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Abstract

Due to its potential as a biomarker for early cancer detection, blood-based DNA methylation

(DNAm) is of interest in cancer research. Specifically, highly predictive mechanisms for early

detection of epithelial ovarian cancer (EOC) are desired, so previous studies have compared

DNAm between EOC cases and controls. However, case-control studies are confounded by the

distribution of white blood cell types through an immune response induced by the cancer. Rather

than determining the distribution of the cell types manually or investigating isolated cell types, an

alternative approach involves the use of complete blood count (CBC), which is routinelycollected.

In the analysis of an EOC case-control study of DNAm, we incorporate CBC measures to adjust

for this confounding and compare DNAm between 242 EOC cases and 181 age-matched controls

(assayed on the Illumina Infinium HumanMethylation27 or HumanMethylation450 Beadchips), at

both the individual CpG and CpG island levels. We found that adjustment for leukocyte

distribution using CBC measurements dramatically reduced confounding, with 62 single CpG sites

found to be associated with EOC status after adjustment (p<5E-8). Additionally, regional DNAm

was assessed by applying principal components analysis to CpG islands. The top associated CpG

island (p=7E-6) was located in the promoter/transcription start site of the human basonuclin 2

gene (BNC2), a known susceptibility gene for EOC risk identified through GWAS. Follow-up

studies are necessary to establish the role of BNC2 in blood-based DNA and EOC, including

prospective studies to validate this region as a potential biomarker and predictor of EOC

susceptibility.
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Introduction

Familial ovarian cancer is under strong genetic control, with many known high-penetrance

genetic risk factors, such as the rare BRCA1/2 mutations [Szabo and King 1997]. Similarly,

a number of common, low-penetrance susceptibility variants have been identified for

invasive epithelial ovarian cancer (EOC) [Bolton, et al. 2010; Goode, et al. 2010; Pharoah,

et al. 2013]; however, these known variants explain only a fraction of the genetic variation

in EOC risk, requiring the consideration of the role of epigenetics and other regulatory

elements in the development of EOC. Recently, many studies of epigenetics, such as

DNAm, have been completed that add to the understanding of cancer development, risk and

progression [Feinberg, et al. 2006; Irizarry, et al. 2009], including ovarian cancer [Shen, et

al. 2013]. Many such studies have focused on methylation patterns in ovarian tumor tissue,

demonstrating a clear role of DNAm in EOC tumors and facilitating improved

understanding of cancer biology [Bell, et al. 2011; Cicek, et al. 2013].

While the role of blood-based DNAm is less understood, it nonetheless has become a subject

of interest in cancer research, given its potential as a biomarker for noninvasive early

detection [Widschwendter, et al. 2008]. Currently, there are few highly predictive

mechanisms for early detection of EOC, with the exception being sequential screening with

carbohydrate antigen 125 via the Risk of Ovarian Cancer Algorithm [Lu, et al. 2013; Skates,

et al. 2001]. Approximately 75% of women are not diagnosed until advanced stage III or IV

disease, when prognosis is poor with low rates of long-term survival (<30%) [Hennessy, et

al. 2009]. Therefore investigation of the impact of blood-based DNAm is of interest, due to

its potential as an easy-to-use biomarker. For instance, a previous study of blood-based

DNAm at approximately 27,000 CpG sites in 261 subjects identified a DNA methylation

signature based on 100 CpG sites that was associated with EOC case-control status

[Teschendorff, et al. 2009]. This suggests that blood-based DNAm could be a powerful

biomarker for EOC risk prediction and early disease detection, although this study did not

adjust for an important confounding factor of blood cell type.

