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Chapter 1

General introduction

Human endometrium

The endometrium lines the uterine cavity and is the mucosa, which allows
embryo implantation and supports its growth and development. The endometrium
consists of an epithelial compartment composed of surface and glandular epithelium,
and a stromal compartment filled abundantly with stromal fibroblasts, endothelial
cells, macrophages, peri-vascular, T-lymphocytes and large granular lymphocytes
[2, 3]. The human endometrium is a dynamic tissue. It undergoes monthly cycles of
proliferation, differentiation and degeneration under influence of steroid hormones
[6]. The hormonal receptivity of the different cell compartments vary throughout the
menstrual cycle, mostly due to changes in the distribution of receptors and cyclic
changes in oestrogen and progesterone concentrations.

Oestradiol and progesterone are responsible for the preparation of the
endometrium in order to establish successful blastocyst implantation. The oestradiol
is responsible for rebuilding the endometrium after menstruation, and preparing the
endometrium to respond to the luteal progesterone after ovulation [7-9].
Progesterone is responsible for proper secretory transformation of the glands and
stromal decidualization in order to facilitate embryo implantation.

The human endometrium is composed of two different layers, the
functional and basal layer. The upper layer, the functional layer is shed during
menstruation. After shedding, the functional layer is rebuild from the basal layer
under influence of oestrogens in the early and late proliferative phase. Various
processes are initiated including epithelial repair, proliferation, angiogenesis,
vasculogenesis, cell differentiation and extracellular matrix remodelling. Repair of
the endometrial surface already starts during the menstruation process and before the
oestrogen concentrations are elevated and as so is oestrogen-independent [10].
About five to six days after the onset of menstruation, the growing follicles in the
ovary start producing estrogens and the human endometrium is exposed to
oestrogens. Oestrogens are supposed to modulate the growth of the human
endometrium by inducing proliferation. Proliferative activity in the developing
functional layer peaks between cycle days (CDs) 8 and 10, whereas the proliferative
activity in the basal layer remains constantly low [10, 11]. Interestingly, the
endometrial cells in the basal layer continue to proliferate during menstruation and
the repair of the endometrium is initiated prior to the rise in peripheral oestradiol
concentrations [11].
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After ovulation, the regenerated endometrium is exposed to the increasing
levels of progesterone, which prepares the mucosa for blastocyst implantation.
Implantation is a complex process which involves attachment of the embryo to the
endometrial surface (luminal epithelium), breaching of the epithelial lining and
invasion into the underlying endometrial stroma [12]. The human endometrium
allows this process only for a brief period of time, starting approximately 5 days
after the LH surge [7, 8, 13-16]. Even though the timing of this implantation
window is determined by the sequence of events orchestrated by follicular
oestrogens and luteal progesterone, the endometrium is susceptible to a wide range
of exposure times and blood concentrations in order to establish pregnancy. [7-9].
This is illustrated by the fact that only extremely high oestrogen levels and/or
prolonged oestrogen exposure accelerates endometrial maturation thus disturbing the
synchrony of embryo and endometrium development and subsequent implantation
[17-19]. The optimal length of oestrogen exposure during artificial endometrium
preparation is 12-19 days [18], yet a minimum of five days of oestrogen exposure is
sufficient to build an appropriately thick (> 6 mm) endometrium for the embryo to
be able to implant [20-22].

Our understanding of the mechanisms of the actions of oestrogens and
progestins have evolved from the simple concept that the effects of these hormones
are directly mediated via oestrogen (ER) and progesterone receptors (PR) located in
the epithelial and stromal compartments [23], to that of a finely tuned interplay
between the steroid receptors and a multitude of other signals in the cell. The actions
of oestrogens and progestins are determined by the ratio and distribution of receptor
isoforms, the availability of co-activators and/or co-repressors, cross-talk with
secondary signal transduction pathways, local steroid metabolism, and paracrine
interactions between epithelial cells, extracellular matrix components and cells in the
connective tissue.

Two types of oestrogen receptors have been identified, ERα and ERβ. The
ERα and ERβ are described from two different genes [24, 25]. Studies with
knockout mice demonstrated that ERα rather than ERβ is essential for normal
uterine function [26, 27].

Human progesterone receptor (hPR) has two functionally distinctive
isoforms, PR-A and PR-B [28]. The isoforms arise from the same gene by using
different promoters [28]. PR-B contains 164 amino acids more at the N-terminus,
compared to PR-A [28]. Both PR isoforms display indistinguishable hormone and
DNA binding [28]. However depending on the cell type and promoter, it was shown
that PR-A and PR-B have different transcription activities [29-31]. PR-A knockout
(PRAKO) mice show an inhibited decidualisation process [32], whereas PR-B
knockout (PRBKO) mice show a normal uterine response to progesterone. The
knockout studies suggest, that PR-B is a strong regulator of proliferation, whereas
PR-A opposes the oestrogen-regulated and PR-B mediated increase in proliferation
[28].

Oestrogen and progesterone receptors are present in the nuclei of both
stromal and epithelial endometrial cells [33, 34]. The expression of the oestrogen
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receptor (ER) and progesterone receptor (PR) increases during the proliferative
phase and decreases during the secretory phase of the menstrual cycle [34-39]. ERα
is the dominant ER isoform in human endometrium in both the functional and basal
layer [28]. In stroma PR-A is the dominant PR isoform in human endometrium [28].
It was previously found, that both steroid receptors are highest expressed in stromal
cells at the end of the menstrual cycle and in both stromal and epithelial cells during
the proliferative and early secretory phase [34]. The importance of this observation
is illustrated by the fact that the effects of oestrogen and progesterone on the
endometrial epithelial cells are in part mediated through the stromal compartment
[40-42]. Both receptors are induced by oestrogens [33, 34, 38, 39], and only ER is
suppressed by progesterone during the secretory phase [38]. Whereas the expression
of PR is induced by progesterone in stromal cells [43].

The activation of ER and PR is controlled by transactivating domains which
are responsible for modulating ligand-dependent (AF-2 at the C-terminal end) and
ligand-independent (AF-1 at the N-terminal end) actions [28]. The AF-2
transactivation domain is located in the ligand-binding domain and is dependent on
the binding of an agonist/antagonist [44]. The AF-1 domain varies in both size and
primary acid sequence in different steroid hormone and nuclear receptors [28] and
can be modulated through phosphorylation by mitogen (EGF or IGF-1) activated
kinases [45, 46]. Besides the AF1 and AF2, PR-B also contains a third
transactivation domain AF3 in the N-terminal region [28] and an inhibitory domain
(ID) [47]. Through this ID hPR-A has a higher affinity for the corepressor identified
as silencing mediator of retinoic acid receptors and thyroid receptors (SMRT),
compared to PR-B [48].

After binding of a ligand to steroid receptors, coregulators mediate the
transcription control. Coregulators possess chromatin-remodelling enzyme activities
which accommodate transcription of target genes by allowing the transcriptional
complex to bind to the promoter region of these genes [28]. Coactivators (i.e. SRC-
1, AIB1) mediate the functions of activated receptors, whereas corepressors (i.e.
NCoR1, SMRT) mediate inhibitory effect of active receptors [28].

Oestrogen and progesterone metabolism

In normal target tissues the exposure to steroid hormones is controlled by
the presence of steroid metabolizing enzymes. Oestrogens are inactivated by steroid
sulfotransferases and glucuronidases [49-51], uridine diphosphoglucurono-
syltransferases, oxidizing 17β-hydroxysteroid dehydrogenases (HSDs) [40, 52-55],
enzymes that convert 17β-oestradiol into the catecholestrogens 2- and 4-
hydroxyestradiol [56], CYP3A4 which converts estrone into 16α-hydroxyestrone
and 17β-oestradiol into 2-hydroxyestradiol [57], CYP1B1 known to convert 17β-
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oestradiol into 4-hydroxyestradiol [58], and catechol-O-methyltransferase which
subsequently convert 2- and 4-hydroxyestradiol into 2- and 4-methoxyestradiol [59].
Progesterone is inactivated by 20α-HSD and 5α- and 5β-reductases [60]. The highest
level of 5α-reductase activity was found in the early proliferative phase, whereas
20α-HSD activity was higher in the middle of the secretory phase.

Even though oestrogens and progestins are mainly produced by the ovaries
of women, steroid synthesizing enzymes can also be found in adrenals, adipocytes,
liver, intestine, brain and endometrium [61]. Tsai et al. [62] demonstrated the
expression of steroidogenic acute regulatory protein (StAR) mRNA and protein as
well as transcripts for P450 side-chain cleavage enzyme and 3β-hydroxysteroid
dehydrogenase (HSD) to be expressed in endometrium. The StAR protein is
responsible for the transfer of cholesterol from the outer mitochondrial membrane to
the inner membrane where the cytochrome P450 side-chain cleavage enzyme is
located, to split off the cholesterol side chain resulting in pregnenolone. This is the
first, and rate limiting, enzymatic step in all steroid synthesis. The 3β-HSD can
subsequently convert the pregnenolone into progesterone. 17α-Hydroxylase also
known as 17,20-lyase, 17,20-desmolase or CYP17A1, is an important enzyme
because it converts the pregnenolone into DHEA and progesterone into
androstenedione which are precursors for the synthesis of testosterone and
oestrogens. 17α-Hydroxylase activity has been reported in the human endometrium
[63].

Androstenedione and testosterone can then be converted into oestrone and
oestradiol respectively by aromatase. Aromatase activity is present in normal
endometrium and its expression is highest in the stromal compartment during the
proliferative phase of the menstrual cycle [64]. The relatively weak oestrogen,
oestrone, can be converted into the active oestradiol through 17β-hydroxysteroid
dehydrogenases (17β-HSDs). Until now, fifteen 17β-HSDs have been identified.
The 17β-HSD types 1 and 7 are responsible for the reduction of oestrone to 17β-
oestradiol. Both are expressed in human endometrium [65-67]. Recently a novel
17β-HSD has been identified, type 12 17β-HSD. This enzyme can selectively and
efficiently transform oestrone into 17β-oestradiol and is expressed in human
endometrium at similar levels as the type 1 [68].

Another source of oestrogens is the pool of sulphated oestrogen in the
circulation. The human endometrium expresses steroid sulfatase (STS) which
converts sulfated oestrogens, such as oestrone-3-sulfate which is the most abundant
circulating oestrogen metabolite with a long half-life [69], into hormonally active
oestrogens [70]. The uptake and conversion of oestrogen sulfates by human
endometrial tissue is rapid [70]. Similarly, the DHEA sulfate which also has a very
slow metabolic clearance rate [71], can be converted into androgestendiol and
testosterone which can subsequently be converted into oestradiol.

In the normal endometrium an important route of 17β-oestradiol
inactivation is via 17β-HSDs types 2, 4 and 8, which form by an oxidative reaction
androstenedione (A) and oestrone (E1) [54, 65, 66, 72], and by oestrogen
sulfotransferase (EST) which conjugates sulfate groups to the 3-hydroxyl position
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[73]. 17β-HSD type 2 expression is regulated by progesterone and its mRNA and
protein expression and activity are up-regulated in the secretory phase of the
menstrual cycle, whereas the 17β-HSDs types 4 and 8 are constitutively expressed in
normal human endometrium [66]. An additional important route of 17β-oestradiol
(and oestrone) inactivation is through conjugation with a sulfate group by oestrogen
sulfotransferase (EST), which is also expressed in the human endometrium.

In some oestrogen-dependent diseases, like endometriosis, the balance
between oestrogen activating and inactivating enzymes appears to be disturbed,
either by the upregulation of oestrogen synthesizing enzymes and/or a reduction of
oestrogen-inactivating enzymes. Nobel and co-workers [74] were the first to
demonstrate that for instance aromatase mRNA and activity levels are increased in
pelvic endometriotic implants, and this has been confirmed by others [75-77]. The
clinical relevance of local aromatase activity in endometriosis has been
demonstrated by some reports describing the successful treatment of endometriosis
using aromatase inhibitors [65, 78]. In addition, expression of 17β-HSD types 1 and
7 was reported to be elevated in endometriosis lesions when compared with paired
eutopic endometrial samples [65, 66, 79]. High STS mRNA and protein expression
and STS activity has also been reported in ectopic lesions [66, 78], suggesting that
the ectopic endometrium can make use of the pool of sulfated oestrogens available
in the circulation.

With regard to the expression of oestrogen inactivating enzymes like 17β-
HSD types 2, 4 and 8 and EST not much information is available in endometriosis.
Some reports showed that the expression of 17β-HSD type 2 is decreased in
endometriotic tissue but this could not be confirmed by others [66, 80, 81].

Objectives of this thesis

The aim of this thesis is to gain better insights in the regulation of
endometrium growth and maturation under the influences of oestradiol and
progesterone. To this end we developed an endometrium tissue explant culture
system and performed global gene expression profiling on human endometrium
tissue and tissue explants cultured in the presence of oestradiol and progesterone.
Even though it is evident that oestrogens stimulate endometrial growth, there is little
information about the mechanisms that control endometrial cell proliferation.

Endometrial growth has been studied most intensively in rodents and
human. Chapter 2 presents a review in which data from microarray studies in
human, rat and mouse studies were compared in order to extract information
pertaining to oestrogen regulated genes that are known to control the cell cycle and
cell division. These comparisons are complemented with findings from the few
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studies that have employed a hypothesis-driven approach to study oestrogen-
regulation of endometrial cell growth.

In order to be able to investigate the effects of oestrogens on human
endometrium, a tissue explant culture model was developed in our lab [33]. To
validate the culture system the effects of oestrogen on proliferation and gene
expression were studied in explant cultures prepared from various stages of the
menstrual and proliferative phase of the menstrual cycle. Global gene expression
profiling was used to identify which genes involved in cell cycle control and cell
division are modulated after oestrogen exposure. This was done by comparing gene
expression profiles prepared from menstrual and late proliferative phase
endometrium, and by comparing gene expression profiles prepared from cultured
human endometrium tissue exposed to oestradiol or vehicle. The results are
presented in Chapter 3.

These studies revealed the identity of a gene, olfactomedin-4, which
appeared to be highly sensitive to oestrogen. The regulation of the transcription of
this gene and its role in endometrium function was investigated in more detail
(Chapter 4).

An important aspect of proper endometrium function is the ability of the
tissue to control oestrogen exposure. To this end multiple steroid synthesizing and
metabolizing enzymes are present in the human endometrium. Dysbalance in
oestrogen metabolism is known to be an etiological factor in various endometrium-
related disorders including endometriosis and endometrial cancer. Chapter 5
evaluates the expression and steroid-regulation of a selection of these enzymes both
in normal human endometrium and endometriosis.

Next to promoting growth, oestradiol is important for the preparation of the
endometrium to be able to respond properly to the increasing concentrations of
progesterone after ovulation. We have referred to this process as maturation. To
study this process in more detail, we applied global gene expression analysis on
menstrual phase and late proliferative phase endometrial explants after 24 hours
exposure to progesterone (Chapter 6).

An unexpected finding was the expression of various members of the
haemoglobin family in the human endometrium. Haemoglobin expression was
investigated in more detail (Chapter 7), in light of the fact that haemoglobin
expression was previously reported in the implantation window [82, 83], and the
potential damaging influences of excess levels of haeme and iron in cells.
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Chapter 2

Oestrogen regulation of endometrium in
Rodents and human

P.G. Groothuis1, 3, H.H.N.M. Dassen1, 2, A. Romano1, 3 and C. Punyadeera 4

1Research Institute GROW, Departments of 2Pathology and 3Obstetrics and
Gynaecology, University Hospital Maastricht/University Maastricht, Maastricht,
The Netherlands, 4Department of Molecular Diagnostics, Philips Research, High
Tech Campus 11, 5656AE, Eindhoven, The Netherlands.

Published in: Human reproduction update 2007; 13: 405-17.
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Abstract

In this review we discuss our current understanding of the actions of
oestrogen on both human and rodent endometrium from the perspective of large
scale gene expression profiling, with special emphasis on the regulation of
proliferation.

The present review addresses the following topics: a) physiological
responses to oestrogen in the rodent uterus (uterine growth) and in the human
endometrium (cell proliferation); b) regulation of gene expression by oestrogen in
rodent uterus and human endometrium; c) regulation of cell cycle regulators by
oestrogens in rodent uteri and human endometrium.

Introduction

The human endometrium is an amazingly plastic tissue. Throughout the
adult reproductive life, monthly steroid hormone controlled cycles of proliferation,
differentiation and degeneration occur continuously. Even after menopause, the
tissue retains its responsiveness to steroid hormones and endometrial cycles can also
be induced. In each menstrual cycle, if no embryo implantation occurs, the
functional layer of the endometrium is shed and within two weeks the complete
functional layer is restored. The events underlying this phenomenon are highly
complex and include repair of the endometrium surface, proliferation, angiogenesis,
vasculogenesis, cell differentiation, and extracellular matrix remodelling. Once the
functional layer has successfully been rebuild, the actions of progesterone change
the oestrogen primed endometrium into a receptive state [7-9].

During the menstrual cycle two phases of elevated oestrogen concentrations
can be distinguished. During the proliferative phase the growing follicles produce
increasing amounts of oestradiol which peak at ovulation. After ovulation the corpus
luteum continues to produce significant amounts of oestrogens, in addition to
progesterone. However, it was shown that this mid-luteal rise in oestrogen is not
essential for successful implantation in the human [84, 85].

Prior to ovulation, the role of oestrogen is considered to be important in the
regeneration and growth of the endometrium and to prepare the tissue to respond to
progesterone post-ovulation. Until the advent of microarray technology the study of
complex biological mechanisms was hindered by the fact that only the expression of
individual genes could be investigated. Genome wide gene expression analysis has
proven to be a powerful approach to reveal individual genes and signalling cascades
which are directly or indirectly affected by the steroid hormones. Thus far,
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understanding the biological processes and molecular mechanisms associated with
endometrium receptivity and embryo implantation has been the centre of attention,
whereas the complex events that occur in the human endometrium during the
menstrual and proliferative phase under the influence of oestrogen have received
little attention. The objective of this review is to provide an update of our current
understanding of the actions of oestrogen on both human and rodent endometrium,
with special emphasis on the regulation of proliferation, and the value of global gene
expression analysis.

Oestrogen regulation of uterine and endometrial growth

Oestrogen regulation of uterine growth in rodents

The uterus in rodents and the human undergoes cyclical changes of growth
and degeneration. In both species, oestrogens produced by the developing follicles
stimulate endometrial growth, and progesterone is responsible for converting the
oestrogen-primed endometrium into a receptive state. In rodents, if pregnancy does
not occur, diestrous (secretory phase in humans, cycle days 15-28) terminates with
regression of the corpus luteum, and the endometrium is resorbed (menstruation in
humans, cycle days 1-5). During proestrous (proliferative phase in humans, cycle
days 6-14) follicles develop and start to produce oestrogens which stimulate
endometrial growth. During oestrous (peri-ovulatory period in humans, cycle days
13-15) ovarian follicles mature.

Rodents are versatile animal models which allow precise hormonal
manipulation of the endometrium, usually after ovariectomy. In the classical sense,
the uterine growth responses in rodents are grouped as early and late responses in
relationship to a single dose of oestradiol (reviewed by Barton et al. [86]). The early
responses which usually occur during the first six hours after administration of
oestrogen include increases in RNA and protein synthesis as well as water
imbibition. Late oestrogen responses include cycles of DNA synthesis and epithelial
cell mitosis which begins 10 to 16 hours after oestradiol administration. Two waves
of mitotic activity are generally seen. One wave approximately after 16 hours, and
one approximately after 24 hours.

The magnitude of uterine growth stimulation is largely dependent upon the
duration of bioavailable oestradiol and receptor interaction [87]. Oestriol, which is a
short-acting oestrogen agonist, stimulates the early events following a single
aqueous dose, but not cell proliferation. The inability of oestriol to stimulate cell
proliferation could be due to a rapid clearance of this steroid and low affinity to
oestrogen receptors. Similarly, administration of single doses of both oestradiol and
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oestriol immediately activate early genes such as c-myc and c-fos, but additional
oestrogen is required for a cell to complete G1 and enter the S-phase [88, 89].

