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Introduction






Estrogenic compounds exert their effects on cells through the binding and activation
of estrogen receptors (ERs) [1]. Major biological events influenced by estrogenic
compounds upon activation of the ERs are related to the cell cycle and (tumor) cell
growth, like cell proliferation and apoptosis [2-4]. In the present thesis it is investigated
to what extent different factors involved in the mode of action of the ER-mediated
cellular responses influence the cell proliferation and/or apoptosis induced upon binding
of estrogenic compounds to ERs. In the following sections these factors are explained in

some more detail.

Estrogenic compounds: agonists and antagonists

Estrogens are naturally occurring steroid hormones present in both men and women [5].
Levelsofcirculatingestrogensvary markedlybetweenindividuals. 17B-Estradiol (E2) levels
of 10-20 pg/ml have been reported in postmenopausal women, while in vitro fertilisation
(IVF) hyperstimulated women showed E2 levels of >2000 pg/ml. Premenopausal women
with a normal cycle usually show values in the range of 50-500 pg/ml [6]. E2 levels
reported in men are around 20 pg/ml [7]. Three different estrogenic compounds are
present in the body in significant quantity; estrone (E1) is the precursor for E2, which
in turn can be converted to estriol (E3) [8] (Figure 1). E2 is the most potent estrogenic
compound naturally occurring in the human body [9]. It is about 10-fold more potent

than estrone [10].

Figure 1: Schematic representation of the conversion of estrogenic compounds naturally present in
the human body. Adapted from [11].
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Estrogenic compounds can also be found in plants. These plant-derived estrogens
are called phytoestrogens. One of the best characterized phytoestrogens is genistein,
commonly found in soy beans and soy products including food supplements [12, 13].

Xenoestrogens are chemically synthesized estrogenic compounds [14]. These non-
steroidal compounds can be present in for example plasticizers, food preservatives,
pesticides, dyes, and chemical pollutions [15].

From this wide variety and diverse presence of compound classes it can be
concluded that several types of estrogenic compounds exist, which may have different
modes of action inducing different cellular responses varying from stimulation of cell
proliferation [2], cancer cell migration [16], and estrogen receptor turnover [17] to
stimulation of apoptosis and reduction of cell proliferation [3, 4, 18-20]. There are
compounds that provoke estrogenic (E2-like) responses (agonists) and compounds that
counteract estrogenic responses (antagonists), with the latter binding to the ER without
inducing a physiological response [21]. Antagonistic responses can be partial or full [22]
and this can even be dependent on the tissue. These tissue-specific anti-estrogens are
called Selective Estrogen Receptor Modulators (SERMs) [23]. All types of estrogenic

compounds exert their effect through binding to estrogen receptors [1].

Estrogen receptors

The estrogen receptor (ER) was first discovered by Jensen et al. in 1958 [24, 25]. In 1996
Kuipers et al. discovered that there are actually 2 types of ERs. The one discovered by
Jensen et al. was renamed ERa and the one discovered by Kuipers et al. was named ERB
[26, 27]. Even though these two ERs are encoded by different genes localized on different
chromosomes, they share a high homology in their functional regions (Figure 2). ERa and
ERB share 28% amino acid homology in the A/B domain, which contains the activation
function 1 (AF-1) domain involved in ligand-independent transactivation. The C domain,
also referred to as the DNA binding domain (DBD), is 96% homologous between the two
ER subtypes. This region of the ER binds to the estrogen response element (ERE) in the
DNA to initiate transcription [28]. Little is known about the function of the D domain
other than that it contains the nuclear localization site of the ERs and post-translational
modification sites [29] and that homology between ERa and ERP for this region is only
17%. The E and F domains respectively share 58% and 18% homology between ERa and
ERB. The activation function 2 (AF-2) domain is present within the E/F region. This region
also holds the ligand binding domain (LBD) [28].



Figure 2: Schematic representation of the domain classification of the human ERa and ERp proteins.

The domains are represented in ERa, the homology percentages in ERB. Adapted from [28].

ERs belong to the group of nuclear hormone receptors (NR) [30]. The ERs are

presentin the cell cytoplasm and are stabilized by heat shock protein (HSP)70 and HSP90

which specifically bind the LBD [31]. Upon binding of the ligand, a conformational change

is induced and dimerization of the ERs occurs [32]. The type of dimerization (ERa-ERa or

ERB-ERB homodimerization or ERa-ERB heterodimerization) is dependent on the ERa/
ERP ratio [33]. It has been suggested that by ERa-ERB heterodimerization ERP is able to

modulate ERa-mediated responses [34, 35].

Both ERs are widely distributed throughout the body. As depicted in Table 1,
literature reports differential results in detected ERa and ERP expression in various

tissues. Even when ERaand ERB are expressed in the same tissue, their expression might

still vary per cell type [1].

Table 1: Messenger RNA (mRNA) ERa and ERP expression in different tissues.

Dominant ERa Dominant ERB

ERa and ERP co-

expression expression expression Species Reference
Uterus, oviduct, Ovary Hypothalamus, Mouse [36]
cervix, vagina, lung, prostate,

mammary gland, epididymis, cortex,

pituitary, aorta, olfactory bulb,

kidney, spleen, heart, liver

skeletal muscle,

bone marrow

Epididymis, testis,  Prostate, bladder Ovary, uterus Rat [37]

pituitary, uterus,
kidney, adrenal
gland

Uterus, gut

Ovary, testis, Skin, stomach,

adrenal gland, colon

spleen, lung

Midgestational [38]

human fetus

11
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The G protein-coupled receptor 30 (GPR30) has proposed to be a membrane bound
estrogen receptor [39, 40]. However, GPR30 agonist G1 does not stimulate estrogen-
like effects in the uterus or mammary gland of mice [41], and GPR30 is incapable of
mediating any actions of estrogen in cells in which ERa and ERP are absent [42, 43].

Therefore, this receptor will not be included in the current thesis.

Coregulators

Upon binding of an estrogenic compound to the estrogen receptor and dimerization of
the ERs, specific coregulators are attracted to or rejected from the dimerized ligand-ER
complex [44]. Coregulators do not bind to the DNA directly, but they interact through
association with the ERs [31]. There are two types of coregulators; coactivators and
corepressors, which will respectively enhance or inhibit gene transcription. Some
coregulators have a receptor-dependent coactivator or corepressor function. PELP1
(proline, glutamate and leucine rich protein 1) for example is a coactivator of estrogen
receptor-mediated transcription and a corepressor of other nuclear hormone receptors
[50]. Coactivator binding has been attributed to the AF-1 and AF-2 domain as well as the
D domain of the ERs. For corepressor binding it seems that mostly AF-2 is responsible
[28]. Coregulators (coactivators and corepressors) mostly interact with ERs through
their LXXLL motifs (leucine - any amino acid - any amino acid - leucine - leucine) that
can bind to the LBD [31]. However, interactions with the A/B domain have also been
reported [51-53].

The ligand binding domain of ERs consists of 12 a-helices. Helix 12 folds differently
upon agonist binding than upon antagonist binding [54]. In the presence of an agonist,
coactivators are able to bind to a hydrophobic groove on the surface of the ligand
binding domain. When an antagonist binds to the receptor, the folding of helix 12 blocks
the coactivator binding surface and thereby influences coregulator recruitment [54].

Upon recruitment, coregulators form complexes and do not act as monomers
[31, 55]. Although the role of several coregulators involved in ER signaling has been
investigated (Table 2), the complexity of how modulation of the interaction of ERs with
coregulators affect ER activation remains to be studied in more detail. In addition, in
studies investigating modulation of the interaction of ERs with coregulators often no
differentiation is made between coregulators involved in ERa signaling and coregulators

involved in ERB signaling [56, 57].



Table 2: Overview of ER-mediated coregulators, adapted from [44]. Coactivators presented in

white, corepressors in grey background.

