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Abstract

Purpose—Early pregnancy in women by the age of 20 is known to have a profound effect on
reduction of lifelong breast cancer risk as compared to their nulliparous counterparts. Additional
pregnancies further enhance the protection against breast cancer development. Nationwide trend of
delayed pregnancy may contribute to the recently reported increase in the incidence of advanced
breast cancer among young women in this country. The underlying mechanism for the parity-
associated reduction of breast cancer risk is not clearly understood. The purpose of the current
study is to use whole-genome DNA methylation profiling to explore a potential association
between parity and epigenetic changes in breast tissue from women with early parity and
nulliparity.

Methods—ABreast tissue was collected from age-matched cancer-free women with early parity
(age < 20; n = 15) or nulliparity (n = 13). The methyl-CpG binding domain-based capture
(MBDCap)-sequencing technology was used for whole-genome DNA methylation profiling.
Potential parity-associated hypermethylated genes were further verified by locus-specific
pyrosequencing, using an expanded cohort of parous (n = 19) and nulliparous (n = 16) women that
included the initial samples used in the global analysis.

Results—Our study identified 6 genes that are hypermethylated in the parous group (p < 0.05).
Pyrosequencing confirmed parity-associated hypermethylation at multiple CpG islands of the
FOXA1 gene, which encodes a pioneer factor that facilitates chromatin binding of estrogen
receptor a (ERa).

Conclusions—Our work identifies several potential methylation biomarkers for parity-
associated breast cancer risk assessment. In addition, the results are consistent with the notion that
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parity-associated epigenetic silencing of FOXAL contributes to long-term attenuation of the
estrogenic impact on breast cancer development.
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INTRODUCTION

Besides the BRCAL/2 breast cancer susceptibility genes, several endocrine-related factors
are known to significantly influence the risk for breast cancer. In particular, women who
have their first full-term pregnancy before the age of 20 have approximately half of the risk
for developing breast cancer as compared to their nulliparous counterparts, and additional
pregnancies further accentuate the parity-associated protection against breast cancer [1].
This lifelong risk-reducing effect of early parity is in contrast to the risk-enhancing effect of
late pregnancy after age 35 [2-4]. A number of studies in human and rodents have
demonstrated the strong and lifelong protective role of early pregnancy on breast cancer [5—
7]. While the exact underlying mechanism by which early parity reduces lifelong breast
cancer incidence is not known, it is most likely due to enduring biological changes in the
breast tissue. Several models have been proposed based on parity-associated changes in
breast epithelial cells and its surrounding stromal compartments [1, 8]. For example, it has
been hypothesized that early parity-induced differentiation of mammary epithelial cells
could render them more resistant to oncogenesis [9]. In a similar vein, early parity may
decrease the pools of mammary stem/progenitor cells, thus decreasing the number of
putative cell of origin for breast tumors [10, 11]. As early parity predominantly reduces risk
of estrogen receptor a (ER)-positive breast cancer [12], it is also conceivable that
attenuation of the estrogen-related pathways could contribute to parity-mediated risk
reduction [13]. In addition, the roles of hormones and hormone-sensing cells in the early
parity-based protection on breast cancer has been recently documented [14]. Better
understanding of the cellular and molecular basis for this longstanding biological
phenomenon will go a long way in risk assessment and breast cancer prevention.

ERa is a site-specific transcription factor that plays a key role in normal breast ductal
development and luminal breast cancer [15]. Traditionally, estrogen-stimulated ERa alone
was thought to be sufficient to bind to the cognate estrogen-responsive enhancers for
hormone-stimulated transcriptional activation. However, whole genome-based studies in
breast cancer cells indicate that FOXAL, another site-specific transcription factor important
in normal and breast cancer development [16], tends to co-occupy ERa-bound
transcriptional enhancers [17, 18]. Importantly, it has been demonstrated that FOXAL serves
as a pioneer factor that facilitates ERa binding to compacted chromatin DNA. Without
FOXAL, ERa cannot bind to the corresponding enhancers even in the presence of estrogens,
and consequently, estrogen-mediated transcription and breast cancer cell proliferation are
abrogated. More recent studies further underscore the clinical relevance of the FOXA1-
ERa-DNA interaction complex [19, 20]. For example, it was shown that FOXAL is capable
of reprogramming of ER chromatin binding and this FOXA1-mediated event correlates with
the clinical outcome in breast cancer [20, 21]. Furthermore, breast cancer risk-associated
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single nucleotide polymorphisms (SNPs) are found in the FOXA1/ERa-occupied enhancers,
which alter FOXAL chromatin binding and expression of FOXA1/ERa downstream target
genes [22]. These findings highlight the biological and pathological impact of the
cooperative chromatin binding of FOXA1-ERa on breast cancer development and
progression.

