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Risk assessment of future breast cancer risk through exposure to sex steroids currently re-
lies on clinical scorings such as mammographic density. Knowledge about the gene expres-
sion patterns in existing breast cancer tumors may be used to identify risk factors in the
breast tissue of women still free of cancer. The differential effects of estradiol, estradiol to-

Accepted 12 September 2011
Available online 16 September 2011

Keywords:

Hormonal replacement therapy
Menopause

Estradiol

Tibolone

Breast cancer

gether with gestagens, or tibolone on breast cancer-related gene expression in normal
breast tissue samples taken from postmenopausal women may be used to identify gene ex-
pression profiles associated with a higher breast cancer risk. Breast tissue samples were
taken from 33 healthy postmenopausal women both before and after a six month treat-
ment with either 2 mg micronized estradiol [E2], 2 mg micronized estradiol and 1 mg nor-
ethisterone acetate [E2 + NETA], 2.5 mg tibolone [T] or [no HRT]. Except for [E2], which was
only given to women after hysterectomy, the allocation to each of the three groups was
randomized. The expression of 102 mRNAs and 46 microRNAs putatively involved in breast
cancer was prospectively determined in the biopsies of 6 women receiving [no HRT], 5
women receiving [E2], 5 women receiving [E2 + NETA], and 6 receiving [T]. Using epithelial
and endothelial markers genes, non-representative biopsies from 11 women were elimi-
nated. Treatment of postmenopausal women with [E2 + NETA] resulted in the highest
number of differentially (p < 0.05) regulated genes (16.2%) compared to baseline, followed
by [E2] (10.1%) and [T] (4.7%). Among genes that were significantly down-regulated by
[E2 + NETA] ranked estrogen-receptor-1 (ESR1, p=0.019) and androgen receptor (AR,
p =0.019), whereas CYP1B1, a gene encoding an estrogen-metabolizing enzyme, was signif-
icantly up-regulated ( p = 0.016). Mammary cells triggered by [E2 + NETA] and [E2] adjust for
steroidogenic up-regulation through down-regulation of the estrogen-receptor pathway. In
this prospective study, prolonged administration of [E2 + NETA] and to a lesser extent of
[E2] but not [T] were associated in otherwise healthy breast tissue with a change in the
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expression of genes putatively involved in breast cancer. Our data suggest that normal

mammary cells triggered by [E2 + NETA] adjust for steroidogenic up-regulation through
down-regulation of the estrogen-receptor pathway. This feasibility study provides the basis
for whole genome analyses to identify novel markers involved in increased breast cancer

risk.

© 2011 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Breast cancer risk assessment is an important issue in clinical
medicine and various methods such as scoring systems based
on epidemiological characteristics (Gail et al., 1989), sex ste-
roid levels in the serum (Key et al., 2002; Missmer et al,,
2004; Zeleniuch-Jacquotte et al., 2004) and mammographic
density (Byrne et al., 1995) have been proposed for the early
prediction of a higher breast cancer risk in individual post-
menopausal women. All these parameters point to the crucial
role of sex steroids in creating the environment in the breast
which ultimately leads to the manifestation of overt breast
cancer disease. The present study was based on the hypothe-
sis that the changes caused by hormonal therapeutics on the
expression levels of genes in the mammary tissue of postmen-
opausal women can be used to identify additional markers for
the prediction of incident breast cancer.

Various hormonal treatments have been shown to modify
the breast tissue differently and to alter the risk of breast
cancer. With mammographic density known to be increased
during prolonged administration of hormone replacement
therapy (HRT, Greendalem et al., 2003) and to be reduced under
tamoxifen (Cuzick et al., 2004), both mammographic density
and circulating sex steroid levels have been described as inde-
pendent markers of an increased risk of breast cancer by HRT
(Tamimi et al., 2007). Combined treatments with estrogens
and progestagens and to a lesser extent with estrogen-only
preparations enhance mammographic density, whereas tibo-
lone [T] does not affect mammographic density (Lundstrom
et al., 2002; Valdivia et al., 2004). Continued treatment with
both estrogens and progestagens increases the incidence of in-
vasive breast cancer in postmenopausal women (Collaborative
Group on Hormonal Factors in Breast Cancer, 1997; Schairer
et al., 2000; Writing Group for the Women’s Health Initiative
Investigators, 2002). In contrast, the risk of breast cancer was
notsignificantly influenced in hysterectomized women receiv-
ing conjugated estrogens alone (The Women’s Health Initiative
Steering Committee, 2004) as for elderly women with chronic
low circulating estrogen levels at risk of osteoporosis receiving
[T] (Cummings et al., 2008), although the recurrence rate was
increased by [T] in women previously diagnosed with breast
cancer (Kenemans et al., 2009). In case—control studies involv-
ing early postmenopausal women, the results with respect to
the effect of [T] on breast cancer risk are conflicting (Beral
et al.,, 2003; Banks et al., 2006; Opatrny et al., 2008).