Administration of a low dose of oestradiol (0.25 or 2.5 µg/animal) to
immature rats caused nuclear translocation after 1-3 hr and maintenance of uterine
growth occurred after 24 hr. At a higher dose (10.0 µg/rat), circulatory oestradiol
levels were maintained longer and a biphasic nuclear translocation occurred. The
uterus continued to grow until 72 hr, reaching five times its original wet weight.
Administration of one dose of oestriol, a short-acting oestrogen, induces the same
early responses as oestradiol, however, no uterine proliferative response is induced
[90]. These studies show that a single injection of sufficient amounts of oestradiol
induces endometrial growth and maturation in rats, provided oestrogen levels remain
elevated in the circulation for a long period of time. This is supported by reports
which show that administration of increasing doses of oestradiol are required to
sustain a full uterine response. Treating immature rats with a single bolus of a long-
acting oestrogen (17alpha-ethinyl oestriol-3-cyclopentyl ether) did not result in
further increases in uterine weight beyond 24-48 h. In contrast, multiple injections of
EE3CPE for 72 hours produced a progressive increase in tissue and uterine weight
markedly above the 24 h level, and responsiveness to oestradiol is maintained [91].
Medlock observed that rats receiving silastic implants with a pharmacological dose
of oestradiol (5.0 mg/ml) did maintain the maximal uterine weight gain through 24
hours, whereas subcutaneous injections of a single dose (1.0 and 10.0 µg) caused
only a significant and equivalent increase in uterine weight at six hours, but the
weight gain could not be maintained for long [92]. Treating adult mice and
immature female rats for several consecutive days with the same dose, also renders
the uterine epithelial cells ‘refractory’ [93, 94], and only when challenged with a
higher dose this ‘refractory’ state could be overcome [93].

The minimal dose of oestradiol that is required to induce uterine sensitivity
for implantation was determined to be in the range of 1.5-3 ng [19, 95]. Ma and
coworkers showed that the concentration of oestradiol also controls the length of the
window of uterine receptivity [19]. At different physiological concentrations
implantation can be initiated, however, high doses shorten this period. This is
associated with aberrant expression of implantation-related genes including LIF,
PTGS1 (cyclooxygenase 1), and AREG (amphiregulin). Finn et al. showed that
administration of high doses of oestradiol stimulated cell division, but no
decidualization occurred [96].

Collectively, these findings suggest that uterine levels of oestradiol must
exceed a certain level to initiate the early events associated with the induction of
uterine growth. However, sustained bioavailability of oestrogens as well as the
receptors are required to induce a full uterine proliferative response, and excessive
levels of oestrogen may have adverse effects on implantation.
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Oestrogen regulation of endometrial growth in the human

The role of oestrogen in the regulation of human endometrium is still
elusive. In contrast to the rodent uterus, endometrial growth in humans is not a result
of water imbibition, but mostly a result of cellular amplification. Repair of the
endometrial surface is already initiated during the menstruation process in the
remaining basal layer, prior to any increase in oestrogen concentrations [10].A
process which was also shown to involve recruitment of bone marrow derived cells
[97]. Proliferative activity in the basal layer remains constantly low, and once
oestrogen concentrations increase, proliferative activity in the developing functional
layer of the human endometrium is induced. Proliferative activity peaks between
cycle days 8 and 10 [11].

In humans a minimum of five days of oestrogen exposure is required to
build a sufficiently thick endometrium to allow implantation of the embryo [20, 21].
In this regard, it is worth to mention the recent study from Kurita et al. [98]. They
made tissue recombinants from uterine stroma of newborn mice and epithelial cells
from newborn murine uteri or epithelial cells from adult human endometrium. These
were placed under kidney capsules of female nude mice, which were ovariectomized
four weeks later. After two additional weeks the animals were treated with
oestradiol. Similar to what is observed in vivo in the mouse and human, the
proliferative response in the mouse epithelium was visible after one day, whereas the
human epithelium required five days of oestradiol exposure to show a maximum
response. In addition, the human uterine epithelial cells responded to oestradiol by
up-regulation of progesterone receptor (PR), whereas in the mouse epithelium PR
expression was down-regulated.

Previous studies from the same group have shown that the proliferative
response in endometrial epithelium is regulated by the stromal compartment. The
fact that uterine stroma from a mouse shows the same response as adult endometrial
stroma from the human, indicates that these stroma-mediated effects are not species
specific. The distinct responses in the mouse and human uterine epithelial cells
suggest that the epithelial cells respond differently to the cues from the stromal
compartment. This means that it is likely that the early responses of the stromal
compartments of mouse and human endometrium show similarities, maybe allowing
careful extrapolation of findings in mouse studies to the human, whereas the late
responses in the epithelial compartments show more disparities.

Studying the effect of oestrogens on human endometrium is complicated.
Most information about the role of oestrogen in the regulation of endometrial
development has been obtained in IVF patients in either natural or artificially
induced cycles. During IVF, high oestrogen concentrations as a result of the
hyperstimulation of the ovaries are thought to result in a disparity in maturation
between the epithelium and the stroma, which is more advanced in its development
[99], possibly as a result of premature steroid receptor down-regulation [15, 99].
When oestradiol concentrations were > 2500 pg/ml on the day of human chorionic
gonadotropin (HCG) injection, significant decreases in pregnancy and implantation
rates were observed compared with patients having low oestradiol concentrations,
without affecting embryo quality [100, 101]. Reducing the oestradiol levels using a
step-down protocol significantly improved implantation and pregnancy rates
compared to the patients that received the standard protocol, without affecting
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fertilization rate and the number of good-quality embryos [102]. In addition, optimal
pregnancy rates were achieved when oestrogen was administered for six to eleven
days [20, 21] or twelve to nineteen days [18] before progesterone administration.

Others however, did not find abnormal endometrial morphology or reduced
implantation and pregnancy rates at high hormone levels [103-107]. Increased
implantation and pregnancy rates per embryo transfer were found in cycles with
high oestradiol levels (>5000 pg/ml) compared to controls [108]. The length of
oestrogen exposure was also shown to be flexible, ranging from as short as six days
to as long as 60 days without affecting receptivity or pregnancy rates [103, 109-
111]. In line with these findings Remohi and coworkers observed that implantation
and pregnancy rates were also normal at very low concentrations (<50 pg/ml) [22].

Obviously our knowledge about the regulation of endometrial growth and
differentiation by oestrogen shows dramatic lacunas. Studying oestrogen regulation
from a genomics perspective may provide new insights into the cellular regulatory
mechanisms involved.

Global gene expression profiling

Gene expression studies in rodent uterus

The outcome and interpretation of global gene expression profiling studies
is influenced by the use of different array platforms, the use of different protocols
for sample and probe preparation, differences between mouse strains, the manner of
application of the steroids, and differences in data processing and analysis. (Table
2.1 presents a summary of gene expression studies aimed at evaluating the effects of
oestrogen). For human endometrium this was first demonstrated by Horcajadas et al.
[112]. The authors compared the results of four studies on gene expression in human
endometrium collected during the implantation window and reported only three
genes that were up-regulated in all four studies (osteopontin, apolipoprotein D,
Dickkopf) and one down-regulated gene (olfactomedin-1) [112].

Similar disagreements among array studies are also present among rodent
studies. Hong et al. [113] and Watanabe et al. [114, 115] treated ovariectomized
(ovex) mice for six hours with oestradiol and of the reported genes that were most
affected, only seven were commonly regulated (Table 2.2). When including the
findings of the study from Hewitt et al. [116], only MAD2 and Small proline-rich
protein 2A were upregulated by oestradiol in wild type mice in all three studies.
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Table 2.1. Summary of gene profiling studies in rodents and humans to study oestrogen regulation of
gene expression in uterus and endometrium

A. Changes in menstrual and oestrous cycles

Human endometrium
Menstrual (CD3-4) versus late proliferative (CD12-13) phase endometrium [1]
Proliferative phase endometrium, laser capture microdissection (LCM) of epithelium and
stroma [117]
Menstrual and proliferative phase endometrium chemokine array [118]
Various stages of the proliferative and secretory phase [82]

Mouse endometrium
Oestrous versus diestrous [119]
Wild-type (Wt) ovariectomized (ovex) mice, oestradiol (E2) 100 µg/animal for 6 and 24
hours, followed by LCM epithelial glands and stroma [113]

B. Ovariectomised rodent models

Wt mice sacrificed 2, 8, 12, 24 hours after one dose of EE (100 µg/kg), or 72 hours (dosed 3x,
every 24 hours) [5]
Wt mice sacrificed 0, 1, 2, 6, 12, 24, 48 hours after one injection of oestradiol (5 µg/kg)
Extra control, αERKO mice treated with oestradiol for 6 hours [114]
Wt and αERKO mice sacrificed 6 hours after treatment with oestradiol, dose range 0.5-50
µg/kg [120]
Wt, αERKO, βERKO mice sacrificed 0.5 and 2 hours after 1 µg/kg oestradiol ip in saline, or
6, 12, 24 hours after 1 µg/kg oestradiol sc in oil; additional groups received 45 µg/kg ICI in
DMSO ip, 30 min prior to oestradiol [116]
Wt and αERKO mice sacrificed 2 and 24 hours after administration of 1 µg/kg oestradiol, or
sacrificed 2 hours after ip injection with 200 µg EGF or IGF-1 analogue 2 hours after ip
injection, or 24 hours after administration by osmotic pumps [121]
Rats sacrificed after 3 days after receiving 1 µg/animal/day oestradiol (Rochett et al., 2002)
Rats sacrificed after 1, 4, and 7days after receiving 2.5 mg/animal/day oestradiol [122]

C.  Immature rodent models

Wt mice, 20-21 days old, sacrificed 1, 2, 4, 8, 24, 72 hours after administration of a high dose
oestradiol 400 µg/kg [4]
Wt mice treated with 50 µg/kg oestradiol for 3 consecutive days (Waters et al., 2001)
Wt rats treated sc with 0.001-10 µg/kg EE for 4 consecutive days [123]

D. In vitro models

Primary cultures epithelium and stroma treated with oestradiol, tamoxifen and raloxifene [124]

Table 2.2. Genes regulated by oestradiol in endometrium of ovariectomized mice after six hours [113-
115]

Thioether-S-methyltransferase
Serum-inducible kinase
Mitotic checkpoint component Mad2
Small proline-rich protein 2A
Chemokine orphan receptor 1
GTPase (RAN)
Kruppel-like factor 4 (gut)
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Choosing the animal model system will also have an impact on the
outcome. For the study of the effects of steroid hormones on steroid-responsive
tissues ovariectomized animals receiving hormone replacement is an established
animal model. Alternatively, researchers have employed immature animals.
Immature animals were shown to be more sensitive with regard to the detection of
oestrogenic effects than the ovariectomized adult animals [125]. In the study of
Naciff et al. [123] prepubertal rats received increasing doses of ethynyl oestradiol
(EE, 0.001-10 μg/kg) and the changes in gene expression were monitored using the
Affymetrix Rat Genome U34A high-density oligonucleotide array. In this study, 24
hours exposure to a high dose (10 μg/kg) of EE induced a 5-fold increase in uterine
wet weight and a two-fold increase in uterine height. In contrast, treating adult
ovariectomized rats with 500 μg/kg of EE did not even increase uterine wet weight
[122]. Moreover, the magnitude of gene expression induced by oestradiol was higher
in the immature rats than the adult ovariectomized rats, i.e. complement component
3 and CD24 were induced 300- and 7.5-fold in the study of Naciff et al. versus only
3.6- and 2.8-fold in the study of Wu et al. [122]. Whether the immature rat model or
the ovariectomized/oestradiol supplemented adult rat model is the most reliable
model for studying the role of oestradiol in the endometrium and to extrapolate
findings to the human situation has yet to be proven.

The major advantage of animal models is their flexibility. Using
recombinant DNA technologies the animals can be genetically altered, and it is
possible to perform longitudinal studies. For example, the mouse models were
proven to be very illustrative in demonstrating the roles of the two ER isoforms,
ERα and ERβ, in endometrial regulation. The availability of mouse strains in which
the ERα (αERKO mice) or ERβ (βERKO mice) has been ablated, paved the way to
study the selective actions of ERα and ERβ [116]. The early and late responses of
the βERKO mice were indistinguishable from those of wild type samples, whereas
the αERKO mice showed little response to oestradiol[116]. These observations
indicate that ERα is essential for mediating the actions of oestradiol.

Using the same mouse models, Hewitt and coworkers [121] also showed
that IGF-1 and ER signalling pathways act in parallel with regard to the regulation
of gene expression, and that treating αERKO mice with IGF-1 elicited certain
responses that closely resembled the response induced by oestradiol in wild type
mice. Certain genes were regulated similarly (up: Igfbp5, Cyr61, p21, c-fos; down:
Txnip, Igfbp3, Sox4) by oestradiol and growth factors in wild type mice, and
retained growth factor responsiveness in the αERKO mice. However, another group
of genes was only regulated by oestradiol and only in the wild type mice (Mad2,
Ramp3, lactoferrin, Igf-1, Krt1-19), and therefore depend on the presence of ERα.
The third group of genes was regulated only by the growth factors (Baiap2, Kruppel-
like factor 9). This confirms earlier findings that growth factors and ER signalling
pathways converge in the regulation of some uterine functions, which still depend on
a correct ER pathway. EGF and IGF-1 treatment of ovariectomized mice resulted in
increased uterine weight and proliferation of uterine epithelial cells [126, 127], but
these responses were not observed in the αERKO mice [126, 128].
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Phenotypic anchoring

To understand complex mechanisms, relationships must be defined between
the changes in gene expression and the alterations that occur in the cells or tissues
[4]. In toxicogenomics this is termed ‘phenotypic anchoring’ [129]. Moggs and
coworkers applied this approach to define the transcriptional program associated
with the response of the rodent uterus to oestradiol and to identify groups of genes
that result in specific histological changes [4]. A single high dose of oestradiol (400
μg/ml) was administered to immature mice, which induced a sustained increase in
uterine weight.  In addition, uterine expression profiles were assessed after 1, 2, 4, 8,
24, 48 and 72 hours. The 3538 oestradiol-responsive genes were subjected to
hierarchical clustering to identify the temporarily co-regulated genes and the
clustered genes were further interrogated using the GOStat gene ontology mining
tool to gain an overview of the predominant molecular functions and biological
pathways that were regulated at the transcriptional level. The temporal associations
in gene expression were anchored to distinct alterations in uterine phenotype. The
authors found that oestradiol regulates different classes of genes during narrow time
windows, and suggested that oestradiol induces uterine growth and maturation by
successively regulating the activities of different biological pathways. The first four
hours after injection of oestradiol, a major influx of fluid into the uterus is seen,
most likely due to an increase in vascular permeability due to increased expression
of VEGF. Many genes that have roles in the regulation of vascular permeability
were up-regulated (e.g. angiogenic/vascular cell growth factors VEGF, PlGf, ADM,
ANG2, TGFβ2, the vasoactive serine protease KLK2, -6, -9 and –22, and vascular
endothelial receptors IL17R, BDKRB1, ENG, and GNA13). Next to these
vasoactive substances a rapid induction of transcriptional regulators and signalling
components involved in regulating growth and differentiation is observed.

Moggs and coworkers also reported that between four and eight hours after
oestradiol injection no obvious changes in uterine histology occurred [4]. However,
many genes involved in mRNA (and protein synthesis) are induced, whereas a
number of known transcriptional repressors (i.e. TGIF, MAD4, EZH1) are
suppressed. These changes are required to increase the mass of uterine cells to
provide sufficient cellular components required for survival of the daughter cells
[130]. These events occur immediately preceding the up-regulation of genes
involved in controlling chromosome replication and the cell cycle. Luminal
epithelial height doubled between 8 and 24 hours and mitotic activity was
dramatically increased 24 hours after oestradiol injection, and decreased again at 48
hours. This agrees with the contention that most cells in the rodent uterus are
stimulated to leave their quiescent state and divide synchronously after exposure to
oestradiol [131]. After induction, the expression of most genes decreased to levels
well below that of the control animals, suggesting active repression to prevent
further rounds of proliferation.

In parallel oestradiol appeared to suppress the apoptotic process by
inducing the expression of anti-apoptotic genes and simultaneously down-regulating
the expression of pro-apoptotic genes. The investigators were able to provide more
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insight into the possible mechanisms that may be involved in the various events that
lead to a receptive endometrium.

In this particular study [4], the experiment was performed three times, and
the observed uterine weight responses as well as the expression profiles of the
oestrogen-responsive reference genes including c-fos and LTF were highly
reproducible. The combination of independent experiments and the use of stringent
selection criteria have increased the reliability of the findings. One would expect
than that in independent studies performed in other laboratories some agreement
exists. In a similar study also performed in ovex immature mice by Fertuck et al.,
temporal patterns of gene expression were identified after oral administration of EE
instead of oestradiol [5]. Using functional gene annotation information from public
databases, Fertuck and coworkers established associations between changes in gene
expression and the pathways involved in the uterotrophic response [5]. After K-
means clustering, seven temporal gene expression patterns could be distinguished:
genes induced at 2, 8, 12, 24 and 72 hours, genes induced at 8 and 3x24 hours, genes
induced at 24 and 3x24 hours. Even these rigorous experimental and bioinformatics
approaches resulted in only 31 genes that were reported by Moggs et al. (Table 2.3).
Of these 31 oestrogen-regulated genes, only 14 showed similar temporal changes in
gene expression. Two of the genes that were down-regulated were cell cycle-related,
CCNG2 and GADD45. These genes were also reported to be down-regulated prior
to the induction of proliferation in other mouse studies [114].

The difference in gene expression profiles could be explained by the fact that
Fertuck and coworkers used EE, a synthetic steroid which is significantly more
stable than oestradiol. This is somewhat surprising since in the rat the transcriptional
profile induced by EE is very similar to that of the endogenous oestradiol [132].

Oestrogen regulation of gene expression in human endometrium

The exposure of the human endometrium to oestrogen increases after about
five to six days after the onset of menstruation. At this point the endometrial surface
repair is already completed [10], and a major role has been indicated for the bone
marrow-derived cells, which constitute about half the endometrial cell population
[97]. The major role of oestrogen is supposedly to modulate the growth of the
human endometrium by inducing proliferation. Proliferation index peaks between
eight and ten days after the onset of menstruation in the upper one third of the
functional layer [10]. At the same time blood vessels have to develop to supply the
growing tissue with nutrients and oxygen. This process appears to occur mostly as
the result of vessel elongation rather than increased endothelial cell proliferation.
The fact that endothelial cells only express ERβ and not ERα [133] supports the
contention that these cells are not primary targets of the proliferative effects of
oestradiol, which is mostly mediated by ERα and not ERβ. Following the increase in
mitotic activity in the endometrium, stromal oedema increases [134], which is
indicative of increased biological activity of VEGF-A leading to increased vascular
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permeability.  However, we were not able to confirm that the expression of VEGF-A
and its receptors show significant increases during this time [135].
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When searching the literature for microarray studies aimed at understanding
the role of oestrogen in the regulation of endometrial function, only few studies are
useful. Ethical restrictions limit the design of clinical studies, whereas in vitro
models based on human endometrial cells have shown loss of steroid
responsiveness. Only one study attempted to use a genomics approach to study the
effects of oestrogens on gene expression in cultured endometrial cells. Pole and
coworkers [124] sought to compare and characterise the transcript profile of
tamoxifen, raloxifene, and the agonist oestradiol in human endometrial cells. Tissues
(n=3) were collected in the proliferative phase of the menstrual cycle. The authors
found 230 significant changes in gene expression for epithelial cells and 83 in
stromal cultures, either specific to oestradiol, tamoxifen or raloxifene, or changed
across more than one treatment. Remarkable findings of this study are (1) the limited
fold-changes observed, which did not exceed 2.5-fold, (2) the limited number of
genes that are shared by oestradiol and tamoxifen (7/118) and oestradiol and
raloxifene (6/94), (3) there were more genes comparably regulated between the
SERMs tamoxifen and raloxifene, than between oestradiol and either tamoxifen or
raloxifene, (4) only three genes were also differentially expressed in our study in
endometrium tissues [1]. A drawback of this study is that no validation experiments
were performed to confirm the findings of the microarray analysis, which limits the
reliability of the data.

In vitro tests offer several advantages including a low intra-assay
variability, however they do not reflect the sophisticated processes that occur in an
intact tissue or animal, and therefore have often impaired steroid-responsiveness. In
vitro studies based on whole tissue as we showed in an earlier study [33], and in
vivo studies have the added advantage that they may offer the opportunity to project
the findings to the human situation.

Yanaihara et al. used laser capture microdissection to study gene expression
in epithelial and stromal cells of proliferative endometrium (CDs 6-9) of normal
human endometrium from fertile women [117]. This approach also allows to study
gene expression in individual cell populations at a given time point. Unfortunately,
the investigators used BD Atlas Nylon cDNA Expression Arrays with a limited
number of probes, which resulted in the identification of only 14 and 12 genes that
were strongly expressed in epithelial and stromal cells respectively. Three of these
genes are known cell cycle regulators, CDC28 protein kinase 2 (CKS2), CCNA1
and CCNB1. The objective of the study was to evaluate the gene expression profiles
in epithelial and stromal cells, therefore no inferences could be made with regard to
the actions of oestradiol. However, one gene was subsequently shown to be
regulated by oestrogen in stromal cells, decorin.

