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Abstract

Background—Aberrant DNA methylation may promote prostate carcinogenesis. We
investigated epigenome-wide DNA methylation profiles in prostate cancer (PCa) compared to
adjacent benign tissue to identify differentially methylated CpG sites.

Methods—The study included paired PCa and adjacent benign tissue samples from 20 radical
prostatectomy patients. Epigenetic profiling was done using the Infinium HumanMethylation450
BeadChip. Linear models that accounted for the paired study design and False Discovery Rate Q-
values were used to evaluate differential CpG methylation. mMRNA expression levels of the genes
with the most differentially methylated CpG sites were analyzed.

Results—In total, 2,040 differentially methylated CpG sites were identified in PCa versus
adjacent benign tissue (Q-value <0.001), the majority of which were hypermethylated (n = 1,946;
95%). DNA methylation profiles accurately distinguished between PCa and benign tissue samples.
Twenty-seven top-ranked hypermethylated CpGs had a mean methylation difference of at least
40% between tissue types, which included 25 CpGs in 17 genes. Furthermore, for ten genes over
50% of promoter region CpGs were hypermethylated in PCa versus benign tissue. The top-ranked
differentially methylated genes included three genes that were associated with both promoter
hypermethylation and reduced gene expression: SCGB3A1, HIF3A, and AOXI. Analysis of The
Cancer Genome Atlas (TCGA) data provided confirmatory evidence for our findings.

Conclusions—This study of PCa versus adjacent benign tissue showed many differentially
methylated CpGs and regions in and outside gene promoter regions, which may potentially be
used for the development of future epigenetic-based diagnostic tests or as therapeutic targets.
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INTRODUCTION

DNA methylation of CpG sites (CpGs) is a well-known epigenetic mechanism for control of
gene expression (1,2). CpGs are commonly found in clusters called CpG islands, which are
often in gene promoter regions. While CpGs outside islands are usually methylated, CpGs
island promoter regions are typically unmethylated (1). Hypermethylation of gene promoter
regions can lead to transcriptional silencing. Both losses and gains of DNA methylation have
been associated with cancer, including prostate cancer (PCa) (1,3). Differential DNA
methylation outside gene promoter regions (e.g., the gene body) may also play a critical role
in gene regulation (4,5).

Several candidate gene studies have investigated gene promoter methylation in relation to
PCa (3,6). These studies reported a number of genes that are hypermethylated in PCa
compared to adjacent non-cancer tissue, most notably GS7PI (7). This earlier work led to
the development of an epigenetic test that measures the methylation levels of three genes,
GSTP1, APC, and RASSFI, for the detection of PCa (8). However, because these previous
studies used a candidate gene approach focused on selected genes, other important
differentially methylated CpG sites and genes involved in PCa growth may have been
missed.

Several studies have taken a more comprehensive approach to investigate DNA methylation
in PCa (9-16). These studies used array-based platforms with varying degrees of
epigenome-wide coverage including the Illumina Infinium HumanMethylation27 (HM27)
BeadChip, which only interrogates gene promoter regions, and the more extensive
HumanMethylation450 (HM450) BeadChip, which also interrogates regions outside gene
promoters such as gene body and intergenic regions (9,11-13,16). Two small studies have
used the HM450 platform for epigenome-wide DNA methylation profiling of PCa. The first
study included 19 PCa samples and 4 benign samples (matched to 4 of the PCa samples)
(11), and the second study included paired PCa and benign samples from 6 patients (9). Both
studies identified a large number of differentially methylated CpGs, which were mostly
hypermethylated in cancer samples; but these findings have not been replicated in
independent datasets.

