> Lniversitat
5 wilen

MASTERARBEIT

Titel der Masterarbeit

Characterisation of the estrogen receptors in the chicken
(gallus gallus)

verfasst von

Barbara Walder BSc

angestrebter akademischer Grad

Master of Science (MSc)

Wien, 2015
Studienkennzahl It. Studienblatt: A 066 834
Studienrichtung It. Studienblatt: Masterstudium Molekulare Biologie

Betreut von: Ao.Univ.-Prof. Dipl.-Ing. Dr. Marcela Hermann






Fur meinen Papa...






Table of Contents

1

INEFOTUCTION ... s 5
1.1  The enNdOCHNE SYSIEIM......uuuuiiiiie ettt e e e e ee e e e e e e e eeeeeees 5
1.2 Steroid NOMIONES ......uiiiiiiiiiiie s 5
1.3 Estrogen — synthesis and effeCts............cooiiiiiiiiiiiiiii e 6
1.4 EStrogen SigNaling ......oooooeeiiiiiii e 8
1.5 Estrogen receptors — a little hiStory ..........cooeeeeiiiiiiiiiiii e 11
1.6 Structure and DOMAINS.........uuuuuiiiiiiiiiiiii e 12
1.7 Diseases and treatMeNntS...........ouuiiiiiiiiiiiiiiiieieie e 15
1.8  AQO- and antagONiStS.........uuuuuiiiiieeeeeieeiiiiee e e e e e e e 18
1.9 LRP2 -8 SNOM OVEIVIEW ...ttt 21

Material & MEetNOUS. ..........eiiieiiie e 24
2.1 Cll CUIUIE....ceeeeie et 24

2.1.1 Cell Culture — HEK 293 ......ooiiiiiiiiiiiiieiiiieeiieeeeeeeee ettt eeee e eeeees 24

2.1.2 Isolation of primary Kidney CellS ..........oouuuiiiiiiiiii 24
2.2 Molecular Biological Methods: RNA/DNA........cooiiiiiii e 25

2.2.1 Isolation Of RNA/DNA .....ooeiiiiiiieiieeeeeeeeee ettt e e eeeees 25

2.2.2  CDNA SYNINESIS. ... 26

2.2.3 Polymerase chain reaction (PCR)...........uuiiiiiiiiiiiiiiiiiiii e 27

2.2.4 Quantitative-Real-Time PCR (QPCR).......uciiiiiiiiiiiiiiiiiiie e 28
2.3 Molecular Biological Methods: Proteins...........cccooeieeiiiiiiiiiiiiinieeeeeeeeeiiiinnn 28

2.3.1 Protein extraction - TISSUES.........cccuurrrriiieeeeeiasiiireee e e e e s esnnnrere e e e e 28

2.3.2 Protein extraction - CEIIS..........coouiiiiiiiiiiiiie e 29

2.3.3 SDS-Polyacrylamide gel electrophoresis (SDS — PAGE) ...........ccceuu..... 30

P B YV T (=T a T =11 ] 1 1] o 30

2.3.5 Immunoprecipitation & Cross LiNKING........cccoeeeeviviiiiiiiiiiiie e, 32

2.3.6 Coomassie BlUe StaiNiNg ........cccoeeeeeiiiieiiiiiiiee e eeee e e e e e e 33



3.1 Part 1: Tissue diStribDULION ........ooeuiiiii e 35
3.1.1 ERa and ERB mRNA tissue specific distribution...............cccoevvvivvvnnnnnnn. 35
3.1.2 ERa and ER  tissue distribution at the protein level.............cccccceeeee.. 42

3.2 PART 2: Are the ERs involved in the LRP2 up-regulation due to estrogen? 49

3.2.1 Effects of estrogen and RAP on LRP2 mRNA, ERa mRNA and ERf

.............................................................................................................. 52
3.2.3 Does the antiestrogen ICI effect LRP2 expression? ..........ccccccevvvvvnnnnnn. 54
DISCUSSION .. 56
REIEIENCES ... 61
ADDIEVIATIONS ... 76
ADSITACT ... 78
QT4 = K51 U o o TSR 79

CUITICUIUM VI8 e e 81



INTRODUCTION

1 Introduction

1.1 The endocrine System

In multicellular organisms it is necessary to wisely coordinate different tissues and
organs. This particular communication is among others, guarded by hormones. The
classical definition says that hormones are chemical substances which are produced
in endocrine cells and carried by the circulatory system (Starling, 1905). Arrived at
their distant target cells, hormones bind specifically to their hormone receptors, which
are present on the cell surface, the plasma membrane or found in the cytoplasm.
These receptors get “switched on” by composing a complex with the hormone and

initiate a plurality of various effects (reviewed by Tata, 2005).

1.2 Steroid hormones

Steroid hormones represent an ancient family of signaling molecules with diverse
functions all over the body (Kumar, 1987). These hormones are essential for diverse
physiological and cellular actions, such as growth, reproduction, sexual differentiation
and play also a crucial role for the immune system, and have certain functions of the
brain (O’Lone, 2004).

All steroid hormones are derived from cholesterol, an oil-based structure, which is an
essential compound of the plasma membrane and carried in the bloodstream by
lipoproteins. Because of their common origin, they all share a ring structure of three
six membered rings and one five membered ring (Berg, 2002). Cholesterol gets into

the body by food intake or is synthesized in the cells from acetyl-CoA via a
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sophisticated metabolic pathway. For one cholesterol structure eighteen acetyl-CoA
units are needed (reviewed by Mariétte, 2013).

Modifications like clipping of the side chain or addition of hydroxyl functions from the
apparently simply ring-structure of the basic structure of cholesterol, results in
molecules with very divers operations — such as steroid hormones (reviewed by
Mariétte, 2013).

The class of steroid hormones can be categorized into fife groups: glucocorticoids,

mineralcorticoids, androgens, progestins and estrogens (reviewed by Miller, 2013).

1.3 Estrogen — synthesis and effects

Estradiol-173 (E2) has been recovered in the 20s of the last century by Allen and
Doisy (Allen, 1923). Since then, the female hormone has always been an interesting
topic for scientist to understand how the hormone works, understand its functionality
and also figure out the therapeutic use of it.

Nowadays it's known that the ancient female hormone is also important in men.
Experiments with the estrogen receptor alpha (ERa) knockout (aERKO) mouse
presented information that estrogens and there receptors are important for normal
male fertility (Eddy, 1996 and Dupont, 2000). Also male bone health with bone
resorption and maintaining bone formation is subjected to estrogens (Falahati-Nini,
2000). To give just two examples. Estrogen is principle synthesized by testosterone
aromatization. This reaction is catalyzed by an enzyme called aromatase. This
enzyme is a member of the cytochrome P450 superfamily (Evan, 2013). In
premenopausal women mainly the ovaries, the corpus luteum and the placenta
produce the estorgens (Cui, 2012). In postmenopausal the situation is different, the
overies are wane to produce the hormone. Extragonadial organs, such as the aorthic
smooth muscle cells and the vascular endothelium, adipose tissue, several brain
areas, as well as chondrocytes and osteoblasts of the bones undertake the task of

estrogen production (Nelson, 2001).
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The extragonadial produced estrogen differs in some points. The estrogen which is
produced in these organs acts, in contrast to the ovarian estrogen, in a paracrine or
intracrine fashion (Labrie, 1997). The concentrations of estrogen in the local tissue

are high and perform a biological impact (Simpson, 2003).
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Figure 1: Estrogen synthesis (Cui, 2013)

Physiological estrogens exist in three major forms: estrone (E1), estradiol (E2 or 173-
estradiol) and estriol (E3). The most potent in the premenopausal period is estradiol.

After menopause E1 gets a major role and is synthesized in adipose tissue. E3
produced in placenta during pregnancy, is the last potent of the three (reviewed Cui,
2012 and Tomas, 2013). Most estrogens in plasma are transported by binding to the
sex hormone binding globulin (SHBG), only a few 2-3% are unbound. The “free
hormone hypothesis” says that this free estrogens transverse the plasma membrane

unspecific but freely, because of their small size and there fat-soluble character
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(Adams, 2005). Estrogens bond to SHBG get actively internalized the low-density-
lipoprotein receptor 2 (LRP2), which is located in clathrin—coated pits or it gets
internalized by some other importers (Willnow, 2010).

1.4 Estrogen signaling

The produced estrogens regulated a plurality of effects in the body. When estrogen
entered its target cell via diffusion or get actively transported inside by receptors like
LRP2 (Hammes, 2005). Almost all effects are mediated through hormone-specific
estrogen receptors (ERs). These proteins are acting ether in a genomic or non-
genomic signalling way. Furthermore it is known that estrogen signals also in an ER-
independent way, by interfering with enzymatic activities or non-sex steroid hormone

receptors (Richardson, 2012).
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The classical and non-classical, genomic ER dependent pathway

The classical, genomic pathway is mediated by estrogen receptors. These rectors
are nuclear ligand-activated transcription factors that activating or repressing the
target gene transcription (Couse, 1999). Once estrogen is bound to ER it induces
conformational changes, this leads to dissociation from the heat shock protein 90
(Hsp 90), which enables the stability of the lone receptor, enhances the binding
affinity and prevents from degradation under inactive circumstances (Lee, 2012).
After dissociation the activated receptor forms functional hetero- or homodimers.
(McDeuvitt, 2008). If homo- or heterodimerisation takes place, might be dependent on
the relative expression level of the steroid receptors. It seems that in tissues where
one form is predominant, homodimers are preferentially formed over heterodimers
(Cowely, 1997). The dimer translocates into the nucleus and binds the DNA directly.
To actively interfere in the transcription machinery of the cell, the dimer configuration
facilitates a shape, which allows cofactors to promote (co-activator) or prevent (co-
repressor) gene transcription (Hall, 2001). The cofactor proteins are also important
for stabilisation of the formed pre-initiation complex and relieve the disruption of
chromatin at the consensus sequence (Hall, 2001).

The first characterised co-activator was the steroid receptor coactivator-1 (SRC-1)
(McKenna, 1999). Furthermore there is the possibility to be involved in gene
transcription for ERs. The non-classical signalling pathway is characterised by
binding other transcription factors, such as nuclear factor kB (NF- kB), activator
protein 1 (AP-1), stimulating protein-1 (SP-1) or c-junk (Gottsch, 2009).

Interestingly ER subtypes are using this pathway with different goals. ERa stimulates
AP-1 gene transcription indirectly and in contrast estrogen receptor beta (ERp)

repress transcription by the AP-1 site (Peach, 1997).

Membrane initiated estrogen signalling

Genomic signalling needs hours, thereby it was astonishing that in the group around
Szego in the 1967s reported from physiological effects due to estrogen within 15
seconds (Szego, 1967). This effect is nowadays known as a membrane-initiated
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estrogen signalling. By this pathway estrogen uses plasma membrane-associated
ERs (mERs) for signalling. The rapid signal is transmitted via non-transcriptional
transduction mechanisms through crosstalk with other membrane receptors or a
plurality of cytoplasmatic signalling cascades gets activated. This estrogen signalling
is important in the nervous system, the skeleton, the liver and other tissues
(Chinmento, 2010). This pathway influences also insulin-like growth hormone
receptors, the tyrosine kinase receptors, several growth factors and neurotransmitter
receptors (Micevych, 2009).

Rapid estrogen signalling is also delivered by relative newly discovered membrane
ERs such as G protein-coupled receptors like GRP30 and the ER-X protein. (Filardo,
2000 and Toran-Allerand, 2002). GRP30 was first subjected to the group of orphan
receptors, because its ligands were unknown, but in the year 2000 the group of
Filardo presented GRP30 as an estrogen-induced trans-activator for EGF receptor
(Filardo, 2000) which increases adenyl cylase activity (Filardo, 2002). On the other
hand there is debate about whether GRP30 is a new estrogen receptor or not
(reviewed by Langer, 2010).

In 2002 the membrane protein ER-X was discovered in the brain and the uterus. ER-
X is located at the caveolar-like microdomain (CLM) complexes. ER-X expression is
up-regulated during development, in adults its expression is nearly not detected,

expect after ischemic brain injury (Toram-Allerand, 2002).

The ER-independent pathway

Although most of estrogen processes are mediated trough estrogen receptors, there
are studies presenting that estrogens perform antioxidative effects in an ER-
independent way (Haas, 2012). Instead of binding ER, estrogen is signaling
enzymatic reactions, or interacts with non-sex-steroid-hormone-receptors (non-
SSHR), to protect the cell against damage. An example: estrogen prevents pro
oxidant stress by inhibition of ROS (reactive oxygen species) release from damaged
mitochondria, without get in touch with ERs (Richardson, 2012). The antioxidative

feature is caused by the phenolic A ring in the molecule structure (Richardson, 2012).
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But the estrogen receptor independent has also negative input to health conditions.
Studies with ERa and ERB knockout mice show that estrogen can foster breast
cancer development, via an ER- independent signalling pathway (Yue, 2010).

In addition, PPARy, a non-sex-hormone-nuclear-hormone-receptor gets also
regulated by estrogen, without the assistance of ERs. Via PPARYy, estrogen is
working in an anti-inflammatory way and prevents atheroprotective effects (Tiyenli,
2012).

ER-independent pathway — cross talk signalling

Studies show, that there is also the possibility to activate ER function without the
assistance of classical ligands. Due to this pathway the activation is mostly achieved
by phosphorylation of the estrogen receptor by protein kinases. Phosphorylation
takes place, mostly by serine residues in the AF-1 region of the A/B domain
(Tremblay, 1999; Lannignan, 2003).

It is reported that in mouse uterus ER shows the same biochemically characteristics
after EGF or estrogen treatment. EGF mimiks estrogen and modulate the receptor
(Ignar-Trowbridge, 1992).

The group around Schreihofer showed in the year 2001 that in cAMP activates ERs
in an ligand independent way and that this is PKA dependent (Scheihofer, 2002).
This reaction may be involved in the evolvement of tamoxifen resistance
(Michealides, 2004). Interestingly fulvestrant, the pure ER antagonist represses this
cross talk (Michalides, 2004).

1.5 Estrogen receptors — a little history

The estrogen receptors are ligand activated transcription factors, which mediate
pleiotropic effects of the estrogen. In the year 1966 the ER was characterized for the
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first time (Toft, 1966). Around 20 years later the receptor molecule was cloned and
sequenced from MCF-7 human breast cancer cells (Walter, 1985) and one year later,
the functional protein of ERa, was expressed in Chinese hamster ovary (CHO-K1)
cells (Greene, 1986). For long time it was believed, that the functions of the hormone
were mediated through a single ER, but in the year 1996 the group around
Mosselman characterized a new estrogen receptor, named ERB (Mosselman, 1996).
The identification of a second ER subtype, set on a new dimension of the complexity
of estrogen signaling pathways and the way how estrogens work in the body.

