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Abstract

This study examined whether differential DNA methylation is associated with clinical features of
more aggressive disease at diagnosis and prostate cancer recurrence in African American men,
who are more likely to die from prostate cancer than other populations. Tumor tissues from 76
African Americans diagnosed with prostate cancer who had radical prostatectomy as their primary
treatment were profiled for epigenome-wide DNA methylation levels. Long-term follow-up
identified 19 patients with prostate cancer recurrence. Twenty-three CpGs were differentially
methylated (FDR g<0.25, mean methylation difference =0.10) in patients with vs. without
recurrence, including CpGs in GCK, CDKLZ2, PRDM13, and ZFRZ2. Methylation differences were
also observed between men with metastatic-lethal prostate cancer vs. no recurrence (five CpGs),
regional vs. local pathological stage (two CpGs), and higher vs. lower tumor aggressiveness (one
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CpG). These results indicate that differentially methylated CpG sites identified in tumor tissues of
African American men may contribute to prostate cancer aggressiveness.
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1. Introduction

Men of African ancestry have the highest incidence of and mortality from prostate cancer
(PCa) worldwide (1). Compared to European Americans, African American men have a
60% increased incidence of PCa, present with more advanced disease at diagnosis, have a
shorter post-treatment period of progression-free survival, and are more than twice as likely
to die from PCa (2-4). Factors that may contribute to this health disparity include
socioeconomics, environmental exposures and lifestyle, access to healthcare and PCa
screening, and the type of treatment received (5-8). In addition, biological differences,
including genetics, genomics and epigenomics may play a role, particularly molecular
factors that influence tumor aggressiveness (9-11).

DNA methylation is an epigenetic regulator of gene expression that has previously been
associated with cancer, including PCa (12-14). Disruption of DNA methylation patterns in
PCa is characterized by genome-wide loss of methylation, along with hypermethylation of
gene promotor regions (15). Increased methylation in promotor regions, particularly within
CpG islands, can be associated with gene silencing. One example is the frequent
dysregulation (i.e., promoter region hypermethylation) of the GSTPI gene in prostate tumor
tissue, whereas other examples include hypomethylation of gene regions (e.g., repetitive
elements) that may be associated with genomic instability (16,17). Changes in methylation
patterns can occur early in carcinogenesis and particular methylation events have been
associated with disease outcomes, indicating that methylation biomarkers may be useful for
predicting prognosis and guiding treatment decisions (18,19).

There are few investigations that have examined aberrant DNA methylation in African
American PCa patients, and these mainly consist of candidate gene studies (20-26). For
instance, Tang et al. (25) reported that hypermethylation of RARB was significantly
associated with a higher risk of PCa in African American men but not in men of European
ancestry. Woodson et al. (20) described hypermethylation of CD44in tumor tissues from
African Americans (43% compared to 25% in European Americans), and found that this was
positively correlated with tumor grade. The one publication to date that focused on
epigenome-wide DNA methylation in African American PCa patients analyzed only three
tumors in this high-risk population. That study found that the promotor regions of several
genes, including SNRPN, MST1R, and ABCG5, were hypermethylated in African
Americans compared to European Americans (11).

In order to search for differentially methylated CpG sites/gene regions in men of African
ancestry, we characterized epigenome-wide DNA methylation profiles using radical
prostatectomy (RP) tumor tissue samples from 76 African American men with PCa. We
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evaluated whether methylation levels of individual CpG sites were associated with PCa
recurrence or features of more aggressive PCa, and whether observed methylation
differences corresponded with changes in mMRNA expression of these genes.