The goal of the present study was to evaluate DNA methylation profiles in paired PCa and
adjacent benign tissue samples. We aimed to find novel differentially methylated CpGs and
regions in PCa, and determine if findings from previous smaller studies could be replicated
in our larger dataset. Importantly, the potential biological effect of the top-ranked
differentially methylated CpGs/genes on mRNA expression was evaluated.
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MATERIALS AND METHODS

Prostate cancer and adjacent benign tissue samples

The study included paired PCa and histologically benign tissue samples from formalin-fixed
paraffin-embedded (FFPE) tissue blocks. The samples were available from patients enrolled
in population-based studies of PCa, who had radical prostatectomy as their primary
treatment for clinically localized disease (17,18). Baseline patient data were collected using
an in-person interview. Information on clinicopathological parameters (e.g., Gleason score,
disease stage, diagnostic prostate-specific antigen (PSA) level) was obtained from the
Seattle-Puget Sound Surveillance, Epidemiology, and End Results (SEER) cancer registry.
All patients signed informed consent and procedures were approved by the Institutional
Review Board of the Fred Hutchinson Cancer Research Center.

Sample preparation and DNA extraction

The FFPE blocks from radical prostatectomy specimens were used to make hematoxylin and
eosin (H&E) stained slides, which were reviewed by a PCa pathologist to confirm the
presence and location of PCa within the blocks. Areas containing >75% PCa cells had two
1-mm tumor tissue cores taken for DNA extraction. Adjacent non-tumor (histologically
benign) prostate tissue cores were taken using the same procedure. Extraction of cancer and
benign DNA from the cores was completed using the RecoverAll Total Nucleic Acid
Isolation Kit (Ambion/Applied Biosciences). The standard manufacturer’s protocol was
followed, except that the elution step was performed twice to maximize the DNA vyield.
Purified DNA was quantified (PicoGreen) and stored at —80°C until samples were shipped to
Illumina, Inc. (San Diego, CA) for completion of assays.

DNA methylation arrays

Samples were bisulfite-converted using the EZ DNA Methylation Kit (Zymo Research)
according to the manufacturer’s protocol. Controls on the array were used to track the
bisulfite conversion efficiency. The Infinium HumanMethylation450 (HM450) BeadChip
array (Illumina, Inc.) was used to measure epigenome-wide DNA methylation using beads
with target-specific probes designed to interrogate individual CpGs (No. of CpGs >480,000)
on bisulfite-converted genomic DNA. Our analysis of 20 matched PCa and benign tissue
samples was part of a larger project that has been described previously (19).

HM450 methylation data from The Cancer Genome Atlas

Data from The Cancer Genome Atlas (TCGA) were used to verify the most significant
findings from the methylation analysis. HM450 data (level 3) were downloaded from the
TCGA data portal (https://tcga-data.nci.nih.gov/tcga/). Forty-six patients with both a
primary PCa and benign (“solid tissue normal’) tissue sample were available for DNA
methylation analysis. Patients with benign tissue taken from the seminal vesicles were
excluded (n = 4).
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Gene expression arrays

Matched tissue samples from the same patients were used to investigate gene expression of
the top-ranked differentially methylated genes. PCa and adjacent histologically benign cores
for RNA purification (two 1-mm cores from each site) were sampled as per the approach
described above for DNA. RNA was isolated using the RNeasy® FFPE Kit (Qiagen Inc.,
Valencia, CA), quantified using RiboGreen, and stored at —80°C. Expression profiling was
done at Illumina using the Whole-Genome cDNA-mediated Annealing, Selection, extension,
and Ligation (DASL®) HT Assay (lllumina, Inc.).

Data processing and analysis

The Bioconductor minfi package was used to analyze the HM450 data (20). Failed samples
were identified using the detection P-value metric according to the standard protocols
(IMlumina, Inc.). A sample was excluded if less than 95% of the CpGs on the array for that
sample were detected with a detection P-value <0.05; no samples had to be excluded based
on this criterion. Next, we filtered out CpGs with an average detection P-value >0.01 (n =
3,715) and non-CpG probes (n = 2,799). Based on this, 478,998 CpGs remained for analysis.
The data were normalized using subset-quantile within array normalization (SWAN) (21),
and potential batch effects were removed using ComBat (22).