Specifically, EOC risk is influenced by a number of epidemiological factors in addition to

the genetic component, including reproductive history such as parity and oral contraceptive

use [Adami, et al. 1994; Whittemore, et al. 1992], lifestyle factors such as obesity and

smoking [Jordan, et al. 2006; Leitzmann, et al. 2009], and demographic factors [Hunn and

Rodriguez 2012]. Unlike germline sequence variation, the epigenome is undergoing constant

modification as a result of the influence of many of these same external, environmental

factors; for instance, aging, smoking, and alcohol consumption are all associated with

altered DNAm in gene promoter regions [Breitling, et al. 2011; Christensen, et al. 2009;

Philibert, et al. 2012]. This provides a natural model for the role of epigenetics in EOC

disease etiology, although such a fact also elicits concerns about the high potential for

confounding variables; therefore known confounding exposures such as smoking and

alcohol consumption are routinely included in analyses of DNAm. It is known that markers

of systemic inflammatory response are prognostic indicators for cancer outcomes[Fox, et al.

2013] and distributions of leukocyte cell types differ between cancer cases and controls

[Yamanaka, et al. 2007], but recently it has been shown that the particular mixture of

leukocyte cell types from which the DNA is collected is also associated with DNAm at
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specific CpG sites [Adalsteinsson, et al. 2012; Houseman, et al. 2012; Koestler, et al. 2012].

Because the onset of cancer may cause an immune response that alters the distribution of

white cell types[Hanahan and Weinberg 2011; Mantovani, et al. 2008], it is important to

account for this cell type distribution in analyses, which was not done in the previous study

of epigenome-wide DNAm and EOC status [Teschendorff, et al. 2009]. Ideally, analysis

should be conducted at the level of the cell type, but this requires that cell types be isolated

through techniques such as magnetic activated cell-sorting prior to DNA extraction.

However, peripheral blood mononuclear cells are preferred as a source of DNA because of

the ease of collection and use; such cell type isolation complicates this use, particularly in a

clinical setting. An alternative clinical measure to assess the leukocyte distribution is the

complete blood count (CBC), routinely collected at time of blood draw. Recently, CBC

measures were used as covariates in a study of DNAm of CpG sites within candidate CpG

islands to account for cellular heterogeneity [Adalsteinsson, et al. 2012], although such an

approach has yet to be applied at the level of the epigenome.

Furthermore, like DNA sequence variation, DNAm is correlated on the regional level, where

nearby CpG sites tend to have similar methylation levels. Such correlation structure could be

leveraged to improve power if correlated CpGs are viewed as a set. Typically DNAm has

been examined either at the individual CpG sites or via a full methylation profile, rather than

an intermediate focus on DNAm at the regional level (for example, CpG islands); the

exception is the application of the statistical technique of ‘bump-hunting’ to examine

regional methylation effects for quantitative traits [Jaffe, et al. 2012]. In contrast, many set-

based approaches have been developed and successfully applied to disease studies of DNA

sequence variation at the gene-level [Chapman and Whittaker 2008; Gauderman, et al. 2007;

Lehne, et al. 2011], and such approaches could also prove valuable in studies of DNAm in

order to reduce multiple testing burdens and utilize prior biological knowledge.

The goal of this study is to characterize associations with DNAm and EOC status at CpG

island regions, while accounting for the confounding effects of cell type distribution. This

study represents the first to incorporate CBC measures into the investigation of the

relationship between blood-based DNAm and ovarian cancer risk across the epigenome,

with a novel focus on associations with DNAm at the regional level of CpG islands.

Materials and Methods

Sample Characteristics and CBC Measurements

Ovarian cancer cases were women age 20 years or older recruited within one year of

diagnosis of pathologically confirmed primary epithelial ovarian, fallopian tube, or primary

peritoneal cancer at Mayo Clinic between 2000 and 2009. Cases provided a peripheral blood

sample prior to the start of chemotherapy. Controls were matched to cases on age (within

one year) and area of residence, and were recruited from women seen at Mayo Clinic for

general medical examinations. All subjects were of European descent, residing in a six-state

region of the Upper Midwest. Table 1 summarizes the clinical and demographic

characteristics of 242 cases and 181 controls that were subsequently analyzed. This study

was approved by the Mayo Clinic Institutional Review Board and all participants provided

written informed consent.
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The subset of subjects in this study was previously assayed as part of a study of DNA

methylation on 336 EOC and 398 control subjects using either the Illumina Infinium

HumanMethylation27 or HumanMethylation450 Beadchips [Fridley, et al. Under Review].