1

Coregulator Full name Function/activity Interaction with ER _
SRC-1 (p160) Steroid receptor Histone Binds ERs AF-2 through g
NCOA1 coactivator-1 acetyltransferase (HAT) LXXLL motifs (highly §
conserved motifs that 3
bind the LBD [45]) =
SRC-2 (p160) Steroid receptor HAT Binds ERs AF-2 through
GRIP1 coactivator-2 LXXLL motifs
TIF-2
NCoA-2
SRC-3 (p160) Steroid receptor HAT Binds ERs AF-2 through
AlB-1 coactivator-3 LXXLL motifs
ACTR
p/CIP
RAC3
TRAM-1
NCoA-3
CBP/p300 Cyclic adenosine 3’, HAT Binds ERs AF-2 through
5’-monophosphate (cAMP) LXXLL motifs
response

element-binding protein
(CREB) [46])-binding protein

TRAP220 Binds ERs AF-2 through

TRAP/DRIP LXXLL motifs

PBP

ASC-1 Activating signal Binds HATs and NRs Binds ERs AF-2 through
cointegrator-1 LXXLL motifs

ASC-2 Activating signal Binds HATs and NRs Binds ERs AF-2 through

RAP250 cointegrator-2 LXXLL motifs

TRBP

AIB3

SRA Steroid receptor activator ~ Splicing Binds ERa AF-1

P68 p68 RNA helicase RNA helicase Binds ERa AF-1

CARM1 Coactivator-associated Arginine histone Binds ERs AF-2
arginine methyltransferase indirectly through
methyltransferase 1 [47] association with p160s

PRMT1 Protein methyltransferase 1 Arginine histone Binds ERs AF-2

methyltransferase indirectly through

association with p160s
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Table 2: Overview of ER-mediated coregulators, adapted from [44]

white, corepressors in grey background. (continued)

. Coactivators presented in

Coregulator

Full name

Function/activity

Interaction with ER

CoCoA

E6-AP
RPF-1

PGC-la
PGC-1B

CAPER-a
CAPER-B
CoAA

NCoR

SMRT

RIP140 (NRIP)

REA

RTA

mSiah2

Coiled-coil coactivator

E6-associated protein
Receptor potentiating
factor-1

PPARy coactivator 1

Coactivator of (AP-1) and
estrogen receptors

Coactivator activator

Nuclear receptor

corepressor

Silencing mediator for
retinoid and thyroid
receptors

Receptor interacting protein

of 140 kiloDalton (kDa)

Repressor of estrogen
receptor activity
Repressor of tamoxifen
transcriptional activity

Mammalian homolog
of Drosophila Seven in

absentia (sina)

Arginine histone

methyltransferase

Ubiquitin ligase
Ubiquitin ligase

Tethering surface

for other co-factors;
splicing

Potentiate ER activity;

splicing

Histone deacetylase
(HDAC)

HDAC

Competes for AF-2
coactivator binding;
associates with HDACs
Interferes with SRC-1
access to the ERs
Interferes with SRC-1
access to the ERs RNA
binding; represses
tamoxifen agonist
activity through ERa
Mediates cell-specific
repression of NRs

by targeting NCoR

for proteasomal
degradation

Binds ERs AF-2
indirectly through
association with p160s
Binds ERs AF-2

Binds ERs AF-2

Binds the hinge region
of the ERs

Associate with ER
indirectly through
binding ASC-2
(activating signal co-
integrator 2 [48])

Binds ERs AF-2 through
CoRNR box motifs
(motifs similar to LXXLL
motifs [49])

Binds ERs AF-2 through
CoRNR box motifs

Binds ERs AF-2 through
LXXLL motifs

Indirect

Binds ER AF-1

Associates with ER
indirectly through
binding NCoR

14



Towards gene and protein expression

When coactivators are recruited, they enhance transcriptional activity through a
combination of mechanisms, including the recruitment of transcription factors.
Through interaction with amongst others acetyltransferases there is a disruption of the
local nucleosomal structure of the DNA [31]. According to the classical pathway of ER
signaling, the ligand-ER complex with the recruited coregulators will bind to the DNA
at the site of the ERE sequences in the promotor sites of target genes. In the case of an
agonistic ligand, this initiates transcription and mRNA production and ultimately protein
synthesis [31]. Within the DBD of the ERs, an amino acid sequence called the P-box is
present. This motif is critical for receptor-DNA recognition and specificity. The P-box
motif is identical between ERa and ERB. This leads to similar affinity and specificity of
ERa and ERB in ERE binding [1].

Figure 3: Schematic representation of the mechanism of action of estrogens; the classical ER signalling
pathway. Figure by Wang [58], with permission.

ER agonists and ER antagonists have a different mechanism of action. As depicted
in Figure 4, ER binding of agonists like E2 results in dimerization of the ligand-receptor
complex and activation of both AF-1 and AF-2. Upon binding of the dimerized ligand-
receptor complex to the ERE, both AF-1 and AF-2 recruit coregulators and this leads

to fully activated transcription. Tamoxifen, a partial ER antagonist, only activates AF-1

15
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upon ligand-receptor binding and dimerization. This leads to AF-1 and no AF-2-mediated
coregulator recruitment, upon which transcription is partially activated. The full ER
antagonist fulvestrant blocks the estrogen receptors and thereby keeps both AF-1 and
AF-2 in an inactive state. As a result no coregulators are recruited and transcription is

not induced. Fulvestrant is also able to induce ERa degradation [59].

Estradiol Tamoxifen Fulvestrant
@ -
Accelerated
Receptor l Receptor l Attenuated l ERa
dimerization dimerization dimerization {efradatlon
AF1 + AF2 AF1ACTIVE AF1+ AF2
ACTIVE AF2 INACTIVE INACTIVE
Nuclear Iocal|zat|on Nuclear localization Reduced nuclear
of fully active ER of partially active ER localization of
to ERE to ERE inactive ER to ERE

Coactivator

AF1and AF2 AF1 recruits No coactivator
recruit coactivators coactivators recruitment

Fully activated Partially activated

e o No transcription
transcription transcription

E = estradiol; T = tamoxifen; F = fulvestrant; ERE estrogen response element; ER = estrogen receptor

Figure 4: Mechanism of action of estradiol (ER agonist), tamoxifen (partial ER antagonist), and
fulvestrant (full ER antagonist). Adapted from [59].

There are other pathways described in the literature by which ERs can induce
gene expression. Growth factors like epidermal growth factor (EGF), insulin-like growth
factor 1 (IGF-1), and cAMP are able to activate the ER and induce expression of ER target
genes in the absence of ligand [60]. Ligand-ER complex induction of gene expression
without an ERE-like sequence present in the promotor site of the target gene has also
been reported [61]. Finally, ERs can be activated by phosphorylation instead of by a
ligand-mediated mode of action [62].

In the current thesis the mechanisms of action behind the ER signaling pathways
as described in Figure 3 and 4 were studied in more detail. More particularly, the ER
signaling pathways were studied to assess differential effects of estrogenic compounds

and their interaction with differentially expressed ERa and ERp.



Biological effects

Upon gene transcription induced by estrogenic compounds, protein expression is altered
which eventually leads to biological effects. Estrogenic compounds have been reported
to show a variety of cellular effects. Estradiol is for example reported to stimulate
cancer cell migration [16]. Anti-estrogenic compound ICl 164,384 reduces ER expression
by increasing its turnover [17]. Stimulation of ERa by estrogenic compounds leads to
different effects than stimulation of ERB. ERa activation induces cell proliferation [2],
while ERP activation counteracts this and is suggested to induce apoptosis [3, 4, 18-20].
As a result the cellular ERa/ERP ratio is essential for the ultimate effect of estrogenic
compounds [63, 64].