The aim of this prospective study was to explore the effects
of three distinctive hormonal preparations, each with a differ-
ent effect on mammographic density and on circulating sex
hormone levels, on the expression of a list of genes putatively

known to be involved in breast cancer, such as proliferation
and apoptosis markers, breast cancer subtype specific stromal
and stem cell markers as well as markers for steroid receptors,
steroidogenic and steroid-metabolizing enzymes
(Supplementary Table 1, on line only). This list of genes was
extracted from large data bases collected from well character-
ized breast cancer samples which were used so far to establish
prognostic and predictive patterns in already existing breast
cancer cases. To evaluate the expression of these genes in re-
lation to increased breast cancer risk of healthy women due to
the use of HRT core needle biopsies were taken from the
breasts of healthy postmenopausal women before and after
six months of hormonal treatment.

2. Subjects and methods

This research project was conceived as a prospective study
aiming at identifying differences in the expression profile of
genes in core needle biopsies taken from the breasts of post-
menopausal women. Except for [E2], which was following
established guidelines only given to women after hysterec-
tomy, the allocation to each of the three other treatments, es-
tradiol and norethisterone acetate [E2 + NETA], tibolone [T] or
[no HRT], was randomized using sealed envelopes. The com-
pliance of the volunteers was controlled by measuring the
plasma levels of FSH and SHBG both at the onset and at the
end of the intake of the respective hormonal preparations.
The serum samples were stored frozen at —70 °C and the as-
say of both FSH and SHBG concentrations was carried out in
one single run.

As gene expression profiles detected in the core needle bi-
opsy of a breast tumor have been shown to be representative
of the entire tumor (Zanetti-Dallenbach et al., 2006), we made
use of such biopsies taken from the upper outer quadrant of
the left breast of healthy postmenopausal women before
and after 6 months of each treatment modality.

The inclusion criteria were as follows: healthy postmeno-
pausal women at least three months after natural menopause
as identified by secondary amenorrhea in the presence of FSH
levels above 30 IU/L and estradiol levels below 40 pmol/L; nor-
mal BMI below 32 kg/m?, and having normal prolactin levels.
All participants were to be Caucasians. The exclusion criteria
were intake of HRT, dihydroepiandrosteron or phyto-
estrogens at least four weeks before recruitment, intake of
cardiac medication, any excessive abuse of drugs or alcohol,
known existing pathology of the breast, claustrophobia, the
presence of metallic implants, such as pacemakers, and an
endometrial thickness above 5 mm.
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assessed for eligibility
(n=55)
excluded because of not
meeting the inclusion criteria
(n=22)
randomized
(n=33)
First breast tissue sampling and allocation to treatment
| |
[no HRT] after hysterectomy only [E2+NETA] [T]
(n=8) [E2] (n=8) (n=9) (n=8)
Second breast tissue biopsy
[no HRT] [E2] [E2+NETA] [T]
(n=8) (n=8) (n=9) (n=8)
T T
Blood samples available for FSH and SHGB measurement
[no HRT] [E2] [E2+NETA] [T
(n=7) (n=8) (n=9) (n=7)
Selection of good quality tissue samples based on endothelial and epithelial markers
[no HRT] [E2] [E2+NETA] [T]
(n=6) (n=5) (n=5) (n=6)

Figure 1 — Flow diagram of cases during recruitment and breast tissue sampling.

The participants were recruited through repeated adver-
tisements in local newspapers. At the beginning of the screen-
ing phase, all potential participants were interviewed, thereby
identifying their respective health status, reproductive history
and presence or absence of climacteric symptoms together
with an evaluation of all inclusion and exclusion criteria.
Women fulfilling all criteria underwent a series of tests, which
included gynecological examination including cervical cytol-
ogy and transvaginal sonography, mammography, sonography
of the breast and whole body Dual Energy X-ray Absorptiome-
try (DEXA). The concentrations of the following hormones
were measured in serum: TSH, free l-thyroxine (fT4), estradiol,
LH, FSH and prolactin. Thereafter, serum was taken together
with breast tissue using a core needle (gauge 14, 22 cm length)
in local anesthesia. Initially, due to pain concerns, only one
sample was taken, but as the procedure proved to be painless,
up to three samples were taken. After six months, plasma was
taken together with a second set of biopsies following the
same protocol as described above. All biopsies were performed
in the outer upper quadrant of the left breast and both plasma
and biopsies were stored at —70°C until analysis. This study
was presented to and approved by the Ethics committee of
Basel and all participants signed consent. A flow diagram of

cases is presented in Figure 1 and the full study protocol has
been published at www.unibas.ch (ID 222544).

One hundred and two mRNAs and 46 microRNAs (miRNAs)
were selected for this study according to current knowledge of
both normal breast physiology and breast cancer biology
(Supplementary Table 1, on line only). Aberrant patterns of
miRNA expression have been implicated in human disease in-
cluding ER-positive and ER-negative breast cancer (Foekens
et al., 2008) and other studies have identified miRNAs regu-
lated by estrogens in human breast cancer cells (Klinge,
2009). The expression of all genes was determined using writ-
ten standard operating procedures previously established at
the Department of Medical Oncology of the Josephine Nefkens
Institute and of the Cancer Genomics Centre at the Erasmus
University in Rotterdam, The Netherlands, and are described
in detail in the Supplementary data section.