2. Results

The mean age at diagnosis for African American men in the two groups of PCa patients, 58
years for Fred Hutchinson Cancer Research Center (FHCRC) patients and 59 years for
Eastern Virginia Medical School (EVMS) patients, was similar (p = 0.21) (Table 1). In order
to increase the study power, analyses were performed on the combined group (n=76) and
study group was included as a covariate in the models, along with age at diagnosis. In the
combined sample, there were 19 recurrences, including 12 individuals who progressed to
metastatic disease or who died from PCa. Recurrence was defined as a post-treatment PSA =
0.2 ng/mL, receipt of secondary treatment (e.g., radiation therapy, androgen deprivation
therapy, orchiectomy, or chemotherapy), an MRI, CT, bone scan or biopsy that was positive
for PCa, if a physician stated that PCa had recurred, or if a patient died from PCa. In
addition, 25% of patients had a high Gleason score [7(4+3) or 8-10], 49% had regional
pathological stage, and 68% had a high composite tumor aggressiveness status [defined as
one or more of the following: PCa recurrence and/or death; Gleason score (7=4+3, 8-10),
and/or regional pathological stage]. A total of 477,460 CpG sites were analyzed for
differential DNA methylation in patient subgroups defined by outcome events or
clinicopathological features at diagnosis of more aggressive tumor biology.

In the analysis of patients with vs. without PCa recurrence, there were 11,444 CpGs
identified with g <0.50, of which 70% were hypermethylated and 30% were hypomethylated
in the recurrence group. Forty-one percent of these differentially methylated sites were
located in the proximal promotor region of genes [consisting of the region 201 to 1500 base
pairs upstream of a transcription start site (TSS1500), within 200 base pairs of a
transcription start site (TSS200), 5’ untranslated region (UTR), and the 15t exon], 32% were
in the gene body, 3% in the 3" untranslated region, and 24% were intergenic (Fig. 1).

We next focused on the CpGs that exhibited the largest differences between patient groups
(mean methylation B value difference between groups =0.10) using a more stringent false
discovery rate (FDR) g-value threshold of 0.25, as these may be the more relevant for
assessing tumor biology. Based on these criteria, we identified 23 CpGs that were
differentially methylated in men with PCa recurrence compared to men with no evidence of
recurrence, with higher methylation levels observed in the men with recurrent PCa for all but
three of the CpGs (Fig.2, Table 2). Eleven of these CpGs were located in proximal promotor
regions, seven CpGs in gene bodies, and five CpGs in intergenic regions. Genes with
differentially methylated CpG sites that were identified in this analysis included GCK;
CDKLZ, PRDM13, and ZFRZ2, among others. There were two CpGs in the proximal
promotor region of gene RBFOX3that had higher methylation levels in patients with
recurrent PCa. These CpGs were only 46 bp away from each other and their methylation
status was significantly correlated (Pearson's r = 0.55, p<0.05). Nearly all of the top-ranked
CpGs were surrounded by other CpGs in the same gene and epigenetic region that had an
increase or decrease in mean DNA methylation level in the same direction as the top-ranked
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CpGs, although they did not reach statistical significance. For example, COKLZ2and ZFR2
each had 100% of probed CpGs (6 and 3 CpGs, respectively) in the TSS200/CpG island
locations that had higher levels of methylation in the recurrence group. Exceptions included
SLC24A20and RBFOX3, with 33% and 47% of investigated CpGs having higher
methylation levels in recurrent patients.

Based on analysis of a subset of the patients who developed PCa metastasis or died from
PCa, five CpGs were differentially methylated compared to patients with no evidence of
recurrence (Table 2). These were located in four genes (TNXB, SLC25A20, FLNA, and
LOC643387) and one intergenic region on chromosome 8. Comparing these results with
those from the analysis of PCa recurrence, we found that the CpG in SLC25A20 was also
significant for overall PCa recurrence status. CpGs surrounding the top-ranked CpGs had an
increase or decrease in methylation level in the same direction as the top CpGs identified in
the analyses, including 7AMXB with 86% of CpGs in the gene body/CpG island having
higher methylation levels in patients who died from PCa. SLC25A20 was the exception,
with only 33% of CpGs in the same region as the top-ranked CpG having higher mean
methylation levels, as previously mentioned for overall recurrence.