From this larger pool of subjects, pre-treatment CBC measurements were extracted from the

medical record when available, resulting in 242 cases and 181 controls with available CBC

measurements—including total leukocytes, consisting of lymphocytes, neutrophils,

monocytes, basophils, and eosinophils (Figure 1). In general, subjects with available CBC

measurements were not clinically different from those without, except that such measures

were available for a larger proportion of EOC cases (Supplemental Table 1). Only

individuals with CBC measurements obtained within 2 weeks of DNA blood draw were

eligible for analysis, in order to ensure cell measurements reflect similar distributions to the

DNA. Because lymphocytes, neutrophils, monocytes, basophils, and eosinophils are

subgroups of leukocytes (Figure 1), subjects with total leukocyte counts not equal to the sum

of the other cell types were ineligible. Total leukocyte counts consisted primarily of

neutrophils followed by lymphocytes (Table 1), which were inversely correlated

(Supplemental Table 2). Distributions of total leukocytes differed for EOC cases and

controls, with cases having higher neutrophils and lower lymphocytes (Supplemental Figure

1).

Methylation Arrays

All subjects were previously assayed on either the Illumina Infinium HumanMethylation27

(N=523) or HumanMethylation450 Beadchips (N=313) (i.e. 27K or 450K array). Subjects

assayed on the HumanMethylation27 were assayed in one of two batches (N=175 and 348).

For each assay, DNA methylation values were scored as beta values ranging from 0 to 1

(unmethylated to methylated). Beta values were obtained for 27,578 CpG probes from the

27K array and 485,577 probes from the 450K array. CpG probes present on the 27K array

provide low density epigenome coverage, with only a single probe per genomic region,

whereas the 450K array offers denser coverage with multiple CpG probes per region, with a

focus on CpG islands (genomic regions with a high frequency of CpG sites usually near

gene promoters), shores (regions flanking a CpG island), and shelves (regions flanking a

CpG shore). Many of the probes present on the 27K array are also present on the 450K array

(96%), and this overlap allows the opportunity for independent replication for this set.

Quality Control Procedures

Quality control of the sample data, including CBC measurements, results in a sample size of

153 EOC cases and 107 controls assayed on the 27K array and 89 EOC cases and 74

controls assayed on the 450K array (total N=423). Quality control was carried out separately

for each batch. CEPH controls, positive and negative bisulfite modified controls, and sample

duplicates were included in each batch, and 20 duplicates were also included across batch to

assess data quality. Samples that were determined to be outliers based on bisulfite

conversion ratios and call rates were excluded (detection p-value of 0.05).

Probes detected in less than 70% of samples and with beta values beyond four standard

deviations from the mean in bisulfite negative controls were excluded. Probes residing on

the Y chromosome were also removed, as were probes known to map to non-specific
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genomic locations on the 27K and 450K arrays [Chen, et al. 2011; Chen, et al. 2013]. After

quality control, 23,145 CpG probes were available for analysis on the 27K array and

413,425 CpG probes on the 450K array. This includes 22,278 probes present on both arrays

that can be compared across arrays for validation.

Through principle components analysis, we observed a plate effect in the 450K array batch

and a chip within plate effect in the 27K array batches. We performed normalization to

adjust for plate effects (450K array) and chips within plate (27K array). For each CpG site,

the residuals from a linear model of the logit-transformed beta values were computed. The

logit-transformed locus mean was added back to the residuals, and then transformed to the 0

to 1 scale to obtain an adjusted beta value for each CpG site. For further across study/

experiment normalization, we applied an empirical Bayes method via ‘Combat’ in order to

remove batch effects and combine the two batches assayed with the 27K array [Johnson, et

al. 2007].