Both receptors are encoded by individual genes named ESRL1 for ERa and ESR2 for
ERpB. In addition there are several splice variants of both receptors in normal and
diseased tissues (Pfeffer, 1995, and Petersen, 1998). Because splice variants are
often expressed with wild-type receptors, their purpose in normal physiology or the

guestion of any coherence with diseases is not answered know.

1.6 Structure and Domains

ERa and ERP are classical steroid hormone receptors and belong to the superfamily
of the nuclear hormone receptors (NR) (Mangelsdorf, 1995). Other nuclear receptors
like receptors for other steroid hormones, retinoic acid, vitamin D and thyroid
hormones are also elements of this family (Wheatherman, 1999).

NRs transduce extracellular signals into transcriptional response and express specific
genes which are essential for development, growth and the physiology of the
reproductive system (Vanden-Heuvel, 2009). One of the most common
characteristics of the superfamily is that all share the same structure, composed of
fife domains which serve specific functions (Beato, 1995). Starting from the N-
terminus they are named A/B or N-terminal domain (NTD), C or DNA binding domain
(DBD), D or hinge region, E or ligand binding domain (LBD) and at the C-terminal the

F domain.
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Figure 3: lllustration of the fife dominal structure of ERa and ER(
(Kumar, 2011)

A/B-region

The amino-terminal A/B region is hosting a transcriptional activation function (AF-1),
which acts in a ligand independent way (Kumar, 2003). The receptor subtypes ERa
and ERB exhibit a sequence homology of few 17% and differ in size by 41 amino
acids in this region (Zwart, 2010). Due to these facts it is suggested that the
variability in the A/B region may be responsible for receptor-, species- and cell-type
specific effects (Tora, 1989).The AF-1 site provides serine residues, which are
targets for phosphorylation of inracellular signalling cascades like mitogen-activated
protein kinases (MAPK) (Aranida, 2001).

C-region

The dimerised receptors bind the DNA in distinct sequence segments, known as
estrogen response elements (ERE) upstream of their target genes (Laudent, 1992).
EREs are characterised by a palindromic inverted repeat of 13 bp 5'-
GGTCAnNnnTGACC-3’, were n is indicated as any nucleotides which flanking the
palindromic half sides (Klein-Hitpass, 1988). Interestingly other steroid receptors bind
to a sequence with another palindromic sequence — 5 -GGTACAnNnNnTGTTCT-'3
(Nelson, 1999). The DNA- binding domain involves two non-homologous zinc finger
motifs (Cl and CIl) to bind to DNA major groove (Green, 1988). ClI, the N-terminal

zinc finger harbors the so called P-box, composed of six amino acids, to perform the
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task of recognition of the ERE sequence on the DNA strand. The second zinc finger
Cll, include the D-box, the dimerization interface and is important for the stabilisation
of the binding (Green, 1988 and Pettersson, 2001)

D-region

The D or hinge region is a flexible region which links the DBD to the E and F domains
at the C-terminal. This region also involves nuclear localization signals (NSL)
information (Robinson-Rechavi, 2003) which is exposed when a ligand is bond
(Kuiper, 1996).

E-region

As a member of the nuclear hormone receptor superfamily, ERs also harbor the
highly conformational dynamic E domain with its ligand binding function, it's
necessary for dimerization and harbors also the hormone-dependent activation
function (AF-2) (Mangelsdorf, 1995). The flexible secondary structure of the ligand
binding domain is composed of 11 a-helices, folded into a three layered antiparallel
sandwich (H1-H11) (Bronzozowski, 1997). The structure is completed with two small
two-stranded antiparallel B-sheets (S1 and S2) and an additional a-helix (H12)
flanking the helical structure (Brzozowski, 1997). The orientation of H12 gets
influenced by the class of bond receptor ligands in the binding pocket. The ligand-
dependent transcriptional activation function (AF-2) of the E-region is strongly
influenced by Helix 12. An agonistic ligand turns the HI12-structure into a
transcriptionally active state, which serve the best conformation and shape for the
leucine-rich LxxLL motifs of co-activators (reviewed by Heldring, 2007). In case of an
antagonist is bond, H12 gets in a position a bit away from the ligand binding pocket
(Shiau, 1998). Due to the H12 is crucial for the interplay with cofactors it seems that
this helical structure determines whether a ligand woks in an agonistic or antagonistic
way (Watanable, 2010).
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F-region

At the very end of the carboxy-terminal of the amino acid from erstrogen receptors
the F domain is located. This region was first described by the group around Montano
by single-point mutation experiments. They found out, that the F domain is important
for transcriptional activity of the ligands in an agonistic or antagonistic way (Montano,
1995).

Beyond that the F region might also play a crucial role for receptor dimerization in a

cell type specific manner (Yang, 2008).

1.7 Diseases and treatments

Cancer

As already indicated, estrogens are essential for growth and differentiation,
wherefore interruptions in this system lead to the promotion of unnatural cell
proliferation which leads to cancer (Thomas, 2015). Breast cancer development is,
among other factors, caused by estrogens (Thomas, 2015). Two hypotheses explain
this link (Yue, 2005).The first hypothesis for the coherence of ERs and cancer
development is that transcribed target genes are involved in cell proliferation. With an
elevated cell proliferation, also the chance of accumulation of mutation, because of
unidentified mistakes during DNA replication, is increased. Are these mutations
located in genes encoding for DNA repair, apoptosis, cellular proliferation, and
angiogenesis cancer development results. The second hypothesis says that derivate
of estrogen have a genotoxic character and with this damaging the DNA, which also

results in point mutations (Yue, 2005).

15




INTRODUCTION

There may be an interesting difference between the task of tumorgenesis for ERa
and ERp. Elevated levels of ERa in breast tissue are indicated with a greater risk of
neoplastic transformation of breast tissue in the initial phase, as well as progression
(Ali, 2000). ER presents in return to the tumorgenic impact of ERa, seems to have a
protective role for breast cancer development. The ERB promotor is frequently
methylated and thereby ERB expression is repressed (Bardin, 2004 and Rody 2005).
In vitro studies show that ER is modulating gene transcription in a tumorsuppressive
way (Stettner, 2007), these results leads to the suggestion that ERf loss could be an
important step in tumorgenesis (Bardin, 2004).

Osteoporosis

Estrogens are also important for the skeletal homeostasis in male and female
individuals (Manolagas, 2013). Osteoporosis is characterized by fragile bones; the
decrease of density and bone mass implicates a higher risk of bone fractures. The
role of estrogens is to reduce the bone resorption mediated by osteoclasts and boost

new bone formation by osteoblasts (Deroo, 2006).

Mental health

Estrogens also have protective impact of neurodegenerative diseases like Parkinson
disease (PD), Alzheimer disease (AD) and stroke (Simpkins, 2009). Postmenopausal
women and man have the same risk of stroke (Lobo, 2009). Unlike premenopausal
women, were strokes are not so often. This fact leads to the suggestion, that
estrogen protects against strokes (Billeci, 2008) There are also reports that estrogen
treatment lowers the risk of cardiovascular diseases (Grodstein, 2003), but the Heart
and Estrogen Progestin Replacement study (HERS) demonstrated, that by women
with coronary diseases hormone replacement therapy (HRT) is not lowering the risk
of strokes (Simon, 2001). Some hypothesis like the ‘timing hypothesis’ try to explain
this controversy (Grodstein, 2006 and Mendelsohn, 2005). Alzheimer disease is

characterized by a loss of memory and other cognitive abilities. Cohort studies say
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HRT lowers the risk of the onset of AD (Sherwin, 2003), but the protective impact
may also related to the right timing of the beginning of the therapy (Pinkerton, 2005).

Cardiovascular diseases

For women the number one causes of death are cardiovascular diseases, with nearly
50% (Ansar, 1985). In general the risk for women is lower than for men, but the risk is
increasing after menopause (Rossouw, 2002). This detail leads to the thought, that
also in this case, estrogen may have an important impact (Baker, 2003). Decreased
estrogen levels were responsible for the onset of atherosclerosis in women
(Rossouw, 2002).

HRT seems to be the right treatment, but studies say that this therapy may have
negative cardiovascular effects, like elevated risks of strokes or venous
thromboembolisms (Farquhar, 2005). Estrogen receptor polymorphism may play also
a role in these diseases. For example the ERa Pvull polymorphism is linked to
myocardial infraction (Sheraman, 2003) and variations in blood pressure in men
(Peter, 2005).

Obesity

Obesity is subjected by the WHO as abnormal fat accumulation which impacts health
conditions. Estrogens are important for the localization and metabolism of white
adipose tissue (WAT) (Deroo, 2006). In human WAT both estrogen receptor
subtypes are expressed, but the mechanisms in detail, how WAT is regulated or
linked to estrogens, is unclear. An interesting study with knockout mice from Naaz,
shows that the two receptor types have converse effects (Naaz, 2002). It seems that
ERa gain the volume of adipose tissue and ERB lowers the general body and

adipose weight (Naaz, 2002).
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1.8 Ago- and antagonists

Due to the physiological functions of estrogens and its receptors in context of the
development of diseases, quit a number of different ago-and antagonists were
developed.

In women, one of the most common cancer types is breast cancer (Ganesh, 2010). In
many cases this tumorgenisis is estrogen-dependent and therefore anti-estrogens
were developed (Cole, 1971). Such an anti-estrogen is tamoxifen. It has an
antagonistic effect in breast tissue, and works quite well to beat the tumor. But for
example in uterine it works in an estrogen-like manner and thereby increases the risk
of uterine cancer (van Leeuwen, 1994). Like other chemical substances tamoxifens
anti- or agonistic effect is conditioned by the target cell. Both substances are
members of the group of selective estrogen receptor modulators (SERMs). SERMs
are chemical substances that lack of steroid structure, but there tertiary structure
enables the binding of estrogen receptors (MacGregor, 1998 and Lawrence, 2003).
The tissue specific repression or activation function of SERMs gives rise that the
classic model is incomplete and that estrogen signalling is acting on a more complex
level than expected (Jordan, 2001). This powerful pharmacology can be explained
the following three phenomenons (Riggs, 2003). The first is the relative expression of
each hormone receptor isoform is varying in target cells. It is known that estrogen
receptor a is almost always an activator (Riggs, 2003). In contrast, ERB has the
ability to lower the transcriptional activity of estrogen, by composing a heterodimeric
complex with ERa (Petterson, 1997). The co-localisation and subsequent
heterodimerisation of the two receptors could alter the receptor activity refer to that of
ER homodimers (Petterson, 2000; and Hall, 1999). Besides, experiments in mice with
deleted ERa or ERPB, ERp inhibit gene transcription when ERa is present, on the
contrary if ERa is absence, estrogen receptor B partially replace it, so there is a
“Ying-Yang” relationship between the two hormone receptors in mice (Lindberg,
2003). The second reason is, that each bond ligand forces a different estrogen
receptor conformation (Brzozowski, 1997). SERMs require shapes which are
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assumed to be intermediate forms between ago-or antagonistic ones (Riggs, 2003).
The third reason is that estrogen signalling is dependent on co-regulators (Heldging,
2007). More than 20 such co-regulators are known and the expression level of them
is various in estrogen target cells (McKenna, 1999). For example Tamoxifen recruits
in breast tissue co-repressors and in the endometrium co-activators (Shang, 2002).
These ambivalent features of SERMs have also beneficial effects. For example
Raloxifen shows antiestrogenetic functions in breast tissue but little estrogen like
effects in uterus. In non-gonadial tissues like the cardiovascular system or in bones it
has an agonistic impact (Francucci, 2005). Hence it is used for prevention and
treatmend of postmenopausal osteoporosis (Cranney, 2005), but after latest findings
raloxifen treatment should be avoid in patients with a risk of venous
thromboembolism (D’Amelio, 2013).

OH

Fulvestrant

&,
HO (CH,)oSO(CH,)4CF,CF4

Figure 4: Chemical Structure of Fulvestrant (Osborne, 2004)

Because of the various side effects of SERMs, novel substances were developed to
completely block ER action. Such a ‘pure antagonist’ is fulvestrant (Faslodex®©, ICI
182780). Which serve an 89% higher binding affinity to ER over estradiol (Wakeling,
1987). It provides multiple features against ER. Fulvestrant inhibits nuclear-cytoplasm
shuttling and thereby blocks ERs nuclear localisation (Farwell, 1990) and promote
the degeneration of ER (Robertson, 2001). Due to this mechanism, different from
SERMSs, chemicals like fulvestrant are also called “selective estrogen receptor down-
regulators (SERD)".
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Tamoxifen Raloxifene
(0]

~_ NMe,

Figure 5: Chemical structure of Tamoxifen and Raloxifene (Osborne, 2004)

Subtype selective Ago-/Antagonists

ER- selective agonists have been developed to address specific biological functions
ether to ERa or ER and may be also used for pharmacological properties.

The first reported ER agonist, Diarylpropionitrile (DPN), was invented by the group
around Meyers in the year 2001. Although other selective agonists were developed,
DPN is used most widely in rodent studies (Meyers, 2001).

PPT an ERa selective agonist with a 410 fold higher binding affinity to ERa than to
ERp, in contrast DPN has just a 70 fold higher binding affinity to ERf than to ERa
(Meyers, 2001 and Stauffer, 2000).

Besides the named ago- and antagonistic substances ER subtypes are also
activated by a large number of xenoestrogenic molecules, like industrial chemicals,
synthetic steroids, pesticides and phytoestrogens, which are incorporated by food
intake. The group of Kuiper found out that the impact of phytoestrogens is
significantly higher in comparison to industrial-derived estrogenic chemicals.
Interestingly these effects are mediated mostly by estrogen receceptor B (Kuiper,
1998).
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Phytoestrogens

Because of the different functions of estrogen receptor alpha and beta, it was
interesting to invent subtype selective ago- and antagonists. Phytoestrogens were
the first estrogen receptor ligands, which present such a moderate selective
character (Barkhem, 1998). Phytoestrogens are plat-derived substances that mimic
mammalian estrogens. In general phytoestrogens show a lower binding affinity than
E2, they bind both receptor subtypes, but some of them bind ER[ preferred over ERa
(Kuiper et al., 1998). Due to this binding character, and the information of different
tissue distribution of the receptor subtypes, the tissue specific effects may explained
(Ososki, 2003). Interestingly Phytoestrogens are known to lower biological activities
of sex hormones, by inhibiting enzymes they need for hormone conversions and
thereby reducing the risk of cancer (Adlercreutz, 1998). So phytoestrogens were tried
to use instead of commercial hormonal replacement therapy strategies, but recent
studies show there concerns (Ososkii, 2003). The most intensively studied
phytoestrogen is genistein. Genistein show a 20 fold higher binding affinity to ER
over ERa (Kuiper, 1997).

