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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

o
+
(0] 44
=
-
o
s
O un 27 =
s O N
C o
I~
& w 1
=)
~
d '\
e = . Human breast
-~ > Rat mammary gland
o
wl
3 0.25-
[a's
w

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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Supplementary Figure S1: QPCR results T47D-ERP cells. (A) ERa and (B) ERB mRNA level of T47D-ERB
cells exposed to increasing concentrations of tetracycline for 24 hours, normalized for housekeeping
gene and expressed relative to the levels in T47D-ERB-CS set to 1, and (C) the corresponding ERa/
ERB ratio, expressed relative to the ERa/ERP ratio in T47D-ERB-CS set to 1. Data presented here show

results of one representative experiment + SD of 3 technical replicates.
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Supplementary Figure S2: QPCR results rat mammary gland and human breast tissue. ERa and ERB
mRNA levels in rat mammary gland and human breast tissue samples, normalized for housekeeping
gene and expressed relative to the levels in T47D-ERB-CS set to 1, and the corresponding ERa/ERB
ratio, expressed relative to the ERa/ER ratio in T47D-ERB-CS set to 1. Rat and human tissue ERa and
ERP levels represent the average result of 5 individual donor tissues + SD. For the human breast tissue,
in this case there are 4 individual donor tissues, due to breakdown of the mRNA of the 5" sample. For
one of those 4 samples, the ERa levels were below detection limits (<DL), and therefore also no ERa/
ERP ratio was determined for this sample, so the results of 3 samples are presented. Black bars: ERa
level. White bars: ERp level. Grey bars: ERa/ERB ratio.

Supplementary Figure S3: QPCR results rat and human uterus or endometrium and prostate tissue.
ERa and ERB mRNA levels in rat and human uterus or endometrium and prostate tissue, normalized
for housekeeping gene and expressed relative to the levels in T47D-ERB-CS set to 1. Levels = SD (n=3),
and the corresponding ERa/ERP 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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Abstract

The aim of the present study was to investigate modulation of the interaction of
ERa and ERB with coregulators in responses induced by estrogenic compounds.
To this end, selective ERa and ERP agonists were characterized for intrinsic
relative potency reflected by EC, and maximal efficacy towards ERa and ERB
in ER-selective reporter gene assays, subsequently tested for induction of cell
proliferation in T47D-ERP cells with variable ERa/ERP ratio, and finally for ligand-
dependent modulation of the interaction of ERa and ERB with coregulators using
the MARCoNI assay with 154 unique nuclear receptor coregulator peptides derived
from 66 different coregulators. Results obtained reveal an important influence of
the ERa/ERB ratio and receptor selectivity of the compounds tested on induction of
cell proliferation. ERa agonists activate cell proliferation, whereas ERP suppresses
ERa-mediated cell proliferation. The responses in the MARCoNI assay reveal that
upon ERa or ERP activation by a specific agonist, the modulation of the interaction
of the ERs with coregulators are very similar, indicating only a limited number of
differences upon ERa or ERB activation by a specific ligand. Differences in the
modulation of the interaction of the ERs with coregulators between the different
agonists were more pronounced. Based on ligand-dependent differences in the
modulation of the interaction of the ERs with coregulators, the MARCoNI assay
showed to be able to classify the ER agonists discriminating between different
agonists for the same receptor, a characteristic not defined by the ER-selective
reporter gene or proliferation assays. It is concluded that the ultimate effect of
the model compounds on proliferation of estrogen-responsive cells depends on
the intrinsic relative potency of the agonist towards ERa and ERP and the cellular
ERa/ERP ratio, whereas differences in the modulation of the interaction of the
ERa and ERB with coregulators contribute to the ligand-dependent responses

induced by estrogenic compounds.

~




Introduction

Estrogens present in the human body exert different physiological effects, for example
in the development of secondary sexual characteristics and regulating the menstrual
cycle in women [1, 2], as well as in the reproductive system in men [2, 3]. Estrogens
also influence cell growth in several tissues [3-5]. They exert their effects by binding
to estrogen receptor (ER)a and/or ERB, thereby regulating gene transcription through
ligand binding and modulation of the interaction of the ERs with coregulators [1, 6, 7].
The estrogenic effects of compounds depend on their relative binding affinities for both
estrogen receptors [8, 9], but also on the ERa/ERP ratio in the cells or tissue of interest
and the type of coactivators binding to the ligand-ER complex [6, 7]. ERa and ERP have
been shown to differ in relative and absolute distribution and tissue levels, with ERa
being dominantly present in for example breast and uterus [3, 5, 10, 11] and ERp for
example in the prostate [10, 12]. ERa and ERPB have been reported to exert counteracting
effects on cell proliferation. Whereas ERa activation enhances cell proliferation [13],
ERB activation counteracts ERa-mediated cell proliferation [9, 14-17] and has been
suggested to stimulate apoptosis [18-21].

Besides the ERa/ERPB ratio [22] and the ER selectivity of the estrogenic compound,
alsocoregulatorbindingisofimportancetoinduceestrogenicresponses[11]. Coregulators
influence the ER-mediated activation and transcription of target genes. Coactivators and
corepressors regulate the response to estrogenic compounds, chromatin condensation,
and mediate transcription [6, 23]. Dependent on the type of coregulators present in the
cell that can bind to the ligand-ER complex, gene expression is induced and biological
effects become prominent. This aspect of coregulator interaction with the ligand-ER
complex in the cell has not been studied yet in great detail.

The aim of the present study was to investigate the modulation of the interaction
of ERs with coregulators in the ERa- and ERB-mediated cellular responses induced
by estrogenic compounds. To this end, selective ERa and ERP agonists were tested
for intrinsic relative potency reflected by EC_, and efficacy towards ERa and ERB to
characterize their ER selectivity. The T47D-ERP cell model, T47D human ductal breast
epithelial cancer cells with variable ERa/ERP ratio, was used to investigate the role of the
ERa/ERPB ratio on the induction of cell proliferation by the selected model compounds.
The ligand-dependent modulation of the interaction of ERa or ERB with coregulators
by the model compounds was investigated using a newly established Microarray Assay
for Real-time Coregulator — Nuclear receptor Interaction (MARCoNI) based on ERB-
ligand binding domain (LBD) together with the ERa-LBD-based MARCoNI assay [24, 25],
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both with 154 unique nuclear receptor coregulator peptides derived from 66 different

coregulators.

Materials and Methods

Model compounds

The model compounds selected for the study were 17B-estradiol (E2), ERA-45, ERB-041,
and genistein. E2 is known to be both an ERaand ERB agonist with an approximate 10-fold
higher potency towards ERa over ERB as shown in ligand binding experiments with
solubilized Spodoptera frugiperda 9 (5f9) insect cell extracts and human osteosarcoma
U20S reporter cell lines [9, 26, 27]. ERA-45 has been reported to be a selective ERa
agonist with a more than 35 times higher potency towards ERa over ERB as shown in ERa
and ERP transactivation assays with Chinese hamster ovary (CHO) cells [28]. ERB-041
has been reported to be a selective ERPB agonist with a more than 900-fold higher
binding affinity for ERB over ERa as shown in a competitive radio ligand binding assay
[29]. Genistein is an ERB-selective phytoestrogen [29] with a more than 14 times higher
potency for ERP over ERa when tested in U20S reporter gene assays [17]. Progesterone

is included in the studies as a negative control for ER activation [30, 31].

Cell culture

The human osteosarcoma (U20S) cell lines, stably expressing ERa or ERB in addition to a
3x estrogen response element and TATA box binding protein combined with a luciferase
gene (3x ERE-TATA-luciferase gene), were kindly provided by the Hubrecht Institute,
Utrecht [9]. U20S-ERa cells were grown in DMEM:F12, a 1:1 mixture of Dulbecco’s
modified Eagle’s medium (DMEM) and Ham’s nutrient mixture F12 (Gibco, Paisley,
Scotland, 31331-028), supplemented with 10% fetal calf serum (FCS) (Invitrogen, Paisley,
Scotland, #10099), 0.5% non-essential amino acids (NEAA) (Gibco, Paisley, Scotland,
11140-035), 0.2 mg/ml geneticin G418 (PAA Laboratories GmbH, Pasching, Austria, #P02-
012), and 0.05 mg/ml hygromycin (Duchefa, Haarlem, the Netherlands, # H0192.0001).
U20S-ERP cells were grown in 1:1 DMEM:F12 culture medium supplemented with 10%
FCS, 0.5% NEAA, and 0.2 mg/ml geneticin G418 [9].

T47D-ERB cells were grown in a 1:1 DMEM:F12 culture medium (Gibco, Paisley,
Scotland, #31331-038) supplemented with 5% FCS. To fully inhibit ERB expression,
1000 ng/ml tetracycline (Sigma, Zwijndrecht, the Netherlands, #T7660) was added to
the medium. Every 10 passages, the cells were reselected with 0.5 pug/ml puromycin
(Gibco, Paisley, Scotland, #A1113802) [9]. To vary ERa/ERP ratios, the cells were exposed



to either 0 (high ERB expression) or 1000 (no ERB expression) ng/ml tetracycline for
24 hours [9, 11]. All cells were incubated at 37°Cand 5% CO, in a humidified atmosphere.

Because phenol red exerts estrogenic activity [32], at least 24 hours before
exposure to the selected model compounds the 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). For the U20S cell lines, the phenol red free

medium was also supplemented with 0.5% NEAA.

U20S reporter gene assay

Cells were seeded in 96-well view plates (PerkinElmer, Groningen, the Netherlands,
#655180) at a density of 10° cells/ml for U20S-ERa and 7.5-10* cells/ml for U20S-ERB,
100 ul/well. Twenty-four hours after seeding, medium was changed to phenol red free
medium. Forty-eight hours after seeding, cells were exposed to the test compounds in
triplicate in phenol red free medium. After 24 hours of exposure, cells were washed with
0.5+PBS and lysed with 30 pl of hypotonic low-salt buffer containing (final concentrations)
10 mM Tris (Sigma-Aldrich, St. Louis, MO, USA, #T1503), 2 mM dithiothreitol (DTT) (Sigma-
Aldrich, St. Louis, MO, USA, #D-0632), and 2 mM 1,2-diaminocyclohexanetetraacetic
acid (CDTA) (Sigma-Aldrich, St. Louis, MO, USA, #32869); pH 7.8. Plates were kept on ice
for at least 10 minutes and were subsequently stored at -80°C until analysis. One hour
before measurement, plates were thawed on a plate shaker until they reached room
temperature. Luciferase activity was determined using a luminometer (Labsystems,
Luminoskan RS). In short, background light emission was measured for 2 seconds,
after which 100 pl of flashmix (20 mM tricine (Sigma-Aldrich, St. Louis, MO, USA,
#T5816), 1.07 mM (MgCO,)4Mg(OH),:5H,0 (Aldrich, Milwaukee, W1, USA, #22,766-8),
2.6 mM magnesium sulfate (MgSO,, Sigma-Aldrich, St. Louis, MO, USA, #24.697-2),
0.1 mM ethylenedinitrilotetraacetic acid (EDTA2H,0, Merck, Darmstadt, Germany,
#1.08418.1000), 2 mM DTT, 0.47 mM D-luciferin (Duchefa Biochemie, Haarlem, the
Netherlands, #L1349.0250), and 5 mM adenosine triphosphate (ATP, Duchefa Biochemie,
Haarlem, the Netherlands, # A1335.0010); pH 7.8) was automatically injected, followed
by measurement of light emission for another 2 seconds, after which the light emission
was extinguished with 50 ul 0.2 M sodium hydroxide (NaOH, Merck, Darmstadt,
Germany, # 1.06498.1000) [33].
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BrdU proliferation assay

T47D-ERPB cells were seeded in 96-well view plates at a density of 1.8+10° cells/ml, 100 pl/
wellin phenol red free medium. Twenty-four hours after seeding, cells were washed with
PBS and exposed to different tetracycline concentrations (0 or 1000 ng/ml as indicated,
in phenol red free medium). Forty-eight hours after seeding, cells were exposed to the
test compounds which were added from 250 times concentrated stock solutions in
dimethyl sulfoxide (DMSO) to result in the final concentrations indicated in the figures,
keeping the tetracycline concentrations the same. After 48 hours of exposure to the test
compounds, cell proliferation was determined by measuring 5-bromo-2’-deoxyuridine
(BrdU) incorporated into the DNA following Roche’s colorimetric BrdU protocol [9, 34].
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 a peroxidase, which was
in turn detected by conversion of tetramethyl-benzidine. 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) [34].

MARCoNI assay

Ligand-modulated interaction of coregulators with ERa or ERB was assessed using
a PamChip peptide microarray with 154 unique coregulator motifs derived from 66
different coregulators (#88102 and #90012, PamGene International BV, Den Bosch, the
Netherlands) as described previously [35]. In short, all incubations were performed
on a PamStation®-12 or -96 (handling 12 or 96 arrays in parallel per run respectively)
(PamGene) at 20°C using two cycles per minute. Polyhistidine (His) tagged ERa ligand
binding domain (amino acids 302-552, partly purified from Escherichia coli (E. coli),
final concentration between 1 and 10 nM) and His antibody penta-His Alexa Fluor 488
conjugate (Qiagen, Germantown, MD, USA,#35310, final concentration 25 nM) were
diluted in time-resolved fluorescence resonance energy transfer (TR-FRET) reaction
buffer containing 20 mM Tris-HCI; pH 7.5 (Tris: Sigma-Aldrich, St. Louis, MO, USA,
#T1503) (HCl: Merck, Darmstadt, Germany, #1.00317.1000), 500 mM NaCl (Merck,
Darmstadt, Germany, #1.06404.1000), 0.2% bovine serum albumin (BSA, Calbiochem,
Merck, Darmstadt, Germany, #126609), and 0.05% Tween 20 (Bio-Rad, Veenendaal,
the Netherlands, #170-6531). Glutathione S-transferase (GST) tagged ERPB subtype-
specific ligand binding domain (amino acids 243-530 final concentration 10 nM)
and anti-GST Alexa Fluor 488 conjugate (Molecular probes, Life Technologies Ltd,

UK, #A11131, final concentration 50 nM) were diluted in reaction buffer containing



coregulator buffer E (Invitrogen, Paisley, Scotland, #PV4540) supplemented with 5 mM
DTT (Sigma, Zwijndrecht, the Netherlands, #43819). All mixtures were kept on ice until
they were transferred to the PamChip microarrays. Ligand was predissolved in DMSO
(concentrations as indicated, final DMSO concentration 2%). A reaction mixture with
only DMSO (2% final concentration) served as negative control.

Each array was blocked for 20 cycles using 25 ul of blocking buffer (Tris-buffered
saline) (TBS, Bio-Rad, Veenendaal, the Netherlands, #170-6435) supplemented with
0.01% Tween 20 (Bio-Rad, Veenendaal, the Netherlands, #170-6531) and 1% BSA
(Calbiochem, Merck, Darmstadt, Germany, #126609). Next, the blocking buffer was
removed by aspiration and the reaction mixture was added to the PamChip microarray
together with the ligand in a final volume of 25 pl. This reaction-ligand mixture was
incubated (pumped up and down the porous microarray membrane containing the
154 unique coregulator peptides) for 80 cycles. Subsequently, unbound receptor was
removed by washing of the arrays with 25 pL TBS and finally a tiff image of each array

was acquired by the charge coupled device (CCD) camera of the PamStation.

Data analysis

For calibration of the results of all U20S and BrdU assays, several concentrations of
E2 were tested (each of the concentrations tested at least in triplicate) on each plate
to correct for plate-to-plate variations. Data from the U20S reporter gene assay were
expressed in relative light units (RLU) corrected for the corresponding background
signal measured before luciferase induction. EC_, values were calculated using PRISM
V (GraphPad, San Diego, CA, USA). Potency of the compounds was determined based
on the EC,  value and efficacy based on maximal height of induction of luciferase
activity in the U20S reporter gene assays and the maximal height of induction of cell
proliferation as determined in the BrdU assay. Data from the BrdU assay were expressed
as absorbance measured at 370 nm, corrected for the corresponding background signal
at 492 nm.

The concentrations of the model compounds tested in the MARCoNI assay were
chosen based on their relative estrogenic potencies in the U20S reporter gene assays.
To accomplish a substantial binding signal in the MARCoNI assay, a concentration of
approximately 10° times the EC, concentration in the U20S assays was tested. The
highest concentration tested in MARCoNI assay was 10 M. MARCoNI assay image
analysis was performed using BioNavigator (Version 5.1, PamGene International B.V.).
Per array, the fluorescent signal of each spot, representative of ER binding to that
particular coregulator motif, was quantified. Each tiff image (single array) was overlaid

with a synthetic grid of spot-sized circles. An algorithm was used to optimise placement
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of each circle around its respective spot (actual peptide position) on the tiff image. The
median fluorescence within each circle, as well as that in a defined area surrounding
the circle, was quantified. For each spot, the binding signal as median fluorescent
signal minus background for each peptide was calculated. The modulation index (Ml)
was subsequently calculated as the compound-induced log 10-fold change of binding
(fluorescence) in the presence of ligand over that in the presence of solvent only. In
addition, a Student’s t-test on ER binding was conducted to assess the significance
of the compound effect (DMSO vs. compound-stimulated). Each array contains 154
unique coregulator motifs and hence each compound is characterized by a 154-point
MI signature. Compound signatures were subjected to hierarchical clustering by
Euclidean distance and average linkage. Hierarchical clustering was performed using
stats packages in R (version 2.15.3, copyright® 2013 The R Foundation for Statistical
Computing). Per receptor, compound (dis)similarities were visualized as a dendrogram
of a clustered MI heatmap in which significance of the modulation of each interaction
is indicated.

For E2, concentration-response curve fitting was performed using the dose
response curve (DRC) package in R, by means of a sigmoidal, 4-parameter Hill (logistic)
model (response=((A-D)/(1+((concentration/C)®)))+D, with parameters A=response

minimum, B=Hill slope, C=EC_, and D=response maximum).

Results

Characterization of the relative potency and efficacy of the model estrogens for ERa or ER
The U20S-ERa and U20S-ERP reporter gene assays stably expressing ERa or ERP were
used to establish the intrinsic ability of the selected model compounds E2, ERA-45,
ERB-041, genistein, and progesterone to induce ERa- or ERB-mediated gene expression
(Figure 1). Previously, E2 and genistein were characterized in these U20S cell models,
leaving the specificity of the other selective agonist in these models to be established
to allow comparison. From the observed concentration-response curves, EC,  values
were determined and these are presented in Table A. E2 showed a 9-fold lower EC,
value in the U20S-ERa than in the U20S-ERB cell line (Figure 1A, 1C, Table A). The EC,,
value for the selective ERa agonist ERA-45 was 200-fold lower in the U20S-ERa than in
the U20S-ERB cell line and its Estradiol Equivalence Factor (EEF) ERa/EEF ERP ratio was
22 (Figure 1B, 1D, Table A), corroborating its development as a selective ERa agonist.
ERB-041 showed selective ERB properties, with an EC,  value of 0.5 uM in U20S-ER cells,
while for the U20S-ERa cell line the EC, value appeared to be higher than the highest
concentration that could be experimentally tested (30 uM), resulting in an EEF ERa/EEF



ERP ratio of <0.0017 (Figure 1B, 1D, Table A), indicating ER selectivity of >588 (EEF ERB/
EEF ERa ratio), corroborating its development as a selective ERB agonist. EC, values for
genistein were 47-fold lower for ERB compared to ERa and the EEF ERa/EEF ERP ratio
was 0.0023 (Figure 1A, 1C, Table A), which was in line with the previous identification
of this phytoestrogen as a selective ERB agonist (EEF ERB/EEF ERa ratio of 435). The
negative control progesterone showed no ER-mediated luciferase induction in either the
U20S-ERa or the U20S-ERP cell line. For the U20S-ERa reporter gene assay, the order
for maximal efficacy of the ligands is genistein = E2 = ERA-45, while for the U20S-ERB
reporter gene assay, the order for efficacy is genistein > E2 > ERA-45 > ERB-041.
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Figure 1: ERE-mediated luciferase activity in U20S-ERa (A and B) and U20S-ERB (C and D) cells
exposed to E2 (), genistein (v), ERA-45 (a), ERB-041 (¢), and progesterone (m). Data points * standard
deviation (SD) (n=3).
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The effect of the different model estrogens on cell proliferation at varying ERa/ERP ratios
The TA47D-ERB cell line, T47D human ductal breast epithelial cancer cells with
tetracycline-dependent ERB expression and a constant ERa expression, was used as a
model to investigate estrogen-mediated cellular effects on cell proliferation induced
by the selected model estrogens as a function of cellular ERa/ERB ratios [16]. The
TA7D-ERB cells depleted of tetracycline, with ERB being highly expressed, showed no
cell proliferation upon incubation with the estrogenic model compounds (Figure 2).
When suppressing ERB by exposing the cells to 1000 ng/ml tetracycline, cell
proliferation was induced by an increasing concentration of E2, ERA-45, and at relatively
high concentrations also by genistein (Figure 2A-C). EC_ values for cell proliferation
of the T47D-ERB cells with only ERa expressed are in the same order as EC, and EEF
values determined for the U20S-ERa reporter gene assay, i.e. EC, E2 < EC, ERA-45 <
EC,,genistein (Table A). As for maximal efficacy, the order ERA-45 = E2 > genistein differs
from the U20S-ERa reporter gene assay (genistein = E2 = ERA-45), which points towards
a more prominent role for the potency rather than the efficacy of a compound in the
correlation between the induction of gene expression and the induction of biological
effects. The ERP agonist ERB-041 as well as the negative control progesterone did not

induce cell proliferation (Figure 2D, 2E).

Estrogen receptor-specific modulation of the interaction of ERs with coregulators by
selective estrogenic model compounds
To investigate differential compound-induced modulation of the interaction of ERs with
coregulators upon ligand binding to either ERa or ERB, both ERs were tested for ligand-
induced coregulator binding in the MARCoNI assay [25]. As an example, Figure 3 shows
the E2 concentration-dependent induction of ERa-LBD binding (Figure 3A) and ERB-LBD
binding (Figure 3B) to the coactivator-derived peptide NCOA1_677_700.
Supplementary Figure S shows the E2 concentration-response curves of ERa-LBD
binding (Supplementary Figure S1) and ERB-LBD binding (Supplementary Figure S2) to
all 154 unique coregulator-derived peptides from 66 different coregulators. Of the 154
unique coregulator motifs, ERa showed concentration-dependent responses for 75 and
ERB for 52 coregulator motifs when induced with E2 (taking into account the goodness-
of-fit to the sigmoidal model with a coefficient of determination (R?) >0.9). Forty-six
coregulator motifs showed a concentration-dependent effect with E2 for both ERa and
ERB. This implies that of the 52 modulated interactions of the ERB-LBD with coregulator
motifs upon E2 binding, 46 (88%) are also modulated upon E2 binding to the ERa-LBD.
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Figure 2: Effect of (A) E2, (B) genistein, (C) ERA-45, (D) ERB-041, and (E) progesterone on the
proliferation of T47D-ERP cells exposed to O (e) or 1000 (m) ng/ml tetracycline (respectively high and
no ERB expression). Data points * standard deviation (SD) (n=6).
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Figure 3: Concentration-response curves for (A) ERa-LBD and (B) ERB-LBD binding to the coactivator-
derived binding motif NCOA1_677_700 in the MARCoNI assay induced by E2. Binding in arbitrary units
(AU). Value displayed in the graphs: R2.

EC,, values for the coregulator motifs with R* >0.9 were generally in the same order of
magnitude (Supplementary Table S). The median EC, value for the coregulator motifs
with an R? >0.9 activated upon E2 binding to the ERa-LBD was lower than that for E2
bindingtothe ERB-LBD, i.e. 13 and 34 nMrespectively (Supplementary Table S). This lower
EC,, value for ERa compared to ERB is in line with the lower EC_ for E2 in the U20S-ERa
than the U20S-ERP reporter gene assay, although the fold difference is somewhat less
in the MARCoNI assay (i.e. 2.6-fold) as compared to the 9-fold difference in the reporter
gene assays. Among the E2 activated coregulators showing a concentration-response
with R? >0.9 for both ERa and ERB were for example nuclear coactivator (NCOA) motifs
NCOA1_677_700, NCOA2_628_ 651, and NCOA3_673_695, derived from the Sarcoma
(SRC)-family of coregulators known to stimulate gene expression [36, 37]. It is also of
interest to note that of the modulation of the interaction of ERs with all 154 coactivator
motifs, 74 (48%) were not modulated in a well-fitting concentration-dependent
manner (R? <0.9) upon ligand binding. For example coactivator centromere protein R
(CENPR_1_18) and zinc transporter 9 (ZNT9_449 471) did not show E2-induced binding
for both ERa and ERPB, even though other studies have shown them to be likely a
coactivator for ERa [24, 38, 39]. In addition also some well-known nuclear corepressor
(NCOR) motifs, like NCOR1_1925_1946 and NCOR2_2330_2352 [40], did not show a

concentration-response upon increasing E2 concentrations.
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Figure 4 shows a comparison of the modulation of the interaction of ERa with
coregulators and modulation of the interaction of ERB with coregulators for E2. From
this figure it can be concluded that the MI patterns for E2 for ERa- and ERB-mediated
coregulator binding are remarkably similar with only a few subtle differences for possible
ER-specific coregulator motifs. One of those possible ER-specific coregulator motifs is
DEAD box (DDX)5_133_155 (indicated with an arrow in Figure 4). Figure 5 shows that this
possible ER type specificity of coregulator motif DDX5_133_155 also holds for ERA-45,
ERB-041, and genistein.

The model compounds were classified based on hierarchical clustering of the ER-
coregulator Ml profiles using Euclidian distance (Figure 6). The results reveal that ERA-45,
ERB-041, and genistein resulted in Ml patterns similar to the reference compound E2,
but each of these compounds showed its own specific potency (the potentcy of the
compounds in the U20S reporter gene assay correlates with color intensity in the
hierarchical clustering). As expected, the negative control progesterone hardly induced
any modulation of the interaction of ERs with coregulators. For ERa (Figure 6A), E2 was
found to cluster together with the ERa agonist ERA-45, whereas ERB-041 and genistein,
which both have a preference for ERB (based on EEF in the reporter gene assay), also
cluster together. The negative control progesterone only clusters with the DMSO control.
For ERP (Figure 6B), ERa agonist ERA-45, ERB-041, and genistein cluster together, while
E2 is also associated with these model compounds, and here again progesterone did not
cluster with the other model compounds except for the DMSO control. As for maximal
efficacy, the order ERA-45 = E2 > genistein in the cell proliferation assay is different from
the U20S-ERa reporter gene assay (genistein = E2 = ERA-45). For the U20S-ERP reporter
gene assay, the order for maximal efficacy is genistein > E2 > ERA-45 > ERB-041. The
hierarchical clustering of the MARCoNI assay does not explain these orders in efficacy.
It seems that other factors than modulation of the interaction of ERs with coregulators
are responsible for these differences.

Differences in the Ml patterns for the four ER agonists tested mainly appeared in
the extent of the modulation being generally higher for ERa (Figure 6A) with E2 and
ERA-45 (compounds with higher potency) than with genistein and ERB-041 (compounds
with lower potency). For ERB (Figure 6B), the extent of the modulation was generally
higher with E2 than with the other three agonists.

When multiple binding motifs of one coregulator are present in the MARCoNI
assay, the modulation of the interaction of ERs with different motifs belonging to one
coregulator are not all modulated in the same manner (for example all melanoma
antigen preferentially expressed In tumors (MAPE) motifs, Figure 6). This might indicate
that not all parts of the coregulator protein are equally attracted to the ERa- or ERB-LBD.
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Figure 6: M| heatmap of (A) ERa and (B) ERP interaction with coregulators across compounds and
coregulators. Red represents positive M, blue represents negative Ml. In the heatmap the significance
of the modulation of each interaction is indicated (*: P value <0.05; **: P value <0.01; ***: P value
<0.001).



Discussion

An important factor that may influence the ultimate gene expression and biological
effect induced by estrogenic compounds is the type of coregulators present in the
cell that can interact with the ligand-ER complex. The aim of the present study was
to investigate the modulation of the interaction of ERa and ERP with coregulators in
the ligand-dependent responses induced by estrogenic compounds. This study was
conducted to better understand the differential effects and possible mechanisms of the
model compounds that could explain their mode of ER subtype interactions.

E2 and the selective ERa agonist ERA-45 were able to induce ERE-mediated gene
transcription in U20S-ERa and -ERP reporter gene assay with a higher potency towards
ERa than towards ERB. For E2, the 9-fold difference between the EC, for ERa and the
EC,, for ERB in the U20S reporter gene assays is in line with previous results [9]. For
ERA-45, the U20S reporter cell model shows a clear preference for ERa with EC_ values
which are 200 times higher for ERB than for ERa and an EEF ERa/EEF ERP ratio of 22.
Genistein was also able to activate both ERs, but with a 47-fold higher potency towards
ERB and the EEF ERa/EEF ERP ratio of 0.0023 (Figure 1A, 1C, Table A), which is in line
with the previous identification of this phytoestrogen as a selective ERB agonist. This
higher potency of genistein towards ERP than towards ERa has been related to the
inhibiting effects of genistein on tumor cell growth since ERB activation has been shown
to suppress ERa-mediated induction of cell proliferation [41-43], a phenomenon also
observed in the present study. E2, the ERa agonist ERA-45, and genistein, which were
able to induce ERE-mediated luciferase activity in the U20S-ERa reporter cell model,
were also able to induce cell proliferation in the T47D-ERPB cells when ERB expression
was inhibited. When ERB was highly expressed in the T47D-ERp cell model, these model
compounds could no longer induce cell proliferation. This confirms that ERa induction
leads to cell proliferation, whereas expression of ERB counteracts cell proliferation.
Together, these data in the T47D-ERP cells corroborate the importance of the cellular
ERa/ERP ratio for the ultimate effect of an estrogenic compound on cell proliferation and
indicate that the effect on a tissue of interest will vary with the cellular ERa/ERP ratio.
This is especially of importance given that ERpB levels are generally low in tumor tissue
[14] facilitating estrogen-mediated cell proliferation of these cells, but also explaining
the effectiveness of ER antagonists like for example tamoxifen [44] and fulvestrant [45]
in cancer treatment.

The results of the present study also indicate that the selectively developed ERB
agonist ERB-041 could induce ERE-mediated luciferase activity in the U20S-ERB cell

line, but only at very high concentrations. This is in line with literature where this ERB
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agonist has also been described as not highly potent [6, 7, 24, 46]. Given the potential
for highly potent ERB agonists to counteract ERa-mediated effects on cell proliferation,
development of more selective and potent ERP agonists seem an important challenge for
future research. Genistein tested in the present study is a good example of a compound
that activates ERa only at concentrations at which it also activates ERB, possibly
underlying its more favourable estrogenic activity profile compared to the estrogenic
activity profile of E2 which, at lower concentrations, may activate ERa without activating
ERB, as indicated in Figure 1.

Given the fact that the reporter gene assays and the T47D-ERP cell proliferation
assays do not provide detailed mode of action on ERa- and ERB-mediated estrogenic
effects, a high-throughput in vitro assay enabling quantification of the modulation
of the interaction of ERs with coregulators upon ligand binding would have the
potential to add relevant information on the mode of action of the compounds under
investigation. Previously it was shown that the ERa-based MARCoNI assay enables
not only discrimination of ER agonists from antagonists, but could also discriminate
between different agonists, a potential not provided by the U20S or T47D cell models
[25]. In the present study, a newly established MARCoNI assay based on ERB-LBD was
used together with the ERa-LBD-based MARCoNI [24, 25] to investigate modulation of
the interaction of ERa and ERP with coregulators in the ligand-dependent responses
induced by estrogenic compounds.

Theresultsofthe presentstudyrevealedthattheinteraction of ERswith coregulators
induced by either ERa- or ERB-specific agonists are very similar. All model compounds
show induction of known transcription coactivator motifs possessing intrinsic histone
acetyltransferase activity NCOA1_677_700, NCOA2_628 651, and NCOA3_673_695
[47]. Only a few ERa and ERP subtype-specific modulations of the interaction of ERs
with coregulators were detected. For example, the interaction of ERs with coregulator
motif DDX5_133_155 showed positive modulation with ERB, but not with ERa, for all
agonists. DDX5 is a transcriptional coactivator for the tumor suppressor protein p53
and is involved in the p53 transcriptional response to DNA damage and p53-dependent
apoptosis [48]. The modulation of the interaction of ERB with this DDX5 coactivator, but
not of ERaq, is in line with ERPB counteracting ERa-mediated cell proliferation by means
of apoptosis.

It is of interest to note that the differences in the modulations of the interaction of
ERs with coregulators between the different ERa or ERB agonists incubated with their
respective receptors are limited, although subtle differences do allow discrimination

between different agonist for one specific receptor. Differences are especially observed



in the magnitude of the coregulator response resulting in variable Ml values in the
MARCoNI assay for different ER agonists. In this way modulation of the interaction of
ERs with coregulators may affect the differences in the ultimate physiological response
generated upon ER activation. However, the limited differences observed could also
point towards possible competition for the ERE and for available coregulators as a mode
of action explaining ERB-mediated effects on ERa-induced responses.

The results of the present study also revealed that the ERB agonist ERB-041
did not induce ERE-mediated luciferase activity in the U20S-ERa reporter cell model
or cell proliferation in the T47D-ER cell model at the tested concentrations, but, in
contrast to this, ERB-041 was able to induce modulation of the interaction of ERa with
coregulators in the MARCoNI assay. It could be that at the high concentration (10* M)
of ERB-041 tested in the MARCoNI assay ERB-041 binds to the ERa as well, an effect
not detected in the U20S assay and the BrdU cell proliferation assay since in these
assays only concentrations up to 30 uM could be tested due to cytotoxicity occurring
at higher concentrations. The ERB-based MARCoNI assay was performed for the first
time, and therefore agonist concentrations at expected maximum efficiacy were chosen
and compared to efficacy of the agonists in the U20S reporter gene assays and cell
proliferation assay. To be able to investigate the potency of the antagonistic compounds
in the MARCoNI assay, full dose response curves should be conducted. It is expected
that the compounds that have a higher potency towards one of the ER subtypes will
show modulation of the interaction of ERs with coregulators at a lower concentration
upon interaction with the high potency ER subtype compared to the low potency ER
subtype. This can be a valuable hypothesis for follow-up studies.