Statistical Analysis

When examining associations with EOC disease status and blood-based DNA methylation,

it is critical to properly adjust for white blood cell distribution to eliminate confounding. We

aim to approximate this distribution using CBC measures (total leukocytes, as well as

neutrophils, lymphocytes, monocytes, basophils, and eosinophils). We examined the

relationship between each of the cell types and case-control status, both separately and

jointly (with logistic regression). To account for individual differences in count, we utilized

the proportion of each cell type out of total number of leukocytes. Due to the high

correlation among CBC measures (Supplemental Table 2), it is unnecessary to include all

proportions for adjustment. The proportion of neutrophils (and inversely the proportion of

lymphocytes) was most strongly associated with case-control status, and hence proportion of

neutrophils was chosen as a summary measure of CBC distribution [Adalsteinsson, et al.

2012]. Other important adjustment factors included age at first birth, smoking status, alcohol

use, state of residence, and time of study enrollment (Table 1) [Fridley, et al. Under

Review].

Next we examined associations between DNAm and EOC status. Due to departures from

normality in the distribution of adjusted beta values, we applied an arc sin root

transformation to each CpG site to reduce skewness, (i.e. arcsin , where m is the

adjusted beta value). This transformation has been suggested previously [Adalsteinsson, et

al. 2012; Koestler, et al. 2012], and for the top-ranking locus, we perform sensitivity

analyses to assess the impact of this transformation. We first performed analysis at the

individual CpG level, separately for subjects assayed on the 27K and 450K arrays, including

the CpG probes unique to each platform. For each CpG, we fit a linear model to the

transformed methylation beta value as a function of case-control status, adjusted for age at

first birth, smoking status, alcohol use, state of residence, and time of study enrollment. To

assess the confounding effect of inflammation, we analyzed the data with and without

adjustment for proportion of neutrophils. We conducted single CpG analyses separately in

both platforms to allow for independent replication across arrays, and subsequently

performed a random-effects meta-analysis via the DerSimonian-Laird method in order to
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combine coefficient estimates across both sets (for the common probes). For each probe,

heterogeneity across arrays was also assessed using Cochrane’s Q statistic. Reported p-

values are not adjusted for multiple testing, but are considered significant if p<5-8 in the

meta-analysis.

We also investigated case-control associations with DNAm at the level of the CpG island.

Because CpG probes are sparse across islands on the 27K array, analysis was restricted to

those subjects assayed on the denser 450K array (89 cases, 74 controls). We grouped CpG

sites into regions based on location in a CpG island, shore (+/- 2KB), or shelf (+/- 4KB),

based on Genome Build 37. For a given CpG island region, the island, shore, and shelf were

analyzed together. For all CpG sites within a defined island region (including the shore and

shelf), we obtained a summary measure of the regional methylation using principle

components analysis (PCA). PCA is often utilized for set-based analysis of SNPs aggregated

at the gene-level, and has been shown to have high power in this setting [Gauderman, et al.

2007], and the extension to DNAm is straight-forward. For each region, we modeled case-

control status as a function of the first principal component (explaining the largest

proportion of variation) with logistic regression, adjusted for proportion of neutrophils, age

at first birth, smoking status, alcohol use, state of residence, and time of study enrollment.

Due to the large number of components that would be necessary to explain 80% variation

relative to the sample size, we restricted our analysis to the first principal component only to

ensure stable estimates, and report the percent variation explained. Analysis was conducted

using R statistical software (version 2.14.0), and meta-analyses of single CpG estimates

were performed using the R package ‘rmeta’ (http://cran.us.r-project.org/) and PLINK v1.07

(http://pngu.mgh.harvard.edu/purcell/plink/).

Results

Before adjustment for the proportion of neutrophils, a large number of individual CpGs

appear to be strongly associated with disease status, in both independent sets (27K and

450K) and in the meta-analysis, with many probes having p-values in the range

1E-10<p<1E-50 (Figure 2), clearly demonstrating the impact of confounding. After

adjustment for proportion of neutrophils, the inflation of p-values is dramatically reduced

(Figure 3). Results for the top CpGs in the meta-analysis (representing CpGs that replicate

across arrays with p<5E-8) are presented in Table 2, along with the individual results for the

27K and 450K subsets; for probes exhibiting evidence of potential associations, results from

the 27K and 450K subsets are positively correlated (Supplemental Figure 2). Sixty-two

probes displayed evidence for association with EOC disease status with replication at level

p<5E-8 in the meta-analysis; 29 of these probes reside in CpG islands or shores. The top

associated CpG site (probe cg11738543) was on chromosome 12, which is located in a CpG

island within an intron of suppressor of cytokine signaling 2 (SOCS2), and shows evidence

of hypo-methylation in cases (regression coefficient from meta-analysis =-0.045, meta-

analysis p-value =9E-14).

