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ABSTRACT
Hormone therapy (HT) is associated with increased risk of breast cancer, strongly dependent on
type, duration, and recency of use. HT use could affect cancer risk by changing breast tissue
transcriptional programs. We hypothesize that these changes are preceded by changes in DNA
methylation. To explore this hypothesis we used histologically normal-appearing breast tissue
from the Normal Breast Study (NBS). DNA methylation β-values were obtained using the Illumina
HumanMethylation 450 BeadChips for 90 samples including all NBS-participants who used HT
within 5 y before surgery. Data were analyzed using the reference-free cell mixture method.
Cancer Genome Atlas (TCGA) mRNA-Seq data were used to assess correlation between DNA
methylation and gene expression. We identified 527 CpG sites in 403 genes that were associated
with ever using HT at genome wide significance (FDR q < 0.05), of these, 68 sites were also
significantly associated with duration of use or recency of use. Twelve sites reached significance in
all analyses one of which was cg01382688 in ARHGEF4 (p < 1.2x10−7). Mutations in ARHGEF4 have
been reported in breast tumors, but this is the first report of possible breast cancer-related DNA
methylation changes. In addition, 22 genes included more than one significant CpG site and
a majority of these sites were significantly correlated with gene expression. Although based on
small numbers, these findings support the hypothesis that HT is associated with epigenetic
alterations in breast tissue, and identifies genes with altered DNA methylation states which
could be linked to breast cancer development.
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Introduction

Hormone therapy (HT), either with estrogen alone
or combined with progesterone, has been used to
alleviate menopausal symptoms since the 1940s [1].
Although health benefits such as reduced risk of
cardiovascular disease, osteoporosis and decreased
mortality have been observed [2–4], the balance
between risk and benefit remains an area of clinical
concern [2,5].

Concern about the safety of HT was raised after the
Women’s Health Initiative clinical trials in 2002 indi-
cated that combined (estrogen plus progestin) HT use
increased breast cancer risk [6]. Since then, epidemio-
logical efforts have focused on timing and duration of
exposure and elucidating the mechanisms underlying

the risk [7,8]. The current consensus is that estrogen
alone therapy or short-term combined HT use
(initiated around the time of menopause) does not
appear to increase breast cancer risk. However, long-
term combined HT-use, starting at menopause, is
associated with breast cancer with larger risks asso-
ciated with longer duration of use [8,9].

HT leads to transcriptional changes in breast tis-
sue and estrogen exposure has been connected to
epigenetic alterations, including changes to DNA
methylation in different target tissues [10–12].
Methylation changes are known to be extensive in
breast tumor tissue [13–15] and are likely to repre-
sent some of the early events in cancer development
[16,17]. Identifying differential DNA methylation
patterns resulting from HT use could therefore
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serve as an intermediate endpoint for studying the
role of hormonal exposures in relation to breast
cancer risk.

We hypothesized that exposure to HT would
lead to differential DNA methylation detectable
in DNA from breast tissue. To investigate this,
we used DNA extracted from fresh frozen histolo-
gically normal-appearing breast tissue and com-
pared women who reported using HT therapy vs.
women who reported never using HT.

Results

Participant characteristics

Participant characteristics are depicted in Table 1
and Supplementary Table S1. All women were
participants in the Normal Breast Study (NBS).
NBS inclusion criteria resulted in some heteroge-
neity regarding reasons for surgery as both women

undergoing surgery for invasive or in situ breast
cancer (76 women, 84%) as well as women with
benign tumors, prophylactic or reduction surgeries
(14 women, 16%) were included. Ages ranged
from 42 to 85 y with a median age of 60, all
women were reportedly postmenopausal at the
time of surgery. There were no statistically signifi-
cant differences between HT-users and non-users
among common characteristics related to breast
cancer risk, including age, BMI, and parity.

Of 54 women classified as current or former users,
26 (48%) reported using combined HT (estrogen +
progesterone), 12 (22%) reported using estrogen only,
and 2 (4%) reported using progesterone only (data on
precise type of progesterone was not available).
Fourteen women (26%) did not specify which type
of HT they had used. Duration of use was 0–5 y for 19
(35%), 6–10 y for 9 (17%) and >10 y for 26
women (48%).

EWAS analysis

In our initial analysis we compared ever users of HT
to never users. Results were adjusted for potential
confounders and for multiple comparisons using an
FDR cutoff of q < 0.05 and are presented as
a Manhattan plot in Figure 1. We identified 527
CpG sites with q < 0.05 that, based on Illumina
450K annotation, are located in 403 genes and 97
intergenic regions (Supplementary Table S2).
Compared to never-users, DNA methylation was
higher in HT-users for 59% (311) of the significant
CpG sites and lower in 41% (216) of the CpGs. At the
527 significant CpGs sites the average percentage
DNA methylation difference between HT-users
and never users (mean βHTusers – mean βnever users)
ranged from −10.1% to 8.7%. Differences were larger
among the 211 CpGs that exhibited lower DNA
methylation in HT-users (3.6% mean difference
compared to 1.7% mean difference among the 311
CpG sites where DNA methylation was higher).