There is only one study which has focussed on elucidating the actions of
oestrogen in the human endometrium [1]. Gene expression profiles were compared
between late proliferative (LP) and menstrual (M) phase endometrium. Genes
expressed or suppressed in late proliferative endometrium would reflect genes that
are expressed at a late stage of endometrium development. We identified 282 gene
transcripts that were up-regulated and 512 gene transcripts that were down-regulated
in the LP phase compared with the M phase endometrium. As expected, the gene
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transcripts elevated during menstruation (M phase endometrium) (e.g. inflammatory
cytokines, enzymes involved in eicosanoid biosynthesis, and immunomodulators
and their receptors). Also angiogenic modulators, hypoxia-induced proteins (i.e.
heamoxygenase-1, adrenomedullin, carbonic anhydrase II, VEGF, CYR61 and
hypoxia-induced protein-1) and MMP’s were highly expressed in M phase
endometrium [1]. In turn, the expression of different cell cycle regulators was
overexpressed in LP phase endometrium (Table 2.4).

Table 2.4. Cell cycle regulators differentially expressed in LP vs. M phase endometrium [1]

A. In vivo – LP phase vs. M phase endometrium
Gene Fold-change
CCNA1 3.4 *
CCNB1 4.3 *
CCNB2 4.3 *
CCNL1 -3.3
CDC2 3.2 *
CDC20 6.8 *
CDC6 3.0 *
CDCA3 4.8
CKS2 (CDC28 kinase 2) 2.3
CDKN1A (p21, CIP1) -3.8
CDKN2C 3.4 *
CDKN3 2.4 *
GADD45B -6.2 *

B. In vitro – M phase endometrium treated with 17β-E2
Gene Fold-change
CCNA1 3.5 *
CCNL2 2.2
CDK10 4.4
CDKN2B 3.3

*  Genes also found oppositely regulated in secretory when compared to proliferative endometrium

We compared these profiles also with the profiles of explant cultures
prepared from the same biopsies (M and LP phase endometrium) treated with
oestradiol for twenty four hours. This approach would theoretically distinguish
genes that are directly regulated by oestrogen from those that require extended
exposure to oestrogen. We found 148 and 45 gene transcripts to be up- and down-
regulated, respectively, by oestradiol in M phase endometrium. In LP phase
endometrium only 12 transcripts were up-regulated and 4 transcripts were down-
regulated by oestradiol. This clearly demonstrates that the responsiveness of the
human endometrium is reduced after prolonged exposure to oestradiol in vivo,
probably because all relevant genes have already been activated at this time.

In contrast, when these tissues are treated with progesterone, LP phase
endometrium responds much better (219 vs. 117 genes in M phase endometrium)
[136], indicating that the responsiveness of the endometrium to progesterone
increases after extended periods of exposure to oestrogen.
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Indirectly, potential oestrogen regulated genes should also be extractable
from studies investigating changes in gene expression throughout the menstrual
cycle. Particularly from studies which have being performed on global gene
profiling using endometrium collected in early and late proliferative phase. Only one
study meets this criterion [82], even though the attention of these authors was mostly
focussed on the secretory phase. With regard to the proliferative phase endometrium
the authors stated that there is little evidence of major changes in gene expression
that correlates with the rise in oestrogen during the proliferative phase of the cycle.
However close examination of the clusters defined by the investigators clearly show
differences between the menstrual, early/mid-proliferative, mid-proliferative, and
late proliferative/early secretory stages. Comparing the genes to those identified in
our study [1], we found 20 genes to be common to both studies (Table 2.5). In
contrast to our expectations, none of these genes were cell cycle regulators.

Oestrogen regulation of cell cycle regulators

Rodent uterus

Oestrogen is the most important regulator of proliferation in endometrium.
Yet, we know surprisingly little about the subcellular processes involved in
oestrogen regulation of proliferation. Even in the microarray studies mentioned
above, little attention has been given to this aspect of endometrial development.
Four studies have attempted to extract information from the array data in order to
understand how oestrogens affect the cell cycle: [4, 5, 116, 121]. Only a small subset
of genes was frequently affected by oestradiol in the murine or rat uterus. As
indicated earlier, the expression of the cell cycle inhibitors GADD45 and CCNG2 is
suppressed by oestradiol treatment prior to the upregulation of various cell cycle
inducers. A direct involvement of oestradiol-occupied ERα in the down-regulation
of CCNG2 was recently shown by Stossi et al. [137]. They observed that the
suppression of CCNG2 is associated with the recruitment of the co-repressor N-CoR
and histone deacetylases, leading to a hypoacetylated state of the chromatin [137].
Although GADD45 suppression by oestrogen in the rodent uterus has not yet been
shown, these observations point to the fact that the proliferative response induced by
oestrogen is initiated by the down-regulation of cell cycle inhibitors, rather than the
induction or activation of cell cycle stimulators. This is further substantiated by the
studies of Hewitt et al. [116, 121], Watanabe et al. [114], Moggs et al. [4] and Hong
et al. [113]. The common denominators in these studies next to CCNG2, are p27KIP1

(CDKN1B) and GAS1. These cell cycle inhibitors are down-regulated during the
first one to eight hours after oestrogen administration. Other negative regulators of
the cell cycle reported in more than one study are p21CIP1(CDKN1A) and MAD2.
Upon administration of oestradiol, both p21CIP1(CDKN1A) and MAD2 expression
peak during the first 6 hours, after which the expression decreases again. MAD2
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interacts with the anaphase-promoting complex (APC) which is required for
anaphase initiation and exit of mitosis [138]. Upon binding of MAD2, activation of
the APC is inhibited and the cells are arrested at the prometaphase. Upon the
decrease in MAD2 these cells will enter mitosis which may result in the first wave
of cell divisions observed after about 16 hours. Parallel to the decrease in MAD2,
levels of CCNE1 (which is involved in the G1 to S transition in the cell cycle)
increased dramatically [116, 121]. At this point levels of p21CIP1, which inhibits S-
phase entry, are still elevated. The levels start decreasing 15 hours post-oestradiol, at
the same time CCNE1 and CCNG1 levels increase. This may allow cells to progress
from the G1 to the S-phase and initiate the second wave of mitotic divisions. The
increase in CCNE1 was also observed in response to IGF, indicating that this cyclin
also mediates the growth factor induced proliferative response [121].

Table 2.5. Common genes in Ponnampalam et al. and Punydeera et al [1, 82]

Ponnampalam et al. Punyadeera et al.
High menstrual, low proliferative (Clusters 2, 5, 6, 7) Late proliferative vs. menstrual

CENPF + 9.7
NCR3 - 6.6 *
SOX4 - 4.58  *
TYMS + 5.2
TAC1 - 5.9  *
DNAJB1 - 4.2  *
STC1 - 20.4  *
DTR - 12.6  *
CD59 - 2.5  *
EDN2 - 2.4  *
S100P - 6.8  *
TGFA - 3.0  *
IL7R - 4.9  *
RAI3 - 16.6  *
ITGA2 - 5.0  *

Low menstrual, up proliferative (Cluster 3)
DCI + 3.5  *
TRIP13 + 2.0  *

Low early, high late proliferative (Cluster 4)
HMGB2 + 3.5  *
CSTF2 - 3.2
PDEF + 5.4  *

* Genes displaying similar changes in both studies.

Human endometrium

When comparing the gene expression profiles of LP phase and M phase
endometrium, we observed that the expression of a subset of cell cycle regulators
was differentially expressed (Table 2.4) [1]. Particularly interesting is the down-
regulation of the cell cycle inhibitors p21CIP and GADD45, which were also
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implicated in the regulation of murine uterine growth by oestradiol.  In addition, the
expression of the cell cycle inducers CKS2, CCNA1 and CCNB1, also reported by
Yanaihara et al [117], was elevated in LP phase endometrium as compared to M
phase endometrium.

An alternative way to deduce candidate genes involved in oestrogen-
regulation of proliferation, is to evaluate expression profiles after exposure to the
natural antagonist of oestradiol, progesterone. We generated gene expression
profiles for two biopsies collected on cycle day 23 of the menstrual cycle, the end of
the implantation window, and compared them with the profiles of two biopsies
collected on cycle day 9 of the menstrual cycle, the mid-proliferative phase. We
extracted the most common cell cycle regulators (more than 2-fold difference), and
found a total of 43 genes differentially expressed: 11 genes were up-regulated and
32 genes were down-regulated in secretory phase endometrium (Table 2.6;
unpublished data). These genes were compared with the genes which were found to
be elevated in LP phase endometrium when compared to M phase endometrium [1]
and presumably induced by oestrogen. Eight genes were down-regulated and one
gene was up-regulated (GADD45) in the secretory phase endometrium (Table 2.6).
We also compared these findings with the results of the extensive study by Talbi et
al. [139], who studied gene expression in histologically well defined biopsies of
human endometrium throughout the menstrual cycle. In the gene list resulting from
the comparison between the secretory and proliferative endometrium, 13 cell cycle
related genes corresponded to our findings: 11 genes were down-regulated, and two
genes were up-regulated in the secretory endometrium (Table 2.6). Interestingly, the
expression of various cell cycle inhibitors, i.e. GADD45, GAS1, CDKN1C (KIP2),
is dramatically induced in secretory endometrium, supporting the findings from the
mouse studies indicating that the role of cell cycle inhibitors in the regulation of
proliferation may have been underestimated thus far.

Oestrogen regulation of the cell cycle has been extensively studied in breast
cancer cell lines (reviewed by Doisneau-Sixou et al. [140]), and central roles have
been identified for CMYC, CCND1 and its binding partners CDK4 and CDK6,
CCNE and its binding partner CDK2, and the CDK inhibitor p21CIP. In brief, CMYC
and CCND1 can independently mediate the effects of oestrogen on cell cycle
progression. These pathways converge at the CCNE-CDK2 complex, which is
activated by stimulating the dissociation of p21CIP from this complex. This
dissociation is mostly a result of the down-regulation of p21CIP gene transcription.
After up-regulation by oestrogen, CCND1 complexes with CDK4 and CDK6, which
are potent kinases, which, in turn, phosphorylate pRb and, within nine hours, the cell
enters in the S phase. Even though CMYC does not enhance the expression of
CCND1, however, suppression of CMYC expression reduced CCND1 expression
and prevents oestrogen-stimulated cell cycle progression.
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Table 2.6. Cell cycle regulators differentially expressed in secretory vs. proliferative phase endometrium.
Genes indicated (*) are also reported in the study of Talbi et al. [139]

Gene Symbol Gene name > 2-fold Prol/Secr

CDC2 cell division cycle 2, G1 to S and G2 to M 13.1 *
CDC45L CDC45 cell division cycle 45-like (S. cerevisiae) 11.77
CCNA1 cyclin A1 10.79 *
CCNA2 cyclin A2 10.64 *
CCNB2 cyclin B2 8.6 *
CCNB1 cyclin B1 7.94 *
CCNE2 cyclin E2 6.84
CDC25C cell division cycle 25C 6.63 *
CDCA8 cell division cycle associated 8 6.56
CKS2 CDC28 protein kinase regulatory subunit 2 5.99 *
CDK5R2 cyclin-dependent kinase 5, regulatory subunit 2 (p39) 5.81
CDC6 CDC6 cell division cycle 6 homolog (S. cerevisiae) 5.44 *
CDKN3 cyclin-dependent kinase inhibitor 3 (CDK2-associated dual specificity phosphatase)4.9 *
PCNA proliferating cell nuclear antigen 4.13 *
CDKL2 cyclin-dependent kinase-like 2 (CDC2-related kinase) 4.09
CDC20 CDC20 cell division cycle 20 homolog (S. cerevisiae) 3.88 *
GDF1 growth differentiation factor 1 3.77
GDF3 growth differentiation factor 3 3.7
GAS2 growth arrest-specific 2 3.65
CKS1B CDC28 protein kinase regulatory subunit 1B 3.62
CDKN2C cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) 3.27 *
CDCA3 cell division cycle associated 3 3.18
GDF5 growth differentiation factor 5 (cartilage-derived morphogenetic protein-1) 3.08
GAS41 growth arrest-specific 41 2.82
CDC25A cell division cycle 25A 2.66
CDK2 cyclin-dependent kinase 2 2.55
CDK5R1 cyclin-dependent kinase 5, regulatory subunit 1 (p35) 2.54
CDC7 CDC7 cell division cycle 7 (S. cerevisiae) 2.53
CCNF cyclin F 2.39
CDKL3 cyclin-dependent kinase-like 3 2.26
GDF11 growth differentiation factor 11 2.09
CDKN2D cyclin-dependent kinase inhibitor 2D (p19, inhibits CDK4) 2.03
CDC42EP3 CDC42 effector protein (Rho GTPase binding) 3 0.49
CDC34 cell division cycle 34 0.48
CDC42EP4 CDC42 effector protein (Rho GTPase binding) 4 0.45
CCNI cyclin I 0.45
CGR11 cell growth regulatory with EF-hand domain 0.43
CDC42BPA CDC42 binding protein kinase alpha (DMPK-like) 0.42
GADD45B growth arrest and DNA-damage-inducible, beta 0.31 *
GDF8 growth differentiation factor 8 0.23
CDKN1C cyclin-dependent kinase inhibitor 1C (p57, Kip2) 0.15
GADD45A growth arrest and DNA-damage-inducible, alpha 0.12
GAS1 growth arrest-specific 1 0.11 *

As a model to elucidate the mechanism of oestrogen-stimulated cell
proliferation, we have investigated the expression of a subset of these cell cycle
regulators in endometrial and breast cancer cell lines treated with oestradiol (1.0
nM). The endometrial cancer cell line ECC1 and the breast cancer cell line T47D
nicely respond to oestradiol treatment as illustrated by the induction of the
transcription of the oestrogen-responsive gene pS2 in both cell lines (Figure 2.1a).
Yet, T47D cells respond to oestrogen stimulation with strong cell proliferation,
whereas ECC1 cells do not. In order to explain this we evaluated the expression of
various cell cycle regulators in both cell lines. In both cell lines the key gene in the
regulation of proliferation, CMYC is strongly induced in both cell lines with
maximal expression 1 hour after oestradiol stimulation (Figure 2.1a). Subsequently,
in T47D cells the expression of the cell cycle activators CCNA (~2 hours), CCNB (6
hours) and CCND and CCNE (16 hours) is also induced (Figure 2.1b). When
evaluating the expression of cell cycle suppressors, it was apparent that in the T47D
cells the expression of GADD45A and GADD45B was down-regulated after 2
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hours, whereas in the ECC-1 cells the expression of GADD45B was not inhibited,
whereas the expression of GADD45A was highly induced (Figure 2.1c). These
evidences support the aforementioned hypothesis that the downregulation of cell-
cycle inhibitors is one of the first actions in oestradiol-induced cell proliferation.

Surprisingly however, we observed that in T47D cells the expression of
CCNG2 is induced after 6 hours of oestradiol treatment (1.0 nM). As this was not
seen in the ECC-1 cells, we tend to believe that the CCNG2 is a cell cycle activator.
This contradicts however, the finding of Stossi et al. in MCF-7 cells, which clearly
indicated CCNG2 as a cell cycle suppressor [137]. These observations show that
mechanisms of oestrogen control of proliferation as revealed in one breast cancer
cell line can not habitually be extrapolated to other breast cancer cell lines or any
other model system, without extensive validation.

Variations in the expression of cell cycle regulators in tissues may very well be
masked during genomic profiling by their cell-specific expression patterns. There
are multiple cell types present in the human endometrium that contribute to the
growth of the endometrium tissue and studying gene expression on a tissue provides
no information about the individual cell types. Moreover, expression has also to be
confirmed at the protein level in order to draw any conclusions. For instance
expression of CCNE implicated as a key regulator of oestrogen induced cell cycle
progression, is most prominent in the glandular epithelium, and switches from the
cytoplasm in the mid-proliferative phase to the nucleus in the secretory phase. This
dramatic change in intracellular distribution may occur without alterations in mRNA
levels. In addition, it is also strongly expressed in blood vessels, yet it is almost
absent in the stromal cells. This would implicate a role for CCNE in endothelial and
epithelial cells rather than the stromal cells.

Should we translate information generated in rodent genomic profiling to humans ?

A rodent is not a human. Despite some similarities in hormonal regulation
of the menstrual and oestrous cycles, there obviously are also major differences
between the actions of oestrogen in the rodent and human uterus. In rodents
oestrogen is essential for both epithelial proliferation and embryo implantation
[141], whereas in humans prolonged oestrogen exposure is required for endometrial
growth, but its presence is not required during embryo implantation. In addition, the
first effects of oestrogen in the rodent uterus are effects on the vasculature resulting
in increased vascular permeability and leakage of fluids into the interstitial space,
whereas in the human endometrium angiogenic activity is initially triggered by the
hypoxic milieu which results in the up-regulation of angiogenic factors, including
VEGF-A [135, 142].
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The differences with regard to the effects of oestrogen on endometrial
function also become apparent when comparing rodent and human gene expression
profiling studies.  When making these comparisons it is first of all important to
make sure that the rodent and human endometrium are in comparable physiological
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states. In addition, the studies in rodents are usually performed in preparations of the
whole uterus and not only the endometrium. Therefore certain differences may be
masked, and others may be the result of the inclusion of the myometrial tissue.

In an attempt to identify oestrogen-responsive genes in the human
endometrium, we compared the gene expression profiles of late proliferative (LP)
phase endometrium, during which oestrogen exposure of the endometrium has
reached its maximum, with menstrual (M) phase endometrium (cycle day 3 and 4),
during which oestrogen levels are at their lowest point during the menstrual cycle
[1]. In analogy, these genes would have to be compared to murine genes which are
modulated during the peak levels of pre-ovulatory oestrogen, such as in
ovariectomized mice treated with oestradiol. When comparing the results of Moggs
et al. [4] with our own data [1] we observed only 27 common genes, of which 14
were regulated similarly in both species. Some genes involved in DNA replication
and cell division were also up-regulated in late proliferative phase endometrium (i.e.
PCNA, CDC6, CCNB1; Table 2.7). Interestingly, the expression of the cell cycle
inhibitors CDKN1A (p21CIP) and GADD45 was also down-regulated in the human
endometrium during periods of high proliferative activity. None of the genes
involved in the RNA and protein synthesis reported by Moggs and coworkers were
common, whereas we did find various transcriptional regulators and signalling genes
in our arrays (Table 2.7). As expected the expression of all of these early response
genes was lower in late proliferative vs. menstrual phase endometrium, since at this
stage mostly the late response genes are expected to be activated.

None of the genes from the study of Moggs et al. was modulated in cultured
human endometrium tissue after short term treatment with oestradiol [1], further
substantiating the findings of Kurita and coworkers that the human endometrium
requires longer exposure to oestrogen to elicit a growth response [98].

The large variety of rodent models has allowed close investigation of the
actions of ovarian steroid hormones with regard to the regulation of uterine function.
Unfortunately, the limited analogy with the actions of oestrogen in the human
endometrium, limits the possibilities to extrapolate findings from the rodent studies
to the human situation.

One additional issue that has to be considered, is the problem of the
differences in nomenclature of human and murine genes, which may not always be
the same, resulting in incomplete comparisons. Initiatives are ongoing to
synchronize gene naming of homologous genes (reviewed by Wright and Bruford
[143]).
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Concluding remarks

We are far from understanding the mechanisms by which oestradiol
regulates endometrial growth and differentiation. Even though gene expression
profiling can be beneficial in revealing the biological processes and cellular
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functions involved, they have not yet significantly contributed to better insights in
the role of oestradiol. Thus far, we have learned more from ‘hypothesis-driven’
research approaches, whereas the validity of the findings of the ‘hypothesis-
generating’ genomics approaches have not yet improved our understanding of the
regulation of endometrial function in humans.

The infrequent similarities between the responses of rodent and human
uterus to oestrogen, limits extrapolation of findings in rodent models. In addition,
the large differences between studies performed in different laboratories and the
biological variation that exists between samples is a major issue of concern and calls
for large multicenter collaborations to increase numbers of samples and reduce
variations with regard to the choice of platform, sample and probe preparation and
hybridization. Also the use of ‘clean’ samples consisting of individual cell types,
such as those collected with laser capture microdissection, would provide more
sensible information. However, technical restrictions have thus far prohibited such
studies.
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Abstract

To identify key regulatory mechanisms in the growth and development of
the human endometrium, microarray analysis was performed on uncultured human
endometrium collected during menstruation (M) and the late-proliferative (LATE-
P) phase of the menstrual cycle, as well as after 24 hrs of incubation in the presence
of oestradiol (17β-E2).