1.9 LRP2 - a short overview

The low-density lipoprotein related receptor protein 2 (LRP2), also called megalin or
glycoprotein-330 (gp-330) is a protein at the apical surface of polarised epithelial cells
(Kounnas, 1994) and works as receptor for various ligands, which are functioning in
diverse cellular mechanisms (Birn, 2006). Initially it was identified as pathogenic
autoantigen of Heymann nephritis (Kerjaschki, 1982) and is known the largest
member of low density lipoprotein receptors (LRLR) which include other cell surface
receptors like: LRP1, MEGF7/LRP4, LRP8/apolipoprotein E receptor 2, to name just
a few of them (May, 2007). LRP2 is the largest member of this family, and is because

of its size of 600 kDa also megalin called.
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Figure 6 : Schematic illustration of megalin (McCarthy, 2003)

It is composed of three distinct domains: a huge extracellular domain, a single trans-
membrane domain and a small cytoplasmatic tail. The n-terminal located extracellular
domain contains 17 EGF-like, 36 LDLR type A and 37 LDLR type B domains and a
YWTP domain (Springer, 1998). The YWTP motif is essential for pH-dependent
dissociation of bond ligands (Davis, 1987). The C-terminal tail contains three NPxY
motifs with distinct functions. The flanking motifs are important for signalling activities
and endocytosis, whereas the middle NPxY motif is functioning for the apical sorting
and targeting (Takeda, 2003). The trans-membrane domain in the middle targets the
molecule in cholesterol and glycospingolipid rich membrane areas (Marcolo, 2003).
LRP2 is located at the apical surface of polarized epithelial cells, clustered in clathrin-
coated pits. First time LRP2 was found in the proximale tubule of the kidney. In the
kidney LRP2 plays a role in the reuptake from macromolecules, such as lipids,
carbohydrates, polyphenols or proteins). Without proteins like LRP2 these molecules
would be lost in the urine (Leheste, 1999, and Christensen, 2001). Further studies
showed that LRP2 is also located in lung (Yammani, 2001), endocrine glands,
(Fischer, 2002) and gallbladder epithelium (Tsaroucha, 2008). Very surprisingly it
was also found in sensory organs such as the inner ear (Kéning, 2008).

LRP2 binds a variety of functional and structural different ligands, such as carrier
proteins, lipoproteins, enzymes, vitamins and some more (Brin, 2006). Ca** plays a
crucial role for ligand binding, in LRP2 and the whole LDL receptor family
(Christinsen, 1992).

LRP2 is also involved in the bone metabolism and calcium homeostasis, which
explains the fact that LRP2 knockout mice are suffering from rickets and low bone

density (Nykjaer, 1999). In addition LRP2-knockout mice show malformations of the
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forebrain, and most die immediately after birth, which gives evidence that the
receptor is also important for the central nervous system (Willnow, 1996).

LRP2 is an essential importer for vitamins, bond vitamins get internalised, there
carrier proteins are degraded in lysosoms and the vitamins are released into the
cytosol where they can fulfil their functions. LRP2 is known to be crucial for the
regulated uptake of estrogens and androgens, bond to the sex hormone binding
protein (SHBG). With SHBG the cellular need of sex hormones can be managed and
regulated, in contrast to the passive diffusion of sex hormones trough the plasma
membrane (Hammes, 2005).

LRP2-/- knockout mice give evidence that LRP2 is essential for the cellular
absorption of estrogens and other sex hormones in target cells. Knockout animals
show insensitivity to sex hormones and also sex hormone treatment and are suffering

poor genital maturation (Willnow, 2010).
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2 Material & Methods

2.1 Cell Culture

2.1.1 Cell Culture — HEK 293

The abbreviation HEK stands for “Human Embryonic Kidney”. The cell line was
invented in the year 1977 by Graham and Van der Eb. Human embryonic kidney cells

cultures were transformed with sheared adenovirus 5 DNA (Graham, 1977).

HEK-293 cells were cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture
F-12 Ham (Sigma), in an atmosphere containing 5% CO, at 37°C. The medium was
supplemented with 10% fetal calf serum (FCS) (SigmaAldrich), 2 mM L-glutamine
(Gibco), 0.1 mg/ml streptomycin and 100 U/ml penicillin (Gibco).

2.1.2 Isolation of primary kidney cells

For primary chicken kidney epithelia cell culture, fresh kidneys from 2-3 days old
chicks were isolated and pooled. First step was to wash the tissues several times in
HBSS 6 (Sigma-Aldrich), to remove possible contaminations. Then kidneys were
transferred into a fresh dish filled with a mixture of PBS (Sigma-Aldrich) and
collagenase (Sigma) (1mg/ml) and were rigorously snipped. The resulting cell
suspension was descanted into a fresh Erlenmayer flask and stirred at 37 °C for 30
minutes. For size exclusion cells were filtrated by a 70 ym nylon mesh (Falcon®) and
transferred into a fresh 50 ml falcon for centrifugation (2 minutes at 300 g). The
resulting supernatant was removed and the cell pellet was resuspended in cell
culture medium (Mc Coy’s 5A, PromoCell), supplemented with 10 % fetal calf serum
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(FCS), 2 mM L-glutamine, 0.1 mg/ml streptomycin and 100U/ml penicillin. Cells were
cultivated in a humidified 95 % air 5 % CO, incubator.

Phenol red is supplemented to medias as a visual pH — indicator. Unfortunately
phenol red has also the ability to mimic estrogen effects. To avoid this effect and
bastardize the effects of the actual treatment, the media was changed into the phenol

free version 24 hours ahead the treatment (Berhois, 1986).

2.2 Molecular Biological Methods: RNA/DNA

The used mature Derco-Brown (TETRA-SL) laying hens (n=3) and roosters (n=3)
were ether among 30 - 40 weeks old or 10 days old, purchased from Diglas Co
(Feuersbrunn, Austria). The birds were fed a commercial layer mash diet with free
access to water and feed at 20 °C with a daily light period of 16 h. After cervical
dislocation the organs of the animals were extracted surgically and immediately
placed in liquid nitrogen, to insure the integrity of the tissues. The organs were stored
at -20 °C. All animal procedures were approved by the “Animal Care and Use

Committee” of the Medical University of Vienna.

2.2.1 Isolation of RNA/DNA

For RNA isolation 70-90 mg of chicken tissue was homogenized with 1 ml of TRI®
Reagent (Sigma-Aldrich) using a potter or the ULTRA-TURRAX® T25 basic. The
homogenized samples were incubated for 5 minutes at room temperature (RT).
Afterwards 200 pl of chloroform were added. The tubes were shaken vigorously for
15 seconds and incubated for 3 minutes at RT. After incubation the samples were
centrifuged at 12 000 x g for 15 minutes at 4 °C. After centrifugation, the mixture was
separated into three different phases. The upper aqueous fractions, which contain
the RNA, were transferred into a fresh Eppendorf tubes. For RNA precipitation 500 pl
of isopropyl alcohol was added, mixed by vortex and incubated for 10 minutes at RT.
Then the samples were centrifuged at 12 000 x g for 10 minutes at 4 °C. During

centrifugation a pellet of RNA was formed. The supernatant was removed and the
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pellets were washed with 1 ml of 75 % ethanol. After vortex the samples were
centrifuged 7 500 x g for 5 minutes at 4 °C. At the end of the procedure, the ethanol
was removed and the pellets were air-dried for a maximum of 10 minutes. Dry RNA
pellets were solubilized in RNase-free water and incubated for 10 minutes at 60 °C.
RNA concentration was measured by using Nanodrop 2000c Spectrometer. Samples

were stored at -80 °C.

2.2.2 cDNA synthesis

For cDNA synthesis the SuperScript® Il Reverse Transcriptase from Invitrogen™ was
used. The following components were mixed together into a sterile Eppendorf tube
and incubated for 5 minutes at 65 °C.

Mastermix

1 uyg total RNA
1yl dNTP (10 mM each)
1 ul Oligo (dt)1g Primer (0,5 pg/ul)

X Ml H20 up to a final volume of 12 pl

Then the samples were immediately cooled down on ice, 4 pl 5x First Strand Buffer
and 2 yl 0,1 M DTT were added. Heating was continued for 52 minutes at 42 °C.
After 2 minutes 1 ul SuperScript® Il Reverse Transcriptase (200 U/ul) was added. In
the end cDNA synthesis was stopped by a final incubation for 15 minutes at 70 °C.
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2.2.3 Polymerase chain reaction (PCR)

To perform PCR, GoTaq ® Green Master Mix from Promega was used. A mastermix
of the following components was blended.

Mastermix

15,0 yl GoTaq
1,5 ul Forward Primer
1,5yl Reverse Primer
1,0 ul  cDNA
8,0 ul HO

Used Primers
Fw_ggERa 5 GGAGTTACCCTGCTGCACCAG 3
Rv_ggERa 5 GTACCTGCTGGCTGTGGTGA 37
Fw_ggERB 5 AAGTGAGACCACTGGACCCAG 3
Rv_ggERB 5 AGGATTCGATACCCACAGCGT 3’
Fw_ggp-Actin 5’ AGCTATGAACTCCCTGATGG 3
Rv_ggB-Actin 5" ATCTCCTTCTGCATCCTGTC 3’

To visualize the synthesised PCR products, a 1 % agarose gel containing 10 ul
ethidium bromide (10 mg/ml) was made. PCR samples were mixed with 5x DNA
loading dye and the gel slots were filled with 15 yl sample-loading-dye-mix and 6 ul
DNA ladder (GeneRuler™, 1 kb Plus DNA Ladder). The gel runs for 40 minutes at
100 Volt.
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2.2.4 Quantitative-Real-Time PCR (qPCR)

Quantitative real time PCR (qPCR) was used to determine the quantitative
expression of ERa and ERf at the transcript level. Therefore cDNA samples and the
used primers were deluted 1:10. For each sample 8,2 ul H20, 10 pl SYR, 0,4 pl of
each primer and 1 pl cDNA were mixed and transferred into a 96-well plate
appropriate for the light cycler. The 96-well plate was put into the Light Cycler® and
the programm started. All samples were analyzed in triplicates and chicken beta-actin
MRNA levels were measured as housekeeping genes and used for normalisation.

The data was analysed by using excel.

2.3 Molecular Biological Methods: Proteins

2.3.1 Protein extraction - Tissues

Homogenisation buffer

20 mM Hepes
300 mM Sucrose
150 mM NacCl

Protein extracts were prepared from tissues frozen in liquid nitrogen. The
homogenisation buffer (20 mM Hepes, 300 mM Sucrose, 150 mM NaCl) was added
to each tissue sample (4 ml/ 1 g tissue) and homogenized with the ULTRA TURRAX®
T25 Homogenizer three times for 20 seconds. The mixtures were centrifuged at 688
x g for 10 minutes at 4 °C. Afterwards supernatants were transferred into fresh

centrifuge tubes and 1/20 volume of 20 % Triton X-100 was added. To mix all
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components, tubes were vortexed and subsequently cooled down for 30 minutes on
ice. For seperation of the membrane components and the inner cell mass, the
samples were ultracentrifuged at 150 000 x g for one hour at 4°C (Optima™
Ultracentrifuge, rotor: Beckmann TLA 100.4). The resulting supernatants, containing
the proteins, were transferred into fresh Eppendorf tubes. The protein concentration
was measured by using Bradford and a Nanodrop 2000c Spectrometer. Proteins

were stored at -20 °C.

2.3.2 Protein extraction - cells

Lysis Buffe B

200 mM TRIS
2mM CaCl,
1,4% Triton X -100

pH 6,5

For cell lysis and protein extraction, cells got washed tree times with PBS. Afterwards
500 ul PBS were added to the cell layer of a 10 cm @ tissue culture dish, scraped
with a rubber policeman and transferred into a fresh Eppendorf tube. Cells got
centrifuged at 2000 x g for 5 minutes (Sigma ® Laborzentrifugen). The arisen pellet
got resuspended in 300 pl Lysis Buffer B and centrifuged at 50 000 x g for 1 hour at
4 °C (Optima TM Ultracentrifuge, Beckman). The resulting supernatant was
transferred into fresh Eppendorf tubes. The protein concentration was measured by

using Bradford and a Nanodrop 2000c Spectrometer. Proteins were stored at -20 °C.
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2.3.3 SDS-Polyacrylamide gel electrophoresis (SDS — PAGE)

The components of the separating gel were mixed, poured into the glass cassette
and were overlayed with isopropanol to get an even top of the gel. After 20 minutes
the gel was fully polymerized and the components of the stacking gel were mixed
together and poured over the stacking gel. A comb was inserted and the stacking gel
was allowed to polymerize for at least 15 minutes. The electrophoresis camber was
installed and filled with electrophoresis buffer. The gel was inserted into the chamber,
comb was removed and the gel slots were filled with protein samples mixed with non-
reducing loading buffer.

For size detection 10 pul protein ladder (Ladder-Precision Plus Protein® Unstained
Standards, Bio-Rad) were loaded in one slot. The gel runs for 15 minutes at 120 volt.
Afterwards the gel run till the bromphenolblue from the loading buffer reached the
bottom of the gel at 180 volt. The gels were used for Coomassie Blue Staining or

Western Blot.

Components of the SDS-PAGE gel ( 1mm)

STACK SEPERAT

4% 10% 12%
H,O 1,525 2,025 1,675
1,5 M Tris pH 8,8 (ml) - 1,25 1,25
0,5M Tris pH 6,8 (m I) 0,625 - -
30% PAA (ml) 0,325 1,65 2
10% SDS (pl) 25 50 50
10% APS (pl) 12,5 25 25
TEMED (pl) 5 5 5

2.3.4 Western Blotting

The seperated proteins were transferred on a nitrocellulose membrane, to make
them accessible to antibody detection. Therefore a wet sandwich blot was performed.
The gel was gently carryed over a transfer buffer wetted nitrocellulose membrande, 3
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layers of wet Whatman paper and a wetted sponge on both sides makes the
sandwich complete. The sandwich was moved into the blotting apparatus, filled with
transfer buffer. The transfer was performed at 100 Volt (constant) for one hour in an
icebox. After blotting was finished, the proteins on the membrane were stained with
Ponceaus for 2 to 3 minutes, to mark the ladder bands. To block non-specific binding
sites, the membrane was incubated in TBS-T (TBS, 0,1 %Tween 100) containing 5%

nonfat dry milk for one hour at room temperatur.