Three CpG sites (cg03472655 in SH2D5,
cg01382688 in ARHGEF4, and cg26334888 in
FAM3D) passed a Bonferroni corrected cutoff of
p < 1.2x10−7. All three CpG sites displayed increased
DNAmethylation in HT-users vs nonusers (mean %
increase ranging from 0.7% (cg03472655) to 1.9%
(cg26334888). Both cg01382688 in ARHGEF4 and
cg26334888 in FAM3D were hyper-methylated

Table 1. Participant characteristics (All).
36 Never
users

17 Former
users

37 Current
users

Characteristic N (%) N (%) N (%) p-valuea

Age at surgery
>55 13 (36) 6 (35) 9 (24) 0.58
55–65 11 (31) 7 (41) 18 (49)
<65 12 (33) 4 (24) 10 (27)
BMI
<19 12 (33) 4 (24) 13 (35) 0.87
19–25 12 (33) 5 (29) 11 (30)
>25 12 (33) 8 (47) 13 (35)
Race
White 29 (81) 12 (80) 30 (81) 0.58
Black 6 (17) 1 (7) 5 (14)
Other 1 (3) 2 (13) 2 (5)
Smoking
Status

Never 20 (56) 7 (41) 19 (51) 0.83
Former 13 (36) 9 (53) 16 (43)
Current 3 (8) 1 (6) 2 (5)
Parity
0 10 (28) 0 (0) 6 (16) 0.24
1 7 (19) 2 (12) 7 (19)
2 9 (25) 11 (65) 15 (41)
>2 10 (28) 4 (23) 9 (24)
Lactation
No 11 (42) 3 (18) 12 (38) 0.22
Yes 15 (58) 14 (82) 19 (61)
Reason for
surgery

Invasive 25 (69) 9 (53) 22 (59) 0.46
In Situ 7 (19) 3 (18) 10 (27)
Benign 1 (3) 2 (12) 3 (8)
Prophylactic 3 (8) 2 (12) 2 (5)
Reduction 0 1 (6) 0

aP-values are from chi-square tests
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(mean β-values >0.75) whereas cg03472655 in
SH2D5 was hypo-methylated with a mean β-value
of 0.05. We verified array methylation β-values by
pyrosequencing cg26334888 in FAM3D using the
same samples evaluated in the EWAS (n = 83).
There was high correlation between the raw β-
values and % methylation derived by pyrosequen-
cing (Pearson’s correlation = 0.71, Supplementary
Fig. S1). Mean methylation values obtained by pyr-
osequencing were consistently larger than those
from the array, but showed the same relative rela-
tionship for methylation values between HT users
and never users (Supplementary Table S3).

We further examined if duration of use (1–5,
6–10, >10 y) and recency of use (never user, former
user, current user) influenced DNA methylation
among the 527 identified CpG sites. Sixty-eight
CpG sites exhibited DNA methylation changes that
were significantly associated with either duration of
HT-use (49 sites) or recency of use (31 sites) with 12
sites significant in both analyses (Table 2,
Supplementary Table S2). Nine (75%) of these 12
sites displayed increased DNA methylation with
both longer duration of use and more recent use;
this direction was consistent with the direction
observed when comparing ever and never users.
One intergenic CpG site (cg02245004 on 15q24)
displayed consistent decreased DNA methylation
related to duration, past use, and ever/never use,
and two sites (cg16416165 in RGS12 and
cg26705583 in SGTB) displayed inconsistent results
with increasing DNA methylation observed with

more recent HT-use but decreasing DNA methyla-
tion observed with a longer duration of use
(Supplementary Table S4).

Twenty-two genes (Table 3) included multiple
CpGs that reached genome-wide significance in
the ever/never analysis; and three (CTBP1-AS1,
PTPRN2 and GRB7) included three or more signif-
icant CpG sites. The significant CpG-sites in
CTBP1-AS2 (3 sites, mean difference −0.03 β-
values in HT-users) and GRB7 (4 sites, mean dif-
ference −0.06 β-values in HT-users) all showed
decreased DNAmethylation in HT-users compared
to never users and all sites were located in the 5ʹ
end of the gene, either upstream in the promoter or
in close proximity to exon 1 (Figure 2). PTPRN2,
a large gene on chromosome 7, had three significant
CpG sites located in the gene body, which all
showed increased DNA methylation in HT-users.