Estrogens take part in distinct biological processes. In reproduction for example
they are involved in growth and sexual differentiation [65]. Estrogens are also connected
to various diseases [66] such as osteoporosis [67], cardiovascular disease [67, 68], and
obesity [31].

Estrogens regulate skeletal homeostasis. They inhibit bone turnover by reducing
bone resorption and enhancing bone formation. E2 deficiency is therefore linked to
bone loss and osteoporosis [31, 67]. This inhibition of bone resporption and increase
in bone formation is mainly regulated through ERa, while the role for ERB in skeletal
homeostasis is less clear [69].

The risk for cardiovascular disease rises in postmenopausal woman, just when
circulating estrogen levels decrease. This implies that estrogens protect the female
cardiovascular system [31]. This might be linked to similar types of mechanisms by which
estrogens are involved in obesity. Estrogens regulate both the metabolism and the
localization of white adipose tissue and are involved in adipogenesis, adipose deposition,
lipogenesis, lipolysis, and adipocyte proliferation. An excess of white adipose tissue
results in obesity. The lowering of circulating E2 in postmenopausal women is associated
with anincrease in body fat. This might be due to a decrease in E2-induced suppression
of lipoprotein lipase, a lipogenic enzyme, which gene is a direct transcriptional target of
estrogens. Lipoprotein lipase regulates the metabolism of plasma triglycerides to free
fatty acids and increases lipid storage by adipocytes [69].

Estrogens have been associated with cancer occurring in estrogen-sensitive tissue
like the breast, uterus, ovary, prostate, and testicles [70-73]. This thesis focuses mainly
on the implications of a differential ERa/ERP ratio for cell proliferation, and ultimately
breast cancer. There are two hypotheses to explain the association between estrogens
and breast cancer. The first hypothesis proposes binding of the estrogens to the ERs,

resulting in stimulation of proliferation of breast cells and increases in the target cell

17
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number. Due to the increased cell division and DNA synthesis the risk for replication
errors is elevated, which may result in detrimental mutations which could interfere
with cellular processes like apoptosis, cell proliferation, and DNA repair. In the second
hypothesis the metabolism of estrogens leads to genotoxic by-products that could
directly cause DNA damage, resulting in point mutations [69].

In breast tumors, ERB expression is generally lost while ERa expression persists,
resulting in a higher ERa/ERB ratio [74]. The persistent expression of ERa in ER(a)-
positive breast cancers is an interesting target for breast cancer therapy. Endocrine
therapy for ER(a)-positive breast cancer with ER antagonistic compounds like tamoxifen
or fulvestrant is common practice [75]. They are amongst the least toxic and most
effective treatments for hormone-responsive breast cancer patients. The response to
endocrine therapy for ER(a)-positive breast cancer patients (regardless of progesterone
receptor and human epidermal growth factor receptor 2 (HER2) status, which also
influence therapy choice and outcome) is 53%, while only 13% of the patients with an
ER(a)-negative status responds to endocrine therapy [65]. Until now it is unknown what

role the ERP plays in these responses as usually its presence is not measured.

Objective, approach, and outline of this thesis

The aim of the work presented in the current thesis is to elucidate the role of differential
expression of cellular ERa and ERP levels and ERa/ERP ratios and the impact on cell
proliferation and apoptosis induced by estrogenic compounds. To this end, different
types of ER agonists (with a preference for either ERa or ERB) and ER antagonists (partial
or full) were assessed in vitro for their intrinsic potency towards ERa and ERB, the
modulation of the interaction of ERs with coregulators upon binding of the estrogenic
compounds to the different ER subtypes, and their ultimate biological effect on cell
proliferation depending on the cellular ERa/ERP ratio.

Chapter 1 presents an introduction to estrogenic compounds, estrogen receptors,
and their mechanism of action.

Given the importance of the cellular ERo/ERB ratio, in chapter 2 it is investigated
whether the T47D-ER cell model, using differentially expressed ERP levels, can be used
to mimic ERa/ERP ratios in estrogen-responsive tissues. Also the physiological relevance
of the ERa/ERP ratios in the native T47D and MCF-7 cell models commonly used in
estrogen research is characterized.

Chapter 3 and 4 present the results obtained with the ERa-LBD as well as the
newly developed ERB-LBD-based Microarray Assay for Real-time Coregulator — Nuclear

receptor Interaction (MARCoNI). In this assay the interaction of the ERs with several



coregulators is studied in more detail. Although the role of several coregulators involved
in ER signaling has been investigated to some extent, the complexity of how modulation
of the interaction of the ERs with coregulators can affect ERa and ERP activation is not
completely elucidated.

In chapter 3 first different types of ER agonists are characterized for ER subtype
preference and their effect on cell proliferation. Next, using the MARCoNI assay
containing 154 unique coregulator motifs derived from 66 different coregulators,
coregulator modulation induced by the ER agonists upon binding to the ERa- or
ERB-LBD is assessed. This chapter should provide insight in the possible contribution of
coregulators to the differences in ERa- or ERB-induced cellular responses by ER agonists.

In chapter 4 the modulation of the interaction of ERa and ERP with coregulators
in ligand-dependent responses by the ER antagonistic compounds 4-hydroxytamoxifen
(40HT) and fulvestrant is investigated. By comparing these results to ligand-dependent
modulation of the interaction of ERaand ERB with coregulators induced by the ER agonist
E2, it is investigated if and how differences in the (ant)agonist-dependent modulation
profiles of the interaction of ERa and ERB with coregulators contribute to the differences
in (ant)agonist responses.

In both chapter 3 and 4 it is also investigated whether the MARCoNI assay is able
to discriminate ER agonists and antagonists by means of differential profiling based on
the modulation of the interaction of ERa and ERB with coregulators. For this purpose
various modulation profiles are established for every estrogenic compound tested and
these profiles are compared upon clustering of the modulation profiles.

In chapter 5 a quantitative proteomics study into ER subtype-mediated effects of
40HT, the active metabolite of tamoxifen, on cell proliferation and apoptosis of T47D-ERB
breast cancer cells is described. In this chapter it is investigated how the cellular ERa/
ERP ratio influences important biological effects like cell proliferation and apoptosis at
the protein level in cells which are exposed to 40HT.

Chapter 6 presents a general discussion on the newly obtained insights into the
mode of action of ER agonists and antagonists, including the importance of ERaand ERB
levels and ratios for the ultimate biological effects of estrogen agonists or antagonists on
cell cycle processes like cell proliferation and apoptosis, and the coregulators involved
in ligand-dependent gene transcription. Chapter 6 also presents implications for the
clinical practice and perspectives for mechanistic and clinical future research.

Chapter 7 holds a summary of the results obtained in this thesis.

19
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Abstract

T47D-ERPB breast cancer cells with tetracycline-dependent ERB expression and
constant ERa expression can be used to investigate effects of varying ERa/ERB
ratios on estrogen-induced cellular responses. This study defines the conditions
at which ERa/ERB ratios in T47D-ERB cells best mimic ERa/ERB ratios in breast
and other estrogen-sensitive tissues in vivo in rat as well as in human. Protein
and mRNA levels of ERa and ERP were analyzed in T47D-ERB cells exposed to a
range of tetracycline concentrations and compared to ERa and ERP levels found
in breast, prostate, and uterus or endometrium from rat and human origin. The
ERa/ERP ratio in T47D-ERP cells exposed to >150 ng/ml tetracycline is comparable
to the ratio found in rat mammary gland and in human breast tissue. The ERa/ERB
ratio of other estrogen-sensitive rat and human tissue can also be mimicked in
T47D-ERB cells. The ERa/ERB ratio found in MCF-7 and native T47D breast cancer
cell lines did not reflect ratios in analyzed rat and human tissues, which further
supports the use of T47D-ERP cells as model for estrogen-responsive tissues.
Using 17B-estradiol (E2) and the T47D-ERB cells under the conditions defined to
mimic various tissues it could be demonstrated how these different tissues vary

in their proliferative response.