We demonstrate the expression of novel gene transcripts in the human
endometrium i.e. mucin-9, novel oestrogen-responsive gene transcripts i.e.
gelsolin, flotillin-1, and genes known to be expressed in human endometrium but
not yet shown to be oestrogen responsive i.e. connexin-37, TFF1/pS2. Genes
reported to be expressed during the implantation window and implicated in
progesterone action i.e. secretoglobin family 2A, member 2 (mammaglobin),
homeobox containing proteins, were up-regulated in uncultured LATE-P phase
endometrium compared to M phase endometrium. Some gene transcripts are
regulated directly by 17ß-E2 alone, others are influenced by the in vivo
environment as well. These observations emphasise that the regulation of
endometrium maturation by oestrogen entails more then just stimulating cell
proliferation.

Introduction

During the menstrual cycle, the growth and differentiation of the human
endometrium is controlled by oestrogen and progesterone. After shedding of the
functional layer of the endometrium during menstruation, a series of events
occurs in the proliferative phase of the menstrual cycle, aimed at regeneration of
damaged endometrium, subsequently followed by the creation of a new functional
layer. A variety of biological processes occurs during human endometrium
maturation in the proliferative phase, mainly governed by oestrogen i.e. cell
proliferation [144], cell differentiation, extracellular matrix remodelling,
angiogenesis and vasculogenesis [145]. However, the genes, molecular mechanisms
and pathways by which oestrogen regulates these events are only partly understood,
mainly due to the complexity and the large number of factors acting in concert.
Although endometrium physiology has been an important subject of research, most
attention has been focussed on determining the expression of gene transcripts and
proteins during the implantation window [7, 146-148]. Recent studies demonstrated
that endometrium receptivity declines when primed inappropriately, i.e. exposed to
either high [149] or low doses of oestrogen [16, 150] prior to ovulation.

The aim of this study is to unravel key mechanisms that underlie the
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oestrogen-controlled maturation in the human endometrium. In this study two
approaches were taken to increase our current understanding of the role of
oestrogen in regulating gene expression in the human endometrium. In the first
approach, we compared the gene expression profiles of endometrium tissue in the
menstrual phase that has not been exposed to increased peripheral concentrations
of follicular oestrogens, with endometrium tissue that has been exposed to
increased concentrations of follicular oestrogens for several days (late
proliferative, LATE-P phase). In the second approach the gene transcripts that are
directly modulated by oestrogens were discriminated from those that require in vivo
oestrogen priming. To this end, we compared the expression profiles of
endometrium explants cultured in the absence or presence of 17β-E2 for 24 hours.

Material and Methods

Human endometrial tissue

All patients were 20-45 years old, had regular ovulatory cycles and were
not receiving hormonal treatment. Endometrium was collected by pipelle biopsy
or from hysterectomy specimens. Endometrial biopsies were obtained with a
Pipelle catheter (Unimar Inc., Prodimed, Neuilly-Enthelle, France) under sterile
conditions, from female volunteers who came to the clinic for a diagnostic
laparoscopy as part of their fertility work-up, or for a sterilisation procedure.
Indications for hysterectomy were excessive menstrual bleeding or myomas. The
endometrium was inspected macroscopically by the pathologist, and normal
appearing endometrium was scraped gently from the surface of the uterine cavity
with a sterile surgical blade. Part of the endometrial tissue used for the study was
fixed in 4% formaldehyde for histological examination. Endometrium biopsies
were dated according to microscopic criteria of Noyes [151] , and the dating
was adjusted finely according to clinical information with respect to the start of the
last menstrual period whenever available. All women gave their written informed
consent, according to a protocol approved by the Medical Ethical Committee of the
Academic Hospital Maastricht.

A total of 24 biopsy samples was obtained during the M phase, i.e cycle
days (CDs) 2-5 and LATE-P phase, i.e. CDs 11-14 (prior to ovulation). Of the
24 biopsies, 4 were used for microarray studies and 20 were used for validation
with real-time PCR analysis. Tissue was transported to the laboratory in
DMEM/Ham’s F12 medium on ice. A portion of each sample was fixed in 10%
buffered formaline for histology evaluation. The samples that were used to
determine the in vivo oestrogen regulated genes (designated as uncultured) were
immediately placed in lysis buffer and were stored at –700C. A part of the
explants were cultured on Millicell culture inserts as described previously [33] .
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Human endometrial explant cultures and RNA extractions

Human endometrium tissue was cut into pieces of 2-3mm3. Twenty four
explants were applied on Millicell-CM culture inserts (pore size of 0.4µm, 30mm
diameter, Milipore, France) in 6-well plates containing Phenol red-free
DMEM/Ham’s F12 medium (1.2ml) (Life Technologies, Grand Island, NY). The
medium was supplemented with L-glutamine (1%), penicillin and streptomycin
(1%, P/S) and this was used in all stages of explant preparations. Cultures were
performed for 20-24 hours. Previous experiments have shown that collagenase
activity remains low in proliferative endometria during the first 24 hours of culture
[152], and that the tissue viability is not affected after 24 hours of culture [153].
The treatments included: (1) control (0.1% ethanol) and (2) oestradiol (1nM, 17β-
E2). The 17β-E2 was a gift from Organon N.V. (Oss, The Netherlands).

Total cellular RNA was extracted from explants using the SV total RNA
isolation kit (Promega, USA) according to the manufacturer’s protocol, with
slight modifications. The concentration of DNase-1 during DNase treatment of the
RNA samples was doubled and the incubation time was extended by 15 minutes
in order to completely remove genomic DNA. Total RNA was eluted from the
column in 50µl RNase-free water and stored at –700C until further analysis. The
quality of the RNA samples was determined with the Agilent bioanalyzer 2100 lab-
on-a-chip (Agilent, USA). All the samples analysed gave 28S to 18S ratios higher
than 1.5. A PCR for a housekeeping gene, GAPDH, was performed to confirm
that the RNA samples were free of genomic DNA.

Affymetrix gene chip microarrays

The RNA samples were pooled according to the phase of the menstrual
cycle and to the treatment conditions i.e. two RNA samples from the M phase and
two RNA samples from the LATE-P phase were pooled. From pooled RNA,
cRNA was generated and was labelled with biotin according to the Affymetrix
protocol (Santa Clara, USA). cDNA was hybridised to the Affymetrix HU-133A
chips, which contain approximately 22,000 human oligonucleotide probe sets,
including 68 controls. The chip hybridisations were carried out in triplicate. After
washing, the chips were scanned and analysed using the MicroArray suite
MAS5. A detailed description of the Affymetrix chip content is available at the
NetAffy analysis web page (http://www.affymetrix.com/analysis/index.affx).

Microarray data analysis

Following Gene chip data quality control, data files (.EXP, .DAT, .CEL)
generated by MAS5 were transferred by FTP to the server housing the Rosetta
Resolver Gene Expression Data Analysis System. Resolver uses its Affymetrix

http://www.affymetrix.com/analysis/index.affx
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gene chip error model to transform the raw data into a processed form that can
be used in various expression analyses. Rosetta Resolver allows normalization
of sample data of triplicate hybridizations using One-Way Analysis of Variance
(ANOVA) [ 1 5 4 ] . After data transformation, the scatter plots of log relative
intensities of all detected gene transcripts had slopes of around 1, indicating
that hybridization efficiency was similar for the arrays in both groups and array
comparisons could be made.

The use of microarrays results in a massive amount of data, which
requires special tools to filter and extract the relevant information. By combining
the fold changes or log ratios and the p-value we generated a so-called
significance code, which simplified the selection and extraction of genes of
interest, especially when analyzing various conditions. The significance code
assigned to the genes, was based on ANOVA retrieved p-values, and up- or down-
regulation compared to the untreated samples. A significance code of +1 was used
for genes with p<0.01 and log ratio>0 (stimulated or up-regulated); a significance
code of -1 was used for genes with p<0.01 and log ratio<0 (inhibited or down-
regulated). Genes which did not show a significant regulation received the
significance code of 0. Data were then exported from Rosetta Resolver to Spot fire
decision site 7.1 (Spotfire, Göteborg, Sweden), in which gene sets of interest were
visualized and subsequently selected. Figure 3 .1 presents an illustrative example
of using the significance code approach when comparing more than two
treatments. Using this strategy, gene transcripts that are modulated under three
different treatment conditions could easily be identified.

Figure 3.1. An illustrative
example of using the significance
code when comparing more than
two treatment conditions. The
coordinates –1, 0 and +1 present
the assigned significance codes
(detailed description in
Materials and Methods). The
Y-axis represents the ratio of
17β-E2/control for M phase
endometrium explant cultures
(treatment 1); the X-axis
represents the ratio of 17β-
E2/control for LATE-P phase
endometrium explant cultures
(treatment 2); the Z-axis (colours)
represents the ratio of uncultured
LATE-P phase/uncultured M
phase (treatment 3). The yellow
dots represent the up-regulated
genes; blue dots represent
down-regulated genes and the
grey dots represent genes that are
not regulated. If the coordinates were –1 and –1 and the dot is blue, this would represent the down-
regulated genes by 17β-E2 treatment in both M and LATE-P phase endometrium tissue and expressed
lower in LATE-P phase uncultured endometrium compared to M phase uncultured endometrium.
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The genes were annotated using the Affymetrix annotation data base [155].
After annotation, the genes were allocated to one of eighteen functional categories
based either on the biological process or their cellular or molecular functions.

Real-time PCR analysis

Newly identified gene transcripts in the endometrium that showed more
than a two-fold stimulation (or down-regulation), and gene transcripts with
documented biological relevance to human endometrium physiology were
selected for validation using real-time PCR analysis. Samples from additional
experiments were analysed using endometrium tissue obtained throughout the
proliferative phase to validate the micro array results. Total RNA (1µg) was
incubated with random hexamers (1µg/µl, Promega, USA) at 700C for 10min. The
samples were chilled on ice for 5 min. To this mixture, a reverse transcriptase
(RT)-mix consisting of 5x RT-buffer (4µl), 10mM dNTP mix (1µl) (Pharmacia,
Uppsala, Sweden), 0.1M DTT (2µl) (Invitrogen, California, USA) and superscript II
reverse transcriptase (200U/µl) (Invitrogen, California, USA) was added and the
samples were incubated at 420C for one hour, after which the reverse transcriptase
was inactivated by heating the samples at 950C for 5 min. The cDNA was stored
at –200C until further use. In each real-time PCR reaction 50ng of cDNA
template was used. Primers and probes were purchased from Perkin-Elmer
Applied Biosystems as pre-developed assays. Human cyclophylin A was selected
as an endogenous RNA control in order to correct for the differences in the amount
of total RNA added to each reaction. Uncultured human endometrium tissues were
included as positive controls. All PCR reactions were performed using an ABI
Prism 7700 sequence detection system (Perkin-Elmer Applied Biosystems). The
thermal cycling conditions comprised an initial decontamination step at 500C for
2 min, a denaturation step at 950C for 10 min and 40 cycles of 15 sec at 950C
followed by 1 min at 600C. Experiments were performed for each sample in
duplicate. Quantitative values were obtained from the threshold cycle number (Ct)
at which the increase in the signal associated with exponential growth of PCR
products is first detected with the ABI Prism 7700 sequence detector software
(Perkin-Elmer, Foster city, CA). The relative expression of the target gene in the

human endometrium tissue was calculated by 1/2∆Ct (∆Ct = Ct target –
Ctcyclophilin A). The fold-change in expression was calculated using the ∆∆ Ct
method, with cyclophylin A mRNA as an internal control [ 1 5 6 ] . For detailed
description of the procedure please refer to the ABI user manual:
(http://www.uk1.unifreiburg.de/core/facility/tagman/userbulletin_2.pdf).

Statistical analysis of quantitative real-time PCR data

Statistical tests were carried out using the SPSS 10 (SPSS Inc., Chicago,
IL) statistical analysis package. The nonparametric unpaired Mann-Whitney-U test
at a confidence level of 95% was employed to analyse the real-time PCR data

http://www.uk1.unifreiburg.de/core/facility/tagman/userbulletin_2.pdf
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generated from uncultured LATE-P phase endometrium tissue and uncultured M
phase endometrium tissue. The effects of 17β-E2 on cultured explants were
analysed using the nonparametric paired Wilcoxon signed rank test at a confidence
level of 95%.

Results

Gene expression was studied in the human endometrium tissue, collected
either directly from the M phase and LATE-P phase (uncultured) or after 24 hrs
of culture in the presence of 17β-E2 or vehicle. The differences in gene expression
between groups (i.e. LATE-P phase vs. M phase, and 17β-E2 vs. control for both
M and LATE-P phase explants cultures) were calculated, and gene transcripts with
a significant decrease or increase of 2-fold or more, were used.

Validation of array data

The expression of six genes was validated in the original RNA samples
used for the array hybridisations (Table 3.1). In addition, eight additional samples
were collected and analysed to evaluate the biological variation between women
on the expression of the six genes validated from the array hybridisations (Table
3 .1). The genes were selected based on known 17β-E2 responsiveness i.e.
progesterone receptor (PR), trefoil factor-1 (TFF1/pS2), and cyclin A1, on novelty
i.e. Mucin-9, and on documented involvement in endometrial function i.e.
connexin-37, matrix metalloproteinase-1 (MMP-1), cyclooxygenase-2 (COX-2),
and 17β-HSD type 2. In addition, two gene transcripts were selected that have
not been previously documented to be expressed in the endometrium i.e.
secretoglobin 1D, member 2 or lipophilin B and regarded as to be regulated by
progesterone only i.e. secretoglobin 2A, family member 2 or mammaglobin A.

The findings of the array results could be confirmed with real-time PCR
(Table 3 .1). However, when screening additional biopsies, only the expression
of secretoglobulin 2A, family member 2 and MMP-1 was significantly higher in
LATE-P phase endometrium compared with M phase endometrium. The differences
detected with the arrays for PR, cyclin A1, connexin-37, and mucin-9, could not
be confirmed in the extra set of tissues. This was due to the fact that in the array
hybridisations one sample was expressed higher in LATE-P phase endometrium,
and the other not.

In the cultured endometrial explants, however, the response to 17β-E2 as
detected in the array hybridisations, could be confirmed for all selected genes
(Table 3 . 2). In the independent set of experiments six of the seven tested genes
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were responsive to 17β-E2 (Figure 3.2). Only the secretoglobin family 2A,
member 2 was not responsive to 17B-E2 in the additional set of experiments.

Table 3.1. Validation of microarray data for the uncultured M and LATE-P phase endometrium tissue.
Real-time PCR was performed on the same samples as those used for the array hybridisations (A), as
well as on an additional set of M and LATE-P phase endometrium samples (B). Validation of
array data are presented as ratios of LATE-P phase/M, and data on the additional set are presented as

relative expression levels (± SEM).

Table 3.2. Validation of microarray data for the cultured M and Late-P phase endometrium explants in
the presence or absence of 17β-E2. Values are presented as fold change in the induction by 17β-E2 (±
SEM) compared to the control.



43

Figure 3.2. Validation of the micro array findings with quantitative real-time PCR analysis in an
independent set of experiments. Endometrium tissue collected from M phase (□ , n = 9 or 10) and LATE-
P phase (▲, n = 8) was cultured in the presence of 17β-E2 or vehicle. Values are expressed as fold-
changes relative to the vehicle and the average values are presented by a horizontal bar. A:
Progesterone receptor, B: Cyclin A1, C: Secretoglobin family 2A, member 2, D: Secretoglobin family
1D, member 2, E: Trefoil factor-1, F: Cyclooxygenase-2, G: Connexin-37
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Long-term oestrogen exposure (uncultured)

Of the 22,000 transcripts present on the HU133A chip, 282 transcripts
were found to be up-regulated in LATE-P phase vs. M phase and 512 transcripts
were down-regulated in the LATE-P phase vs. the M phase endometrium biopsies.
In Tables 3 . 3A and 3 . 3B the ten most regulated genes are presented.

Short-term oestrogen exposure (cultured)

In order to distinguish the genes that are directly regulated by 17β-E2,
from those affected by the in vivo uterine environment, the differential gene
expression profiles were determined for endometrium tissue fragments that were
incubated with or without 17β-E2 for 24 hours of culture. After incubation of M
phase endometrium explants with 17β-E2, 148 transcripts were found to be
stimulated and 45 transcripts were inhibited (for the top ten regulated genes see
Tables 3.3C and 3.3D). In contrast, in LATE-P phase endometrium cultures, the
expression of a lower number of genes was changed, only 12 transcripts were
stimulated and four transcripts were inhibited. In Tables 3.3E and 3.3F the most
regulated genes are presented.

The expression of six genes was stimulated by 17β-E2 in both M and
LATE-P phase endometrium explants indicating gene transcripts that are directly
regulated by oestrogens, whereas the expression of two genes was inhibited by
17β-E2 in both M and LATE-P phase endometrium explants (Table 3.4). Thirteen
genes were stimulated by 17ß-E2 in cultures of M phase endometrium ànd up-
regulated in vivo (LATE-P phase vs. M). Seven genes were inhibited by 17ß-E2
in vitro ànd down-regulated in vivo (LATE-P phase vs. M) (Table 3.5).

In contrast, fifteen genes were stimulated by 17ß-E2 in cultures of M
phase endometrium and down-regulated in vivo (LATE-P phase vs. M). Three gene
transcripts were inhibited by 17ß-E2 in vitro and up-regulated in vivo (LATE-P
phase vs. M) (Table 3 .5, bold font).
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Table 3.4. Gene transcripts that responded similarly to 17β-E2 treatment in explant cultures of both
M and LATE-P phase endometrium tissue. Data are presented as fold changes.

Discussion

To enhance our current understanding of the role of oestrogen in the
development of the human endometrium during the proliferative phase of the
menstrual cycle, gene expression profiles were compared between uncultured
menstrual (M) phase and uncultured late proliferative phase (LATE-P phase)
endometria, and between M phase and LATE-P phase endometrium tissue
explants after short term incubation with 17ß-E2.

This study revealed the expression of a number of novel gene transcripts in
the human endometrium (i.e. mucin-9, dipeptidyl peptidase VI). In addition, we
found novel genes that were oestrogen responsive (gelsolin, flotillin-1, TUWD12),
and genes known to be expressed in human endometrium (TFF1/pS2, connexin-37,
placental alkaline phosphatase) but not yet shown to be oestrogen responsive.
Based on the observed in vitro responses and in vivo differences in M and
LATE-P phase, it is apparent that some gene transcripts are either regulated
directly by 17ß-E2, or by 17ß-E2 in concert with the changing uterine environment.
Genes reported to be expressed during the implantation window and implicated in
progesterone action, i.e. secretoglobin family 2A, member 2 (mammaglobin) and
homeobox containing proteins, were up-regulated in uncultured LATE-P phase
endometrium compared with uncultured M phase endometrium, implicating that
these genes may also be regulated by oestrogens. These observations emphasise
that the regulation of endometrium maturation by oestrogen entails more then just
stimulating cell proliferation and growth.

To study the effects of oestrogens on human endometrium an explant
culture system was used. The advantage of using explant cultures over other
systems is the fact that no enzymatic manipulations are used, leaving the
original structure intact. To find oestrogen responsive genes it was imperative
that we selected tissues that had not been exposed to oestrogens produced by
the ovaries. Only menstrual endometrium meets this criterion. The findings in this
study justify our choices. Even though the menstrual endometrium was sometimes
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partly ischemic, which impairs the tissue structure, we showed that the menstrual
phase endometrium was superior with regard to oestrogen responsiveness (the
number of differentially expressed transcripts 200 vs 4 transcripts respectively).
Also, when repeating the experiments using a selection of genes, most of the M
phase explants responded to 17ß-E2.

Table 3.5. Gene transcripts that were affected by 17β-E2 treatment in M phase endometrium
explants, and that were also increased or decreased in LATE-P phase endometrium when compared to
M phase endometrium. The bold text indicates genes that are oppositely regulated in vitro and in vivo.
The expression of these genes is induced by 17ß-E2 in vitro in M phase endometrium, but reduced in
LATE-P phase endometrium when compared to M phase endometrium, or reduced by 17ß-E2 in
vitro in M phase endometrium, but induced in LATE-P phase endometrium.
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The fact that ER levels in M and LATE-P phase were similar [ 3 3 ] can
therefore not explain the difference in responsiveness, indicating that other
influences determine the high sensitivity of the menstrual endometrium. If an
intact tissue structure was an important determinant in regulating gene
expression, LATE-P phase endometrium should be more responsive to oestradiol.
However, this appeared not to be the case in this study.