Relationship between DNA methylation and gene
expression

In order to assess the degree of correlation between
DNA methylation levels and expression of nearby
genes we obtained gene expression data from the
Cancer Genome Atlas (TCGA) database. TCGA
data were available for 275 out of the 526 CpG sites
that reached genome wide significance in the never/
ever analysis. Two hundred and seven of these 275
CpG sites (75%) showed significant correlation
between expression and DNA methylation
(p < 0.05) (Supplementary Table S2). Furthermore,

Figure 1. Manhattan plot depicting differentially methylated CpG sites (by location and – log10 p-value) from the analysis
comparing ever vs. never HT-users (n = 90). Five hundred twenty-seven CpGs passed the FDR cutoff (q < 0.05), represented by the
lower black line. CpGs from 3 genes (cg01382688 in ARHGEF4, cg26334888 in FAM3D and cg03472655 in SH2D5), on chromosomes 2,
3, and 1 passed a strict Bonferroni correction of p < 1.2x10−7 (higher black line).
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Table 2. CpGs significant in ever/nevera analysis and at least one trend test.

Probe CHR Gene/Location

Ever/Never Duration of use Recency of use

p-value q-value p-value q-value p-value q-value

cg01382688 2 ARHGEF4 3.7E-08 0.01 2.7E-06 0.03 4.3E-06 0.04
cg26334888 3 FAM3D 7.3E-08 0.01 2.7E-04 0.09 1.2E-08 0.00
cg03472655 1 SH2D5 9.1E-08 0.01 1.9E-04 0.08 2.4E-06 0.04
cg08460153 7 TNRC18 2.5E-07 0.01 1.4E-05 0.04 4.8E-07 0.02
cg11034191 4 INPP4B 4.3E-07 0.01 3.1E-09 0.00 6.3E-06 0.05
cg16416165 4 RGS12 4.6E-07 0.01 2.3E-05 0.05 6.9E-06 0.05
cg09180239 16 GSE1 8.2E-07 0.02 1.1E-05 0.04 3.3E-05 0.07
cg11151929 3 LRRC58 1.1E-06 0.02 2.0E-07 0.01 6.5E-05 0.08
cg09423413 6 TRIM40 1.3E-06 0.02 5.1E-06 0.03 1.5E-04 0.10
cg19049616 17 RNFT1 1.4E-06 0.02 1.0E-04 0.07 1.9E-06 0.03
cg15028339 5 RAI14 1.7E-06 0.02 7.3E-06 0.03 5.1E-07 0.02
cg01571735 2 SP5 2.2E-06 0.02 1.9E-05 0.04 6.1E-06 0.05
cg06133876 6 PBOV1 2.4E-06 0.02 2.2E-05 0.05 2.3E-05 0.07
cg18291238 14 14q24 2.5E-06 0.02 3.4E-04 0.09 3.2E-06 0.04
cg04763519 6 6p25 4.0E-06 0.02 1.5E-04 0.07 5.3E-07 0.02
cg17771569 19 ATP8B3 4.6E-06 0.02 1.5E-05 0.04 2.7E-04 0.11
cg01953797 8 GPIHBP1 5.2E-06 0.02 1.9E-05 0.05 4.0E-05 0.07
cg17472832 2 PROM2 5.6E-06 0.03 1.4E-05 0.04 1.3E-05 0.06
cg12542656 2 NA 5.6E-06 0.03 2.2E-08 0.00 8.6E-05 0.09
cg07273415 11 CYB561A3 6.1E-06 0.03 2.7E-06 0.03 7.5E-06 0.05