Methylation B-values were calculated, which represent the methylation level at each CpG
locus: [intensity of the methylated allele/(intensity of the unmethylated allele + intensity of
the methylated allele + 100)]. p-values range from 0 (unmethylated) to 1 (100% methylated)
(23). The B-values were used to calculate the percentage methylation difference between
cancer and benign tissue. Methylation M-values were calculated by taking the logit
transformation of the B-values (23). Linear regression (Bioconductor /imma package) with
an empirical Bayes approach, and using the methylation M-values was conducted to assess
which CpGs were associated with PCa (24). The paired study design (cancer and benign
tissue from the same patients) was accounted for by including a variable for study pair in the
model, making this approach analogous to the paired t-test (24). The same approach was
used to analyze the gene expression data. False Discovery Rate (FDR) Q-values were
calculated to control the proportion of false positives, and a Q-value of less than 0.001 was
considered statistically significant (25). Genome annotation data for the HM450 array were
used (26). A gene promoter was defined as: TSS1500 and TSS200 (1500 base pairs (bp) and
200 bp upstream of the transcription start site), 5’UTR (5’ untranslated region), and exon 1.
This definition was used because methylation in any of these regions can result in gene
silencing (3). Manhattan and volcano plots were constructed to visualize the data.
Unsupervised clustering was used to determine whether DNA methylation profiles separated
cancer from benign tissue samples. In addition, the proportion of hyper- and hypo-
methylated promoter CpGs per gene was calculated and genes with more than 50% hyper- or
hypo-methylated promoter CpGs were identified.

Differentially methylated regions (DMRs) were identified using the Probe Lasso method
(Bioconductor ChAMP package) (27). The required minimum number of significant CpGs
per region was five and a Q-value threshold of 0.001 was applied. Default values were used
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for the other settings. All statistical analyses were conducted using the R programming
language and Bioconductor packages (http://cran.r-project.org/; http://bioconductor.org/).

RESULTS

The mean age of the 20 patients in the study was 56.6 years (Table 1). Patients were
European American (n = 18) or African American (n = 2). Half of the patients had a Gleason
score of seven or more, and the majority of patients had localized stage disease based on
surgical pathology.

Figure 1 shows a Manhattan plot of PCa versus adjacent benign tissue, illustrating the
distribution of differentially methylated CpG sites across the epigenome. In total, 2,040 CpG
sites were differentially methylated (Q-value <0.001; Figure 1A). The majority of these
CpGs were hypermethylated in PCa versus benign tissue (n = 1,946; 95%). 94 CpGs (5%)
were hypomethylated in PCa versus benign tissue. The average methylation difference of the
hypermethylated and hypomethylated CpGs was 26% (SD: 7%) and 13% (SD: 8%),
respectively. Figure 1B shows the proportion of all evaluated CpG sites and the significantly
hyper- and hypo-methylated CpG sites by gene region. Hypomethylated sites were strongly
enriched in exon 1 and gene body regions, but were underrepresented in gene promoter
(TSS1500) and intergenic regions. Hypermethylated CpGs were underrepresented in the 3’
untranslated regions.

Figure 2A shows a heat map of the 2,040 differentially methylated CpGs by sample.
Unsupervised clustering using these CpGs clearly separated PCa from adjacent benign tissue
samples. One of the two clusters contained 17 of the 20 PCa samples (85%; Figures 2A and
2B). Interestingly, two of the three benign samples in this cluster of PCa samples were from
African-American patients, suggesting that these patients may have different prostate tissue
DNA methylation profiles.

There were 27 top-ranked differentially methylated CpGs that had a mean methylation
difference of at least 40% between PCa versus adjacent benign tissue (Figure 3; Table 2).
These 27 CpGs were all hypermethylated. While 25 of the CpGs were in genes (No. of
genes = 17), two were intergenic. One of the CpGs was in a single nucleotide polymorphism
(SNP) locus (minor allele frequency =5%), which was the CpG in the HLA-Jgene, and this
finding therefore needs to be interpreted with caution. No hypomethylated CpGs were
identified when using these same criteria. For comparison, the 27 CpGs were investigated in
the PCa and adjacent benign tissue dataset from TCGA. All CpGs were significantly
hypermethylated in PCa in TCGA (all P-values <8.80E-11), with mean methylation
differences in cancer versus benign tissue ranging from 26% to 53% (mean = 40%).