Quantitative hierarchical clustering of the estrogenic model compounds and the
negative control progesterone tested in the present study based on modulation of the
interaction of ERs with coregulators (Figure 6) showed that for ERa E2 was found to
cluster together with the ERa agonist ERA-45, whereas the preferential ERPB agonists
ERB-041 and genistein, although able to activate ERa, could be discriminated from E2
and ERA-45. This illustrates the potential of the MARCoNI assay to discriminate between
ERa and ERB agonists. Progesterone, the negative control, stands alone and only clusters
with the DMSO control. The hierarchical clustering of the model compounds in this study
can be linked to their effect on cell proliferation as E2 and ERA-45, that are both able to
induce cell proliferation in cells expressing ERa, and ERB-041 and genistein, ERB agonists
able to inhibit this ERa-mediated cell proliferation, cluster together in the hierarchic

clustering analysis of the MARCoNI assay ERa data.
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This compound comparison by using hierarchical clustering, discriminating E2 and
ERA-45 from ERB-041 and genistein, could not be performed based on the U20S or cell
proliferation data. For ERB, the ERa agonist ERA-45 turned out to be more similar to
ERB-041 and genistein than to E2 as ERA-45, ERB-041, and genistein all cluster together.
This clustering of the model compounds in the ERa- and ERB-based MARCoNI assay is
partially in line with what is expected based on the EC, and EEF values of the model
compounds in the U20S cell models. In the U20S-ERa cell line EC_  and EEF values of E2
and ERA-45 are quite close, while for the U20S-ER cell line the EC,  and EEF value of
ERA-45 is closer to that of genistein than to that of E2 (Table A). Also for the ERB-based
data progesterone did not cluster with the other model compounds.

As for maximal efficacy, the order ERA-45 = E2 > genistein in the cell proliferation
assay is different from the U20S-ERa reporter gene assay (genistein = E2 = ERA-45).
For the U20S-ERP reporter gene assay, the order for maximal efficacy is genistein >
E2 > ERA-45 > ERB-041. The hierarchical clustering of the MARCoNI assay does not
explain these orders in efficacy. It seems that other factors than the modulation of the
interaction of ERs with coregulators are responsible for the observed differences.

In the present study, although the profiles of the modulation of the interaction of
ERs with coregulators between the different ERa or ERB agonists incubated with their
respective receptors are generally similar, the MARCoNI assay was shown to be able to
classify the different ERa and ERB agonists discriminating between different agonists
for the same receptor, a characteristic not defined by the ER-selective reporter gene or
proliferation assays. Most importantly, several coregulators showed distinct modulation
upon exposure of the same ligand to ERa- and ERB-LBDs. These coregulators have a
potential to be used as markers to distinguish selective ERa agonists from ERB agonists.
The importance of the subtle differences for the ultimate biological effect remains to
be established and is an important topic for future research, in which the presence of
different coregulators in cells or tumors should be taken into account. It is concluded
that in addition to the U20S reporter gene assays and the T47D-ERP cell proliferation
assay, the MARCoNI-based coregulator binding assay provides valuable information in

the ERa- and ERB-dependent responses induced by estrogenic compounds.
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Supplementary Figure

Supplementary Figure S: Concentration-response curves for (1) ERa-LBD and (2) ERB-LBD binding to
the 154 coregulator-derived binding motifs in the MARCoNI assay induced by E2. Binding displayed in
arbitrary units (AU).
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Supplementary Table S: EC_, and IC,; (underlined) values for ERa-LBD and ERB-LBD binding
to coregulator-derived binding motifs in the MARCoNI assay induced by E2, only displayed for

w

ER AGONIST-INDUCED CELL PROLIFERATION AND MODULATION OF ER-COREGULATOR INTERACTION

78

concentration-response curves with R? > 0.9.

Coregulator R?2ERa EC, ERa (M) R?2ERB EC, ERB (M)
BL1S1_1_11 0.99 1.38-10% 0.93 2.94-108
BRD8_254_276 0.10 1.25+10-% 0.98 4.09-10°°®
CBP_57_80 0.10 2.20-10°

CENPR_159_177 0.99 1.18-10°%
CNOT1_2083_2105 0.91 1.07-10°7
DHX30_49_70 0.92 3.85:10
EP300_69_91 0.99 2.55-108 0.95 3.14-10°°¢
GNAQ_21_43 0.99 9.09+10°°
HAIR_745_767_C7555/C7595 0.10 1.65-10%¢ 0.94 3.75-10%
IKBB_277_299 0.98 4.18-10%8 0.96 5.02-10°°®
ILK_131_153 0.90 8.96+10°%°

JHD2C_2054_2076 0.99 2.12-10°°8 0.95 3.01-10°°®
LCOR_40_62 0.10 3.91-10°%® 0.96 1.78-10°7
MAPE_382_404_C388S 0.10 3.47-102

MED1_591_614 0.10 1.08-10% 0.95 2.50-10®
MED1_632_655 0.98 3.16-10°°® 0.92 3.41-10°8
MEN1_255_277 0.95 1.68:101°

MLL2_4175_4197 0.10 1.26+10°°® 0.92 6.13-10°"
MLL2_4702_4724 0.90 2.34+107%
MTA1S_388_410_C3935/C396S 0.97 1.54-101° 0.99 1.13-10°%
NCOA1_1421_1441 0.10 4.70-10% 0.93 2.61-10°8
NCOA1_620_643 0.10 1.19-10°® 0.95 2.67-10°°®
NCOA1_677_700 0.10 8.23-10°%° 0.97 1.59-10°°®
NCOA1_737_759 0.10 1.22-10°%® 0.96 3.60-10®
NCOA2_628_651 0.10 8.95:10%° 0.96 3.06:10®
NCOA2_677_700 0.10 8.61-10°° 0.93 3.03-108
NCOA2_733_755 0.10 9.67-10°%° 0.95 3.22-10%
NCOA3_104_123_N-KKK 0.91 8.76+10°08 0.93 3.78-10%¢
NCOA3_609_631 0.99 8.17-10°°

NCOA3_609_631_C627S 0.96 3.37-10°°® 0.96 2.07-10°°®
NCOA3_673_695 0.97 1.51-10%7 0.97 8.08-10°0¢
NCOA3_725_747 0.10 9.35:10% 0.98 1.72-10°8



Supplementary Table S: EC,; and IC, (underlined) values for ERa-LBD and ERB-LBD binding
to coregulator-derived binding motifs in the MARCoNI assay induced by E2, only displayed for

concentration-response curves with R? > 0.9. (continued)

Coregulator R2ERa EC. ERa (M) R2ERB EC, ERB (M)
NCOA6_1479_1501 0.10 3.28-10

NCOA6_875_897 0.10 8.42-10%° 0.95 3.03-108
NCOR1_662_684_C662S 0.94 4.60-10-%

NCOR2_2330_2352 0.10 3.10:10%2

NELFB_428_450 0.99 1.31:10°¢

NROB1_1_23 0.10 1.19-10°°® 0.96 2.89-10°8
NROB1_136_159 0.99 7.91-10°°

NROB1_68_90_C69S 0.10 8.97-10°%° 0.97 2.78+10°°8
NROB2_106_128 0.96 3.05-108 0.93 3.45-108
NROB2_201_223_C207S 0.10 1.31-10°8

NROB2_9_31_C9S/C11S 0.98 4.97-10°°® 0.97 3.03-108
NRBF2_128_150 0.99 3.28:10% 0.93 2.76+10°®
NRIP1_1055_1077 0.10 6.71-10%

NRIP1_120_142 0.10 1.33-10°°® 0.96 4.42-10°%8
NRIP1_121_143_P124R 0.10 1.17-10%8 0.94 3.45-10°%8
NRIP1_173_195 0.99 1.43-10708

NRIP1_173_195_C177S 0.10 9.78-10°°

NRIP1_253_275_C263S 0.10 1.13-10°°® 0.96 4.71-10°%®
NRIP1_368_390 0.96 3.58:10 0.99 3.75-10°%®
NRIP1_488_510 0.10 1.09-10%8 0.98 2.78+10°08
NRIP1_700_722 0.10 1.09-108 0.97 4.19-108
NRIP1_701_723 0.10 1.49-10°°® 0.98 6.44-108
NRIP1_805_831 0.98 1.64-10°8 0.96 4.21-10°°®
NRIP1_924_946 0.10 1.25-10708

NRIP1_924_946_C945S 0.10 1.09-10°% 0.98 2.33+10°%
NSD1_894_916 0.10 1.50-10°8 0.96 4.23-108
PELP1_168_190 0.94 3.70-10°%
PELP1_20_42 0.10 1.18-10°°® 0.91 2.61-10°8
PELP1_446_468 0.10 1.14-10°® 0.93 2.53-10°8
PELP1_571_593_C5755/C581S 0.93 4.25-10°

PNRC1_306_327 0.93 1.30-10-%

PPRC1_151_173 0.99 4.78+108

PR285_1105_1127 0.10 3.51-10°

PR285_2216_2238_C22195 0.91 2.00+10°¢
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Supplementary Table S: EC,; and IC, (underlined) values for ERa-LBD and ERB-LBD binding
to coregulator-derived binding motifs in the MARCoNI assay induced by E2, only displayed for

concentration-response curves with R? > 0.9. (continued)

Coregulator R2ERa EC. ERa (M) R2ERB EC, ERB (M)
PRGC1_130_155 0.98 1.74-10%° 0.96 2.77-10°°®
PRGC1_134_154 0.96 1.04-10%°

PRGC2_146_166 0.10 9.13-10°%° 0.96 4.34-10°°®
PRGC2_338_358 0.93 1.96-10 0.95 3.4310"
PROX1_57_79 0.95 1.21:10

TIF1A_373_395_C394S 0.97 9.48+10°%°

TIF1A_747_769 0.10 4.51-10°%° 0.92 1.70-10°®
TIP60_476_498 0.99 4.31-10°°® 0.94 6.54-108
TREF1_168_190 0.10 1.09-10%8

TRXR1_132_154 0.96 7.84-10°°% 0.92 3.41-10°8
UBE3A_649_671 0.93 4.76-10%8

WIPI1_119_141 0.10 1.23-10°°8 0.96 3.03-10%
WIPI1_313_335_C318S 0.94 2.75-10°8

ZNHI3_89_111 0.10 1.19-10°®
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Abstract

The aim of the present study was to investigate modulation of the interaction
of ERa and ERB with coregulators in the ligand-dependent responses induced
by the ER antagonistic compounds 40HT and fulvestrant. Comparison of these
results to ligand-dependent interaction of ERa and ERPB with coregulators
expressed in Ml profiles for the ER agonist E2 will elucidate whether differences
in the (ant)agonist-dependent interaction of ERa and ERB with coregulators
expressed in Ml profiles contribute to the differences in (ant)agonist responses.
To this end, the selected ER antagonistic compounds were first characterized for
intrinsic relative potency reflected by IC, and efficacy towards ERa and ERp using
ER-selective U20S reporter gene assays, and subsequently tested for ligand-
dependent modulation of the interaction of ERa and ERB with coregulators using
the MARCoNI assay with 154 different nuclear receptor coregulator peptides
derived from 66 different coregulators. Results obtained with the U20S reporter
gene assays indicate a preference of 40HT to antagonize ERB and find fulvestrant
to be less ER-specific. The responses in the MARCoNI assay reveal that ERa- and
ERB-mediated interaction with coregulators expressed in Ml profiles are similar
for 40HT and fulvestrant and generally opposite to the Ml profile of the ER agonist
E2. Hierarchical clustering with Euclidian distance as the cluster distance metric
based on the Ml profiles appeared able to clearly discriminate the two compounds
with ER antagonistic properties from the ER agonist E2. Taken together, the data
reveal that modulation of the interaction of ERs with coregulators discriminates
ER agonists from antagonists but does not discriminate between the preferential
ERP antagonistic compound 40HT and the less specific ER antagonist fulvestrant.
It is concluded that differences in modulation of the interaction of ERa and ER(
with coregulators contribute to the differences in ligand-dependent responses
induced by ER agonists and ER antagonists, but the importance of the subtle
differences in modulation of the interaction of ERs with coregulators between
the ER antagonistic compounds 40HT and fulvestrant for the ultimate biological

effect remains to be established.




Introduction

Estrogens affect cell growth in several tissues [1-3]. These effects are modulated
by binding of the estrogens to estrogen receptor (ER)a and ERB, thereby regulating
gene transcription [4-6]. Estrogenic compounds that bind to ERa and ERB may be
agonists inducing a physiological response similar to that induced by the natural ligand
17B-estradiol (E2), or antagonists, of which the binding results in inhibition of the E2-
mediated activation and cellular responses [7, 8]. In addition to the nature of the ligand,
being an agonist or antagonist, also the intrinsic potency and efficacy (partial or full)
of the ligand for the two receptors [7, 9], and the ERa/ERP ratio in the cells or tissue of
interest is important for the ultimate biological effect [5-7, 10].

ERa and ERB have been reported to exert counteracting effects on cell proliferation.
ERa activation enhances cell proliferation [11], whereas ERB activation counteracts ERa-
mediated cell proliferation [7, 12-15]. Therefore, ERa antagonism leads to repression of
cell growth [16], whereas ERB antagonism leads to enhanced cell proliferation [17]. It has
been suggested that estrogen-mediated effects on cell proliferation through the action
of ERa and ERP are involved in the development and progression of cancer of especially
estrogen-responsive tissues [12, 18]. For ER-positive breast tumors as well as for other
estrogen-dependent tumors, it has been shown that in tumorous tissue compared to
normal tissue the ERa/ERP ratios increase due to a decreased ERB expression [12]. This
role for ER-mediated effects on cell proliferation and cancer is also reflected in the
use of ER antagonists in hormonal cancer therapy for the treatment of ERa-positive
breast cancer [8]. With appropriate endocrine therapy based on ER antagonists, patients
with ERa-positive breast tumors have a better prognosis than those with ERa-negative
tumors [19].

ER antagonistic compounds for the treatment of breast cancer include tamoxifen
[20, 21] and fulvestrant [22]. Tamoxifen is a first line breast cancer drug widely used for
treatment of ERa-positive breast cancers [23]. It acts by blocking the ER (both ERa and
ERB) [24, 25]. Tamoxifen would only properly work in breast cancer cells with relatively
high ERacand low ERB expression, since then tamoxifen will block ERa and thereby reduce
ERa-induced cell proliferation [17]. 4-Hydroxytamoxifen (40OHT) is the active metabolite
of tamoxifen, tested in the current study in the trans isoform, which possesses stronger
anti-estrogenic activity than the cis isoform [26]. It has a 100 times higher potency
towards both ER isoforms than tamoxifen itself [27]. In competition binding assays with
E2, the compound 40HT has a 1.6 times higher binding affinity for ERB over ERa [28].
However, tamoxifen and 40HT are not full ER antagonists, but are Selective Estrogen

Receptor Modulators (SERMs) displaying both ER agonistic and antagonistic properties

85

INVYLSIATNG ANV LHOY SLSINOOVLINY Y3 40 ONIANIE J14123dS-3dALANS Y3 NI IATOANI SHOLVYTINDIYO0D



COREGULATORS INVOLVED IN ER SUBTYPE-SPECIFIC BINDING OF ER ANTAGONISTS 40HT AND FULVESTRANT

86

depending on the physiological context [21]. In contrast, fulvestrant is a full ERa and
ERP antagonist and is used as a second line breast cancer drug [29]. Fulvestrant acts by
blocking both ERs and reducing cellular levels of ERa [8, 30-33]. In tests for its antagonist
activity towards E2, it has a 9 times higher antagonistic preference for ERa over ER [34].

Animportant factor that may influence the ultimate gene expression and biological
effect induced by estrogenic compounds is the type of coactivators that can bind to the
ligand-ER complex. This aspect of interaction of ERs with coregulators has not been
studied in great detail. It has been shown that these coregulators influence the ER-
mediated activation or repression and transcription of target genes. Coactivators and
corepressors have a role in the response to estrogenic and anti-estrogenic compounds,
chromatin condensation, and mediating transcription [5, 10, 35, 36].

Recently the modulation of the interaction of ERa and ERB with coregulators in
the ligand-dependent responses induced by ER agonists was investigated [37]. The data
obtained revealed that differences in modulation of the interaction of ERa and ERfB
with coregulators contribute to the different ligand-dependent responses induced by
different ER agonists, but do not contribute significantly to the differences between ERa-
and ERB-mediated responses by a given ER agonist. The aim of the present study was
to investigate modulation of the interaction of ERs with coregulators upon exposure to
the ER antagonistic compounds 40HT and fulvestrant. To this end, 40HT and fulvestrant
were tested for intrinsic relative potency reflected by IC,  and efficacy towards ERa and
ERP using human osteosarcoma U20S reporter gene assays, and the ligand-dependent
modulation of the interaction of ERa and ERB with coregulators induced by the model
compounds was investigated using a Microarray Assay for Real-time Coregulator —
Nuclear receptor Interaction (MARCoNI) with 154 unique nuclear receptor coregulator

peptides derived from 66 different coregulators.

Materials and Methods

Cell culture

The U20S cell lines, stably expressing ERa or ERB in addition to a 3x estrogen response
element and TATA box binding protein combined with a luciferase gene (3x ERE-
TATA-luciferase gene) were kindly provided by the Hubrecht Institute, Utrecht [7].
U20S-ERa cells were grown in DMEM:F12, a 1:1 mixture of Dulbecco’s modified Eagle’s
medium (DMEM) and Ham’s nutrient mixture F12 (Gibco, Paisley, Scotland, 31331-028)
supplemented with 10% fetal calf serum (FCS, Invitrogen, Paisley, Scotland, #10099),
0.5% non-essential amino acids (NEAA, Gibco, Paisley, Scotland, 11140-035), 0.2 mg/ml
geneticin G418 (PAA Laboratories GmbH, Pasching, Austria, #P02-012), and 0.05 mg/ml



hygromycin (Duchefa, Haarlem, the Netherlands, # H0192.0001). U20S-ERP cells were
grown in 1:1 DMEM:F12 culture medium supplemented with 10% FCS, 0.5% NEAA, and
0.2 mg/ml geneticin G418 [7]. All cells were incubated at 37°C and 5% CO, in a humidified
atmosphere.

Because phenolred exerts estrogenicactivity [38], at least 24 hours before exposure
to the selected model compounds, cells were washed 3 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) and 0.5% NEAA.

U20S reporter gene assay
Cells were seeded in 96-well view plates (PerkinElmer, Groningen, the Netherlands,
#655180) at a density of 10° cells/ml for U20S-ERa and 7.5+10* cells/ml for U20S-ERB,
100 pl/well. Twenty-four hours after seeding, medium was changed to phenol red free
medium. Forty-eight hours after seeding, cells were exposed to the test compounds
in triplicate, in phenol red free medium. 17B-Estradiol (E2) was chosen as the positive
standard estrogenic agonist and used to characterize the antagonist properties of
fulvestrantand 40HT. E2 isknown to be both an ERacand ERP agonist with an approximate
10-fold higher preference for ERa over ERB as shown in ligand binding experiments with
solubilized Spodoptera frugiperda 9 (Sf9) insect cell extracts and U20S reporter cell lines
[5, 39, 40]. Progesterone was included as a negative control for ER binding [41, 42].
After 24 hours of exposure, cells were washed with 0.5-PBS and lysed with
30 ul of hypotonic low-salt buffer containing (final concentrations) 10 mM Tris,
2 mM dithiothreitol (DTT, Sigma-Aldrich, St. Louis, MO, USA, # D-0632), and 2 mM
1,2-diaminocyclohexanetetraacetic acid monohydrate (CDTA, Sigma-Aldrich, St. Louis,
MO, USA, #32869); pH 7.8. Plates were kept on ice for at least 10 minutes and
subsequently stored at -80°C until analysis. One hour before measurement, plates were
thawed on a plate shaker until they reached room temperature. Luciferase activity was
determined using a luminometer (Labsystems, Luminoskan RS). In short, background
light emission was measured for 2 seconds, after which 100 ul of flashmix (20 mM tricine
(Sigma-Aldrich, St. Louis, MO, USA, #T5816), 1.07 mM (MgCO0,)4Mg(OH),*5H,0 (Aldrich,
Milwaukee, WI, USA, #22,766-8), 2.6 mM magnesium sulfate (MgSO,, Sigma-Aldrich,
St. Louis, MO, USA, #24.697-2), 0.1 mM ethylenedinitrilotetraacetic acid (EDTA:2H,0,
Merck, Darmstadt, Germany, #1.08418.1000), 2 mM DTT, 0.47 mM D-luciferin (Duchefa
Biochemie, Haarlem, the Netherlands, # L1349.0250), and 5 mM adenosine triphosphate
(ATP, Duchefa Biochemie, Haarlem, the Netherlands, # A1335.0010); pH 7.8) was
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automatically injected, followed by measurement of light emission for another
2 seconds, after which the light emission was extinguished with 50 pl 0.2 M sodium
hydroxide (NaOH, Merck, Darmstadt, Germany, # 1.06498.1000) [43].

For calibration of the results of all U20S assays, 3 concentrations of E2 were tested
(each of the concentrations tested at least in triplicate) on each plate to correct for plate-
to-plate variations. Data from the U20S reporter gene assay were expressed in relative
light units (RLU), corrected for the corresponding background signal measured before
luciferase induction. EC,  and IC_ values were calculated using PRISM V (GraphPad, San
Diego, CA, USA). Potency of the compounds was determined based on the IC_ value
and efficacy based on maximal height of the induction of luciferase activity in the U20S

reporter gene assays.

MARCoNI assay

Ligand-modulated interaction of coregulators with ERa or ERB was assessed using
a PamChip peptide microarray with 154 unique coregulator motifs derived from 66
different coregulators (#88102 and #90012, PamGene International BV, Den Bosch, the
Netherlands) as described previously [44]. In short, all incubations were performed
on a PamStation®-12 or -96 (handling 12 or 96 arrays in parallel per run respectively)
(PamGene) at 20°C using two cycles per minute. Polyhistidine (His) tagged ERa ligand
binding domain (amino acids 302-552, partly purified from Escherichia coli (E. coli),
crude lysate, final concentration between 1 and 10 nM) and His antibody penta-His
Alexa Fluor 488 conjugate (Qiagen, Germantown, MD, USA,#35310, final concentration
25 nM) were diluted in time-resolved fluorescence resonance energy transfer (TR-FRET)
reaction buffer containing 20 mM Tris-HCl; pH 7.5 (Tris: Sigma-Aldrich, St. Louis, MO,
USA, #T1503) (HCI: Merck, Darmstadt, Germany, #1.00317.1000), 500 mM NaCl (Merck,
Darmstadt, Germany, #1.06404.1000), 0.2% bovine serum albumin (BSA, Calbiochem,
Merck, Darmstadt, Germany, #126609), and 0.05% Tween 20 (Bio-Rad, Veenendaal, the
Netherlands, #170-6531). Glutathione S-transferase (GST) tagged ERP subtype-specific
ligand binding domain (amino acids 243-530 final concentration 10 nM) and anti-GST
Alexa Fluor 488 conjugate (Molecular probes, Life Technologies Ltd, UK, #A11131,
final concentration 50 nM) were diluted in reaction buffer containing coregulator
buffer E (Invitrogen, Paisley, Scotland, #PV4540) supplemented with 5 mM DTT (Sigma,
Zwijndrecht, the Netherlands, #43819). All mixtures were kept on ice until they were
transferred to the PamChip microarrays. The concentrations of the model compounds
tested in the MARCoNI assay were approximately 10° times the EC_ or IC, concentration
in the U20S assays with 10* M being the highest concentration tested in the MARCoNI

assay. Ligand was predissolved in dimethyl sulfoxide (DMSO) (concentrations as



indicated, final DMSO concentration 2%). Reaction mixture with 2% DMSO served as
negative control. Each array was blocked for 20 cycles using 25 pl of blocking buffer (Tris-
buffered saline) (TBS, Bio-Rad, Veenendaal, the Netherlands, #170-6435) supplemented
with 0.01% Tween 20 (Bio-Rad, Veenendaal, the Netherlands, #170-6531) and 1% BSA
(Calbiochem, Merck, Darmstadt, Germany, #126609). Next, the blocking buffer was
removed by aspiration and the reaction mixture was added to the PamChip microarray
together with the ligand in a final volume of 25 pl. This reaction-ligand mixture was
incubated (pumped up and down the porous microarray membrane containing the
154 different coregulator peptides) for 80 cycles. Subsequently, unbound receptor was
removed by washing of the arrays with 25 pL TBS and finally a tiff image of each array

was acquired by the charge coupled device (CCD) camera of the PamStation.

Data analysis
MARCoNI assay image analysis was performed using BioNavigator (Version 5.1, PamGene
International B.V.). Per array, the fluorescent signal of each spot, representative of
ER binding to that particular coregulator motif, was quantified. Each tiff image (single
array) was overlaid with a synthetic grid of spot-sized circles. An algorithm was used to
optimise placement of each circle around its respective spot (actual peptide position)
on the tiff image. The median fluorescence within each circle as well as that in a defined
area surrounding the circle (background) was quantified. For each spot the binding
signal as median fluorescent signal minus background for each peptide was calculated.
The modulation index (MI) was subsequently calculated as the compound-induced
log 10-fold change of binding (fluorescence) in the presence of ligand over that in the
presence of solvent only. In addition, a Student’s t-test on ER binding was conducted to
assess the significance of the compound effect (DMSO vs. compound-stimulated). As
each array contains 154 unique coregulator motifs, each compound was characterized
by a 154-point Ml profile. Obtained Ml profiles were subjected to hierarchical clustering
by Euclidean distance and average linkage. Hierarchical clustering was performed using
stats packages in R (version 2.15.3, copyright® 2013 The R Foundation for Statistical
Computing). Per receptor, compound (dis)similarities were visualized as a dendrogram
of a clustered MI heatmap in which statistical significance of the modulation of each
interaction was indicated.

For E2, ligand dose-response curve fitting was performed using the drc package
in R, by means of a sigmoidal, 4-parameter Hill (logistic) model (response=((A-D)/
(1+((concentration/C)®)))+D, with parameters A=response minimum, B=Hill slope, C=EC,,

and D=response maximum).
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Results

Characterization of the intrinsic relative ERa or ERB potency and efficacy of the selected
antagonistic compounds

Intrinsic relative ERa or ERB potency and efficacy of the ER antagonistic compounds was
characterized using the U20S cell lines stably expressing ERa or ERB. The U20S-ERa and
U20S-ERP reporter gene assays were used to establish the intrinsic ability of the selected
antagonistic compounds 40HT and fulvestrant to counteract E2-mediated activation of
ERa- (Figure 1) or ERB- (Figure 2) dependent gene expression. Antagonistic effects were
6 pM for ERa
(Figure 1) and 60 pM for ERB (Figure 2). From the results obtained, the IC, values for

investigated by testing the compounds in the presence of E2 at its EC,;
the antagonistic compounds were determined (Table A). 40HT and fulvestrant show
antagonistic effects towards both ERa and ERB (Figure 1B and 2B). IC_, values for 40HT
are 18-fold lower for ERB compared to ERa and the Estradiol Equivalence Factor (EEF)
ERB/EEF ERa ratio is 169, indicating a preference for ERP (Figure 1B and 2B, Table A). IC,
values for fulvestrant are about 4- to 5-fold lower for ERa than for ERB, although the EEF
ERB/EEF ERa ratio is 2.1, indicating a much lower specific preference for one of the ER
subtypes (Figure 1B and 2B, Table A).
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Figure 1: ERE-mediated luciferase activity in U20S-ERa cells exposed to (A) E2 (e), 40HT (X),
fulvestrant (%), and progesterone (m) alone, or (B) 40HT (X), fulvestrant (%), and progesterone (m)
in the presence of 6 pM E2. Data points * standard deviation (SD) (n=3).
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Figure 2: ERE-mediated luciferase activity in U20S-ERB cells exposed to (A) E2 (e), 40HT (X),
fulvestrant (%), and progesterone (m) alone, or (B) 40HT (X ), fulvestrant (%), and progesterone (m)
in the presence of 60 pM E2. Data points + SD (n=3).

The negative control progesterone shows no changes in ER-mediated luciferase
activity in the U20S-ERa or U20S-ERP cell line, either in the presence or absence of
E2. In both the U20S-ERa or U20S-ERP reporter gene assay, efficacy for 40HT and
fulvestrant appear to be similar reflected by a similar maximum reduction of luciferase

activity induced by E2 (Figures 1 and 2).

Table A: EC,  and IC, values for E2, 40HT, and fulvestrant as determined by the U20S reporter

gene assay.

EC, IC, EC, IC, EEF ERB/
ERa ERa EEF  ERB  ERB  EEF  EEFERa  ERa/ER fold
Compound (pM) (pM) ERa (pM) (pM) ERB ratio potency ratio
E2 6.5 - NA 59.8 - NA NA 9.2 (agonist)
40HT - 413 0.016 - 22.6 2.65 169 0.05
(antagonist)
Fulvestrant - 308 0.021 - 1370 0.044 21 4.5

(antagonist)

EEF for 40HT and fulvestrant: Estradiol Equivalent Factor calculated as EC,  E2/IC_; test compound.
NA: Not Applicable.
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Estrogen receptor-specific modulation of interaction with coregulators by 40HT and
fulvestrant

To investigate differential compound-induced modulation of the interaction of ERa or
ERB with coregulators during ligand binding, both antagonistic compounds were tested
with the so called MARCoNI assay in the presence of the ligand binding domain (LBD) of
either ERa or ERB [45].

In Figure 3 the ligand-dependent interaction of ERa and ERB with different
coregulator peptides for the two model compounds is displayed, expressed as the
Ml profile which is the ligand-induced log fold modulation of binding, for comparison
presented together with the Ml profile for the agonist E2. For both ERa (Figure 3A) and
ERPB (Figure 3B), the interaction with coregulators expressed as modulation patterns
induced by 40HT and fulvestrant seem to be very similar and are clearly different
from the modulation patterns for E2. In fact, the Ml profiles of 40HT and fulvestrant
are for most coregulator motifs opposite to that of E2. For example, for both ERa and
ERB upon incubation with 40HT and fulvestrant, nuclear coactivator (NCOA) motifs
NCOA1_677_700, NCOA2_628_651, and NCOA3_673_695 show negative modulation,
whereas upon incubation of the ERs with the agonist E2, positive modulation of
interaction of ERs with these coactivator motifs is shown.

For both 40HT and fulvestrant, when multiple binding motifs of one coregulator
are present in the MARCoNI assay, the binding to different motifs belonging to one
coregulator are all negatively modulated, though not all equally strong (for example all
nuclear receptor interacting protein 1 (NRIP1) motifs, Figure 3).

Although the Ml profiles induced by 40HT and fulvestrant appeared similar, for ERB
one distinct difference is observed between the two antagonistic model compounds.
Fulvestrant shows negative and 40HT positive modulation of interaction of ERs with
coregulator motif DEAD box (DDX)5_133_155 (indicated with an arrow in Figure 3B). The
negative control progesterone showed only limited modulation of interaction of ERa
and ERPB with coregulators (Supplementary Figure S).

To investigate to what extent the MARCoNI assay is able to discriminate ER agonist
E2 from ER antagonistic compounds based on their Ml profile, the model compounds
were classified based on hierarchical clustering of the Ml profile using Euclidian distance
(Figure 4). For clustering based on ERa (Figure 4A) or ERB (Figure 4B), the antagonistic
compounds 40HT and fulvestrant cluster together, discriminating clearly from agonist
E2, whereas the negative control progesterone did not cluster with the other model

compounds, only with DMSO.
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Figure 4: MI heatmap of (A) ERa and (B) ERB, interaction with coregulators across compounds and
coregulators. Red represents positive Ml, blue represents negative M. In the heatmap significance
of the modulation of each interaction is indicated (*: P value <0.05; **: P value <0.01; ***: P value
<0.001).



Discussion

An important factor that may influence the ultimate gene expression and biological
effectinduced by ER antagonists is the type of coregulators that can bind to the ligand-ER
complex. The aim of the present study was to investigate coregulator interaction with
ERa and ERP upon exposure to the ER antagonistic compounds 40HT and fulvestrant.
First the antagonist activity of these two model compounds towards ERa and ERB was
characterized using the U20S-ERa and U20S-ER reporter gene assays performed in the
presence of E2. E2 was able to induce ERE-mediated gene transcription in the U20S-ERa
and U20S-ERP reporter gene assay with a higher potency for ERa than for ERB. The
9-fold difference between the EC, for ERa and the EC, for ERB in the U20S reporter
gene assays is in line with previous results [7]. When combined with 6 or 60 pM E2
in respectively the U20S-ERa and U20S-ERP reporter gene assay (Figure 1B and 2B),
both 40HT and fulvestrant show clear antagonistic effects. 40HT is not able to bring
the E2-induced response completely back to baseline in the U20S-ERa reporter gene
assay, which can be interpreted as partial agonism [46]. The IC, value for the antagonist
activity of 40HT appeared to be 18-fold lower for ERB than for ERa with an EEF ERB/EEF
ERa ratio of 169, indicating a higher antagonistic potency towards ERPB. For fulvestrant,
the IC, value is 4.5-fold lower for ERa than for ERB and the EEF ERB/EEF ERa ratio is 2.1,
indicating a much lower specific preference for one of the ER subtypes (Table A). The
negative control progesterone was not able to induce or inhibit E2-induced responses
in the U20S-ERa and U20S-ERP reporter gene assay. These data indicate a difference
in ERa or ERP preference for the two model compounds. Efficacy towards the ERs were
similar for 40HT and fulvestrant.

To investigate whether differences in modulation of the interaction of ERs with
coregulators play a role in the ERa- and ERB-dependent responses to the antagonistic
compounds, ligand-dependent modulation of the interaction of ERa and ERB with
coregulators by the different model compounds was determined in the MARCoNI assay.
The ERB-based MARCoNI assay was performed for the first time with antagonistic
compounds and therefore antagonist concentrations at expected maximum efficacy
were chosen.

The results of the present study revealed that the Ml profiles induced by 40HT and
fulvestrant appeared similar, but are clearly different from the Ml profile for E2 (Figure 3).
The Ml profiles of 40HT and fulvestrant are opposite to that of E2. The NCOA1, NCOA?2,
NCOA3, and NCOAG6 coactivator motifs are negatively modulated by both ER antagonistic
compounds in combination with both ER receptors, while for E2 these NCOA motifs are

mostly positively modulated. Also, for E2, most of the nuclear corepressor (NCOR)1 and
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NCOR2 motifs are significantly negatively modulated in combination with both ERs,
while both ER antagonistic compounds do not show significant modulation of these
motifs (Figure 3). It is worth noting that in the MARCoNI assay the Ml profiles induced by
the antagonistic compounds 40HT and fulvestrant can be detected directly, i.e. without
the requirement for addition of E2, which is an unique property of the MARCoNI assay
over the U20S reporter gene assays.

The Ml profiles induced by 40HT and fulvestrant appeared similar, which indicates
that these two compounds do share, to some extent, the same mode of action,
especially by blocking the interaction of the ER with coactivator peptides. However,
for ERB, one distinct difference is observed between the two antagonistic compounds.
Fulvestrant shows negative and 40HT positive modulation of the interaction of ERPB
with coregulator motif DDX5_133_155 (indicated with an arrow in Figure 3B). DDX5 is
a transcriptional coactivator for the tumor suppressor protein p53 and is involved in
the p53 transcriptional response to DNA damage and p53-dependent apoptosis [47].
The recruitment of this DDX5 coactivator motif by ERB as induced by tamoxifen could
be beneficial for ERB reducing ERa-mediated cell proliferation since it could stimulate
p53-dependent apoptosis. It is of interest to note that previously tested agonistic
compounds showed positive modulation of the interaction of ERB with coregulator
motif DDX5_133_155 as well [37]. This could possibly be linked to the partial agonistic
actions tamoxifen and 40HT have in specific tissue [21].