An analysis of clinical features of more aggressive disease at diagnosis identified two CpGs
that were 96 bp away from each other in the gene body of £BF1 and which were
hypermethylated in patients with regional stage disease compared to men with localized
disease (Table 3). The methylation status of these two CpGs was significantly correlated
(Pearson's r = 0.79, p < 0.05). One CpG in an intergenic region on chromosome 7 was
hypermethylated in men with more aggressive disease features (i.e., high aggressiveness
status). No significant methylation differences were found in an analysis of patients stratified
by high (7=4+3, 8-10) vs. low (5-6, 7=3+4) Gleason score.

We next examined whether any of these differentially methylated CpGs were associated with
altered MRNA expression levels in the respective genes. Gene expression data were not
available for C160rf90, FLJ41350, TNXB, or LOC643387. The FOXAZ gene had data for 3
transcripts available for analysis; GCK, INSC, and MAP2K5 each had data for 2 transcripts,
and the remaining genes had data for one transcript each. There were significant correlations
for four of the 17 genes with differentially methylated CpGs, including: three FOXAZ2
transcripts (Spearman'’s rank correlation rho = -0.27, P=0.05; rho = -0.32, P = 0.02; rho =
-0.50, P = 1.4x10"4); two GCK transcripts (rho = -0.30, P = 0.03; rho = -0.48, P =
2.9x10%;); CDKL2 (rho = -0.27, P = 0.04); and NEUROGI (rho = -0.37, P = 5.5x103). For
genes FOXAZ, CDKL2, and NEUROGI, increased promotor region methylation was
correlated with decreased mRNA levels; for GCK, CpG methylation of an island within the
gene body was also negatively correlated with gene expression. We did not observe
significant differences in mMRNA expression levels for the other top-ranked genes as
identified by differentially methylated CpG sites.

As a secondary analysis, the CpGs identified in the African American men as being
associated with PCa recurrence or features of more aggressive tumor behavior were
evaluated in our cohort of European American prostate cancer patients (n=479) in order to
evaluate whether the results were population-specific (Suppl. Table 1). Three of the
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differentially methylated CpGs identified in the recurrence group (in ZFR2, C100rf82, and
INSC) and one CpG related to the high composite aggressiveness variable (on chromosome
7) also had significantly different methylation levels at p < 0.05 in the European American
PCa patients (Suppl. Table 2). However, none of these had mean @ differences = 0.10
between the recurrence vs. non-recurrence groups, suggesting that differential methylation
of these CpG sites may be unique to African American patients.

3. Discussion

African American men are at increased risk of developing more aggressive PCa and they are
more likely to die from the disease compared to European American men. Few studies,
however, have examined the relationship with tumor DNA methylation, and how this may
relate to PCa racial disparity (1,5). This epigenome-wide study identified several
differentially methylated CpG sites in tumor tissue from African American patients that
were related to more aggressive features of PCa. Most of these CpG sites were not
associated with recurrence or advanced disease in a comparison group of European
Americans, suggesting that these methylation changes may be specific to the African
American patients. These differentially methylated CpGs observed in African Americans but
not in European American patients may contribute to differences in prostate cancer
outcomes between these two populations.

Of interest for PCa biology in African Americans is a CpG in the gene body of GCK
(Glucokinase, involved in glucose metabolism) that had a higher level of methylation in the
recurrence group, and was associated with decreased mRNA levels. A genetic variant in this
gene that increases serum glucose level was previously described as being associated with
PCa (27). It is possible that metabolic dysregulation may contribute to more aggressive PCa
in African American patients. CpGs in other metabolic-related genes were found to have
higher methylation levels in the recurrence group: one CpG in the promotor region of
FOXAZand CDKL2Z, respectively, that was associated with decreased mRNA levels; one
CpG in the promotor region of SLC25A20, and one in the body of MASTZ; while one CpG
in the body of MAP2K5 was hypomethylated in patients with PCa recurrence. These genes
play roles in ATP-binding and protein kinase activity and are thus important regulators of
cellular processes that contribute to oncogenesis, including cell proliferation, cellular
metabolism, apoptosis, and DNA damage repair.