First and second antibodies for immunodetection, we stern blot

First antibody

Anti-mouse GAPDH 1: 20 000 in TBS-T containing 5 % nonfat dry milk
Anti-human ERa (Santa Cruz) 1: 50 in TBS-T containing 5 % nonfat dry milk
Anti-human ERp (Santa Cruz) 1: 50 in TBS-T containing 5 % nonfat dry milk
Anti-chicken LRP2 1:250 in TBS-T containing 5 % nonfat dry milk

Second antibody

HRP-conjugated goat 1:50 000 in TBS-T containing 5 % nonfat dry milk
anti-rabbit IgG
HRP-conjugated goat 1:20 000 in TBS-T containing 5 % nonfat dry milk

anti mouse 1gG

After blocking the membrane was incubated with the first antibody over night at 4 °C.
Next day, the antibody was removed by shaking the membrane in TBS-T for fife
minutes in a box, this step was repeated three times.The second antibody was added
for one hour at room temperature. After removing the unbound antibodies with three
times washing with TBS-T, the membrane was developed with enhanced
chemoluminescence (ECL) (Pierce®ECL Western Blotting Substate, Thermo

Scientific) and exposed to an X-ray film (ThermoFischer).

31




2.3.5 Immunoprecipitation & Cross Linking

PREPARATION OF THE BEADS

MATERIAL & METHODS

Reagents

Cross linking reagent:
Dimethyl pimelimidate (DMP)
Stock concentration 13 mg/ml DMP

Elution reagent:
1 M glycine (pH3)

Dilution buffer:
PBS+ 1 mg/ml BSA

Wash buffer:
0,2 M triethanolamine in PBS

Quenching buffer:

50 mM ethanolamine in PBS

For immunoprecipitation 0,2 g Protein A Sepharose™ CL-4B beads were mixed with

1,5 ml PBS and centrifuged at 14 000 rpm for 1 minute at RT. The supernatant was

decanted, 750 yl PBS were added and centrifuged again at the same conditions.

After decanting the supernatant, 750 yl PBS were added and the beads were rolling

end over end overnight at 4 °C. Next day the beads were centrifuged and washing

buffer (1:1 of the volume of the bead slurry) was added. Beads were rolling end over

end for 10 minutes at 4°C. Again the beads were centrifuged, 2 ug of the antibody

solved in dilution buffer were added, this mixture was rolling end over end von 1 hour

at 4 °C. After this time, beads were centrifuged and dilution buffer (1:1) was added

and rotates for 5 minutes at 4 °C. To arrange the cross linking between beads and
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antibodies, DMP was mixed 1:1 with wash buffer (pH 8-9), this mixture was added at
the ratio of 1:1 to the bead slurry and rolling end over end for 30 minutes at RT. Then
the beads where washed with wash buffer for 5 minutes rotation. This procedure was
repeated three times. For quenching, quenching buffer, at 1:1 ration, was added
rotated for 5 minutes at RT, centrifuged and washed with PBS (1:1). To remove
unlinked antibodies beads were washed twice with 1 M glycine pH 3 for 10 minutes at

RT. Finally the beads were washed three times with PBS.

IMMUNOPRECIPITATION

Approximately 120 ul bead slurry was mixed with 1 mg protein extract including
protein inhibitor (25 x, Copmplete protease Inhibitor, Roche) and rolling end over end
at 4 °C overnight. The samples were washed three times with PBS. Then 20 pl of
non-reducing Laemmli-buffer was added and the samples were incubated for 5
minutes at 95 °C. After a final centrifugation step at 10 000 rpm for 1 minute, the

supernatant, including the proteins of interest, were loaded on a SDS-Gel.

2.3.6 Coomassie Blue Staining

Reagents

Coomassie blue staining reagent
300 ml glacial acetic acid
750 ml isopropanol
0,862g Coomassie Blue R250
1950 ml H,O dd

Destaining reagent
100 ml  acetic acid
300 ml MeOH
700 ml H,O dd
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After electrophoresis, the gel was gently removed from the glass plate and put into a
plastic box filled with Coomassie Blue stain reagent. The gel was incubated with the
reagent for 1 hour at RT with careful agitation. Afterward the Coomassie reagent was
decanted and the gel was covered with destaining reagent till the bands were visual

and the blue background was removed.
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3 Results

3.1 Part 1: Tissue distribution

To explore the tissue distribution of the two ER subtypes in Gallus gallus and to
determine the allocation is alike in other species PCR, qPCR, Western blot and

immunoprecipitation were used.

To investigate an age related expression profile, tissues of chickens in two age
groups (40 weeks and 10 days old) were sacrificed. Beyond that, | was also
interested in possible distribution differences between sexes, therefore male and

female animals of each age group have been analysed.

3.1.1 ERa and ER B mRNA tissue specific distribution

To determine the relative distribution of the two estrogen receptors a and f mRNA at

the transcript level, PCR was used.
Therefor total mMRNA extracts form gallus gallus tissues were extracted and reverse
transcribed into cDNA. For amplification of the PCR products, chicken-specific

primers were used, as described in Material and Methods, Section 2.2.3.
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Figure 7: Tissue distribution of galline ER  a and ERf transcript in female

chick (40 weeks old): For PCR, cDNAs from laying hen organs were used as
templates. Specific 337 bp fragments for ERa and 364 bp fragments for ERf3
were amplificated. For loading control a 236 bp fragment for B-actin was

amplified.

As shown in Figure 7 ERa mRNA is expressed in high levels in heart, spleen and

kidney of the laying hen. Brain, skin, adipose tissue, lung, colon, ovary and the

oviduct show a moderate receptor expression. In the other tissues the receptor was
not detectable. Surprisingly ERB mRNA was found only in a single organ, the kidney.
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Figure 8: Tissue distribution of galline ER  a and ER transcript in male
chick (40 weeks old): For PCR, cDNAs from rooster organs were used as
templates. Specific 337bp fragments for ERa and 364bp fragments for ERf
were amplificated. For loading control a 236bp fragment forB-actin was
amplified

In roosters (see Figure 8) ERa mRNA is present on a moderate expression level in
adipose tissue, muscle, lung, spleen, adrenal gland, colon and testis. A much higher
presence is shown in the tissues of the heart and the kidney. PCR experiments show
ERB mRNA in the testis and the kidney of the 40 weeks old rooster. Unfortunately the

band in the lane for the kidney is hardly to see.
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Figure 9: Tissue distribution of galline ER  a and ER transcript in female
chick (10 days old): For PCR, cDNAs from young chicken organs were used
as templates. Specific 337 bp fragments for ERa and 364 bp fragments for

ERB were amplificated. For loading control a 236bp fragment forB-actin was

amplified

To investigate if there are age related differences in the tissue expression of the two
estrogen receptor subtypes also 10 days old female and male chickens were tested.

Figure 9 illustrates the transcript levels in 10 days old female chicken. After PCR
experiments ERa mRNA was detectable in skin, muscle, lung, liver and also in a
slight amount in the colon. ERB mRNA was traceable in brain, skin, muscle, lung,

heart and adrenal gland and in huge portions also in the liver.
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Figure 10: Tissue distribution of galline ER o and ER transcript in male

chick (10 days old): For PCR, cDNAs from young chicken organs were used
as templates. Specific 337 bp fragments for ERa and 364 bp fragments for
ERB were amplificated. For loading control a 236 bp fragment forp-actin was

amplified

Figure 10 demonstrate the relative mRNA tissue distribution of the receptor subtypes.
ERa is detected by using PCR in muscle, heart and kidney whereas. ER mRNA was

discovered in the brain and the kidney of the 10 days old male chicken, by using

PCR.
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Figure 11: ER a and ER B mRNA tissue distribution — comparison between

age and sex groups: Collected PCR results from all tested animals, gray
shaded boxes — female, blank boxes — male, +++ — positive for > 70%, ++ —
positive for >40%, + — one of three tested animals # - tissue was not tested. A
highlights the differences between female and male in each age group and, B
points out expression differences in the same sex between adult and young

animals.

For the investigation of the tissue specific mMRNA expression profile of ERa and ER
in chicken three animals of each tested group, were sacrificed and several PCR
studies were done. To give an impression of the whole data and some individual
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results, caused by the method or distinct expression profiles in some individuals the
following table was created (see figure 11).

Figure 11A shows that the expression profile of ERa and ERB mRNA is in female and
male chicks more or less the same. ERa mRNA is expressed in nearly every tested
tissue whereas ER3 mRNA is found just in the kidney of both sexes and in the testes.
In 10 day old chickens the tissue expression profile is more different between sexes.
In female 10 day old chickens the co-expression of ERa and B mRNA in muscle,
lung, heart and liver is eye-catching. In 10 day old male chickens, co-expression is
just found in brain and the testis. In figure 11B the differences between ages in the
same sex are highlighted. In this type of illustration it is interesting to see, that ERa
MRNA seems to play an important role in many tissues of the 40 weeks old female
chicken, but not in the tested younger age group. In 10 day old female chickens ERa
MRNA is expressed just in one tested animal in muscle, lung, heart and liver. In
exchange to the low ERa mRNA expression ERB mRNA gains more importance.
Also in 40 weeks old roosters ERB mRNA plays a more important role than ER[
MmRNA. But in contrast to the female 10 day old chickens ERB mRNA is less

expressed.
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Due to PCR analysis deliver just semiquantitative results, the next demand was the
exploration of the tissue distribution of estrogen receptor alpha and beta in both
sexes and age groups in a quantitative manner. Therefore gPCR was used. By this
technique a fluorescent dye intercalates in the amplified double-stranded DNA. The
fluorescent signals are detected and the collected data gets analyzed by statistical
methods.

For the relative quantification of the raw data delivered by gPCR analysis internal
controls are essential to avoid any corruption of the final results, because of
variations of the DNA quantities. Therefore housekeeping genes are used.
Unfortunately it wasn’'t possible to find a gene which is expressed in the same level in
all tested chicken tissues. Tested housekeeping genes were B-actin (unequal tissue
expression is also shown in the figures presenting the PCR results (see figure 1- 4),
RS 17 and GAPDH (results not shown).

3.1.2 ERa and ER B tissue distribution at the protein level

After experiments about the relative expression of ERa and ERB mRNA levels, it was
interesting if the transcripts were also translated in the corresponding proteins. Also
on the protein level the tissue distribution was tested in 10 days and 40 weeks old
female and male chickens, to investigate if there exists an age or gender related
expression.

To get an insight in the tissue distribution on the protein level, protein extracts from
each chicken tissue were prepared and loaded on an SDS-PAGE. This procedure
was followed by Western blotting and incubation of the blotted membranes with

corresponding antibodies.
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Figure 12: Tissue distribution of galline ER  a and ER protein levels in 40

weeks old female and male chicken. For SDS-PAGE under non-reducing
conditions and followed Western blot analysis, protein extracts of tissues (100
Mg protein/lane) were used. For SDS-PAGE a 10 % gel was prepared and
Western blot membranes were incubated with an anti huERa and anti huER
antibody (1:50). A indicates the Western blot results for the female and B for

the male chicken
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Figure 13 Tissue distribution of galline ER a and ERB protein levels in

10days old female and male chicken. For SDS-PAGE under non-reducing
conditions and followed Western blot analysis, protein extracts of tissues (100
Mg protein/lane) were used. For SDS-PAGE a 10 % gel was prepared and
Western blot membranes were incubated with an anti huERa and anti huERf
antibody (1:50). A shows Western blot results for the female and B for the male

chicken.* indicates a lower incubation time.

Unfortunately there are no commercial anti chicken antibodies for the proteins of
interest available. The used antibodies are specific for human proteins, but according

44




RESULTS

to the manufacturer (Santa Cruz) they should cross-react with chicken proteins as
well. Like figure 12 illustrates the used antibodies bond very unspecific to the
separated proteins, which make it difficult to clearly identify the proteins of interest.
With best knowledge the bands for ERa and ERP are indicated in the predicted
highs. In the 40 weeks old female chicken ERa was found only in the spleen and
ERB was present in the heart, liver and kidney and very light band was visible in the
lane for the oviduct (figure 12A). The Western blot for the tissue expression in the 40
weeks old male chicken, heart, spleen, liver and kidney were positive for ERa. Only
the kidney showed ER signals (see figure 12B).

The protein tissue profile of 10 day old chickens showed positive signals for ERa and
ERPB in spleen and kidney in case of the female chicken. ERa was also detected in
the liver. It is know that in chicken a 61 kDa ERa isoform is existing. If the used
antibody binds also the isoform, the muscle would be also positive (see figure 13A).
Western blots for the male 10 day old chicken were very unsatisfactory. Figure 13B
showed ERa signals in the heart and spleen and ER( was detected in the liver and

the spleen.

Western blots experiments showed in general no (data not shown) or unspecific
signals. To bypass this problem | tried to achieve better results by using Sepharose A
beads, cross-linked with the antibodies of ERa or ERB. These beads were mixed with
the protein extracts form each tissue. The eluat of this procedure, containing ERa or
ERB proteins, was loaded on a SDS-PAGE. Separated proteins were stained with
Coomassie Blue dye.
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Figure 14: Tissue distribution of galline  ERa and ER B protein levels in the
laying hen. For IP, Protein A Sepharose beads were cross linked with the
corresponding antibodies and mixed with 1 mg protein/tissue. The eluate of the
immunological clean-up was loaded on a SDS-PAGE (10 %) and subsequently
stained with Coomassie Blue. A indicates IP with an anti ERa antibody, B
indicates an IP for ERp.
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Figure 15: Tissue distribution of galline ER o and ER protein levels in the
rooster. For IP, Protein A Sepharose beads were cross linked with the
corresponding antibodies and mixed with 1 mg protein/tissue. The eluate of the
immunological clean-up was loaded on a SDS-PAGE (10 %) and subsequently
stained with Coomassie blue. A indicates IP with an anti ERa antibody, B
indicates an IP for ERp.
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With this method signals in the high of 66 kDa, where ERa should be, were only
detected in the oviduct. In this case, the antibody has also an affinity to the smaller
isoform (61 kDa), as well the brain, heart, lung and liver and the colon would be
positive for ERa (see figure 14A). According to figure 14B it seemed that ER is
expressed in muscle and the kidney. In roosters ERa was not detectable in any
tissue. ERB might be in the tissues of the muscle, lung, heart and testis (see figure
15).