cg08030662 17 KIF2B 6.3E-06 0.03 1.1E-04 0.07 5.7E-08 0.01
cg26705583 5 SGTB 7.6E-06 0.03 3.1E-05 0.05 6.7E-08 0.01
cg00099017 16 RBFOX1 8.5E-06 0.03 5.0E-03 0.21 1.0E-06 0.03
cg08274097 19 ZNF607 9.1E-06 0.03 7.0E-03 0.22 1.7E-06 0.03
cg04671476 5 MGAT1 9.3E-06 0.03 1.4E-05 0.04 3.1E-05 0.07
cg25640096 6 NA 1.2E-05 0.03 6.5E-07 0.02 3.8E-05 0.07
cg08255481 16 BANP 1.3E-05 0.03 9.2E-06 0.04 4.4E-04 0.12
cg13030786 7 TNRC18 1.3E-05 0.03 4.7E-04 0.10 5.9E-06 0.05
cg15437133 10 ZNF503-AS2 1.3E-05 0.03 2.5E-07 0.01 3.1E-05 0.07
cg06194738 6 GPSM3 1.4E-05 0.03 1.6E-04 0.08 6.3E-06 0.05
cg24290251 7 7p15 1.5E-05 0.03 1.0E-03 0.14 9.0E-07 0.03
cg26791665 1 ALDH4A1 1.7E-05 0.03 5.0E-06 0.03 8.6E-05 0.09
cg00352027 10 AIFM2 1.8E-05 0.03 9.0E-04 0.12 2.3E-06 0.04
cg27269561 16 THOC6 1.8E-05 0.03 3.3E-05 0.05 2.4E-04 0.11
cg14415844 14 CCDC88C 1.9E-05 0.03 6.8E-06 0.03 2.1E-04 0.10
cg14662522 4 NA 2.1E-05 0.04 4.3E-07 0.01 2.0E-03 0.19
cg26185079 18 SLMO1 2.3E-05 0.04 1.2E-05 0.04 1.0E-06 0.03
cg08048620 17 TTYH2 2.5E-05 0.04 1.0E-06 0.02 0.0E+00 0.07
cg06538238 6 GABBR1 2.6E-05 0.04 2.3E-04 0.08 5.0E-07 0.02
cg09413013 17 TMC8 2.7E-05 0.04 6.4E-06 0.03 2.6E-05 0.07
cg09071838 13 CENPJ 2.8E-05 0.04 2.2E-05 0.05 2.0E-04 0.10
cg03606898 19 NA 3.0E-05 0.04 2.9E-05 0.05 2.5E-04 0.11
cg25140751 15 CIB2 3.3E-05 0.04 4.8E-06 0.03 8.8E-05 0.09
cg26279783 6 COL11A2 3.5E-05 0.04 1.8E-05 0.04 5.1E-04 0.13
cg09742643 7 PTPRN2 3.5E-05 0.04 1.1E-05 0.04 1.6E-06 0.03
cg08975834 10 TCERG1L 3.7E-05 0.04 9.5E-06 0.04 8.8E-07 0.03
cg26365623 11 11p15 3.8E-05 0.04 5.6E-02 0.40 3.8E-06 0.04
cg19793640 21 SH3BGR 4.0E-05 0.04 2.0E-03 0.14 5.9E-06 0.05
cg25044701 12 GDF3 4.3E-05 0.05 1.1E-05 0.04 8.0E-05 0.08
cg02601249 2 2p12 4.6E-05 0.05 4.0E-03 0.19 4.7E-06 0.04
cg06362313 12 GAPDH 5.0E-05 0.05 5.8E-08 0.01 1.4E-04 0.10
cg01360281 5 NA 5.0E-05 0.05 1.0E-05 0.04 4.0E-03 0.22
cg16518142 20 CDH26 5.1E-05 0.05 2.0E-03 0.15 3.0E-06 0.04
cg03902160 1 PTPRU 5.2E-05 0.05 3.0E-07 0.01 1.9E-05 0.07
cg02245004 15 15q24 5.4E-05 0.05 2.8E-06 0.03 1.9E-06 0.03
cg06894891 14 TPPP2 5.4E-05 0.05 5.6E-05 0.06 4.4E-06 0.04
cg20677939 6 ARID1B 5.4E-05 0.05 2.8E-06 0.03 1.1E-05 0.06
cg11847964 12 NA 5.5E-05 0.05 3.3E-06 0.03 3.7E-04 0.12
cg23697855 7 NA 5.6E-05 0.05 2.8E-06 0.03 1.0E-03 0.16
cg18072095 5 C5orf30 6.1E-05 0.05 2.0E-03 0.15 6.9E-06 0.05
cg00274357 8 PUF60 6.6E-05 0.05 7.4E-06 0.03 1.0E-02 0.29
cg02861082 2 MCM6 6.8E-05 0.05 9.5E-06 0.04 1.4E-04 0.10