Also of interest are five metal ion binding genes (classified according to the DAVID gene
ontology database) that were identified in this study as having differentially methylated CpG
sites in patients with vs. without PCa recurrence. This includes ZFRZ2 (zinc finger RNA
binding protein 2), a gene with higher mean methylation levels of CpGs in the transcription
start site (TSS200) of the gene promotor region in patients with PCa recurrence. The other
genes include MASTI1, CDH18 MAP2KS5, and PRDM13, all with differential methylation
of CpGs in the gene body. Metal ions are essential for life, as they serve as oxygen carriers,
regulate glucose metabolism, and serve as structural frameworks for proteins such as zinc
finger motifs, which regulate gene functions. Altered metal ion levels have been described in
tumor tissues, including lower levels of zinc in PCa (28,29). Lower zinc level increases
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metabolic efficiency and cell proliferation, and has been associated with both incident PCa
and biochemical recurrence (29-31).

Increased promotor region methylation level has been associated with decreased gene
expression (12,13). In this study we identified three genes, CDKL2, FOXAZ, and
NEUROGI (associated with colorectal cancer (32)) that had higher promotor region
methylation and a corresponding decrease in mRNA level in the patients with more
aggressive PCa. It is not clear what effect methylation of CpGs in the gene body may have
on gene expression, as it has been variously associated with both increased and decreased
gene expression (33). Here we found increased methylation of a CpG in the gene body of
GCK that was correlated with reduced mRNA levels. We did not see a correlation between
methylation and gene expression for the other genes identified in this study as having
differentially methylated CpGs, however, there are many other factors besides methylation
that can influence gene expression, including transcriptional activators and repressors, RNA
polymerases, microRNAs, histone acetylases and deacetylases, etc. In our study, we also
identified several intergenic CpGs that were related to PCa recurrence, and it is possible that
they may play a regulatory role, for example as gene enhancers.

For the comparison of African American patients with lethal PCa vs. no recurrence, a
hypermethylated CpG was identified in the body of 7AXB, a gene in the HLA region on
chromosome 6 that encodes an extracellular matrix glycoprotein that appears to enhance
tumor growth (34,35). A hypomethylated CpG was identified in the promotor region of
FLNA, a gene that is important in cell proliferation, migration, and adhesion, as well as in
tumor progression (36,37). In addition, hypermethylation of CpGs in the promotor of
SLC25A20 (involved in metabolism) and in the gene body of LOC643387 (associated with
neurodegenerative disorders) was also identified in the tumor tissues of men who died from
PCa. EBFI1, a transcriptional activator, was the only gene with aberrantly methylated CpG
sites that was identified when comparing regional vs. localized disease stage in African
Americans. These results point to candidate markers that can be further evaluated for their
contribution to aggressive disease in African American PCa patients.

To our knowledge, this is the largest study of epigenome-wide DNA methylation profiles of
African American PCa patients. The only other published study of epigenome-wide
methylation results for African Americans included only three PCa patients (11). They
reported differential promotor region CpG methylation levels in African American vs.
European American patients (n=3) for a selected set of genes, and identified three genes
(SNRPN, MSTIR, and ABCG5) with higher promotor region CpG methylation levels in the
African American patients that also corresponded with lower mRNA expression levels. We
tested if there were significant differences in methylation level of CpGs in 23 of their 25
highlighted genes (CpG data were not available for /PO9or TERFZIPin our samples). We
found significant (p<0.05) differences in methylation level according to ancestry for two of
these genes; STOX7, and SNRPN (SNRPN methylation results, however, did not correspond
with differences in mMRNA expression). Other studies examined selected candidate genes for
differential methylation levels in African American patients, with the advantage of not
having to adjust for multiple testing on an epigenome-wide scale, and they reported
significant results for several genes including APC, AR, CD44, NKX2-5, PMEFA1, RARB,
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RARBZ2, SPARC, and TIMP3(20,21,24-26). Our study replicated results for PMEPAI and
TIMP3, with higher promotor region CpG methylation levels in the African American
patients. We did not replicate results for the other CpGs in candidate genes. While our study
supported some results reported by earlier studies, there were also several differences, which
may in part be due to the examination of different CpG sites across studies. Other reasons
for these discrepancies may relate to differences in sample size (e.g., Devaney et al. included
only 3 African American PCa patients), heterogeneity of African American samples
between studies (e.g., population substructure among African Americans from different
geographic regions within the US), and differences in clinical or pathological features
among patient groups.