With the specific cleaning-up for ERa or ERB with Protein A Sepharose beads it was
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also not able to get a clearer impression of the specific protein expression profile.

Due to this fact IP wasn’t done for 10 days old chickens

Figure 16: Summary of the tissue expression pattern study.

Figure 16 is a complete collection of the results of the study of the tissue expression
pattern of ERa and ERpin gallus gallus.
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On a superficial look, the first eye catching result is that ERa is more expressed than
the beta subtype. On a closer look one can see that this is true in case of the mature
chicken, but not in case of the immature chicken. It seems that there is an age-
related expression of ERa and ER.

On a sex specific few, it looks that the expression pattern of both ERs is more or less
the same in mature chicken. In premature chickens this conformity is not shown.

Here ERP is more prominent in female and ERa in the male.

3.2 PART 2: Are the ERs involved in the LRP2 up-

regulation due to estrogen?

Part 1 focused the interest on the tissue distribution of the estrogen receptor
subtypes a and B in immature and mature chickens, part 2 is dealing with the
investigation of a possible connection between the membrane protein and an

essential importer of hormones - LRP2, and the estrogen receptors.

3.2.1 Effects of estrogen and RAP on LRP2 mRNA, ER a mRNA and
ERB mMRNA

The first interest was to test the effect of different doses of estrogen and RAP of the
MRNA expression of LRP2, ERa and ER in in vitro. Therefor the human embryonic
kidney cell line — HEK-293 and a primary cell culture of kidney cells from three day
old chickens (PKE) were cultivated and treated with the indicated substances.

The impact of the treatment was analysed by using quantitative PCR.
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Figure 17: ER a, ERB and LRP2 transcript levels in HEK—-293 cells, after
treatment with estradiol and RAP.  Transcript levels were analyzed by using
gPCR. The cultivated cells were harvested after 24h treatment. The numbers
in the figure are indicating the following treatments.. Gene expression is

denoted in arbitrary units (AU).

Figure 17 shows that LRP2 mRNA expression is slightly elevated by the treatment
with estrogen, but there is no significant difference between the two doses. As one
might expect, RAP treatment decreases the LRP2 mRNA level in a dose dependent
manner, the higher the dose, the lower the expression. Interestingly, the LRP2 mRNA
expression is lowest by a combination of estrogen and RAP.

ERa mRNA values decrease after estrogen and also after RAP treatment. The
combined treatment of the two tested substances ERa mRNA seemed to be
elevated. Notably the mRNA of ER was affected different, by the same treatment.
The values were increased after RAP and estrogen treatment. Low doses of estrogen
and high doses of RAP have the same impact like a single estrogen dose. Just in

case of a low estrogen and RAP dose the ERB mRNA expression is dropped.
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Figure 18: ERa, ERB and LRP2 transcript levels in PKE cells, after

treatment with estradiol and RAP.  Transcript levels were analyzed by using
gPCR. The cultivated cells were harvested after 24 h treatment. Gene

expression is denoted in arbitrary units (AU).

LRP2 was affected by the different treatments in the same way in PKE cell, like in
HEK-293 cells. Estrogen increased the expression, RAP and the combination of
estrogen and RAP decreases it, but seemed that RAP has a greater impact in the
reduction of the LRP2 mRNA, compared to HEK-293 cells. Very interestingly ERa
MRNA is elevated after estrogen treatment in a dose dependent way, the more
estrogen, the higher the value. In contrast ER was down-regulated after estrogen
treatment. RAP and estrogen strongly promote the mRNA expression of both
receptor subtypes (see figure 18).
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3.2.2 Effects of estrogen and RAP on LRP2, ER a and ERB in the

protein level

The next task was to check if the changes after the treatments are also reflected on
the protein level. Therefore protein extracts from the treated cells were made and
SDS-PAGE and Western blot was performed.
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Figure 19: LRP2 protein expression in HEK cells after treatm  ent with
different doses of estrogen and RAP . For SDS-PAGE under non-reducing

conditions and followed Western blot analysis, protein extracts of tissues (100
Mg protein/lane) were used. For SDS-PAGE a 10 % gel was prepared and
Western blot membranes were incubated with a ggLRP2 antibody (1:250).

For loading control the housekeeping gene GAPDH was used.

Figure 19 showed very nicely that the results on the transcript level were reflected on
protein stage. Estrogen increases LRP2 expression and RAP and a combination of
estrogen and RAP leading to a decrease of the LRP2 protein.

ERa and ER[ wasn’t able to detect by Western blotting techniques. Also the loading
of the maximum of the protein extracts and the use of high concentrations of the
antibody didn't enable any detectable signal, as well as the use of different

antibodies. It is possible that the estrogen receptors are very low expressed in HEK -
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293 cells and consequently hard to detect by Western blotting. Due to this idea in the
next steps co-immunoprecipitation was used. This method was used for the next
cellular treatment to clean-up the protein extracts for the proteins of interest
(Figure20).
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Figure 20: The impact of estrogen, RAP and ICI treatmen t on the protein

levels of ER a and ERB in HEK-293 cells. Cells were harvested after 24h
treatment, whereby ICI 182780 was given one hour before harvesting. For IP
Sepharose A beads were cross-linked with anti huERa or anti huERR
antibodies, beads were mixed with 1 mg protein extract/sample. Purificated

proteins were loaded on a 10 % SDS-PAGE and stained with Coomassie Blue.
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3.2.3 Does the antiestrogen ICI effect LRP2 express ion?

After the experiments showed that estrogen treatment elevates the LRP2 expression,
| wanted to examine this effect from another point of view.

® was used

For this purpose ICI 182780, also named Fulvestrant or Faslodex
because of the following predicted functions on both estrogen receptors: 1) the
competitive binding to ERs, so they can’t bind estrogen, 2) the receptors get down-
regulated through the binding and 3) the binding causes changes in the receptor
surface, which change the binding affinity to cofactors. As positive control of the
HEK-293 cell treatment with ICI 182780 the two estrogen receptors were validated.
Therefore an IP with the collected protein extracts from the treated cells was done,

followed by SDS-PAGE and Coomassie Blue staining.

Figure 20 indicates that the treatment worked for both receptor subtypes. ERa as
well as ERp is less expressed in samples treated with the inhibitor. Furthermore it
seems that due to the use of IP heterodimers between the estrogen subtypes are
cleaned up, because in case of the use of ERa as well as ERB antibodies for the IP
both receptor subtypes show presence in on the stained membranes. In addition it
seems that ERa is expressed in higher doses in HEK-293 cells than ERp, or the

purification wasn’t as successful in case of ERB, compared to ERa.
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Figure 21: The impact of estrogen, RAP and ICl trea tment on the protein

levels of LRP2 in HEK-293 cells. For SDS-PAGE under non-reducing
conditions and followed Western blot analysis, protein extracts of cultivated
HEK cells were (100 ug protein/lane) were used. To detect LRP2 anti huLRP2
(1:250) and for housekeeping gene detection anti huGAPDH (1:20 000) was
used. Cells were harvested after 24 h treatment, whereby ICI 182780 was

given one hour before harvesting.

The Western blot with antibodies against LRP2 in figure 21 shows that ICI 182780
also decreased the level of LRP2 protein. Furthermore it prevented the up regulation
of the protein after estrogen treatment and it enhanced the negative effect of RAP.
LRP2 was not detectable in cells which were treated with all three substances (IClI
182780, estrogen and RAP).
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4 Discussion

Normal reproductive, physiological and developmental processes in animate beings
are dependent on steroid hormones such as estrogens (Harris, 2006). Estrogens play
an important role in different stages of the female development. Nowadays it is
known that the ancient female hormone is also an important factor of male health -
even male fertility is affected by estrogens (Eddy, 1996 and Dupont, 2000). Most
actions of estrogens are coordinated and modulated by the very complex work of the
estrogen receptors a and B (Pearce, Jordon, 2004; Petterson, 2000). Due to the
mediating function of the signals form estrogens in their target genes, the receptor
subtypes should be present and detectable in them. In various tissues of humans,
rats, mice and other species, the existence of ERa and ERp is proved (Stenberg,
2002) In gallus gallus little is known about their tissue distribution. According to
current knowledge ERs are found in various tissues of the galline body like the
ovaries and testis, the kidney and the brain (Gonzales-Moran, 2014; Gonzales-
Moran, 2008; Hansen, 2003 and Griffin, 2001).

But very little is known about other tissues or organic systems in gallus gallus. Due to
this knowledge gap the first part of this study deals with the analysis of the tissue
distribution of the two estrogen receptor subtypes in mature chickens. Another
interesting question was if there might be a discrepancy of the expression pattern
between male and female ones.

The results of the analysis on the transcript level showed very nicely that the
expression of ERa mRNA is quite similar in both sexes. Very unsurprisingly male and
female chickens produce the receptor in their sexual organs. The publication from
Hrabia says that the alpha receptor plays a predominant role in the chicken ovary
and that the beta receptor is also expressed, but in much lower quantities (Hrabia,
2008). Maybe ERP was also present in the tested ovary tissue, but in too low
concentrations to detect it with the used system. Roosters and chickens, both have
estrogen receptor a mRNA in their heart, liver, spleen, kidney, adrenal gland and the

colon. These results harmonize with the findings of Kuiper and Harvery by their
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proposed effects of ERs in the electrolyte and fluid household (Kuiper, 1997 and
Harvery, 2001). Very surprising all tested testis were positive for ERa mRNA but just
one tested chicken produced it in its ovary. A possible explanation for this result
might be the asymmetric expression of the estrogen receptors in order to the
asymmetric development of the left and the right chicken ovary (Gonzales-Moran,
2014), maybe most of the tissue samples were taken coincidently from the less
developed ovary. After PCR tests with the taken primers for ERa and ER, it seems
that ERB mRNA has a reduced impact on the mediation of estrogen signals in
chickens. ERB mRNA was only detected in the kidney of both sexes and the sexual
organs. In comparison with the findings from a group around Kuiper in the year 1997,
which analysed the tissue distribution of ERa mRNA and ERB mRNA in rat, it is very
surprising that ERB mRNA is present just in two tissues (Kuiper, 1997).

The group around Hansen in the year 2003, which found out that ERa is expressed
in an age dependent manner (Hansen, 2003). This knowledge leads to investigate
the tissue distribution of 10 day old chickens. In this age class, ERa mRNA and ER(
MRNA were both expressed in muscle, lung, heart and liver. In addition ERB mRNA
was also found in the kidney and the adrenal gland. In 10 day old male chicks both
receptors were detected in brain, kidney and testis. ERa mRNA was also found in
skin, liver and adrenal gland. After these results the first eye catching difference is
that ERB mRNA is expressed in more tissues of the younger chicken compared to
the results from 40 weeks old chickens. It seems that ERB mMRNA has a greater role
in mediating the actions of estrogen in the young chicken compared to the tested 40
weeks old animals.

Furthermore it is very interesting that in the 10 day old chickens ERa mRNA and ERf
MRNA are present together in some tissues (female: muscle, lung, heart and liver;
male: brain, kidney and testis). The co-localitsation of both receptors, allows the
forming of heterodimers, which have distinct functions from homodimers (Petterson,
et al., 2000). If heterodimeristation takes place or not is an exciting question
addressed on further studies. The presence of specific mMRNA levels in a tissue is no
evidence that these ribonucleic molecules are also translated in functional proteins.
That's why the next step was to detect the proteins of ERa and ERB by Western

blotting. Unfortunately the Western blot analysis results in no band, why the
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maximum amount of proteins was loaded on the gels and very high concentrations of
the antibodies were used. This results in a total smear or in multiple bands, which
made a clear discussion hard.

In female 40 weeks old chicken, proteins of ERa were detected only in the spleen
and ER[ was found in the tissues of heart, liver, kidney and the oviduct. This result
was very surprising compared to the PCR results. On one hand because ERa protein
was found only in one tissue and also because of the results for ER(B, the proteins
were detected in tissues were the mRNA was not. The Western blot results of the 40
weeks old roosters harmonize better with the PCR results, ERa was detected in the
heart, spleen, liver and the kidney, were also mRNA was present. And also the
results for beta matched perfect (found in the kidney).

Western blotting results in 10 day old chickens were very unsatisfactory and don’t
match fine with PCR results. To bypass this problem it was tried to directly extract
proteins of ERa and ERP by Sepharose-A-beats linked to specific antibodies for the
protein of interest. Unfortunately this procedure was also not crowned with success.
The number of unspecific bands and the low outcome of the different test on the
protein level, might be due to the factor that the used antibodies for both estrogen
receptors were anti human. Very small group of scientists address their questions on
ERa or ERPB in chicken models, because of this fact it was not possible to find
commercial produced antibodies for the proteins of interest especial for chickens.
Further test, set with self-produced antibodies against the two chicken estrogen
receptors might be essential to reply this question more precise. A specific antibody
production is a time-consuming procedure, that’'s why it was not possible to do this in
the period of the master thesis.

The second aim of this study was to get a closer insight in the relationship between
LRP2 and estrogen. Further studies have shown that estrogen has a great impact of
chicken gens which are involved in the metabolic pathway. Estrogen especially
triggers the up-regulation of LRP2 in the galline kidney at transcript as well as the
protein level (Plieschnig, 2012).

The activation of the transcription might be achieved by a ligand-dependent
interaction between estrogen receptor alpha and Spl (stimulating protein-1) (Li,
2001).
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The treatment of two different cell types (cultivated primary chicken cells and HEK-
293 cells), show sensitivity against estrogen. The results present that estrogen
treatment triggers in both cell types an increased LRP2 level. Interestingly in HEK-
293 cells, the elevation seems to be independent due to the doses of estrogen. In
contrast to the cultivated primary chicken cells, were the regulation of LRP2 might be
function in a dose-dependent manner.

Surprisingly the effect of estrogen due to its receptors is in reverse in the cell types.
Whereas in HEK-293 cells ERa is down- and ERp is up-regulated in contrast primary
cells show the opposite result. Maybe this is an effect due to the different cellular
environment of the two different cell types.