J




Introduction

Estrogen receptors (ERs) modulate the effects of estrogens on cells and tissues [1] with
ERa and ERP being the two major ERs [2]. ERa and ERP are encoded by distinct genes
[3] and have different roles in gene regulation [4]. As a consequence ERa and ERB have
differential effects on the cell cycle in various estrogen-sensitive tissues. It has been
shown that ERa activation in breast and uterus enhances cell proliferation, which is
necessary for growth and maintenance of tissues [5]. ERP has been shown to counteract
the ERa-mediated stimulation of cell proliferation [6-10]. Hence ERa and ERB have
different roles in gene regulation and their relative level and varying ratio within tissues
may influence the response towards different estrogens. When the response to estrogens
by the endocrine system is deregulated, ERa activation might eventually result in tumor
formation [1, 11-14], whilst ERB activation has been shown to stimulate apoptosis [15-17].
In certain types of cancer, the ERa/ERB ratio is increased compared to healthy tissue.
This has been shown for both ER-positive breast tumors and ovarian carcinomas [18, 19].
It was shown that the increase in ERa/ERP ratio was due to a decreased level of ERB [20,
21]. This observation might be related to the antagonistic effect of ERB-mediated gene
expression on cell proliferation induced by ERa activation [10].

Given the different biological effects on the cell cycle resulting from differential
ERa or ERP activation, it is of interest to note that ERa and ERP also differ in their relative
and absolute tissue distribution and tissue levels [3]. Levels of ERa and ERB have been
shown to vary in such a way that one of them is dominantly present in a specific tissue.
For example, ERa is predominant in the uterus [22], while ERB is predominant in the
prostate [22, 23]. The different levels of ERa and ERB within specific tissues are expected
to determine the responses of these tissues to estrogens and to estrogenic compounds,
which may have different affinities for ERa and ERB [24] .

Toinvestigate the potentialimpact of the ERa/ERB ratio on estrogen-induced cellular
effects, Strom et al. [7] developed the T47D-ERP cell line. This model consists of T47D
human ductal breast epithelial cancer cells with tetracycline-dependent ERB expression
(short, 485 amino acids isoform) and a constant ERa expression. When exposed to
an increasing concentration of tetracycline, ERB expression in these T47D-ERB cells
decreases and thus the ERa/ERP ratio increases [7]. In previous studies the cell model
was applied to investigate the influence of various ERP levels on cellular proliferation in
response to E2 and other estrogenic and anti-estrogenic compounds [7, 9]. In order to
be able to better translate the findings reported in in vitro studies with T47D-ERP cells
with tetracycline-dependent ERB expression towards the in vivo situation, the ERa/ERB

levels in these T47D-ERP breast cancer cells at varying tetracycline concentrations have
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to be compared to levels actually occurring in breast and other estrogen-responsive
tissues in both experimental animals and humans to assess the physiological relevance
compared to the levels in vivo. Therefore, the aim of the present study was to define
the conditions at which the ERa/ERPB ratio in the T47D-ERB breast cancer cells with
tetracycline-dependent ERB expression would best mimic the actual ERa/ERP ratio in
rat and human breast and other estrogen-sensitive tissues (uterus or endometrium and
prostate) in vivo to further support their use as models for estrogen-responsive tissues.
For comparison also the MCF-7 and native T47D cell lines were investigated for their
ER0/ERP ratios to see to what extent these cell lines provide an adequate model for

mimicking physiologically relevant ERa/ERB ratios.

Materials and Methods

Cell culture

The T47D human ductal breast epithelial cancer cell line was purchased from the
American Type Tissue Culture Collection (Manassas, VA, USA). The T47D-ERp cell line was
made and provided by Strém [7]. Native T47D and T47D-ERp cells were cultured in a 1:1
mixture of Ham’s nutrient mixture F12 and Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Paisley, Scotland, #31331-038) supplemented with 5% fetal calf serum (FCS)
(Invitrogen, Paisley, Scotland, #10099). For the T47D-ERB cells, 1000 ng/ml tetracycline
(Sigma, Zwijndrecht, the Netherlands, #T7660) to fully inhibit ERB expression [9] was
added to the medium. Sotoca et al. [9] reached maximal induction of an enhanced
green fluorescent protein (EGFP) gene which is co-expressed with ERB after 24 hours
of depleting the T47D-ERP cells from tetracycline, thus suggesting that at 24 hours also
ERPB expression is maximal. ERa levels in TA7D-ERP cells are constant and quantification
of the ERP levels in the cells upon 48 hours of cultivation in the absence of tetracycline
revealed similar ERB levels as detected at 24 hours (data not shown). This supports
that at the time of quantification of the ERa/ERP ratios (24 hours) the ERB expression
reached a steady state and ERa/ERP ratios are stable. Therefore, exposure to specific
tetracycline concentrations was for 24 hours.

MCF-7 human breast adenocarcinoma cells were purchased from the American
Type Tissue Culture Collection (Manassas, VA, USA). They were cultured in a 1:1 mixture
of Ham’s nutrient mixture F12 and DMEM (Gibco, Paisley, Scotland, #31331-038)
supplemented with 5% FCS. All cells were incubated at 37°C and 5% CO, in a humidified
atmosphere.

Because phenol red exerts estrogenic activity [25], at least 24 hours before

exposure, cells were washed three times with phosphate buffered saline (PBS) (Gibco,



Paisley, Scotland, #10010-015) and transferred to phenol red free medium (Gibco, Paisley,
Scotland, #21041-025) supplemented with 5% hormone-free dextran-coated charcoal-
treated fetal calf serum (DCC-FCS) (Perbio Science, Waltham, MA, USA, #SH30068.05).

Tissue collection

Estrogen-responsive tissues from adult (13-16 weeks old) male and female Sprague
Dawley rats were collected at the animal facility of Merck Sharp & Dohme (MSD) in
Schaijk, the Netherlands. Before autopsy, animals were anesthesized and tissues were
removed, placed in foil, and immediately emerged in liquid nitrogen. This experiment
was approved by the animal welfare committee of MSD. Estrus cycle data as determined
by histological examination of vaginal smears after haematoxylin and eosin (HE) staining

of the female rats, as described by Allen and Doisy [26], are shown in Table A.

Table A: Phase in estrus cycle of sampled rats as determined by histological examination of HE

stained vaginal smears.

Sample no. Phase

Diestrus

Metestrus

1
2
3 Proestrus
4 Metestrus
5

Diestrus

Collection of human material was approved by the medical ethical committees
of the respective hospitals. Human breast tissue was collected from female donors
at hospital De Gelderse Vallei in Ede, the Netherlands. Human endometrium samples
were obtained at Maastricht University Medical Centre in Maastricht, the Netherlands
from premenopausal women undergoing hysterectomy for benign indications. Prostate
tissue from male patients with benign prostatic hyperplasia (BPH) was collected at the
Radboud University Nijmegen Medical Centre in Nijmegen, the Netherlands. Known

relevant characteristics from the tissue donors are displayed in Table B.

Protein and mRNA isolation

For protein and messenger ribonucleic acid (mRNA) isolation, 80% confluent cells in
75 cm? cell culture flasks (Corning, #430641) were scraped in 1 ml TRIzol (Invitrogen,
Paisley, Scotland, #15596-018) and stored at -80°C. Tissue samples were snap-frozen in
liquid nitrogen and stored at -80°C. Frozen tissue (50-100 mg) was homogenized in 1 ml
TRIzol using a mini-beadbeater (MBB-8 Cell Disrupter, Biospec products, Bartlesville,

OK, USA) for breast and prostate tissue and by using a power homogenizer (PowerGen
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GLH 220, Omni International, Kennesaw, GA, USA) for bone and uterus or endometrium.
Protein and mRNA were isolated from TRIzol containing homogenized samples according
to the manufacturer’s instructions. Only protein samples with a concentration of more
than 125 pg/ml as determined with the Pierce bicinchoninic acid (BCA) protein assay
kit (Thermo Scientific, Waltham, MA, USA, #23225) were included in the analysis. The
MRNA concentration was measured using a NanoDrop Spectrophotometer (ND-1000,
NanoDrop Technologies, Wilmington, DE, USA). Only mRNA samples with a 260/280
absorbance ratio between 1.8 and 2.1 were included in the analysis.