In conclusion, this study identified several genes with differentially methylated CpG sites in
tumor tissue from African American patients with more vs. less aggressive PCa features, and
the majority of these changes appear to be specific to the African American patient
population. Some of the genes with differentially methylated CpGs identified here have
previously been associated with PCa and/or other cancers, while other genes influence
biological processes related to tumor aggressiveness, including cellular metabolism,
proliferation/cell cycle, DNA damage repair, and apoptosis. However, future work with a
larger sample of African American patients is needed to replicate these results and elucidate
the specific molecular mechanisms by which these differentially methylated CpGs
contribute to prostate cancer progression.

4. Methods

4.1 Patient population

The 76 African American patients in this study were previously enrolled in either
population-based PCa studies at the Fred Hutchinson Cancer Research Center (FHCRC)
(n=44) or were treated at Eastern Virginia Medical School (EVMS) (n=32). All patients had
radical prostatectomy as primary therapy. EVMS patients were selected based on recurrence
status, with the aim of studying similar numbers of patient with recurrent vs. non-recurrent
PCa. IRB approval for this study was granted by FHCRC, and participants signed statements
of informed consent. For the FHCRC cohort, men were aged 40-64 years and diagnosed
between 1993 and 1996 (38), or were 35-74 years of age and diagnosed between 2002 and
2005 (39). Patient baseline information and clinicopathological data were collected during
in-person interviews and from the Seattle-Puget Sound SEER cancer registry, and follow-up
information was obtained from two surveys completed by patients in 2004-2005 and in
2010-2011. Patients were classified as having PCa recurrence if they had a post-treatment
PSA = 0.2 ng/mL, received secondary treatment (e.g., radiation therapy, androgen
deprivation therapy, orchiectomy, or chemotherapy at least 12 or more months after
prostatectomy), had an MRI, CT, bone scan or biopsy that was positive for PCa, were told
by a physician that their PCa had recurred, or died from PCa. Over an average follow-up
period of 8.3 years, 5 African American patients in the FHCRC cohort had PCa recurrence
and 20 had no evidence of recurrence. Recurrence status could not be determined for 19 men
who did not complete either follow-up survey. The other population included a selected
group of PCa patients who were diagnosed between 1992 and 2009 and were treated at
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EVMS. There were 18 patients with no evidence of PCa recurrence and 14 men with
recurrence (including 12 patients who developed metastasis or died from PCa) in the EVMS
cohort. Clinical data were available for these patients from a database of PCa patients treated
at EVMS, and patients were followed for prostate cancer outcomes over an average period
of 9.0 years.

4.2 Sample preparation and DNA methylation profiling

Formalin-fixed paraffin-embedded (FFPE) tumor tissue blocks from RP samples were
obtained for patients ascertained from each institution, and were used to prepare
hematoxylin and eosin (H&E) stained slides. Slides were reviewed by pathologists to
confirm the presence and location of prostate adenocarcinoma, and two 1-mm cores were
taken from areas containing = 75% tumor cells from the dominant lesion for each patient.
DNA was extracted using the RecoverAll Total Nucleic Acid Isolation Kit (Ambion/Applied
Biosciences, Austin, TX), quantified (PicoGreen), and stored at -80°C. DNA samples were
aliquoted onto 96-well plates and shipped to Illumina, Inc. (San Diego, CA) for DNA
methylation profiling.