To see if the up-regulation of LRP2 is due to estrogen is mediated directly by the
estrogen receptors, the receptors were blocked by the antiestrogen ICI 182780. The
result of this study shows that in cells which were previously treated with the
antagonist, LRP2 is less expressed. This result gives reason to confirm the impact of
ERs in this case.

Unfortunately it is not possible to distinguish between the effects of each receptor.

Is estrogen receptor alpha or beta essential for the up-regulation of LRP2 or is it a
heterodimer molecule of both, which is doing all the work? This questions give

reason for further exciting studies in this area of scientific research

59




60




REFERENCES

5 References

Adlercreutz, H., 1998, Evoultion, nutrition, intestinal microflora, and prevention of
cancer: a hypothesis. Proc Soc Exp Biol Med 217: 241-246

Ali, S., Coombers, R.C., 2000, Estrogen receptor alpha in human breast cancer:
occurrence and significance, J Mammary gland Biol Neoplasia, 5(3):271-81

Allen E and Doisy AE, 1923, An ovarian hormone: Preliminary report on its
localization, extraction, and partial purification and actions in test animals.
Journal of the American Medical Association 81: 819.

Ansar Ahmed, S., Penhale, W.J., Talal, N., 1985, Sex hormones, immune responses,
and autoimmune diseases. Mchanismss of sex hormone action., Am J., 121,
p.531

Aronica, S. M. and Katzenellenbogen, B. S., Stimulation of estrogen receptor-
mediated transcription and alteration in the phosphorylation state of the rat
uterine estrogen receptor by estrogen, cyclic adenosine monophosphate, and
insulin-like growth factor-I. Mol Endocrinol 1993, 7, (6), 743-752.

Baker, L., Meldrum, k.K., Wang, M., Sankula, R., Vanam, R., Raiesdana, A., Tsali, B.,
Hile, K., Brown, J.W., and Meldrum, D.R., 2003, The role of etrogen in cardio

Bardin, A., Boulle, N., Lazennec, G., Vignon and Pascal Pujol, 2004, Loss of ERp
expression as a common step in estrogen-dependent tumor progression,
Endocrine-Related Cancer, 11(3):537-551

Bardin, A., Hoffmann,P., Boulle, N., Katsaros, D., Vignon, F., Pujol, P., and
Lazennec, G., 2004, Involvement of estrogen receptor B in ovarian
carcinogenesis, cancer Res, 64, 5861-9

Barkhem, T., Carlsson,B., Nilsson, Y., Enmark, E., Gustafsson,J., and Nilson, S.,
1998, Differential response of estrogen receptor alpha and estrogen receptor

beta to partial estrogen agonists/antagonists, Mol Pharmacol, 54, (1),105-112

61




REFERENCES

Beato, M., Herrlich,P., and Schitz, G., 1995, Steroid hormone receptors: many
actors in search of a plot, Cell vol. 83, no. 6, pp. 851-857

Berthois, Y., Katzenellenbogen. J.A., and Katzenellenbogen, B.S., Phenol red
in tissue culture media is a weak estrogen: Implicationsconcerning
the study of estrogen- responsive cells in culture, 1986, Cell Biology, Vol.
83, pp.2496-2500)

Billeci A. M., Paciaroni, M., Caso, V. and Agnelli, G., 2008, Hormone replacement
therapy and stroke, Curr Vasc Pharmacol, 6(2):112-23

Birn, H., 2006, The kidney in vitamin B12 and folate homeostasis: characterization of
receptors for tubular uptake of vitamins and carrier proteins. Am. J. Physiol.
Renal Physiol.291-F22-F36

Brin, H., 2006, The kidney in vitamin B12 and folate homeostasis: characterization of
receptors for tubular uptake of vitamins and carrier proteins. Am. J. Physiol.
Renal Physiol, 291, F22-F36

Brzozowski, A. M., Pike, A. C., Dauter, Z., et al., 1997, Molecular basis of agonism
and antagonism in the oestrogen receptor. Nature;389:753-8

Brzozowski, A.M., Pike A. C., Dauter, Z., et al., “Molecular basis of agonism and
antagonism in the oestrogen receptor,” Nature, vol. 389, no. 6652, pp. 753—
758, 1997.

Changes in the cellular localization of estrogen receptor alpha in the growing and
regressing ovaries of Gallus domesticus during development, 2014, Gonzalez-
Moran, M.G., Biochemical and Biophysical Reserarch Communications 447
(2014) 197-204

Chimento, A., et al.,2010, 17beta-estradiol activates rapid signaling pathways
involved in  rat pchytene spermatocytes apoptosis through GPR30 and ER
alpha, Mol.Cell. Endocrinol. 320, 136-144

Christensen, A.l., Gliemann, J., Mestrup, S.K., 1992, Renal tubule gp330 is a calcium
binding receptor for endocytiv uptake of protein, J. Histochem. Cytochem. 40,
1481-1490

Christensen, E.I., Brin, H., 2001, Megalin and cubilin: synergistic endocytic receptors

in renal proximal tubule, American Journal of Physiology, 280, 562

62




REFERENCES

Cole, M.P., Jones, C.T.A., and Todd, I.D.H., 1971, A new antiestrogenetic agent in
bate breast cancer. An early clinical appraisal of ICI 4647. Br. J.Cancer,
25:270-275

Couse, J.F., and Korach, K.S., 1999, Estrogen receptor null mice: what have we
learned and where will they lead us?, Endorcr. Rev. 20, 358-417

Cowley, S.M., Hoare, S., Mosselman, S., and Parkers, M.,G., 1997, Estrogen
receptorsa and B form heterodimers on DNA, the journal of biological
chemistry, vol. 272, no. 32, issue of august8, pp. 19858-19862

Cranney, A. and Adachi, J.D., 2005, Benefit-risk assessment of raloxifen in
postmonopausal osteoporosis, Druf SAf, 28 (8):721-30

Cui, J., Shen,Y., and Li, R.,2012, Estrogen synthesis and signaling pathways during
aging: from periphery to brain, Tends in Molecular Medicine, Vol19,No.3

Cui, J., Shen,Y., and Li.,R., 2013, Estrogen synthesis and signaling pathways during
aging from periphery to brain, Trends Mol Med, 2013 Mar;19(3):197-209. doi:
10.1016

D’Amelio, P, and Isaia, C. G., 2013, The use of reloxifen in osteoporosis treatment,
Expert Opin Parmacother, 14 (7):949-56

Davis, C.G., Goldstein, J. L, Sudhof, T.C., Anderson, R.G., Russell, D.W., Brown,
M.S., 1987, Acid-dependent ligand dissociation and recycling of LDL receptor
mediated by growth factor homology region, Nature, 326, pp. 760-765

Deroo, B.J., and Korach, K.S., 2006, Estrogen receptors and human disease, Journal
of Clinical Investigation, v.116(3): 561-570

Dupont, S., Krust, A., Gansmuller, A., Dierich, A., Chambon, P. and Mark, M.,2000,
Effect of single and compound knockouts of estrogen receptors a (ER a) and b
(ER b) on mouse reproductive phenotypes, Developement, 127:4177-4291
34600

Eddy, E.M., Washburn, T.F., Bunch, D.O., Goulding, E.H., Gladen, B.C., Lubahn,
D.B.,and Korach, K.S., 1996, Target disruption of the estrogen receptor gene
in male mice causes alteration of spermatogenesis and infertility, Endocrinol,
197:4796-4805

Evan, R., S., Mahendroo, M.S., Means, G.D., Kolgore, M.,W., Hinselwood, M., M.,
Amarneh, S.G.L., Ito, Y., Fisher. M., Michael., M.D., Mendelson, C.R., and

63




REFERENCES

Bulun, S.,E., 2013, Aromatase Cytochrome P450, The Enzyme Responsible
for Estrogen Biosynthesis, Endocrine Reviews 15:3, 342-355

Falahati-Nini, A., Riggs, B.L., Atkinson, E.J., O’Fallon, W.M., Eastell, R., and Khosla,
S., 2000, Ralative contributions of testosterone and estrogen in regulationg
bone resorption and formation in normal elderly men, J Clin Invest.,
106(12):1553-1560

Farquhar, C.M., Marjoribanks, J., Lethaby, A., Lamberts, Q., and Suckling, J.A., 2005
Long term hormone therapy for perimenopausal and postmonopausal women,
Cochrane Database Syst. Rev. 3:CD004143

Fawell, S.E., White, R., Hoare, S., Sydenham, M, Page, M. and Parker, M.G., 1990,
Inhibition of estrogen receptor-DNA binding by the “pure” antiestrgen ICI
164,384 appears to be mediated by impaired receptor dimerization,
Proceedings of the National Academy of Sciences USA, 87 6883-6887

Filardo, E.J., Quinn, J.A., Frackelton, A.R.Jr., Bland KIl., 2000, Estorgen-induced
activation of Erk-l1 and Erk-2 requires the G protein-coupled receptor homolog,
GPR30, and occurs via trans-activation of the epidermal growth factor receptor
through release of HB-EGF. Mol Endocrinol 14:1649-1660

Fischer, C.E., Howie, S.E.M., 2006, The role of megalin (LRP-2/Gp330) during
development, Developemental Biology, 296, 279-197

Francucci, C.M., Romagni, P. and Boscaro, M., 2005, Raloxifen: bone and
cardiovascular effects, J Endocrinol Invest. 28,(10 Suppl): 85-9

Ganesh, N.,S., Rahul,D., Jyotsana, S., Piush, S., and Sharma, K. K.; Various types
and management of breast cancer: an overwiew, 2010, J Adv Pharm Technol
Res.2010 Apr-Jun; 1(2):109-126

Gonzales-Moran, M.G., 2014, Changes in the cellular localisation of the estrogen
receptor alpha in the growing and regressing ovaries of Gallus domiesicus
during development. Biochemical and Biophysical Research Communications
447 (2014) 197-204

Gonzales-Moran, M.G., Guerra-Araiza, C., Campos, M.G. and Camacho-Arroyo, I.,
2008, Histological and sex steroid hormone receptor changes in testis of

immature, mature, and aged chickens, Domest Anim Endocrinol, 35(4):971-9

64




REFERENCES

Gottsch, M.L., et al., 2009 Regulation of Kiss1 and dynorphin gene expression in the
murine brain by classical and nonclassical estrogen receptor pathways. J.
Neurosci. 29, 9390-9395

Gottsch, M.L., et al., 2009 Regulation of Kiss1 and dynorphin gene expression in the
murine brain by classical and nonclassical estrogen receptor pathways. J.
Neurosci. 29, 9390-9395

Graham, F.L., smiley, J., Russel, W.C., and Nairn, R, 1977. Characteristics of a
human cell line transformed by DNA form human adenovirus type 5, J.Gen
Virol, 36(1):59-74

Green, S., Kumar, V., Theulaz, I., Wahli W., and Chambon, P., 1988, The N-terminal
DNA-binding ‘zinc finger of the oestrogen and glucocorticoid receptors
determines target gene specifity, the EMBO Journal vol. 7 no. 10 pp. 3037-
3044

Greene GL, Gilna, P., Waterfield, M., Baker, A., Hort, Y.,Shine, J., 1986, Sequence
and expression of human estrogen receptor complementary DNA, Science
231:1150- 1154

Greene, G.L., Gilna, P., Waterfield, M., Baker, B., Hort, Y. and Shine, J., 1986,
Sequence and expression of human estrogen receptor complementary DNA,
Science Col.231 no.4742uu. 1150-1154

Griffin, C., Flouriot, G., Sharp, P., Greene, G. and Gannon, F., 2001, Distribution
Analysis of the Two Chicken Estrogen Receptor-Alpha Isoforms and Their
Transcripts in the Hypothalamus and Anterior Pituitary Gland, Biology of
Reproduction, Vol. 65 no.4 1156-1163

Griffin, C., Flouriot, G., Sharp. P., Greene, G., Gannon, F., 2001, Distribution
Analysis of the Two Chicken Estrogen Receptor —Alpha Isoforms and Their
Transcripts in the Hypothalamus and Anterior Pituitary, Biology of
Reproduction, vol. 65 n0.41156-1163

Haas MJ, et al, .2012, Estrogen-dependent inhibition of dextrose-induced
endoplasmic reticulum stress and superoxide generation in endothelial cells.
Free Radic Biol Med. 52:2161-2167.

Hall JM, McDonnell DP. The estrogen receptor b-isoform (ERb) of the human
estrogen receptor modulates Era transcriptional activity and is a key

65




REFERENCES

regulator of the cellular response to estrogens and antiestrogens.
Endocrinology 1999;140:5566- 78

Hall, J. M., Couse,J.F., and Korach, K.S., 2001, The Multifaced Mechanisms of
Estradiol and Estrogen Receptor Signaling, the Journal of Biological
Chemistray, 279, 36869-36872,

Hammes, A. et al., 2005, Role of endocytosis in cellular uptake of sex steroids, Cell.
122 751-762

Hansen, K.K., Kittok R.J., Sarath, G., Toombs, C.F., Caceres, N. and Beck, M.M.,
2003, Estrogen receptor-alpha populations change with age in commercial
laying hens, Poult Sci, 82(10):1624-9

Hansen, K.K., Kittok.R.J., Sarath,G., Toombs.C.F., Caceres, N., and Beck, M.M.,
Estrogen Receptor-a Population Change with Age in Commercial Laying
Hens, 2003, Poultry Science Association, 82(10):1624-9

Harries, H.A., 2006, Estrogen receptor-: Recent lessons from in vivo studies. Mol.
Endocrinol. 21, 4-13.

Harvey, B.J., Condliffe, S., and Doolan, C. M., 2001, Sex and salt hormones: rapid
effects in epithelia, News Physiol Sci 16, 174-177

Heldring, N., Pike, A., Andersson, S., Matthews, J., Cheng, G., Hartmann, J., Tujage,
M., Strom, A., Treuter, E., Warner, M., Gustafsson, J.A., 2007, Estrogen
Receptors: How Do They Signal and What Are Their Targets, Physiological
Reviews, Vol.87, no.3, 905-931

Heldring, N., Pike,A.,Andersson, S., Matthews, J., Cheng, G., Hartman J.,
Tujague,M., Strém, A., Treuter,E., Warner,M., and Gustafsson, J.-A., 2007,
Estrogen Receptors: How do they signal and what are their targets,
Physiological Reviews Published Vol. 87. No. 905-931, doi:10.1152

Hrabia, A., Wilk, M., and Rzasa, J.,2008, Expression of alpha and beta estrogen
receptors in the chicken ovary, Folia Biol (Krakow). 2008;56(3-4):187-91

Ignar-Trowbridge, D.M., et al., 1992, Coupling of dual signaling pathways:
Epidermal growth factor action involves the estrogen receptor, Proc. Natl.
Acad. Sci USA, Vol.89, pp. 4658-4662

Jordan VC. Selective estrogen receptormodulation: a personal perspective.
CancerRes 2001;61:5683-7

66




REFERENCES

Kerjaschki.D., and Farquhar, M.G., 1982, The pathogenic antigen of Heymann
nephritis is a membrane glycoprotein of the renal proximal tubule brush
border, Proc. Natl. Acad. Sci. USA, 79(18)pp.5557-5561

Klein-Hitpass,L., Ryffel,G.U., Heitlinger,E. and Cato,A.C. (1988) A 13 bp palindrome
is as functional estrogen responsive element and interacts specifically with
estrogen receptor. Nucleic Acids Res. 16, 647—663.