(Continued )
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TCGA data were available for 18 of the 22 genes (37
out of 48 CpG sites) that contained multiple signifi-
cant CpG sites. CpG sites in 11 of these 18 genes were
both concordant for direction of methylation and
displayed significant correlations between DNA
methylation and gene expression (Table 3). Using
the data from TCGA we also assessed the correlation
between ARHGEF4 expression and breast cancer
stage (I-IV) and lobular or ductal subtype, but
these were not correlated (Supplementary Fig. S2a
and S2b).

Discussion

The use of HT and its impact on health has been
the focus of several decades of research. There is
growing consensus that short term use of HT for
peri-menopausal symptoms provides considerable
benefit without undue cancer risk, whereas long
term postmenopausal use has cancer risks that
outweigh other benefits [5]. HT-use has a wide
variety of biological effects within breast tissue
that may affect breast cancer risk [7]. These
include changes to transcriptional programs that
may result in epigenetic changes that persist long
after HT has been discontinued. In this study, we
investigated the hypothesis that HT is contributing
to epigenetic changes in breast tissue.

In the primary analysis of ever vs never users, three
CpG sites (cg01382688 in ARHGEF4, cg26334888 in
FAM3D and cg03472655 in SH2D5) passed the strict
Bonferroni correction and remained significant in
one or more of the sensitivity analyses examining
duration of use and recency of use analyses. Of
these, the CpG that reached the highest overall sig-
nificance was cg01382688 in ARHGEF4 located in an
enhancer region just upstream of the ARHGEF4 tran-
scriptional start site (TSS). Cg01382688 displayed

hyper-methylation in all tissue samples with an
increase observed in HT users compared to never
users. The ARHGEF4 gene codes for a guanine
nucleotide exchange factor, commonly known as
ASEF [18], which is activated by the well-known
tumor suppressor APC (adenomatous polyposis
coli) [19]. APC is known for its role in colorectal
cancer development [20]: silencing mutations in
APC are responsible for the autosomal dominant dis-
order familial adenomatous polyposis [21] and are
often found in sporadic colorectal cancer [22].
Although mutations in the APC gene are not widely
seen in breast cancer, APC promoter hyper-
methylation is found in primary breast tumors [23]
and may be associated with specific breast cancer
phenotypes [24]. Interestingly, ARHGEF4 mutations
(although absent from colorectal tumors) have been
reported in a variety of tumors, but appear in less than
1% of breast cancer [25,26]. APC activated ASEF may
function as a tumor suppressor with loss of ASEF
function, through either mutations or other mechan-
isms, promoting tumor progression [27].

The second CpG to pass Bonferroni correction was
cg26334888 in FAM3D (Family with Sequence
Similarity 3, Member D) which is located approxi-
mately 700bp from the transcriptional start site.
FAM3D is part of a family of cytokines containing
four genes (FAM3A, FAM3B, FAM3C and FAM3D)
that is mainly expressed in highly proliferative tissue
such as placenta and the gastrointestinal tract [28]. It
has been suggested to play a role in cell proliferation,
and functions as an activator of the ERK1/2 and
p38MAPK signaling pathways [29]. Finally, the third
highly significant CpG (cg03472655) was located in
the gene SH2D5 (SH2 Domain Containing 5 protein)
which is an adaptor-like protein expressed mainly in
the brain [30]. Cg03472655 is situated in a CpG island
in the first exon of the gene – a region that appears to

Table 2. (Continued).

Probe CHR Gene/Location

Ever/Never Duration of use Recency of use

p-value q-value p-value q-value p-value q-value

cg09100343 16 CPNE2 7.0E-05 0.05 6.4E-06 0.03 2.3E-04 0.11
cg19216162 20 C20orf24 7.3E-05 0.05 3.4E-06 0.03 6.3E-04 0.14
cg26098117 6 6q22 7.6E-05 0.05 4.4E-06 0.03 3.9E-06 0.04
cg17045804 5 NPR3 7.8E-05 0.05 1.0E-05 0.04 2.5E-04 0.11
cg03836747 7 NA 7.9E-05 0.05 7.8E-06 0.03 5.0E-03 0.23
cg24141382 1 CTPS1 8.0E-05 0.05 4.5E-06 0.03 1.0E-03 0.16

a Adjusted for: age at surgery, race (White, Black, Other), reason for surgery (invasive cancer, in situ cancer, benign, prophylactic, reduction) and BMI
(treated as a continuous variable)
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be actively regulated. The CpG was hypo-methylated
in all our samples but DNA methylation increased
further in HT-users compared to never users.

Twelve CpGs were significant in all three analyses
(never vs. ever, duration of use, and recency of use).
Except for cg01382688 in ARHGEF4 (described
above) one of the most interesting of these is
cg11034191 in INPP4B (Inositol Polyphosphate-
4-Phosphatase Type II B). The INPP4B CpG is in

a CpG island approximately 200bp upstream of the
INPP4B TSS and showed increased DNA methyla-
tion in current and former users compared to never
users. Increased methylation of this CpG island is
associated with transcriptional silencing of INPP4B
[31]. INPP4B is a tumor suppressor gene whose
expression is frequently lost in primary breast
tumors and is associated with higher grade and size
[32]. INPP4B expression is induced by estrogen

Table 3. Genes with multiple significant CpGs.
Ever/Never Correlation with gene expression

Gene/Location CHR Probe p-value q-value cor. p-value

LPGAT1 1 cg07097417 4.3E-06 0.02 −0.18 1.6E-07
1 cg07569918 4.2E-05 0.04 −0.17 9.3E-07

CTBP1-AS2 4 cg20743744 7.8E-06 0.03 NA NA
4 cg23835219 4.7E-05 0.05 NA NA
4 cg25897951 1.6E-05 0.03 NA NA

MGAT1 5 cg15847249 2.6E-05 0.04 NA NA
5 cg04671476 9.3E-06 0.03 NA NA

GPR116 6 cg00629395 2.7E-05 0.04 0.07 0.03
6 cg13975362 7.0E-06 0.03 −0.17 7.7E-07