3. Results

The recruitment of the volunteers, their randomization and
the selection of the tissue samples are summarized in
Figure 1. The shortest interval between stop of previous HRT

Figure 2 — Confirmation of the volunteers’ adherence to treatment. A: both the individual and the mean changes in FSH concentration (in IU/L,

with the 95% confidence interval) at the onset and at the end of treatment with each of the four treatment modalities are depicted. In one

participant the level of FSH rose from 71.4 TU/L to 77.6 IU/L during six month treatment with [T]. This difference was considered to be within
the normal variability of the FSH level. B: both the individual and the mean changes in SHBG concentration (in nmol/L, with the 95% confidence
interval) at the onset and at the end of treatment with each of the four treatment modalities are depicted. In one individual the level of SHBG
failed to drop substantially during the six month intake of [T]. The participant with lack of SHBG change is different from the one with a slight

rise in the FSH level (Figure 2A) and both were therefore not considered as being non-compliant.
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Figure 3 — Supervised hierarchical clustering to evaluate similarity among treatment groups. Expression levels of markers expressed differently

(2 < 0.05) among treatment groups. Marker names, shown on the right side of the clustering diagram, were normalized by Spearman rank

correlation from —1.0 to 1.0. Blue squares in the cluster diagram indicate a positive relative transcript expression (0—1.0), yellow squares a negative

relative expression (—1.0 to 0) and black squares depict a relative expression of zero. Each row depicts a single gene, each column a single case. The

dendrogram on top present the relatedness of the profiles of individual cases and the dendrogram on the left the relatedness of the individual genes

and miRNAs in this clustering. The longer the dendrogram arm, the greater the difference in between individual cases and genes within a cluster.
Cases are color- and number-coded according to the treatment group: (i) gray [20]; [no HRT] before therapy and black [21], [no HRT] after 6
months. (i) pink [10], [E2] before therapy and red [11], [E2] after 6 months. (iii) light green [30], [E2 + NETA] before therapy and dark green
[31], [E2 + NETA] after 6 months. (iv) light blue [40], [T] before therapy and dark blue [41], [T] after 6 months.

and inclusion into the study was 4 months and 72.7% of all par-
ticipants reported no previous use of HRT. The volunteers’ ad-
herence to the medication was controlled through the
expected changes in the serum levels of FSH and SHBG as mod-
ified by the respective treatments (Figure 2). The variability of
the FSH and SHBG levels in the participants of the [no HRT]-
group was biologically insignificant and corresponds to the
natural fluctuations of hormone levels during a six months ob-
servation period. The levels of FSH were lower in allindividuals
of the three groups that indeed underwent hormonal treat-
ment. The serum levels of SHBG dropped significantly in the
[T]-group, whereas they rose in the women treated with
[E2 + NETA] and [E2]. One individual in the [T]-group displayed
a slight rise in the FSH serum level, whereas another had con-
stant SHBG levels. All changes were as expected and we con-
sider all participants to have been compliant to the treatment.

Biopsied breast tissue samples were available from both
before and after six months treatment of nine women treated

with [E2 + NETA], eight women treated with [E2], eight women
treated with [T] and eight women with [no HRT]. As in most of
the 33 recruited women up to three core needle biopsies were
taken at each instance, 164 biopsies were available. After RNA
isolation, a panel of 3 reference genes (GUSB, HPRT1 and
HMBS ) was used to evaluate the quality and the quantity of
the extracted mRNA. Based on the expression of these genes
(<25 Ct, i.e. less than 25 PCR cycles required to pass the fixed
fluorescence threshold), we were able to extract good quality
(QQ) mRNA from 122 of the 164 individual biopsies (74%) taken
from 30 volunteers. Therefore, the RNA of three volunteers
was of insufficient quality for this study and these were for
that reason excluded from further analysis.

The expression of KRT19, which encodes the epithelial
cytokeratin-19 protein marker, was used to evaluate the rela-
tive contribution of epithelial cells in the samples. With the
median KRT19 mRNA level after normalization on the refer-
ence genes at 13.95 (range: 0.01-54.19), an arbitrary cut-off
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was set at 25% of the median (3.49). Thirteen additional sam-
ples did not fulfil the criterion of sufficient mRNA KRT19 > 3.5
(Supplementary Figure 1A, on line only).