Samples were bisulfite converted using the EZ DNA Methylation Kit (Zymo Research,
Irvine, CA) according to the manufacturer's instructions, and the Infinium® 450K Human
Methylation450 BeadChip array (Illumina, Inc.) was used to measure DNA methylation
levels at individual CpG sites (40). Blind duplicate (FHCRC=16, EVMS=7) and replicate
(FHCRC=2, EVMS=3) samples from each patient population were included on the plates,
along with Illumina controls and negative controls.

4.3 Data processing and statistical analysis

DNA methylation data were analyzed using R and the Bioconductor package minfi (41).
Samples were considered failed if they had fewer than 95% of CpG sites with detection P-
values <0.05. Individual CpG sites were filtered out if they had an average detection P-value
>0.01. Based on these criteria, there were 477,460 CpGs sites available for further analysis.
The data were normalized using SWAN (42), and ComBat (43) was used to remove potential
batch effects. There were high correlations between duplicates (Pearson's r=0.96 to 0.99 for
FHCRC; r=0.98 to 0.99 for EVMS) and technical replicates (r=0.99 for FHCRC; r=0.98 for
EVMS). Methylation B values that measure methylation intensity and range from 0
(unmethylated) to 1 (completely methylated) and methylation M values (the logit
transformation of B values, and which approximate a normal distribution) were calculated
for each CpG site (44).

To identify differentially methylated CpG sites, linear regression models were implemented
in the /imma Bioconductor package (45), using M values with age and study population
included as covariates. The primary analysis focused on identifying differentially methylated
CpGs for African American patients with high vs. low Gleason score, regional vs. local
pathological tumor stage, PCa recurrence vs. no recurrence, and high vs. low tumor
aggressiveness based on a composite variable [high = one or more of the following: PCa
recurrence and/or death; Gleason score (7=4+3, 8-10), and/or regional pathological stage].

Genomics. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rubicz et al.

Page 9

Genes that were identified as having a significantly differentially methylated CpG site(s)
were evaluated for whether there was evidence for corresponding changes in mRNA levels
for the FHCRC and EVMS patients. Gene expression profiling was done using the Whole-
Genome DASL® HT Assay, Illumina, Inc., as previously described (46). Batch effects were
removed using ComBat (43) and gene expression data were quantile normalized and log2
transformed using R statistical computing software (47). Spearman correlations between
DNA methylation and mRNA expression levels were calculated using R (47).

A secondary analysis took the top-ranked CpGs identified in African Americans and
evaluated whether these CpG sites were significantly differentially methylated in our
European American PCa patients (n=479). These men were part of the FHCRC PCa studies
(38,39) and their sample collection and DNA methylation profiling has been previously
described (14).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Tumor DNA methylation is profiled in African American prostate cancer
patients

Differentially methylated CpGs are identified for more aggressive disease
features

CpG methylation level in GCK, CDKL2, PRDM13, and ZFRZ2is associated
with recurrence

DNA methylation status is associated with altered mRNA level for several
genes

Results may advance knowledge of tumor aggressiveness African American
patients

Genomics. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rubicz et al. Page 14

0.6

B Evaluated CpGs (n = 477,460)

B Hypermethylated CpGs (n = 7,981)
os. M Hypomethylated CpGs (n = 3,463)

0.4

0.3

02{ -
[err sen |
0 J

TSS1500 TSS200 5'UTR Exon 1 Body 3'UTR IGR

Proportion

o

Figure 1.
Bar plot showing proportion of CpG sites in each genomic region with FDR g < 0.50 for all

evaluated CpGs and significantly hyper- and hypo-methylated CpGs in African American
prostate cancer patients with recurrence compared to those with no evidence of recurrence.
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Figure 2.

Volcano plot for African American patients with prostate cancer recurrence compared to
those with no evidence of recurrence. Green = CpG sites with FDR q < 0.25; Red = CpG
sites with FDR g < 0.25 and mean methylation p value difference = 0.10.
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