The differencesin the type of modulation of the interaction of ERs with coregulators
between the different ER antagonistic compounds incubated with ERa or ERB are limited.
The Ml profiles as well as the efficacy of 40HT and fulvestrant in the U20S reporter gene
assays are very similar.

Quantitative hierarchical clustering of the two ER antagonistic compounds 40HT
and fulvestrant, the ER agonist E2, and the negative control progesterone tested in the
present study based on the interaction of ERs with coactivators (Figure 4) showed that
for both ERa and ERB, 40HT was found to cluster together with fulvestrant and could
clearly be discriminated from the negative control progesterone clustering together with
DMSO, as well as from the ER agonist E2. This illustrates the potential of the MARCoNI
assay to clearly discriminate between ER agonists and antagonists. A similar type of
approach was previously shown for ERa coregulator modulation [45, 48].

In the present study, only subtle differences in the modulation of the interaction
of ERa and ERP with coregulators by a specific ligand were detected. The importance of
the subtle differences for the ultimate biological effect remains to be established and
they are an important topic for future research, in which also should be established

to what extent the different coregulators are present in cells or tumors. Based on the



ligand-dependent differences in modulation of the interaction of ERs with coregulators

the MARCoNI assay was shown to be able to discriminate the ER agonist E2 from ER

antagonistic compounds. The similarity of the MI profiles induced by 40HT and

fulvestrant indicate that these two compounds share a similar mode of action. The

differences in antagonistic activity of 40HT and fulvestrant towards ERa and ER(

might be due to the subtle differences observed on the level of interaction of ERs with

coregulators, however, further research is necessary to better understand the function

of the identified coregulators in a cellular context.
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Supplementary Table

Supplementary Table S: EC_, and IC_  (underlined) values for ERa-LBD and ERB-LBD binding to
coregulator-derived binding motifs in the MARCoNI assay induced by E2, only displayed for dose

response curves with coefficient of determination R? >0.9.

Coregulator R?ERa EC,,ERa R2ERB EC, ERB
BL1S1_1_11 0.99 1.38-108 0.92 2.94-10°8
BRD8_254_276 1.00 1.25+10-% 0.98 4.09-10%8
CBP_57_80 1.00 2.20-10°®

CENPR_159_177 0.99 1.18-10°%
CNOT1_2083_2105 0.91 1.07-10%7
DHX30_49_70 0.92 3.85:108
EP300_69_91 0.99 2.55+10°8 0.95 3.14-10°®
GNAQ_21_43 0.99 9.09:10°%
HAIR_745_767_C755S/C759S 1.00 1.65-10°°8 0.94 3.75-10°°8
IKBB_277_299 0.98 4.18-10°8 0.96 5.02-10°°®
ILK_131_153 0.90 8.96-10°%°

JHD2C_2054_2076 0.99 2.12-10°°® 0.95 3.01-10°°®
LCOR_40_62 1.00 3.91-10°°® 0.96 1.78-10"7
MAPE_382_404_C388S 1.00 3.47-1042

MED1_591_614 1.00 1.08-108 0.95 2.50-10°
MED1_632_655 0.98 3.16-10°° 0.92 3.41-10°®
MEN1_255_277 0.95 1.68-1010

MLL2_4175_4197 1.00 1.26-10°°® 0.92 6.13-10°%
MLL2_4702_4724 0.90 2.34:10
MTA1S_388_410_C3935/C396S 0.97 1.54-101° 0.99 1.13-10°%
NCOA1_1421_1441 1.00 4.70-10% 0.93 2.61-10°0®
NCOA1_620_643 1.00 1.19-10°°® 0.95 2.67-10°08
NCOA1_677_700 1.00 8.23:10% 0.97 1.59-10°08
NCOA1_737_759 1.00 1.22-10°°® 0.96 3.60-10°¢
NCOA2_628_651 1.00 8.95:10%° 0.96 3.06-10°®
NCOA2_677_700 1.00 8.61-10°% 0.93 3.03-10°
NCOA2_733_755 1.00 9.67+10°% 0.95 3.22:10%
NCOA3_104_123_N-KKK 0.91 8.76:10°® 0.93 3.78-10°
NCOA3_609_631 0.99 8.17-10°%°

NCOA3_609_631_C627S 0.96 3.37-10°%® 0.96 2.07-10°°®
NCOA3_673_695 0.97 1.51-10%7 0.97 8.08-10%8
NCOA3_725_747 1.00 9.35-10% 0.98 1.72-10°8
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Supplementary Table S: EC,; and IC,; (underlined) values for ERa-LBD and ERB-LBD binding to
coregulator-derived binding motifs in the MARCoNI assay induced by E2, only displayed for dose

response curves with coefficient of determination R? >0.9. (continued)

Coregulator R2ERa EC, ERa R2ERB EC, ERB
NCOA6_1479_1501 1.00 3.28:10

NCOA6_875_897 1.00 8.42-10°° 0.95 3.03-10
NCOR1_662_684_C662S 0.94 4.60:10-%

NCOR2_2330_2352 1.00 3.10-102

NELFB_428_450 0.99 1.31-10°¢

NROB1_1_23 1.00 1.19-10°°® 0.96 2.89-10%8
NROB1_136_159 0.99 7.91-10°%°

NROB1_68_90_C69S 1.00 8.97-10°° 0.97 2.78-10°°®
NROB2_106_128 0.96 3.05-10° 0.93 3.45-10%8
NROB2_201_223_C207S 1.00 1.31-10°8

NROB2_9_31_C9S/C11S 0.98 4.97-107°® 0.97 3.03-10
NRBF2_128_150 0.99 3.28:10% 0.93 2.76+107°®
NRIP1_1055_1077 1.00 6.71-10%°

NRIP1_120_142 1.00 1.33-10°°® 0.96 4.42-107°8
NRIP1_121_143_P124R 1.00 1.17-10%8 0.94 3.45-108
NRIP1_173_195 0.99 1.43-10°08

NRIPL_173_195_C177S 1.00 9.78-10°%°

NRIP1_253_275_C263S 1.00 1.13-10°® 0.96 4.71-10°°®
NRIP1_368_390 0.96 3.58:10% 0.99 3.75-10°°8
NRIP1_488_510 1.00 1.09-108 0.98 2.78-10°°8
NRIP1_700_722 1.00 1.09-10°8 0.97 4.19-10°®
NRIP1_701_723 1.00 1.49-107°® 0.98 6.44-10°0¢
NRIP1_805_831 0.98 1.64-10°8 0.96 4.21-108
NRIP1_924_946 1.00 1.25+1070¢8

NRIP1_924_946_C945S 1.00 1.09:10%  0.98 2.33:10°%¢
NSD1_894_916 1.00 1.50-10°8 0.96 4.23-10°°®
PELP1_168_190 0.94 3.70-10%8
PELP1_20_42 1.00 1.18-10°%® 0.91 2.61-10°%®
PELP1_446_468 1.00 1.14-10°°® 0.93 2.53-108
PELP1_571_593_C5755/C581S 0.93 4.25-10°7

PNRC1_306_327 0.93 1.30+10-%

PPRC1_151_173 0.99 4.78+108

PR285_1105_1127 1.00 3.51-10%®
PR285_2216_2238_C22195 0.91 2.00+10°0¢
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Supplementary Table S: EC,; and IC,; (underlined) values for ERa-LBD and ERB-LBD binding to
coregulator-derived binding motifs in the MARCoNI assay induced by E2, only displayed for dose

response curves with coefficient of determination R? >0.9. (continued)

Coregulator R2ERa EC, ERa RZERB EC, ERB
PRGC1_130_155 0.98 1.74-10%° 0.96 2.77-10°°®
PRGC1_134_154 0.96 1.04-10%°

PRGC2_146_166 1.00 9.13-10°%° 0.96 4.34-10%8
PRGC2_338_358 0.93 1.96-10 0.95 3.43-10%
PROX1_57_79 0.95 1.21-10

TIF1A_373_395_C394S 0.97 9.48+10°°

TIF1A_747_769 1.00 4.51-10°%° 0.92 1.70-10°°®
TIP60_476_498 0.99 4.31-10°°8 0.94 6.54-1008
TREF1_168_190 1.00 1.09-10°

TRXR1_132_154 0.96 7.84+10°08 0.92 3.41-10°®
UBE3A_649_671 0.93 4.76-10%8

WIPI1_119_141 1.00 1.23-10% 0.96 3.03-10
WIPI1_313_335_C318S 0.94 2.75-10°°¢

ZNHI3_89_111 1.00 1.19-10°°®
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Abstract

The aim of the present study was to investigate by quantitative proteomics whether
40HT, active metabolite of the breast cancer drug tamoxifen, exerts ERa/ERB
ratio-dependent effects on cell proliferation and apoptosis. This is of importance
given that the ERa/ERB ratio usually increases in tumorous tissue compared to
normal tissue due to decreased ERB expression. ERa/ERP ratio-dependent effects
of 40HT on protein expression were characterized in the T47D-ERB human breast
cancer cell line with tetracycline-dependent ERP expression. Results reveal
ERa/ERB ratio-dependent effects of 40HT on cell proliferation and apoptosis.
Proteomics data are in line with decreased cell proliferation and increased
apoptosis induced by 40HT in the cells expressing only ERa. In cells expressing
ERa and ERP, proteomics data point at increased cell proliferation and decreased
apoptosis upon 40HT exposure. 40HT also induced ERa/ERB ratio-dependent post-
translational modifications, i.e. acetylation, methylation, and phosphorylation
of several ribosomal and mitochondrial protein groups. Most post-translational
modifications were observed upon 40HT exposure in T47D-ERP cells with both ERa
and ERP expressed. It is concluded that 40HT affects major biological functions
in T47D-ERP cells including cell proliferation and apoptosis, with ultimate effects
being dependent on the cellular ERa/ERB ratio. There may be opposite effects
regarding cell proliferation and apoptosis of 40HT in tissue depending on the level
of ERB expression, with 40HT being more effective in reducing cell proliferation
and increasing apoptosis if ERa dominates and ERB expression levels are low
since 40HT then antagonizes ERa. Based on the proteomics data of the present
study it is concluded that ERa and ERP levels and the ERa/ERP ratio could be used
as predictors of tamoxifen therapy responsiveness, with presence of ERa and
absence of ERB expression being optimal for inducing a 40HT-mediated decrease

in cell proliferation and increase in apoptosis.




Introduction

The two major estrogen receptors (ER), ERa and ERB, influence cell proliferation and
are suggested to be involved in the development and progression of certain forms of
cancer of especially estrogen-responsive tissues, like breast and uterus [1-3]. Whereas
ERa activation enhances cell proliferation [4], ERB activation counteracts this effect [2,
5-8]. Several studies associate ERB activation with apoptosis [9-11]. It has been shown
for ER-positive breast tumors (tumors that express ERs) as well as for other estrogen-
dependent tissue tumors at both messenger RNA (mRNA) and protein level that in
tumorous tissue compared to normal tissue ERa/ERB ratios increase due to a decreased
ERP expression [2].

Tamoxifen is used as a breast cancer drug in ER-positive breast cancer [12, 13].
4-Hydroxytamoxifen (40HT) is the active metabolite of tamoxifen displaying a 100 times
higher binding affinity than tamoxifen for both ERa and ERB [14]. In this study, 40HT
is tested in its trans isoform, which is a stronger anti-estrogenic molecule than the
cis isoform [15]. 40HT is considered a partial ERa agonist and an antagonist for both
ERa and ERPB [16]. The partial ERa agonist classification is due to the anti-estrogenic
properties attributed to 40HT in breast tissue, but pro-estrogenic behavior of 40HT
in the endometrium [17]. Given the counteracting influence of ERB on ERa-mediated
effects [7], it is of importance to take the ER specificity of 40HT into account. Relative
binding assays with recombinant ERa and ERP in the presence of 17B-estradiol (E2)
to show antagonism activity confirm this preference of 40HT for ERB, resulting in a
2.3 times higher binding affinity for ERB over ERa [18], while competition binding assays
with E2 show a 1.6 times higher binding affinity for ERB over ERa [19].

Furthermore, when studying the effects of 40HT it is of importance to take into
account the ERa/ERB ratio of the cells or tissues under investigation. ERa and ERB
levels and the resulting ERa/ERP ratios are known to be different in different estrogen-
responsive tissues [20-22]. For example human endometrium expresses mainly ERa,
while in human prostate tissue ERB is more prominently expressed. Human breast tissue
normally expresses both receptors [20, 22].

Another mechanism which might be involved in the ERa/ERB ratio-dependent
effects of 40HT could be the induction of post-translational modifications like
methylation and acetylation, which can repress or activate gene transcription [23-25],
and ubiquitination, which may affect protein degradation [26].

The aim of the present study was to investigate by quantitiative proteomics the
40HT-induced ERa/ERB ratio-dependent proteins that affect cell proliferation and

apoptosis. To this end, the effect of 40HT on cellular protein levels was characterized in
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the T47D-ERB human breast cancer cell line with tetracycline-dependent ERB expression

by a mass spectrometry (MS)-based proteomics approach.

Materials and methods

Cell culture

The T47D-ERB cell line, consisting of T47D human ductal breast epithelial cancer cells
with tetracycline-dependent ERB expression, was made and provided by Strom et al.
[6]. TA7D-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).
To fully inhibit ERB expression, 1000 ng/ml tetracycline (Sigma, Zwijndrecht, the
Netherlands, #T7660) was added to the medium [7]. To vary the cellular ERa/ERB ratio,
24 hours before exposure to 40HT, the cells were exposed to specific tetracycline
concentrations (either maintained at 1000 ng/ml (for full suppression of ERB expression,
only ERa expression) or brought to 0 ng/ml (ERa and ERPB expression)) [20]. The cells
were incubated at 37°C and 5% CO, in a humidified atmosphere.

Because phenol red exerts estrogenic activity [27], 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 0.5% hormone-free dextran-coated
charcoal-treated fetal calf serum (DCC-FCS) (Perbio Science, Waltham, MA, USA,
#SH30068.05).

BrdU proliferation assay

T47D-ERB cells were seeded in 96-well view plates at a density of 1.8+10° cells/ml, 100 ul/
well in phenol red free medium. Twenty-four hours after seeding, cells were washed
with PBS and exposed to 0 or 1000 ng/ml tetracycline (as indicated, in phenol red free
medium). Forty-eight hours after seeding, keeping the tetracycline concentrations the
same, cells were exposed to a concentration range of 40HT, as well as to 30 pM E2 to
induce cell proliferation. 30 pM E2 was determined to be the EC_  concentration for E2
induction of cell proliferation in TA7D-ERP cells expressing only ERa [20]. After 48 hours of
co-exposure to E2 and 40HT, cell proliferation was determined by measuring 5-bromo-
2’-deoxyuridine (BrdU) incorporated into the DNA following Roche’s colorimetric BrdU
protocol [7, 28]. 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 a peroxidase, which was in turn detected by conversion of tetramethyl-benzidine.
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) [28].

Protein sample preparation for proteomics analysis

TA7D-ERB cells were exposed to 0 or 300 nM 40HT for 24 hours. Cells were washed
twice in PBS and lysed in 1 ml of modified radio immunoprecipitation assay (RIPA) buffer
consisting of 50 mM Tris-HCI; pH 7.4 (Tris (tris(hydroxymethyl)aminomethane): Roche,
Mannheim, Germany, #732010) (HCI (hydrochloric acid): Merck, Darmstadt, Germany,
#1.00317.1000),1%Triton X-100 (BioRad, Veenendaal,the Netherlands, #161-0407),0.25%
sodium deoxycholate (Merck, Darmstadt, Germany, #6504), 150 mM sodium chloride
(NaCl, Merck, Darmstadt, Germany, #1.06404.1000), 1 mM ethylenediaminetetraacetic
acid (EDTA, Merck, Darmstadt, Germany, #1.08418.1000), and protease inhibitor
cocktail (Complete, Mini) (Roche, Basel, Switzerland, #11836153001) at 4°C for
20 minutes. Samples were sonicated for 30 minutes and centrifuged at 8000 rounds per
minute (RPM), at 4°C for 15 minutes. The protein concentration of the supernatant was
determined using a bicinchoninic acid (BCA) Protein Assay Kit (Pierce, Thermo Scientific,
Waltham, MA, USA, #23225).

Then 20 pg of the protein sample was mixed with 5x concentrated Laemmli sample
buffer (250 mM Tris-HCl; pH 6.8, 10% sodium dodecyl sulfate (SDS, Sigma, Zwijndrecht,
the Netherlands, #L4390),50% glycerol (Acros Organics, Pittsburg, PA, USA, #327255000),
0.1% bromophenol blue (Sigma, Zwijndrecht, the Netherlands, #80126)). Subsequently,
48 ul sample was loaded on a 12% Mini-PROTEAN_ TGX™ (Tris-glycine extended) precast
gel (BioRad, Veenendaal, the Netherlands, #456-1044). Electrophoresis was carried
out at 50 V for 30 minutes followed by 100 V for 30 minutes using 0.2 M Tris-HCI, pH
8.9 as anode buffer and 0.1 M Tris, 0.1 M Tricine, 0.1% SDS, pH 8.3 as cathode buffer.
The gel was stained using colloidal Coomassie blue (NOVEX® Colloidal blue staining kit,
Invitrogen, Paisley, Scotland, #LC6025). Excess colloidal Coomassie blue was washed
off with water (performed twice). Each lane was cut into 5 equal sections. Then 100 ul
50 mM dithiotreitol (DTT, Sigma, Zwijndrecht, the Netherlands, #D9163) in 50 mM
ammonium bicarbonate (NH,HCO,, Fluka, Sigma Aldrich, Zwijndrecht, the Netherlands,
#09830) was added to each sample for cysteine reduction. The samples were sonicated
for 1 minute and then incubated for 1 hour at 60°C. DTT was removed and 100 pul 50 mM
iodoacetamide (Sigma, Zwijndrecht, the Netherlands, #11149) in 50 mM NH,HCO, was
added for alkylation. The samples were sonicated for 1 minute and then incubated

for 1 hour at room temperature in the dark. The gel pieces were washed 3 times with
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100 pl 50 mM NH,HCO, at pH 8. Subsequently, 100 pl 10 ng/ul trypsin (sequencing
grade, Roche, Basel, Switzerland, #11047841001) in 50 mM NH,HCO, was added to the
gel pieces to perform proteolytic digestion at room temperature overnight. Samples
were centrifuged and 25 pl of the supernatant containing the digested peptides was
recovered and transferred to a new eppendorf tube. The pH was brought to 2-4 with
10% trifluoracetic acid (TFA, Merck, Whitehouse Station, NJ, USA, #1.08262.0100). All
samples were measured one time by nano liquid chromatography (LC)-LTQ (Linear Trap
Quadropole)-OrbitrapXL-MS as described by Lu et al. [29].

Data analysis

For calibration of the results of the BrdU assays, on all plates, several concentrations of E2
were tested (each concentration at least in n=3) to correct for plate-to-plate variations.
Data from the BrdU assay were expressed as absorbance measured at 370 nm, corrected
for the corresponding background signal at 492 nm.

LCMS runs with all MSMS spectra obtained were analyzed with MaxQuant 1.3.0.5
[30] using default settings for the Andromeda search engine [31], except that extra
variable modifications were set for de-amidation of asparagine (N) and glutamine (Q).
In a second search, also phosphorylation of serine (S),threonine (T), and/or tyrosine (Y),
methylation of lysine (K) or arginine (R), and ubiquitination (GlyGly) of K were included
as variable modifications up to a maximum of 3 modifications per peptide.

A homo sapiens database downloaded from Uniprot (http://www.uniprot.org,
117448 entries, at November 30" 2011) was used together with a contaminants database
that contains sequences of common contaminants as for instance: BSA (P02769, bovin
serum albumin precursor), Trypsin (P00760, bovin), Trypsin (P00761, porcin), Keratin
K22E (P35908, human), Keratin K1C9 (P35527, human), Keratin K2C1 (P04264, human),
and Keratin K1ClI (P35527, human). The “label-free quantification” as well as the “match
between runs” (set to 2 minutes) options were enabled.

The MS proteomics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository [32]
with the dataset identifier PXD000615 (PRIDE: PXD000615).

Filtering and further bioinformatic analysis of the MaxQuant/Andromeda
workflow output and the analysis of the abundances of the identified protein groups
were performed with the Perseus 1.3.0.4 module (available at the MaxQuant suite).
Accepted were peptides and proteins with a false discovery rate (FDR) of less than 0.1
and proteins with at least 2 identified and quantified peptides of which at least 1 should
be unique and at least 1 should be unmodified. Reversed hits were deleted from the

MaxQuant result table as well as all results showing a label free quantitation protein



MS1 intensitiy (LFQ) value of 0 for both sample and control. The normal logarithm was
taken from normalised LFQ as obtained from MaxQuant. Zero Log LFQ values (NaN)
were replaced by 4.5. All samples were measured one time by nanoLC-LTQ-OrbitrapXL-
MS as described by Lu et.al. [29]. The 3 biological replicates for each test condition were
grouped. Only proteins with 3 valid values in at least 1 group of triplicate samples were
included to make sure the protein was clearly measured in all 3 samples. A two sample
t-test was performed using the “LFQ intensity” columns obtained with FDR threshold 0.1
and SO0=1. 40HT treated samples were tested against untreated samples with the same

tetracycline concentrations.

Results

The effect of 4OHT on T47D-ERB cell proliferation

The T47D-ERP cell line, consisting of T47D human ductal breast epithelial cancer cells
with tetracycline-dependent ERP expression and a constant ERa expression, was
used as the model to investigate ER-mediated cellular effects of 40HT on E2-induced
cell proliferation. When only ERa is expressed in the T47D-ERP cells, E2-induced cell
proliferation is decreased by an increasing concentration of 40HT (Figure 1). The
maximum decrease of cell proliferation is observed at 300 nM 40HT. To be able to analyse

differences in protein expression at an effective, non-cytotoxic 40HT concentration, a
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Figure 1: Effect of 40HT on the E2-induced proliferation of T47D-ERB cells exposed to 1000 ng/ml

tetracycline (only ERa expression). Data points * standard deviation (SD) (n=6).
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concentration of 300 nM 40HT was then chosen as the exposure concentration for the

T47D-ERP cells in the proteomics experiment.

Protein groups and networks influenced by 40HT exposure in T47D-ERB cells with
varying ERo/ERP ratios
In the total data set obtained from the 40HT-exposed and unexposed T47D-ERB cells
with varying ERa/ERP ratios 2856 proteins were detected, of which 1739 proteins
remained after very strict filtering (protein groups identified by at least 2 peptides of
which at least 1 peptide had to be unique in the database and at least 1 peptide had
to be unmodified, and only proteins with 3 valid values in at least 1 group of triplicate
samples were included). At an FDR of 0.1 protein samples of 40HT-exposed T47D-ERfB
cells expressing ERa and ERB show 45 significantly different expressed protein groups
due to the 40HT exposure when compared to unexposed T47D-ERp cells expressing ERa
and ERB (Figure 2A). In Figure 3A the top ten affected molecular and functional classes
are shown, including protein synthesis, gene expression, RNA post-transcriptional
processing, and post-translational modifications. Table A shows the significantly up-
and down-regulated protein groups of 40HT-exposed T47D-ERP cells expressing ERa
and ERB when compared to unexposed T47D-ERP cells expressing ERa and ERB and
their biological functions. Table B reveals 18 networks that were affected in 40HT-
exposed T47D-ERP cells expressing ERa and ERB compared to unexposed T47D-ERP cells
expressing ERa and ERB, including top networks involved in RNA post-transcriptional
modification, protein synthesis, gene expression, cellular assembly and organisation,
free radical scavenging, cell cycle, and DNA replication, recombination, and repair.

For bioinformatics network analysis, Ingenuity Pathway Analysis (Ingenuity
Systems Inc.) was used. For significantly modified protein groups, protein ID’s were used
to manually search the UniProt database for biological pathways and functions on www.

uniprot.org.
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Figure 2: Vulcano plot of protein groups influenced by 40HT exposure in T47D-ERB cells when (A)

ERa and ERB are both expressed and (B) only ERa is expressed. Blue dots: not significantly changed

proteins after 40HT treatment. Red dots: significantly changed proteins after 40HT treatment at FDR

< 0.1 (indicated with gene names of Table A + C).
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The biological functions corresponding with modified protein expression were
identified using Fisher’s exact test at a cutoff P value of 0.05. The network significance
score was calculated by Ingenuity Pathway Analysis with the right-tailed Fisher’s exact
test. This score indicates the likelihood that the assembly of a set of proteins in a network
could be explained by random chance.

Ingenuity Pathway Analysis predicted that in T47D-ERP cells expressing ERa and
ERB, cell proliferation is increased upon 40HT exposure when compared to unexposed
T47D-ERB cells expressing ERa and ERB, with a P value of 8.95-103 (P value obtained
from Ingenuity Pathway Analysis, diseases and biofunctions). Apoptosis is predicted
to be decreased by Ingenuity Pathway Analysis in TA7D-ERP cells expressing ERa and
ERB upon 40HT exposure when compared to unexposed T47D-ERP cells expressing ERa
and ERB, with a P value of 2.56-10* (P value obtained from Ingenuity Pathway Analysis,
diseases and biofunctions).

Using an FDR of 0.1, protein samples of T47D-ERP cells expressing only ERa show
26 significantly modified protein groups due to the 40HT exposure when compared
to unexposed T47D-ERB cells expressing only ERa (Figure 2B). In Figure 3B the top ten
affected molecular and functional classes are shown, that including cell death and
survival, DNA replication, recombination and repair, and protein synthesis. In Table C
the significantly up- and down-regulated protein groups and their biological functions
are shown.

Table D reveals 11 networks that were affected in 40HT-exposed T47D-ERP cells
expressing only ERa compared to unexposed T47D-ERB cells expressing only ERa,
including top networks involved in protein degradation and synthesis, DNA replication,
recombination and repair, cell cycle, and RNA post-transcriptional modification.

Ingenuity Pathway Analysis predicted that in T47D-ERB cells only expressing ERa,
cell proliferation is decreased upon 40HT exposure when compared to unexposed
T47D-ERB cells expressing only ERa, with a P value of 3.09+103 (P value obtained from
Ingenuity Pathway Analysis, diseases and biofunctions). Apoptosis is predicted to be
increased by Ingenuity Pathway Analysis in T47D-ERP cells only expressing ERa upon
40HT exposure when compared to unexposed T47D-ERB cells, with a P value of 3.58:10¢

(P value obtained from Ingenuity Pathway Analysis, diseases and biofunctions).
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Top ten molecular and cellular functional classes influenced by 40HT exposure in T47D-ERB

Figure 3

cells when (A) ERa and ERP are expressed and (B) only ERa is expressed. The functional categories

most involved are displayed along the x-axis in decreasing order of significance. Yellow line: cutoff for

significance (P value 0.05).
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Molecular and functional classes of interest influenced by 40HT exposure

Because the aim of this study is to investigate in what way quantitative proteomics
reflect 40HT-induced ERa/ERB ratio-dependent effects on cell proliferation and
apoptosis, further functional analysis of the protein groups influenced by 40HT
exposure is conducted to investigate molecular and functional classes related to cell
proliferation and apoptosis. The following Ingenuity Pathway classes are included as
molecular and functional classes of interest: cancer, cell cycle, cell death and survival,
cell signalling, cell-to-cell signalling and interaction, cellular assembly and organisation,
cellular function and maintenance cellular growth and proliferation, DNA replication,
recombination, and repair, free radical scavenging, gene expression, post-translational
modification, protein synthesis, RNA post-transcriptional modification, and tissue
development. Figure 4A shows the molecular and functional classes of interest affected
in TA7D-ERB cells expressing ERa and ERP, comparing 40HT-exposed samples to
unexposed samples. Especially protein synthesis and gene expression are modified by
the 40HT exposure. Protein relationships involved in cell proliferation and apoptosis
are visualised in a network (Figure 4B). Cathenin, mitogen-activated protein kinase 3
(MAPK3), and growth factor receptor-bound protein 2 (GRB2) are central proteins in the
network of protein groups influenced by 40HT exposure in T47D-ERB cells expressing
ERa and ERB.

In TA7D-ERPB cells only expressing ERa, the affected molecular and functional
classes show differences compared to the T47D-ERP cells expressing ERa and ERPB
after 40HT exposure (Figure 5A). The modifications in cell death and survival and
DNA replication, recombination, and repair are more significant after 4OHT exposure
when only ERa is present compared to when both ERa and ERP are expressed. Protein
relationships involved in cell proliferation and apoptosis are visualised in a network
(Figure 5B). Cathenin and small ubiquitin-like modifier 2 (SUMO2) are central proteins in
the network of protein groups influenced by 40HT exposure in T47D-ERP cells with only
ERa expression.

Most proteins listed in functions like cell cycle, DNA replication, recombination, and
repair, and protein synthesis, show opposite expression profiles upon 40HT exposure
when only ERa is expressed or when ERa and ERPB are present (Table B and D). This
holds for example for ubiquitin-conjugating enzyme E2M (UBE2M, an ubiquitin-protein
ligase involved in protein binding), ubiquitin-conjugating enzyme E2 variant 1 (UBE2V1,
protein binding and transcription regulator), and replication protein A3 (RPA3, involved

in protein binding and single-stranded DNA binding).
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Figure 4: (A) Molecular and cellular functional classes of interest influenced by 40HT exposure in
T47D-ERB cells when ERa and ERP are expressed. The functional categories involved in this analysis
are displayed along the x-axis in decreasing order of significance. The yellow line indicates the
cutoff for significance (P value 0.05). (B) Network in subcellular view of protein group interactions
based on cell proliferation and apoptosis that were identified in T47D-ERB cells with ERa and ERB
expression influenced by the exposure to 40HT. Red colored proteins: up-regulated. Green colored

proteins: down-regulated. A more detailed legend to the protein interaction network can be found in

Supplementary Figure S1, explaining the symbols and colors.
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Figure 5: (A) Molecular and cellular functional classes of interest influenced by 40HT exposure in
T47D-ERB cells when only ERa is expressed. The functional categories involved in this analysis are
displayed along the x-axis in decreasing order of significance. The yellow line indicates the cutoff for
significance (P value 0.05). (B) Network in subcellular view of protein group interactions based on cell
proliferation and apoptosis that were identified in T47D-ERP cells expressing only ERa influenced by
the exposure to 40HT. Red colored proteins: up-regulated. Green colored proteins: down-regulated.
A more detailed legend to the protein interaction network can be found in Supplementary Figure S1,

explaining the symbols and colors.



Post-translational and epigenetic modifications

Since it is known that post-translational modifications can influence gene transcription
[23-25] and protein degradation [26], and this might influence the ERa/ERP ratio-
dependent effects of 40HT, a MaxQuant analysis including acetylation, methylation,
phosphorylation, and ubiquination modifications, allowing at most 3 modifications per
peptide, was conducted. In this analysis 4297 proteins were identified, of which 1667
remained after very strict filtering (only protein groups identified by at least 2 peptides
of which at least 1 peptide had to be unique in the database and at least 1 peptide had
to be unmodified, and only proteins with 3 valid values in at least 1 group of triplicate
samples were included).

Table Eshows the detected post-translational and epigenetic modifications of protein
groups which are significantly different in the samples. In T47D-ERP cells expressing ERa
and ERB, 40HT exposure resulted in seven significantly differently expressed protein
groups with post-translational modifications. Ubiquitination and methylation of dynactin
subunit 1 was detected at respectively lysine 277 and arginine 274. Dynactin is required
for the cytoplasmic dynein-driven retrograde movement of vesicles and organelles along
microtubules. Dynein-dynactin interaction is a key component of the mechanism of
axonal transport of vesicles and organelles [33, 34]. Cytoplasmic leucine transfer RNA
(tRNA) ligase, which catalyzes the specific attachment of an amino acid to its cognate
tRNA and exhibits a post-transfer editing activity to hydrolyze mischarged tRNAs [35],
showed acetylation and methylation at lysine 23 and arginine 28 respectively. Cytoplasmic
fragile X mental retardation 1 (FMR1)-interacting protein 1 was observed to be
phosphorylated at threonine 139 and methylated at lysine 149. FMR1-interacting protein
1is a component of the cytoplasmic FMR1 interacting protein 1-eukaryotic translation
initiation factor-fragile X mental retardation 1 (CYFIP1-EIF4E-FMR1 ) complex which
binds to the mRNA cap and mediates translational repression. FMR1-interacting protein
1 may modulate invasion in cancers [36]. A type Il cytoskeletal keratin protein, which
may regulate the activity of kinases such as protein kinase C (PKC) and sarcoma (SRC) via
binding to integrin beta-1 (ITB1) and the receptor of activated protein kinase C (receptor
for activated C kinase 1/guanine nucleotide binding protein, beta polypeptide 2-like 1,
RACK1/GNB2L1), was found to be methylated at arginine 602 [37, 38]. Phosphorylation of
cytochrome c oxidase subunit 4 isoform 1 was detected at serine 158. This cytochrome
¢ oxidase subunit 4 isoform 1 protein is one of the nuclear-coded polypeptide chains of
cytochrome c oxidase, the terminal oxidase in mitochondrial electron transport [39]. The
mitochondrial deoxyuridine 5’-triphosphate nucleotido hydrolase was ubiquitinated at

lysine 251 upon exposure to 40HT. This enzyme is involved in nucleotide metabolism: it
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produces deoxyuridine monophosphate (dUMP), the immediate precursor of thymidine
nucleotides and it decreases the intracellular concentration of dUTP deoxyuridine
triphosphate so that uracil cannot be incorporated into DNA [40]. Histone H3.2
was methylated at lysine 80. Histones are core components of the nucleosome.
Nucleosomes wrap and compact DNA into chromatin, limiting DNA accessibility to the
cellular machineries which require DNA as a template. Histones thereby play a central
role in transcription regulation, DNA repair, DNA replication, and chromosomal stability.
DNA accessibility is regulated via a complex set of post-translational modifications of
histones, also called histone code, and nucleosome remodeling [41, 42].

In TA7D-ERB cells expressing only ERa, 40HT exposure resulted in only two
post-translational modifications on the same protein, i.e. acetylation at lysine 9 and
phosphorylation at serine 366 of the Lupus La protein. The Lupus La protein binds to
the 3’ poly(U) termini of nascent RNA polymerase Ill transcripts, protecting them from

exonuclease digestion and facilitating their folding and maturation [43, 44].