In general, most CpG probes were hypo-methylated in EOC cases in both the 27K and 450K

array subsets. CpG probes unique to the 27k array (867 probes) and the 450K array (391,147
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probes) were not available for possible replication and meta-analysis, but results are

presented for probes with p<5E-8 (Supplemental Tables 3 and 4).

CpG sites assayed on the 450K array were grouped into 25,607 CpG island regions

consisting of the shore and shelf regions surrounding the CpG island. From the region-based

test utilizing PCA, 6 CpG island regions demonstrated evidence of association with EOC

disease status at the level p<1E-5 (Table 3). The top region is a CpG island on chromosome

9, ‘chr9:16870123-16872020’, which included 9 CpG probes (p=7E-6). Although this region

does not meet a strict Bonferroni criterion for statistical significance (p<2E-6), this region is

located in the promoter/transcription start site of the human basonuclin 2 gene (BNC2),

which encodes the zinc finger basonuclin 2 protein (Figure 4). The top ranking CpGs within

this region are cg04389426 and cg05674150 (p<5E-6, Supplemental Table 5). Due to the

sparsity of CpGs within the BNC2 island region assayed on the 27K array, replication of this

island-level analysis was not able to be completed. Sensitivity analysis was conducted for

the CpGs within this region to assess the impact of the arc sin root transformation on the

DNAm beta values, and the results were unchanged (Supplemental Table 6).

Discussion

In this first study to incorporate information on complete blood counts into the epigenome-

wide analysis of EOC status in blood-based DNA, we examined associations with DNAm at

each CpG probe in two cohorts (assayed on the Illumina Infinium HumanMethylation27 or

HumanMethylation450 Beadchips), combining evidence of EOC association across both

sample sets using random-effects meta-analysis to identify replicating CpG sites. These

results emphasize the need to adjust for the potential confounding effect of leukocyte cell

type distribution when examining blood-based DNA methylation, as distributions in

leukocyte cell type may reflect a possible immunological response or consequence of EOC.

In particular, in this study, a large number of CpG sites displayed strong associations with

EOC status that disappeared after adjustment based on the proportion of neutrophils.

Although such confounding effects have been documented in previous studies [Houseman,

et al. 2012; Koestler, et al. 2012], this work establishes the utility of complete blood counts

as an alternative covariate measure to isolated cell type, and provides regions of DNAm

associated with EOC disease status.

Furthermore, the top results based on our meta-analysis typically differ from those

previously reported for EOC risk prior to adjustment for cell type distribution [Teschendorff,

et al. 2009], although some top CpG sites are also highly ranked in our analysis. When

comparing the 62 probes observed here at p<5E-8 to the top 115 CpG probes with p<5E-8 in

Teschendorff et al., we observe an overlap of 21 CpG sites, including cg03330678 within

septin 9 (SEPT9), which demonstrates hypo-methylation in cases in both our data (p=8E-13)

and the previous data (p =3E-9). SEPT9 is a member of the septin family involved in

cytokinesis, and notably, DNAm in SEPT9 is associated with colorectal cancer [deVos, et al.

2009], and SEPT9 has previously been implicated in ovarian tumorigenesis [Scott, et al.