In the current study, we sought to uncover DNA epigenetic signatures that are associated
with breast tissue of women with early parity. By combining genome-wide MBDCap-
sequencing and locus-specific pyrosequencing, our work identified distinct CpG islands in
the FOXA1 gene that are preferentially hypermethylated in the early-parity group. Our
findings draw attention to sustained FOXA1 gene silencing and reduced estrogen actions as a
potential contributing factor to early parity-associated reduction of breast cancer risk.

MATERIALS AND METHODS

Clinical Specimens

Cancer-free breast tissue was procured from women undergoing cosmetic reduction
mammoplasty, following a protocol approved by the Institutional Review Board at the
University of Texas Health Science Center at San Antonio. All donors signed a written
consent form authorizing the use of the specimens for breast cancer-related laboratory
investigations. The participants also filled out a questionnaire concerning personal medical
history and health- and diet-related behaviors. Supplemental Table 1 provides more detailed
information about the age-matched parous and nulliparous groups used in the current study.

DNA Isolation and MBDCap-seq

MBDCap libraries for sequencing were prepared following standard protocols from Illumina
(San Diego, CA). Briefly, genomic DNA was prepared from frozen tissue by using QiaAmp
DNA extraction kit (Qiagen, USA) and subsequently fragmented by sonication to reach an
average size of 250 base pairs (bp). Methylated DNA fragments were captured and eluted by
using MethylMiner Methylated DNA Enrichment Kit (Invitrogen, USA), following standard
protocol from the manufacturer. MBDCap libraries were sequenced using the Illumina
Genome Analyzer Il (GA 1) per manufacturer’s instructions. Sequencing was performed up
to 25 cycles for mapping to the human genome reference sequence. Image analysis and base
calling were performed using the standard Illumina software.

Bioinformatic analysis of MBDCap-seq data

Reads (up to 50 bp) were mapped to the human reference genome (hg18) using the BWA
algorithm, with up to two base-pair mismatches. The uniquely mapped reads were used for
additional linear normalization and differential methylation analysis as previously described
[23].

U

Read,i

N =
Read,i NU/]'OA(INT<ZOQIONU))
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The methylation level was calculated by accumulating the number of reads. NRead,i is the
number of normalized reads at the ith bin; URead,i is the number of uniquely mapped reads
at the ith bin, and NU is the number of total uniquely mapped reads. “INT” rounds the
element to the nearest integers toward minus infinity, “~” means the power operator.

XM,

R,G S—’ R:(bs+0,bs+1)...,bs+m)

G

A region of methylation level was represented by the average of the normalized unique
reads. Comparison of group A and B (G = A or B), the average methylation level (AVGRg)
was calculated separately at two groups in a given region R (which includes mbin size, and
start at the sth bin). The number of sample is Sy for group A, and Sg for group B. AVGRrg
means the average methylation level of group G at the Rregion. MR g is the methylation
levels of each sample of group G at the Rregion.

Pyrosequencing assay

The pyrosequencing target sequence and location in each selected CpG site for FOXAL were
listed in Supplemental Figure 1. Analysis of each site involved one forward and one biotin-
labeled reverse PCR primer, as well as one sequencing primer for pyrosequencing. Genomic
DNA was bisulfite-converted using EZ-96 DNA Methylation kit (ZYMO Research, PN
D5001). Twenty ng of bisulfite-converted DNA was used for PCR amplification and the
products were verified for size and overall quality by gel electrophoresis. The PCR
conditions were as follows: 95°C for 5 min, followed by 50 cycles of 95°C for 1 min, 60°C
for 1 min, 72°C for 1 min, then 72°C for 7 min using the Taqg DNA polymerase (Applied
Biosystem, N12338).