Discussion

So far, several studies into proteomic analysis of breast cancer cells in relation to 40HT
have been conducted in MCF-7 and T47D cells [45, 46]. However, these studies did not
take different ERa/ERP ratios into account. Both MCF-7 and T47D cells express no or
only very little ERB [20]. Taking different ERa/ERP ratios into account is essential for a
better understanding of the mechanism by which 40HT exerts its effects, since 40HT
acts upon binding to ERa or ERB and ERP counteracts the cell proliferative effect of
ERa [2, 5-8]. Therefore, in the present study a quantitative analysis of differences in
protein expression to address the effects of ERa and ERPB in the T47D-ERP breast cancer
cells exposed to 40HT was conducted by means of nanoLC-LTQ-OrbitrapXL-MS. These
TA7D-ERB cells possess tetracycline-dependent ERB expression in contrast to native
T47D cells [6, 20].

To be able to analyse differences in protein expression at an effective, non-
cytotoxic 40HT concentration, a BrdU cell proliferation assay was conducted. The
effect of the ER agonist E2 on cell proliferation of T47D-ERP cells was characterized and
used to detect the ER antagonist activity of 40HT and select the concentration to be
tested in the proteomic analysis. In the TA7D-ERP cells expressing only ERa, E2 induces
cell proliferation [20], which is dose-dependently decreased by 40HT. The maximum
decrease of cell proliferation is observed at 300 nM 40HT, which was then chosen as the

exposure concentration for the T47D-ERP cells in the proteomics experiment.
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Molecular and functional classes as well as network analysis of the proteomics
data reveal several functions significantly influenced by 40HT exposure that can be
linked to cell proliferation or apoptosis, including DNA replication, recombination, and
repair, cancer, cellular function and maintenance, and protein synthesis. Most proteins
listed in these functions show opposite expression profiles in 40HT-exposed T47D-ERB
cells when only ERa is expressed compared to 40HT-exposed T47D-ERP cells expressing
both ERa and ERPB (Table B and D).

In samples expressing ERa and ERB, cell proliferation was predicted to be increased
and apoptosis to be decreased upon 40HT exposure compared to unexposed cells.
In the samples expressing only ERa, cell proliferation was predicted to be decreased
upon 40HT exposure when compared to unexposed cells. This is in line with BrdU cell
proliferation results which reflected decreased proliferation of T47D-ER cells with only
ERa expression upon exposure to 40HT (Figure 1). Ingenuity Pathway Analysis predicted
apoptosis to be increased upon 40HT exposure of TA7D-ERP cells expressing only ERa.
These ERa/ERP ratio-dependent effects of 40HT on cell proliferation and apoptosis
are in line with 40HT being an antagonist for both ERa and ERB, with a preference for
ERP. The antagonist activity towards ERB reduces the ERB-dependent inhibition of ERa-
mediated cell proliferation, thereby facilitating increased cell proliferation.

It is also of interest to note that the proteins listed in Table B and D show opposite
expression profiles upon 40HT exposure when ERa and ERP are expressed or when
only ERa is expressed. The proteins showing this opposite expression pattern upon
40HT exposure of cells with different ERa/ERP ratio are involved in functions like cell
cycle, DNA replication, recombination, and repair, and protein synthesis. These results
corroborate that the cellular effects of 40HT are different depending on the ERa/ERB
ratio and are in line with the different cellular response with respect to cell poliferation.
The observation that 40HT-induced inhibition of cell proliferation is mainly observed
for cells with low levels of ERB is especially of interest when considering that in tumor
tissues ERP expression can be lost [2], whereas in non-tumorous tissue ERa and ERP
expression is detected [20].

Network analysis of protein groups involved in cell proliferation and apoptosis
revealed that cathenin, a transcription factor known to be involved in cell proliferation
and apoptosis [47], is connected to a lot of other proteins in the cell proliferation and
apoptosis network for both 40HT-exposed T47D-ERP cells expressing only ERa and
40HT-exposed T47D-ERP cells expressing ERa and ERB. Other central proteins in the cell
proliferation and apoptosis network are MAPK3 which is down-regulated upon 40HT

exposure in T47D-ERP cells expressing ERa and ERB, and GRB2 which is up-regulated



in TA7D-ERPB cells expressing ERa and ERB. MAPK3 is involved in the regulation of
proliferation, differentiation, and cell cycle progression [48]. GRB2 is involved in cellular
growth and proliferation [49].

In TA7D-ERB cells expressing only ERa, next to cathenin also SUMO2, which upon
40HT exposure is up-regulated, has a central role in the protein interaction network.
SUMO?2 is involved in protein stability and apoptosis [50]. Both cathenin and SUMO2
have a role in transcription regulation [51, 52]. This network analysis underlines the
clear ERa/ERP ratio-dependent differences in the response towards 40HT exposure in
TA7D-ERP cells.

Several studies have proposed that epigenetic mechanisms might be involved
in ERa- and ERPB-mediated physiological effects [53-55]. The present study was able
to define some post-translational and epigenetic modifications induced by 40HT
exposure. With ERB being expressed in the T47D-ERB cells, 40HT exposure resulted in
acetylation, methylation, and phosphorylation of seven ribosomal and mitochondrial
protein groups, of which several are involved in transcription regulation. Most observed
post-translational modifications have not been described in literature before and their
physiological consequences remain to be elucidated. However, one of the most well
studied modifications is histone methylation, which was induced by 40HT exposure in
TA7D-ERP cells expressing ERa and ERB. Garcia et al. linked histone H3.2 methylation at
lysine 80 to gene activation [56].

When only ERa was expressed in the T47D-ERP cells, 40HT exposure resulted in 2
modifications of the Lupus La protein. Acetylation at lysine 9 of the Lupus La protein has
not been described before. Fan et al. described that phosphorylation of the Lupus La
protein at serine 366 makes the protein transcriptionally inactive [57].

It is concluded that 40HT affects molecular and cellular functional classes in
T47D-ERP cells including cell proliferation and apoptosis and induces post-translational
modifications, with the ultimate effect being dependent on the ERa and ERP levels and
the ERa/ERP ratio of the cells. There may be opposite effects regarding cell proliferation
and apoptosis of 40HT in cells with ERa but with or without ERP expression. Given that
the data presented indicate that in cells with ERa but without ERB 40HT will reduce
cell proliferation, whereas in cells with ERB in addition to ERa, 40HT may stimulate cell
proliferation, it could be of interest to monitor the ERa and ER levels and the ERa/ERB
ratio in breast tumor tissue to enable a more personalised medical use of 40HT. Based
on a randomized neo-adjuvant trial for the treatment of postmenopausal occuring
breast cancer Madeira et al. [58] concluded that the ERa/ERP ratio and ERB levels could
be used as predictors of endocrine therapy responsiveness. However, in contrast to

our data, these authors concluded that especially in ERB-positive groups tamoxifen

149

Ul

$1130 g43-aLvL A3SOdX3-LHOY NI SOINO3L0Yd LNIANIAIA-IdALENS ¥3



Ul

ER SUBTYPE-DEPENDENT PROTEOMICS IN 40HT-EXPOSED T47D-ERP CELLS

150

produced a significant reduction in post-treatment Ki67 scores, a marker for cell
proliferation. It should be noted however that the post-treatment Ki67 scores in their
ERB-positive group upon tamoxifen treatment amounted to 76.3% (P < 0.014) (n=18) of
the pretreatment scores whereas the values for the ERB-negative group were 73.9% (not
significant) (n=5) and thus actually similar probably being not statistically significant due
to the lower group size. Furthermore, in both the ERB-positive and ERB-negative patient
groups ERa-positive and ERa-negative cases were combined. Given the important role
for ERa observed in the present study for 40HT-induced effects on cell proliferation and
apoptosis, this combining of ERa-positive and ERa-negative cases hampers comparison
of the data of the trial with the proteomics data of the present study. Based on the
proteomics data of the present study it is concluded that ERB but also ERa levels and
the ERa/ERP ratio should be used as predictors of tamoxifen therapy responsiveness,
with the presence of ERa and the absence of ERP expression being optimal for inducing

a 40HT-mediated decrease in cell proliferation and increase in apoptosis.
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Supplementary Figure

Supplementary Figure S1: Legends to the protein interaction network from Ingenuity Pathway
Analysis explaining the symbols and colors.



Supplementary Data

Additional abbreviations used in tables.

2-5A, 2’-5’-oligoadenylates

A, adenine

AAK, adaptor-associated protein kinase
ABAT, 4-aminobutyrate aminotransferase
ABC, ATP-binding cassette

ABHD, abhydrolase domain-containing
protein

ACAA, acetyl-CoA acyltransferase

ACAD, acyl-CoA dehydrogenase

ACADL, acyl-CoA dehydrogenase, long chain

ACAP, ArfGAP with coiled-coil, ankyrin repeat
and PH domains

ACAT, acetyl-CoA acetyltransferase
AChE, acetylcholinesterase

AChR, acetylcholine receptor
ACOT, acyl-CoA thioesterase

ACOX, acyl-CoA oxidase

ACP, acid phosphatase

ACSF, acyl-CoA synthetase family
ACTN, alpha-actinin

ACTR, alpha-centractin

ADAM, a disintegrin and metalloproteinase

domain

ADH, alcohol dehydrogenase

ADP, adenosine diphosphate

ADR, adrenoceptor

ADRM, adhesion regulating molecule

ADSS, adenylosuccinate synthase

AGL, amylo-alpha-1, 6-glucosidase, 4-alpha-
glucanotransferase

AGR, anterior gradient protein

AGRN, agrin

AHNAK, neuroblast differentiation-associated

protein

AHSA, activator of heat shock 90kDa protein
ATPase homolog

AHSG, alpha-2-HS-glycoprotein

AIFM, apoptosis-inducing factor,
mitochondrion-associated

AK, adenylate kinase

AKR, aldo-keto reductase family

AKT, a serine/threonine-specific protein
kinase

ALDH, aldehyde dehydrogenase

ALDO, aldolase

Alp, alkaline phosphatase

ALYREF, alymphoplasia/RNA export factor
AMPK, adenosine monophosphate-activated
protein kinase

ANKRD, ankyrin repeat domain

ANLN, anillin

ANP, acidic leucine-rich nuclear
phosphoprotein

Ant, adenine nucleotide translocator
ANX, annexin

AP, adaptor protein

APC, adenomatous polyposis coli

APEH, N-acylaminoacyl-peptide hydrolase
APK, adenylylsulfate kinase

APO, apolipoprotein

APOA1BP, apolipoprotein A-I binding protein
APOBEC, apolipoprotein B mRNA editing
enzyme, catalytic polypeptide-

like

APP, amyloid precursor protein

APRT, adenine phosphoribosyltransferase
Arf, ADP-ribosylation factor

ArfGAP, ADP-ribosylation factor GTPase
activating protein
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ARHGEF, Rho guanine nucleotide exchange

factor 2

ARL6IP, ADP-ribosylation-like factor 6
interacting protein

ARHGAP, Rho GTPase activating protein
ARID, AT rich interactive domain
ARL6IP, ADP-ribosylation-like factor 6
interacting protein

Arp, actin-related protein

aRPA, alternative replication protein A

ARPC, actin related protein 2/3 complex

ARPCS5L, actin-related protein 2/3 complex

subunit 5-like

ASAH, N-acylsphingosine amidohydrolase

ASAP, ArfGAP with SH3 domain, ankyrin
repeat and PH domain

ASS, argininosuccinate synthase

ATF, activating transcription factor
ATG, autophagy-related protein

ATIC, 5-aminoimidazole-4-carboxamide
ribonucleotide formyltransferase/IMP

cyclohydrolase
ATL, atlastin GTPase
ATP, adenosine triphosphate

ATP6V1, V-type proton ATPase subunit,
ATPase,

adenosinetriphosphatase

ATPIF, ATPase inhibitory factor

AVPR, arginine vasopressin receptor
ATXN, ataxin

AZl, 5-azacytidine-induced

B2M, beta-2-microglobulin

BAD, BCL-2-associated death promoter
BACE, Beta-secretase

BAG, BCL2-associated athanogene
BANF, barrier to autointegration factor

BARD1, BRCA1l-associated RING domain

protein

BAX, Bcl-2—associated X protein

BCAP, B-cell receptor-associated protein
BCAT, branched chain amino-acid
transaminase

BCL, B-cell lymphoma

BCR, breakpoint cluster region protein
BDH, 3-hydroxybutyrate dehydrogenase
BET1, blocked early in transport 1 homolog
BET1L, blocked early in transport 1 homolog-
like

BLVR, biliverdin reductase

BP, binding protein

BRCA, breast cancer susceptibility protein
BRK, BRICK

BTF, basic transcription factor

BTF3L, basic transcription factor 3-like
BTG, B-cell translocation gene

C...orf, chromosome ... open reading frame
CALR, calreticulin

CaMK, calcium/calmodulin-dependent
protein kinase

cAMP, cyclic adenosine monophosphate
CAND, cullin-associated NEDD8-dissociated
protein

CANX, calnexin

Cap, cyclase associated protein

CAPN, calpain

CAPNS, calpain small subunit

CAPRIN, cell cycle associated protein

CARKD, carbohydrate kinase domain

containing

CASC, cancer susceptibility candidate
CASP, caspase

CAST, calpastatin

CAV, caveolin

Cbp, Creb-binding protein

CBR, carbonyl reductase

CBX, chromobox homolog

CCDC, coiled-coil domain containing



CCN, cyclin

CCS, copper chaperone for superoxide
dismutase

CCT, chaperonin containing T-complex
protein

CCVs, clathrin-coated vesicles

CD, cluster of differentiation

CDC, cell division cycle

CDH, cadherin

CDKN, cyclin-dependent kinase inhibitor
CDKN2AIPNL, cyclin-dependent kinase
inhibitor 2A interacting protein N-terminal
like

CECR, cat eye syndrome chromosome region
CENP, centromere protein

CFL, cofilin

Cg, chorionic gonadotropin

CHCHD, coiled-coil-helix-coiled-coil-helix
domain containing

Chi3l, chitinase 3-like

CHIKV, Chikungunya virus

CHMP, charged multivesicular body protein
CHP, calcium binding protein

CHRAC, chromatin accessibility complex

CHTOP, chromatin target of protein arginine

methyltransferase

CIRBP, cold inducible RNA binding protein
CISD, CDGSH iron sulfur domain

Ck, casein kinase

CKAP, cytoskeleton associated protein

CKS, cyclin-dependent kinases regulatory

subunit

CLDN, claudin

CLIC, chloride intracellular channel
CLINT, clathrin interactor

CLK, CDC-like kinase

CLUH, clustered mitochondria homolog

CMAS, cytidine monophosphate
N-acetylneuraminic acid synthetase

CMC, cytochrome C oxidase assembly
mitochondrial protein homolog

CMPK, cytidine monophosphate kinase
CMP-NeuNAc, cytidine 5’-monophosphate

N-acetylneuraminic acid

CNN, calponin

CoA, coenzyme A

COA, cytochrome c oxidase assembly factor
COASY, CoA synthase

COMMD, copper metabolism domain

containing
COP, coatomer protein

COPS, constitutive photomorphogenic
homolog subunit

CORO, coronin, actin binding protein

COTL, coactosin-like

COX, cyclooxygenase

CpG islands, genomic regions where a
cytosine nucleotide occurs next to a guanine
nucleotide in the linear sequence of bases
CPNE, copine

CPSF, cleavage and polyadenylation
specificity factor subunit

CPT, carnitine palmitoyltransferase

CRABP, cellular retinoic acid binding protein
Creb, cAMP response element-binding
protein

CRIP, cysteine-rich protein

Crk, CT10 regulator of kinase, where CT10

is the avian virus from which was isolated a
protein, lacking kinase domains, but capable
of stimulating phosphorylation of tyrosines

in cells

CRYZ, crystallin, zeta

CS, citrate synthase

CSE1L, chromosome segregation 1-like
CSK, cellular SRC tyrosine kinase
CSNK, casein kinase

CSRP, cysteine and glycine-rich protein
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CST, cystatin

CSTF, cleavage stimulation factor

CTNN, catenin

CTNNBIP, catenin, beta interacting protein
CTTN, cortactin

CTNN, catenin

CU-rich, cytosine uracil rich

CUL, cullin

CX3CL, chemokine (C-X3-C motif) ligand
CYB5R, cytochrome b5 reductase

CYC, cytochrome c

CYFIP, cytoplasmic fragile X mental
retardation protein interacting protein
cytochrome bcl, coenzyme Q : cytochrome
¢ —oxidoreductase

CYCS, cytochrome c somatic

CYFIP, cytoplasmic fragile X mental
retardation 1 interacting protein

CYP, cytochrome P450
D, dextrorotatory

D2HGDH, D-2-hydroxyglutarate

dehydrogenase

DAD, defender against cell death

dADP, deoxyadenosine diphosphate
DAG, dystrophin-associated glycoprotein
DAK, dihydroxyacetone kinase 2 homolog
DAP, death-associated protein

DAPK, death-associated protein kinase
dATP, deoxyadenosine triphosphate

DBI, diazepam binding inhibitor

dCDP, deoxycytidine diphosphate

DCPS, decapping enzyme, scavenger
DCTN, dynactin

dCTP, deoxycytidine triphosphate
DCTPP, dCTP pyrophosphatase

DDAH, dimethylarginine

dimethylaminohydrolase

DDX, DEAD (aspartic acid-glutamic acid-
alanine-aspartic acid) box

DECR, 2,4-dienoyl CoA reductase

DEGS, delta(4)-desaturase, sphingolipid
DENR, density-regulated protein

DENV, dengue virus

dGTP, deoxyguanosine triphosphate
DHCR24, 24-dehydrocholesterol reductase
DHFR, dihydrofolate reductase

DHTKD, dehydrogenase E1 and transketolase
domain containing

DFF, DNA fragmentation factor

DIABLO, direct inhibitors of apoptosis
proteins binding protein with low isoelectric
point

DLD, dihydrolipoamide dehydrogenase
DNAJ, Dnal (Hsp40) homolog

DNM, dynamin

DNMLL, dynamin 1-like, receptor on the
surface of cells that initiates apoptosis
DNPH, 2’-deoxynucleoside 5'-phosphate
N-hydrolase

dNTPs, deoxynucleoside triphosphates
DOCK, dedicator of cytokinesis

DPCD, deleted in primary ciliary dyskinesia
homolog

DPY, dosage compensation protein

DSBs, double-strand breaks

DSP, desmoplakin

dsRNA, double-stranded RNA

DSTN, destrin

dTTP, deoxythymidine triphosphate
DTYMK, deoxythymidylate kinase

DUB, deubiquitinating enzyme

DUSP, dual specificity protein phosphatase
DUT, dUTP pyrophosphatase

dUTP, deoxyuridine triphosphatase



DYNC1LI1, cytoplasmic dynein 1 light
intermediate chain 1

DYNLRB, dynein light chain roadblock

E1, branched-chain alpha-keto acid
decarboxylase

E2, lipoamide acyltransferase

E2f, a group of genes that codifies a family of
transcription factors in higher eukaryotes
E3, lipoamide dehydrogenase

EB, end-binding protein

EBERSs, Epstein-Barr virus-encoded RNAs
EBV, Epstein-Barr virus

EBP, emopamil binding protein

ECH, enoyl coenzyme A hydratase

ECHDC, enoyl CoA hydratase domain

containing

ECHS, enoyl coenzyme A hydratase, short
chain

ECM, extracellular matrix

EDF, endothelial differentiation-related factor
EEA, early endosome antigen

EEF, eukaryotic translation elongation factor
EFH, EF-hand domain

EFNA, ephrin-A

EGF, epidermal growth factor

EHHADH, enoyl-CoA, hydratase/3-
hydroxyacyl CoA dehydrogenase
EIF, eukaryotic initiation factor

EJC, exon junction complex

ELAVL, embryonic lethal, abnormal
vision-like

ELF, ETS-related transcription factor
ELK, ETS domain-containing protein
ENO, enolase

ENSA, endosulfine alpha

EPCAM, epithelial cell adhesion molecule
Eph, ephrin (receptor)

EPPK, epiplakin

EPRS, glutamyl-prolyl-tRNA synthetase

ER, endoplasmatic reticulum

ERCC6L, excision repair cross-complementing
rodent repair deficiency, complementation
group 6-like

ERF, ETS domain-containing transcription
factor

ESYT, extended synaptotagmin-like protein
ETV, ets variant

ERH, enhancer of rudimentary homolog
ERK, extracellular signal-regulated kinase

Erm, family of three closely related proteins,

ezrin, radixin and moesin

ERP, endoplasmic reticulum protein

ES, esterase

ESYT, extended synaptotagmin-like protein
ETHE, ethylmalonic encephalopathy

ETS, E-twenty six

EZR, ezrin

FAHD, fumarylacetoacetate hydrolase

domain
FAM, family with sequence similarity
FARS, phenylalanyl-tRNA synthetase

FARSB, phenylalanyl-tRNA synthetase beta
chain

FBLP, filamin-binding LIM protein

FBXO, F-box only protein

Fc, fragment, crystallizable

FCGR, Fc fragment of IgG receptor

FDPS, farnesyl diphosphate synthase
FDXR, ferredoxin reductase

FEN, flap endonuclease

FERMT, fermitin

FGF, fibroblast growth factor

FGFR, fibroblast growth factor receptors
FHL, four and a half LIM domains

FIS, fission

FKBP3, FK506 (tracolimus) binding protein
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FLNB, filamin B

FOS, feline osteosarcoma virus

FPR, formyl peptide receptor

FRS, fibroblast growth factor receptor
substrate

FSH, follicle stimulating hormone

FUBP, far upstream element (FUSE) binding

protein

FURIN, feline sarcoma upstream region
protein

FUS, fused in sarcoma

FXN, frataxin

G, guanine

G1 phase, first growth period of the cell cycle
GAA, glucosidase, alpha, acid

GABA, gamma-aminobutyric acid

GABARAP, gamma-aminobutyric acid
receptor-associated protein

GABARAPL, gamma-aminobutyric acid

receptor-associated protein-like

G-actin, actin with at first sight globular
structure

GAF, gamma-activated factor

GALK, galactokinase

GAMT, guanidinoacetate
N-methyltransferase

GAP, GTPase-Activating Protein
GAPDHS, glyceraldehyde-3-phosphate
dehydrogenase, spermatogenic

GAPVD, GTPase activating protein and
vacuolar sorting protein 9 domains
GAS, gamma activated sequence

GBF, golgi-specific brefeldin A-resistance
guanine nucleotide exchange factor
GCG, glucagon

gdi, GDP-dissociation inhibitor

GDP, guanosine diphosphate

Gef, guanine nucleotide exchange factor

GFPT, glutamine-fructose-6-phosphate

transaminase

GGCT, gamma-glutamylcyclotransferase
GJA, Gap junction alpha

GLG, Golgi glycoprotein

GMPS, guanine monphosphate synthetase

GNB2L1, guanine nucleotide- binding protein
subunit beta-2-like 1

GNPDA, glucosamine-6-phosphate
deaminase

GNPNAT, glucosamine-phosphate
N-acetyltransferase

GNPTG, N-acetylglucosamine-1-phosphate
transferase

GNRH, gonadotropin-releasing hormone
GOLM, Golgi membrane protein
GOLPH3L, golgi phosphoprotein 3-like
GOSR, Golgi SNARE complex

GP, glycoprotein

G protein, guanosine nucleotide-binding
protein

GPRC, G-protein coupled receptor family C
GPSM, G-protein signaling modulator
GRB, growth factor receptor-bound protein
GRPEL, GrpE-like

GSDMD, gasdermin domain-containing
protein

Gsk, glycogen synthase kinase

GSN, gelsolin

GSPT, G1 to S phase transition

GST, glutathione S-transferase

GTPBP, GTP binding protein

GTF, general transcription factor

GTP, guanosine-5'-triphosphate

GTPase, enzyme that hydrolyses GTP
H2AF, H2A histone family

H2BK120UB1, histone H2B ‘Lys-120’

monoubiquitination



H3K4me, histone H3 ‘Lys-4’ methylation
H3K79me, histone H3 ‘Lys-79’" methylation
HADH, hydroxyacyl-CoA dehydrogenase
HAGH, hydroxyacylglutathione hydrolase
HAP, huntingtin-associated protein

HARS, histidyl-tRNA synthetase

HB, hemoglobin

HBEGF, heparin-binding EGF-like growth
factor

HBV, hepatitis B virus

HBZ, hemoglobin zeta

HCV, hepatitis C virus

Hdac, histone deacetylase

HDL, high density lipoprotein

HDLBP, high density lipoprotein-binding
protein

HECTD, HECT domain containing E3 ubiquitin
protein ligase

HELZ, helicase with zinc finger

HERC, HECT and RLD domain containing E3
ubiquitin protein ligase

HEX, hexosaminidase

HIBADH, 3-hydroxyisobutyrate

dehydrogenase
HIBCH, 3-hydroxyisobutyryl-CoA hydrolase

HID, high-temperature-induced dauer-

formation protein

HIF, hypoxia-inducible factor

HIGD, hypoxia inducible domain

HINT, histidine triad nucleotide-binding

protein

HIP, HSC70 Interacting Protein

HIP1R, HSC70 Interacting Protein 1 related
HIST, histone

HIV, human immunodeficiency virus

HK, hexokinase

HMG, high-mobility group protein

HMGN, high mobility group nucleosomal
binding domain

HMOX, heme oxygenase
HN, hematological and neurological expressed

HN1L, hematological and neurological

expressed 1-like protein
HNF, hepatocyte nuclear factor

HNRNP, heterogeneous nuclear

ribonucleoprotein particle

HORMAD, HORMA domain (named after the
Hoplp, Rev7p and MAD2

proteins)
HPD, 4-hydroxyphenylpyruvate dioxygenase

HRAS, Harvey rat sarcoma viral oncogene

homolog

HRSP, heat-responsive protein
HSC, heat shock protein

HSD178, hydroxysteroid (17-beta)

dehydrogenase

HSDL, hydroxysteroid dehydrogenase like
HSF, heat shock factor

Hsp, heat shock protein

HTT, huntingtin

HYOU, hypoxia up-regulated protein
HYPK, huntingtin interacting protein K
IARS, isoleucyl-tRNA synthetase

IAV, influenza A virus

ICT, immature colon carcinoma transcript
IDH, isocitrate dehydrogenase

IER, immediate early response

IFIT, interferon-induced protein with

tetratricopeptide repeats

IFITM, interferon-induced transmembrane
protein

IFN, interferon

IFRD, interferon-related developmental
regulator

Ig, immunoglobulin

IGF, insulin-like growth factor

IGSF, immunoglobulin superfamily

IGF2R, Insulin-like growth factor 2 receptor
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Ikb, inhibitor of kappa B

IKK, inhibitor of kappa B kinase
IL, interleukin

INSR, insulin receptor

IMMT, inner membrane protein,

mitochondrial

IMPACT, imprinted and ancient gene

IN, internexin neuronal intermediate filament
protein

INFG, interferon gamma

INIP, INTS3 (integrator complex subunit 3)
and NABP (nucleic acid binding

protein) interacting protein

IPO, importin

IPS, interferon-beta promoter stimulator
1QC, 1Q motif containing

IRF, interferon regulatory factor

IRS, insulin receptor substrate

ISG15, interferon -stimulated 15 kDa gene
ISGF, interferon-stimulated transcription
factor

ISOC, isochorismatase domain containing
ISRE, IFN stimulated response element
ITAP, inhibitor of T cell apoptosis protein
ITG, integrin

ITP, inosine triphosphate

ITPR, inositol trisphosphate receptor

ITPRIP, inositol 1,4,5-trisphosphate receptor

interacting protein

JAK, Janus kinase

JEV, Japanese encephalitis virus
Jnk, c-Jun N-terminal kinases
JUN, oncoprotein

k, kinase

KA, kinase alpha

KARS, lysyl-tRNA synthetase

KCN, potassium intermediate/small
conductance calcium-activated channel
kDa, kilo dalton

KDN, 2-keto-3-deoxy-D-glycero-D-galacto-
nononic acid

KHSRP, KH-type splicing regulatory protein
KIT, gene encoding mast/stem cell growth
factor receptor or CD117

KITLG, KIT ligand

KPN, karyopherin

KLHL, kelch-like

KRT, keratin

KYNU, kynureninase

LACRT, lacritin

LACV, La Crosse virus

LAM, laminin

LAMP, lysosomal-associated membrane
protein

LAMTOR1, late endosomal/lysosomal
adaptor, MAPK and MTOR activator

1, guanyl-nucleotide exchange factor, protein
binding

LAP, leucine aminopeptidase

LASP, LIM and SH3 domain protein

LC, light chain

Ldh, lactate dehydrogenase

LDL, low-density lipoprotein

let, lethal

Lfa, lymphocyte function-associated antigen
LGALS, lectin, galactoside-binding, soluble
Lh, luteinizing hormone

LHPP, phospholysine phosphohistidine
inorganic pyrophosphate phosphatase
LIM domain, protein structural domains,
composed of two contiguous zinc finger
domains, separated by a two-amino acid
residue hydrophobic

linker, initialy discovered in the proteins
Lin11, Isl-1 & Mec-3

LMCD, LIM and cysteine-rich domains
LMN, lamin

LONP, lon peptidase



LPCAT, lysophosphatidylcholine
acyltransferase

LRBA, lipopolysaccharide-responsive vesicle
trafficking, beach and anchor containing
LRRC, leucine rich repeat containing

LSM, like smith antigen

LSS, lanosterol synthase

LUC7L, Luc7-like protein

LVV, leucine-valine-valine

LYPLA, lysophospholipase

LYRM, LYR motif containing

m1A58, N(1)-methyladenine at position 58
MG6PR, mannose-6-phosphate receptor
Macl, macrophage-1 antigen

MACROD, MACRO domain containing
MAGE, melanoma antigen

MAGOH, protein mago nashi homolog

MANF, mesencephalic astrocyte-derived

neurotrophic factor
MAP, mitogen-activated protein
MAPK, mitogen-activated protein kinase

MAPKAPK, MAP kinase activated protein
kinase

MAPRE, microtubule-associated protein, RP/
EB family

MAPT, microtubule-associated protein tau
MATR, matrin

MAVS, mitochondria antiviral signaling

protein

MBP, myelin basic protein

MCCC, methylcrotonoyl-CoA carboxylase
MCL, induced myeloid leukemia cell
differentiation protein

MCM, mini-chromosome maintenance

MDH, malate dehydrogenase

MDM2, mouse double minute 2 homolog
MEIS, myeloid ecotropic viral integration site

Mek, mitogen-activated protein kinase

MESDC, mesoderm development candidate
Met, methionine

MeV, measles virus

MGST, microsomal glutathione S-transferase
MHC, major histocompatibility complex
MIA, melanoma inhibitory activity

miRNA, microRNA

miRNPs, microribonucleoproteins
MKNK/MNK, MAP kinase-interacting serine/
threonine-protein kinase

Mlc, megalencephalic leukoencephalopathy
with subcortical cysts

MMAB, methylmalonic aciduria (cobalamin
deficiency) cbIB type

MMP, matrix metallopeptidase

MNF, mitochondrial nucleoid factor

MPST, mercaptopyruvate sulfurtransferase
mRNA, messenger RNA

MRP, mitochondrial ribosomal protein

MSH, MutS homolog

MSK, mitogen- and stress- activated protein

kinase

MTAP, methylthioadenosine phosphorylase
MTCH, mitochondrial carrier homolog
MTFR, mitochondrial fission regulator
MT-ND, mitochondrially encoded NADH
dehydrogenase

MTOR, mammalian target of rapamycin
MT-P2RY, mitochondrially encoded purinergic
receptor P2Y

MTX, metaxin

MUC, mucin

MutS, mutator S

MVP, major vault protein

MX1/MxA, myxovirus (influenza virus)

resistance
MYC, myelocytomatosis oncogene

MYH, myosin, heavy chain
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MYL6, myosin light polypeptide
MYLK, myosin light chain kinase
MYO, myosin

NAA, N(alpha)-acetyltransferase
MYOF, myoferlin

NABP, nucleic acid binding protein

NADH, reduced nicotinamide adenine

dinucleotide

NADPH, reduced form of nicotinamide
adenine dinucleotide phosphate

NANS, N-acetylneuraminic acid synthase
NAP1L, nucleosome assembly protein 1-like
NASP, nuclear autoantigenic sperm protein
NCAM, neural cell adhesion molecule
NCDN, neurochondrin

NCK, non-catalytic region of tyrosine kinase
NDRG, N-myc downstream regulated gene
NDUF, NADH dehydrogenase ubiquinone
NDUFV, NADH dehydrogenase ubiquinone

flavoprotein

NEDD, neural precursor cell expressed,

developmentally down-regulated
Neu5Gc, N-glycolylneuraminic acid
NeuNAc, N-acetylneuraminic acid
NFAT, nuclear factor of activated T-cells
NFS, nitrogen fixation homolog

NHP, non-histone protein

NFkB, nuclear factor kappa-light-chain-
enhancer of activated B cells,

lymphocytes derived from the bone marrow
NFS, nitrogen fixation

NHE, sodium-hydrogen antiporter
NHP2L1, non-histone chromosome protein
2-like

NIP, 4-nitrophenylphosphatase

NLS, nuclear localization signals

NMD, nonsense-mediated mRNA decay
NNT, nicotinamide nucleotide

transhydrogenase

NOL, nucleolar protein

NOLC, nucleolar and coiled-body
phosphoprotein

Nos, nitric oxide synthases

NP, nucleoproteins

NPC, nuclear pore complex

NPF, nucleation-promoting factor

NPM, nucleophosmin/nucleoplasmin
NQO, NAD(P)H dehydrogenase, quinone
NSF, N-ethylmaleimide-sensitive factor
NUBP, nucleotide binding protein

NUCKS, nuclear casein kinase and cyclin-
dependent kinase substrate

NUDCD, nuclear distribution C domain
containing

NUDT, nudix (nucleoside diphosphate linked
moiety X)-type motif

NUPR, nuclear protein

OAS, 2’-5’-oligoadenylate synthetase
ODAM, odontogenic, ameloblast asssociated
OGFR, opioid growth factor receptor
OLA, Obg-like ATPase

OPTN, optineurin

ORMDL, orosomucoid 1-like

OSBP, oxysterol binding protein

OST, oligosaccharyltransferase

OSTC, oligosaccharyltransferase complex
subunit

OSTF, osteoclast-stimulating factor
OTUB, otubain

p, protein

OXA1L, oxidase (cytochrome c) assembly
1-like

P4HB, prolyl 4-hydroxylase

Pa, protein activator

PA, proliferation-associated

PABPC, poly(A) binding protein cytoplasmic
PAFAH, platelet-activating factor
acetylhydrolase



PAICS, phosphoribosylaminoimidazole
carboxylase

Pak, p21 activated kinase

PALLD, palladin

PARK, parkinson disease (autosomal
recessive, early onset)