TNRC18 7 cg13030786 1.3E-05 0.03 −0.03 0.43
7 cg08460153 2.5E-07 0.01 0.01 0.67

7p15 7 cg10083572 1.5E-05 0.03 NA NA
7 cg14826425 4.1E-06 0.02 NA NA

EEPD1 7 cg17328052 8.4E-06 0.03 −0.47 < 1E-30
7 cg26556065 7.8E-05 0.05 −0.47 < 1E-30

TFPI2 7 cg07380959 4.7E-05 0.05 −0.28 3.2E-17
7 cg03333330 3.4E-05 0.04 −0.37 8.3E-29

PTPRN2 7 cg02161503 2.2E-05 0.04 0.63 < 1E-30
7 cg09742643 3.5E-05 0.04 0.75 < 1E-30
7 cg03899215 7.8E-05 0.05 0.70 < 1E-30

ERICH1-AS1 8 cg00602245 3.3E-06 0.02 NA NA
8 cg14041855 4.5E-05 0.05 NA NA

ARHGEF10 8 cg09126794 7.9E-05 0.05 0.33 < 1E-30
8 cg14390047 6.8E-05 0.05 −0.12 6.2E-04

COMMD3-BMI1 10 cg14014799 4.9E-05 0.05 −0.04 0.19
10 cg19378631 3.2E-05 0.04 −0.07 0.03

AIFM2 10 cg04859918 3.2E-05 0.04 −0.15 5.5E-06
10 cg00352027 1.8E-05 0.03 NA NA

LOC100188947 10 cg19192065 6.5E-05 0.05 0.20 5.9E-09
10 cg00526835 4.1E-05 0.04 0.16 5.2E-06

TCERG1L 10 cg08975834 3.7E-05 0.04 NA NA
10 cg10371050 2.0E-05 0.03 0.27 5.3E-12

MICAL2 11 cg23044178 8.1E-05 0.05 −0.37 < 1E-30
11 cg04468741 4.5E-05 0.05 −0.39 < 1E-30

ENOX1 13 cg26872968 9.6E-06 0.03 0.13 1.1E-04
13 cg10448831 2.2E-05 0.04 0.11 1.2E-03

PNMA1 14 cg10523105 3.1E-05 0.04 −0.27 4.4E-16
14 cg09238801 2.4E-05 0.04 −0.30 5.4E-20

ADAMTSL3 15 cg01152302 1.5E-05 0.03 −0.07 0.05
15 cg21377071 2.6E-05 0.04 −0.08 0.02

GRB7 17 cg14263391 1.1E-05 0.03 −0.34 < 1E-30
17 cg08284496 4.6E-05 0.05 −0.30 2.5E-19
17 cg11183072 9.4E-06 0.03 −0.20 6.1E-09
17 cg17740645 6.1E-06 0.03 −0.28 7.3E-17

GIPC3 19 cg14202338 6.2E-05 0.05 0.10 4.7E-03
19 cg07679230 2.6E-05 0.04 0.15 4.5E-06

DDA1 19 cg08142263 1.9E-05 0.03 −0.26 1.4E-14
19 cg10664184 7.9E-05 0.05 0.01 0.80

NA = Not Available

EPIGENETICS 151



receptor alpha binding, with INPP4B providing inhi-
bition of AKT phosphorylation and inhibition of cell
growth [33].

We also identified several genes with multiple
CpGs that were significantly differentially methylated
in HT-users. Interestingly DNA methylation at the
majority of these genes was highly correlated with
expression of the genes. One of the genes, GRB7 had
four CpG sites in potential regulatory regions that all
reached genome-wide significance: two within 100pb
5'; of the TSS (cg14263391 and cg08284496) and two
in the first exon (cg11183072 and cg17740645). All
four CpGs exhibited decreased DNA methylation in
HT users and were significantly negatively correlated
with GRB7 expression. GRB7 codes for an adapter
protein that can interact with different downstream
signaling molecules, including the HER2 receptor.
Increased mRNA expression of GRB7 has been sug-
gested as a prognostic marker for recurrence in triple-
negative breast cancer [34] and may be related to
metastatic potential [35]. In addition, the GRB7 pro-
tein has been implicated as conferring estrogen inde-
pendence in breast cancer cell lines [36].

In this study we used fresh frozen histologically
normal breast tissue enabling us to extract high qual-
ity DNA for methylation analysis. However breast
tissue samples contain a mixture of different cell
types with different methylation profiles which could
confound the statistical association tests. Because
methylation profiles from individual cell types found
in breast tissue are unavailable, we applied the

reference-free method [37] to adjust for the cell mix-
ture effect. The reference-free method is reported to
be similar to reference-basedmethods and to produce
more biologically meaningful results than surrogate
variable analysis (SVA) [37,38]. McGregor et al. [39]
used simulation to compare alternative methods and
showed that although the reference-free method
could increase false positives, it had improved power
and evaluations of several real datasets using both the
reference-free method and SVA produced similar
results.