For pyrosequencing, 10 pL of the PCR product was mixed with streptavidin-coated agarose
beads (GE Healthcare UK) and processed through the Qiagen Vacuum Prep Tool for
purification of the biotinylated single-stand DNA fragments. PyroMark Gold Q96 CDT
Reagents were used for sequencing reactions. The automated pyrosequencing instrument,
PyroMark Q96 MD (Qiagen), was employed for the sequencing-by-synthesis method to
detect the methylation status of each CpG site in a specific region using the sequencing
primer at 500 nM. Quantification of each CpG site was performed using the methylation
Software PyroMark CpG 1.0 software. The built-in internal quality control for bisulfite
treatment and non-specific background was set at 6.5%. Methylated DNA (Universal DNA
with methylated enzyme treatment) served as the positive control.

Statistical analysis

Welch t-test and the analysis of variance (ANOVA) were applied to determine whether the
percentages of CpG islands were different across groups in various factors of interest. Welch
t-test was used to examine whether two groups in a factor were significantly different from
each other. It compared the mean values of two groups with the assumption that the
variances were unequal in the groups. P-value less than 0.05 suggested that there was a
statistically difference in two groups. ANOVA was conducted to analyze group differences
when there were more than two groups in a factor (ethnicity in the current study). Variance
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in a factor was partitioned into two components: variance between groups and variance
within groups. F-test was used in ANOVA to examine two components by comparing the
ratio of variance between groups and variance within groups to a critical value. When P-
value is less than 0.05, the result implies that at least one group in the factor is different from
the others.

RESULTS AND DISCUSSION

MBDCap-seq, a high throughput technology for surveying genome-wide DNA methylation
patterns, combines capturing of methylated genomic DNA by the methyl-CpG-binding
domain (MBD) of MeCP2 with next-generation sequencing. The robust procedure allows
comprehensive and unbiased detection of DNA methylation across the entire genome. In the
current study, we applied this technology to compare the methylation status in the breast
tissue of women with early parity versus nulliparity. To this end, we collected breast tissue
from two age-matched cohorts of women who underwent elective reduction mammoplasty
(Supplemental Table 1). The first group (n = 15; average age of 37.2 years old) consisted of
those who had the first full-term pregnancy by the age of 19 years old. The second cohort (n
= 13; average age of 37.8 years old) was from women who had no history of childbearing.
The same age frames of these two cohorts allowed us to exclude any age-related epigenetic
differences.

Genomic DNA was isolated from the frozen breast tissue. Methylated DNA fragments were
bound to the GST-MBD resin, eluted, and subjected to MBDCap-seq by the Illumina HiSeq
2000 sequencing system (Figure 1A). A total of 42 billion bp from the 28 clinical samples
were processed, and 75% of the sequenced fragments were mapped to unique genome
locations (Supplementary Table 2). As DNA methylation tends to be found in GC-rich
regions, a minimum of 10 million unique reads is usually considered sufficient to cover
adequate sequence depth for whole-genome methylation profiling [23]. Upon data
normalization, we conducted a pairwise comparison within an 8 kb window to identify
differentially methylated CpG island loci in the early parous and nulliparous samples.

We analyzed a total of 13,081 known promoter CpG islands and found that only 6 genes
(0.046%) were significantly hypermethylated in parous samples relative to the nulliparous
ones (Figure 1B). They are BCAR3, FOXA1, FOXB2, GRIK5, MGST3, and OLIG3 (Table
1). Two of the parity-associated hypermethylated genes exhibited methylation of the CpG
core (BCAR3 and OLIG3), whereas the rest showed CpG shore methylation (right, left or
both sides). In contrast, a far greater number of genes (211 or 1.62%) were hypomethylated
in the parous samples (Figure 1B, Supplemental Table 2). Of the hypomethylated genes, 104
exhibited CpG core methylation, whereas 107 showed CpG shore methylation. No known
breast tumor suppressor genes were identified from the hypomethylated genes.

Among the 6 hypermethylated genes in the parous group, FOXAL encodes a site-specific
transcription factor that acts as a pioneer factor to promote and dictate chromatin binding of
ERa [17, 18]. Its amplification is associated with development of multiple cancer types
including breast cancer [24]. The role of FOXB2, another FOX family gene, in cancer is not
known. BCARS encodes a signaling molecule that plays an important role in breast cancer
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invasion and resistance to anti-estrogen therapies [25, 26]. Therefore, it is conceivable that
epigenetic changes at these loci could affect hormonal responsiveness of breast epithelial
cells and their propensity for tumorigenesis.