PARP, poly (ADP-ribose) polymerase

PC, pyruvate carboxylase

PCBP, poly(rC)-binding protein

PCMT, protein-L-isoaspartate(D-aspartate)
O-methyltransferase

PCNA, proliferating cell nuclear antigen
PDAP, PdgfA associated protein

PDCD, programmed cell death protein
PDE, phosphodiesterase

Pdgf, platelet-derived growth factor

Pdgfr, platelet-derived growth factor
receptor

PDI, protein disulfide isomerase

PDK, pyruvate dehydrogenase kinase

PDX, pancreatic and duodenal homeobox
PE, phosphatidylethanolamine

PEA, phosphoprotein enriched in astrocytes

PEBP, phosphatidylethanolamine-binding

protein

PER, period circadian protein homolog
PES, pescadillo ribosomal biogenesis factor
PEX, peroxisomal biogenesis factor
PFN, profilin

PGAM, phosphoglycerate mutase

PGD, phosphogluconate dehydrogenase
PGE, prostaglandin E

PGF, prostaglandin F

PGK, phosphoglycerate kinase

PGM, phosphoglucomutase

PGP, phosphoglycolate phosphatase

PGRMC, progesterone receptor membrane

component

PHB, prohibitin

PHF, plant homeo domain finger protein
PHB, prohibitin

PHGDH, phosphoglycerate dehydrogenase
PHLD, pleckstrin homology-like domain

PICALM, phosphatidylinositol binding clathrin

assembly protein

pik3/PI3K, phosphatidylinositide 3-kinase
plgR, polymeric immunoglobulin receptor
PIN, peptidyl-prolyl cis-trans isomerase
NIMA-interacting

PITRM, pitrilysin metallopeptidase

Pk, protein kinase

Pkg, cGMP-dependent protein kinase
PKM, pyruvate kinase muscle isozyme
PKN, protein kinase

PKR, protein kinase RNA-activated

PL, phospholipase

PLCG, phospholipase C gamma

PLEC, plectin

PLEKH, pleckstrin homology domain-
containing

PLIN, perilipin

PLS, plastin

PLSCR, phospholipid scramblase

PLXN, plexin

PML, promyelocytic leukemia protein

PMPCB, peptidase (mitochondrial processing)

beta
PNMA, paraneoplastic Ma antigen

PNRC, proline-rich nuclear receptor

coregulatory protein

POR, P450 (cytochrome) oxidoreductase
PP, protein phosphatase

PPA, pyrophosphatase

PPAP, phosphatidic acid phosphatase

PPARG, peroxisome proliferator-activated

receptor gamma
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PPCS, phosphopantothenoylcysteine
synthetase

PPM, protein phosphatase, Mg2+/Mn2+
dependent

PPP1R, protein phosphatase 1, regulatory
(inhibitor) subunit

PPP6C, protein phosphatase 6, catalytic
subunit

PPP-RNA, single-stranded RNA bearing a
5’-triphosphate group

PRAF, PRA1 domain family

PRCP, prolylcarboxypeptidase

PRDX, peroxiredoxin

PREX, phosphatidylinositol-3,4,5-
trisphosphate-dependent Rac exchange
factor

PRKAR, protein kinase, cAMP-dependent,
regulatory

PRKCSH, human protein kinase C substrate
PRPF, pre-mRNA processing factor homolog
PRPH, peripherin

PSM, proteasome (prosome, macropain)
subunit

PSPH, phosphoserine phosphatase

PTBP, polypyrimidine-tract binding protein
PTEN, phosphatase and tensin homolog
Ptk, protein tyrosine kinase

PTM, prothymosin

PTP, protein tyrosine phosphatase

PTPN, protein tyrosine phosphatase, non-
receptor

PUS, pseudouridylate synthase

PVRL, poliovirus receptor-related

PXN, paxillin

PYCR, pyrroline-5-carboxylate reductase
PYCRL, pyrroline-5-carboxylate reductase-
like

PYGB, phosphorylase, glycogen, brain

QPRT, quinolinate phosphoribosyltransferase

R/r, receptor

RA, receptor alpha chain

RAB, Ras-related protein

RAB11FIP, RAB11 family interacting protein
Rac, Ras-related C3 botulinum toxin substrate
RAD, Ras associated with diabetes

RAE, RNA export homolog

RAF, rapidly accelerated fibrosarcoma
RAL, Ras-related protein

RAN, Ras-related nuclear protein

RANBP, RAN binding protein

Ras, rat sarcoma, small GTPase protein
RASA, RAS p21 protein activator
RASGRF, Ras protein-specific guanine
nucleotide-releasing factor

Rap, Ras-proximate

RB, retinoblastoma protein

RBBP, retinoblastoma binding protein
RBM, RNA-binding motif

RCN, reticulocalbin

RDX, radixin

RELA, transcription factor p65

RHO, Ras homolog

RIG, retinoid-inducible gene

RIMKL, ribosomal modification protein
rimK-like

RMI, RecQ-mediated genome instability
RNase, ribonuclease

RNF, ring finger protein

RNH, ribonuclease inhibitor

RNPEP, arginyl aminopeptidase

Rnr, ribonucleotide reductase

Rock, Rho-associated, coiled-coil containing
protein kinase

RP, ribosomal protein/replication protein
RPL, ribosomal protein, large

RPS, ribosomal protein S

rRNA, ribosomal RNA



RRP, ribosomal RNA processing homolog
RSK, ribosomal protein S kinase

RSU, Ras suppressor protein

RYR, ryanodine receptor

S, sinister (left)

S (concerning ribosome), Svedberg

S (concerning amino acid), serine

S1PR, sphingosine-1-phosphate receptor
SAMHD, sterile alpha motif and histidine-
aspartic domain

Sapk, stress-activated protein kinase
SARNP, SAP (SAF-A/B, Acinus and PIAS)
domain containing ribonucleoprotein

SARNP, SAP domain containing

ribonucleoprotein

SART, squamous cell carcinoma antigen
recognized by T cells

SATB, special AT-rich sequence-binding
protein

SCF, stem cell factor

SCGB, secretoglobin

SCP, sterol carrier protein

SDC, syndecan

SDH, succinate dehydrogenase complex
SEC, signal peptidase complex
SELENBP, selenium-binding protein
SEPT, septin

SERF, small EDRK-rich factor

SERPIN, serine protease inhibitor
SERTAD, SERTA domain containing

SF, splicing factor

SFN, stratifin

SFPQ, splicing factor, proline- and glutamine-
rich

SFV, Semliki forest virus

SGCB, sarcoglycan beta

SGT, small glutamine-rich tetratricopeptide

repeat (TPR)-containing

SH, SRC homology
SH3GL, SH3-domain growth factor receptor-

bound protein 2-like endophilin

Shc, SRC homology 2 domain containing
SINV, Sindbis virus

SKl, Sloan—Kettering institute

SKIL, SKI-like oncogene

SLC, solute carrier

SMC, structural maintenance of
chromosomes protein

SNAP, SNARE associated protein

SNARE, soluble NSF attachment protein
receptor

SNC, synuclein

SNRNP, small nuclear ribonucleoprotein
polypeptide

SNX, sorting nexin

SORBS, sorbin and SH3 domain-containing
protein

Sos, Son of Sevenless

SPA, sperm autoantigenic protein

SPCS, signal peptidase complex subunit
homolog

S-phase, synthesis phase

SPI2A, serine protease inhibitor A

SPR, sepiapterin reductase

SPRYD, sprouty homolog domain

SPTAN, spectrin, alpha

SPTBN, spectrin, beta

SPZ, spermatogenic leucine zipper protein
SRC, sarcoma

SR, sorcin

SRP, signal recognition particle

SRPR, signal recognition particle receptor
SRRM, serine/arginine repetitive matrix
SRSF, serine/arginine-rich splicing factor
SRXN, sulfiredoxin

SS, Sjogren syndrome
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ssRNA, single-stranded RNA

SSR, signal sequence receptor

SST, somatostatin

ST, suppression of tumorigenicity

StAR, steroidogenic acute regulatory protein

STARD, StAR-related lipid transfer (START)

domain containing

STAT, signal transducers and activators of

transcription

STIP, stress-induced-phosphoprotein
STK, serine/threonine-protein kinase
STMN, stathmin

STOM, stomatin

STOML, stomatin (EPB72)-like

STX, syntaxin

SUCLG, succinyl-coenzyme A ligase
SUFU, suppressor of fused homolog

SUGT, suppressor of G2 allele of S-phase
kinase-associated protein

SULF, sulfatase

SULT, sulfotransferase

SUMO, small ubiquitin-related modifier
SUPT16H, suppressor of Ty 16 homolog
SUPV3L, suppressor of varl, 3-like

SURF, surfeit

SYK, spleen tyrosine kinase

SYN, synapsin

SYNCRIP, synaptotagmin binding, cytoplasmic
RNA interacting protein

SYNJ2BP, synaptojanin 2 binding protein

T, thymine

TAF, TATA-binding protein-associated factor,
150 kDa

TAGLN, transgelin

Tap, transporter associated with antigen
processing

TARDBP, transactive response DNA binding

protein

TARS, threonyl-tRNA synthetase

Tat, trans-activator of transcription
TAX1BP, Tax1 (human T-cell leukemia virus
type) binding protein

TBK, serine/threonine-protein kinase
T-cells, thymus-derived lymphocytes

TCF, T-cell-specific transcription factor
TCHH, trichohyalin

TCHP, trichoplein keratin filament-binding
protein

TCOF, Treacher Collins-Franceschetti
syndrome

TCP, T-complex protein

TCR, T-cell receptor

TCV, transcytotic vesicles

TEFM, transcription elongation factor,
mitochondrial

TERF, telomeric repeat binding factor
TERT, telomerase reverse transcriptase
TFAM, mitochondrial transcription factor A
TFG, tyrosine kinase-fused gene

TFRC, transferrin receptor

TGF, transforming growth factor

TGM, transglutaminase

TGN, trans-Golgi network

THOV, thogoto virus

TIMM, translocase of inner mitochondrial
membrane homolog

TIP, Tat interactive protein

TJP, tight junction protein

TK, thymidine kinase

TLN, talin

Tlr, toll-like receptor

TMA, translation machinery associated

homolog

TMED, transmembrane emp24 domain-

containing protein

TMEM, transmembrane protein



TMPO, thymopoietin

TMX, thioredoxin-related transmembrane
protein

TNF, tumor necrosis factor

TNFSF, tumor necrosis factor ligand
superfamily member

TNPO, transportin

TOLLIP, Toll interacting protein

TOMM, translocase of outer mitochondrial

membrane homolog

TP, tumor protein

TPD52L, tumor protein D52-like

TPP, tripeptidyl-peptidase

TPR, translocated promoter region

TPT, tumor protein translationally-controlled

TRADD, tumor necrosis factor receptor type
1-associated DEATH domain protein

TRA, transformer homolog

TRAP, TNF receptor-associated protein
TRAPP, transport protein particle

TRHR, thyrotropin-releasing hormone
receptor

TRIM, tripartite motif containing

TRIP, thyroid receptor-interacting protein
TRMT, tRNA methyltransferase

tRNA, transfer RNA

troponin t, tropomyosin-binding subunit of
troponin

TRPC, transient receptor potential canonical
channels

TRPS, trichorhinophalangeal syndrome
TSC22D, TGF-beta-stimulated clone 22
domain family

TST, thiosulfate sulfurtransferase

TSTA, tissue-specific transplantation antigen
TUB, tubulin

TWEF, twinfilin

TXNDC, thioredoxin domain containing

TYK, non-receptor tyrosine-protein kinase
TYMP, thymidine phosphorylase

U, uracil

U2AF, U2 small nuclear RNA auxiliary factor
UB, ubiquitin

UBCH, human polyubiquitin C

UBE, ubiquitin-conjugating enzyme

UBF, upstream binding factor

UBP43, same as USP18 in standard
nomenclature

UBR, ubiquitin protein ligase E3 component
n-recognin

UBXN, UBX domain containing protein
UCH, ubiquitin carboxyl-terminal esterase
UFD, ubiquitin fusion degradation protein
UFD1L, ubiquitin fusion degradation 1 like
UNC, uncoordinated protein

UQCR, ubiquinol-cytochrome c reductase
UQCRB, ubiquinol cytochrome c reductase
binding protein

UQCRC, ubiquinol cytochrome c reductase
complex

UQCRFS1, ubiquinol-cytochrome c reductase,
Rieske iron-sulfur

polypeptide 1

USMG, up-regulated during skeletal muscle
growth homolog

USP, ubiquitin-specific peptidase

UTP, uridine-triphosphatase

UTR, untranslated region

UTRN, utrophin

V1 complex, VAMP, vesicle-associated

membrane protein

VAP, (vesicle-associated membrane protein)-

associated protein
VAT, vesicle amine transport protein
v-ATPase domain responsible for hydrolysis

VARS, valyl-tRNA synthetase
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v-ATPase, vacuolar ATPase

VCAM, vascular cell adhesion molecule
VCL, vinculin

VCP, valosin containing protein

VDAC, voltage-dependent anion channel

Vegf, vascular endothelial growth factor

VHL, von Hippel-Lindau tumor suppressor, E3

ubiquitin protein ligase

VPS, vacuolar protein sorting protein
v-Ras, virus encoded Ras gene

v-SNARE, vesicle soluble NSF attachment
protein receptor

VSV, vesicular stomatitis virus

VTA, vacuolar protein sorting 20-associated
homolog

VTI, vesicle transport through interaction
with t-SNAREs

WAC, WW domain containing adaptor with
coiled-coil

WDR, WD (tryptophan-aspartic acid) repeat
containing

WIBG, within benign gonial cell neoplasm
homolog

Wnt, wingless/integration protein family
WNYV, west Nile virus

XPO, exportin

YARS, tyrosyl-tRNA synthetase

YBX, Y box binding protein

YIF1, YPT-interacting protein 1 interacting
factor homolog

YTHDF, YTH domain family

YWHAH, tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation
protein, eta polypeptide

ZNF, zinc finger protein

ZW, zeste white















The aim of the present thesis was to elucidate the role of estrogen receptor (ER)a and ERB
in cell proliferation and apoptosis induced by estrogenic compounds. Special attention
was paid to the importance of the receptor preference of the estrogenic compounds,
the cellular ERa/ERP ratio, the role of coregulators, and ER-mediated induction of

protein expression.

Estrogenic compounds: agonists and antagonists

To cover a wide range of potential estrogenic actions, in addition to the reference
compound 17B-estradiol (E2) [1-3], an ERa agonist (ERA-45) [4], an ERPB agonist (ERB-041)
[5], a partial ERa antagonist (4-hydroxytamoxifen, 40HT) [6-8], and a full ER antagonist
(fulvestrant) [9-13] were investigated. For the coregulator research (chapter 3 and 4)
also genistein, a phytoestrogen which was already well characterized for its effects
on cell proliferation by Sotoca et al. [14], was included. The intrinsic relative potency
(reflected by EC, ) and maximal efficacy of the selected ERa and ERP agonists towards
ERa and ERB were determined in chapter 3 using ER-selective reporter gene assays. E2
showed a 9-fold lower EC,, value in the U20S-ERa than in the U20S-ER cell line. The
EC,, and EEF (Estradiol Equivalence Factor) values corroborated selective ERa agonist
activity for ERA-45, and selective ERB agonist activity for ERB-041 and genistein. For
the U20S-ERa reporter gene assay, the order for efficacy of the ligands as derived from
the height of the dose response curve induced by the ligand in the U20S-ERa reporter
gene assay was genistein = E2 = ERA-45, while for the U20S-ERP reporter gene assay the
order for efficacy was genistein > E2 > ERA-45 > ERB-041. Intrinsic relative potency and
maximal efficacy of the selected antagonists towards ERa and ERP were characterized
in chapter 4 using ER-selective U20S reporter gene assays performed in the presence
of E2 at its EC, . These studies indicated a preference of 40HT to inhibit ERB and found
fulvestrant to be less ER-specific in its antagonizing activity. Efficacy of both antagonistic
compounds towards both ERa and ERPB as derived from the lowest point of the dose

response curve induced by the ligand in the U20S reporter gene assays appeared similar.

Estrogen receptors

In previous studies it has been demonstrated that stimulation of ERa and ERB may
have opposite effects on cell proliferation [15-20]. Therefore it is of importance to use
experimental models able to mimic physiologically relevant levels of ERa and ERB. A
model of interest consists of the T47D cell model with tetracycline-dependent ER(
expression and constant ERa expression developed by Strom et al. [19]. Chapter 2
describes under which conditions these T47D-ERP breast cancer cells with tetracycline-

dependent ERPB closely mimic ERa/ERP ratios in breast and other estrogen-sensitive
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tissues in vivo in rat as well as in human. At protein and messenger RNA (mRNA) level,
ERa and ERB levels and ratios were determined in T47D-ERP cells exposed to a range of
tetracycline concentrations and these levels were compared to levels found in breast,
prostate, and uterus or endometrium tissue samples from both rat and human. The
ERa/ERB ratio found in rat mammary gland and in human breast tissue can be mimicked
by exposing the T47D-ERB cells to >150 ng/ml tetracycline, but the ERa/ERP ratio of
other estrogen-sensitive rat and human tissues can also be mimicked. Given the limited
number of human samples available, it was not possible to also investigate factors
underlying possible subtle differences in the ERa/ERP levels and ratio between different
subjects. One could expect that factors like (but not limited to) age [21], menstrual cycle
[22], and consumption of supplements and food, especially for Asian countries where a
lot of soy is consumed containing phytoestrogens such as genistein [23] influence ERa
and ERP levels and ratios. To be able to take these factors into account while analyzing
data from different subjects, thereby enabling mimicking more personalized ERa and
ERP levels and ratios, tissue samples of a larger population should be studied.

In addition to the T47D-ERP cells, ERa/ERP ratios were also determined in MCF-7
and native T47D breast cancer cell lines and compared to ERa/ERB ratios in rat and human
tissues. The ERa/ERB ratios in MCF-7 and native T47D cells were relatively high due to
a lack of ERP expression and therefore did not reflect ratios in analyzed rat and human
tissues. This may indicate that these cell lines may not represent adequate models to
study the effects of estrogens in healthy tissues. Given that these cell lines are derived
from breast adenocarcinoma (MCF-7) [24] and breast ductal carcinoma (T47D) [25], and
that tumor tissue is known to often express low levels of ERB [26], the effects observed
in the ERa-positive cell lines may rather represent responses of tumorous tissue.

In this context, it is of interest to note that at present no absolute quantitative
techniques are available to determine ERa and ERP levels and ratios. The gPCR and
Western Blotanalysis usedin chapter 2 of the present thesisfor determination of ER levels
and ratios are semi-quantitative techniques [27, 28]. By using these two complementary
techniques measuring mRNA and protein levels and making relative comparisons
to T47D-ERPB cells not exposed to tetracycline for which levels were quantified in the
same manner as for the test samples, the effect of antibody or probe specificity was
eliminated. To be able to investigate ER levels in a more absolute quantitative manner,
one might consider proteomics techniques. In that case, known concentrations of
synthetic, isotope labeled peptides similar to the target peptides should be added to the
sample under investigation, which subsequently should be analyzed by LC-MS/MS. The

isotope labeled peptides and the unlabeled target peptides are analyzed simultaneously



and the abundance of the target peptide in the sample is compared to the abundance
of the labeled peptide. By means of a standard curve, the initial concentration of the
target peptide can then be determined. To be able to use this technique, isotope labeled
peptides to determine ERa and ERP levels would have to be developed, which is costly

and time-consuming [29].

Coregulators

It is known that upon binding of an estrogenic compound to the estrogen receptor and
dimerization of the ER, specific coregulators in the cell can play a key role in the gene
transcription induced by ER binding. These coregulators are attracted to or rejected
from the dimerized ligand-ER complex to enhance or oppose gene transcription by
which the estrogenic compound exerts its effects [30]. In chapter 3 the modulation
of the interaction of ERa and ERB with various coregulators induced by estrogenic
compounds was investigated. In this chapter the ligand-dependent modulation of the
interaction of ERa and ERP with coregulators was studied by using the Microarray
Assay for Real-time Coregulator — Nuclear receptor Interaction (MARCoNI), with 154
unique nuclear receptor coregulator peptides derived from 66 different coregulators.
The responses in the MARCoNI assay reveal that the modulation of the interaction
of ERa or ERB with coregulators induced by the different agonists upon ERa or ER(
activation are similar and imply only a limited number of differences upon ERa or
ERB activation by a specific ligand. For example modulation of the interaction of
ERs with coregulator motif DDX5_133_155 showed positive modulation with ERB,
but not with ERa, and this effect was consistently seen for all ER agonists. DDX5 is a
transcriptional coactivator for the tumor suppressor protein p53 and is involved in the
p53 transcriptional response to DNA damage and p53-dependent apoptosis [31]. The
modulation of the interaction of ERP with this DDX5 coactivator, but not ERq, is in line
with ERB counteracting ERa-mediated cell proliferation by means of apoptosis. Based
on the observed differences in type and extent of the modulation of the interaction
of the ERs with these coregulators between the different agonists, the compounds
could be hierarchically clustered, which is not possible based on the outcomes of ER-
selective reporter gene or proliferation assays.

Upon characterizing the modulation of the interaction of ER subtypes with
coregulators upon binding of selected ER agonists in chapter 3, chapter 4 describes
the modulation of the interaction of ERa and ERP with coregulators induced by the
ER antagonistic compounds 40HT and fulvestrant. The MARCoNI assay shows similar
ERa- and ERB-mediated modulation index (M) profiles for 40HT and fulvestrant, which
are generally opposite to the coregulator Ml profile of the ER agonist E2. One distinct
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difference was observed between the Ml profiles of 40HT and fulvestrant. Fulvestrant
shows negative and 40HT positive modulation of the interaction of ERB with coregulator
motif DDX5_133_155. The recruitment of this DDX5 coactivator motif by ERP as induced
by tamoxifen could be beneficial for ERPB reducing ERa-mediated cell proliferation since
it could stimulate p53-dependent apoptosis. It is of interest to note that previously
tested agonistic compounds showed positive modulation of the interaction of ERB with
coregulator motif DDX5_133_155 as well. This could possibly be linked to the partial
agonistic actions that tamoxifen and 40HT have in specific tissues [32]. Hierarchical
clustering based on the Ml profiles could clearly discriminate the two ER antagonists
from the ER agonist E2. However, the MARCoNI assay was unable to discriminate
between the preferential ERB antagonistic compound 40HT and the less specific ER
antagonist fulvestrant based on the modulation of the interaction of ERa and ER(B with
coregulators. For both the ER agonists described in chapter 3 and the ER antagonists
described in chapter 4 differences in the modulation of the interaction of ERa and ERfB
with coregulators contribute to the ligand-dependent responses, but do not fully explain
the differences in pharmacology between ER-mediated responses by the different
ligands. Even though the functions of coregulators are known to some extent (Table 1),
the importance of the subtle differences in modulation of the interaction of ERs with
coregulators between the ER agonistic compounds E2, ERA-45, ERB-041, and genistein,
and the ER antagonistic compounds 40HT and fulvestrant for the ultimate biological
effect remains to be established.

Such a comparative analysis of the modulation of the interaction of ERa and ERB
with various coregulators induced by different estrogenic compounds as shown in
chapter 3 and 4 reveals a new research strategy. Although Ml profiles by the different
ERs for a given ligand show only relatively small differences, these differences might
contribute to the ultimate effect on the compound’s specific pharmacology. The data as
described in chapter 3 and 4 are quite exploratory and the first results are not yet fully
conclusive. However, the approach shown here by studying the differential interaction
of ERa and ERB with coregulators is promising and it is a potentially important aspect
of future research into the interaction of ERa and ERB with various coregulators, ER
agonists and antagonists, and ultimate physiological effects of differential ERa and ER

expression.



Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org).

Motif Name Function

ANDR_10_32 Androgen receptor- Unknown
related coregulator
BL1S1_1_11 Biogenesis of lysosome-  Unknown
related organelles
complex 1 subunit 1
BRD8_254_276 Bromodomain-containing May act as a coactivator during
protein 8 transcriptional activation by hormone-
activated nuclear receptors (NR). At
least isoform 1 and isoform 2 are
components of the NuA4 histone
acetyltransferase (HAT) complex
which is involved in transcriptional
activation of select genes principally by
acetylation of nucleosomal histones H4
and H2A. This modification may both
alter nucleosome - DNA interactions
and promote interaction of the
modified histones with other proteins
which positively regulate transcription.
This complex may be required for the
activation of transcriptional programs
associated with oncogene and proto-
oncogene-mediated growth induction,
tumor suppressor-mediated growth
arrest and replicative senescence,
apoptosis, and DNA repair. NuA4 may
also play a direct role in DNA repair

when recruited to sites of DNA damage

[33, 34].
CBP_2055_2077 Nuclear cap-binding The CBP protein is known to
CBP_345_367_C367S protein acytelate histones as well as non-
CBP 345 368 histone proteins, thereby enhancing
CBP_345_368_C3675 transcriptional activity [35-38].

CBP_57_80
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Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif

Name

Function

CCND1_243_264_C243S/
C2475

CENPR_159_177
CENPR_1_18

CHD9_1023_1045
CHD9_2018_2040
CHD9_855_877

Cyclin D1

Centromere protein R

Chromodomain-helicase-
DNA-binding protein 9

Regulatory component of the

cyclin D1-CDK4 (DC) complex that
phosphorylates and inhibits members
of the retinoblastoma (RB) protein
family and regulates the cell-cycle
during G,/S transition. Phosphorylation
of RB1 allows dissociation of the
transcription factor E2F from the RB/
E2F complex and the subsequent
transcription of E2F target genes which
are responsible for the progression
through the G, phase [39].
Transcription coregulator that can
have both coactivator and corepressor
functions. Acts as a coactivator for
estrogen receptor alpha. Induces
apoptosis in breast cancer cells, but
not in other cancer cells, via a caspase-
2-mediated pathway that does not
require other caspases [40-42].

Acts as a transcriptional coactivator
for PPARA and possibly other nuclear
receptors. Proposed to be a ATP-
dependent chromatin remodeling
protein. Has DNA-dependent ATPase
activity and binds to A/T-rich DNA.
Associates with A/T-rich regulatory
regions in promoters of genes that
participate in the differentiation of
progenitors during osteogenesis [43,
44].



Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif

Name

Function

CNOT1_140_162
CNOT1_1626_1648
CNOT1_1929 1951 _
€19325
CNOT1_2083_2105
CNOT1_2086_2108
CNOT1_557_579

DDX5_133_155

DHX30_241_262
DHX30_49_70
EP300_2039_2061
EP300_69_91

GELS_376_398
GNAQ_21_43

HAIR_553_575_C567S
HAIR_745_767_C755S/

C759s

CCR4-NOT transcription

complex subunit 1

DEAD box protein 5

DEAH box protein 30

E1A-associated protein
p300

Gelsolin
Guanine nucleotide-
binding protein alpha-q

Hairless

Scaffolding component of the
CCR4-NOT complex which is one of the
major cellular mRNA deadenylases and
is linked to various cellular processes
including translational repression
during translational initiation and
general transcription regulation.
Represses the ligand-dependent

transcriptional activation by nuclear

receptors [45, 46].

DDX5 is a transcriptional coactivator
for the tumor suppressor protein
p53 and is involved in the p53
transcriptional response to DNA

damage and p53-dependent apoptosis

[31].

Unknown

Functions as histone acetyltransferase
and regulates transcription via
chromatin remodeling. Acetylates all
four core histones in nucleosomes.
Histone acetylation gives an epigenetic
tag for transcriptional activation. Also
functions as acetyltransferase for
nonhistone targets. Is proposed to
indirectly increase the transcriptional
activity of TP53 through acetylation.

Can also mediate transcriptional

repression [47-49].
Unknown

Unknown

Has been characterized as a
corepressor for several members of the

nuclear receptor superfamily [50, 51].
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Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif Name Function
IKBB_244_266 I-kappa-B-beta Unknown
IKBB_277_299

IKBB_62_84

ILK_131_153 Integrin-linked protein Unknown

kinase
JHD2C_2054_2076

containing histone

demethylation protein 2C

KIF11_832_854_C854S

L3R2A_12_34
chromosomal region 2
gene A protein
LCOR_40_62 Ligand-dependent

corepressor

MAPE_249 271
MAPE_300_322
MAPE_356_378
MAPE_382_404_C388S
MAPE_454_476_CA72S
MAPE_91 113

in tumors

MED1_591_614
MED1_632_655

transcription subunit 1

Probable JmjC domain-

Kinesin-like protein KIF11

Loss of heterozygosity 3

Melanoma antigen

preferentially expressed

Mediator of RNA

polymerase Il

May be involved in hormone-
dependent transcriptional activation
[52].

Component of a large chromatin
remodeling complex [53].

Unknown

Repressor of ligand-dependent
transcription activation by ERa and ERB
[54].

Functions as a transcriptional
repressor, inhibiting the signaling of
retinoic acid through the retinoic acid
receptors RARA, RARB and RARG.
Prevents retinoic acid-induced cell
proliferation arrest, differentiation and
apoptosis [55].

Component of the Mediator complex,

a coactivator involved in the regulated
transcription of nearly all RNA
polymerase II-dependent genes.
Mediator functions as a bridge to
convey information from gene-specific
regulatory proteins to the basal RNA
polymerase Il transcription machinery.
Mediator is recruited to promoters

by direct interactions with regulatory
proteins and serves as a scaffold for the
assembly of a functional preinitiation
complex with RNA polymerase Il and the

general transcription factors [56-66].



Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif

Name

Function

MEN1_255_277

MGMT_86_108

MLL2_4175_4197
MLL2_4702_4724

MTA1S_388_410_C393S/
€3965

NCOA1 1421 1441
NCOA1_620_643
NCOA1_677_700
NCOA1_737_759

Menin

Methylated-DNA-
-protein-cysteine

methyltransferase

Myeloid/lymphoid or
mixed-lineage leukemia

protein 2

Metastasis-associated
protein MTA1

Nuclear receptor

coactivator 1

Functions as a transcriptional regulator

[67].

MGMT is a human DNA repair enzyme
which carries out suicidal repair of
mutagenic O(6)-alkylguanine lesions
caused by alkylating carcinogens,
undergoing conversion to R-MGMT in
the process. The R-MGMT form has
been characterized as an estrogen
receptor corepressor [68, 69].

MLL2 is part of a complex shown to be
a transcriptional regulator of beta-

globin and estrogen receptor genes

[70].

May be involved in the regulation

of gene expression by covalent
modification of histone proteins.
Isoform Long is a corepressor of
estrogen receptor (ER). Isoform Short
binds to ER and sequesters it in the

cytoplasm and enhances non-genomic

responses of ER [71, 72].

Nuclear receptor coactivator that
directly binds nuclear receptors and
stimulates the transcriptional activities
in a hormone-dependent fashion.
Involved in the coactivation of different
nuclear receptors, such as for steroids
(PGR, GR and ER). Displays histone
acetyltransferase activity toward H3
and H4. Plays a central role in creating
multisubunit coactivator complexes
that act via remodeling of chromatin,
and possibly acts by participating

in both chromatin remodeling and

recruitment of general transcription

factors [73-76].

185

NOISSNDSIa



DISCUSSION

186

Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif

Name

Function

NCOA2_628_651
NCOA2_677_700
NCOA2_733_755
NCOA2_866_888

NCOA3_104_123_N-KKK

NCOA3_609_631

NCOA3_609_631_C627S

NCOA3_673_695
NCOA3_725_747
NCOA3_

MOUSE_1029_1051

NCOA4_315_337

NCOA4_79_101_C101S

NCOA6_1479_1501

NCOA6_875_897

Nuclear receptor

coactivator 2

Nuclear receptor

coactivator 3

Nuclear receptor

coactivator 4

Nuclear receptor

coactivator 6

Transcriptional coactivator for

steroid receptors and nuclear
receptors. Coactivator of the steroid
binding domain (AF-2) but not of the
modulating N-terminal domain (AF-1)
[77].

Nuclear receptor coactivator that
directly binds nuclear receptors and
stimulates the transcriptional activities
in a hormone-dependent fashion. Plays
a central role in creating a multisubunit
coactivator complex, which probably
acts via remodeling of chromatin.
Involved in the coactivation of different
nuclear receptors, such as for steroids
(GR and ER) [78].

Enhances the androgen receptor
transcriptional activity in prostate
cancer cells. Ligand-independent
coactivator of the peroxisome
proliferator-activated receptor (PPAR)
gamma [79].

Nuclear receptor coactivator that
directly binds nuclear receptors

and stimulates the transcriptional
activities in a hormone-dependent
fashion. Coactivates expression in an
agonist- and AF2-dependent manner.
Involved in the coactivation of different
nuclear receptors, such as for steroids
(GR and ERs). Probably functions as a
general coactivator, rather than just

a nuclear receptor coactivator. May
coactivate expression via a remodeling
of chromatin and its interaction with
histone acetyltransferase proteins
[80-83].



Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif

Name

Function

NCOR1_1925_1946
NCOR1_2039_2061
NCOR1_2039_2061_
€2056S

NCOR1_2251 2273
NCOR1_2376_2398
NCOR1_662_684_C662S
NCOR2_2123_2145
NCOR2_2330_2352
NCOR2_649_671_C649S

NELFB_328_350
NELFB_428_450
NELFB_80_102
NROB1_136_159
NROB1_1_23
NROB1_68_90_C69S

NROB2_106_128
NROB2_201_223_C207S
NROB2_237_257
NROB2_9_31_C9S/C11S

NRBF2_128_ 150

Nuclear receptor

corepressor 1

Nuclear receptor

corepressor 2

Negative elongation

factor B

Nuclear receptor
subfamily 0 group B
member 1

Nuclear receptor
subfamily 0 group B
member 2

Nuclear receptor-binding

factor 2

NCOR1 mediates transcriptional
repression. It is part of a complex
which promotes histone deacetylation
and the formation of repressive
chromatin structures which may

hamper the access of transcription

factors [84].

Transcriptional corepressor. Mediates
the transcriptional repression

activity of some nuclear receptors by
promoting chromatin condensation,
thus preventing access of the basal
transcription. Isoform 1 and isoform

5 have different affinities for different

nuclear receptors [85, 86].

NELFB in complex negatively regulates
transcription elongation and causes
transcriptional pausing [87, 88].

Acts as a coregulatory protein that
inhibits the transcriptional activity

of nuclear receptors through

heterodimeric interactions [89].

Unknown

May modulate transcriptional
activation by target nuclear receptors.

Can act as transcriptional activator (in

vitro) [90].
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Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif

Name

Function

NRIP1_1055_1077
NRIP1_120_142
NRIP1_121_143_P124R
NRIP1_173_195
NRIP1_173_195_C177S
NRIP1_253_275_C263S
NRIP1_368_390
NRIP1_488_510
NRIP1_700_722
NRIP1_701_723
NRIP1_805_831
NRIP1_8_30
NRIP1_924_946
NRIP1_924_946_C945S
NSD1_894_916
NSD1_982_1004

PAK6_248 270

PCAF_178_200

Nuclear receptor-

interacting protein 1

Nuclear receptor-binding
SET domain-containing

protein 1

p21l-activated kinase 6

P300/CBP-associated

factor

NRIP1 can both co-activate and co-

repress transcription [91, 92].