Additional study strengths were detailed infor-
mation on HT use, including time since last use
and duration of use. A high proportion of women
selected for this analysis also actively used HT up
until the date of surgery. Weaknesses include the
small sample size, which limited our ability to
explore effects of ER status, type of hormone ther-
apy, years since menopause, and initiation of HT
(gap years). The inclusion of participants with
different reasons for surgery may be regarded as
a weakness. However, the majority of women
underwent surgery for invasive or in situ breast
cancer and tumor adjacent tissue was always used.
Another potential weakness of the study are the
small magnitude of effects that we identified which
would need to be replicated in order to confirm
that they are true findings, but we did not have
access to additional datasets with the necessary
information on HT use in order to attempt this.
To account for potential confounding effects in the

Figure 2. Genetic location of significant CpG sites in (a) GRB7 (from left to right: cg14263391, cg08284496, cg11183072 and
cg17740645) and (b) CTBP1-AS2 (from left to right: cg20743744, cg23835219 and cg25897951. CpG sites are depicted as ball-and-
stick representations. Gene sequence, CpG island location and Chromatin State are adapted from http://genome.ucsc.edu/using the
human GRCh73/hg 19 build. Scale is the same in both figures.
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association analyses, we adjusted all analyses for
age at surgery, reason for surgery, BMI, and race
as well as the top 10 surrogate variables derived
from internal control variables. Despite this, the
results should be interpreted with caution and
mainly viewed as exploratory examples of the
potential impact of HT-use on breast tissue
methylation.

In conclusion, despite a small sample set, we
identify a number of genes whose methylation
state is associated with HT use, and that have
plausible links to breast cancer development.
Replication of these results in independent sam-
ples remain, together with testing the hypothesis
that methylation of these genes is altered in HT-
associated breast tumors.

Materials and methods

Study population

Normal breast tissue samples used in this study
come from women enrolled in the NBS [40]. NBS
contacted 526 women above 18 y of age who were
undergoing breast surgery at the University of
North Carolina Hospitals. Eligible surgery types
included total mastectomy, partial mastectomy,
and excisional biopsy for women with breast
tumors; prophylactic mastectomy for women at
high risk of breast cancer; and elective surgery
(reduction mammoplasty or mastopexy). Of the
patients contacted for participation, 23 declined
and 29 lacked available breast tissue. The final
study population was therefore set at 474 patients.
Participants donated snap frozen normal breast
tissue, two tubes of blood, and completed
a telephone interview to assess demographics and
risk factors. After surgery, medical record abstrac-
tion was conducted to obtain anthropometric data.

One hundred and six women reported using HT
at some point prior to surgery; we selected for
inclusion in our study all 54 women who had
used HT within the past 5 y (excluding 52
women that reported using HT but were either
missing information on time since last use or had
stopped using HT >5 y prior to surgery). The 54
HT-users consisted of 37 ‘current users’ who
reported that they had used HT within one year
of surgery and 17 ‘former users’ who reported

stopping HT use 1–5 y prior to surgery
(Supplementary Table S1). Of the women who
reported never using HT (n = 368) we used fre-
quency matching by age to select 36 women from
different age categories similar to the ages of our
current and former users (Supplementary Fig. S3).
All HT users except one former user had used HT
for a minimum of 12 months.

Sample preparation

Samples of fresh-frozen normal-appearing breast
tissue were sectioned front and back and stained
with hematoxylin and eosin (H&E). For women
with breast cancer, normal breast tissue was
obtained at a distance of at least two centimeters
from the tumor margin. The H&E slides were
scanned into high-resolution digital images using
the Aperio Scan-Scope XT Slide Scanner at the
Translational Pathology Lab (TPL) at UNC.
Image analysis was used to segment images and
calculate proportions of epithelial, stromal and fat
tissue as described in Sandhu et al [41]. Frozen
tissue adjacent to the H&E sections were used for
DNA extraction.

DNA extraction and bisulfite conversion

20–25mg tissue samples were digested with 20 µl
proteinase K and 180 µl buffer ATL at 56°C for
2 hours or until liquid was clear. DNA was
extracted using DNeasy (Qiagen, Cat No: 69,506),
according to the manufacturer’s instructions.
Extracted DNA was eluted in 100 µL buffer AE
and quantified using the Qubit fluorometer
(Thermo Fisher Scientific), all samples were
adjusted to a final volume of 45 µl containing
1000 ng of DNA. Extracted DNA samples were
bisulfite converted simultaneously using the
Zymo EZ DNA methylation kit (Zymo Research,
Cat No: D5002) according to the manufacturer’s
instructions. Briefly, 5 µl of M-dilution buffer was
added to each sample yielding a final volume of
50 µl. Samples were incubated at 37°C for 15 min
after which 100 µl of prepared CT-conversion
reagent was added. The samples were then incu-
bated for 16 cycles of 95°C for 30 sec followed by
50°C for 60 min, using the manufacturer’s recom-
mendation for samples intended for the Illumina
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HumanMethylation450 BeadChip. After this, sam-
ples were kept at – 80°C until epigenome-wide
analysis.