We then investigated whether the methylation results for the 27 top-ranked CpGs were
different in subgroups of patients with high (=7) versus low (<6) Gleason grade tumors.
Although the numbers of men in these subgroups were limited, the results were similar.

The next analysis focused on DNA methylation in gene promoter regions. For ten genes over
50% of promoter region CpGs were hypermethylated (Q-value <0.001; Table 3). For these
genes, the average methylation difference across all promoter region CpGs between cancer
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and benign tissue was calculated; average promoter region methylation differences ranged
from 21% to 39% (mean = 27%). Three genes identified using this approach also contained
one or more of the 27 top-ranked CpGs in Table 2: TMEM106A, AOX1, and RHCG. The
same approach was used to examine the ten genes in the TCGA dataset, which showed
similar results. All ten genes in Table 3 demonstrated promoter hypermethylation in TCGA
with average methylation differences (cancer vs. benign) ranging from 21% to 36% (mean =
30%). No genes had more than 50% hypomethylated promoter region CpGs in our study,
and the gene with the highest percentage of hypomethylated CpGs in cancer versus benign
tissue was MC5R (33%).

Gene expression levels of the top-ranked differentially methylated genes were analyzed
using the same matched tissue samples. To increase the likelihood of finding true positives,
the analysis focused on the genes with hypermethylated CpGs shown in Tables 2 and 3. Of
the 18 genes that had transcript data available, three genes had reduced mRNA expression
(P-value <0.05) in PCa versus adjacent benign tissue: AOX (log, fold change (FC) = -0.57;
P-value = 0.011), H/F3A (two significant transcripts; transcript 1: log2 FC = -0.78, P-value
= 0.014; transcript 2: log2 FC = -0.62, P-value = 0.033), and SCGB3A1 (log2 FC = -1.21,
P-value = 0.0004). All three genes had hypermethylated promoter regions.

A secondary analysis focused on DMRs, which were identified using the Probe Lasso
method. Twenty DMRs were identified (Q-value <0.001), and all were hypermethylated in
PCa versus adjacent non-cancer tissue (Table 4). Seventeen of these regions were in genes,
ten were in gene promoter regions, and three were intergenic. A number of the regions were
in or near genes of the HLA gene family on chromosome®é.

DISCUSSION

This study investigated epigenome-wide DNA methylation in paired PCa versus adjacent
histologically benign tissue samples from 20 patients with clinically localized disease. Many
differentially methylated CpGs and regions, the majority of which were hypermethylated,
were found in both gene promoter and non-promoter regions (e.g., gene body and intergenic
regions), and for some of the genes promoter hypermethylation correlated with reduced
MRNA expression. Some previously reported associations between PCa and aberrantly
methylated gene promoter regions were confirmed in our dataset. Analysis of TCGA data
provided confirmatory evidence for our findings.

The present study showed promoter region hypermethylation of AOXZ. At least four
previous studies showed that the promoter region of this gene is hypermethylated in PCa
(11,16,28,29). One of these prior studies used the HM450 platform for methylation profiling
of 19 PCa and four adjacent benign samples (11). Similar to our study, these investigators
reported that most AOXZ promoter region CpG sites were strongly hypermethylated in PCa,
with a corresponding reduction in AOXZ mRNA expression. AOXZ encodes an oxidase that
metabolizes xenobiotics (30). Taken together these results suggest that aberrant promoter
methylation may lead to silencing of AOXZ and thereby contributes to the development of
PCa. The relatively large differences observed in promoter region methylation levels
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between PCa and adjacent benign tissue suggest that AOXZ promoter hypermethylation may
be a useful biomarker for PCa diagnosis.