Konig, O., Rittiger, L., Maller, M., Zimmerman, U., Erdmann, B., Kalbacher, H.,
Fross, M., Knipper, M., 2008, Estrogen and the inner ear: megalin knochout
mice suffer progressice hearing loss, FASEB Journal, 22, 410-7

Kounnas, M.Z., Haudenschild, C.C., Strickland, D.K., and Argraves, W.S., 1994,
Immunological localization of glycoprotein 330, low density lipoprotein
receptor-related protein and 39 kDa receptor associated protein in embryonic
mouse tissues, In vivo, 8, pp. 343-352

Kuiper, G. G. J.M., Carlsson, B., Grandien, K., et al., 1997, Comparison of the ligand
binding specificity and transcript tissue distribution of estrogen receptors a and
B, Endocrinology, Vol. 138. No.3, 863-870

Kuiper, G. G. J.M., Carlsson, B., Grandien, K., et al., 1997, Comparison of the ligand
binding specificity and transcript tissue distribution of estrogen receptors a and
B, Endocrinology, Vol. 138. No.3, 863-870

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

Kuiper. G.G., Enmark, E., Pelto-Huikko, M., Nilsson, S., and Gustafsson, 1996,
Cloning of a novel estrogen receptor expressed in rat prostate and ovary,
National Academy of Sciences of the United States of America, vol. 93, no. 12,
pp. 5925-5930

Kuma, R., Thompson EB, 2003, Transactivation functions of the N-terminal domains
of nuclear hormone reseptors: Protein folding and coactivator interaction. Mol
Endocrinol 17(1):1-10

Kumar, V., Green,S., Stack, G., Berry, M., Jin, J.R. and Chambon, P., 1987,
Functional domains of the human estrogen receptor. Cell, 51,941-951

67




REFERENCES

Labrie,F., et al., 1997, Physiological changes in dehydroepiandrosterone are not
reflected by serum levels of active androgens and estrogen but of their
metabolites’ intracrinology, J.Clin.Endocrinol. Metab. 82 (1997) 2403-2409

Labrie,F., et al., 1997, Physiological changes in dehydroepiandrosterone are not
reflected by serum levels of active androgens and estrogen but of their
metabolites’ intracrinology, J.Clin.Endocrinol. Metab. 82 (1997) 2403-2409

Langer, G., Bader, B., Maoli, L., Isensee, J., Delbeck, M., Noppinger, P.R., and Otto,
C., 2010,A critical review of fundamental controversies in the field of GPR30
research, Steroids, Vol. 75, issues 8-9, pp. 603-610

Lannigan, D.A., 2003, Estrogen receptor phosphorylation, Steriods, Vol, 68, Issue 1,
pp1-9

Laudent, V., Hanni, C., Coll,J., Catzeflis,F., and Stéhelin, D., 1992, Evolution of the
nuclear receptor gene superfamily. EMBO J. 11:003-1013

Lee, H.-R., et al., 2012. Functions and physiological roles of two types of estrogen
resceptors, ERa and ERp, identified by estrogen receptor knockout mouse.
Lab Anim Res. 28(2): 71-76.

Leheste, J.R., et. Al.,, 1999, Megalin Knockout Mice as an Animal Model of Low
Molecular Weight Proteinuria, American Journal of Pathology, Vol. 155, No.4,
1361-371

Li,C., Briggs, MR., Ahlborn, TE., Kraemer, RB., and Liu, J., 2001, Requirement of
Spl and estrogen receptor alpha interaction in 17beta-estradiol-mediated
transcriptional avtivation of the low density lipoprotein receptor gene
expression, Endocrinology. 2001, Apr; 142(4):1546-53

Lindberg MK, Movérare S, Skrtic S, et al.Estrogen receptor-b reduces estrogen
receptor-a regulated gene transcription, supporting a “Ying Yang” relationship
between estrogen receptor a and b in mice. MolEndocrinol (2003) Mol
Endocrinol 2003 Feb;17(2):203-8..)

Lobo, R.A., 2009, The risk of stroke in postmenopausal women receiving hormonal
therapy, Climacteric, 12 Suppl 1:81-5

MacGregor JI, Jordan VC. Basic guide to the mechanisms of antiestrogen action.
Pharmacol Rev. 1998;50:151-196., Selective Estrogen-Receptor Modulators —

Mechanisms of Action and Application to Clinical Practice, B. Lawrence Riggs,

68




REFERENCES

M.D., and LannC.Hartmann, M.D., the New England Journal of Medicine,
2003,348:618-29

Mangelsdorf, D.J., Thummel, C., Beato. M., Herrlich, P., Schitz. G., Umesono, K.,
Blumberg, B., Kastner. P., Mark, M., Chambon,P., and Evans, R.M., 1995,
The Nuclear Receptor Superfamily: The Second Decade, Cell, Vol. 83, 835-
839, December 15

Manolagas, S.C., O’'Brien, C.A. and Ameida, M., 2013, The role of estrogen and
androgen receptors in bone health and disease, Nat Rev Endocrinol. 9(12):
699-712

Mariétte, Y.M., van der Wulp, Verkade, H.J., and Groen, A.K., 2013, Regulation of
cholesterol homeostasis, Molecular and Cellular Endocrinology, Vol. 368,
issues 1-2, pp.1-16

Marzolo, M.P., Yueff, M.l., Retamal, C., Donoso, M., Ezquer, F., Farfan, P., Li, Y and
Bu, G.,2003, Differential distribution of low-density lipoprotein-receptor-related
protein (LRP) and megalin in polarized epithelial cells is determined by their
cytoplasmic domains. Traffic 4. 273-288

May, P, Woldt, E., Matz, R.L, and Boucher P., 2007, The LDL receptor-related
protein (LRP) family: An old family of proteins with new physiological
functions, Trends in Molecular Medicine, Vol.7, No. 3, pp.219-228

McCarthy, R.A., and Argraves, 2003, Megalin and the neurodevelopmental biology of
sonic hedgehog and retinol, J Cell Sci 116, 955-960

McDevitt M.A., Glidewell-Kenney, C., Jimenez M., A., Ahearn P., C., Weiss J.,
Jameson J., L. and Levine J., E., 2008, New insights into the classical and
non-classical actions of estrogen: evidence from estrogen receptor knock-out
and knock-in mice. Mol Cell Endocrinol. 2008;290(1-2):24-30

McKenna, N. J., Lanz, R. B., O’'Mally, B. W., 1999, Nuclear receptor coregulators:
cellular and molecular biology. Endocr Rev 20:321-44

Meyere, M.J., Sun, J. Carlson, K.E., Marriner, G.A., Katzenellenbogen, B.S., and
Katzenellenbogen, J.A., 2001, Estrogen receptor-p potenc selective ligands:
structure-activity relationship studies of diarylpropoinitriles and their acetylene
and polar analogues. J. MED. Chem 44:4230-4251

69




REFERENCES

Micevych, P. and Dominguez, R., 2009, Membrane estradiol signaling in the brain,
Front. Neuroendocrinol. 30, 315-327

Michalides, R.; Griekspoor, A.; Balkenende, A.; Verwoerd, D.; Janssen, L.; Jalink, K.;
Floore, A

Miller, W.L., 2013, Molecular Biology of Steroid Hormone Synthesis, Endocrine
Reviews, Volume 9, Issue 3, 295

Montano, M. M., Mueller,V., Trobaugh, A., and Katzenellenbogen, B.S., 1995, The
carboxy-terminal domain of the human estrogen receptor: role in the
transcriptional activity of the receptor and the effectiveness of antiestrogens as
estrogen antagonists, Molecular endocrinology, vol. 9, no.7, pp. 814-825

Mosselman, S., Polman, J., Dijkema , 1996, Erf: identification and characterisation of
a novel human estrogen receptor, FEBS Letters 392 (1996) 49-53

Naas, A., Zakroczymski, M., Heine, P., Taylor, J., Saunders, P., Lubahn, D. and
Cooke, P.S., 2002, Effect of ovaryectomy on adipose tissue of mice in the
absence of estrogen receptor alpha (ERa): a potential role for estrogen
receptor beta (ERp).

Nelson,L.R., and Bulun,S.E.,2001, Estrogen production and action, American
Academy of Dermatology, doi:10.1067/mjd.2001.117432)

Nykjaer, A., Fyfe, J.C. Kozyraki, R., Leheste, J.R., Jacobsen, C., Nielsen, M.S.,
Verroust, P.J. Aminoff, M., de la Chapella, A., Moestrup, S.K., Ray, R.,
Gliemann, J., Willnow, T.E., Christensen, E.I., 2001, Cuilin dysfunction causes
abnormal metabolism of the steroid hormone 25-(OH) vitamin D3, Proc Natl
Acad Sci USA 98:13895-13900

O’Lone,R., et al., 2004, Genomic Targets of Nuclear Estrogen Receptors. Molecular
Endocrinology August 1, 2004 vol. 18 no. 8 1859-1875.

Occurrence and cellular distribution of estrogen receptors ERa and ER( in the testis
and epididymal region of roosters, 2011, Oliveira, A.G., Dornas, R.A,,
Mahecha, G.A., and Oliveira, C.A., Gen Comp Endocrinol, 170(3):597-603.
doi: 10.1016

Osborne,CK., Wakeling,A., and Nicholson, RI., 2004, Fulvestrant: an oestrogen
receptor antagonist with a novel mechanism of action, British Journal of
Cancer (Suppl I) S2-S6

70




REFERENCES

Ososkii, A.L., and Kennelly, E.J,2003, Phytoestrogens: a Review of the Present State
of Research, Phytother. Res, 17, 845-869

Paech, K.; Webb, P.; Kuiper, G. G.; Nilsson, S.; Gustafsson, J.; Kushner, P. J. and
Scanlan, T. S., 1997, pathways during aging: from periphery

Pearce, S. T., and Jordan, V.C., 2004, The biological role of estrogen receptors aloha
and beta in cancer. Crit. Rec. Oncol. Hematol. 50, 3-22

Persen, S.N., Tkalcevic, G.T., Koza-Taylor, P.H., Turi, T.G., andBrown, T.A., 1997,
Identification of Estrogen Receptor B, , A Funktional Variant of Estrogen
Receptor B Expressed in Normal Rat Tissues, Endocrinology, Vol. 139,
Issue3, 1082-1092,

Peter, I., et al., 2005, Variation in estrogen-related genes and cross-sectional and
longitudinal blood pressure in he Framingham Heart Study, J.Hypertens,
23:2193-2200

Petterson, K., Delaunay, F., and Gustafsson, J.A., 2000, Estrogen receptor beta acts
as a dominant regulator of estrogen signaling. Oncogene 19, 4970-4978

Petterson, K., Grandien, k., Kuiper, G.G.J. and Gustafsson, J.A., 1997, Mouse
Estrogen Recepotor B Forms Estrogen Element-Binding Heterodimers with
Estrogen Receptor a, Molecular Endocrinology 11:10, 1486-1496

Pettersson K, Delaunay F, Gustafsson J-A. Estrogen receptor b acts as a dominant
regulator of estrogen signaling. Oncogene 2000;19:4970-8.

Pfeffer, U., Fecarotta, E., and Vidali, G., 1995, Coexpression of Multible Estrogen
Receptor Variant Messenger RNAs in Normal and Neoplastic Breast Tissues
and in MCF-7 Cells, Cancer Research 55, 2158-2165

Plieschnig, J.A., ,Gensberger, E.,T.,et. Al., 2012, Renal LRP2 expression in man and
chicken is estrogen-responsive, Gene, 2012 Oct 15; 508(1): 49-59

Pratt, W. B. and Toft, D. O., 1997, Steroid receptor interactions with heat shock
protein and Richardson TE, et al. Estrogen prevents oxidative damage to the
mitochondria in Friedreich's ataxia skin fibroblasts. PLoS One. 2012;
7:€34600.

Richardson, T.E. et al. (2012) Estrogen prevents oxidative damage to the
mitochondria in Friedreich’s ataxia skin fibroblasts. PLoS ONE 7, e34600

71




REFERENCES

Riggs, B.,L., and Hartmann, L.,L.,C., Selective Estrogen-Receptor Modulators-
Mechanism of Action and Application to Clinical Practice, 2003, N Engl J Med
2003; 348:618-29

Rody, A., Holtrich, U., Solbach, C., Kouris, K., Von Minckwitz, G., Engels, K., Kissler,
S., Gatje, R., Karn T., and Kaufmann, M., 2005, Methylation of estrogen
receptor B  promotor correlates with loss of ER-B expression in mammary
carcinoma and is an early indicator marker in premalignant lesions, Emdorcr
Relat Cancer, 12, 903- 16

Rossouw, J.E., Hormones, genetic factors, and gender differences in cardiovascular
diseases, Cardiovasc.Res., 53, p.550

Scheihofer, D.A., REsnick, E.M., Lin.V.Y., and Shupnik M.A., 2001, Ligand-
Independent Activation of Pituitary ER: Dependence on PKA-Stimulated
Pathways, Endocrinology, vol. 142 issue 8, 3361-3368

Shang, Y., Brown, M, Molecular determinants for the tissue specifity of SERMSs,
Science 295:2465-8

Shearmann, A.M., et al., 2003, Association between estrogen receptor alpha gene
variation and cardiovascular disease, JAMA. 290:2263-2270

Shiau, A.K., Barstad,D., Loria, P.M., Cheng, L., Kushner, P.J., Agard, D.A., and
Greene G.L., 1998, The structural basis of estrogen receptor/coactivator
recognition and the antagnosm of this ineraction by tamoxifen, Cell, 95
(1998), pp. 927-937

Simpkins, J., W., Perez, E., Wang, X., Yang, S., Wen, Y. and Singh, M., 2009, The
Potential for Estrogen in Preventing Alzheimer's Disease and Vascular
Dementia, Tehr Adv Neurol Disord., 2(1): 31-49

Simpson,E.R., 2003,Sources of estrogen and their importance, The journal of Steroid
Biochemistry and Molecular Biology, doi:10.1016/S0960-0760(03)00360-1.