Table B: Background data for human breast and endometrium samples.

Sample
no. Age Characteristics
Breast 1 76 No use of oral contraceptives, tissue irradiated, no tumor in
sampled breast, post-menstrual
2 52 No use of oral contraceptives, tissue not irradiated, tumor in
sampled breast, menstrual cycle day 14
3 75 No use of oral contraceptives, tissue not irradiated, tumor in
sampled breast, post-menstrual
4 37 No use of oral contraceptives, tissue not irradiated, tumor in
sampled breast, menstrual cycle day 14
5 48 No use of oral contraceptives, tissue not irradiated, no tumor
in sampled breast, post-menstrual
Endometrium 1 45 No use of contraceptives, menstrual cycle day 5-6
2 46 No use of contraceptives, menstrual cycle day 7-8
3 46 No use of contraceptives, menstrual cycle day 8-10
4 45 No use of contraceptives, menstrual cycle day 10
5 49 No use of contraceptives, menstrual cycle day 13-15

Western blot

For Western blot analysis, 10 pug of the cell or tissue protein sample was mixed
with 5x Laemmli sample buffer (60 mM Tris-HCl pH 6.8 (Tris: Roche, Mannheim,
Germany, # 732010) (HCl: Merck, Darmstadt, Germany, #1.00317.1000), 2% sodium
dodecyl sulfate (SDS) (Sigma, Zwijndrecht, the Netherlands, #L4390), 10% glycerol
(Acros Organics, Pittsburg, PA, USA, #327255000), 0.01% bromophenol blue (Sigma,
Zwijndrecht, the Netherlands, #B0126)) supplemented with 5% B-mercaptoethanol
(Fluka, Buchs, Switzerland, # R02701). After denaturation at 95°C for 3 minutes, 30 pl
sample was loaded on 10% Mini-PROTEAN® TGX™ precast gel (BioRad, Veenendaal,



the Netherlands, #456-1033). Electrophoresis was carried out at 50V for 30 minutes
followed by 100V for 30 minutes using anode buffer (0.2 M Tris-HCI, pH 8.9) and cathode
buffer (Biorad, Veenendaal, the Netherlands, # 161-0744, 1x buffer containing 0.1 M Tris,
0.1 M Tricine, 0.1% SDS, pH 8.3). Protein was transferred to Immobilon-FL, 0.45 um pore
size PVDF membrane (Millipore BV, Billerica, MA, USA, # IPFLO0010) at 100V for 1 hour
in Tris-glycine buffer (1.92 M glycine, 0.25 M Tris) (glycine: Calbiochem, Nottingham,
UK, #3570) containing 20% methanol (Biosolve, Valkenswaard, the Netherlands,
#13683502). Subsequently, the membranes were blocked with Odyssey blocking buffer
(LI-COR, Lincoln, NE, USA, #927-40000) for 1 hour after which the membranes were
probed overnight with an ERa primary antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA, 2Q418 # sc-71064) or an ERP primary antibody (Cell Signaling, Danvers, MA,
USA, #5513), both diluted 1:500, and with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primary antibodies (Cell Signaling, Danvers, MA, USA, #2118) diluted 1:1000 in
Tris-buffered saline (NaCl: Merck, Darmstadt, Germany, #1.06404.1000) containing 1%
Tween 20 (Merck, Darmstadt, Germany, #8.221840500) (TBS-T) and 5% bovine serum
albumin (BSA) (Sigma, Zwijndrecht, the Netherlands, #A6003). The following day the
membranes were washed with TBS-T and incubated for 1 hour with infrared dye-labeled
IRDye 800CW Donkey anti-mouse IgG (LI-COR, Lincoln, NE, USA, # 926-32212) and IRDye
680 Donkey Anti-Rabbit IgG (LI-COR, Lincoln, NE, USA, #926-32223). The final protein
level was detected and quantified using an Odyssey infrared imaging system (Westburg,

Leusden, the Netherlands).

cDNA synthesis

Prior to cDNA (complementary DNA) synthesis, 1 pg of mRNA sample was made
DNA free by DNase treatment (Invitrogen, Paisley, Scotland, #18068-015) performed
according to the manufacturer’s instructions. DNase was inactivated by addition of
ethylenediaminetetraacetic acid (EDTA) (J.T. Baker, Phillipsburg, NJ, USA, # 1073) and
heating the sample to 65°C for 10 minutes. Additionally, 0.5 pg of oligo dT (Invitrogen,
Paisley, Scotland, DNA oligo dT 15 primer) and pd(N)6 random hexamer (Amersham,
Buckinghemshire, UK, # 27-2166-01) were added to the sample prior to heating. The mix
was placed directly on ice and 200 units of Moloney Murine Leukemia Virus (M-MLV)
reverse transcriptase, RNaseH Minus, Point Mutant (Promega, Madison, WI, USA,
#M3683), 10 nmol of each deoxynucleotide triphosphate (dNTP, Invitrogen, Paisley,
Scotland, #18427-088), and reverse transcriptase (RT) buffer (Promega, Madison, WI,
USA, #M531A, 1x buffer containing 50 mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM MgCl,, and
10 mM DTT) were added to a final volume of 20 pl. The mix was incubated for 10 minutes

at 25°C, 50 minutes at 40°C, and finally 10 minutes at 65°C to inactivate the enzyme.
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cDNA samples were stored at -20°C. cDNA was diluted 20 times and 5 pl was added to a
mixture of 12.5 pl of SYBR green supermix (BioRad, Veenendaal, the Netherlands, #170-
8885), 1 ul of each 10 uM primer, and 5.5 pl of milliQ. The quantitative polymerase chain
reaction (qPCR) was performed on an iCycler iQ (BioRad, Veenendaal, the Netherlands)
and data were analyzed with iCycler 3.1 software. Primer sequences for cell and human
tissue samples were: ERa: forward 5-CCTAACTTGCTCTTGGACAGGA-3’ and reverse
5-GCCAGCAGCATGTCGAAGAT-3’ (Biolegio, Nijmegen, the Netherlands), ERB: forward
5’-CGACAAGGAGTTGGTACACATGA-3’ and reverse 5-CCAAGAGCCGCACTTGGT-3’
(Biolegio, Nijmegen, the Netherlands), heterochromatin protein 1 (HP-1): forward 5’-CC
CACGTCCCAAGATGGAT-3’' and reverse 5-CTGATGCACCACTCTTCTGGAA-3’ (Biolegio).
Primer sequences for rat tissue samples were: ERa: forward 5- TAAGAACCGGAGG
AAGAGTTG-3" and reverse 5- TCATGCGGAATCGACTTG-3’ (Biolegio, Nijmegen, the
Netherlands), ERB: forward 5’- GAGCTCAGCCTGTTGGACC-3’ and reverse 5’- GGCCTTCAC
ACAGAGATACTCC-3’ (Biolegio, Nijmegen, the Netherlands), rat ribosomal protein S18
(518): forward 5’- GTCCCCCAACTTCTTCTTAGAG-3’ and reverse 5’- CACCTACGGAAAC
CTTGTTAC-3’ (Biolegio, Nijmegen, the Netherlands).