Histone methyltransferase.
Transcriptional intermediary factor
capable of both negatively or positively
influencing transcription, depending on
the cellular context [93].

PAK6 kinase plays a role in the
regulation of gene transcription.

It inhibits androgen receptor and
ERa-mediated transcription and may
protect cells from apoptosis [94, 95].
Functions as a histone
acetyltransferase (HAT) to promote

transcriptional activation [35].



Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif Name Function

PELP1_142_164 Proline-, glutamic acid- Coactivator of estrogen receptor-
PELP1_168_190 and leucine-rich protein 1 mediated transcription and a
PELP1_20_42 corepressor of other nuclear hormone
PELP1_251 273 receptors and sequence-specific
PELP1_258_280 transcription factors. Plays a role
PELP1_446_468 in estrogen receptor (ER) genomic
PELP1_496_518_C496S activity when present in the nuclear
PELP1_56_78_C71S compartment by activating the ER
PELP1_571_593_C575S/ target genes in a hormonal stimulation
C581S dependent manner. Plays a role in

E2-mediated cell cycle progression.
May have important functional
implications in ER/growth factor cross-
talk. May promote tumorigenesis via
its interaction with and modulation
of several oncogenes. Plays a role in
cancer cell metastasis via its ability to
modulate E2-mediated cytoskeleton
changes and cell migration [96-101].

PIAS2_6_28 Protein inhibitor of Plays a crucial role as a transcriptional

activated STAT2 coregulator in various cellular

pathways, including the STAT
pathway, the p53 pathway and the
steroid hormone signaling pathway.
The effects of this transcriptional
coregulation, transactivation or
silencing may vary depending upon
the biological context and the PIAS2
isoform studied. However, it seems to
be mostly involved in gene silencing.
Binds to sumoylated ELK1 and
enhances its transcriptional activity by
preventing recruitment of HDAC2 by
ELK1, thus reversing SUMO-mediated
repression of ELK1 transactivation
activity [102, 103].

PNRC1_306_327 Proline-rich nuclear Nuclear receptor coactivator. May play

receptor coactivator 1 arolein signal transduction [104].
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Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif

Name

Function

PNRC2_118_139

PPRC1_1159 1181
PPRC1_151_173

PR285_1062_1084
PR285_1105_1127
PR285_1160_1182_C1163S
PR285_2216_2238_C2219S
PR285_432_454_C453S/
C4545S

PRDM2_948_970

PRGC1_130_155
PRGC1_134_154

PRGC2_146_166
PRGC2_338_358

PRGR_102_124
PRGR_42_64_C64S

PROX1_57_79

Proline-rich nuclear
receptor coactivator 2
Peroxisome proliferator-
activated receptor gamma
coactivator-related
protein 1

Peroxisomal proliferator-
activated receptor
A-interacting complex 285

kDa protein

PR domain-containing
protein 2

Peroxisome proliferator-
activated receptor gamma

coactivator 1-alpha

Peroxisome proliferator-
activated receptor gamma

coactivator 1-beta

Progestrerone receptor

Prospero homeobox

protein 1

Acts as a nuclear receptor coactivator
[105].

PPRC1 acts as a coactivator during
transcriptional activation of nuclear
genes related to mitochondrial
biogenesis and cell growth [106, 107].

Unknown

PRDM?2 is a tumor suppressor protein
[108].
Transcriptional coactivator for steroid

receptors and nuclear receptors [109].

Plays a role of stimulator of
transcription factors and nuclear
receptors activities [110].

The steroid hormones and their
receptors are involved in the regulation
of eukaryotic gene expression and
affect cellular proliferation and
differentiation in target tissues.
Progesterone receptor isoform B (PRB)
is involved activation of c-SRC/MAPK
signaling on hormone stimulation
[111-116].

Prox1 is a prospero-related homeobox
transcription factor that was originally
characterized as a coregulator through
its ability to suppress LRH-1-mediated
transcription of the cholesterol
7-a-hydroxylase gene [117].



Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif Name Function
RADY9A_348_370 Cell cycle checkpoint A negative coregulator in the
control protein RAD9A repression of androgen receptor

transactivation in prostate cancer cells

[118].
RBL2_875_897 C879S/ Retinoblastoma-like Directly involved in heterochromatin
C894S protein 2 formation by maintaining overall

chromatin structure and, in particular,
that of constitutive heterochromatin
by stabilizing histone methylation.
Recruits and targets histone
methyltransferases, leading to
epigenetic transcriptional repression.
Probably acts as a transcription
repressor by recruiting chromatin-
modifying enzymes to promoters. May
act as a tumor suppressor [119].
TF65_437_459 Transcription factor p65  Transcription factor present in almost
all cell types and is the endpoint of a
series of signal transduction events
that are initiated by a vast array of
stimuli related to many biological
processes such as inflammation,
immunity, differentiation, cell
growth, tumorigenesis and apoptosis.
Different dimer combinations act as

transcriptional activators or repressors

[120, 121].
TGFI1_325_347_C334S/ Transforming growth In the nucleus, functions as a
C346S factor beta-1-induced nuclear receptor coactivator
TGFI1_443_461_C452S/ transcript 1 protein regulating glucocorticoid, androgen,
C455S mineralocorticoid and progesterone

receptor transcriptional activity.
May play a role in the processes of
cell growth, proliferation, migration,
differentiation and senescence. May
have a zinc-dependent DNA-binding
activity [122-127].
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Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif

Name

Function

TIF1A_373_395_C394S
TIF1A_747_769

TIP60_476_498

TREF1_168_190
TREF1_850_872

TRIP4_149_171_C171S

Transcription
intermediary factor

1-alpha

60 kDa Tat-interactive

protein

Transcriptional-regulating

factor 1

Thyroid receptor-

interacting protein 4

TIF1A is a transcriptional coactivator
that plays a role in the regulation of cell
proliferation and apoptosis, at least in
part via its effect on TP53 levels [128].

Catalytic subunit of the NuA4 histone
acetyltransferase complex which is
involved in transcriptional activation of
select genes principally by acetylation
of nucleosomal histones H4 and H2A.
This modification may both alter
nucleosome-DNA interactions and
promote interaction of the modified
histones with other proteins which
positively regulate transcription. This
complex may be required for the
activation of transcriptional programs
associated with oncogene and proto-
oncogene-mediated growth induction,
tumor suppressor-mediated growth
arrest and replicative senescence,
apoptosis, and DNA repair [34, 129-132].
Activates transcription of CYP11A1.
Interaction with CREBBP and EP300
results in a synergistic transcriptional
activation of CYP11A1 [133].
Transcription coactivator of nuclear
receptors which functions in conjunction
with CBP-p300 and SRC-1 and may play
an important role in establishing distinct
coactivator complexes under different
cellular conditions. Plays a pivotal role
in the transactivation of NF-kappa-B,
SRF and AP1. Acts as a mediator of
transrepression between nuclear
receptor and either AP1 or NF-kappa-B.
Plays a role in androgen receptor
transactivation and in testicular function
[134].



Table 1: Overview of coregulators of the MARCoNI assay and short transcriptional function

description if known (main database www.uniprot.org and www.nursa.org). (continued)

Motif Name Function
TRRAP_3535_3557_ Transformation / Coactivator TRRAP is found in protein
C35355/C3555S transcription domain- complexes possessing histone

TRRAP_770_792
TRRAP_971_993

TRXR1_132_154

UBE3A_396_418
UBE3A_649_671
WIPI1_119 141
WIPI1_313_335_C318S

ZNHI3_89 111

ZNT9_449 471

associated protein

Thioredoxin reductase
TR1

Ubiquitin-protein ligase
E3A

WD repeat domain
phosphoinositide-

interacting protein 1

Zinc finger HIT domain-

containing protein 3

Zinc transporter 9

acetyltransferase activity. It is involved
in transcription activation of for
example proto-oncogene MYC but

also of tumor suppressor gene p53

[135-137].

The selenoprotein thioredoxin
reductase (TrxR1) is a modulator

of estrogen signaling by binding to

the estrogen receptors a and B by
modulating the estrogen receptor-
coactivator complex assembly on non-

classical estrogen response elements

such as AP-1[138].

Coactivator for the nuclear hormone
receptor superfamily [139].

Plays a distinct role in controlling the
transcription of melanogenic enzymes
and melanosome maturation, a process

that is distinct from starvation-induced

autophagy [140-142].

Unknown

Plays a role in the p160 coactivator
signaling pathway that mediates
transcriptional activation by
nuclear receptors. Plays a role in

transcriptional activation of Wnt-

responsive genes [143].
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Towards gene and protein expression

As described in the introduction of the current thesis, upon binding of an estrogenic
compound to the estrogen receptor and dimerization of the ERs, attraction or rejection
of specific coregulators, and binding to the estrogen response element (ERE), gene
transcription is initiated and protein expression is induced [144]. This process will
eventuallyleadto biological effectsinthe cellsand organs. Cell proliferation and apoptosis
are major biological events in every aspect of cell cycle control, but especially of interest
in studying cancer progression [145, 146]. These events are known to be influenced by
estrogenic compounds, exerting their effects through binding ERa and/or ERB [145,
146]. ERa activation induces cell proliferation [15], while ERB activation counteracts this
and is suggested to induce apoptosis [16-20]. This latter aspect is of importance given
that the ERa/ERB ratio usually increases in tumorous tissue compared to normal tissue
due to decreased ERP expression [26]. One of the compounds in our test panel, 40HT,
is an active metabolite of the widely used breast cancer drug tamoxifen [6, 147]. To
investigate whether 40HT exerts ERa/ERP ratio-dependent effects on cell proliferation
and apoptosis, in chapter 5 a quantitative proteomics study is presented. ERo/ERP ratio-
dependent effects of 40HT on cell proliferation and apoptosis of the T47D-ERB human
breast cancer cell line with tetracycline-dependent ERP expression were characterized.
In the cells expressing only ERa decreased cell proliferation and increased apoptosis was
induced by 40HT, which was opposite to the cells expressing both ERa and ERB, for which
increased cell proliferation and decreased apoptosis upon 40HT exposure was found.
Post-translational modifications like acetylation, methylation, and phosphorylation of
several ribosomal and mitochondrial protein groups were induced by 40HT, mostly in
T47D-ERPB cells with both ERa and ERP expressed. Altogether the results suggested that
ER0/ERP ratio-dependent major biological functions like cell proliferation and apoptosis
are affected by 40HT in T47D-ERPB cells. 40HT may have differential effects in tissue,
being more effective in reducing cell proliferation and increasing apoptosis if ERa

dominates and ERPB expression levels are low since 40HT then antagonizes ERa.

Biological effects

The current thesis focused on cell proliferation and apoptosis as major biological effects
known to be influenced by estrogenic compounds and playing an important role in
cancer progression [145, 146]. In chapter 2 it was demonstrated how different estrogen-
responsive tissues may vary in their proliferative response by exposing T47D-ERP cells
exposed to defined tetracycline concentrations to mimic various tissues to E2. It is
known that ERa and ERP levels and ratios vary between tissues as well as between cell
types [148]. This variability in ERa and ERP levels and ratios will likely contribute to



the different effects estrogenic compounds can have on different tissues (for example
tamoxifen which has anti-proliferative action in breast tissue but stimulates proliferation
in the endometrium) [32]. However, also the difference in metabolizing capacity of the
different tissues has been suggested to contribute to differential effects of estrogenic
compounds. In different tissues, different cytochrome P450 (CYP) enzymes could be
present [149-154]. In human endometrium for instance, formation of the DNA reactive
a-hydroxytamoxifen metabolite of tamoxifen, a different metabolite than 40HT, was
shown [155, 156]. If the CYP enzymes present in the endometrium are more prone
towards the formation of the DNA reactive a-hydroxytamoxifen metabolite than to
40HT, this could be a (partial) explanation for the proliferative action of tamoxifen in
the endometrium despite the relatively high ERa/ERP ratio in this tissue. Furthermore,
it was shown that after treatment with tamoxifen, tamoxifen-associated malignant
endometrial tumors have more frequent ERP expression compared to non-tamoxifen-
associated endometrial cancers [157]. As shown in chapter 5 of the current thesis,
40HT may be less effective in reducing cell proliferation and increasing apoptosis if ERB
expression levels are high since 40HT then antagonizes ERB. This might also be a (partial)
explanation for the proliferative action of tamoxifen in the endometrium.

In chapter 3 it was demonstrated that ERa agonists activate cell proliferation,
whereas ERPB seems to suppress ERa-mediated cell proliferation in the T47D-ER cells.
These results corroborate that effects on cell proliferation depend on the intrinsic
relative potency of the agonist towards ERa and ERB and the cellular ERa/ERB ratio.
These ERo/ERP ratio-dependent effects are especially of importance for anti-estrogenic
compounds used in the hormonal treatment of ERa-positive breast cancer since the
ERa/ERB ratio usually increases in tumorous tissue compared to normal tissue due
to decreased ERPB expression [26]. To obtain more insight in the 40HT-induced ERa/
ERPB ratio-dependent proteins that are able to affect cell proliferation and apoptosis,
in chapter 5 a quantitative proteomics study was conducted, investigating ERa/ERB
ratio-dependent effects induced by 40HT, the active metabolite of the breast cancer
drug tamoxifen. One of the main conclusions from this proteomics study presented
in chapter 5 is that 40HT may have differential effects in tissues depending on the
ERa and ERP levels and ratios, being more effective in reducing cell proliferation and
increasing apoptosis if ERa dominates and ERP expression levels are low since 40HT
then antagonizes ERa. This conclusion suggests that it may be of value to monitor ERa
and ERP levels and ratios throughout breast cancer treatment with tamoxifen enabling

more effective and personalized treatment.
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Madeira et al. conducted a randomized neo-adjuvant trial for the treatment of
postmenopausal occurring breast cancer, from which it was concluded that the ERa/ERB
ratio and ERP levels could be used as predictors of endocrine therapy responsiveness
[158]. However, in contrast to the data presented in chapter 5, these authors concluded
that especially in ERB-positive groups tamoxifen produced a significant reduction in post-
treatment Ki67 scores, a marker for cell proliferation. The post-treatment Ki67 scores in
their ERB-positive group upon tamoxifen treatment and the ERB-negative group were
actually similarin percentage, and most probably not statistically significant due to the small
group size. Furthermore, in both patient groups ERa-positive and ERa-negative cases were
combined. Given the important role for ERa for 4OHT-mediated effects on cell proliferation
and apoptosis, this combining of ERa-positive and ERa-negative cases hampers comparison
of the data of the trial with the proteomics data presented in chapter 5.

It is also of interest to note that tamoxifen is commonly used in breast cancer
treatment at an oral dose of 20 mg per day for 5 years [159]. This has shown to be an
effective dose, but it is not known exactly how much of this tamoxifen and its active
metabolite are available to the tumor cells. Plasma levels of 40HT have been reported
to be around 1495 pg/ml [160]. In the proteomics study presented in chapter 5, the cells
were exposed to 300 nM 40HT, the dose where a maximum inhibition of cell proliferation
induced by 30 pM E2 was observed in the T47D-ERP cell model to ascertain that the dose
of 40HT would be effective. This concentration of 300 nM 40HT would (MW=387.51
[161]) correspond to 116 ng/ml, which is about 78 times the reported plasma levels.
This is thus a relatively high dose compared to in vivo concentrations. However, it was
shown in the BrdU cell proliferation assay that approximately 30 times more 40HT is
necessary than the amount of E2 to abolish the effect of E2 on cell proliferation (EC, E2
is 30 pM, IC, 40HT is approximately 30x higher). The reported plasma levels of 40HT of
1495 pg/ml would thus be able to abolish the effect of 130 pM E2. Plasma levels of E2
of postmenopausal tamoxifen treated women drop with around 12% [162]. Taking into
account that normal E2 levels in plasma in postmenopausal woman are around 15 pg/ml
[163], with a drop of 12% corresponding to 50 pM E2 (MW = 272.38 [164]), the amount
of 40HT relative to the amount of E2 in plasma is also high. To investigate if the changes
detected by quantitative proteomics in the present thesis would be observed at lower
40HT concentrations remains a topic of interest for future research.

Another point that should be taken into account when addressing the results
described in the current thesis is the fact that ER-positive breast cancer treatment
sometimes consists of a combination of therapeutic agents (for example a combination

of tamoxifen and the aromatase inhibitor anastrozole) [165]. These compounds may



interact with cell proliferation or estrogen levels as well [166]. Although this thesis
describes the interaction of different kinds of (anti-)estrogenic compounds with ERa and
ERP and eventually their effects on cell proliferation and apoptosis, interaction between
those compounds and other therapeutics can enhance or attenuate the effects [167].
How the ERa and ERP levels and ratios influence possible combination effects resulting
from combined exposure remains a topic for future investigations. Each combination of
therapeutic compounds might then be carefully investigated for its ultimate biological
effects within a cellular background of different ERa and ERP levels and ratios. This
thesis described and validated possible approaches for such research into ERa and ERB
level- and ratio-dependent combination therapy in treatment of breast cancer.
Altogether, the present thesis describes how a selection of estrogenic compounds
with different modes of action interact with ERa and ERB and subsequently recruit or
reject coregulators, and how this eventually leads to a shift in protein expression and
affects major biological events like cell proliferation and apoptosis. The results obtained
clearly corroborate the importance of ERa and ERP levels and ratios, especially in

tamoxifen treatment in breast cancer.

Future perspectives

The research in the present thesis focuses on the role of differential expression of ERa
and ERPB and their ratios and how this affects cell proliferation and apoptosis induced
by estrogenic compounds and the interaction of the ERs with coregulators upon
stimulation by ligands. Although especially the importance of the receptor preference
of the estrogenic compounds, the cellular ERa/ERP ratio, the interaction of the ERs with
coregulators upon stimulation by ligands, and ER subtype-mediated induction of protein
expression is elucidated, there are some additional topics to be considered in future

research. These are discussed in some more detail in the next sections.

Estrogenic compounds: agonists and antagonists

The compounds used in the present thesis were characterized for their potency
and efficacy towards ERa and ERB. From these results it was demonstrated that the
selective ERP agonist ERB-041 shows low potency and efficacy. Furthermore, it was
demonstrated that 40HT preferentially inhibits ERB, whereas fulvestrant appears to be
less ER subtype-specific. ER antagonistic compounds like tamoxifen and fulvestrant are
used as breast cancer drugs for their ability to reduce ERa-mediated cell proliferation
[13]. The downside of these compounds are their severe side effects [168, 169]. ERB

agonists are thought to have similar effects as the antagonistic compounds 40HT and
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fulvestrant as indicated in the current thesis, showing no induction of cell proliferation
even when ERB was fully suppressed and only ERa was expressed. In cell proliferation
assays as described in chapter 3 of the current thesis, no effect on cell proliferation was
observed upon exposure of the T47D-ERP cells to ERB-041, although with the T47D-ERf
cells expressing ERB, a suppression of cell proliferation was expected with this ERB
agonist since ERPB is known to suppress cell proliferation [16-20]. Suppression of cell
proliferation could probably not be seen in the cell proliferation assay due to the low
potency and efficacy of the ERB-041 compound.

Several of the reported side effects of tamoxifen and fulvestrant are related to
the endometrium. Since ERB agonists might have less or less severe side effects, at
least on endometrium as shown for genistein [170], it is a challenge for pharmaceutical
companies to develop a more potent and efficient ERB agonist than ERB-041. Genistein
might seem an interesting candidate given that genistein has a preference for ERB with
high potency and efficacy as shown in the U20S reporter gene assays in chapter 3.
However, in vitro and rodent data have also reported that genistein can stimulate
tumor cell proliferation and growth [171]. The dual behaviour of genistein (and any
newly developed ERP agonist) as drugs or food supplements for postmenopausal

women should therefore be carefully considered.

Estrogen receptors

In the current thesis the importance of ERa and ERB levels and ratio for the ultimate
biological effect of estrogenic compounds has been demonstrated by characterizing the
effects of varying ERa and ERP levels and ratio on estrogenic compound-induced cell
proliferation and apoptosis. One aspect of estrogen receptors that has not been taken
into account in the current thesis are splice variants. Splice variants are truncated (or
sometimes elongated) forms of the ERs [172]. For ERa over 20 different splice variants
have been reported in tumors detected on mRNA level [173]. Two of these isoforms,
of which also protein expression could be detected, were reported to have opposing
genomic actions compared to the full length ERa [174, 175]. Both of these isoforms have a
truncated A/B domain and are missing their AF-1 region, involved in ligand-independent
transactivation [174-176]. One of the two also has a shortened E and F domain and is
missing its AF-2 region, affecting the ligand binding domain [175, 176]. For ERP at least
5 different splice variants are known on mRNA level [177]. They are mostly truncated in
the E and F domain, affecting the AF-2 region and thereby the activity of ERB [178, 179].
It has been shown that different splice variants occur in breast tissue and breast cancer

cell lines [172]. Since multiple splice variants have been reported to occur in a specific



cell line or in breast tissue, it is of interest to further elucidate the implications of the

occurrence of these splice variants on their biological action.

Coregulators

The by the different agonists and antagonistic compounds induced interaction of
ERa or ERB with coregulators reveals that the modulation of the interaction of ERa
or ERB with coregulators upon stimulation of a specific (ant)agonist show similar Ml
profiles. It was evident that Ml profiles for the antagonistic compounds were generally
opposite to that of the agonistic compounds, and the Ml profiles allowed hierarchical
clustering and clear discrimination between agonists and antagonists and even between
different agonists. This characteristic of the MARCoNI assay to discriminate and cluster
estrogenic compounds is not defined by the conventional ER-selective reporter gene
or proliferation assays. It is of importance to note that these interactions of ERa or
ERP with coregulators were investigated using the ligand binding domain (LBD) of ERa
and ERP. This LBD is known to be responsible for the interaction of the ER with ligands
and coregulators in the cells [30]. Currently, this MARCoNI assay has not been used in
combination with full length receptors. Given the previously described opposite effects
that splice variants of estrogen receptors might have [174, 175], it could be of interest
to use for example cell extract containing full length receptors in the MARCoNI assay. If
the use of cell extract in the MARCoNI assay will prove to be possible it would also be of
interest to use T47D-ERP cells with tetracycline-dependent ERB expression to be able to
investigate differential effects occurring at varying ERa/ERP ratios.

Furthermore, although for many of the coregulators present on the MARCoNI assay
the functionis more or less known (Table 1), the eventual biological effect of the complete
set of modulated interactions of the ER with coregulators is not yet specified. The same
holds true for the differential expression of coregulators in the different cells or organs
and how coregulators interact with each other [180]. Since more and more proteins are
identified as coregulators [181], it will be a great challenge in the near future to further
elucidate their biological effects. In the current thesis, modulation profiles induced
by the different ligands were compared to the compound-specific pharmacology. The
MARCONI assay based on the ERB-LBD was conducted for the first time, and therefore
the ligands were tested at concentrations expected to show maximum efficacy in the
MARCoNI assay and compared to the efficacy of the ligands in the U20S reporter gene
assay and the cell proliferation assay. From the comparison between efficacy order of
the ligands in the MARCoNI and the U20S reporter gene assay it turned out that the
efficacy of the ligands could not be explained by the induced Ml profiles in the MARCoNI

assay alone, suggesting that mechanisms other than coregulator recruitment to the LBD
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are also involved in efficacy of the ligands. Next to the efficacy of the ligands, to study
the effect of the interaction of ERa and ERB with coregulators on potency reflected by
EC,, as well, full dose response curves should be conducted to broaden the knowledge

on ligand-dependent interactions with coregulators.

Towards gene and protein expression

The proteomics study described in chapter 5 indicates that in the cells expressing only
ERa decreased cell proliferation and increased apoptosis was induced by 40HT, which
was opposite to the cells expressing ERa and ERB, where increased cell proliferation and
decreased apoptosis upon 40HT exposure was indicated by protein expression. It was
concluded that 40HT may have differential effects in tissues, being more effective in
reducing cell proliferation and increasing apoptosis if ERa dominates and ERB expression
levels are low since 40HT then antagonizes ERa. This study was conducted for 40HT, the
active metabolite of tamoxifen, since cell proliferation and apoptosis are major biological
events of interest in cancer progression [145, 146]. Tamoxifen is a first line breast cancer
drug. If treatment with tamoxifen does not succeed, fulvestrant is commonly used as
a second line breast cancer drug [182]. Given the ER subtype-dependent effects of
40HT on protein level, it is recommended to conduct a similar proteomics study with

fulvestrant to investigate ER subtype-dependent effects at protein level.

Biological effects

The importance of ERa and ERB levels and ratios is especially illustrated in this thesis, as
ultimate biological effects of estrogenic compounds like cell proliferation and apoptosis
seem largely dependent on the intrinsic potency towards one of the ER subtypes and
the cellular ERa and ERP levels and ratios present. Especially the striking differences in
ERa- and ERB-mediated responses to 40HT related to cell proliferation and apoptosis
indicated in the proteomics study described in chapter 5 underline the importance of
determination of both ERa and ERP levels and their ratios in breast cancer treatment. It
was concluded that 40HT may have differential effects in different tissues, being more
effective in reducing cell proliferation and increasing apoptosis if ERa dominates and
ERP expression levels are low since 40HT then antagonizes ERa. It would be interesting
to validate these results in a clinical study and monitor ER levels in patients receiving
tamoxifen treatment. Based on the results of the present thesis it may be hypothesized
that fulvestrant may be more effective than tamoxifen/40HT as a breast cancer drug
in tumors with relatively high ERP expression levels, since in chapter 4 of the current
thesis it was shown that fulvestrant is less potent in antagonizing ERB than 40HT is

in the U20S reporter gene assays. With relatively high ERP levels and a low ERa/ERB



ratio fulvestrant will be less prone to suppress the ERa inhibiting activity of ERB thereby
increasing proliferation instead of decreasing it as observed for 40HT.

Often after about 15 months of breast cancer treatment with tamoxifen, tamoxifen
resistance occurs [183]. One could speculate that the tumor cells adapt to the tamoxifen
treatment by increasing ERP expression, the action of which is then antagonized by
tamoxifen overruling the effect of tamoxifen-mediated ERa antagonism, and facilitating
cell proliferation. Speirs et al. already observed, by means of RT-PCR, that median ERp
mMRNA levels were approximately 2-fold higher than ERa levels in tamoxifen-resistant
tumors compared to tamoxifen-sensitive tumors [184]. It would be of interest to test this
hypothesis by monitoring ERa and ERP levels and ratios continuously during tamoxifen
treatment, and possibly adjust treatment to for example fulvestrant upon detection of
changing ERa and ERB levels and ratios in the tumor tissue. However, this might be too
invasive for the patient, since it would require regular biopsies.

The current thesis focuses on cell proliferation and apoptosis, major biological
events known to be influenced by estrogenic compounds and playing an important role
in cancer progression [145, 146]. Estrogenic compounds are involved in other biological
effects as well, for example previously shown for immune responses [23]. It is important
to keep this in mind when planning future research into the effects of estrogenic
compounds. Also dose and absorption, distribution, metabolism, and excretion of the

estrogenic compounds should be taken into account [185].

Concluding remarks

Results of the present thesis have elucidated the action of different estrogenic
compounds, their interaction with the two ER subtypes, and the subsequent recruitment
or rejection of coregulators, as well as the resulting effects on cell proliferation and
apoptosis. The results illustrate the importance of ERa and ERB levels and their ratios,
especially in tamoxifen treatment in breast cancer. The action of estrogenic compounds
and their interaction with ERs as described in the present thesis should be taken into
account and can be used as a starting point for future research into mechanisms of
action of estrogenic compounds, the role of coregulators, and endocrine treatment in

breast cancer therapies.

201

NOISSNDSIa



DISCUSSION

202

References

(1

(2]

3]

(4]

(5]

A.M. Sotoca, J.H.J. van den Berg, J.J.M.
Vervoort, PT. van der Saag, A. Strom, LA
Gustafsson, I.M.C.M. Rietjens, A.J. Murk,
Influence of ERalpha/ERbeta

ratio on the ERalpha-agonist induced

cellular

proliferation of human T47D breast cancer
cells, Toxicological sciences : an official
journal of the Society of Toxicology 105(2)
(2008) 303-311.

G.G. Kuiper, J.G. Lemmen, B. Carlsson, J.C.
Corton, S.H. Safe, P.T. van der Saag, B.B. van
der Burg, J.A. Gustafsson, Interaction of
estrogenic chemicals and phytoestrogens
with estrogenreceptorbeta, Endocrinology
139(10) (1998) 4252-4263.

M.E. Quaedackers, C.E. van den Brink, S.
Wissink, R.H. Schreurs, J.A. Gustafsson,
PT. van der Saag, B.B. van der Burg,
4-hydroxytamoxifen trans-represses
nuclear factor-kappa B activity in human
osteoblastic U2-0S cells through estrogen
receptor (ER)alpha, and not through ER
beta, Endocrinology 142(3) (2001) 1156-
1166.

H.L. Jeanes, C. Tabor, D. Black, A.G.H.
Ederveen, G.A. Gray, Oestrogen-mediated
cardioprotection following ischaemia and
reperfusion is mimicked by an oestrogen
receptor (ER)alpha agonist and unaffected
by an ER beta antagonist, The Journal of
endocrinology 197(3) (2008) 493-501.

M.S. Malamas, E.S. Manas, R.E. McDeuvitt, I.
Gunawan, Z.B. Xu, M.D. Collini, C.P. Miller,
T. Dinh, R.A. Henderson, J.C. Keith, Jr,,
H.A. Harris, Design and synthesis of aryl
diphenolic azoles as potent and selective
estrogen receptor-beta ligands, Journal of
medicinal chemistry 47(21) (2004) 5021-
5040.

(6]

[7]

(8]

(9]

[10]

[11]

[12]

C.S. Murphy, S.M. Langan-Fahey, R.
McCague, V.C. Jordan, Structure-function
relationships of hydroxylated metabolites
of tamoxifen that control the proliferation
of estrogen-responsive T47D breast cancer
cells in vitro, Molecular pharmacology

38(5) (1990) 737-743.
C.L. Smith, Z. Nawaz, B.W. O’Malley,

Coactivator and corepressor regulation
of the agonist/antagonist activity of the
mixed antiestrogen, 4-hydroxytamoxifen,
Molecular endocrinology 11(6) (1997) 657-
666.

P. Rouanet, D.S. Drouin, J.
Prevention and treatment of breast cancer
with 4-hydroxy tamoxifen, in: L.B.l. Sa (Ed.),

2009.

Wepierre,

C.K. Osborne, A. Wakeling, R.l. Nicholson,

Fulvestrant: an oestrogen receptor
antagonist with a novel mechanism of
action, British journal of cancer 90 Suppl 1

(2004) S2-6.
A.E. Wakeling, M. Dukes, J.

potent specific pure antiestrogen with

Bowler, A

clinical potential, Cancer research 51(15)
(1991) 3867-3873.

J.F.Robertson, R.I. Nicholson, N.J. Bundred,
E. Anderson, Z. Rayter, M. Dowsett, J.N.
Fox, J.M. Gee, A. Webster, A.E. Wakeling,
C. Morris, M. Dixon, Comparison of the
short-term biological effects of 7alpha-
[9-(4,4,5,5,5-pentafluoropentylsulfinyl)-
(10)-triene-3,17beta-

versus

nonyl]estra-1,3,5,
diol

postmenopausal

(Faslodex) tamoxifen in
women with primary
breast cancer, Cancer research 61(18)

(2001) 6739-6746.

A. Howell, Pure oestrogen antagonists for

the treatment of advanced breast cancer,



[13]

[14]

[15]

[16]

[17]

[18]

Endocrine-related cancer
689-706.

13(3) (2006)
D. Lymperatou, E. Giannopoulou, A.K.
Koutras, H.P. Kalofonos, The exposure
of breast cancer cells to fulvestrant and
tamoxifen modulates cell migration
differently, BioMed research international

2013 (2013) 147514.

A.M. Sotoca, PT. van der
Saag, A. Strom, J.A. Gustafsson, J.J.M.

Vervoort, I.M.C.M. Rietjens, AJ. Murk,

D. Ratman,

Phytoestrogen-mediated inhibition of
proliferation of the human T47D breast
cancer cells depends on the ERalpha/
ERbeta ratio, The Journal of steroid
biochemistry and molecular biology 112(4-

5) (2008) 171-178.

H.A. Harris, Estrogen receptor-beta: recent
lessons from in vivo studies, Molecular
endocrinology 21(1) (2007) 1-13.

0. Imamov, A. Morani, G.J. Shim, Y.
Omoto, C. Thulin-Andersson, M. Warner,
J.A. Gustafsson, Estrogen receptor beta
regulates epithelial cellular differentiation
in the mouse ventral prostate, Proceedings
of the National Academy of Sciences of the
United States of America 101(25) (2004)

9375-9380.

S. Paruthiyil,
G.R. Cunha, G.L. Firestone, D.C. Leitman,

H. Parmar, V. Kerekatte,

Estrogen receptor beta inhibits human
breast cancer cell proliferation and tumor
formation by causing a G2 cell cycle arrest,
Cancer research 64(1) (2004) 423-428.

F. Stossi, D.H. Barnett, J. Frasor, B. Komm,
C.R. Lyttle, B.S.

Transcriptional

Katzenellenbogen,
profiling of estrogen-
regulated gene expression via estrogen
receptor (ER) alpha or ERbeta in human

osteosarcoma cells: distinct and common

[19]

[20]

[21]

[22]

[23]

[24]

target genes for these receptors,

Endocrinology 145(7) (2004) 3473-3486.

A. Strom, J. Hartman, J.S. Foster, S. Kietz,
J. Wimalasena, J.A. Gustafsson, Estrogen
receptor beta inhibits 17beta-estradiol-
stimulated proliferation of the breast
cancer cell line T47D, Proceedings of
the National Academy of Sciences of the
United States of America 101(6) (2004)
1566-1571.

A.M. Sotoca, M.D. Gelpke, S. Boeren, A.
Strom, J.A. Gustafsson, A.J. Murk, I.M.C.M.
Rietjens, J.J.M. Vervoort, Quantitative
proteomicsandtranscriptomicsaddressing
the estrogen receptor subtype-mediated
effects in T47D breast cancer cells exposed
to the phytoestrogen genistein, Molecular
& cellular proteomics : MCP 10(1) (2011)

M110002170.
F. Yaghmaie, O. Saeed, S.A. Garan, W.

Freitag, P.S. Timiras, H. Sternberg, Caloric
restriction reduces cell loss and maintains
estrogen receptor-alpha immunoreactivity
in the pre-optic hypothalamus of female
B6D2F1 mice, Neuro endocrinology letters
26(3) (2005) 197-203.

S. Matsuzaki, T. Fukaya, T. Suzuki, T.
Murakami, H. Sasano, A. Yajima, Oestrogen
receptor alpha and beta mRNA expression
in  human endometrium throughout
the menstrual cycle, Molecular human

reproduction 5(6) (1999) 559-564.