In duplicate biopsies, sampled at single time points, we
evaluated the concordance of the expression of the selected
set of genes and miRNAs. These comparisons demonstrated
that only samples were to be included which contained suffi-
cient expression levels of both endothelial and epithelial
genes. The number of mismatched samples was thus reduced
by excluding samples with low indices of the epithelial marker
gene [KRT19] and the endothelial marker genes [CDH5, MCAM,
VCAM1 and VWF], with arbitrary cut-off levels set at 25% of the
median value of 13.95 (range: 0.01-54.19, Figure 3A) and 1.29
(range, 0.02—6.13, Supplementary Figure 1B, on line only), re-
spectively. Twenty-six of the 122 good quality RNA samples
did not fulfil the criteria, as they contained insufficient
amounts of mRNA of both the epithelial marker KRT19 and
the endothelial marker gene set, and were therefore excluded
from further analyses. To demonstrate the homogeneity of
tissue composition between the four groups after these pre-
cautions, one-way ANOVA was performed on log-
transformed variables followed by Dunnett’s post hoc-test.
The three treatment groups were compared with the [no
HRT]-control group. None of the expression levels of 8 genes
marking epithelial breast tissue [CEACAM1, KRTS5, KRT7,
KRTS8, KRT18, KRT19, MUC1, EPCAM], none of the expression
levels of the 4 genes marking endothelial tissue [CDHS5,
MCAM, VCAM1 and VWF], none of the 3 genes marking adi-
pose tissue [ADIPOQ, LEP, RETN], nor of the expression levels
of 4 genes marking stromal breast tissue [ALCAM, COL1A1,
COL1A2, VCAN] were found to be significantly modified by
HRT (p>0.1).

After this series of stringent selections biopsies taken be-
fore and after HRT were available from 22 women: 6 women
receiving [no HRT], 5 women receiving [E2], 5 women receiving

[E2 + NETA] and 6 receiving [T]. The demographic characteris-
tics of these subjects are summarized in Table 1. Among all
variables, only age at start of therapy (p <0.01) and the age
of menarche (p <0.05) were significantly higher in the [E2]-
group compared with the [no HRT]-group.

In order to identify the effects of the four treatments on the
expression levels of the selected genes, the data of the 22 biop-
sies taken at baseline were compared with those after treat-
ment. Forty-four (31 mRNAs and 13 miRNAs) of the 148
markers showed a significant differential expression in these
unpaired Wilcoxon’s tests ( p < 0.05), Table 2. Both [E2 + NETA]
and [E2] resulted in a significantly higher number of genes dif-
ferentially expressed before and after treatment (16.2% and
10.1% for [E2 + NETA] and [E2], respectively), whereas [T] was
associated with the lowest number of differentially expressed
markers (4.7%).

Supervised hierarchical clustering analysis by means of
Spearman rank correlation was performed using these 44
genes ( p < 0.5). Figure 3 shows how this resulted in the identi-
fication of two main clusters of cases and 2 main clusters of
genes. The cluster on the right side harbors all cases from do-
nors after 6 months in the [E2 + NETA]-group (depicted by
green squares) and all cases after 6 months of [E2]-group
(depicted by red squares), with the [E2 + NETA]-group cluster-
ing closely together indicating a high level of homology. The
individuals receiving [T] (depicted with dark blue squares)
are positioned at random together with the controls receiving
[no HRT] (depicted by black squares), suggesting that none of
the genes examined were much affected by [T].

To authenticate the possible clinical relevance of these
markers at the individual level, we corrected our data for mul-
tiple comparisons using a false discovery rate of 10%
(Benjamini and Hochberg, 1995). After this correction, the ex-
pression levels of NCAM1 remained significantly lower and
the expression levels of TFF1, STMN1 and C2CD4A [FAM148A,

Table 1 — Clinical characteristics of the 22 qualified cases at the onset of treatment.

Group no HRT E2 + NETA E2 Tibolone p°

No. of participants 6 5 5 6

Age (y)° 52.5 (51.4-53.6) 55.4 (51.0-59.8) 58.2 (55.8—60.6) 56.0 (52.5.3—60.0) p<0.01

Age at menarche (y) 12.7 (11.4-13.9) 14.0 (13.1-14.9) 14.4 (13.0-15.8) 13.5 (12.9-14.1) p <0.05

Family history® with 1 1 1 1 n.s.
breast cancer (no.)

TSH (mIU/L) 8(1.8-3.8) 2 (0.5-3.9) 2.7 (1.8-3.5) 5 (1.1-4.0) ns.

fT4 (ng/dL) 2(1.1-1.4) 1(1.0-1.2) 1.2 (0.9-1.4) 2 (1.0-1.3) n.s.

Estradiol (pg/mL) 6 (3.7-13.6) 3(2.0-14.5) 9.9 (4.9-14.8) 3(2.8-13.8) n.s.

FSH (IU/L) 96 6 (72.1-121.0) 79 9 (53.4—106.5) 93.6 (51.6—136.0) 99 0 (77.6—120.4) n.s.

LH (IU/L) 42.4 (31.4-53.4) 39.7 (29.7—49.7) 44.8 (26.1—63.5) 39.8 (32.8—46.8) n.s.

Prolactin (mIU/L) 215 (120—310) 208 (127—289) 283 (218—348) 258 (156—360) n.s.

BMI (kg/m?) 23.6 (20.1—27.1) 25.7 (21.9-30.0) 25,5 (20.4—30.6) 22.1 (20.7—23.5) ns.

Lean mass (kg) 36.7 (29.1-44,3) 40.8 (36.0—45.5) 41.4 (38.3—44.6) 39.0 (34.6—43.4) n.s.

Fat mass (kg) 22 1 (12.4-31.9) 24 6 (14.9-3.3) 28.1 (16.9-39.3) 18 5 (14.6—22.4) ns.