2006]. However, the methylation signature identified by Teschendorff et al. also implicates

genes differentially expressed across blood cell types, possibly as a result of confounding

with cell-type effects. Rather, our meta-analysis yielded 62 CpG sites at the level of p<5E-8
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after adjustment for cell type distribution, and the top CpG result is located in a CpG island

within an intron of suppressor of cytokine signaling 2 (SOCS2). SOCS2, a member of the

SOCS gene family, is a negative regulator of cytokine receptor signaling, acting on the Janus

kinase/signal transducer and activation of transcription pathway (JAK/STAT pathway)

[Rico-Bautista, et al. 2006]. Members of the SOCS gene family have been implicated in

various cancers, and in particular SOCS2 has been recently linked to both prostate and breast

cancer [Farabegoli, et al. 2005; Haffner, et al. 2007; Hendriksen, et al. 2006; Iglesias-Gato,

et al. 2013; Leung, et al. 2003; Zhu, et al. 2013].

In addition to consideration of associations with DNAm at the level of an individual CpG

site, we also conducted a novel regional-level exploration of DNAm and EOC status by

grouping CpG probes into CpG islands. By condensing CpGs from individual sites into

broader regions, we are able to gain power by leveraging correlation across CpG sites and

reducing the total number of analyses performed [Gauderman, et al. 2007; Jaffe, et al. 2012],

as well as explore an additional epigenetic model where DNAm is assumed to act on the

level of the CpG island. In general, the island-level regional analysis represents a

complementary approach to the single CpG analysis, with different regions and sites

implicated in each: the islands containing highly ranked CpGs were not highly ranked at the

regional level, and vice versa. This emphasizes the importance of considering both types of

approaches to target different underlying biology. For instance, single CpG sites could be

missed if only considered at the regional level, and conversely, important regions could be

over-looked by relying on single high-ranking CpGs rather than the strength of combined

evidence. This is illustrated specifically in our study, where the island-level analysis

implicates the promoter region of BNC2; while this region was not included on the 27K

array and therefore not included in the meta-analysis, no individual CpGs within this region

were ranked among the top of the CpG sites present on the 450K array (Supplemental Table

3).

The promoter region of BNC2 is of particular interest in regards to EOC. The human

basonuclin 2 gene encodes the zinc finger basonuclin 2 protein, a possible transcription

factor, which is highly expressed in reproductive tissue and may be involved in the

differentiation of spermatozoa and oocytes [Romano, et al. 2004]. Notably, a DNA sequence

variant in locus 9p22 (within BNC2) has been confirmed as a susceptibility locus for EOC

[Goode, et al. 2010; Song, et al. 2009]. In particular, this SNP is located between the coding

regions of BNC2 and CNTLN, 42 KB upstream of the CpG island within the BNC2 promoter

identified here. Furthermore, the SNPs in the 9p22 locus have been associated with

abnormal ovarian ultrasounds [Wentzensen, et al. 2011], and lower BNC2 expression has

been demonstrated in EOC cell cultures compared to normal ovarian cell lines [Goode, et al.

2010]. While BNC2 sequence variation and gene expression play a role in EOC risk,

association with DNAm was previously unknown. Our study implicates a CpG island within

the promoter region of BNC2 for association with EOC status; although this CpG island did

not quite reach the criterion for statistical significance (p=7E-6 vs. 2E-6), prior evidence for

this region are convincing. Although the role of DNAm within BNC2 in EOC risk is

unknown, we hypothesize that it may mediate the effect on gene expression, based on the

observed differences in expression between EOC and normal ovarian tissue [Goode, et al.
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2010]. Further studies should investigate this hypothesis by examining associations between

DNAm and gene expression, particularly within ovarian tissue. Furthermore, in this study,

we detected the BNC2 region through an association with blood-based methylation (rather

than in the tumor), and therefore future studies are necessary to entangle the role of BNC2 in

EOC by investigating both germline and tumor DNA simultaneously.

In general, EOC cases were hypo-methylated at most CpG sites across the epigenome as

compared to controls, consistent with observations from other studies of global DNAm and

cancer risk [Brennan and Flanagan 2012]. However, within CpG island promoter regions,

methylation is known to hinder transcription initiation (and thus block expression), and

therefore cancer cases are typically hyper-methylated in the promoter region of tumor

suppressor genes [Jones and Baylin 2002]. But such observations have primarily been

investigated in tumor tissue rather than via blood-based DNA. In this study of blood-based

DNA, even CpGs within islands displayed hypo-methylation of EOC cases; a similar pattern

of hypo-methylation in CpG island regions has also been observed in other EOC studies

focusing on blood-based DNA [Teschendorff, et al. 2009].