Springer, T.A., 1998, An extracellular bet-propeller module predicted in lipoprotein
and scavenger receptors, tyrosine kinases, epidermal growth factor
precoursor, and extracellular matrix components, J.Mol. Biol., 283. Pp. 837-
862

Starling, E.H., 1905, The Croonian.l.On the chemical correlation of the functions of
the body, Lancet 166:339-341

72




REFERENCES

Staufer, S.R., Coletta, C.J., Tedesco, R., Nishiguchi, G., Carlson, K., Sun, J.,
Katzenellenbogen, B.S., Katzenellenbogen, J.A., 2000, Pyrazole ligands:
structure-affinity/activity relationships and estrogen receptor-alpha selective
agonists, J. Med. Chem., 43, pp. 4934-4947

Stenberg, A.E., wang, H., Sahlin, L., Stierna, P., Enmark, E. and Hultcrantz, M.,
2002, Estrogen receptors a and (8 in the inner ear oft he ,Turner mouse' and
an estrogen receptor B knockout mouse, Elsevier, Voume 166, Issues 1-2,
April 2002, Pages 1-8

Stettner, M., Kaulfuss, S., Burfeind, P., Schweyer, S., Strauss, A., Ringert, R.H., and
Thelen, P., 2008, The relevance of etrogen receptor-beta expression tot he
antiproliferative effects observed with histone deacetylase inhibitors and
phytoestrogens in prostate cancer treatment, Mol Cancer Ther. 10:2626-33

Szego, C.M., and Dauvis, J. S., 1967, Adenosine 3',5’- Monophosphate in rat uterus:
acute elevation by estrogen, Proc.Natl. Acad. Sci. U.S.A. 58:1711-1718

Szego, C.M., and Dauvis, J. S., 1967, Adenosine 3’,5’- Monophosphate in rat uterus:
acute elevation by estrogen, Proc.Natl. Acad. Sci. U.S.A. 58:1711-1718

Takeda, T., Yamazaki, H., Farquhar, M.G., Identification of an apical sorting
determinant in the cytoplasmatic tail of megalin, Am. J. Physiol.: Cell Physiol.,
84, pp. C1105-C1113

Tata, J.R., 2005, One hundred years of hormones, EMBO reports, Vol.6, no.6

Thomas, C., and Gustafsson, J.A., 2015, Estrogen receptor mutations and functional
consequences for breast cancer, Trends Endocrinol Metab., pii: S101043-
2760 (15) 00120-4

Thomas, M.P., and Potter, B.V.L., 2013, The structural biology of oestrogen
metabolism, J Steroid Biochem MolBio. 137(100):27-49

Tiyerili V, et al. Estrogen improves vascular function via peroxisome-proliferator
activatedreceptor- gamma. J Mol Cell Cardiol. 2012; 53:268-276.

Toft D, Gorski J. A receptor molecule for estrogens: Isolation from the rat uterus and
preliminary characterization. Proc Natl Acad Sci U S A. 1966;55:1574—
1581.

73




REFERENCES

Tora, L., White,J., Brou, C., Tasset D., Webster, N., Scheer, E., Chambon, P., 1989,
The human estrogen receptor has two independent nonacidic transcriptional
activation functions, Cell, vol. 59, 59 pp. 477-487

Toran-Allerand, C.D., Guan, X., MacLusky, N.J., 2002, ER-X: a novel, plasma
membrane-associated, putative estrogen receptor is regulated during
development and after ischemic brain injury, J.Neurosci 22:8391-401

Toran-Allerand, C.D., Guan, X., MacLusky, N.J., 2002, ER-X: a novel, plasma
membrane-associated, putative estrogen receptor is regulated during
development and after ischemic brain injury, J.Neurosci 22:8391-401

Tsaroucha, A.K., Chatzaki, E., Lamboropoulou, M., Despoudi, K., Laftsidis,
P.,Charsou, C., Polychrondis, A, Papadopoulos, N., Simopoulos, C.E., 2008,
Megalin and cubilin in the human gallbladder epithelium, Clinical and
Experimental Medizine, 8, 165-70

Van Leeuwen.F.E., et al, 1994, Risk of endometrial cancer after tamoxifen treatment
of breast cancer, Lancet, 19;343(8895):448-52

Vanden-Heuvel, J. P., 2009. Nuclear Receptors: A Brief Overview INDIGO
Biosciences Inc., State  College PA.

Vascular disease, Journal of Surgical Research, Volumel15, Issue 2, 325-344
Velds, A.; van't Veer, L. and Neefjes, J., Tamoxifen resistance by a
conformational arrest of the estrogen receptor alpha after PKA activation in
breast cancer.

Wakeling, A.E., and Bowler, J. 1987, Steroidal pure antiestrogens. Journal of
Endocrinology 112 R7-R10

Walter P., et al., 1985, Cloning of the human estrogen receptor cDNA, Proc Batl
Acad Sci USA 82, 7889-7893

Watanabe, C., Watanale, H., Tanaka, S., 2010, An interpretation of positional
displacement of the helix 12 in nuclear receptors: Preexistent swing-up
motion triggered by ligand binding, Biochimica et Biophysica Acta 1804
(2010) 1832 - 1840

Weatherman, R. V., Fletterick, R. J., Scanlan, T.S., 1999, Nuclear-receptor ligands
and ligand-binding domains, Annu. Rev. Biochem. S 68 (1999)559-581

74




REFERENCES

Willnow, T.E, Hilpert, J., Armstrong, S.A., Rohimann, A., Hammer, R.E., Burns, D.K,,
Herz, J., 1996, Defictive forebrain development in mice lacking gp330/megalin,
Proc Natl Acad Sci USA, 93:8460-8464

Willnow, T.E., and Nykjaer, A., 2010, Cellular uptake of steroid carrier proteins-
mechanisms and implications, Molecular and Cellular Endocrinology, 316, 93-
102

Yang, J., Singleton, D.W., Shaughnessy, E.A., and Khan, S.A., 2008, The F-domain
of estrogen receptor-alpha inhibits ligand induced receptor dimerization,
Molucular  and Cell Endocrinology, Vo. 295, issues 1-2, Pages 94-100

Yue W, et al. Effects of estrogen on breast cancer development: Role of estrogen
receptor independent mechanisms. Int J Cancer. 2010; 127:1748-1757.

Yue, W., et al., 2005, Tamoxifen versus aromatase inhibitors for breast cancer
prevention, Clin. Cancer Res., 11:925s-930s

Zou, Z., Chung, B., Nguyent, T., Mentone, S., Thomson, B., Biemesderfer, D., 2004,
Linking receptor-mediated endocytosis and cell signalling: evidence for
regulated intramembrane proteolysis of megalin in proximal tubule. J Biol
Chem 279: 34302-34310

Zwart, W., de Leeuw, R., et al., 2010, the hinge region of the human estrogen
receptor determines functional synergy between AF- and AF-2 in the
guantitative response to estradiol and tamoxifen, Journal of Cell Science

123, 1253-1261

Book

Berg, J.M., Tymoczoko, J.L., Stryer, L., Biochemistry, 5" edition. New York: W H
Freeman; 2002. Section 26.4, Important Derivates of Cholesterol Include Bile

Salts and Steroid Hormones. (Available form:
http://www.ncbi.nlm.nih.gov/gov/books/NBK22339/

75




ABBREVIATIONS

6 Abbreviations

AF-1
AP1
cAMP
cDNA
CHO-K1
CLM
DNA
dNTP
DPN
El
E2
E3
ECL
EGF
ERE
ERs
ERa
ERB
ESR1
HEK
HERS
HRT
Hsp90
huER

kDa
LBD

activation function 1

activator protein 1

cyclic adenosine monophosphate
complementary DNA

chinese hamster ovary
caveolar like microdomain
desoxyribonucleic acid
deoxynucleotidetriphosphate
diarylpropionitrile

estrone

erstradiol-173

erstriol

enhanced chemoluminescence
epidermal grothfactor

estrogen response element
estrogen receptors

estrogen receptor alpha
estrogen receptor beta
estrogen receptor alpha gene
human embryonic kidney

heart and estrogen replacement study
hormone replacement study
heat shock protein 90

human estrogen receptor
immmunoprecipitation
kilodalton

ligand binding domain
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LDLR
LRP1
MAPK
MCF-7
Hg

pl

ml

ml

mM
MRNA
NF- B
NLS
NTD
PCR
PKE
PPARYy
PPT
gPCR
RAP
RNA
RT
SDS-PAGE
SERMS
SP1
WAT
aERKO

ABBREVIATIONS

low dendity lipoprotein receptor

low density lipoprotein receptor-related protein 1
mitogen-activated protein

michigan cancer foundation-7

microgram

microliter

mililiter

milliliter

milimonar

messenger RNA

nuclear factor kappa-light-chain-enhancer of activated B cells
nuclear location signal

n-terminal domain

polychianreaction

primary kidney epitheilia cell
peroxisome-proliferator-activated receprot
4,4',4"-(4-Propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol
guantitative PCR

receptor associated protein

ribonucleic acid

room temperature

sodium dodecyl sulfate — polyacracrylamide gel electrophoresis
selective estrogen-receptor modulator

specific protein 1

white adipose tissue

alpha estrogen receptor knockout
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7 Abstract

Estrogens influence a variety of physiological processes in the whole body, of female
and male individuals. The steroidhormone is mediating many effects of the cellular
growth, development and the maintenance of diverse tissues. It's mainly produced in

the genital organs, from there the hormones reach the target cells due to passive
diffusion or active transport.

Estrogen activates the estrogen receptors ERa and ERB. For many years just one
ER receptor was known (ERa). The discovery of the second receptor (ERB), made it
even harder to understand the known and the new effects. The complexity of the
estrogen effects is shown by the diverse choices of signal pathways. The information
is delivered via the classical pathway by dimerization and interaction with the DNA
another option is to perform a cross-talk with transcriptionfactors, to name just two of
the choices.

This study is divided into two sections. The first part deals with the tissue specific
expression pattern of the two receptor subtypes in gallus gallus. On a sex specific
point of view, the experiments showed that in mature chickens (40 weeks) both sexes
have more or less, the same expression pattern of the ERSs. Interestingly this
conformity was not mirrored in younger chickens (10 days). In the younger chick ERa
was more prominent in male and ERp in female. Besides the mentioned age specific
discrepancies, it was shown that in mature chickens particularly ERa was produced
and in younger chickens ERp plays a greater role. All these findings are supporting
the complexity of the functions of estrogen mediated by estrogen receptors.

The second part was forcing the connection between estrogen and LRP2. LRP2 is a
receptor protein, which is among other things, responsible for the intake of molecules
like: vitamins, lipoproteins and hormones like estrogens. Earlier studies showed that
the LRR2 quantity decreases after estrogen donation. If ERs are somehow
partitioning in this signalling way, was figured out by the inhibition of the receptors.

The inhibition of the two receptors wasn't leading to a LRP2 boost, no enrichment
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was detectable. Due to this experiment it is shown that ERa and ERB, together or just

one of them is/are essential for the syntheses of LRP2 in connection with estrogen.

8 Kurzfassung

Das Ostrogen, beeinflusst eine Reihe von physiologischen Prozessen im ganzen
Korper, weiblicher sowie auch mannlicher Natur. Das Steroidhormon mediiert viele
Effekte wie zellulares Wachstum, die Entwicklung und die Aufrechterhaltung
verschiedenster Gewebestrukturen. Produziert wird das Sexhormon vor allem in den
Geschlechtsorganen und gelangt von dort aus durch passive Diffusion oder aktiven
Transport zu seinen Zielzellen.

Die Wirkung des Ostrogens wird durch die Ostrogenrezeptoren (ERa und ERB) auf
das zellulare bzw. molekulare Umfeld weitergeleitet. Viele Jahre war nur ein Typus
dieses Rezeptors bekannt - ERa. Durch die Entdeckung eines weiteren, folglich ER[3
genannt, wurde das wenig bekannte Wirkspektrum der Ostrogenrezeptoren um ein
vielfaches diffiziler. Die Komplexitat der Ostrogenwirkung zeigt sich auch durch die
verschiedenen Wege seiner Rezeptoren. Die Informationen werden entweder auf
klassische Weise durch die Bindung an die DNA weitergegeben oder es kommt zu
einem sogenannten ,cross-talk® mit anderen Transkriptionsfaktoren, um nur zwei der
maoglichen Varianten zu nennen.

Diese Studie gliedert sich in zwei Teile. Im ersten Teil wird das gewebespezifische
Expressionsmuster der beiden Rezeptoren ERa und ER in Gallus gallus erlautert.
Geschlechtsspezifisch betrachtet zeigte sich in reifen Tieren (40 Wochen) annéhernd
gleiche Expressionsmuster beider Rezeptoren. Interessanterweise war diese
Ubereinstimmung in Jungtieren (10 Tage) nicht zu finden. Hier war in mannlichen
ERa und in den weiblichen ERP dominierend. Neben den genannten
Altersabhangigen Unterschieden, zeigte sich auch, dass in &alteren Tieren v.a. ERa
produziert wird und in jungeren Tieren ERB die dominierende Rolle einnimmt. Alle
diese Unterschiede bekraftigen die komplexe Funktionsweise der 0Ostrogen-

mediierten Rezeptormolekile.
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Der zweite Teil beschaftigt sich mit dem Zusammenspiel von Ostrogen und LRP2,
einem Rezeptorprotein das unter anderem auch fir die Aufnahme von
unterschiedlichstem Molekulen wie z.B.: Vitaminen, Lipoproteine und Hormonen wie
Ostrogen verantwortlich ist. Friihere Studien zeigten dass LRP2 durch Ostrogengabe
vermehrt gebildet wird. Ob in diesen Syntheseweg auch die klassischen
Ostrogenrezeptoren involviert sind wurde im Experiment durch die Inhibierung dieser
untersucht. Nach Hemmung beider Rezeptoren konnte keine LRP2 Anreicherung
mehr festgestellt werden. Daraus lasst sich schlieBen, dass ERa und ERB fur die

LRP2 Synthese im Zusammenhang mit Ostrogen, wichtige Faktoren darstellen
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