A stringent scoring system was employed when filtering the array data to
minimize the occurrence of false positive results, as a limited number of samples
were used in the array hybridizations. The validity of this filtering system is
confirmed by the finding that a number of genes known to be regulated by
oestrogen were also revealed in the comparisons in this study (PR [157] ,
TFF1/pS2 [158] and secreted frizzled-related protein 1 [159] ). In addition, the
responses found for the selected genes in the array comparisons, were verified
using quantitative real-time PCR as an independent technique. It was apparent
that the stringent scoring system could not account for all biological variation.
In the additional uncultured endometrial tissues the expression of not all selected
genes corroborated with the array findings, which shows that the use of limited
numbers of samples in the array hybridisations requires more elaborate validation.
However, in the cultured biopsies, the findings in the independent experiments
corroborated much better. Six of the seven tested genes also responded in the
additional series of experiments. Apparently, the culture conditions alleviate some
of the biological variability between biopsies.

Of the 794 transcripts differentially regulated when comparing uncultured
endometrium tissue obtained from LATE-P phase and M phase uncultured
endometrium tissue, the majority was down-regulated (64%) in LATE-P phase
endometrium tissue. This may be due to the multiple processes that are ongoing
during menstruation i.e. tissue degeneration, inflammation, hypoxia, epithelial
repair and angiogenesis. As expected, many inflammatory cytokines, enzymes
involved in eicosanoid biosynthesis, and immunomodulators and their receptors, as
well as various angiogenic modulators were highly expressed in M phase
endometrium compared to LATE-P phase endometrium. In addition, the destruction
of the vasculature during menstruation creates a hypoxic environment which is
illustrated by the elevated expression of hypoxia-induced proteins in M phase
endometrium i.e. heme oxygenase-1 [ 1 6 0 ] , adrenomedullin [ 1 6 1 ] , carbonic
anhydrase II [ 1 6 2 ] , VEGF and hypoxia-inducible protein-2 [163].

The breakdown of the endometrium prior to and during menstruation
involves matrix metalloproteinases (MMPs) [164]. In this study a number of MMPs
were found to be expressed significantly higher in M phase endometrium as
compared to LATE-P phase endometrium. In contrast, MMP-26 (endometase)
expression was higher in LATE-P phase endometrium tissue as compared to M
phase endometrium. Endometase is an epithelial MMP, and is highly expressed
around the period of implantation [165, 166]. This suggests that MMP-26 may not
be involved in the endometrial breakdown process, but in endometrial remodelling
prior to and during trophoblast invasion.
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The wound healing process after menstruation begins with the re-
epithelialization of the uterine surface [167]. This process is complete on day 5 or
6 of the menstrual cycle. In the absence of oestrogen (i.e. after ovariectomy), the
endometrium has the capacity to end endometrial bleeding and to begin the healing
process, indicating that other factors are involved. Factors that have been
implicated in epithelial cell repair are the trefoil peptides. Three trefoil peptides,
TFF1/pS2, TFF2/SP and TFF3/ITF were found to be stimulated by 17ß-E2 in M
phase endometrium. The trefoil family of peptides consists of mucin-associated
peptides found predominantly in mucus secreting cells of the gastrointestinal
mucosa [168] and have been implicated in the regeneration of the mucosal
surface after damage [ 1 6 9 ] . It is possible that the trefoil factors play a similar
role in the regeneration of the endometrium.

Oestrogen responsiveness was also demonstrated for three members of the
uteroglobin family: secretoglobin 1D2 (lipophilin B), secretoglobin 2A1
(mammoglobin B) and secretoglobin 2A2 (mammoglobin). Mammaglobins were
first identified in glandular epithelium of the breast [170], and were later also
described in human endometrium [171]. This study shows that this family of
genes is regulated by oestrogen. Mammaglobin B forms covalent
heteroduplexes with the lipophilin B [ 1 7 2 ] and this complex was found to be
the biologically relevant form of mammaglobin. No detailed information is
available with regard to the functions of lipophilin B and the mammaglobins.
However, uteroglobin or lipophilin A was shown to inhibit tumour [173] and
trophoblast invasion [ 1 7 3 ] , to inhibit tumour angiogenesis and transform normal
tissue into a neoplastic phenotype [173]. In other words, the secretoglobins may
transform the proliferating cells into a differentiated state. Furthermore, roles as
immunoregulators and anti-inflammatory proteins have also been suggested [174].

Analogous to the reduced expression of the majority of genes in LATE-P
phase endometrium compared to M phase endometrium, the responsiveness of
LATE-P phase endometrium to 17ß-E2 in vitro was also much lower compared to
that of M phase endometrium (16 vs. 193 genes). The reduced responsiveness of
the LATE-P phase endometrium is in line with the supposition that prolonged
exposure to oestrogen desensitizes the endometrium [175, 176]. It is tempting to
suggest that this may be an intrinsic mechanism that maintains the endometrium in
a proper state of differentiation. This is further supported by the findings of
Younis et al and others who demonstrated that oestrogen exposure for less than
six days is not sufficient to support successful implantation, whereas after
prolonged exposure to oestrogen, (35 days) the endometrium is still responsive to
progesterone and is receptive [9, 18, 177].

Two groups of genes that were shown to be involved in the
morphogenesis of the urogenital tract and adult uteri and that were shown to be
differentially expressed in uncultured LATE-P phase endometrium tissue when
compared to uncultured M phase endometrium tissue, are mediators of Wnt
signalling and the homeobox containing genes. Expression of Wnt5a and Wnt7a
genes was lower in LATE-P phase endometrium, whereas the expression of
secreted frizzled-related proteins 1 and 4 (sFRP) and Wnt inhibitory factor-1 (WIF-
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1), which are known Wnt antagonists [178] , was significantly higher in LATE-P
phase endometrium. The homeobox-containing proteins Hoxa10, Hoxa11 and
Hoxb7 were all increased in LATE-P phase compared to M phase endometria.

The Wnt5a is predominantly expressed in stroma, whereas Wnt7a is mostly
expressed in luminal epithelium [179 ,  180 ] and play crucial roles in uterine
gland development in the mouse. As these genes are also expressed in a similar
manner in human endometrium [181], it is likely that Wnt5a and Wnt7a are also
involved in gland development in the human endometrium. Carta and Sassoon
[182] demonstrated that exposure to diethylstilbestrol (DES), an oestrogen agonist,
reduces Wnt7a expression in the murine uterus, and this response is dependent
on the presence of Wnt5a [180]. The expression of Hoxa10 and Hoxa11 genes is
down-regulated by DES in normal mice [183], but not in Wnt5a and Wnt7a -/-
mice [180, 182]. It is tempting to suggest that low oestrogen levels during the
menstrual period may allow expression of Wnt5a and Wnt7a, which initiate
gland development and that increasing levels of circulating oestrogens suppress the
expression of Wnt5a and Wnt7a to allow expression of Hoxa10 and Hoxa11,
which complete the gland development and differentiation process. However, it
has to be kept in mind that even though DES is a potent oestrogen agonist, its
effects are not always similar to that of oestradiol [183, 184]. These findings do
illustrate, however, the importance of concerted actions between the stroma
(Wnt5a) and epithelium (Wnt7a) in the regulation of endometrial development.

Surprisingly, we also observed up-regulation of several inhibitors of Wnt
signalling, sFRP1, sFRP4 and WIF-1 in LATE-P phase endometrium. Their
significance is not known, however, they may protect the silencing of Wnt
signalling to allow the expression of Hoxa10 and Hoxa11 promoting endometrium
differentiation. Recently, evidence was provided that sFRP1 is also directly
involved in vascular remodelling and maturation. sFRP1 expression was highest
in vascular endothelium [185], expression could be stimulated by oestrogens
[159], and sFRP1 induces larger, longer vessels and is apparently associated
with more pericytes compared with vessels formed under control conditions [186].
sFRP4 expression is particularly high in proliferating stroma [187] and may be a
paracrine factor involved in the stimulation of endometrial growth. The gene
coding for the homeobox-containing protein Hoxb7, also shown to be an inducer
of vascular development [ 1 8 8 ] , was up-regulated in LATE-P phase compared
to M phase endometria as well. The elevated expression in LATE-P phase
endometrium suggests a role for Hoxb7 in the vascular development under normoxic
conditions.

With regard to the differentiative actions of oestrogen in the human
endometrium it is interesting to note that the expression of connexin-37 is up-
regulated by 17β-E2 in M phase endometrial explants. Connexin-37 is a gap
junction protein expressed in endometrium, predominantly in endothelial cells
[189]. In connexin-37 knockout mice early vasculogenesis proceeds normally, but
by the age of 18.5 days animals display abnormal vascular channels with
localized hemorrhages in various organs [1 90 ,  191 ] . As a result of these
developmental defects, the mice lack mature Graaffian follicles, fail to ovulate and
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develop numerous inappropriate corpora lutea [ 1 9 2 ] . Therefore, it is likely that
connexin-37 plays a role in the oestrogen-dependent regeneration of the
vasculature after menstruation, and is thus involved in the development of the
endometrium.

In summary, we have shown that the role of 17ß-E2 in the repair and
development of the endometrium during the proliferative phase of the menstrual
cycle is certainly not limited to just the regulation of proliferation. This is
illustrated by the differential expression of genes involved in processes such as
blood vessel growth and maturation, and morphogenesis of the endometrium in the
late proliferative phase. Some genes are regulated directly by 17ß-E2, whereas
the expression of others is modulated by the changing uterine environment. This
study emphasizes the importance of oestrogen with regard to endometrium
maturation and differentiation.
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Abstract

Olfactomedin-4 (OLFM-4) is an extracellular matrix protein highly
expressed in the human endometrium. Nevertheless, the endometrial functions of
OLFM-4 are unknown. Here, we examined the regulation, the cellular function and
the expression of OLFM-4 in normal endometrium, endometriosis and endometrial
cancer.

In healthy endometrium, OLFM-4 expression is highest during the
menstrual late proliferative phase, and 17β-estradiol up-regulates OLFM-4 mRNA
in endometrial explant cultures. OLFM-4 regulation was further examined using the
luciferase reporter under OLFM-4 promoter control. Both 17β-estradiol and OH-
tamoxifen induce luciferase activity and epidermal growth factor receptor-1
(EGFR1) is required for this oestrogenic response. In turn, EGF also activates the
OLFM-4 promoter and oestrogen receptor- (ER-) is needed for the complete EGF
response.

The cellular functions of OLFM-4 were examined by re-expressing it
(transient transfection) in OLFM-4-negative cells (HEK293). OLFM-4 decreased
vimentin expression and cell adherence and increased apoptosis resistance.

In endometriosis and endometrial cancer, OLFM-4 expression correlates
with the presence of EGFR1 and ER- (or oestrogen signalling). A slight increase of
OLFM-4 mRNA was observed in endometriosis patients, whereas no association
was found in endometrial cancer.

In conclusion, oestrogen and EGF signalling crosstalk to fully regulate
OLFM-4 expression. Together, the effects on vimentin, cell adherence and apoptosis
and the expression at the late proliferative phase suggest a possible role in tissue
remodelling prior to the secretory phase.

Introduction

We have recently performed a gene expression profiling study to identify
genes regulated by 17β-oestradiol during endometrial growth and differentiation:
global gene expression in the menstrual phase endometrium ([cycle days (CD) 1-5]
when the concentration of circulating 17β-oestradiol is low) was compared to that
during late proliferative phase ([CD 11-14] highest 17β-oestradiol level).
Olfactomedin-4 (OLFM-4) gene was highly expressed in late proliferative phase
compared to menstrual phase endometrium indicating a possible oestrogen
sensitivity. Subsequently, the oestrogen responsiveness of OLFM-4 was confirmed
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by examining global gene expression after in vitro exposure of human endometrial
explants to 17β-oestradiol or vehicle (24 hours). Results of these microarray studies
are partly published [1].

The OLFM-4 gene, also called human granulocyte colony stimulating
clone-1 (hGC-1) or GW112, is located on chromosome 13q21.1 and encodes for the
510 amino acid-long (55 kDa) extracellular matrix protein olfactomedin-4 (OLFM-
4) [193, 194]. NCBI databases [195] revealed that OLFM-4 is expressed in human
bone marrow, prostate, breast, pancreas, stomach and colon [193, 195]. Moreover,
this protein is over-expressed in gastrointestinal cancers [195-201], in inflamed
colonic mucosa [202] and in gastric biopsies from patients infected with
Helicobacter pylori [203]. Transcript levels of OLFM-4 are also higher in breast
tumours compared to normal breast [195, 204].

Several authors have investigated the cellular functions of OLFM-4, but
results do not always agree. Zhang and co-workers [195] over-expressed OLFM-4
cDNA in HEK-293 cells and described an anti-apoptotic action of this protein. In
another study on pancreatic cancer cells, down-regulation of OLFM-4 by siRNA
resulted in impaired S-phase transition and inhibition of proliferation but no effect
on apoptosis was observed [205]. Liu and co-workers used HEK-293 and NIH3T3
cells and showed that OLFM-4 directly binds to lectins and E-cadherin and results in
increased cell-cell interaction [194]. The same authors in a separate study using
myeloma cells, showed that OLFM-4 represses both motility and cell adherence
[200]. Therefore, this protein seems to play important roles in cell-cycle control, cell
adherence and motility, cell-cell interaction and tissue architecture but probably its
role may depend on the tissue type.

Because of the important role in multiple cellular functions and because of
its strong association with oestrogen exposure in human endometrium, we further
investigated the regulation and the role of OLFM-4 in this tissue. We examined its
expression throughout the menstrual cycle. In addition, we investigated the
regulation of the OLFM-4 promoter using a luciferase reporter system. These
experiments showed that the OLFM-4 promoter is responsive to both 17β-oestradiol
and OH-tamoxifen, but this regulation depends on the cross-talk with the epidermal
growth factor receptor-1 (EGFR1). In OLFM-4 negative cells, its re-expression
decreased vimentin level and cell adherence and increased resistance to apoptosis.
OLFM-4 expression was also observed in clinical samples of endometriosis and
endometrial cancer patients and correlated with the presence of oestrogen receptor-
(ER-) and EGFR1.
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Material and methods

Human endometrial tissue
Normal cycling and post menopausal endometrial samples. Endometrial

tissues were collected from healthy volunteers (n= 48) of 26-52 years of age with
regular menstrual cycles. Twelve samples were collected during the menstrual phase
(cycle day -CD- 1-5); 18 during the proliferative phase, subdivided into early (CD 6-
10, n=9) and late (CD 11-14, n=9); 18 samples were collected in the secretory phase:
early secretory phase (CD 15-19, n=8), mid-secretory phase (CD 20-24, n=8) and
from the late secretory phase (CD 25-28, n=2). The endometrial tissues were dated
based on the start of the last menstrual period and confirmed by histological
examination of the tissue by a pathologist as previously described [151]. All women
were documented not to be pregnant.

Additional endometrial samples were obtained from 13 post-menopausal
women. Pre- and post-menopausal tissue was collected from hysterectomy
specimens or by pipelle biopsies during laparoscopy (Pipelle catheter, Unimar Inc.,
Prodimed, Neuilly-Enthelle, France) in women who underwent surgery for benign
indications other than endometriosis. After macroscopic inspection for abnormalities
by a pathologist, the tissue was transported to the laboratory. Portions of each
sample were fixed in 10% buffered formalin for histological examinations, frozen in
liquid nitrogen for DNA, RNA and protein isolation and frozen by immersion in
isopentane (-80 oC) for cryosectioning and microscopy. Tissue from the menstrual
and proliferative phase endometrium was also used for the preparation of explant
cultures (see below).

Endometriosis samples. An independent group of biopsies was used for
the endometriosis study and consisted of eutopic and ectopic endometrial tissues
from endometriosis patients and eutopic tissues from controls. Biopsies were
collected at the University Hospital Gasthuisberg Leuven, Belgium, and clinico-
pathological characteristics of these patients and controls have previously been
described [206]. In brief, controls consisted of 20 normal endometrial tissues from
women with regular menstrual cycles undergoing surgery for benign indications and
found free of endometriosis at laparoscopy/laparotomy. Samples of eutopic and
ectopic endometrial tissue from endometriosis patients were collected from 14
women. Patients had moderate to severe disease, classified according to the revised
system of the American Society for Reproductive Medicine [207]. All samples were
collected during the proliferative phase of the menstrual cycle as determined by the
start of the last menstrual period and confirmed by histological examination by a
pathologist [151].

Endometrial cancers and controls. An additional group of biopsies was
used for the endometrial cancer study. Endometrial tumours were primary and type
I. Cancer samples (n=9 age at diagnosis ranges between 50-81; mean age: 64.
Additional clinical features are in Table 4.1) and post-menopausal endometrial
control tissues with no malignancy (n=14; age range: 50-80; mean age: 65) were
collected from women undergoing hysterectomy at the Maastricht University
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Medical Centre. Tissues were fixed in formalin for immunohistochemistry and
immediately frozen in liquid nitrogen for RNA/DNA/protein isolation. A pathologist
confirmed the presence of endometrial cancer in all specimens and the grade and
stage of the disease (FIGO criteria 2009 [208]).

Table 4.1. Clinical features of endometrial cancer (according to FIGO criteria 2009 [208]). * indicates
that the precise age at diagnosis was not recorded but it was documented to be after menopause.

SPECIMEN
AGE AT

DIAGNOSIS STAGE GRADE

1 50 II 3

2 58 IA 2

3 61 IB 2

4 62 IB 2

5 62 IB 2

6 67 IB 1

7 70 IA 1

8 76 IVB 1
9 81 IA 1

1 54 IA 1

2 59 IA 2

3 60 III 3

4 62 IB 3

5 68 IA 2

6 68 IA 1

7 68 IA 1

8 69 IB 2

9 71 IA 2

10 78 II 3

11 79 IB 2

12 90 IB 2

13 PM* IA 2

14 PM* IB 1

15 PM* IA 3

16 PM* IB 1

17 PM* IA 2

18 PM* IB 3

19 PM* IA 1

20 PM* IB 1

21 PM* IB 1
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An additional group of endometrial cancers was used for
immunohistochemistry analysis only and consisted of archival material selected
from the Dutch national pathology database (PALGA) and described in an earlier
study [209]. For the present investigation, 21 type I endometrial cancer biopsies
were used. Clinical features according to FIGO criteria 2009 [208] are shown in
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Table 4.1. All specimens used in the present study originated from primary tumours.
Nine patients developed recurrent disease.

All women prospectively enrolled in the present study did not receive
steroid medications during the six months prior to tissue collection. All women
agreed to participate in the study by signing an informed consent, according to a
protocol approved by the local Medical Ethical Committee.

Steroid hormones and chemicals

OH-tamoxifen and 17β-oestradiol were purchased from Sigma-Aldrich
Chemie BV (Zwijndrecht, The Netherlands). ICI-164384 was a gift from Schering-
Plough (Oss, The Netherlands). Human recombinant EGF was purchased from R&D
Systems (Minneapolis, USA). The EGFR1 and ERBB2 inhibitor GW2974 was
purchased from Sigma-Aldrich Chemie B.V. (Zwijndrecht, The Netherlands). The
inhibitors SB20190 (p38 MAPK), PD98059 (ERK1), U-0126 (MEK1/2) and
Ly294002 (PI3K) were purchased from Calbiochem, La Jolla, CA, USA.

Explant cultures

Tissues from the menstrual and proliferative phase endometrium used for
explant cultures were collected and transported to the laboratory in DMEM/Ham’s
F12 medium (Life Technologies, Grand Island, NY) on ice. Explant cultures were
prepared as described by Punyadeera and co-workers [33].

Cell culture

Human endometrial cancer cell line ECC1, embryonic kidney cell line
HEK-293, breast cancer cell line T47D and cervical cancer cell line HeLa were
purchased from the American Type Culture Collection (ATCC; Rockville, Md.
USA) and used for in vitro experiments. Cell maintenance, transfection, luciferase
assay and other in vitro procedures have been described previously [210, 211].

Plasmids

The expression plasmid for the ER- was a gift from Prof. R. Schüle
(Freiburg University, Germany) and has been described elsewhere [212]. Expression
plasmids for the EGFR1 and the EGFR-dominant negative variant (CD-533) were
gifts from Dr. J. Theys (Maastricht University) and are described elsewhere [213,
214].