A few of the other top-ranked hypermethylated genes identified in the present study have
previously been found to be hypermethylated in PCa, including H/F3A (16), RHCG (16,29),
TMEMI06A (29), TACI(29), and HES5(31). In the present study, promoter
hypermethylation of H/F3A (hypoxia inducible factor 3, alpha subunit) also correlated with
lower mRNA expression levels. The other top-ranked methylated genes are involved in
different biological processes (e.g., transcriptional repression [ GF/1] (32), immune
responses [ HLA-F] (33)), but evidence from previous studies that these genes play a role in
PCa is limited. Promoter region hypermethylation of 7ZACZ (tachykinin, precursor 1) has
previously been associated with a number of other cancers including colorectal and lung
cancers (34,35).

The present study also showed gene promoter hypermethylation of SCGB3A1 (HINI) in
PCa, which correlated with lower mRNA expression. SCGB3A1 is part of the secretoglobin
family and is suggested to function as a tumor-suppressor (36). Many studies have reported
that aberrant promoter methylation of SCGB3A1 is associated with breast cancer (37), and
there is some evidence from candidate gene and laboratory studies for a role in other cancers
including PCa (36,38-40). Our study is the first epigenome-wide analysis to show that
promoter region hypermethylation of SCGB3A1 is associated with PCa, and that such
aberrant methylation may repress gene transcription levels.

In a secondary analysis we searched for differentially methylated regions (DMRs) and
identified 20 hypermethylated regions that included not only gene promoters but also gene
body and intergenic regions. Interestingly, the analyses showed five relatively large regions
in the gene body of five genes of the Human Leukocyte Antigen (HLA) gene family: HLA-J,
HLA-H, HLA-G, HCG4, and HLA-E, located on chromosome 6 (33). In addition, there
were four other DMRs on chromosome six, some of which were near the HLA gene family.
These results are consistent with the notion that the immune system plays a role in PCa (41),
and that effects may be mediated through alterations in DNA methylation.

Furthermore, the DMR analysis showed a hypermethylated region in the promoter of RARB.
The region included nine CpGs that were near the transcription start site (TSS200 and
5’UTR) but the region did not include promoter CpGs that were further upstream of the
transcription start site (TSS1500). RARB is a tumor-suppressor gene and many studies have
shown that promoter hypermethylation of RARB is a common event in PCa (42,43). The
other top-ranked regions included different genes, but evidence from previous studies that
methylation in these genes contributes to cancer is limited. One exception however is
SEPTY, which has been shown to be hypermethylated in colorectal cancer, and there is a
diagnostic test for colorectal cancer that measures SEPT9 methylation (44—46). Our study
provides novel evidence that SEPT9 promoter hypermethylation may also contribute to PCa.

The most thoroughly studied differentially methylated gene in PCa is GSTPI (glutathione S-
transferase Pi 1) (7). Many studies have reported that CpG island promoter hypermethylation
of this gene is a frequent event in PCa, and GSTP1 is one of three genes included in a
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methylation-based diagnostic test for PCa (8,47,48). In this study, five out of 19 evaluated
CpGs in GSTPI were hypermethylated, including three promoter region CpGs close to the
transcription start site (TSS200 and exon 1). Promoter CpGs further upstream of the
transcription start site (TSS1500) were not differentially methylated, which is confirmed by
previous epigenome-wide studies of PCa (11,13). The five significantly differentially
methylated CpGs were in a CpG island, and we confirmed in our dataset that mRNA
expression of GSTPI was significantly reduced in PCa versus adjacent benign tissue. In
addition to GSTP1, however, our study provides compelling evidence that aberrant
methylation in other genes may be more strongly associated with PCa suggesting that these
genes may be useful for the development of future methylation-based diagnostic tests or as
potential therapeutic targets.

Strengths of this study include the epigenome-wide approach to investigate CpG methylation
and the paired (cancer—benign) study design. Study participants had clinical and
pathological characteristics that were typical for the larger population-based patient cohort
from which this subset of patients was derived. Furthermore, we confirmed associations for
our top-ranked differentially methylated CpGs in the TCGA dataset. A limitation of the
study is the sample size, but our study is larger than the two previous studies of PCa and
adjacent benign tissue that used the HM450 array to interrogate epigenome-wide
differentially methylated CpGs (9,11).