A.M. Sotoca, Unravelling the mechanism
of differential biological responses induced
by food-borne xeno- and phyto-estrogenic
compounds,

Toxicology, Wageningen

University, Wageningen, 2010. p. 186.

H. Hernandez-Vargas, E. Ballestar, P.

Carmona-Saez, C. von Kobbe, I. Banon-
Rodriguez, M. Esteller, G. Moreno-Bueno,

J. Palacios, Transcriptional profiling of

203

NOISSNDSIa



DISCUSSION

204

[25]

[26]

[27]

[28]

[29]

MCF7 breast cancer cells in response to
5-Fluorouracil: relationship with cell cycle
changes and apoptosis, and identification
of novel targets of p53, International
journal of cancer. Journal international du
cancer 119(5) (2006) 1164-1175.

Y. Fan, A.D. Borowsky, R.H. Weiss, An
antisense oligodeoxynucleotide to
p21(Wafl/Cip1)
human breast cancer cells,

cancer therapeutics 2(8) (2003) 773-782.

causes apoptosis in

Molecular

A.Bardin, N. Boulle, G. Lazennec, F. Vignon,
P. Pujol, Loss of ERbeta expression as a
common

step in estrogen-dependent

tumor progression, Endocrine-related

cancer 11(3) (2004) 537-551.

D.M. Okamura, K. Pasichnyk, J.M. Lopez-
Guisa, S. Collins, D.K. Hsu, F.T. Liu, A.A. Eddy,
Galectin-3 preserves renal tubules and
modulates extracellular matrix remodeling
in progressive fibrosis, American journal of
physiology. Renal physiology 300(1) (2011)
F245-253.

A. Herreman, D. Hartmann, W. Annaert, P.
Saftig, K. Craessaerts, L. Serneels, L. Umans,
V. Schrijvers, F. Checler, H. Vanderstichele,
V. Baekelandt, R. Dressel, P. Cupers, D.
Huylebroeck, A. Zwijsen, F. van Leuven,
B. de Strooper, Presenilin 2 deficiency
causes a mild pulmonary phenotype and
no changes in amyloid precursor protein
processing but enhances the embryonic
lethal phenotype of presenilin 1 deficiency,
Proceedings of the National Academy of
Sciences of the United States of America
96(21) (1999) 11872-11877.

M. Bantscheff, M. Schirle, G. Sweetman,
J. Rick, B. Kuster,

spectrometry in proteomics:

Quantitative mass
a critical
Analytical and

review, bioanalytical

chemistry 389(4) (2007) 1017-1031.

(30]

[31]

[32]

[33]

[34]

[35]

[36]

J.M. Hall, D.P. McDonnell, Coregulators

in nuclear estrogen receptor action:
from concept to therapeutic targeting,
Molecular interventions 5(6) (2005) 343-

357.

G.J. Bates, S.M. Nicol, B.J. Wilson, A.M.
Jacobs, J.C. Bourdon, J. Wardrop, D.J.
Gregory, D.P. Lane, N.D. Perkins, F.V. Fuller-
Pace, The DEAD box protein p68: a novel
transcriptional coactivator of the p53
tumour suppressor, The EMBO journal

24(3) (2005) 543-553.
S. Grilli, Tamoxifen (TAM): the dispute goes

on, Annali dell’Istituto superiore di sanita
42(2) (2006) 170-173.

T. Monden, M. Kishi, T. Hosoya, T. Satoh,
F.E. Wondisford, A.N. Hollenberg, M.
Yamada, M. Mori, p120 acts as a specific
coactivator for 9-cis-retinoic acid receptor
(RXR) on peroxisome proliferator-activated
receptor-gamma/RXR heterodimers,
Molecular endocrinology 13(10) (1999)

1695-1703.
Y. Doyon,
Tan, J.

conservation of

W. Selleck, W.S.
Cote, Structural and functional
the NuA4 histone

Lane, S.

acetyltransferase complex from yeast to
humans, Molecular and cellular biology
24(5) (2004) 1884-1896.

W. Zhang, J.J. Bieker, Acetylation and
modulation of erythroid Kruppel-like
factor (EKLF) activity by interaction with
histone acetyltransferases, Proceedings of
the National Academy of Sciences of the
United States of America 95(17) (1998)

9855-9860.

H.L. Hung, AY. Kim, W. Hong, C. Rakowski,
G.A. Blobel, Stimulation of NF-E2 DNA
binding by CREB-binding protein (CBP)-

mediated acetylation, The Journal of



[37]

[38]

[39]

[40]

[41]

[42]

biological chemistry 276(14) (2001) 10715-
10721.

A. Masumi, I. Hamaguchi, M. Kuramitsu,
T. Mizukami, K. Takizawa, H. Momose, S.
Naito, K. Yamaguchi, Interferon regulatory
factor-2 induces megakaryopoiesis in
mouse bone marrow hematopoietic cells,

FEBS letters 583(21) (2009) 3493-3500.

T. lioka, K. Furukawa, A. Yamaguchi, H.

Shindo, S. Yamashita, T. Tsukazaki, P300/

CBP acts as a coactivator to cartilage
(Cartl),

through acetylation of

homeoprotein-1 paired-like
homeoprotein,
the conserved lysine residue adjacent to
the homeodomain, Journal of bone and
mineral research : the official journal of
the American Society for Bone and Mineral

Research 18(8) (2003) 1419-1429.

J. LaBaer, M.D. Garrett, L.F. Stevenson,
J.M. Slingerland, C. Sandhu, H.S. Chou, A.
Fattaey, E. Harlow, New functional activities
for the p21 family of CDK inhibitors, Genes
& development 11(7) (1997) 847-862.

D. Li, S. Das, T. Yamada, H.H. Samuels, The
NRIF3 family of transcriptional coregulators
induces rapid and profound apoptosis in
breast cancer cells, Molecular and cellular
biology 24(9) (2004) 3838-3848.

A.H. Talukder, A. Gururaj, S.K. Mishra,
R.K. Vadlamudi,

associated protein 1 interacts with NRIF3,

R. Kumar, Metastasis-
an estrogen-inducible nuclear receptor
coregulator, Molecular and cellular biology
24(15) (2004) 6581-6591.

D. Li, F. Wang, H.H. Samuels, Domain
the NRIF3

coregulators suggests potential dual roles

structure of family  of
in transcriptional regulation, Molecular
and cellular biology 21(24) (2001) 8371-
8384.

[43]

[44]

[45]

[46]

[47]

(48]

[49]

I. Shur, D. Benayahu, Characterization and
functional analysis of CReMM, a novel
DNA-binding

of molecular

chromodomain helicase

protein, Journal

352(3) (2005) 646-655.

biology

S. Surapureddi, N. Viswakarma, S. Yu,
D. Guo, M.S. Rao, J.K. Reddy, PRIC320, a
transcription coactivator, isolated from
peroxisome proliferator-binding protein
complex, Biochemical and biophysical
research communications 343(2) (2006)

535-543.

G.S. Winkler, KW. Mulder, V.J. Bardwell, E.
Kalkhoven, H.T. Timmers, Human Ccr4-Not
complexisaligand-dependent repressor of
nuclear receptor-mediated transcription,
The EMBO journal 25(13) (2006) 3089-
3099.

K. Ito, A. Takahashi, M. Morita, T. Suzuki,
T. Yamamoto, The role of the CNOT1
subunit of the CCR4-NOT complex in mRNA
deadenylation and cell viability, Protein &
cell 2(9) (2011) 755-763.

A.W.Snowden,L.A.Anderson,G.A.Webster,
N.D. Perkins,
repression domain mediates p21(WAF1/
CIP1) induction of p300 transactivation,
Molecular and cellular biology 20(8) (2000)
2676-2686.

A novel transcriptional

W. An, J. Kim, R.G. Roeder, Ordered
cooperative functions of PRMT1, p300,
and CARM1 in transcriptional activation by
p53, Cell 117(6) (2004) 735-748.

P. Tropberger, S. Pott, C. Keller, K.
Kamieniarz-Gdula, M. Caron, F. Richter,
G. Li, G. Mittler, E.T. Liu, M. Buhler, R.
Margueron, R. Schneider, Regulation
of transcription through acetylation of
H3K122 on the lateral surface of the
histone octamer, Cell 152(4) (2013) 859-

872.

205

NOISSNDSIa



DISCUSSION

206

[50]

[51]

[52]

[53]

[54]

[55]

[56]

W. Ahmad, A. Zlotogorski, A.A. Panteleyevy,
H. Lam, M. Ahmad, M. Faiyaz ul Haque,
H.M. Abdallah, L. Dragan, A.M. Christiano,
Genomic organization of the human
hairless gene (HR) and identification of a
mutation underlying congenital atrichia in
an Arab Palestinian family, Genomics 56(2)
(1999) 141-148.

C.C. Thompson, M.C. Bottcher, The product
of a thyroid hormone-responsive gene
interacts with thyroid hormone receptors,
Proceedings of the National Academy of
Sciences of the United States of America
94(16) (1997) 8527-8532.

S.S. Wolf, V.K. Patchev, M. Obendorf, A
novel variant of the putative demethylase
gene, s-JMJD1C, is a coactivator of the AR,
Archives of biochemistry and biophysics
460(1) (2007) 56-66.

P. Zhu, W. Zhou, J. Wang, J. Puc, K.A. Ohgi,
H. Erdjument-Bromage, P. Tempst, C.K.
Glass, M.G. Rosenfeld, A histone H2A
deubiquitinase  complex coordinating
histone acetylation and H1 dissociation in
transcriptional regulation, Molecular cell

27(4) (2007) 609-621.

I.Fernandes, Y. Bastien, T. Wai, K. Nygard, R.
Lin, O.Cormier, H.S. Lee, F. Eng, N.R. Bertos,
N. Pelletier, S. Mader, V.K. Han, X.J. Yang,
J.H. White,

receptor

Ligand-dependent nuclear
LCoR
by histone deacetylase-dependent and

corepressor functions
-independent mechanisms, Molecular cell
11(1) (2003) 139-150.

M.T.Epping, L. Wang, M.J. Edel, L. Carlee, M.
Hernandez, R. Bernards, The human tumor
antigen PRAME is a dominant repressor of
retinoic acid receptor signaling, Cell 122(6)
(2005) 835-847.

C.X. Yuan, M. Ito, J.D. Fondell, ZY. Fu, R.G.
Roeder, The TRAP220 component of a

[57]

(58]

[59]

[60]

[61]

[62]

thyroid hormone associated
(TRAP)

interacts directly with nuclear receptors in

receptor-

protein coactivator complex
a ligand-dependent fashion, Proceedings
of the National Academy of Sciences of
the United States of America 95(14) (1998)

7939-7944.

J. Zhang, J.D.
of mouse TRAP100:

coregulatory factor for thyroid hormone

Fondell, Identification

a transcriptional
Molecular

and vitamin D receptors,

endocrinology 13(7) (1999) 1130-1140.

Q. Wang, D. Sharma, Y. Ren, J.D. Fondell, A
coregulatory role for the TRAP-mediator
complex in androgen receptor-mediated
gene expression, The Journal of biological
chemistry 277(45) (2002) 42852-42858.

K. Ge, M. Guermah, C.X. Yuan, M. Ito, A.E.
Wallberg, B.M. Spiegelman, R.G. Roeder,
TRAP220 is
required for PPAR gamma 2-stimulated
adipogenesis, Nature 417(6888) (2002)
563-567.

Transcription coactivator

Y.K. Kang, M. Guermah, C.X. Yuan, R.G.
Roeder, The TRAP/Mediator coactivator
complex interacts directly with estrogen
receptors alpha and beta through the
TRAP220 subunit and directly enhances
estrogen receptor function in Vvitro,
Proceedings of the National Academy of
Sciences of the United States of America

99(5) (2002) 2642-2647.

V.H. Coulthard, S. Matsuda, D.M. Heery,
An extended LXXLL motif
determines the nuclear receptor binding
specificity of TRAP220, The Journal of
biological chemistry 278(13) (2003) 10942-
10951.

sequence

A.E. Wallberg, S. Yamamura, S. Malik, B.M.
Spiegelman, R.G. Roeder, Coordination

of p300-mediated chromatin remodeling



[63]

[64]

[65]

[66]

[67]

[68]

and TRAP/mediator function
coactivator PGC-1lalpha,
12(5) (2003) 1137-1149.
Q. Wu, R. Burghardt, S. Safe, Vitamin
205 (DRIP205)

coactivation of estrogen receptor alpha

through

Molecular cell

D-interacting protein

(ERalpha) involves multiple domains of
both proteins, The Journal of biological
chemistry 279(51) (2004) 53602-53612.

S. Malik, M. Guermah, C.X. Yuan, W. Wu,
S. Yamamura, R.G. Roeder, Structural and
functional organization of TRAP220, the
TRAP/mediator subunit that is targeted by
nuclear receptors, Molecular and cellular
biology 24(18) (2004) 8244-8254.

X. Zhang, A. Krutchinsky, A. Fukuda, W.
Chen, S. Yamamura, B.T. Chait, R.G. Roeder,
MED1/TRAP220 exists predominantly in a
TRAP/ Mediator subpopulation enriched
in RNA polymerase Il and is required for
ER-mediated transcription, Molecular cell
19(1) (2005) 89-100.

T.S. Udayakumar, M. Belakavadi, K.H.
Choi, P.K. Pandey, J.D. Fondell, Regulation
of Aurora-A kinase gene expression via
GABP recruitment of TRAP220/MED1, The
Journal of biological chemistry 281(21)
(2006) 14691-14699.

C. Heppner, KY. Bilimoria, S.K. Agarwal,
M. Kester, L.J. Whitty, S.C. Guru, S.C.
F.S. Collins, A.M.
Spiegel, S.J. Marx, A.L. Burns, The tumor

Chandrasekharappa,

interacts
inhibits

suppressor protein menin
with NF-kappaB proteins and
NF-kappaB-mediated

Oncogene 20(36) (2001) 4917-4925.

A.K. Teo, H.K. Oh, R.B. Ali, B.F. Li, The
modified human DNA repair enzyme O(6)-

transactivation,

methylguanine-DNA methyltransferase is
a negative regulator of estrogen receptor-

mediated transcription upon alkylation

[69]

[70]

[71]

[72]

[73]

[74]

DNA damage, Molecular and cellular

biology 21(20) (2001) 7105-7114.

K. Tano, S. Shiota, J. Collier, R.S. Foote,

S. Mitra, Isolation and structural
characterization of a cDNA clone encoding
the human DNA repair protein for 06-
alkylguanine, Proceedings of the National
Academy of Sciences of the United States

of America 87(2) (1990) 686-690.

C. Demers, C.P. Chaturvedi, J.A. Ranish,
G. Juban, P. Lai, F. Morle, R. Aebersold,
F.J. Dilworth, M. Groudine, M. Brand,
Activator-mediated recruitment of the
MLL2 methyltransferase complex to the
beta-globin locus, Molecular cell 27(4)

(2007) 573-584.

R. Kumar, R.A. Wang, A. Mazumdar, A.H.
Talukder, M. Mandal, Z. Yang, R. Bagheri-
Yarmand, A. Sahin, G. Hortobagyi, L. Adam,
C.J. Barnes, R.K. Vadlamudi, A naturally
occurring  MTA1 variant sequesters
oestrogenreceptor-alphainthe cytoplasm,

Nature 418(6898) (2002) 654-657.
S.K. Mishra, Z. Yang, A. Mazumdar, A.H.

Talukder, L. Larose, R. Kumar, Metastatic
tumor antigen 1 short form (MTA1s)
associates with casein kinase l-gamma2,
an estrogen-responsive kinase, Oncogene
23(25) (2004) 4422-4429.

S.A. Onate, SY. Tsai, M.. Tsai, B.W.
O’Malley, Sequence and characterization
of a coactivator for the steroid hormone
receptor superfamily, Science 270(5240)

(1995) 1354-1357.

T.E. Spencer, G. Jenster, M.M. Burcin, C.D.
Allis, J. Zhou, C.A. Mizzen, N.J. McKenna,
S.A. Onate, SY. Tsai, M.. Tsai, BW.
O’Malley, Steroid receptor coactivator-1
is a histone acetyltransferase, Nature

389(6647) (1997) 194-198.

207

NOISSNDSIa



DISCUSSION

208

[75]

[76]

[77]

[78]

[79]

[80]

G. Jenster, T.E. Spencer, M.M. Burcin,
S.Y. Tsai, M.J. Tsai, B.W. O’Malley, Steroid
receptor induction of gene transcription:
a two-step model, Proceedings of the
National Academy of Sciences of the
United States of America 94(15) (1997)
7879-7884.

Z. Liu, J. Wong, S.Y. Tsai, M.J. Tsai, B.W.
O’Malley, Steroid receptor coactivator-1
(SRC-1) enhances ligand-dependent and
receptor-dependent cell-free transcription
of chromatin, Proceedings of the National
Academy of Sciences of the United States
of America 96(17) (1999) 9485-9490.

J.J. Voegel, M.J. Heine, M. Tini, V. Vivat,
P. Chambon, H. The

coactivator TIF2 contains three nuclear

Gronemeyer,

receptor-binding motifs and mediates
through CBP binding-
dependent and -independent pathways,
The EMBO journal 17(2) (1998) 507-519.

transactivation

H.Chen, R.J. Lin, R.L. Schiltz, D. Chakravarti,
A.Nash, L. Nagy, M.L. Privalsky, Y. Nakatani,
R.M. Evans, Nuclear receptor coactivator
ACTR is a novel histone acetyltransferase
and forms a multimeric activation complex
with P/CAF and CBP/p300, Cell 90(3) (1997)
569-580.

C.A. Heinlein, H.J. Ting, S. Yeh, C. Chang,
Identification of ARA70 as a

enhanced coactivator for the peroxisome

ligand-

proliferator-activated receptor gamma,
The Journal of biological chemistry 274(23)

(1999) 16147-16152.

S.K. Lee, S.L. Anzick, J.E. Choi, L. Bubendorf,
XY. Guan, Y.K. Jung, O.P. Kallioniemi, J.
Kononen, J.M. Trent, D. Azorsa, B.H. Jhun,
J.H.Cheong,Y.C. Lee, P.S. Meltzer,J.W. Lee, A
nuclear factor, ASC-2, as a cancer-amplified
transcriptional coactivator essential for

ligand-dependent  transactivation by

[81]

[82]

[83]

[84]

[85]

[86]

nuclear receptors in vivo, The Journal of
biological chemistry 274(48) (1999) 34283-
34293.

F. Caira, P. Antonson, M. Pelto-Huikko,
E. Treuter, J.A. Gustafsson, Cloning and
characterization of RAP250, a novel
nuclear receptor coactivator, The Journal
of biological chemistry 275(8) (2000) 5308-

5317.

L. Ko, G.R. Cardona, W.W. Chin, Thyroid
hormone receptor-binding protein, an
LXXLL motif-containing protein, functions
as a general coactivator, Proceedings of
the National Academy of Sciences of the
United States of America 97(11) (2000)

6212-6217.

S. Lee, D.K. Lee, Y. Dou, J. Lee, B. Lee, E.
Kwak, YY. Kong, S.K. Lee, R.G. Roeder,
JW. Lee, Coactivator as a target gene
specificity determinant for histone H3
lysine 4 methyltransferases, Proceedings
of the National Academy of Sciences of the
United States of America 103(42) (2006)
15392-15397.

H.G. Yoon, D.W. Chan, A.B. Reynolds, J. Qin,
J.Wong, N-CoR mediates DNA methylation-
dependent repression through a methyl
CpG binding protein Kaiso, Molecular cell
12(3) (2003) 723-734.

L.M. Mendez, J.M. Polo, J.J. Yu, M.
Krupski, B.B. Ding, A. Melnick, B.H. Ye,
CtBP is an essential corepressor for BCL6
autoregulation, Molecular and cellular

biology 28(7) (2008) 2175-2186.

K. Hatzi, Y. Jiang, C. Huang, F. Garrett-
M.D. E.G.
Giannopoulou, P. Zumbo, K. Kirouac, S.
Bhaskara, J.M.
A.D. MacKerell, Jr.,, F. Xue, C.E. Mason,
S.\W. Hiebert, G.G. Prive, L. Cerchietti,
V.J. Bardwell, O. Elemento, A. Melnick, A

Bakelman, Gearhart,

Polo, M. Kormaksson,



[87]

(88]

[89]

[90]

[91]

[92]

hybrid mechanism of action for BCL6 in B
cells defined by formation of functionally
distinct complexes at enhancers and
promoters, Cell reports 4(3) (2013) 578-
588.

T. Narita, Y. Yamaguchi, K. Yano, S.
Sugimoto, S. Chanarat, T. Wada, D.K. Kim, J.
Hasegawa, M. Omori, N. Inukai, M. Endoh,
T. Yamada, H. Handa, Human transcription
elongation factor NELF: identification of
novel subunits and reconstitution of the
functionally active complex, Molecular and
cellular biology 23(6) (2003) 1863-1873.

Y. Yamaguchi, T. Takagi, T. Wada, K. Yano,
A. Furuya, S. Sugimoto, J. Hasegawa, H.
Handa,

containing RD, cooperates with DSIF to

NELF, a multisubunit complex

repress RNA polymerase Il elongation, Cell
97(1) (1999) 41-51.

K.K. Niakan, E.R. McCabe, DAX1 origin,
role, Molecular
genetics and metabolism 86(1-2) (2005)

70-83.

function, and novel

A.M. Flores, L. Li, B.J. Aneskievich, Isolation
and functional analysis of a keratinocyte-
derived, ligand-regulated nuclear receptor
comodulator, The Journal of investigative
dermatology 123(6) (2004) 1092-1101.

V. Cavailles, S. Dauvois, F. 'Horset, G. Lopez,
S. Hoare, P.J. Kushner, M.G. Parker, Nuclear
factor RIP140 modulates transcriptional
activation by the estrogen receptor, The
EMBO journal 14(15) (1995) 3741-3751.

A. Castet, A. Boulahtouf, G. Versini, S.
Bonnet, P.Augereau, F.Vignon, S. Khochbin,
S. Jalaguier, V. Cavailles, Multiple domains
of the Receptor-Interacting Protein 140
contribute to transcription inhibition,
Nucleic acids research 32(6) (2004) 1957-
1966.

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Q.Qiao, Y.Li,Z.Chen,M.Wang, D. Reinberg,
R.M. Xu, The structure of NSD1 reveals an
autoregulatory mechanism
histone H3K36 methylation, The Journal of
biological chemistry 286(10) (2011) 8361-
8368.

underlying

N. Schrantz, J. da Silva Correia, B. Fowler,
Q. Ge, Z. Sun, G.M. Bokoch, Mechanism
of p2l-activated kinase 6-mediated
inhibition of androgen receptor signaling,
The Journal of biological chemistry 279(3)
(2004) 1922-1931.

M. Zhang, M. Siedow, G. Saia, A.
Chakravarti, Inhibition of p21-activated
kinase 6 (PAK6) increases radiosensitivity
of prostate cancer cells, The Prostate 70(8)
(2010) 807-816.

R.K. Vadlamudi, R.A. Wang, A. Mazumdar,
Y.Kim, J. Shin, A. Sahin, R. Kumar, Molecular
cloning and characterization of PELP1,
a novel human coregulator of estrogen
receptor alpha, The Journal of biological
chemistry 276(41) (2001) 38272-38279.

S. Balasenthil, R.K. Vadlamudi, Functional
the estrogen
receptor coactivator PELP1/MNAR and
retinoblastoma protein, The Journal of
biological chemistry 278(24) (2003) 22119-
22127.

interactions  between

S.S. Nair, S.K. Mishra, Z. Yang, S. Balasenthil,
R. Kumar, R.K. Vadlamudi, Potential role of
a novel transcriptional coactivator PELP1
in histone H1 displacement in cancer cells,

Cancer research 64(18) (2004) 6416-6423.

R.K. Vadlamudi, S. R.R.

Broaddus, J.A. Gustafsson, R.

Balasenthil,
Kumar,
Deregulation of estrogen receptor
coactivator proline-, glutamic acid-, and
leucine-rich protein-1/modulator  of
nongenomic activity of estrogen receptor

in human endometrial tumors, The Journal

209

NOISSNDSIa



DISCUSSION

210

of clinical endocrinology and metabolism
89(12) (2004) 6130-6138.

[100]R.K. Vadlamudi, B. Manavathi, S.
Balasenthil, S.S. Nair, Z. Yang, A.A. Sahin, R.
Kumar, Functional implications of altered
subcellular localization of PELP1 in breast
cancer cells, Cancer research 65(17) (2005)
7724-7732.

[101] B. Manavathi, S.S. Nair, R.A. Wang, R.
Kumar, R.K. Vadlamudi, Proline-, glutamic
acid-, andleucine-rich protein-1is essential
in growth factor regulation of signal
transducers and activators of transcription
3 activation, Cancer research 65(13) (2005)
5571-5577.

[102]S.H. Yang, A.D. Sharrocks,
as an Elk-1 coactivator by facilitating
derepression, The EMBO journal 24(12)
(2005) 2161-2171.

PIASx acts

[103] A. Rabellino, B. Carter, G. Konstantinidou,
S.Y.Wu, A.Rimessi, L.A. Byers, J.V.Heymach,
L. Girard, C.M. Chiang, J. Teruya-Feldstein,
P.P. Scaglioni, The SUMO E3-ligase PIAS1
regulates the tumor suppressor PML and
its oncogenic counterpart PML-RARA,
Cancer research 72(9) (2012) 2275-2284.

[104] D. Zhou, K.M. Quach, C. Yang, S.Y. Lee, B.
Pohajdak, S. Chen, PNRC: a proline-rich
nuclear receptor coregulatory protein

that modulates transcriptional activation

of multiple nuclear receptors including

orphan receptors SF1 (steroidogenic
factor 1) and ERRalphal (estrogen
related receptor alpha-1), Molecular

endocrinology 14(7) (2000) 986-998.

[105]D. Zhou, S. Chen, PNRC2 is a 16 kDa
coactivator that interacts with nuclear
receptors through an SH3-binding maotif,
Nucleic acids research 29(19) (2001) 3939-
3948.

[106] K. Vercauteren, R.A. Pasko, N. Gleyzer,
V.M. Marino, R.C. PGC-1-

related early

Scarpulla,

coactivator: immediate
expression and characterization of a CREB/
NRF-1 binding domain associated with
cytochrome c promoter occupancy and
respiratory growth, Molecular and cellular
biology 26(20) (2006) 7409-7419.

[107] U. Andersson, R.C. Scarpulla, Pgc-1-related

coactivator, a novel, serum-inducible
coactivator of nuclear respiratory factor
1-dependent transcription in mammalian
cells, Molecular and cellular biology 21(11)

(2001) 3738-3749.

[108] W. Zhou, S. Alonso, D. Takai, S.C. Lu,

F. Yamamoto, M. Perucho, S. Huang,
Requirement of RIZ1 for cancer prevention
by methyl-balanced diet, PloS one 3(10)

(2008) 3390.

[109] D. Knutti, A. Kaul, A. Kralli, A tissue-specific
coactivator of steroid receptors, identified
in a functional genetic screen, Molecular
and cellular biology 20(7) (2000) 2411-
2422.

[110] D. Kressler, S.N. Schreiber, D. Knutti, A.
Kralli, The PGC-1-related protein PERC is a
selective coactivator of estrogen receptor
alpha, The Journal of biological chemistry
277(16) (2002) 13918-13925.

[111] Q. Dai, A.A. Shah, R.V. Garde, B.A. Yonish,
L. Zhang, N.A. Medvitz, S.E. Miller, E.L.
Hansen, C.N. Dunn, T.M. Price, A truncated
progesterone receptor (PR-M) localizes to
the mitochondrion and controls cellular
respiration, Molecular
27(5) (2013) 741-753.

[112]L.K. C.A.

Phosphorylation of progesterone receptor

endocrinology

Pierson-Mullany, Lange,
serine 400 mediates ligand-independent
transcriptional activity in response to

activation of cyclin-dependent protein



kinase 2, Molecular and cellular biology
24(24) (2004) 10542-10557.

[113] R. Narayanan, D.P. Edwards, N.L. Weigel,

Human progesterone receptor displays cell
cycle-dependent changesintranscriptional
activity, Molecular and cellular biology
25(8) (2005) 2885-2898.

[114]A.R. Daniel, E.. Faivre, C.A. Lange,

Phosphorylation-dependent antagonism
of sumoylation derepresses progesterone
receptor action in breast cancer cells,
Molecular endocrinology 21(12) (2007)
2890-2906.

[115]A.R. Daniel, M. Qiu, E.J. Faivre, J.H.

Ostrander, A. Skildum, C.A. Lange, Linkage
of progestin and epidermal growth factor
signaling: phosphorylation of progesterone
receptors mediates transcriptional
hypersensitivity and increased ligand-
independent breast cancer cell growth,

Steroids 72(2) (2007) 188-201.

[116] E.J. Faivre, A.R. Daniel, C.J. Hillard,

C.A. lLange, Progesterone receptor
rapid signaling mediates serine 345
phosphorylation and  tethering to
specificity protein 1 transcription factors,
Molecular endocrinology 22(4) (2008) 823-

837.

[117]J. Qin, D.M. Gao, Q.F. Jiang, Q. Zhou, Y.J.

Kong, Y. Wang, Y.H. Xie, Prospero-related
homeobox (Proxl) is a corepressor of
human liver receptor homolog-1 and
suppresses the transcription of the
cholesterol  7-alpha-hydroxylase gene,
Molecular endocrinology 18(10) (2004)

2424-24309.

[118] L. Wang, C.L. Hsu, J. Ni, P.H. Wang, S. Yeh,

P. Keng, C. Chang, Human checkpoint
protein hRad9 functions as a negative
coregulator to repress androgen receptor

transactivation in prostate cancer cells,

Molecular and cellular biology 24(5) (2004)
2202-2213.

[119]T. Bruno, R. de Angelis, F. de Nicola, C.

Barbato, M. di Padova, N. Corbi, V. Libri, B.
Benassi, E. Mattei, A. Chersi, S. Soddu, A.
Floridi, C. Passananti, M. Fanciulli, Che-1
affects cell growth by interfering with the
recruitment of HDAC1 by Rb, Cancer cell
2(5) (2002) 387-399.

[120]Y. Liu, PW. Smith, D.R. Jones, Breast

cancer metastasis suppressor 1 functions
as a corepressor by enhancing histone
deacetylase 1-mediated deacetylation
of RelA/p65 and promoting apoptosis,
Molecular and cellular biology 26(23)

(2006) 8683-8696.

[121]R. Schulte, G.A. Grassl, S. Preger, S. Fessele,

C.A. Jacobi, M. Schaller, P.J. Nelson,
I.B. Autenrieth, Yersinia enterocolitica
invasin protein triggers IL-8 production in
epithelial cells via activation of Rel p65-
p65 homodimers, FASEB journal : official
publication of the Federation of American
Societies for Experimental Biology 14(11)
(2000) 1471-1484.

[122] N. Fujimoto, S. Yeh, H.Y. Kang, S. Inui, H.C.

Chang, A. Mizokami, C. Chang, Cloning
and characterization of androgen receptor
coactivator, ARA55, in human prostate,
The Journal of biological chemistry 274(12)
(1999) 8316-8321.

[123]K. Kim, Jr., M. Shibanuma, K. Nose,

Transcriptional activation of the c-fos
gene by a LIM protein, Hic-5, Biochemical
and biophysical research communications
299(3) (2002) 360-365.

[124] M.M. Rahman, H. Miyamoto, H. Lardy, C.

Chang, Inactivation of androgen receptor
coregulator ARAS55 inhibits androgen
receptor activity and agonist effect of

antiandrogens in prostate cancer cells,

211

NOISSNDSIa



DISCUSSION

Proceedings of the National Academy of
Sciences of the United States of America
100(9) (2003) 5124-5129.

[125]J. Guerrero-Santoro, L. Yang, M.R. Stallcup,
D.B. DeFranco, Distinct LIM domains of Hic-
5/ARAS5 are required for nuclear matrix
targeting and glucocorticoid receptor
binding and coactivation, Journal of cellular
biochemistry 92(4) (2004) 810-819.

[126] M.P. Saelzler, C.C. Spackman, Y. Liu, L.C.
Martinez, J.P. Harris, M.K. Abe, ERKS8
down-regulates transactivation of the
glucocorticoid receptor through Hic-5, The
Journal of biological chemistry 281(24)
(2006) 16821-16832.

[127] M.D. Heitzer, D.B. DeFranco, Mechanism
of action of Hic-5/androgen receptor
activator 55, a LIM domain-containing
nuclear receptor coactivator, Molecular
endocrinology 20(1) (2006) 56-64.

[128] K. Allton, A.K. Jain, H.M. Herz, W.W. Tsai,
S.Y.Jung, J. Qin, A. Bergmann, R.L. Johnson,
M.C. Barton, Trim24 targets endogenous
p53 for degradation, Proceedings of the
National Academy of Sciences of the
United States of America 106(28) (2009)
11612-11616.

[129] S.R.Frank, T. Parisi, S. Taubert, P. Fernandez,
M. Fuchs, H.M. Chan, D.M. Livingston,
B. Amati, MYC recruits the TIP60 histone
acetyltransferase complex to chromatin,
EMBO reports 4(6) (2003) 575-580.

[130]G. Legube, L.K. Linares, S. Tyteca, C.
Caron, M. Scheffner, M. Chevillard-Briet,
D. Trouche, Role of the histone acetyl
transferase Tip60 in the p53 pathway, The
Journal of biological chemistry 279(43)
(2004) 44825-44833.

[131]S. Taubert, C. Gorrini, S.R. Frank, T. Parisi,
M. Fuchs, H.M. Chan, D.M. Livingston,

B. Amati, E2F-dependent histone

acetylation and recruitment of the Tip60
acetyltransferase complex to chromatin
in late G1, Molecular and cellular biology
24(10) (2004) 4546-4556.

[132] K. Berns, E.M. Hijmans, J. Mullenders, T.R.
Brummelkamp, A. Velds, M. Heimerikx,
R.M. Kerkhoven, M. Madiredjo, W.
Nijkamp, B. Weigelt, R. Agami, W. Ge, G.
Cavet, P.S. Linsley, R.L. Beijersbergen, R.
Bernards, A large-scale RNAi screen in
human cells identifies new components of
the p53 pathway, Nature 428(6981) (2004)
431-437.

[133]F. Gizard, B. Lavallee, F. DeWitte, D.W.
Hum, A novel zinc finger protein TReP-132
interacts with CBP/p300 to regulate human
CYP11A1 gene expression, The Journal of
biological chemistry 276(36) (2001) 33881-
33892.

[134] D.J.Jung, H.S.Sung, Y.W. Goo, H.M. Lee, O.K.
Park, S.Y. Jung, J. Lim, H.J. Kim, S.K. Lee, T.S.
Kim, J.W. Lee, Y.C. Lee, Novel transcription
coactivator complex containing activating
signal cointegrator 1, Molecular and
cellular biology 22(14) (2002) 5203-5211.