59

Luciferase reporter plasmids driven by OLFM-4 promoter. Nucleotide
numbering refers to the study by Chin et al. [215]. The 1.3 Kb fragment at 5’ of
OLFM-4 was cloned by PCR (Taq DNA polymerase; Fermentas GMBH, St Leon-
Rot, Germany) as follows: two PCR fragments corresponding to the nucleotides -
1357/-606 (primers OLM-1/OLM-2; Table 4.2) and -816/+24 (primers OLM-
3/OLM-4; Table 4.2) were amplified, cloned into vector pGEM-T-easy (Promega,
Madison, USA) and re-assembled after digestion with restriction enzyme BglII (-
779). The complete 1.3 Kb promoter or the 0.8 Kb promoter proximal to the start
site of transcription (fragment generated with primers OLM-3/OLM-4) was cloned
in pGL3 basic vector (Promega, Madison, USA). To delete the AP1 site, the 137 bp
EcoRV/NcoI fragment (nucleotides -56/-192) from the 1.3 Kb promoter vector
(EcoRV lies 46 bp at the 5’ of the AP1 site) was substituted with the 47 bp
EcoRV/NcoI fragment corresponding to nucleotides -56/-102, located at the 3’ of the
AP1 site and therefore missing the AP1 site. This fragment was generated by PCR
(primers OLM-5/OLM-6; Table 4.2) and the EcoRV site was included by primer
extension at the 3’ of the fragment (primer OLM-5).

Olfactomedin-4 expression plasmids. OLFM-4 cDNA was amplified by
PCR (Taq DNA polymerase; Fermentas GMBH, St Leon-Rot, Germany) as two
fragments (nucleotides -12/+648 with primer pairs OLM-7/OLM-8 and nucleotides
+558/+1546 with OLM-9/OLM-10; numbering from accession NCBI NM_006418:
+1 = translation start site; stop codon: 1531; primers are listed in Table 4.2). PCR
fragments were cloned in pGEM-T-easy (Promega, Madison, USA) and the
complete cDNA was recomposed using HindIII restriction site (nucleotide +597).
Restriction sites EcoRI (-9) and XhoI (+1538) were included by primer extension at
the 5’ and 3’ respectively of the cDNA, and used to clone the complete cDNA in
pCDNA3.1 (Invitrogen, Breda, The Netherlands). Given that two EcoRI sites (-9
and +84) are present in the 5’ part of the cDNA, partial digestion was performed. To
introduce the PY tag sequence, the BamHI restriction site was introduced at the 3’ of
the OLFM-4 cDNA before the stop codon (nucleotide +1531) using primer OLM-11
in combination with primer OLM-9 (Table 4.2). The BamHI was used to clone the
PY sequence generated by oligo PY (Table 4.2). All plasmids were checked by
sequencing.

Total RNA extraction and cDNA synthesis

Total RNA was extracted from explants cultures and endometrial tissues
using the SV total RNA isolation kit (Promega, Madison, USA) according to the
manufacturer’s protocol. RNA from the cell lines was isolated using the Trizol
reagent (Invitrogen, Life Technologies, Inc., Carlsbad, CA) as recommended by the
manufacturer. Complementary DNA (cDNA) was synthesised using the M-MLV
reverse transcriptase (Invitrogen, Life Technologies, Inc., Carlsbad, CA) as
described earlier [210, 211].
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name sequence

CLONING Cloned fragments*

OLM-1 5’ GACAAGCTTACTCTGTCACCCATGCTGCAGTG 3’ -1357/--606

OLM-2 5’ GAGAAAACACCCAAATAAACAAAG 3’
OLM-3 5’ TGCATCTTATTTCTCAGTTTTATG 3’ -816/24

OLM-4 5’ TGTTTTTGGCGTCTTCCATCTTGTCCTCTTAGCTGGAGC 3’
OLM-5 5’ GGTGTTCTAGATATCGCAGTTCACAGTTCCCTGGC 3’ AP1 site deletion

OLM-6 5’ GTGATTTCCCCATGGCCAGCAT 3’
OLM-7 5’ AAGAATTCCACCATGAGGCCCGGCCTCTCATTTCT 3’ cDNA 5’
OLM-8 5’ GATTTCTCGGCGAATGGCAAGG 3’
OLM-9 5’ GCTGGAGGTGGAGATAAGAAATATG 3’ cDNA 3’
OLM-10 5’ CTCCTCGAGACATTTACTGGGGCTTCTGCAAGACAG 3’
OLM-11 5’ CTAAACAGGATCCCTGGGGCTTCTGCAAGACAG 3’ cDNA 3’ TAA-less
PY 5’CAGGGATCCATGGAATATATGCCAATGGAAATGGAATATATGCCAATGGAACA

TATATGA 3’
PY-tag

REAL TIME PCR

EGFR1 5’ GGGCTCTGGAGGAAAAGAAA 3’ EGFR1 expression

EGFR2 5’ AAATTCCCAAGGACCACCTCA 3’

Table 4.2. Primers used for cloning.

Real-time PCR

Primers and probes for OLFM-4 (GW112: Hs00197437-m1) were
purchased from Perkin-Elmer Applied Biosystems as a pre-developed assay. EGFR1
was amplified using the Syber-green ABGene system (ABGene Limited, Epsom,
United Kingdom), as recommended by the manufacturer. Primers EGFR1/EGFR2
(Table 4.2) purchased from MWG-Biotech AG (Ebersberg, Germany) were used.
Primers for TFF1, and for the house-keeping genes -actin and cyclophilin, have
previously been published [210]. All real time-PCRs were performed using the
BioRad MyIQ apparatus. Fold changes in the gene expression were assessed by
comparing the ct values between the gene of interest and two house-keeping genes
(-actin and cyclophilin).

Additional molecular biology and biochemistry

All molecular biology techniques were performed using standard protocols
and have previously been described [210, 211]. For western blots of OLFM-4,
primary rabbit polyclonal antibody (1:500, IMG-5983, Imgenex, California, USA)
was used; EGFR1 was visualised with rabbit polyclonal antibody AB-6 (1:100;
Oncogene, San Diego, USA); ERBB2 and ER- were visualised with mouse
monoclonal antibodies CB11 (1:250; GenWay Biotech, Inc. San Diego, USA) and
rabbit polyclonal HC20 (1:1000; Santa Cruz Biotechnologies, Heidelberg,
Germany), respectively. Rabbit polyclonal antibodies against Akt, phospho-Akt
(Ser473), phospho-p42/44 (Thr202/Tyr204) and phospho-p38 MAPK
(Thr180/Tyr182) were purchased from Cell Signalling Technology Inc. (Danvers,
MA, USA) and used according to the manufacturer’s recommendations. As loading
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control, mouse monoclonal β-actin antibody AC-15 (Sigma-Aldrich Chemie B.V.,
Zwijndrecht, The Netherlands) was used.

Proliferation, apoptosis and adherence assay

Cell viability was assessed with the MTT assay (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide; Sigma-Aldrich Chemie B.V., Zwijndrecht,
The Netherlands) as described earlier [211]. The cell cycle was analysed using flow
cytometry after propidium-iodide staining as previously described [211] with aid of
the computer programs WinMDI 2.9 and Cylchred. Cell apoptosis was also
measured by flow cytometry after labelling the apoptotic cells with the M30
antibody (Roche Diagnostics Nederland BV, Almere, The Netherlands) as
previously described [216].

Cell adherence was assessed by plating equal numbers of cells in a 24 well-
plate and allowing cells to attach to the surface for different periods of time (as
indicated). Wells were rinsed with PBS and the number of viable adhering cells was
assessed with the MTT assay.

Immunohistochemistry, fluorescence and confocal laser microscopy

Paraffin sections were stained using standard protocols. Sections were
dewaxed and endogenous peroxidases were blocked. Pepsin was used as antigen
retrieval method for OLFM-4 and EGFR1, whereas Tris-EDTA buffer was used to
retrieve the antigen for staining with ER-. Antibodies IMG-5983 (1:40 rabbit
polyclonal; Imgenex, California, USA), 31G7 (1:20; monoclonal;
Zymed/Invitrogen, Breda, The Netherlands) and D-5 (1:100; monoclonal; DAKO,
Glostrup, Denmark) were used to detect OLFM-4, EGFR1 and ER-, respectively.
Chemate Envision and 3,3-diaminobenzidine (DAB) solution (Dako, Glostrup,
Denmark) were used to visualize antibody binding.

Immunofluorescence staining for microscopy and for confocal laser
scanning microscopy was performed on frozen endometrial tissue (5 μm sections or
10 μm in case of confocal laser scanning microscopy) or on cells plated on
microscope cover glasses. Tissue and cells were fixed in 4% paraformaldehyde (10
minutes at RT) followed by permeabilisation with PBS supplemented with 0.1%
tween-100.

OLFM-4 was stained with the IMG-5983 antibody (1:40), E-cadherin with
the G-10 antibody (1:500, monoclonal; Santa Cruz Biotechnologies, Heidelberg,
Germany) and vimentin with the M0725 antibody (1:500, monoclonal; Dako,
Glostrup, Denmark). Mouse-α-2PY was used to detect the PY tag. Goat-α-mouse
IgG-FITC (1:100, Dako, Glostrup, Denmark) and swine-α-rabbit IgG-FITC (1:100,
Dako, Glostrup, Denmark) were used as secondary antibodies. For the co-staining
protocols we combined the swine-α-rabbit-FITC antibody (1:100, Dako, Glostrup,
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Denmark) and goat-α-mouse-Texas Red antibody (1:80, ITK Diagnostics, Uithoorn,
The Netherlands).

Confocal laser scanning microscopy was performed using the Leica CTR
4000/CTC SPE and the Leica Application Suite/advance fluorescence software
package (Leica Microsystems B.V., Rijswijk, The Netherlands). The Image-J
programme was used to make 3-D images.

Accession numbers

NCBI (http://www.ncbi.nlm.nih.gov ) entries for human olfactomedin-4 gene name:
OLFM4 (additional names GC1; OLM4; OlfD; GW112; hGC-1; hOLfD; UNQ362;
KIAA4294; bA209J19.1; OLFM4). GeneID: 10562.

Results

OLFM-4 expression in the endometrium during the menstrual cycle

Expression of OLFM-4-mRNA is significantly increased in the early and
late proliferative phase compared to the menstrual phase endometrium and it
remains elevated during the early secretory phase (though non-statistically
significant compared to the menstrual phase). Messenger-RNA is back to menstrual
phase level in medium and late secretory endometrium (Figure 4.1a).

Figure 4.1. Olfactomedin-4 expression in the human endometrium.

A. OLFM-4 mRNA expression in healthy cyclic
endometrium. M: menstrual phase (n=12); EP: early
proliferative (n=9); LP: late proliferative (n=9); ES: early
secretory (n=8); MS: mid secretory (n=8); LS: late
secretory (n=2). mRNA levels were determined by real-
time PCR. * p < 0.05 versus menstrual phase (Mann
Whitney U test).

B. Specificity of the IMG-5983
antibody for OLFM-4. We confirm
perfect co-localisation of OLFM-4
(polyclonal IM G-5983, Swine-α-
rabbit-FITC, green) and the PY tag
(mouse-α-2PY MMS-115R, goat-α-
mouse-Texas-red, red).

http://www.ncbi.nlm.nih.gov
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For immunohistochemistry of OLFM-4, antibody IMG-5983 was used.
This antibody was previously employed for western blot only. Therefore, its
specificity to detect the correct protein in whole cells was confirmed in the HEK-293
cells transfected with the OLFM-4 cDNA fused to a PY tag. Antibody IMG-5983
and the anti-PY antibody co-localised perfectly in co-staining experiments (Figure
4.1b).

Figure 4.1. Continued

C. OLFM-4 protein expression during the menstrual
cycle determined by immunohistochemistry. M, EP,
LP, ES, MS and LS stand for menstrual, early
proliferative, late proliferative, early secretory, mid
secretory and late secretory endometrium.

D. Co-staining of
OLFM-4 (FITC,
green) and E-
cadherin (Texas-
red) in frozen
tissue sections of

human
endometrium. Blue

fluorescence:
DAPI (nuclear)
staining.

E. OLFM-4 mRNA expression in explant cultures of
menstrual and late proliferative-phase endometrium
exposed for 24 hours to vehicle (0.1% ethanol) or 17β-
oestradiol (1 nM). mRNA levels were determined by real-
time PCR. * p < 0.05 (Wilcoxon signed rank test).

In the human endometrium, OLFM-4 protein is localised in the cytoplasm
and the cell membrane of the glandular epithelium, though some immunoreactivity
in the stroma cells is also observed (Figures 4.1c and d). Its expression is highest in
the late proliferative phase (Figure 4.1c). Furthermore, OLFM-4 does not co-localise
with E-cadherin in the endometrium, contrarily to what was observed in an earlier
study on cell lines [194]. OLFM-4 is mostly expressed at the interface between the
glandular epithelium and the stroma compartment, whereas E-cadherin is
predominantly expressed at the luminal side of the glands (Figure 4.1d).

Using endometrial explant cultures, we confirmed the oestrogen-
dependence of OLFM-4: its mRNA level is induced significantly by 17β-oestradiol
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in explant cultures prepared from menstrual phase endometrium but not in explants
prepared from late proliferative phase endometrium (Figure 4.1e; see discussion).

Regulation of the OLFM-4 gene promoter

To further investigate the transcriptional regulation of OLFM-4, we cloned
the 1.3 Kb fragment upstream the transcription start site in front of the luciferase
gene (Figure 4.2a). The OLFM-4 promoter does not contain any canonical ERE, but
instead it has three half EREs (AGGTCA) and an AP1 site (TGACTCA). We
transfected this construct into the ER- positive cell lines ECC1 (endometrial cancer
cell line) and T47D (breast cancer cell line) as well as in two ER- negative cell
lines (endometrial cancer RL95.2 and cervical cancer HeLa cells) along with the
ER- expression plasmid (results not shown).

Figure 4.2. Olfactomedin-4 is regulated by oestrogen and EGFR signalling.

A . Scheme of the 1.3 Kb fragment upstream the
OLFM-4 gene that was cloned in front of the
luciferase reporter. Nucleotide numbering as in
the study of Chin et al. [215].

B-E. Luciferase response in HeLa cells
transfected with the OLFM-4 promoter-
luciferase along with:

B. The expression plasmid for ER- (the panel
on the right shows ER- expression after
transfection with ER- plasmid or with an
empty vector). ICI-164384 alone had no effect
on the luciferase activity (not in figure). Bars
indicate mean values (n=3) ± standard
deviation. P-values were calculated with the T-
test; *: p-value < 0.05; **: p-value < 0.01. All
results were repeated in at least two
independent experiments.

C. The empty vector (without the
expression plasmid for ER-).
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Surprisingly, the OLFM-4 promoter responds to estrogens only in HeLa
cells, which are co-transfected with the OLFM-4-luciferase and the ER-α expression
plasmid. Both 17β-oestradiol and OH-tamoxifen induce luciferase activity and this
response is antagonised by ICI-134384 (anti-oestrogenic action; Figure 4.2b).

Figure 4.2. Continued
D. The expression plasmid for ER- in
presence or absence of the tyrosine kinase
inhibitor GW2974.

E. The ER- expression plasmid and a
dominant negative variant for of the
EGFR (CD-533).

Given that an agonistic action of OH-tamoxifen is frequently associated
with cross talks between ER- and kinase pathways, and given that AP1 binding
sites (activated by kinase cascades) are frequently functionally linked to half-EREs
(both AP1 and half-EREs are present in the OLFM-4 3’; Figure 4.2a), we examined
whether growth factor signalling is involved in the regulation of OLFM-4. EGF, but
not IGF (results not shown) strongly enhances OLFM-4 promoter luciferase activity
(Figure 4.2b). Interestingly, ICI-164384 is able to almost completely impair the
response to EGF, besides the inhibition of the oestrogen signalling.

The interaction between the ER- and the EGFR signalling pathways were
further explored. ER- is necessary for the oestrogenic response of OLFM-4,
because when ER- is not co-transfected into the HeLa cells, the responses to 17β-
oestradiol and OH-tamoxifen are completely abolished (Figure 4.2c). Under these
circumstances, also the response to EGF is partly impaired (~50%; Figure 4.2c),
indicating that ER- is required for the full EGF response. This is further illustrated
by the fact that the ER antagonist ICI-164384 abolishes the EGF-mediated response
(Figure 4.2b).

Similarly, EGF signalling is needed for the oestrogen response. Pre-treating
HeLa cells with a general inhibitor of the membrane EGFR family (GW2974)
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inhibits the response to EGF as well as to 17β-oestradiol and OH-tamoxifen (Figure
4.2d). To confirm this observation, we used a dominant negative variant of EGFR
(EGFR-CD-533). The activation of the OLFM-4 promoter by EGF, 17β-oestradiol
and OH-tamoxifen is impaired when HeLa cells are co-transfected with EGFR-CD-
533 (Figure 4.2e).

Several members of the EGFR family are known. Among them, EGFR1
and ERBB2 (HER2/NEU) are the most important ones. Western blot analysis
(Figure 4.3a) revealed that ERBB2 is expressed in HeLa (OLFM-4 promoter
responsive to both oestrogens and EGF) as well as in ECC1 and T47D cells (OLFM-
4 promoter neither responsive to oestrogens nor to EGF), whereas EGFR1 is
expressed in HeLa cells only, and not in ECC1 and T47D cells. Therefore, we
hypothesised that EGFR1 is involved in the regulation of OLFM-4. Re-expression of
EGFR1 by transient transfection in T47D cells is sufficient to recover the EGF
response. However, EGFR1 re-expression recovers only partly (non significantly)
the oestrogenic response of the OLFM-4 promoter (Figure 4.3b). Similar results
were obtained with ECC1 cells (results not shown).

Figure 4.3. Intra-cellular regulation of the olfactomedin-4 promoter.

A. Western blot analysis for
EGFR1 and ERBB2 in
HeLa, ECC1 and T47D cells.

B. Luciferase response in
T47D cells transfected with the OLFM-4 promoter-
luciferase along with the expression plasmid for
EGFR1 (the panel on the left shows the EGFR1
expression after transfection with EGFR1 plasmid of
with an empty vector).

C. Luciferase response of HeLa cells transfected with
the OLFM-4 promoter-
luciferase and the expression
plasmid for ER-. Cells were
preincubated with the inhibitors
for p38 MAPK (SB20190, 20
M), MEK1 (PD98059, 50M),
MEK1/2 (which is upstream
both p38 MAPK and p42/44; U-
0126, 10 M) and PI3K
(Ly294002, 10 M). The
western blot on the top indicates
that the inhibitory conditions
used were efficient and specific:
Ly294002 completely blocked
EGF-induced phosphorylation
of Akt (downstream of PI3K);
PD98059 and U-0126 blocked
phosphorylation of p42/44
MAPK; phosphorylation of p38
MAPK is partly inhibited by
Ly294002, PD98059 and U-

0126 as this kinase lies downstream both PI3K/Akt and MEK1/2, but not by SB20190, which blocks
phosphorylation downstream of p38 MAPK.
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We next investigated which pathways are involved in the EGFR-ER-α
cross-talk using specific inhibitors of EGFR-mediated intracellular signalling
cascades. The signalling induced by EGF is only partially blocked by inhibition of
PI3K (LY294002) and is not influenced by p38 MAPK inhibition (SB20190). The
results show that the signalling induced by EGF is inhibited most prominently by
MEK1/2 inhibitor (U-0126, Figure 4.3c; top panel indicates that the used inhibitors
were specific and efficient in our experimental conditions). The induction of the
OLFM-4 promoter by 17β-oestradiol and OH-tamoxifen is blocked by pre-treatment
with the PI3K inhibitor LY294002 (Figure 4.3c). Inhibition of the MAPK pathway
by MEK1/2 (U-0126) or MEK1 (PD98059) inhibitors reduces oestrogen signalling
by 50%. The p38 MAPK inhibitor SB20190 represses the activity of OH-tamoxifen
only. The activation by 17β-oestradiol and OH-tamoxifen of PI3K/Akt was
confirmed by western blot using phospho-Akt-Ser473 antibody (Figure 4.3d). In
addition, western blotting using phospho-p38 MAPK (Thr180/Tyr182) antibodies
confirmed that this protein is activated by OH-tamoxifen only (Figure 4.3d).

Figure 4.3. Continued
D. Western blotting indicating the in HeLa cells
transiently transfected with the expression plasmid for
ER-, stimulation with both 17-oestradiol and OH-
tamoxifen activates the PI3K/Akt signalling, whereas
OH-tamoxifen only activates p38 MAPK.

E. Luciferase response of HeLa cells transfected with
the expression plasmid for ER- and the OLFM-4
promoter-luciferase comprising only the 0.8Kb most
proximal promoter part (shown at the top).

F. Luciferase response of HeLa cells transfected with
the expression plasmid for ER- and the OLFM-4

promoter-luciferase where the AP1 site has
been abolished. All inhibitors were also
tested alone and no effect of luciferase
activity was observed.
Bars indicate mean values (n=3) ± standard
deviation. P-values were calculated with the
T-test; *: p-value < 0.05; **: p-value < 0.01.
All results were repeated in at least two
independent experiments.