Although findings from this study are intriguing, results are limited primarily by sample

size. Because of a reduced sample size resulting from inclusion of CBC adjustment (as CBC

measurements within two weeks of blood draw were not available for all subjects) in

addition to analyzing the 27K and 450K subsets separately, power to detect differentially

methylated regions was limited. However, our hope is that this loss in power due to low

sample size is offset by the reduced potential for false positive findings due to the critical

covariate adjustment, regional focus, and the inclusion of both cohorts for replication via

meta-analysis. Furthermore, previous studies of blood-based methylation and EOC disease

status have had similar sample sizes [Koestler, et al. 2012; Teschendorff, et al. 2009].

While our analysis of DNAm on the regional level is novel, it is limited by how the region is

defined. In this study, we chose regions based on the biological definition of the CpG island

in order to incorporate potential biological relationships (i.e. regulation of gene expression

via promoter methylation) to improve the probability of eliciting associations of functional

relevance. However, more agnostic approaches are also possible, such as a sliding window

approach, or a data-driven definition of the region [Jaffe, et al. 2012]. Furthermore, we

included CpG shores and shelves within the scope of the CpG island, although these regions

could also be examined separately. However, in this study, analysis of CpG shores and

shelves separately from the islands does not impact the results—the BNC2 promoter island

remains the top ranked region (data not shown).

Results from this study are also limited in the scope of interpretation. As data were obtained

from a retrospective case-control study rather than a prospective cohort design, associated

regions cannot be interpreted as indicators of EOC susceptibility/risk. In addition, as blood

was drawn upon diagnosis for EOC cases, any case-control differences may reflect changes

in methylation due to the cancer itself, and do not necessarily reflect biomarkers that would

be predictive for risk prediction or early detection. In fact, it is possible that circulating

tumor cells present in the blood could be driving the observed associations; for example,

lower BNC2 gene expression has previously been observed in EOC tumor cells[Goode, et al.
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2010]. However, the percentage of tumor contamination is thought to be extremely low (<60

cells/7.5mL), and therefore effect sizes of tumor methylation would need to be extremely

large for a contaminated effect to be detectable within blood-based DNA [Allard, et al.

2004]. Nonetheless, follow-up studies in prospective cohorts should be conducted to

determine whether associated regions could represent blood-based markers of disease risk,

or rather are simply markers of existing disease.

In summary, this study represents the first to incorporate data on complete blood counts into

the investigation of EOC status in blood-based DNA methylation across the epigenome,

reducing false positive associations by providing evidence of replication through the use of

meta-analysis and controlling for the confounding effects of the inflammatory response to

EOC. Furthermore, this is also the first study to examine the role of methylation in EOC at

the regional level, identifying a CpG island promoter region in BNC2, a known EOC

susceptibility gene. Future studies should further explore the role of DNA methylation in

BNC2, including its relation with sequence variation and gene expression, as well as its

potential role as a blood-based biomarker of EOC risk.
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Figure 1.
Diagram of the relationship among CBC measurements.
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Figure 2.
Manhattan plots of association between CpG probes and case/control status, before CBC

adjustment, for probes on the 450K array (black/gray), the 27K array (orange) and the meta-

analysis of the probes from the 27K and 450K arrays (blue); other covariates include

smoking, alcohol, age at first birth, state, and enrollment year.
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Figure 3.
Manhattan plots of association between CpG probes and case/control status, after CBC

adjustment, for probes on the 450K array (black/gray), the 27K array (orange) and the meta-

analysis of the probes from the 27K and 450K arrays (blue); other covariates include

smoking, alcohol, age at first birth, state, and enrollment year.
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Figure 4.
BNC2 promoter/island region. Top: USCS Genome Browser view of the BNC2 gene

promoter and location of CpG probes associated with CpG island 141

(chr9:16870123-16872020). Bottom: -log10(p-values) of case-control association with

methylation at each CpG within the BNC2 promoter island region.
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