[135]S.B. McMahon, H.A. van Buskirk, K.A.
Dugan, T.D. Copeland, M.D. Cole, The
novel ATM-related protein TRRAP is an
essential cofactor for the c-Myc and E2F
oncoproteins, Cell 94(3) (1998) 363-374.

[136] P.G. Ard, C. Chatterjee, S. Kunjibettu, L.R.
Adside, L.E. Gralinski, S.B. McMahon,
Transcriptional regulation of the mdm?2
oncogene by p53 requires TRRAP
acetyltransferase complexes, Molecular
and cellular biology 22(16) (2002) 5650-
5661.

[137] M. DeRan, M. Pulvino, E. Greene, C. Su,
J. Zhao, Transcriptional activation of
histone genes requires NPAT-dependent
recruitment of TRRAP-Tip60 complex to



histone promoters during the G1/S phase
transition, Molecular and cellular biology
28(1) (2008) 435-447.

[138] A.E. Damdimopoulos, A. Miranda-Vizuete,
E. Treuter, J.A. Gustafsson, G. Spyrou,
An alternative splicing variant of the
selenoprotein thioredoxin reductase is
a modulator of estrogen signaling, The
Journal of biological chemistry 279(37)
(2004) 38721-38729.

[139]Z. Nawaz, D.M. Lonard, C.L. Smith, E. Lev-
Lehman, S.. Tsai, M.J. Tsai, B.W. O’Malley,
The
protein, E6-AP, is a coactivator for the

Angelman  syndrome-associated
nuclear hormone receptor superfamily,
Molecular and cellular biology 19(2) (1999)
1182-1189.

[140]T. Proikas-Cezanne, S. Waddell, A. Gaugel,
T. Frickey, A. Lupas, A. Nordheim, WIPI-
lalpha (WIPI49), a member of the novel
7-bladed WIPI protein family, is aberrantly
expressed in human cancer and is linked to
starvation-induced autophagy, Oncogene
23(58) (2004) 9314-9325.

[141]C. Geeraert, A. Ratier, S.G. Pfisterer,
D. Perdiz, |. Cantaloube, A. Rouault,
S. Pattingre, T. Proikas-Cezanne, P.
Codogno, C. Pous, Starvation-induced

hyperacetylation of tubulin is required for
the stimulation of autophagy by nutrient
deprivation, The Journal of biological

chemistry 285(31) (2010) 24184-24194.
[142] H.Ho,R.Kapadia,S.Al-Tahan,S.Ahmad,A.K.
Ganesan, WIPI1 coordinates melanogenic
and melanosome
inhibition, The
Journal of biological chemistry 286(14)
(2011) 12509-12523.
[143]D.L. Sim, V.I. Chow, The novel human

HUEL (C4orfl) gene maps to chromosome

gene
formation via TORC1

transcription

4p12-p13 and encodes a nuclear protein

containing the nuclear receptorinteraction
motif, Genomics 59(2) (1999) 224-233.

[144] A.U. Buzdar, Fulvestrant: a new type of

estrogen receptor antagonist for the
treatment of advanced breast cancer,

Drugs of today 40(9) (2004) 751-764.
[145]G.I. K.H. Vousden,

cell cycle and apoptosis in cancer, Nature
411(6835) (2001) 342-348.

Evan, Proliferation,

[146] R.X. Song, R.J. Santen, Apoptotic action
of estrogen, Apoptosis : an international
journal on programmed cell death 8(1)
(2003) 55-60.

[147] M. Lazzeroni, D. Serrano, B.K. Dunn, B.M.
Heckman-Stoddard, O. Lee, S. Khan,
A. Decensi, Oral low dose and topical
tamoxifen for breast cancer prevention:
modern approaches for an old drug, Breast
cancer research : BCR 14(5) (2012) 214.

[148]D.A. Gibson, PT. Saunders,

signaling in

Estrogen
dependent reproductive
tissues - a role for estrogen receptors and
estrogen related receptors, Molecular and
cellular endocrinology 348(2) (2012) 361-

372.

[149] C.R. Jefcoate, J.G. Liehr, R.J. Santen, T.R.
Sutter, J.D. Yager, W. Yue, S.J. Santner, R.
Tekmal, L. Demers, R. Pauley, F. Naftolin, G.
Mor, L. Berstein, Tissue-specific synthesis
and oxidative metabolism of estrogens,
Journal of the National Cancer Institute.
Monographs(27) (2000) 95-112.

[150]J.A. Gustafsson, Estrogen receptor beta -
a new dimension in estrogen mechanism
of action, The Journal of endocrinology
163(3) (1999) 379-383.

[151]S. Nilsson, S. Makela, E. Treuter, M.
Tujague, J. Thomsen, G. Andersson, E.
Enmark, K. Pettersson, M. Warner, J.A.
Mechanisms

Gustafsson, of estrogen

213

NOISSNDSIa



DISCUSSION

214

action, Physiological reviews 81(4) (2001)
1535-1565.

[152]S.T. Pearce, V.C. Jordan, The biological

role of estrogen receptors alpha and beta
in cancer, Critical reviews in oncology/
hematology 50(1) (2004) 3-22.

[153] N.M. Evers, T.M.C. van de Klundert, Y.M.

van Aesch, S. Wang, W.K. de Roos, A.
Romano, L.H.J. de Haan, A.J. Murk, A.G.H.
Ederveen, I.M.C.M. Rietjens, J.P. Groten,
Human T47D-ERbeta breast cancer cells
with  tetracycline-dependent  ERbeta
expression reflect ERalpha/ERbeta ratios in
rat and human breast tissue, Toxicology in
vitro : an international journal published in
association with BIBRA 27(6) (2013) 1753-
1761.

[154] E. Enmark, M. Pelto-Huikko, K. Grandien,

S. Lagercrantz, J. Lagercrantz, G. Fried,
M. Nordenskjold, J.A.

Human estrogen receptor beta-gene

Gustafsson,

structure, chromosomal localization, and
expression pattern, The Journal of clinical
endocrinology and metabolism 82(12)
(1997) 4258-4265.

[155] M. Sharma, D.E. Shubert, J. Lewis, B.P.

McGarrigle, D.P. Bofinger, J.R. Olson,
Biotransformation of tamoxifeninahuman
endometrial explant culture model,
Chemico-biological interactions 146(3)
(2003) 237-249.

[156]S. Borges, Z. Desta, L. Li, T.C. Skaar, B.A.

Ward, A. Nguyen, Y. Jin, A.M. Storniolo,
D.M. Nikoloff, L. Wu, G. Hillman, D.F. Hayes,
V. Stearns, D.A. Flockhart, Quantitative
effect of CYP2D6 genotype and inhibitors
on tamoxifen metabolism: implication for
optimization of breast cancer treatment,
Clinical pharmacology and therapeutics
80(1) (2006) 61-74.

[157]J.L. Wilder, S. Shajahan, N.H. Khattar, D.M.

Wilder, J. Yin, R.S. Rushing, R. Beaven, C.
Kaetzel, F.R. Ueland, J.R. van Nagell, R.J.
Kryscio, S.M. Lele, Tamoxifen-associated
malignant endometrial tumors: pathologic
features and expression of hormone
receptors estrogen-alpha, estrogen-beta
and progesterone; a case controlled study,
Gynecologic oncology 92(2) (2004) 553-
558.

[158] M. Madeira, A. Mattar, A.F. Logullo,

F.A. Soares, L.H. Gebrim, Estrogen
receptor alpha/beta ratio and estrogen
receptor beta as predictors of endocrine
therapy responsiveness - a randomized
neoadjuvant trial comparison between
anastrozole and tamoxifen for the
treatment of postmenopausal breast
cancer, BMC cancer 13 (2013) 425.

[159] A. Howell, J. Cuzick, M. Baum, A. Buzdar,

M. Dowsett, J.F. Forbes, G. Hoctin-Boes,
J. Houghton, G.. Locker, J.S. Tobias, A.T.
Group, Results of the ATAC (Arimidex,
Tamoxifen, Alone or in Combination) trial
after completion of 5 years’ adjuvant
treatment for breast cancer, Lancet
365(9453) (2005) 60-62.

[160] P. Rouanet, G. Linares-Cruz, F. Dravet, S.

Poujol, S. Gourgou, J. Simony-Lafontaine, J.
Grenier, A. Kramar, J. Girault, E. Le Nestour,
T.Maudelonde, Neoadjuvantpercutaneous
4-hydroxytamoxifen  decreases breast
tumoral cell proliferation: a prospective
controlled randomized study comparing
three doses of 4-hydroxytamoxifen gel
to oral tamoxifen, Journal of clinical
oncology: official journal of the American
Society of Clinical Oncology 23(13) (2005)
2980-2987.



[161] Sigma-Aldrich,

[163]N.

Product information
4-hydroxytamoxifen, Sigma-Aldrich, St.

Louis, 2011.

[162] P.E. Lonning, D.C. Johannessen, E.A.

Lien, D. Ekse, T. Fotsis, H. Adlercreutz,
Influence of tamoxifen on sex hormones,
gonadotrophins and sex hormone binding
globulin  in  postmenopausal breast
cancer patients, The Journal of steroid
biochemistry and molecular biology 52(5)

(1995) 491-496.

Santanam, R. Shern-Brewer, R.
McClatchey, P.Z. Castellano, A.A. Murphy,
S. Voelkel, S. Parthasarathy, Estradiol
as an antioxidant: incompatible with its
physiological concentrations and function,
Journal of lipid research 39(11) (1998)

2111-2118.

[164] Sigma-Aldrich, Product information B-

Estradiol,
2012.

Sigma-Aldrich, Zwijndrecht,

[165] M. Baum, A.U. Budzar, J. Cuzick, J. Forbes,

J.H. Houghton, J.G. Klijn, T. Sahmoud, AT.
Group, Anastrozole alone orin combination
with tamoxifen versus tamoxifen alone for
adjuvant treatment of postmenopausal
women with early breast cancer: first
results of the ATAC randomised trial,
Lancet 359(9324) (2002) 2131-2139.

[166]). Geisler, S. Detre, H. Berntsen, L.

Ottestad, B. Lindtjorn, M. Dowsett, P.
Einstein Lonning, Influence of neoadjuvant
anastrozole (Arimidex) on intratumoral
estrogen levels and proliferation markers
in patients with locally advanced breast
cancer, Clinical cancer research : an official
journal of the American Association for
Cancer Research 7(5) (2001) 1230-1236.

[167] M. Dowsett, C. Pfister, S.R. Johnston,

D.W. Miles, S.J. Houston, J.A. Verbeek, H.
Gundacker, A. Sioufi, I.E. Smith, Impact

[168] CvZ, Tamoxifen,

of tamoxifen on the pharmacokinetics
and endocrine effects of the aromatase
inhibitor letrozole in postmenopausal
women with breast cancer, Clinical
cancer research : an official journal of the
American Association for Cancer Research

5(9) (1999) 2338-2343.

Farmacotherapeutisch

Kompas.

[169]CvZ, Fulvestrant, Farmacotherapeutisch

Kompas.

[170]R. D’Anna, M.L. Cannata, M. Atteritano, F.

Cancellieri, F. Corrado, G. Baviera, O. Triolo,
F. Antico, A. Gaudio, N. Frisina, A. Bitto, F.
Polito, L. Minutoli, D. Altavilla, H. Marini,
F. Squadrito, Effects of the phytoestrogen
genistein on hot flushes, endometrium,
and vaginal epithelium in postmenopausal
women: a 1-year randomized, double-
blind,
Menopause 14(4) (2007) 648-655.

placebo-controlled study,

[171]C.K. Taylor, R.M. Levy, J.C. Elliott, B.P.

Burnett, The effect of genistein aglycone on
cancer and cancer risk: a review of in vitro,
preclinical, and clinical studies, Nutrition
reviews 67(7) (2009) 398-415.

[172]A.M. Sotoca, J.J.M. Vervoort, |.M.C.M.

Rietjens, J.A. Gustafsson, Human ERa
and ERP Splice Variants: Understanding
Their Domain Structure in Relation to
Their Biological Roles in Breast Cancer Cell
Proliferation, Biochemistry, InTech (2012)
20.

[173]1. Poola, S. Koduri, S. Chatra, R. Clarke,

Identification of twenty alternatively
spliced estrogen receptor alpha mRNAs
in breast cancer cell lines and tumors
using splice targeted primer approach,
The Journal of steroid biochemistry and

molecular biology 72(5) (2000) 249-258.

215

NOISSNDSIa



DISCUSSION

[174] G.A. Figtree, D. McDonald, H. Watkins, K.M.

Channon, Truncated estrogen receptor
alpha 46-kDaisoformin human endothelial
cells: relationship to acute activation of
nitric oxide synthase, Circulation 107(1)

(2003) 120-126.

[175]Z. Wang, X. Zhang, P. Shen, B.W.
Loggie, Y. Chang, T.F. Deuel, A variant
of estrogen receptor-{alpha}, hER-

{alpha}36: transduction of estrogen- and
antiestrogen-dependent membrane-
initiated mitogenic signaling, Proceedings
of the National Academy of Sciences of the
United States of America 103(24) (2006)

9063-9068.

[176] Z. Wang, X. Zhang, P. Shen, B.W. Loggie, Y.
Chang, T.F. Deuel, Identification, cloning,
and expression of human estrogen

receptor-alpha36, anovelvariant of human

estrogen receptor-alpha66, Biochemical
and biophysical research communications

336(4) (2005) 1023-1027.

[177]S. Lewandowski, K. Kalita, L. Kaczmarek,

Estrogen  receptor beta. Potential
functional significance of a variety of mRNA

isoforms, FEBS letters 524(1-3) (2002) 1-5.

[178] Y.K. Leung, P. Mak, S. Hassan, S.M. Ho,
Estrogen receptor (ER)-beta isoforms: a
key to understanding ER-beta signaling,
Proceedings of the National Academy of
Sciences of the United States of America
103(35) (2006) 13162-13167.

[179] 0. Treeck, I.

F. Horn, R. Goerse, O. Ortmann, Effects

Juhasz-Boess, C. Lattrich,

of exon-deleted estrogen receptor beta
transcript variants on growth, apoptosis
and gene expression of human breast
cancer cell lines, Breast cancer research
and treatment 110(3) (2008) 507-520.

[180] B.W. O’Malley, A.

Qin, Minireview: nuclear receptor and

Malovannaya, J.

coregulator proteomics-2012 and beyond,
Molecular endocrinology 26(10) (2012)

1646-1650.
[181] M.J. Bolt, F. Stossi, A.M. Callison, M.G.
Mancini, R. Dandekar, M.A. Mancini,

Systems level-based RNAi screening by
high content analysis identifies UBR5 as
a regulator of estrogen receptor-alpha

protein levelsand activity, Oncogene (2014).

[182]W.J. Gradishar, Tamoxifen--what next?,
The oncologist 9(4) (2004) 378-384.

[183] A. Howell, D. DeFriend, J. Robertson, R.
Blamey, P. Walton, Response to a specific
antioestrogen (ICl 182780) in tamoxifen-
resistant breast cancer, Lancet 345(8941)
(1995) 29-30.

[184] V. Speirs, C. Malone, D.S. Walton, M.J. Kerin,
S.L. Atkin, Increased expression of estrogen
receptor beta mRNA in tamoxifen-resistant
breast cancer patients, Cancer research
59(21) (1999) 5421-5424.

[185]J.C.W. Rijk, H. Ashwin, S.J.A. van Kuijk,
M.J. Groot, H.H. Heskamp, T.F.H. Bovee,
M.W.F. Nielen, Bioassay based screening
of steroid derivatives in animal feed and

chimica

supplements, acta

700(1-2) (2011) 183-188.

Analytica















The aim of the current thesis is to elucidate the role of estrogen receptor (ER)a and ERB
in cell proliferation and apoptosis induced by estrogenic compounds. Special attention
is paid to the importance of the receptor preference of the estrogenic compounds, the
cellular ERo/ERB ratio, the role of coregulators, and ER-mediated induction of protein
expression. In chapter 1 estrogenic compounds and their interaction with estrogen
receptors are described and the two different estrogen receptors, ERa and ERB, are
introduced. It is described how estrogenic compounds eventually exert biological
effects through coregulator recruitment upon ER binding, transcription initiation, and
protein expression.

Chapter 2 describes under which conditions T47D-ERB breast cancer cells with
tetracycline-dependent ERB expression and constant ERa expression best mimic ERa/ERB
ratios in breast and other estrogen-sensitive tissues in vivo in rat as well as in human. At
protein and mRNA level, ERa and ERP levels and ratios are determined in T47D-ERB cells
exposed to a range of tetracycline concentrations and in rat and human breast, prostate,
and uterus or endometrium. The ERo/ERP ratio in rat mammary gland and in human breast
tissue can be mimicked by exposing the T47D-ERB cells to >150 ng/ml tetracycline, but the
ERa/ERP ratio of other estrogen-sensitive rat and human tissues can also be mimicked.
The ERat/ERP ratios in MCF-7 and native T47D cells are high due to a lack of ERB expression
and therefore do not reflect ratios in rat and human tissues. It is demonstrated how these
different tissues might vary in their proliferative response towards 17B-estradiol (E2) by
exposing T47D-ERP cells to E2 under defined tetracycline concentrations.

In chapter 3 the modulation of the interaction of ERa and ERP with coregulators
in the ligand-dependent responses induced by estrogenic compounds is investigated.
To this end, selective ERa and ERB agonists are characterized for intrinsic relative
potency reflected by EC_, and maximal efficacy towards ERa and ERB in ER-selective
reporter gene assays, and subsequently tested for stimulation of cell proliferation in
T47D-ERB cells with variable ERa/ERP ratio and for ligand-dependent modulation of the
interaction of ERa and ERP with coregulators using the Microarray Assay for Real-time
Coregulator — Nuclear receptor Interaction (MARCoNI) with 154 unique nuclear receptor
coregulator peptides derived from 66 different coregulators. Results obtained reveal
an important influence of the ERa/ERP ratio and receptor selectivity of the compounds
on stimulation of cell proliferation. ERa agonists activate cell proliferation whereas
ERP seems to suppress ERa-mediated cell proliferation. The responses in the MARCoNI
assay reveal that the modulation of the interaction of ERa or ERB with coregulators
by a specific agonist are very similar indicating only a limited number of differences

upon ERa or ERP activation by a specific ligand. Differences in the modulation of the
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interaction of the ERs with coregulators between the different agonists are more
substantial and can be used to classify the different agonists by hierarchical clustering.
The results obtained corroborate that the ultimate effect of the model compounds on
proliferation of estrogen-responsive cells depends on the intrinsic relative potency of
the agonist towards ERa and ERB and the cellular ERa/ERP ratio whereas differences
in the modulation of the interaction of the different ERs with coregulators for a given
ligand might also contribute to the compound-specific pharmacology. Based on ligand-
dependent differences in the modulation of the interaction of the ERs with coregulators,
the MARCoONI assay is able to classify the different ERa and ERB agonists discriminating
between different agonists for the same receptor, a characteristic not defined by the
ER-selective reporter gene or proliferation assays. It is concluded that differences in
the modulation of the interaction of ERa and ERB with coregulators contribute to the
ligand-dependent responses but do not fully explain the differences in pharmacology
between ER-mediated responses by the different estrogenic compounds.

To investigate if this is also the case for ER antagonists, chapter 4 handles the
modulation of the interaction of ERa and ERP with coregulators in the ligand-dependent
responses induced by the ER antagonistic compounds 4-hydroxytamoxifen (40HT) and
fulvestrant. Comparison of these results to ligand-dependent interaction of ERa and
ERPB with coregulators expressed in modulation index (M) profiles for the ER agonist E2
elucidates whether differences in the (ant)agonist-dependent interaction of ERa and ER
with coregulators contribute to the differences in (ant)agonist responses. To this end, the
selected ER antagonistic compounds are first characterized for intrinsic relative potency
reflected by IC,; and maximal efficacy towards ERa and ERB using ER-selective U20S
reporter gene assays, and subsequently tested for ligand-dependent modulation of the
interaction of ERacand ERP with coregulators using the MARCoNI assay. Results obtained
with the U20S reporter gene assays indicate a preference of 40HT to bind ERB and find
fulvestrant to be less ER-specific. The responses in the MARCoNI assay reveal that ERa-
and ERB-mediated interaction with coregulators expressed in Ml profiles are similar for
40HT and fulvestrant and generally opposite to the MI profile of the ER agonist E2.
Hierarchical clustering with Euclidian distance as the cluster distance metric, based on
the Ml profiles, is able to clearly discriminate the two compounds with ER antagonistic
properties from the ER agonist E2. Taken together the data reveal that modulation of the
interaction of ERs with coregulators discriminates ER agonists from antagonists but does
not discriminate between the preferential ERB antagonistic compound 40HT and the
less specific ER antagonist fulvestrant. It is concluded that differences in modulation of

the interaction of ERa and ERP with coregulators contribute to the differences in ligand-



dependent responses induced by ER agonists and ER antagonists, but the importance of
the subtle differences in modulation of the interaction of ERs with coregulators between
the ER antagonistic compounds 40HT and fulvestrant for the ultimate biological effect
remains to be established.

To further investigate whether 40HT, the active metabolite of the breast cancer
drug tamoxifen, exerts ERa/ERP ratio-dependent effects on cell proliferation and
apoptosis, in chapter 5 the results of a quantitative proteomics study are described.
This is of importance given that the ERa/ERP ratio usually increases in tumorous tissue
compared to normal tissue due to decreased ERP expression. ERa/ERP ratio-dependent
effects of 40HT on cell proliferation and apoptosis of the T47D-ER human breast cancer
cell line with tetracycline-dependent ERPB expression are detected. In the cells expressing
only ERa decreased cell proliferation and increased apoptosis is induced by 40HT, which
is opposite to the effects detected in cells expressing ERa and ERB, where increased cell
proliferation and decreased apoptosis upon 40HT exposure is found. Post-translational
modifications like acetylation, methylation, and phosphorylation of several ribosomal
and mitochondrial protein groups are induced by 40HT, mostly in T47D-ERP cells with
both ERa and ERB expressed. Altogether the results suggest that effects of 40HT on
major biological functions like cell proliferation and apoptosis in the T47D-ERB cells are
affected by the ERa/ERP ratio. 40HT may have differential cellular effects, being more
effective in reducing cell proliferation and increasing apoptosis if ERa dominates and
ERP expression levels are low since 40HT then antagonizes ERa.

Chapter 6 presents a discussion on the implications of the mechanisms of action
of several estrogenic compounds discussed in this thesis. Altogether the results of the
present thesis have elucidated the action of different estrogenic compounds, their
interaction with the two ER subtypes, and the subsequent recruitment or rejection of
coregulators, as well as the resulting effects on cell proliferation and apoptosis, and
these results emphasize the importance of the ERa/ERP ratio for the ultimate effects of

estrogenic compounds on cell proliferation and apoptosis.
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Het doel van dit proefschrift is om te verhelderen wat de rol van oestrogeenreceptor
(ER)a en ERP is in door oestrogene stoffen geinduceerde celproliferatie en apoptose.
In het bijzonder is gekeken naar de invloed van de receptorvoorkeur van de
oestrogene stoffen, de cellulaire ERa/ERB-ratio, de rol van coregulatoren en ER-
gemedieerde inductie van eiwitexpressie. In hoofdstuk 1 worden oestrogene stoffen
en hun interactie met oestrogeenreceptoren beschreven waarbij de twee verschillende
oestrogeenreceptoren, ERa en ERB, worden geintroduceerd. Beschreven wordt hoe
oestrogene stoffen uiteindelijk hun biologische effect uitoefenen door middel van
coregulatorrekrutering die optreedt bij binding aan de ER, gevolgd door het initiéren
van transcriptie en eiwitexpressie.

Hoofdstuk 2 beschrijft onder welke condities T47D-ERB-borstkankercellen met
tetracycline-afhankelijke ERB-expressie en constante ERa-expressie het beste de ERa/
ERB-ratio’s in borstweefsel en andere oestrogeengevoelige weefsels in vivo van zowel
ratten als mensen imiteren. Op eiwit- en mRNA-niveau zijn de hoeveelheden ERa en
ERB en ERa/ERB-ratio’s bepaald in T47D-ERB-cellen die blootgesteld zijn aan een serie
tetracyclineconcentraties en in borst-, prostaat- en uterus- of endometriumweefsel
van ratten en mensen. De ERa/ERB-ratio die aanwezig is in borstweefsel van de
mens en de rat kan worden geimiteerd door de T47D-ERB-cellen bloot te stellen aan
>150 ng/ml tetracycline; de ERa/ERB-ratio van andere oestrogeengevoelige weefsels
kan ook worden geimiteerd. De ERa/ERB-ratio’s van MCF-7- en oorspronkelijke T47D-
cellen zijn hoog vanwege een gebrek aan ERB-expressie en daarom reflecteren ze niet
de ratio’s die zijn gevonden in weefsel van ratten en mensen. Door T47D-ERB-cellen
bloot te stellen aan E2 onder gedefinieerde tetracyclineconcentraties is aangetoond
hoe deze cellen en mogelijk ook de verschillende weefsels kunnen variéren in hun door
17B-oestradiol (E2) geinduceerde proliferatieve reactie.

In hoofdstuk 3 wordt de modulatie van de interactie van ERa en ERP met
coregulatoren in door oestrogene stoffen geinduceerde ligandafhankelijke reacties
onderzocht. De intrinsieke relatieve potentie van selectieve ERa- en ERB-agonisten is
gekarakteriseerd door de EC, en maximale effectiviteit ten opzichte van ERa en ERP
in ER-selectieve U20S-reportergenassays te bepalen. Vervolgens zijn deze agonisten
getest op de mate waarin zij celproliferatie stimuleren in de T47D-ERB-cellen met
een variabele ERo/ERB-ratio. Daarnaast zijn de agonisten getest op ligandafhankelijke
modulatie van de interactie van ERa en ERB met coregulatoren met behulp van de
MicroarrayTest voor Real-time Coregulator — Nucleaire receptor Interactie (Microarray
Assay for Real-time Coregulator — Nuclear receptor Interaction, MARCoNI) met 154
unieke nucleaire receptor coregulator peptiden verkregen vanuit 66 verschillende

coregulatoren. De verkregen resultaten laten een belangrijke invloed van de ERa/
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ERB-ratio en receptorselectiviteit van de stoffen op de stimulatie van celproliferatie zien.
ERa-agonisten activeren celproliferatie terwijl actievering van ERB de ERa-gemedieerde
celproliferatie lijkt te remmen. De reacties in de MARCoNI-assay onthullen dat de door
een specifieke agonist-gemoduleerde interactie van ERa en ERB met coregulatoren
sterk op elkaar lijken en slechts een beperkt aantal verschillen laten zien na ERa- of ER-
activering door een specifiek ligand. Verschillen in de modulatie van de interactie van de
ERs met coregulatoren tussen de verschillende agonisten is substantiéler en is gebruikt
om de verschillende agonisten te classificeren door middel van hiérarchische clustering.
De verkregen resultaten bevestigen dat het ultieme effect van de modelstoffen op
de proliferatie van oestrogeen-responsieve cellen afhankelijk is van de intrinsieke
relatieve potentie van de agonist ten opzichte van ERa en ERPB en de cellulaire ERa/
ERB-ratio, terwijl verschillen in de modulatie van de interactie van de verschillende ERs
met coregulatoren voor een gegeven ligand ook kunnen bijdragen aan de stofspecifieke
farmacologie. De MARCoNI-assay blijkt, gebaseerd op ligandafhankelijke verschillenin de
modulatie van de interactie van de ERs met coregulatoren, de verschillende ER-agonisten
te kunnen classificeren en te kunnen discrimineren tussen verschillende agonisten voor
dezelfde receptor. Over deze eigenschappen beschikken de ER-selectieve reportergen-
en de proliferatie-assays niet. Uit deze resultaten is geconcludeerd dat de verschillen
in modulatie van de interactie van ERa en ERP met coregulatoren bijdragen aan de
ligandafhankelijke reacties, maar dat deze niet geheel de verschillen in farmacologie
verklaren tussen ER-gemedieerde reacties door de verschillende oestrogene stoffen.
Om te onderzoeken of dit ook het geval zou zijn voor ER-antagonisten, wordt
in hoofdstuk 4 de modulatie van de interactie van ERa en ERB met coregulatoren in
de door de ER-antagonistische stoffen 4-hydroxytamoxifen (40HT) en fulvestrant
geinduceerde ligandafhankelijke reacties behandeld. Vergelijking van deze resultaten
met de ligandafhankelijke interactie van ERa en ERB met coregulatoren voor de ER-
agonist E2, uitgedrukt in modulatie-index (Ml)-profielen, heeft verhelderd of verschillen
in de (ant)agonistafhankelijke interactie van ERa en ERB met coregulatoren bijdragen
aan de verschillen in (ant)agonistische reacties. Om dit te bewerkstelligen zijn de
geselecteerde ER-antagonistische stoffen eerst gekarakteriseerd op hun intrinsieke
relatieve potentie gereflecteerd door IC, en maximale effectiviteit ten opzichte
van ERa en ERP met behulp van ER selectieve U20S reportergenassays. Vervolgens
zijn ze getest op ligandafhankelijke modulatie van de interactie van ERa en ERB met
coregulatoren met behulp van de MARCoNI-assay. De resultaten verkregen met de
U20S reportergenassays wijzen op een voorkeur van 40HT om aan ERB te binden en

op minder ER-specificiteit van fulvestrant. De reacties in de MARCoNI-assay onthullen



dat ERa- en ERB-gemedieerde interactie met coregulatoren, uitgedrukt in Ml-profielen,
gelijk zijn voor 40HT en fulvestrant en over het algemeen tegenovergesteld aan het
MI-profiel van de ER-agonist E2. Hiérarchische clustering, met de Euclidische afstand
als de clusterafstandmetriek, gebaseerd op de Mil-profielen, blijkt duidelijk de twee
ER-antagonistische stoffen te kunnen onderscheiden van de ER-agonist E2. Al met al
onthullen de data dat de modulatie van de interactie van ERs met coregulatoren ER-
agonisten van -antagonisten kan onderscheiden, maar geen onderscheid kan maken
tussen de antagonistische stof 4OHT met een voorkeur voor ERB en de minder specifieke
ER-antagonist fulvestrant. Hieruit is geconcludeerd dat de verschillen in modulatie van
de interactie van ERa en ERB met coregulatoren bijdragen aan de verschillen in door
ER-agonisten en ER-antagonisten geinduceerde ligandafhankelijke reacties, maar het
belang van de subtiele verschillen in de modulatie van de interactie van de ERs met
coregulatoren tussen de ER-antagonistische stoffen 40HT en fulvestrant voor het
uiteindelijke biologische effect moet nog worden vastgesteld.

Om verder te onderzoeken of 40HT, de actieve metaboliet van het
borstkankermedicijn tamoxifen, ERa/ERB-ratio-afhankelijke effecten vertoont op
celproliferatie en apoptose, worden in hoofdstuk 5 de resultaten van een kwantitatieve
proteomics-studie beschreven. Dit is van belang aangezien de ERa/ERB-ratio over
het algemeen stijgt in tumorweefsel in vergelijking met normaal weefsel door een
verminderde ERB-expressie. Er zijn ERa/ERB-ratio-afhankelijke effecten van 40HT op
celproliferatie en apoptose van de T47D-ERPB humane borstkankercellijn met tetracycline-
afhankelijke ERB-expressie gedetecteerd. In de cellen met enkel ERa-expressie
induceert 40HT verminderde celproliferatie en meer apoptose, wat omgekeerd is
ten opzichte van de effecten gezien in cellen met zowel ERa- als ERB-expressie, waar
meer celproliferatie en verminderde apoptose wordt waargenomen na blootstelling
aan 40HT. Door blootstelling aan 40HT worden post-translationele modificaties zoals
acetylatie, methylatie en fosforylatie van verschillende ribosomale en mitochondriale
eiwitgroepen geinduceerd, vooral in T47D-ERB-cellen met zowel ERa- als ERB-expressie.
Samengevat suggereren de resultaten dat effecten van 40HT op belangrijke biologische
functies zoals celproliferatie en apoptose in de T47D-ERB-cellen worden beinvlioed
door de ERa/ERB-ratio. 40HT kan verschillende cellulaire effecten hebben, waarbij het
effectiever is in het reduceren van celproliferatie en het verhogen van apoptose als ERa
dominant is en ERB-expressieniveaus laag zijn omdat 40HT dan ERa tegenwerkt.

In hoofdstuk 6 worden de implicaties van de werkingsmechanismen van
verschillende oestrogene stoffen in dit proefschrift bediscussieerd. Samengevat

hebben de resultaten van dit proefschrift zowel de acties van verschillende oestrogene
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stoffen, als hun interactie met de twee ER-subtypen en de daaropvolgende rekrutering
of afstoting van coregulatoren verhelderd, evenals de resulterende effecten op
celproliferatie en apoptose. Hierbij ligt de nadruk op het belang van de ERa-/ERB-ratio
voor de uiteindelijke effecten van oestrogene stoffen op celproliferatie en apoptose.
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jij bedankt voor vooral heel veel gezelligheid en de gedeelde inzichten de afgelopen jaren.
Dat je zelfs op je verjaardag mijn paranimf wilt zijn vind ik geweldig.

Boven alles wil ik mijn ouders bedanken. Pap, mam, zonder jullie had ik nooit kunnen
doen wat ik allemaal wilde. Bedankt voor alles wat jullie voor me hebben gedaan en voor de
kansen die jullie mij hebben gegeven. Promoveren, een sociaal leven proberen te hebben
en daarnaast zoveel dansen, dat kan alleen met zulke geweldige familie achter je. Pap,
bedankt voor de computerhulp als ik ergens niet uit kwam, het langs komen als ik weer



eens een technisch probleempje had met iets en het soms erg last-minute figuren printen
op je werk. En mam, voor je hulp bij de vele, vele klusjes die ik niet gedaan kreeg. Ook bij
verhuizingen in voor jullie eveneens drukke tijden stonden jullie altijd voor me klaar. Dit
boekje is voor jullie.

Broertje, hopelijk kunnen we dit jaar allebei ons (voorlopige?) afscheid van de
universiteit vieren. Heel veel succes met de laatste loodjes!

En Rob, lieve Rob... Wat fijn dat je er altijd voor me bent, dat ik kan ontspannen bij
je, dat je me uitdaagt en motiveert, zelfs om door de Himalaya te banjeren met je. De
hoeveelheid schaarse vrije tijd die je hebt besteed aan het mooier maken van dit boekje,
regelmatig tot in de kleine uurtjes, is niet te tellen. Ik hoop dat je weet hoe erg ik dat
allemaal waardeer. Een lievere vriend kan ik me niet wensen. |k stap graag nog eens met je
in een zinkende kano in een rivier vol krokodillen © Ik hou van je.
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