Finally, we investigated the promoter sequences that are needed for
oestrogen and EGF responses. A truncated form of the 1.3 Kb OLFM-4 promoter
was generated, which contains the first 0.8 Kb promoter fragment. This is enough to
mediate the complete response of oestrogen, but only part of the EGF response
(Figure 4.3e). The AP1 site is present in this 0.8 Kb promoter (Figure 4.3e).
Therefore, to examine whether this site is needed to mediate the oestrogenic and the
partial EGF response, the AP1 site was deleted from the 1.3 Kb OLFM-4 promoter
(Figure 4.3f). The responses to EGF and to 17β-oestradiol are completely abolished
after deletion of the AP1 binding sequence. The response to OH-tamoxifen however,
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appears to be independent from the presence or absence of the AP1 transcription
factor binding site (Figure 4.3f).

OLFM-4 decreases cell adherence and vimentin expression and protects against
apoptosis

The functional role of this protein was assessed by transient transfection
with OLFM-4 expression plasmid of OLFM-4 negative HEK-293 cells. After
transfection, the protein is highly expressed both as native and as PY tagged
(Figures 4.4a and 4.4b) and is mainly present in the cytoplasm and the cell
membrane. We observed that when OLFM-4 is expressed on the cell membrane
(Figure 4.4b right panels), cells assume a spherical shape and clearly detach from the
plate surface, whereas in cells with a more adherent phenotype (Figure 4.4b, left
panels) OLFM-4 is present throughout the cytoplasm (see the 3-D reconstruction in
Figure 4.4b). In line with this observation, re-expression of OLFM-4 (native or PY
fused) decreases the ability of cells to adhere to the plate surface compared to cells
transfected with the empty vector (Figure 4.4c).

Re-expressing OLFM-4 in HEK-293 cells also results in increased cell
numbers compared to untransfected or empty vector transfected cells (Figure 4.4d).
We did not find increased proliferative activity as determined by the DNA-
histograms generated with flow cytometry (results not shown), however, HEK-293
cells re-expressing OLFM-4 are slightly, but significantly, more resistant to
topotecan induced apoptosis (Figure 4.4e).

Intermediate filaments, i.e. vimentin, establish intimate interactions with
extracellular matrix components (such as OLFM-4) and can influence a large
number of cellular events including cell differentiation, adherence and apoptosis
[217, 218]. Therefore, we examine whether vimentin expression and filament
organisation were affected by OLFM-4. The level of vimentin in OLFM-4 positive
and negative cells was assessed by immunostaining (Figures 4.4f and 4.4g). HEK-
293 cells transiently transfected with the OLFM-4 cDNA were co-stained with the
OLFM-4 antibody (green fluorescence) and with the vimentin antibody (red
fluorescence). The efficiency of transient transfection never reaches 100%,
therefore, we could observe in the same microscopic preparation cells expressing
and cells non-expressing the transfected plasmid. Using confocal-laser-scanning-
microscopy, the amount of red fluorescence (vimentin expression) was quantified
through the complete volume of cells expressing OLFM-4 (green) or not (cells
without green fluorescence) in the same transfection plate/reaction. Expression of
OLFM-4 clearly results in reduced staining for vimentin (Figures 4.4f and 4.4g).
When we performed the same experiment in HEK-293 cells transfected with the
green-fluorescence-protein (GFP) expression vector, the vimentin staining in cells
expressing and in cells non-expressing GFP did not differ (Figure 4.4g).
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Figure 4.4. Olfactomedin-4 re-expression in HEK293 cells infers apoptosis resistance and reduces
cell adherence and vimentin expression.

A-E. OLFM-4 was re-expressed in HEK-293 cells (originally negative) by
transient transfection with the OLFM-4 expression plasmid (or empty
vector as control).

A. Western blot with antibody IMG-5983 against the native OLFM-4.
Equal amounts of protein were loaded on the ‘extract fractions’.

B. Confocal laser scanning microscopy of HEK-293 cells transfected with
OLFM-4 cDNA fused to PY tagging and detected with
the anti-PY antibody (similar results were obtained
with the native non-tagged protein). On the left panel,
a cell with predominant cytoplasmic localisation of
OLFM-4. On the right: membrane localisation of
OLFM-4. After 3-D reconstruction, cells were
(virtually) sectioned through the plane indicated on the
top image (dashed line). The cell on the left is well
attached to the plate surface and staining for OLFM-4
is seen through the cytoplasmic section (Cyt). On the
right, the OLFM-4 protein is fully localised on the
membrane and this is accompanied by detachment
(spherical shape) of the cell. We exclude that the
rounded shape of the cell was associated to apoptosis
because nuclear morphology looked normal, and
apoptosis was diminished rather than augmented in
cells overexpressing OLFM-4 (see panel E).

C. Adherence of cells to the culture plate is decreased
after re-expression of OLFM-4 compared to cells

transfected with the empty vector. *P < 0.05 versus
empty vector, T-test.
Transfected cells were let seed on a 24 well plate and
the number of attached cells was determined by MTT
after different periods of time. Four hour and half after
plating, all cells are seeded.

D. The number of viable cells (MTT assay) increases
after OLFM-4 re-expression compared to cells
transfected with the empty vector. *P < 0.05 versus
empty vector, T-test.

E. HEK-293 cells re-
expressing OLFM-4 are
more resistant to

topotecan-induced
apoptosis (M30
staining/FACS analysis)
compared to cells
transfected with the
empty vector. *P < 0.05
versus empty vector, T-
test.
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Figure 4.4. Continued

F. HEK-293 cells were transiently transfected
with OLFM-4 cDNA and co-stained for
olfactomedin-4 (FITC-green) and vimentin
(Texas-red). Confocal laser scanning microscopy
was used to visualise and quantify vimentin
filament throughout the whole volume of cells
that re-expressed OLFM-4 and in cells that did
not. The Image-J programme was used to make
3-D images.

G. Quantification of the vimentin expression in
cells transfected as described in panel F that were
positive or negative for OLFM-4 expression. The
same experiment was performed by tranfecting
HEK293 cells with GFP expression plasmid and
no reduction in vimentin expression could be
observed (GFP positive cells).

OLFM-4 expression in endometriosis and endometrial cancer

OLFM-4 and EGFR1 are expressed in pre- and post-menopausal
endometrium (Figures 4.1, 4.5a and 4.5b), although significant individual variations
were observed. OLFM-4 is mostly localised in the glands. EGFR1 stains the cell
membrane of the stroma cells and with less intensity the epithelial cells, with the
strongest immunoreactivity during the proliferative phase. Maximum EGFR1
staining is observed in the interface between the glandular epithelium and the stroma
(Figure 4.5a).

OLFM-4 is also expressed in endometriosis (Figures 4.5c) and endometrial
cancer (Figure 4.5d). Similarly to the endometrium of healthy women, it is mostly
present in the glandular compartment. We did not observe any difference in the
OLFM-4 staining intensities between normal endometrium and endometriosis
lesions or endometrial cancer.
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Figure 4.5. Olfactomedin-4 and EGFR1 expression in endometriosis and endometrial cancer.

A.

EGFR1 expression in healthy pre-menopausal endometrium. Enlarged panels (60X) show the membrane
expression of EGFR1.

B. OLFM-4 and EGFR1 expression in post-menopausal endometrium.

C. OLFM-4 and EGFR1 expression in endometriosis lesions. Little expression of EGFR1 is evident (area
indicated with the arrowhead).

D. OLFM-4, EGFR1 and
ER- expression in
endometrial cancer.

E. Correlation between OLFM-4, EGFR1 and ER- expression in
endometrial cancer. Protein expression was semi-quantitatively
assessed by calculating a staining index as described earlier [66].
Afterwards, samples were grouped in three categories for OLFM-4
expression (low, medium, high; X axis) and in two for EGFR1 and
ER- (low and high). A combination of different expression levels of
EGFR1 and ER- are plotted on the Y-axis. IH SCORE = staining
index.

EGFR1 expression in endometriotic tissue is very weak (based on
immunohistochemistry; Figure 4.5c) whereas it is comparable to the healthy
endometrium in endometrial cancer (Figure 4.5d). When comparing the
immunohistochemical staining scores of OLFM-4 with that of EGFR1 and ERα, we
observed that high OLFM-4 stainings correlate with high staining scores of EGFR1
and ERα (Figure 4.5e). Quantifying immunohistochemical stainings is semi-
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quantitative at best, therefore we also assessed the mRNA levels of OLFM-4 and
EGFR1 by real-time PCR. Moreover, we examined the expression of the oestrogen
responsive gene TFF1. These values were used as a measurement of the activation
of ERα signalling, as previously described [206].

At the mRNA level, OLFM-4 expression is similar in endometriotic tissue
compared to the endometrium of healthy women. However, it is significantly higher
in the eutopic endometrium of patients when compared to the endometriotic tissue
and compared to the endometrium of controls (Figure 4.6a). EGFR1 mRNA levels
are significantly lower in the eutopic and ectopic endometrium of patients when
compared to the normal endometrium (Figure 4.6b), confirming the
immunostaining.

We next examined the fold-change of the expression of TFF1, OLFM-4 and
EGFR1 between the eutopic and ectopic endometrium in each single patient. In this
way we assessed if the expression of these genes differs in the endometrium located
inside the uterus (eutopic) compared to the endometriotic lesions. As previously
shown [206], TFF1 expression is lower in the eutopic compared to the ectopic
endometrial tissue of each single patient (expression ratios lower than one; Figure
4.6d). However, OLFM-4 expression shows the opposite trend and is higher in the
eutopic endometrial tissue compared with the levels in the ectopic endometrium in
the same patient. The levels of EGFR1 mRNA are also slightly higher in the eutopic
than in the ectopic lesions.

In contrast to the differences in expression levels observed in endometriotic tissue,
mRNA levels of OLFM-4, EGFR1 and TFF1 are comparable in endometrial cancer
and healthy post- menopausal endometrium (Figure 4.6e). In line with the
correlation of high OLFM-4 protein level and high expression of EGFR1 and/or ER-
α, the same relationship becomes evident in both healthy post-menopausal
endometrium and endometrial cancer when the OLFM-4 mRNA levels are plotted
against the product of the mRNA levels of EGFR1 and TFF1 (Figure 4.6f).

Discussion

OLFM-4 is an oestrogen-responsive gene, highly up-regulated during the
proliferative phase of the menstrual cycle. The response to 17β-oestradiol was
confirmed in vitro using explant-cultures of human endometrial tissue (Figure 4.1e).
The magnitude of the in vitro response was higher using menstrual phase
endometrial explants compared to late-proliferative phase explants. This
phenomenon of differences in oestrogen-sensitivity in different preovulatory stages
has previously been described [33]. It can be attributed to the fact that late-
proliferative phase endometrium has been exposed in vivo to 17β-oestradiol for an
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extended period of time. This renders the endometrium refractory to further
stimulation in vitro.

Figure 4.6. mRNA levels of OLFM-4, EGFR1 and TFF1 in endometriosis and endometrial cancer.
All mRNA values were calculated by real-time PCR and were normalised using cyclophilin as house
keeping gene. Results did not change when -actin was used for normalisation; not shown). Ns: non
significant.

A. OLFM-4 mRNA levels in the endometrium of healthy controls, and ectopic/eutopic endometrium of
endometriosis patients (statistic significance was maintained after removal of the outsider sample with a
fold change > 104 in the ‘eutopic’ group).

B. EGFR1 mRNA levels in the endometrium of healthy controls, and ectopic/eutopic endometrium of
endometriosis patients.

C. 17-HSD4 mRNA in the endometrium of healthy controls, and ectopic/eutopic endometrium of
endometriosis patients. This enzyme is known to be expressed at comparable levels in the eutopic and
ectopic endometrium [66] and it was used as a control for the presence of endometrial tissue in the
ectopic lesions.

D. Ratios between the levels of mRNA in the eutopic versus the
corresponding ectopic endometrium (matched samples in each
patient) for OLFM-4, EGFR1 and TFF1. The levels in the eutopic
tissues are set to one (REF, indicated); therefore, a value higher than
one indicates that in that patient the level of expression of the gene
under investigation is higher inside the uterus than in the lesion; vice
versa, a value lower than one indicates higher expression in the lesion
compared to the endometrium at its normal location.

Despite its oestrogenic response, the promoter region of the OLFM-4 gene
does not contain any perfect oestrogen response elements (EREs). Three half-
palindromic EREs are present plus an AP-1 binding site. The presence of the AP1
site suggests that growth factor signalling pathways may be involved in the full
regulation of this gene. Indeed, OLFM-4 gene transcription is induced by EGF, 17-
oestradiol and OH-tamoxifen. From our experiments we can infer that the signalling
pathways activated by these three compounds are distinct but merge at various
levels.
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Figure 4.6. Continued

E. OLFM-4, TFF1 and EGFR1 mRNA levels in the endometrium of post-menopausal healthy controls
and endometrial cancer (none is significantly different between the two groups).

F. Correlation between OLFM-4 mRNA levels and the product of
EGFR1 and TFF1 mRNA levels in endometrium of healthy post-
menopausal women (R-squared value = 0.3) and endometrial cancer  (R-
squared value = 0.8).

In addition, both ER- and EGFR signalling are required for full activation
of the OLFM-4 promoter. The responses to EGF, 17-oestradiol and OH-tamoxifen
are impaired when EGFR is blocked by the dominant negative receptor variant, or
cells are pre-treated with an EGFR inhibitor (GW2974). These same responses are
also impaired when ER- is not expressed (partly only in case of EGF) or when
cells are exposed to the anti-oestrogen ICI-164384 (Figures 4.1b and 4.1c).

With respect to the EGF response, EGFR1 is the major transduction
pathway. Re-expression of this receptor in cell that are originally negative for it
(T47D cells) is sufficient to recover the EGF response (Figure 4.3b). The main
signalling route of EGF-EGFR1 appears to be via MEK1/2, p42/44 MAPK and AP1
activation (Figures 4.3c and 4.3f). Taking together, the fact that full EGF response
requires the presence of both ER- and AP1, suggests that the tethering mechanism
of ER- by c-Fos/c-Jun at the AP1 region [219] may control OLFM-4 promoter
activation. In addition, since the truncated 0.8 Kb promoter fails to result in the
response observed with the 1.3 Kb promoter (Figure 4.3e), additional DNA motives
located more distal to the AP1 site are needed.

With respect to the oestrogenic response, ER- is the main mediator of the
oestrogen signalling. For these experiments, we used a HeLa clone in which neither
ER- nor ER- are endogenously expressed (as visualised by western blot). Re-
expression of ER- clearly recovers the the OLFM-4 promoter response to
oestrogens, which is completely absent in cells not transfected with the ER-
expression plasmid. In these experiments, we have not assessed whether ER- could
also activate OLFM-4 promoter.
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Though the oestrogenic response requires full EGFR signalling, EGFR1 re-
expression in T47D (Figure 4.3b) or in ECC1 cells (not shown) is not enough to re-
establish the OLFM-4 promoter oestrogenic response, contrarily to what is observed
for the EGF response. Therefore, additional signalling paths are needed for
oestrogenic activation. It is unlikely that other members of the EGFR family such as
ERBB2, ERBB3 or ERBB4 may be involved. Indeed, ERBB3 is expressed in T47D
breast cancer cells but not in HeLa (where we observed high OLFM-4 promoter
activation); ERBB2 is expressed in both cells (Figure 4.3a) whereas ERBB4 is
neither expressed in HeLa nor in T47D cell (expression data for ERBB3 and ERBB4
derived from GNF SymAtlas: http://biogps.gnf.org/). Interestingly, preliminary
results of our group have indicated that Akt is constitutively phosphorylated at the
Thr-308 in HeLa cells (whereas Ser-473 becomes phosphorylated in a
EGF/oestrogen dependent manner) but not in ECC1 or in T47D cells. PI3K-Akt
signalling via Thr-308 may be therefore needed for the oestrogenic response of
OLFM-4.

The oestrogenic response further requires PI3K-Akt/PKB and MEK1/2
activation (Figures 4.3c and 4.3d). Both the Akt/PKB and MEK1/2 pathways
contribute to ER- mediated transcriptional activity through phosphorylation of
serine 167 and 118, respectively [219]. Considering that the largest decrease of
oestrogen mediated transcriptional activity was observed using the Akt/PKB
inhibitor (Figure 4.3c), it is likely that ER-α phosphorylation at serine 167 is needed
for the oestrogenic response of the OLFM-4 promoter. However, whether ER-α is
phosphorylated by Akt/PKB and MEK1/2 remains to be determined.

The further downstream events leading to the regulation of OLFM-4
transcription are not the same for 17-oestradiol and OH-tamoxifen. In case of 17-
oestradiol-bound ER-, the AP1 site in the promoter region is necessary. The
obligatory actions of EGFR in this regard, suggest again that ER- at the AP-1 site
interacts with c-Fos/c-Jun as described earlier. However, induction of the OLFM-4
promoter by OH-tamoxifen-bound ER- does not require the interaction with AP1.
Instead, after activation of Akt/PKB and MEK1/2, it depends on p38 MAPK
activation.

As validation of our findings we examined the conservation of the half-
EREs and the AP1 site in rat and mouse. Both half-EREs and the AP1 sites are
conserved between human, rat and mouse. AP1 sites are found at -131
TAGGGTGGGTCACATGTTCC in mouse and at -131
TAGGGTGGGTCACATGTTCCT in rat (Genomatix search; +1 nucleotide is the
start of translation). Four and two half-EREs are present in the rat and mouse
OLFM-4 promoter (1Kb upstream the protein start), respectively, however their
position is less conserved than the AP1 site.

The function of OLFM-4 in the endometrium is still elusive. Liu et al.
showed that OLFM-4 interacts with E-cadherin and increases cell-cell adhesion
[200], however in the human endometrium this interaction is marginal or absent
because E-cadherin and OLFM-4 do not co-localise (Figure 4.1d). In HEK-293
cells, OLFM-4 localises in the cell membrane. Its overexpression decreases the

http://biogps.gnf.org/
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adherence capability of cells and confers slight resistance to apoptosis, confirming
other reports [195, 201].

We have not investigated why in some cells OLFM-4 localises in cell
membrane, whereas in other cells the protein seems to remain trapped inside the
cytoplasm (Figure 4.4b). Most probably, in this latter case, OLFM-4 is not correctly
processed due to its overexpression after transient transfection. The effects of
OLFM-4 seem to be mediated by decreased vimentin expression (or filament
organisation). Similar results with respect to cell number/apoptosis and cell-
adherence were also obtained using ECC1 endometrial cancer cells. However,
results are not shown due to the very low expression of OLFM-4, which could be
achieved in this cell line. Other authors have observed similar effects using colon
cancer cells: OLFM-4 re-expression caused cells to round up and interfered with
cytoskeleton filaments [200].

OLFM-4 is particularly associated with tissues, with high regenerative
potential (i.e. bone marrow, the gastrointestinal tract, prostate, murine ovaries and
rat testis [220] and endometrium). In addition, the fact that OLFM-4 affects
processes such as cell adherence, cell-cell interaction, motility and apoptosis, rather
than proliferation, implies that this protein plays a determining role in differentiation
of cells. Accordingly, Liu and co-workers have reported that OLFM-4 expression in
colon carcinoma correlates with well-differentiated tumours [201]. Vimentin, which
is down-regulated by OLFM-4 re-expression, is up-regulated during epithelial-
mesenchymal transition [de-differentiation of cells; [221]]. These evidences and the
fact that OLFM-4 expression is highest in the endometrium during the late
proliferative phase, support the contention that OLFM-4 promotes differentiation of
endometrial epithelial cells at the late proliferative phase, when the endometrium has
finished the exponential growth and is preparing to respond to the luteal
progesterone.

Our results are in line with previous investigations. Cross talks between
oestrogens and EGF signalling are well documented in the literature [219].
Moreover, an intimate interaction between oestrogen signalling, PI3K and ERK1/2
in cell migration and other remodelling features of the endometrium has been
recently shown [222]. It remains to be determined whether OLFM-4 is the
downstream mediator of these events.