To confirm the MBDCap-seq data, we conducted pyrosequencing analysis of the FOXA1,
FOXB2, and BCAR3 loci, using the original cohorts for the MBDCap-seq plus 4 additional
early parous and 3 nulliparous samples subsequently procured (Supplemental Table 1).
MBD-seq and pyrosequencing are two different and mutually complementary methods for
detecting DNA methylation. While MBD-seq assesses genome-wide DNA methylation in a
relatively low resolution, pyrosequencing is particuarly suitable for determining DNA
methylation level at the single base-pair resolution in a relatively small region.
Pyrosequencing primers were designed for the specific CpG islands that displayed parity-
associated hypermethylation as revealed by MBDCap-seq (Supplemental Figure 1-3). The
methylation status of the individual CpG sites at these gene loci are presented in Figure 2
(FOXAL1) and Supplemental Figure 4 (FOXB2 and BCAR3). Among the 18 CpG sites
interrogated at the FOXA1 locus, sites 2 and 18 were found to be significantly
hypermethylated in the parous group (P < 0.05, Figure 2), thus confirming the genome-wide
MBDCap-seq data. In contrast, no statistically significant, parity-associated difference was
detected by pyrosequencing at the FOXB2 or BCARS loci, although several CpG sites at
these two gene loci displayed a trend of hypermethylation in the parous group
(Supplemental Figure 4). More sample analysis will be needed to resolve this discrepancy
between the two methods.

As higher levels of methylation are usually associated with silenced transcription, our result
raises the distinct possibility that parity-associated epigenetic silencing of FOXAL may result
in attenuated ER function and reduced risk of tumorigenesis for the corresponding breast
epithelial cells. One caveat in the current work was our inability of directly measuring the
FOXA1 mRNA levels in the same breast tissue samples used for the methylation study,
which was likely due to the sub-optimal preservation of the clinical samples. We are also
aware of the possibility that epigenetic changes and ER functions could be influenced by
multiple known risk factors including menopausal status, body weight index (BMI),
comorbidity with metabolism-related disease, and ethnicity, etc. However, using the current
cohort of relatively small sample size, we did not find any significant correlation between
the methylation pattern at the two CpG sites (#2 and #18) of FOXA1 and the other
confounding factors (Supplemental Table 3). Lastly, the size of the cohorts used in the
current study is relatively small. It is therefore important to validate the findings in future
with larger pools of clinical samples. Upon confirmation, the hypermethylation sites
identified in the current study could serve as quantifiable metrics for assessing parity-
associated breast cancer risk.

Delayed pregnancy is a nationwide trend among women of childbearing age. This could be
one of the factors contributing to the recently reported increase in the incidence of advanced
breast cancer among young women (age 25-39) in this country over the past three decades
[27]. Conversely, early and multi-parity among Hispanic women could partly account for
the relatively low breast cancer incidence in this population (www.cancer.org). In fact,
tissue procurement in our pilot study was facilitated by the relatively high percentage of
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women with early/multi-parity in San Antonio and South Texas. The average age of first-
time mothers in our current cohort is 21.6 years, as compared to national average of 25
years. In addition, close to 40% of first births in our cohort are to mothers under age 20,
whereas only 21% are so nationwide. Establishing a causal relationship between FOX1A
methylation and breast cancer risk in future work may could inform targeted ways of
mimicking the protective effect of early parity among late-parous and nulliparous women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Methylation profiling of early parous and nullipar ous women
(A). Schematic outline of the experimental procedure of MBDCap-seq. DNA from the tissue

samples were subjected to MBD2 capture. After library construction and next-generation
sequencing, data were analyzed to identify differentially methylated loci. (B). Methylation
levels of loci, 4 kb upstream and downstream from the transcription start site of the
differentiated methylated genes in early parous and nulliparous samples.
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(A). Graphical representation of the % methylation at various CpG sites in the FOXA1 gene
by using 3 sets of primers (FOXAla, FOXAlb and FOXALc). See Supplemental Figure 1
for the genomic locations of the CpG sites. The boxes cover sample values from the 25

percentiles (in the bottom) to 75 percentiles (in the top), the whiskers extending from the

boxes stretch to the minimum and the maximum values of the samples. Welch t-tests were
used to determine the p-values between two groups. (B). Graphic representation of the
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methylation pattern in the first 6 CpG sites analyzed for the FOXAL locus. The color
denotation is shown on the top.
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