In conclusion, this epigenomic study of DNA methylation in PCa versus adjacent benign
tissue identified many differentially methylated CpGs and regions, some of which involved
genes that have not been previously implicated as playing a role in PCa development or
progression. The study also replicated earlier reports of associations between PCa and a few
aberrantly methylated genes and highlighted three top-ranked genes with hypermethylated
CpG sites in the promoter region that also had reduced mMRNA expression levels. Further
research is needed to confirm these results and to investigate the potential clinical utility of
the findings in relation to the diagnosis and treatment of PCa.
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Figure 1.
Differentially methylated CpG sites in PCa versus adjacent benign tissue. A, Manhattan plot

of DNA methylation. The horizontal axis shows the chromosomes. Between each
chromosome, a 10,000 bp ‘gap’ is shown to aid visualization. The dashed line represents the
P-value that corresponds to an FDR Q-value threshold for statistical significance of 0.001. In
total, 1,946 hypermethylated and 94 hypomethylated CpGs reached statistical significance.
B, the frequencies of all evaluated CpG sites and those that were significantly hyper- and
hypo-methylated by gene region. Gene regions are based on Illumina HM450 methylation
data. Statistically significant differences are highlighted: P-value <0.05 (*); <0.01 (**);
<0.001 (***).
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Figure 2.
PCa and adjacent benign tissue have distinct DNA methylation profiles. A, heat map of

DNA methylation levels in PCa (red) and adjacent benign tissue (green), based on
unsupervised clustering. The 2,040 differentially methylated CpGs in PCa versus benign
tissue (FDR Q-value <0.001) were used as input. The rows represent the tissue samples and
the columns the CpG sites. Each sample is represented by a unique code, which consist of
the patient ID (1 to 20) followed by the letter B (benign prostate tissue) or C (PCa tissue).
Methylation M-values were used to construct the heat map. B, characteristics of patients in
the study. The corresponding patient IDs are shown in the heat map. Abbreviations: PSA,
prostate-specific antigen; EA, European-American; AA, African-American.
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Figure 3.
Volcano plot of DNA methylation in PCa versus adjacent benign tissue. Differentially

methylated CpGs (Q <0.001; n = 2,040) are labelled in green or red. The 27 red-labelled
CpG sites had a mean methylation difference of at least 40% between cancer and benign
tissue and were all hypermethylated.
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Table 1
Baseline characteristics of prostate cancer cases

Variables No. patients % patients Mean (SD)
Age (yrs) at diagnosis 20 - 56.60 (8.05)
Race

African American 2 10

European American 18 90
Gleason score

5-6 10 50

7(3+4) 8 40

8-10 2 10
Pathological stage

Local 13 65

Regional 7 35
PSA (ng/mL) at diagnosis

<4 1 5

4-9.9 13 65

10-19.9 4 20

20+ 1 5

Abbreviations: PSA, prostate-specific antigen; SD, standard deviation
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Table 3

Page 18

Genes with promoter region DNA hypermethylation in prostate cancer compared to adjacent benign tissue?

Gene Hypermethylated Evaluated promoter  Proportion of hypermethylated Mean B difference
promoter CpGsY  CpGsP CpGsin the promoter region  of promoter CpGs®
HES5 6 (6) 8 (6) 0.75 0.26
TMEMIO06A 6 (6) 8 (8) 0.75 0.39
LOC145663 2 (2) 3(3) 0.67 0.28
RHCG 6 (6) 9(8) 0.67 0.30
AOX1 7(6) 11 (9) 0.64 0.32
TACI 7(6) 11(7) 0.64 0.26
OXGRI 8(3) 13 (3) 0.62 0.23
SALL2 3 5 0.60 0.22
TRIP6 3 5 0.60 0.21
SCGB3A1  4(4) 7(7) 0.57 0.25

aThe genes in the table have more than 50% hypermethylated promoter region CpGs (Q-value <0.001).

b . . . . .
The number in parenthesis represents the number of promoter region CpGs that are in a CpG island.

c . . .
The mean p-value difference was calculated over all CpGs in the promoter region of the gene.
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