Mammographic ACR-density? .2 (0.9-3.4) .8 (0.8-2.8) 2.2 (1.2-3.2) .5 (1.6—3.4) ns.

Sonographic ACR-density? .8 (1.0-2.6) .6 (0.5-2.7) 1.8 (0.8—2.8) .5 (1.9-3.1) n.s.

a Median values together with their 95% confidence intervals.

b Mann Whitney U unpaired test, value versus [no HRT].

¢ Only close family members were considered (mother or sister). One participant in the [no HRT] group was unable to provide any information
about the health status of members of her family.
d ACR denominates American College of Radiology.
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Table 2 — Identification of markers differentially expressed among
the four treatment groups.

Markers Unpaired Wilcoxon test

no HRT E2 E2 + NETA T

n==6 n=>5 n=>5 n==6
22vs 6 22vs 5 22vs 5 22vs 6

P (2-tail) P (2-tail) P (2-tail) P (2-tail)
ALCAM 5.7E—-02 4.7E-01 3.1E—-02 2.7E-01
AR 6.7E-01 4.4E-01 1.9E—02 5.4E-01
BCL2 8.4E—01 3.3E-01 1.6E—02 3.9E-01
CCNE1 4.7E—02 4.2E—02 4.0E-01 7.6E-01
CCNE2 7.6E—01 6.0E-01 1.9E—02 9.8E-01
CDC2 4.2E-01 4.0E-01 1.6E—02 6.3E-01
CDC20 4.2E-01 4.4E-01 1.4E—-02 3.9E-01
CTSD 2.1E-01 5.7E-01 3.1E—-02 2.5E-01
CYP1B1 6.3E-01 5.1E-01 1.6E—02 8.9E-01
EGFR 4.8E-01 6.8E-01 1.6E—02 3.6E—02
ERBB2 6.1E-01 9.8E-01 1.9E—-02 2.5E-01
ESR1 8.0E-01 7.8E-01 1.9E—-02 2.3E-01
IGF1R 8.0E-01 9.8E-01 1.6E—02 5.8E-01
IGF2 7.2E-01 5.5E—-03 3.3E-01 9.8E-01
KRT19 8.0E-01 1.6E—02 8.5E-01 6.5E-01
MCAM 8.9E-01 6.4E—01 3.1E—-02 6.3E-01
MYBL2 5.2E-01 5.5E-01 2.7E—-02 6.7E-01
NCAM1 3.9E-01 1.6E—02 1.6E—03 2.6E-01
NCOR2 8.4E-01 5.7E-01 2.7E—-02 9.3E-01
NLF1 8.4E-01 1.8E-01 3.0E-03 89E-01
ORC6L 8.6E—04 2.0E—-03 1.6E—02 4.0E-01
PGRA/B 5.6E—01 1.6E—02 8.8E-01 7.6E-01
PGRA 5.4E-01 2.7E—-02 4.7E-01 5.6E—01
SERPINE1 3.1E—-02 9.3E-01 7.8E-01 6.7E—-01
SOX4 5.6E—01 8.6E—02 6.4E—-01 6.1E—03
SPP1 2.3E—-02 9.8E—02 9.8E—02 7.2E-01
STMN1 8.8E—02 2.3E—-02 1.0E—03 7.6E—01
SULT2B1 23E-02 6.0E-01 2.5E-01 1.2E-01
TFF1 3.7E-01 2.5E—-03 8.4E—04 4.4E—-02
TWIST1 5.6E-01 7.8E-01 1.9E-01 9.2E—-03
VWF 5.6E—01 4.9E—-02 6.6E—02 4.8E-01
hsa-let-7b 9.3E-01 9.8E-01 1.1E-01 2.3E—-02
hsa-miR-106a 7.2E-01 4.9E—-02 4.0E-01 9.8E-01
hsa-miR-106b 6.3E-01 8.3E-01 4.9E—02 7.2E-01
hsa-miR-141 5.6E—01 3.7E—-02 7.3E-01 6.7E-01
hsa-miR-146b-5p 2.7E-01 1.1E-01 3.7E—-02 1.2E-01
hsa-miR-149 8.7E-01 8.0E—03 5.7E—02 9.8E-01
hsa-miR-17 5.2E-01 3.7E—02 47E-01 4.2E-01
hsa-miR-184 6.3E-01 2.5E-01 9.8E—02 2.0E—02
hsa-miR-186 2.7E-01 6.8E-01 4.9E—02 4.5E-01
hsa-miR-21 4.1E—-02 3.7E-01 1.8E-01 9.3E-01
hsa-miR-210 8.0E-01 4.2E—02 9.3E-01 5.6E-01
hsa-miR-26a 7.6E-01 8.3E-01 3.1E—-02 4.2E-01
hsa-miR-30c 6.7E—-01 7.3E-01 5.7E—02 1.3E—-02
p < 0.05 4.1% 10.1% 16.2% 4.7%

P-values of markers in the 22 biopsies sampled before treatment
compared with the data of biopsies after treatment (Wilcoxon'’s
test). Only the data of genes and miRNAs with p < 0.05 in any of
the groups before and after treatment are depicted here.