Epigenome-wide analysis

Genome wide DNA methylation was assessed
using the Illumina HumanMethylation450
BeadChip (Illumina, Cat No: WG-314–1003)
which provides information on 485,577 CpG sites
with 99% coverage of RefSeq genes and an average
of 17 CpG sites per gene including sites in the
promoter, 5ʹUTR, first exon, gene body, and
3ʹUTR. Four µl of bisulfite-converted DNA from
90 samples, 4 duplicate samples, and 2 DNA
methylation laboratory controls consisting of
human methylated (100%) and non-methylated
DNA (Zymo Research, Cat No: D5014) were ran-
domly assigned to eight 450K chips with 12 sam-
ples on each chip. DNA was hybridized to the
array following the manufacturer’s protocol and
then scanned with an Illumina iScan. DNA methy-
lation array data has been deposited into the NCBI
Gene Expression Omnibus (GSE108213).

Pyrosequencing

Pyrosequencing primers were constructed for one
of the top three CpGs associated with HT use that
also passed a strict Bonferroni correction
(cg26334888 in FAM3D – Supplementary Table
S5). Pyrosequencing was performed as previously
described [42]. Briefly, bisulfite converted DNA
from all 96 samples was subjected to a PCR con-
taining 5 pmol of each primer (forward and
reverse) 10xPCR buffer (Thermo Fisher Scientific,
Cat No: 10,342,020), 3 mM MgCl2, 1 mM dNTP,
and 0.8 units of Taq polymerase (Thermo Fisher
Scientific, Cat No: 10,342,020), heated to 95°C for
15 minutes, followed by 45 PCR cycles (95°C for
20 seconds, 58°C for 20 seconds and 72°C for
20 seconds) with a final extension at 72°C for
5 minutes. The pyrosequencing was carried out
using PyroMark Q96 MD System (Qiagen) accord-
ing to the manufacturer’s instructions. Percentage
methylation was quantified using the Pyro Q-CpG
Software (Qiagen).

Data analysis

The ENmix R package was used to preprocess raw
DNA methylation data in order to improve data
quality (https://bioconductor.org/packages/release/
bioc/html/ENmix.html). Briefly, we used the
ENmix method to reduce background noise [43];
the RELIC method to correct fluorescent dye-bias
[44]; and quantile inter-array normalization on the
methylation intensity values and RCP method to
reduce Infinium I and II probe design bias [45].
We excluded 5 samples due to data quality issue: 3
samples with >0.05% low quality methylation
values (detection p > 1 x 10−6 or number of
beads <3) or with an average bisulfite intensity of
<4000, and 2 samples with missing phenotype
data. A total of 77,941 CpG probes were excluded:
11,796 CpG probes with >5% low quality data;
66,145 probes with: 1) common SNPs
(MAF>0.05 in HapMap CEU dataset) within 2
base pairs of the probe target region, 2) non-
specific CpGs mapping to multiple genomic loca-
tions, 3) Illumina designed SNP probes, 4) located
on the Y chromosome or 5) multiple mode CpGs
identified by ENmix R package.

We examined the association between ever use
of HT (n = 51) and never use of HT (n = 34)
adjusting for age at surgery, race (White, Black,
Other), reason for surgery (invasive cancer, in situ
cancer, benign, prophylactic, reduction) and BMI
(treated as a continuous variable). To account for
the possibility of different cell type composition in
the tissue samples we used a reference-free method
[37] to test the association between HT use-status
and methylation level at each CpG site.
Experimental batch effects and other unknown
confounders were accounted for by adjusting for
the top ten surrogate variables derived using the
singular value decomposition (SVD) analysis of
the 235 non-negative internal control probes on
the array [46]. We then used the same reference-
free cell mixture method to perform trend tests
between methylation level and categorical pheno-
type variables for the effects of duration of use
(HT-use 1: 0–5 y (n = 19), 2: 6–10 y (n = 8) and
3: >10 y (n = 24)) and recency of use (1: never
users (n = 34), 2: former users (n = 17), 3: current
users (n = 34)). We used the false discovery rate
(FDR q < 0.05) to adjust for multiple comparisons.
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Associations between DNAmethylation and gene
expression evaluated using Spearman correlation in
breast tissue datasets from The Cancer Genome
Atlas (TCGA). DNA methylation and mRNA-Seq
data were downloaded from the Broad Institute web-
site (http://gdac.broadinstitute.org). A total of 868
TCGA samples had both DNA methylation and
gene expression data available for breast tissue.
CpGs were first mapped to genes according to the
NCBI build 37 gene annotation, and then correlation
analyses were performed for each CpG and gene
expression pairs.
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