BrdU proliferation assay

T47D-ERB cells were seeded in 96-well view plates at a density of 1.8+10° cells/ml, 100 ul/
wellin phenol red free medium. Twenty-four hours after seeding, cells were washed with
PBS and exposed to different tetracycline concentrations (0 to 1000 ng/ml as indicated,
in phenol red free medium). Forty-eight hours after seeding, keeping the tetracycline
concentrations constant, cells were exposed to the test compound. After 48 hours of
exposuretothetestcompound, cell proliferation was determined by measuring 5-bromo-
2’-deoxyuridine (BrdU) incorporated into the DNA following Roche’s colorimetric BrdU
protocol [9, 27]. BrdU, a pyrimidine analogue, was added to the cells during the last
4 hours of exposure to the test compounds and was incorporated into the DNA of
proliferating cells. This was detected by an antibody raised against BrdU, conjugated
with the enzyme peroxidase, which was in turn detected by a substrate reaction. The
subsequently produced blue color was quantified by measuring absorbance at 370 and
492 nm (background) using a spectrophotometer (Spectramax microplate reader M2,

MSD analytical technologies) [27].

Data analysis

The intensity of the ERa and ERP bands on the Western blot reflecting the level of ERa
and ERP respectively, was quantified using the Odyssey infrared imaging system. The
band intensities were expressed relative to the level of the endogenous GAPDH control

[28]. Cell and rat/human tissue ERa and ERB levels thus obtained were expressed relative



to the intensity of the corresponding ERa and ERpB protein bands of the T47D-ERP cells
without tetracycline (T47D-ERP calibration standard, T47D-ERB-CS), which was set to 1.
Western blot T47D-ERB-CS ERa intensity normalized to the reference protein was 11.6
and ERB intensity was 1.2. Although the GAPDH antibody used for the human and rat
samples was the same, it cannot be excluded that it is more prone to bind either one,
hampering direct comparison of absolute values for the ERa and ERP levels found in rat
and human samples or the human cell lines. For the calculation of the ERa/ERB ratios,
the preference of the GAPDH antibody to bind either to rat or human samples does not
make a difference in the outcome, and therefore the protein ERa/ERP ratios of rat and
human samples and of human cell lines can be compared directly. Rat and human tissue
ERa and ERB levels represent the average result of 5 individual donor tissues * standard
deviation (SD).

QPCR data for the expression of ERa and ERB in all cell and human samples were
expressed relative to the expression of the reference gene HP-1 [29]. For more accurate
normalization of ER levels and ratios it would be best to use multiple reference genes
[30], but due to limited sample availability, this was not possible. QPCR data for the
expression of ERa and ERB in all rat samples were expressed relative to the expression of
the reference gene S18 [31]. Although both are highly constitutive reference genes, one
should keep in mind that absolute ERa and ERP levels found in rat tissue samples cannot
be directly compared to the ERa and ERB gene expression levels found in human samples
or the human cell lines. For the calculation of the ERa/ERP ratios, the normalization to
different reference genes does not make a difference in the outcome, and therefore the
ERa/ERB ratios of rat and human samples can be compared directly. Cell and tissue ERa
and ERP levels thus obtained were expressed relative to the T47D-ERB-CS, determined
as calibration sample on all plates to correct for plate-to-plate variations. The ERa and
ERB levels of the TA7D-ERB-CS were set to 1. QPCR T47D-ERB-CS ERa level normalized
to the reference gene was 0.6 and ERP level was 2.2. Rat and human tissue ERa and ER
levels represent the average result of 5 individual donor tissues * SD. Levels higher than
1 represent that the level is higher than that in the T47D-ERB-CS, while levels lower
than 1 represent a lower level than that in the T47D-ERB-CS.

Based on the results obtained, it appeared that the difference between individual
rats was in the same order of magnitude as the difference between cycle points. Power
analysis on the data revealed that 70 rats per cycle point would have to be used to be
able to discriminate estrogen receptor levels per cycle point. Therefore it was decided
to combine the data of the rats from different estrus cycles to determine the average
ER levels (see results section). Also the results for the human tissues indicated that the

difference between individual human tissue samples was in the same order of magnitude
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as the difference between cycle points. Assuming that a similar amount of human tissue
donors would be needed to be able to discriminate estrogen receptor levels per cycle
point as for the rat tissue, a very large number of human tissues would have to be used
per cycle point. Therefore, it was decided to combine the data of the different menstrual
cycle phases as was done for the rats (see results section).

For the BrdU cell proliferation assay, an EC, concentration of E2 has been tested
(n=6) for calibration of the results (30 pM E2). Obtained data points were expressed
relative to the response of the cells treated with the EC, concentration of E2,
determined as calibration sample on all plates to correct for plate-to-plate variations.
Cell proliferation levels have been measured in multiple 3 biological replicates, data
presented here show results of one representative experiment = SD of 6 technical

replicates. EC,  values were calculated using PRISM V (GraphPad, San Diego, CA, USA).

Results

ER levels and ratios in breast cancer cell models

In TA7D-ERB cells exposed to increasing tetracycline concentrations for 24 hours, both
Western blot (Figure 1) and qPCR (Supplementary Figure S1) data reveal a tetracycline
concentration-dependent decline in ERP expression. As the ERa expression remained
relatively constant (both Western blot and qPCR), a dose-dependent increase of the
ERa/ERB ratio was apparent.

In addition to the T47-ER cells, also other breast cancer cell models were analyzed
for their ERa/ERB levels (Table C). The level of ERa in native T47D and MCF-7 cell lines is
higher than the ERa level in the T47D-ERB-CS, although the difference is less than one
order of magnitude. Neither the native T47D, nor the MCF-7 cell model seem to express
a detectable amount of ERB (Table C).

Table C: Level of ERa and ERB in different breast cancer cell lines.

Western blot QPCR
Celltype ERa level ERB level ERa level ERB level
T47D-ERB 1 1 1 1
T47D-wt 1.03 <DL 7.6 <DL
MCEF-7 1.27 <DL 5.6 <DL

Levels expressed relative to the T47D-ERB-CS set to 1, as determined by Western blot and gqPCR. <DL:
below detection limit. Cellular ERa and ERP levels have been measured in multiple biological replicates,
data presented show results of one representative experiment.
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Figure 1: Western blot results T47D-ERB cells. (A) Western blot image of T47D-ERB cells exposed to
an increasing concentration of tetracycline for 24 hours. Upper (red) bands show ERa expression
(image compiled from 2 gels) with right below (green) the corresponding GAPDH expression used for
normalization. Lower (green) bands show ERB expression (image compiled from 2 gels) with right below
(also green) the corresponding GAPDH expression used for normalization. Corresponding tetracycline
concentration is stated on top. (B) ERa and (C) ERP protein level of T47D-ER cells exposed to increasing
concentrations of tetracycline for 24 hours, normalized for GAPDH intensity and expressed relative to
the levels in T47D-ERB-CS set to 1 (n=1). (D) Corresponding ERa/ERB ratio, expressed relative to the
ERa/ERP ratio in T47D-ERB-CS set to 1. Cellular ERa and ERB levels have been measured in 3 biological

replicates, data presented here show results of one representative experiment.
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ER levels and ratios in rat mammary gland tissue

The relative ERa and ERB gene expression and protein levels and resulting ERa/ERB
ratios were also determined in rat mammary gland tissue. The results obtained are
presented in Figure 2 (Western blot) and Supplementary Figure S2 (qPCR). Western blot
results indicate that all tissue samples have ERa protein levels that are similar to the
ERa protein levels detected in the T47D-ERB-CS. At protein level, the ERB level of the
rat mammary gland tissue samples is up to 2 times lower than the ERP protein levels
detected in the T47D-ERB-CS. At protein level, the relative ERa/ERB ratio is up to 1.9-fold
higher than that of the T47D-ERB-CS. QPCR results confirm that to mimic rat mammary
gland tissue ERa/ERB ratios both at protein and mRNA level, the T47D-ERP cells have to

be exposed to tetracycline concentrations of >150 ng/ml.