NLF1] significantly higher in the [E2 + NETA]-group after treat-
ment (Prpr adjusted < 0.05) (Figure 4).

Estrogens may be involved in the development of breast can-
cer through formation of carcinogenic steroid metabolites and/
or induction of proliferation through modulation of nuclear

receptor activity (Zhu and Conney, 1998; Rogan et al., 2003;
Cavalieri et al.,, 2006). Among the nuclear receptors AR, ESR1,
ESR2 and PGRA and PGRA/B, only [E2 + NETA] resulted in a signif-
icant decrease in the expression levels of AR ( p = 0.02) and ESR1
(p=0.01, Student’s t-test on log-transformed paired variables).
Although the expression levels of PGRA were not significantly af-
fected, [E2] significantly up-regulated those of PGRA/B
(p=0.004). Figure 5 shows the individual changes in mRNA
levels of these nuclear receptors with respect to the hormonal
treatments and demonstrates how an individual reaction to
treatment can be detected through breast biopsy and gene ex-
pression analysis, e.g. for the prediction of increased breast can-
cer risk. In addition, an increased cancer risk has been
associated with a disruption in the balance in the expression
of estrogen-metabolizing enzymes such as sulfotransferase
(Miyoshi et al., 2003), (SULF ), steroid sulfatase (Sasano et al.,
2009) (SULT) and hydroxysteroid dehydrogenase (Nagasaki
et al., 2009). We therefore assessed alterations in expression
levels of genes encoding enzymes involved in estrogen metabo-
lism [http://microrna.sanger.ac.uk]. Whereas CYP19Al,
HSD17B1, HSD17B2 and SULF1 in combination with hsa-miR-
150, -186, -193a-5p, -20a, -21, -214 contribute to the estrogen-ac-
tivating pathways, COMT, CRYZ, CYP1A1, CYP1B1,CYP3A, GSTA1,
SULT1E1, SULT2A1 and SULT2B1 in combination with hsa-miR-
106b, -145, -26a contribute to the estrogen-inactivating path-
ways (Opatrny et al., 2008). Although significant changes were
observed in individual genes such as CYP1B1 and hsa-miR-21,
-106b and -26a (Table 2), the expression levels of none of these
gene panels as awhole were significantly altered after treatment
with any of the various treatments (Student’s t-test on log-
transformed paired variables for both panels, p < 0.1). Whole ge-
nome expression profiling may provide more insight into which
pathways are affected by specific types of HRT in particular.

4. Discussion

Both the early origin of breast cancer and its development
into a manifest tumor indicate that these processes depend
on a particular endocrine environment. At present, this envi-
ronment is assessed through personal history, hormonal
analyses in the blood and mammographic density. Direct as-
sessment of regulatory pathways at work in the breast and
predictive of breast cancer could be more helpful and the
analysis of gene expression patterns in women with higher
risk of breast cancer may provide the basis for such an ap-
proach. Much is known about the gene expression patterns
in existing breast cancer tumors. However, no extensive
gene expression profiles have yet been published from nor-
mal breast tissue of otherwise healthy postmenopausal
women with distinctive risks of breast cancer due to the use
of HRT.

In this prospective experimental study, we used three com-
monly used hormonal treatments to establish different endo-
crine environments, which have previously been shown to
have a differential effect on the risk of breast cancer inci-
dence. The relationship between estrogens (both endogenous
estrogen levels and estrogen levels after exogenous supply of
estrogens) and the risk of postmenopausal breast cancer is
well known from epidemiological and interventional studies,
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Figure 4 — Box-Whisker plots of gene markers significantly differentially expressed after HRT. mRNA expression data of TFF1, STMNI,

C2CD4A4 and NCAM1 in 22 biopsies taken before start of therapy [no HRT] were compared with those of the biopsies trichotomized according the
various treatment groups. The box-plot shows the five statistics (lower whisker is 5% minimum, lower box part is the 25th percentile, solid line in
box presents the median, upper box part is 75th percentile, and upper whisker is 95% maximum). Significance levels (*) are relative to the expression

levels measured in the control group [no HRT]. PepR adjusted, 10% < 0.05%

but the combined action of estrogens and progestagens has
been the most significant clinically (Writing Group for the
Women’s Health Initiative Investigators, 2002). Although
those studies were carried out with conjugated equine estro-
gens, micronized 17B-estradiol has been shown to act simi-
larly on breast cancer cell lines (Mueck et al., 2003). In
contrast, [T] has been shown not to affect mammographic
density and to have the least marked effect on breast cancer
metabolism (Lundstrom et al.,, 2002; Valdivia et al., 2004).
This prospective study was initiated to examine mRNA and
miRNA signatures before and after the administration of three
different hormonal preparations (Castellano et al., 2009).

During this trial none of the participants was diagnosed
with breast cancer as evidenced with both mammography
and sonography and we found no difference in the incidence
of breast cancer among close family members among the
four groups. Therefore, we have no indication any of our find-
ings can be explained by the presence of pre-existent malig-
nant cells in the biopsies.

