in particular, is critical for controlling genes
involved in cell cycle progression, cell survival, DNA
damage repair, and other signal transductions, and these
genes are often found to be silenced in clinical cancer
samples.15e23 However, information about gene methylation
in prostate cancer is still fragmented. No global functional
analyses have been performed to analyze whether gene
methylations have an effect on gene expressions. To our
knowledge, this is the first report that systematically analyzes
the effects of CpG island methylations on gene expressions.
Our study suggests that the number of nonfunctional CpG
islands is much larger than previously thought.32,40

For many genes studied to date, methylation-induced gene
silencing has been attributed to the methylation of CpG
clusters in the promoter and exon 1 regions. Previous studies
of clinical samples of prostate cancer have shown that large
numbers of genes are down-regulated.4,41e43 However, our
methylation/expression concordance analyses showed that
only a small fraction (12.5%) of the methylated CpG islands
is functional, as evidenced by methylations accompanied by
down-regulated expression of the same genes. This analysis
suggests that not all CpG island methylations affect gene
expression. Additional factors, such as methylation density
or specific dinucleotide methylation, or the characteristics of
the CpG islands themselves may account for the different
effects on transcriptional activity. These functional CpG
islands may have significant clinical implications. Unlike
2034
genome structural alterations, such as deletion or mutation,
DNA methylations are potentially reversible. Several epige-
netic treatments are currently available to reverse these
modifications and have been assessed for their potential to
treat cancers.43e46

Interestingly, the differentiallymethylated genes with down-
regulated expression in the T samples are enriched in signaling
pathways of cell cycle progression, mitogenic processes,
apoptosis, and membrane transporters. Concordant methyla-
tion/low expression events in two cyclin D-dependent kinase
inhibitors, CDKN1C and CDKN2D,47e49 occurred with fre-
quencies of 48.0% and 44.0%, respectively. These two genes
are known to block cell cycle entry fromG1 to S phase, thereby
inhibiting cell growth and proliferation. In addition, the cell
growth inhibitor with ring finger domain 1 (CGRRF1),50 which
acts as a p53 responsive protein in cell growth arrest, was
also methylated and down-regulated, suggesting a synergistic
action of these genes regulated by methylation in tumors.
Methylation-mediated silencing of theDNA-damage-inducible
transcript 3 (DDIT3)51,52 has been reported to suppress the
ability of cells to adequately respond to stresses. These per-
turbed functionsmay lead to genome instability in the tumor. In
addition, it is intriguing to find that the differentiallymethylated
genes include a family of tumor suppressor genes, tissue
inhibitor ofmetalloproteinase 3 (TIMP1) to TIMP3. TIMP3 is a
protein suppressing metalloproteinase that degrades extracel-
lular matrix.53,54 TIMP1 gene promoter was previously found
methylated in prostate cancer, and the loss of TIMP1 protein
while gaining metalloproteinase has been attributed to the high
motility of tumor cells.54,55 Frequent methylation of TIMP1
(53%), TIMP2 (21%), and TIMP3 (6%) genes in prostate
cancer in our study suggests a concerted effect of inactivation of
inhibitors of metalloproteinase. This may enable cancer cells to
migrate and to invade into adjacent tissues. However, the
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discovery of methylation of some of the mitogenic genes, such
as fibroblast growth factor 9 (FGF9)56,57 andmitogen-activated
protein kinase 8 interacting protein 2 (MAPK8IP2), in prostate
cancer samples indicates a complicated pattern of cancer
methylation.

Previous studies suggest significant field effect of prostate
cancer through systematic genome methylation analy-
ses.32e34 The methylation patterns in T and AT in our anal-
yses were remarkably similar, although there were uniquely
methylated genes identified in T. Few genes were found to be
differentially methylated in the prostate cancer versus benign
tissues adjacent to prostate cancer. The differences between
organ donor prostate samples and benign prostate tissues
adjacent to cancer, however, were highly significant, sug-
gesting that alterations of gene methylation precede the
morphologic malignancy. These findings suggest a strong
field effect in prostate cancer, similar to that found in the
gene expression and genome analyses.3 The similarities
between these two groups (T and AT) suggest that epigenetic
alterations occurred much earlier than previously thought.

Finally, our classification and prediction analyses with the
use of the differentially methylated genes in prostate cancer
yields an excellent prediction rate for tumor samples with
relapse (compared with nonrelapse samples) or for tumor
samples that have a short PSADT (compared with samples
having longer times). To our knowledge, this is the first report
to suggest that a differential methylation profile can be used
for prostate tumor prediction or prognostic evaluation with
highfidelity. Becausemethylationmodification is a reversible
process, the prostate cancer-related hypermethylation and
hypomethylation genes identified in this study may represent
candidate targets for clinical therapeutic intervention.
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