ER levels and ratios in human breast tissue

The relative ERa and ERP levels and resulting ERa/ERP ratios were also determined in
human breast tissue. The results obtained are presented in Figure 2 (Western blot) and
Supplementary Figure S2 (qPCR). Human breast tissues show ERa protein levels similar
to the level of ERa protein detected in the T47D-ERB-CS, while the ERB protein levels
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Figure 2: Western blot results rat mammary gland and human breast tissue. ERa and ERpB protein
levels in rat mammary gland and human breast tissue samples, normalized for GAPDH intensity
and expressed relative to the levels in T47D-ERB-CS set to 1, and the corresponding ERa/ERB ratio,
expressed relative to the ERa/ERP ratio in T47D-ERB-CS set to 1. Rat and human tissue ERa and ERB
levels represent the average result of 5 individual donor tissues + SD. Black bars: ERa level. White bars:
ERB level. Grey bars: ERa/ERB ratio.



are 0.7 times those in the T47D-ERB-CS. At protein level, the relative ERo/ERB ratio is
1.5 times the ERa/ERP ratio of the T47D-ERB-CS. Combining these results with those of
the gqPCR shows that to mimic human breast tissue ERa/ERP ratios at mRNA or protein

level, the T47D-ERB cells have to be exposed to tetracycline concentrations of >150 ng/ml.

ER levels and ratios in other estrogen-sensitive rat tissues

Relative ERa and ERB levels and the resulting ERa/ERP ratios determined in uterus from
female, and prostate from male Sprague Dawley rats are presented in Figure 3 (Western
blot) and Supplementary Figure S3 (qPCR). By applying similar reasoning as given
above for the rat mammary gland and human breast tissue, the Western blot and gPCR
data reveal that to best mimic uterus from female rats or prostate from male rats the

T47D-ERPB cells should be exposed to respectively 500 and 0 ng/ml tetracycline (Table D).

ER levels and ratios in other estrogen-sensitive human tissues
ERa and ERP levels and the resulting ERa/ERB ratios were also determined in human
endometrium from premenopausal women undergoing hysterectomy for benign

indications and prostate from BPH patients (Figure 3 (Western blot) and Supplementary

Figure 3: Western blot results rat and human uterus or endometrium and prostate tissue. ERa and ERB
protein levels in rat and human uterus or endometrium and prostate tissue, normalized for GAPDH
intensity and expressed relative to the levels in T47D-ERB-CS set to 1, and the corresponding ERa/ERB
ratio, expressed relative to the ERa/ERP ratio in T47D-ERB-CS set to 1. Rat and human tissue ERa and
ERB levels represent the average result of 5 individual donor tissues + SD. Black bars: ERa level. White
bars: ERB level. Grey bars: ERa/ERB ratio.
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Figure S3 (qPCR)). By applying similar reasoning as given above for the rat mammary
gland and human breast tissue, the Western blot and gPCR data reveal that to best
mimic human endometrium or human prostate from BPH patients the T47D-ERp cells

should be exposed to respectively >500 and >150 ng/ml tetracycline (Table D).

Table D: Amount of tetracycline the T47D-ERB cell line should be exposed to to best mimic ERa/ERB
levels in specific estrogen-sensitive tissues.

Western blot QPCR
Tissue # tetracycline (ng/ml) # tetracycline (ng/ml)
Rat breast >150 >150
Human breast >150 >150
Rat uterus >150 +500
Rat prostate 0 0
Human endometrium >500 +500
Human prostate >150 >150

Figure 4: Cell proliferation measured as absorbance in the BrdU colorimetric method of T47D-ERp cells
exposed to 30 pM E2 at different tetracycline concentrations ranging from 0 (high ERB expression) to
1000 (no ERP expression) ng/ml tetracycline. Cell proliferation levels have been measured in multiple
biological replicates, data presented here show results of one representative experiment + SD of
6 technical replicates. Tetracycline exposure conditions to mimick ERa/ERP ratios of several tissues
are represented. Black: rat prostate. Light grey: rat mammary gland and human breast. Dark grey:
human endometrium. At the higher tetracycline concentrations human breast (>150), rat mammary

gland (>150), and human endometrium (>500) partially overlap.



The effect of E2 on cell proliferation at physiologically relevant ERa/ERP ratios

In a final set of experiments the tetracycline-calibrated T47D-ERP cell model was applied
to characterize possible differences in tissue-specific responses to E2. To stimulate cell
proliferation, cells were exposed to 30 pM E2. Figure 4 shows the tetracycline-dependent
(and thus ERa/ERP ratio-dependent) increase in cell proliferation. At 0 ng/ml tetracycline
an absorbance (measure for cell proliferation) of 1 is measured, increasing up to 1.6
times at 1000 ng/ml tetracycline. In this cell proliferation curve, the ERa/ERP ratios of
relevant tissues are represented. This reflects the different cell proliferation rates at the
different ERa/ERP ratios that are found in the different tissues. At the higher tetracycline
concentrations human breast, rat mammary gland, and human endometrium partially
overlap, showing a relatively high cell proliferation, while rat prostate ERa/ERP ratios are

best reflected by 0 ng/ml tetracycline, at which there is relatively low cell proliferation.

Discussion

The aim of the present study was to define the conditions at which the ERa/ERB levels
in the T47D-ERP breast cancer cells with tetracycline-dependent ERB expression would
best mimic the ERa/ERP levels in rat and human breast and other estrogen-sensitive
tissues in vivo, in order to further support their use as models for investigating the
relationship of ERa and ERP levels in estrogen-responsive tissues. To this end, the
ERa/ERB protein and mRNA levels and ratios in rat and human breast tissue and other
estrogen-sensitive tissues (uterus or endometrium, prostate) were compared to the
ERa/ERB protein and mRNA levels and ratios found in the T47D-ERP cell line exposed to
increasing tetracycline concentrations.

The ERa/ERP ratio has been shown to affect both physiology and pathology of
hormone-sensitive organs [32] and a shift in the ERa/ERP ratio could lead to adverse
effects including proliferation and stimulation of tumor formation. This has been
observed in breast and uterus when the ERP level is relatively low compared to the ERa
level [33, 34]. In contrast, a shift in the ERa/ERP ratio could also lead to growth reduction
(and progression of apoptosis) as observed in prostate when the ERB level is relatively
high compared to the ERa level and ERB is stimulated with an ERB-selective agonist
[35]. It has been shown already for distinctive physiological processes that the ERa/ERB
ratios are at least as important as the levels of the two receptors [36]. However, the final
cellular response to estrogenic compounds is dependent on ERa/ERB ratios, but also on
absolute ER subtype levels [37].

The T47D-ERB cell line offers the potential to study different ERa/ERP ratios at
controlled culture conditions because in this cell line ERB levels can be modulated.
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Results from Western blot and qPCR analysis confirm that in the T47D-ERB cell line
the ERa/ERP ratio increases with higher tetracycline concentration due to decreasing
ERPB expression (Figure 1 and Supplementary Figure 1). This result is in line with data
reported before by Strom et al. based on Western blot and gPCR analysis [7] and Sotoca
et al. based on Western blot analysis [9]. ER levels have been measured with Western
blot and qPCR. Western blot is a semi-quantitative technique, while gPCR is quantitative
but does not measure absolute ERa and ERB levels. It is important to note that the ERa/
ERP ratios are expressed on a relative scale because Western blot and qPCR analysis do
not quantify absolute values but quantify the ERa and ERB levels on a relative scale. This
is due to the use of different primers and antibodies with possible differences in affinity
and effectiveness. The ERa/ERB expression levels relative to the expression levels in
the T47D-ERB-CS reveal that for protein expression levels the data can be displayed on
a log 2 scale while for mRNA expression levels a log 10 scale can be used. This reflects
that at mRNA level ER expression is induced more distinctive than the subsequent ER
expression at protein level. Such differences between levels of expression of a gene
at protein or mRNA level are observed more often [38, 39]. These differences were
systematic and observed for all samples, and thus do not affect the conclusions on the
tetracycline concentration needed to mimic a specific tissue.