The present data revealed that, also after correcting for
multiple comparisons, [E2 + NETA] led to a significantly higher
number of disrupted genes as compared to [E2], whereas [T]
hardly affected the expression levels. Estrogens are known
to increase breast cancer risk through the formation of certain
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Figure 5 — Individual reactions in the change in mRNA levels of nuclear receptors in relation to the hormonal treatment. mRNA expression levels

of the nuclear receptors AR, ESR1, ESR2 and PGR in 22 biopsies taken before start of therapy were compared with those measured in biopsies of

the same individuals after treatment. T-test statistics (2-sided p) are indicated in the graphs.

carcinogenic metabolites (Zhu and Conney, 1998; Rogan et al.,
2003; Cavalieri et al., 2006). This is also exemplified by the
lower incidence risk of breast cancer in women treated with
compounds exerting anti-estrogenic effects such as tamoxi-
fen (Cuzick et al., 2007) and raloxifene (Grady et al., 2008).

In agreement with its known effect on mammographic den-
sity, treatment with [E2 + NETA] increased the expression of
a number of cyclin-dependent kinases, such as CDK1, CDC20

and CCNE2 (Figure 6C), all strongly involved in cell division
and tissue proliferation, and of some stromal cell proliferation
markers, such as ALCAM and STMN1 (Table 2), but not of
COL1A1, COL1A2 and VCAN. During gestation, both estrogens
and progestagens were recently demonstrated to specifically
stimulate the expansion of the epithelial compartment of the
murine breast through the expansion and differentiation of
adult stem cells located there (Asselin-Labat et al., 2010). This
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process is mediated through the activation of the nuclear fac-
tor-«kB ligand (RANK-L) (Asselin-Labat et al., 2010; Joshi et al.,
2010; Oakes et al., 2006). Both EGFR and HER2 (encoded by
ERBB2 mRNA) are associated with stem cell renewal and

activate RANK-L, but their mRNA expression levels were signif-
icantly down-regulated by treatment with [E2 + NETA]. Those
findings were described during treatment with another proges-
tagen, medroxyprogesterone acetate, than the one used here.
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Figure 6 — Pathways of steroid hormone synthesis, metabolism and tissue sensitivity to HRT (Kelemen et al., 2008; Pasqualini and Chetrite, 2005;
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Masson et al., 2010) MiRNA'’s predicted to target steroidogenic or metabolizing enzymes are encased in blue. Genes measured as either up- or
down-regulated in our current study after a specific hormone replacement therapy are marked by colored circles. The effects exerted by

[E2 + NETA] are depicted in green, the effects exerted by [E2] in red, and the effects exerted by [T] in gray. a) Steroid hormone biosynthesis:
Cytochrome P450 17A1 (CYP17A1) catalyzes the conversion of pregnenolone and progesterone to the hormones dehydroepidandrosterone
(DHEA) and androstenedione, respectively, which are further metabolized to estrone (E1) and 17B-estradiol (E2) by CYP19A1 (aromatase).
Androgen conversion to estrogen in adipose tissue by CYP19A1 is an important source of bioactive endogenous estrogens among postmenopausal
women. Hydroxysteroid dehydrogenase 381 (HSD3#1) catalyzes the interconversion of pregnenolone and progesterone and of DHEA and
androstenedione, whereas HSD17p1 catalyzes the conversion between androstenedione or testosterone and E1 or E2, respectively. The availability
of HSD17p1 is regulated by a number of miRNAs, which are inhibited both by [E2 + NETA] and [E2]. b) Estrogen metabolism: The ‘sulfatase
pathway’ converts stored estrogen sulfates into the bioactive unconjugated E1 and sulfotransferases convert estrogens into the biologically inactive
estrogen sulfates. The CYP-family of enzymes consists of a cluster of enzymes that function in the oxidative metabolic activation and deactivation
of compounds including several steroid hormones. E1 and E2 undergo 2-hydroxylation by the CYP1A1, CYP1A2 and CYP3A4 enzymes and 4-
hydroxylation by CYP1B1. Catecholestrogens are deactivated by catechol-O-methyltransferase (COMT). UDP-glucuronosyltransferase 1A1
(UGT1A1), crystallin zeta, quinone reductase (CRYZ), glutathione S-transferase alpha 1 (GSTA1) and sulfotransferases (SULT1/2) are
detoxifying enzymes that convert endogenous substrates to inactive metabolites. CRYZ is inhibited by miRNA-186 and -21, which are negatively
regulated by [E2 + NETA], potentially resulting in an accumulation of catechol estrogen quinines, which are potential initiators of breast cancer.
c) Progesterone metabolism: Aldo—ketoreductase family 1 member C4 (AKR1C4) catalyzes the conversion of progesterone and androstenedione to
their corresponding alcohols. d) Gene transcription: Progesterone, testosterone and E2 bind to their respective nuclear receptor proteins,
progesterone receptor (PGR), androgen receptor (4R) and estrogen receptor alpha (ESRI), and activate genes with corresponding responsive
elements resulting in gene expression of genes with such responsive elements. The expression of PGRA/B is up-regulated by [E2], whereas those of
ESR1 and of AR are down-regulated by [E2 + NETA]. ¢) Growth factor receptors and cell division: Two genes encoding membrane bound
receptors, EGFR (alternatively symbolized as HER1) and ERBB2 (HER2), both considered being breast cancer oncogenes, are down-regulated by
[E2 + NETA], whereas a number of kinases and cell-division cycle genes, such as CDK1, CDC20 and CCNE2, are up-regulated by [E2 + NETA]
or, in the case of CCNEI by [E2]. In contrast, CTSD, which encodes cathepsin D and which is often used as a breast cancer tumor marker
(Cavalieri et al., 2006), is down-regulated by [E2 + NETA]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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However, this apparently contradictory finding may also be
explained by the relative decline of the amount of stem cells
in the breast as compared to the rapidly proliferating number
of differentiated epithelial cells during prolonged treatment
with [E2 + NETA]. Of note in this context is that levels of the
stem cell marker NCAM1, one of the genes that remained sta-
tistically significant after correction for multiple comparisons
(Figure 4), were also significantly decreased by treatment
with [E2 + NETA].

To further examine the impact of HRT on the expression
levels of groups of genes and miRNAs, we performed an unsu-
pervised hierarchical clustering to identify gene clusters
based on their relative expression in 44 paired samples taken
from 22 individuals before and after treatment. Only ANG and
SULT2A1 were excluded from this analysis because expression
levels of these genes were below the detection limit. Unsuper-
vised two-dimensional centroid linkage clustering resulted in
the identification of 10 groups of markers (mRNAs and miR-
NAs) with a marker node correlation >0.2 (Supplementary
Figure 2, on line only). The observation that hsa-miR-10b,
-145, and -342 clustered together with CYP19A1l, CYP3A4,
CYP1A1 and SULT1E1 and that hsa-miR-184 and -34b clustered
together with HSD17B2 and GSTA1 supports a functional rela-
tionship of miRNAs in estrogen metabolism.

Various genes, in particular miRNAs, seem to increase the
availability of estradiol and some of its potential oncogenic me-
tabolites through activation of steroidogenic enzymes. For ex-
ample, the decreased expression of hsa-miR-17, -26a and -106b
in the [E2 + NETA]-group (Table 2 and Figure €B) is expected to
up-regulate their predicted target, 178-hydroxysteroid dehydro-
genase type 1 (HSD17B1), which in turn catalyzes the conversion
of estrone into the biologically more potent estradiol. Indeed,
high levels of HSD17B1 have been associated with worse out-
come of postmenopausal breast cancer (Gunnarsson et al.,
2008). The resulting high levels of estradiol probably explain
the significantly increased levels of the estrogen-inducible
TFF1 and STMN1 genes, which we measured in particular breast
tissues of women after six month treatment with [E2 + NETA]
(Figure 4). Among the genes that were significantly down-
regulated by [E2 + NETA], ranked estrogen-receptor-1 (ESR1,
p=0.019) and androgen-receptor (AR, p=0.019), whereas
CYP1B1, a gene encoding an estrogen-metabolizing enzyme,
was significantly up-regulated ( p = 0.016).

Our data suggest that normal mammary cells triggered by
[E2 + NETA] adjust for steroidogenic up-regulation through
down-regulation of the estrogen-receptor pathway and are in
line with conventional knowledge collected from experimental
data with cell lines or with primary cells cultured in vitro.

Our study demonstrates that changes in gene expression
patterns that are possibly associated with an increased risk
of breast cancer can be observed in healthy breast tissue after
a six month administration of both estrogens and progesta-
gens, and to a lesser extent of estrogens alone. This prospec-
tive study is the first to demonstrate that a breast cancer-
related gene expression signature can be determined reliably
in small healthy breast tissue samples, collected for experi-
mental purposes, and that the expression profile of genes pu-
tatively involved in breast cancer correlates with the known
effects of different hormonal treatment modalities on mam-
mographic density and breast cancer incidence.

5. Conclusions

The tissue sampling was well tolerated as evidenced by the
complete adherence of all participants to the study protocol,
which also included a second biopsy after six months. Al-
though only 66.7% (22 out of 33 biopsies) of all breast tissue
samples could be used for gene expression analysis, the results
of this prospective study clearly demonstrate the feasibility of
collecting a sufficient quantity of breast tissue for gene expres-
sion profiling from a majority of the healthy volunteers. With
our starting hypothesis confirmed, whole genome expression
analysis will now be performed in order to enlarge the panel
of candidate genes, which may potentially be evaluated for
the prediction of a future breast cancer risk. These genes or
gene products should be applicable not only for women under
HRT, but also for women presenting with high circulating
levels of endogenously produced sex steroids. As in this trial
plasma was stored frozen both before and at the end of each
hormonal treatment, the presence or absence of candidate
gene products potentially identifying a higher breast cancer
risk may also be determined in peripheral circulation.

We anticipate that the present outline provides a model for
further development of objective and quantifiable parameters
for the early prediction of increased breast cancer risk.
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