In addition to the T47D-ERP cell line, also other cell lines which are frequently used to
characterize estrogen-mediated activity, native T47D and MCF-7 cells, were tested for their
ERa/ERB levels and ratios and were compared to those from rat and human tissues. This
revealed that the ERa levels in native T47D and MCF-7 cells were comparable to the ERa
level in the T47D-ERB-CS. The ERa/ERP ratios found in the MCF-7 and native T47D cell lines,
however, do not reflect the ratios in the analyzed tissues, mainly because these cell lines
do not seem to possess ERB. This raises the question to what extent the responses of these
MCF-7 and native T47D cell lines to estrogen (ant(agonists)) reflect physiological relevance.
The absence of ERB and the resulting deviating ERa/ER ratios in these cell lines may be due
to the fact that these are cancer cell lines, not representing the situation of normal tissue.

Since the ratis one of the most used animal models, also in estrogen research, it was
decided to compare the ERa/ERP ratios in mammary gland collected from female rats to
ERa/ERP ratios which can be obtained in the T47D-ERB cell model system measured at
both protein and mRNA level. Although the results for Western blot (protein) and gPCR
(mRNA) are not always directly comparable since mechanisms like post-translational
regulation and (partial) degradation can play a role [37, 40], it was found that both
protein and mRNA analysis in most cases show a similar trend, indicating that to mimic
rat mammary gland tissue ERa/ERP ratios the T47D-ERB cells have to be exposed to

150 ng/ml tetracycline or more to reduce their ERP levels.



In a next step the ERa/ERP ratios found in human breast tissue were compared
to the ERa/ERP ratios that can be obtained in the T47D-ERP cell model system. Human
breast tissue could be obtained from patients undergoing breast reducing surgery
due to tumor formation. In normal breast tissue, the ERa/ERB ratio is low and this
ratio increases when a breast tumor progresses [20]. In this study the ERa/ERB ratio
relative to the T47D-ERB-CS in the analyzed human breast tissues revealed limited inter-
individual variation in spite of differences between subject characteristics such as age,
whether the analyzed tissue was irradiated, whether a tumor was present in the sampled
breast, or the phase in the menstrual cycle at the moment of sampling (Table B). Our
results indicate that to mimic human breast tissue levels of ERB and ERa/ERPB ratios
at both mRNA and protein level the T47D-ERB cells have to be exposed to 150 ng/ml
tetracycline or more. Rat and human samples from breast tissue showed similar results.
This indicates that, at least based on ERa/ERR levels, the rat is a valid model for human
tissue in estrogen receptor research.

The ERa/ERPB ratio of other estrogen-sensitive rat and human tissues can also be
mimicked in the T47D-ERP cells, although differences in the role of coactivators and
corepressors cannot be excluded. There could also be possible differential levels of ERa
and ERP expression between different cell types in these tissues [41-43]. The data of
the present study further validate the T47D-ERP cell line as an in vitro model to study
the role of ERa/ERB ratios. It is noted that this model is restricted to the T47D breast
cancer cell line and if models in other cell types would be essential the use of siRNA as
an efficient alternative approach to modulate ERa/ERP ratios can be considered.

For rat uterus the ERa/ERP ratios at both protein and mRNA level are in a similar
range as the ratios in T47D-ERP cells exposed to 500 ng/ml tetracycline or more. The
phase of the estrus cycle of the sampled rats are presented in Table A. This cycle might
influence the estrogen receptor levels present in the uterus. Wang et al. [44] described
that during the proestrus phase the ERa level was most elevated, while the ERa level
was a little less elevated during diestrus and even less during metestrus. ERB levels did
not differ too much between the phases of the estrus cycle of the rats, levels were only
slightly elevated during metestrus and diestrus.

Rat prostate ERa/ERP ratios are relatively low compared to the ratios in other
tissue samples, due to a high ERB level. This relatively high level of ERB in rat prostate
tissue is in line with previously reported data [45, 46]. For the rat prostate samples,
the resulting ERa/ERP ratio is comparable to the ERa/ERP ratio seen in the T47D-ERB-
CS or even lower. This indicates that the best way to mimic the ERa/ERP ratio in rat
prostate with the T47D-ERB cell model at both protein and mRNA level is to deprive the

T47D-ERP cells from tetracycline, although to be fully consistent one would rather have
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an even slightly lower ERa/ERB ratio. This cannot be accomplished with the T47D-ERB
cell line.

Human endometrium tissue predominantly expresses the ERa receptor [22]. The
relatively high level of ERa in the human endometrium samples compared to other
tissues was also confirmed in this research by both Western blot and gqPCR analysis.
For human endometrium tissue, ERa/ERB ratios can be mimicked by the T47D-ERB
cell model at both protein and mRNA level after exposure of the cells to 500 ng/ml
tetracycline or more.

Human prostate tissue was obtained from men with benign prostate hyperplasia.
It is known that, in contrast to breast and endometrium tissue, in prostate tissue
predominantly ERPB is present [22]. BPH patients have an increased level of both the ERa
and the ERB receptor in their prostate compared to healthy individuals [47]. The results
for the human prostate samples indicate that to mimic human prostate tissue levels of
ERB and ERa/ERP ratios at both protein and mRNA level the T47D-ERB cells have to be
exposed to 150 ng/ml tetracycline or more. The prostate tissue ERa/ERP ratios varied
between rat and human; rat ERa/ERB ratios turned out to be much lower. This is in line
with the finding that rat prostate has been shown to contain high levels of ERB [46]. The
deviating results for the observed ERa/ERP ratio in rat and human prostate in our study
could possibly be explained by the fact that the human subjects were diagnosed with
BPH. For the human tissues it should be taken into account that, although the analyzed
samples were not tumorous tissue, the presence of tumorous tissue in the patient could
have altered the ERa/ERP ratio compared to healthy tissue.

Comparing all ERa and ERPB levels of the analyzed tissues, it is striking that
especially in rat and human breast tissue and human endometrium and prostate ERa
levels are quite stable, while the variation in ERB levels determines the variation in ERa/
ERP ratio. This makes the T47D-ERP cell line particularly suitable to investigate various
estrogen-responsive tissues, since in this TA7D-ERP cell line the level of ERa is stable and
comparable to the level of ERa in the various tissues, while the ERB level can be varied
by the addition of tetracycline.

In a final set of experiments the tetracycline-calibrated T47D-ERB cell model was
usedtoreveal possible differencesin tissue-specificresponsesto estrogens using E2 asthe
model compound. Rat prostate tissue (mimicked by 0 ng/ml tetracycline) is less sensitive
to induction of cell proliferation by E2 than human breast tissue or rat breast (mimicked
by >150 ng/ml tetracycline), which in turn is less sensitive than human endometrium
(mimicked by >500 ng/ml tetracycline). It is of interest to note that proliferation of the
T47D-ERB cells but also of estrogen-sensitive cells in vivo may be influenced by other

nuclear and growth receptors in addition to the ERa/ERP ratios. Thus when interpreting



ligand-induced cell proliferation via estrogen-mediated pathways, the influence of other
nuclear and growth factor receptors should also be considered, such as for example the
activation of the progesterone receptor, which in certain cell lines has been shown to
block estrogen-induced growth [48-50].

In summary, the results of the present study demonstrate how the T47D-ER cell
line with tetracycline-dependent ERB expression can mimic the ERa/ERP ratio of rat
and human breast and other estrogen-sensitive tissues, which further supports the use
of this TA7D-ERP cell line as a valuable in vitro model to investigate the effect of this

differential ERa and ERP expression of tissues observed in vivo.
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