The human clinical samples we have examined support our in vitro studies
on the regulation and function of OLFM-4. The synergy between ER-α and EGFR is
corroborated by the fact that OLFM-4 expression in the human endometrium is
highest in the (late) proliferative phase (Figures 4.1a and 4.1c). At this time, the
levels of 17β-oestradiol in the circulation are peaking, and the expression of EGFR,
in particular EGFR1 [223], and its ligands (EGF and TGFα) are also significantly
higher compared to the early proliferative phase [224, 225]. In addition maximum
EGFR1 staining is observed in the interface between the glandular epithelium and
the stroma (Figure 4.5a), exactly where OLFM-4 is also highly expressed (Figure
4.1d).
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Also in clinical samples, OLFM-4, ERα and EGFR1 are correlated. OLFM-
4 expression in endometrial cancer is associated with elevated EGFR1 and ERα or
TFF1 expression (activation of oestrogen signalling; Figures 4.5d, 4.5e and 4.6f).
Expression levels however, are comparable between normal endometrium and the
tumours indicating that it is not likely that OLFM-4 plays a decisive role in the
carcinogenesis of the endometrium.

In endometriosis patients, TFF1 expression is lower in the eutopic tissue
compared to the corresponding endometriotic tissue in the same patient. This is
indicative of elevated intrinsic oestrogenic activity in the ectopic locations [[206];
Figure 4.6d). Unexpectedly, OLFM-4 mRNA levels are not elevated in these
lesions. This can be explained by the fact that EGFR1 mRNA expression is also not
elevated in the lesions (Figure 4.6d). Therefore, in the ectopic location, there may be
not enough EGF signalling needed to support the oestrogen action on the OLFM-4
promoter.

In addition, OLFM-4 mRNA levels are elevated in the eutopic
endometrium of endometriosis patients compared to the endometrium of healthy
controls (Figure 4.6a). Interestingly, OLFM-4 confers resistance to apoptosis.
Apoptosis resistance in endometriosis is well documented in literature [226, 227]. In
addition, OLFM-4 reduces the adherence of cells. Therefore, it can be speculated
that endometrial cells located inside the uterus from endometriosis patients may
have increased ability to detach and to move into the peritoneum compared to
endometrial cells of healthy women. Interestingly, MEK1/2-p42/44 MAPK is
elevated in endometrial stromal fibroblasts of women with endometriosis compared
to women without disease. This may support an increased expression of OLFM-4 in
the endometrium of patients [228]. It remains to be determined why OLFM-4
mRNA is back to the levels of healthy controls once endometrial cells are seated
outside the uterus (Figure 4.6a).
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Abstract

Oestradiol is an important promoter of the growth of both eutopic and
ectopic endometrium. The findings with regard to the expression and activity of
steroidogenic enzymes in endometrium of controls, in endometrium of
endometriosis patients and in endometriotic lesions are not consistent. In this study
we have looked at the expression of a range of steroidogenic enzymes (aromatase,
17β-hydroxysteroid dehydrogenases (17β-HSD) type 1, 2 and 4, oestrogen
sulfotransferase (EST) and steroid sulfatase (STS)) in eutopic and ectopic
endometrium of patients with deep-infiltrative endometriosis as well as in disease-
free endometrium. In addition, we evaluated their menstrual cycle related expression
patterns, and investigated their steroid responsiveness.

Aromatase and 17β-HSD type 1 mRNA levels were extremely low in
normal human endometrium, mRNAs for type 2 and 4 17β-HSD, EST and STS were
readily detectable. Only 17β-HSD type 2 and EST genes showed sensitivity to
progesterone in normal endometrium. Type 1 and 2 17β-HSD and STS protein was
detected in normal endometrium using new polyclonal antibodies. In endometriosis
lesions the balance is tilted in favour of enzymes producing oestradiol. This is due to
a suppression of type 2 and 4 17β-HSD, and an increased expression of aromatase
and type 1 17β-HSD in ectopic endometrium.

Introduction

An estimated six percent of women suffer from endometriosis and have
complaints such as chronic pelvic pain and some are even infertile because of this
disease [229-231]. Endometriosis is defined as the presence of endometrial glands
and stroma in extra-uterine sites, mostly the pelvic peritoneum, ovaries and
rectovaginal space [230, 232-234].

Endometriosis is an oestrogen-dependent disease [79, 235]. The primary
source of oestradiol is the ovary, and therapies aimed at suppressing ovarian
function or antagonizing the actions of oestrogens, have proven to be effective. It
has long been known that the endometrium itself is a source of 17β-oestradiol,
oestrone, oestrone sulfate and oestrone-3-sulfate [50, 236] and that elevated
aromatase activity is associated with malignancies of the endometrium [236, 237]. It
took however, another ten years for investigators to suspect that endometriotic
lesions may be self-supporting as evidenced by aromatase overexpression [74, 76,
238]. Aromatase overexpression has now indeed been confirmed in numerous
reports at the transcript level [65, 74, 75, 239], at the protein level [77, 240-242], as
well as at the activity level [76, 240, 242]. The clinical relevance of these
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observations was illustrated by the fact that aromatase inhibitors were effective in
the treatment of endometriosis, particularly in those cases where GnRH agonist
treatment failed [243, 244], supporting the notion that significant oestrogen
production continues at extraovarian sites, including adrenals, adipose tissue, skin
and endometriotic lesions.

The net production of 17β-oestradiol is the result of a delicate balance
between the synthesis and the inactivation of 17β-oestradiol. Next to aromatase, the
production of 17β-oestradiol is also mediated through the 17β-hydroxysteroid
dehydrogenases (HSD) types 1, 3, 5, 7 and 12, as well as steroid sulfatase (STS)
which converts the sulphated oestrogens to biological active oestrogens [245, 246].
Gene transcripts for types 1 and 7 17β-HSD and oestrogen sulfatase [65, 247] were
found to be overexpressed in endometriotic tissues when compared to normal
endometrium. In the human, aromatase produces mainly oestrone and not oestradiol,
which would support a key role for the type 1 17β-HSD as well.

Another key protein, which is believed to be involved in a rate limiting step
in steroid biosynthesis, is the steroidogenic acute regulatory protein (StAR). Even
though StAR is not an enzyme, it is responsible for the transport of the substrate for
steroid synthesis, cholesterol, across the mitochondrial membrane. StAR is highly
overexpressed in endometriotic lesions [248].

The conversion of 17β-oestradiol into less active metabolites in
endometrium tissue is believed to be mediated for a large part by 17β-HSDs types 2,
4 and 8, which form by an oxidative reaction androstenedione and oestrone [40, 52-
55], and by the oestrogen sulfotransferase (EST) which conjugates sulphate groups
to the 3-hydroxyl position [49].

The 17β-HSDs types 4 and 8 are constitutively expressed in normal human
endometrium [28, 54]. No information is available with regard to the expression
levels of these two genes in endometriosis. Oestrogen sulfotransferase (EST) is also
expressed in normal endometrium [249]. It is expressed in the secretory phase only,
suggesting that it is regulated by progestins. In the study of Smuc and co-workers
[65] no differences were observed in the expression of EST in normal endometrium
and ovarian endometriosis.

The type 2 17β-HSD is believed to be one of the most important 17β-
oestradiol-inactivating enzymes in the endometrium [250, 251]. There is clear
evidence that transcription of the 17HSD2 gene is regulated by progesterone [251-
255], even though some inconsistent findings have been reported [239, 256].

Such contrasting reports were also published with regard to the expression
of 17β-HSD type 2 in eutopic and ectopic endometrium of endometriosis patients.
The general consensus is that the expression of type 2 17β-HSD is reduced or absent
in eutopic and ectopic endometrium of endometriosis patients [54, 232], and that
17β-HSD type 2 gene expression is insensitive to progestins [79, 257], indicating
that endometriotic tissue may have reduced capacity to inactivate 17β-oestradiol.
Kitawaki and co-workers [256] however, described exactly the opposite: in
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endometrium of patients 17β-HSD type 2 expression was increased in secretory
endometrium of endometriosis patients. Also Smuc et al. [65] did not observe
differences in type 2 17β-HSD expression levels between normal endometrium and
endometriosis. Similar discrepancies were reported for aromatase. Kitawaki and co-
workers [77, 240] and Matsuzaki and co-workers [239] found no aromatase
expression in endometrium of disease-free women, whereas Tseng et al. [50, 236]
clearly showed aromatase activity in normal cycling endometrium.

The inconsistent findings with regard to the expression and activity of
steroidogenic enzymes in endometrium of controls and endometriosis patients and
endometriotic lesions, can be attributed to a variety of factors including the use of
different technologies, the quality of the samples (i.e. is the endometriotic tissue
contaminated with normal tissue from the local environment), and the lesion types
studied. More efforts are needed to address these issues.

Most studies have focussed on adenomyosis, leiomyomas and ovarian and
peritoneal endometriosis, but little information is available about steroidogenic
enzymes in the severe deep-infiltrative type of endometriosis. In the current study
we evaluated the expression of aromatase, STS, EST, and the types 1, 2 and 4 17β-
HSD in eutopic endometrium and endometriotic tissues of patients with deep-
infiltrative endometriosis. In addition, expression was assessed in endometria from
disease-free women. Hormonal regulation of the expression of these enzymes was
also investigated in explant cultures of normal human endometrium.

Materials and methods

Tissues

Endometrial tissue was collected in 48 women of 26-52 years of age with
regular menstrual cycles, who underwent surgery for benign indications other than
endometriosis. The tissue was collected from hysterectomy specimens or by pipelle
biopsies during laparoscopy (Pipelle catheter, Unimar Inc., Prodimed, Neuilly-
Enthelle, France). The women were documented not to be on any kind of steroid
medication. All women signed an informed consent, as required by the protocol
approved by the Medical Ethical Committee of the University Hospital Maastricht.

Forty eight biopsies of normal human endometrium were collected. Twelve
were collected in the menstrual (M) phase, 18 were collected in the proliferative
phase: early proliferative phase (EP phase), n=9; late proliferative phase (LP phase),
n=9. Another 18 were collected in the secretory phase: early secretory phase (ES
phase), n=8; mid-secretory phase (MS phase), n=8; late secretory phase (LS phase),
n=2. After macroscopic inspection of the uteri by a pathologist, endometrium tissue
was collected. The endometrium was dated according to clinical information with
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respect to the start of the last menstrual period, which was reconfirmed by
histological examination of the tissue [258].

Endometrium and endometriotic lesions were collected in 14 women of 22-
39 years of age who underwent laparoscopic surgery to remove rectovaginal
endometriosis. The endometrium was collected by pipelle biopsies during the
operation (Pipelle catheter, Unimar Inc., Prodimed, Neuilly-Enthelle, France). The
collected tissues were frozen in Tripure Isolation Reagent TM (Roche, Basel,
Switzerland) at -80 0C until RNA isolation.

From each biopsy part of the tissue was fixed in 10% buffered formalin for
histology and immunohistochemistry and another part of the tissue was snap frozen
in lysis buffer (Tripure Isolation ReagentTM, Roche) and stored at -80 0C for RNA
isolation.

Explant culture

Endometrium tissues from M-phase (n=8) and LP-phase (n=8) biopsies
were collected and transported to the laboratory in DMEM/Ham’s F12 medium on
ice. The tissue was minced into pieces of 2-3 mm3. Twenty four explants were
placed in Millicell-CM culture inserts (pore size of 0.4 μm, 30 mm diameter,
Millipore, Billerica, MA, USA) which were placed in 6-well plates containing
phenol red-free DMEM/Ham’s F12 medium (1.5 ml) (Life Technologies, Grand
Island, NY). The medium was supplemented with L-glutamine (1%), penicillin and
streptomycin (1%, P/S). The tissue was cultured for 24 hours. At the end of the
experiment, part of the explants was collected in formalin and embedded in paraffin,
the rest was collected in lysis buffer (SV Total RNA Isolation Kit, Promega,
Madison, WI, USA) and stored at -80 0C until RNA-isolation.

Previous experiments have shown that collagenase activity remains very
low in proliferative endometria during the first 24 hours of culture [152], and that
the tissue viability is not affected after 24 hours of culture [153]. Treatments
included: control (0.1% ethanol); 17β-oestradiol (17β-E2, 1 nM); progesterone (P, 1
nM) and 17β-E2 plus P (1 nM each). The steroid hormones were gifts from Organon
pharmaceuticals (Oss, The Netherlands).

RNA isolation from normal endometrium

Total cellular RNA from explants and uncultured endometrium was
extracted using the SV total RNA isolation kit (Promega) according to the
manufacturer’s protocol, with slight modifications. The concentration of DNase-1
during DNase treatment of the RNA samples was doubled and the incubation time
was extended by 15 minutes in order to completely remove genomic DNA. Total
RNA was eluted from the column in 50 μl RNase-free water and stored at –80 0C
until further analysis. The quality of the RNA samples was determined with a
spectrophotometer and agarose gel electrophoresis. All the samples analysed gave
RNA to DNA ratios higher than 1.5. Although primer/probes were design to overlap
exon boundaries, a PCR for a housekeeping gene glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) was performed on the RNA samples to verify that the
samples were free of genomic DNA.

RNA isolation from endometriotic tissue

Prior to RNA isolation, the tissue was thawed at 4 0C, cut into small pieces
and homogenized 2 times 30 seconds with an Ultra-Turrax homogenizer (Rose
Scientific, Edmonton, Alberta, Canada). The samples were centrifuged 10 minutes at
12,000 g. To the supernatant 200 μl chloroform was added. The samples were
vortexed 15 seconds and incubated at RT for 10 minutes. The samples were
centrifuged 15 minutes at 12,000 g. The aqueous upper phase was collected and 500
μl isopropanol was added to precipitate the RNA. The samples were vortexed 10
seconds and incubated 10 minutes at RT. The samples were centrifuged 10 minutes
at 12,000 g. The pellets were washed with 1 ml 75% ethanol. After air-drying, the
pellets were collected in RNase-free water and incubated for 10 minutes at 60 0C.

cDNA synthesis

Total RNA (1 g) was incubated with random hexamers (1 μg/μl, Promega)
at 70 0C for 10 min. The samples were chilled on ice for 5 min. To this mixture, a
reverse transcriptase (RT)-mix consisting of 5x RT-buffer (4 l), 5 mM dNTP mix
(2 l) (Pharmacia, Uppsala, Sweden), 0.1 M DTT (2 l) (Invitrogen, Breda, The
Netherlands) and superscript II reverse transcriptase (200 U) (Invitrogen) was added
and the samples were incubated at 42 0C for 1.5 hours, after which the reverse
transcriptase was inactivated by heating the samples at 95 0C for 5 min. The cDNA
was stored at –20 0C until further use. In each real-time PCR reaction 50 ng of
cDNA template was used.

Real-time PCR

Primers and probes for 17β-HSD-1 (Hs00166219-g1), 17β-HSD-2
(Hs00157993-m1), 17β-HSD-4 (Hs00264973-m1), STS (Hs00165853-m1), EST
(Hs00193690-m1) and aromatase (Hs00240671-m1) were purchased from Perkin-
Elmer Applied Biosystems as pre-developed assays. Human cyclophylin A
(Hs99999904-m1) was selected as an endogenous RNA control in order to
normalize for the differences in the amount of total RNA added to each reaction. A
pool of total RNA obtained from uncultured human endometrium tissues was
included as positive control. All PCR reactions were performed using an ABI Prism
7700 sequence detection system (Perkin-Elmer Applied Biosystems). The thermal
cycling conditions comprised an initial decontamination step at 50 0C for 2 min, a
denaturing step at 95 0C for 10 min and 40 cycles of 15 sec at 95 0C followed by 1
min at 60 0C. Experiments were performed for each sample in duplicate.
Quantitative values were obtained from the threshold cycle number (Ct) at which the
increase in the signal associated with exponential increase of the number of PCR
products was first detected with the ABI Prism 7700 sequence detector software
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(Perkin-Elmer, Foster city, CA). The fold-change in expression was calculated using
the ΔΔ Ct method, with cyclophylin A mRNA as an internal control [156]. For
detailed description of the procedure please refer to the ABI user manual.

http://www.uk1.unifreiburg.de/core/facility/tagman/user_bulletin_2.pdf.

Immunohistochemistry and western blotting

Novel polyclonal antibodies (pAb) were generated against 17β-HSD type 1,
type 2 and STS (prepared at Pineda Antikörper-Service, Berlin, Germany, on behalf
of Solvay Pharmaceuticals). The pAb against type 1 17β-HSD (protein accession
number NP_000404) was generated by injecting rabbits with a recombinant 17β-
HSD type 1 peptide (h17HSD) which lacked 42 amino acids at the C-terminus
(generously provided by Christina Fischer, University of Frankfurt, Germany). The
pAb against type 2 17β-HSD (protein  accession number NP_002144) was generated
by injecting a cocktail of the three synthetic peptides, NENGPGAEELRRTC
(peptide A), CNIAGTSDKWEKLEKD (peptide B) and
CAKRHFGQDKPMPRALR (peptide C). The pAb against STS (protein accession
number NP_000342) was generated by injecting a cocktail of the three synthetic
peptides, CLWEAESHAASRPNII (peptide A), CAHVEEVSSKGEIHGGS (peptide
B) and CSSKGEIHGGSNGIYK (peptide C). The peptides were conjugated to a
protein carrier (KLH). Three rabbits were injected with the peptide-conjugate
cocktails for each antigen, and from each rabbit preimmune serum was collected.
The generated antibodies were affinity purified using the immunizing peptides.

Specificity of the pAbs was demonstrated by western blotting and
immunohistochemistry. To confirm specificity of the 17β-HSD type 1 pAb, gels
were loaded with 10µl (1 µg/µl) HSD1-containing tumour cytosol (figure 5.1A, lane
1), 20 µl homogenate (0.55 µg/µl) from a HSD1-positive-cell line (figure 5.1A, lane
2) and 10µl homogenate (1 µg/µl) from a HSD1-negative-cell line [259], and
subsequently probed with the preimmune serum, the pAb or the pAb after
preincubation with the immunizing peptides. Antibody binding was visualized with
an alkaline phosphatase-conjugated anti-rabbit IgG (1:10,000, Sigma-Aldrich, St.
Louis, MO, USA) and incubation with NBT/BCIP-substrate solution (Sigma-
Aldrich). Specific binding of the pAb against type 2 17β-HSD was shown by
loading the individual immunizing peptides, as well as lysates prepared from
placenta. The pAb and pre-immune serum were applied at a 1:5000 dilution.
Antibody binding was visualized with anti-rabbit HRP (1:10,000; Dako, Glostrup,
Denmark) and incubation in a chemiluminescent substrate (SuperSignal West Pico
Chemiluminescent Substrate, Pierce, Rockford, USA). Specific binding of the anti-
STS pAb was demonstrated by loading lysates prepared from endometrium and
placenta and purified arylsulfatase C (Sigma-Aldrich) on the gels. The affinity
purified antibody was applied at a dilution of 1:1000. Antibody binding was
visualized in the same way as for the type 2 17β-HSD.

http://www.uk1.unifreiburg.de/core/facility/tagman/user_bulletin_2.pdf
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Figure 5.1: Western blot analysis (A) and immunohistochemistry (B) with the polyclonal antibody
against 17β-HSD type 1. The pAb
shows a specific band at the expected
molecular weight (A) and specific
staining in subcutaneous tumors in
immunodeficient mice generated from
17β-HSD type 1-transfected MCF-7
human breast cancer cells (B).
Preincubation with the h17HSD1
fusion protein prevented antibody
binding in both the western blot (A)
and immunostaining (B). Lane 1 = 10µl

(1 µg/µl) HSD1-containing
tumour cytosol; lane 2 = 20
µl homogenate (0.55 µg/µl)
from a HSD1-positive-cell
line; lane 3 = 10µl
homogenate (1 µg/µl) from
a HSD1-negative-cell line

For immunostaining paraffin sections of 5 μm were cut from uncultured
and cultured explants and from the deep invasive endometriotic lesions and uterus
from endometriosis patients. In addition, sections were prepared from placenta and
breast cancer tissue to serve as positive tissue controls. The sections were
deparaffinised 2x5 min in xylene and 2x5 min in 100% ethanol. The endogenous
peroxidases were blocked by incubating 30 min in 0.3% H2O2 in methanol. For
antigen retrieval the sections were boiled in TE-buffer (pH 9.0) in a microwave oven
for 20 min. In the preliminary stainings a 1:1000 dilution was used for the anti-17β-
HSD type 1 pAb and preimmune serum. The Dako-Envision protocol (Dako
Diagnostika, Hamburg, Germany) was used to visualize antibody binding. The
preimmune serum and pAbs against 17β-HSD type 2 and STS were diluted 1:2000
and 1:1000 respectively. Antibody binding was visualized with the ChemateTM

Envision kit (Dako).

After assessing specificity, the immunohistochemistry procedure was
further optimized. The conditions used to stain the clinical specimens were the
following. The anti-17β-HSD type 1 pAb and preimmune serum was used at 1:4000
and sections were incubated for 1 hr at room temperature. The anti-17β-HSD type 2
pAb and preimmune serum were incubated for 2 hrs at room temperature at a
dilution of 1:2000. The anti-STS polyclonal antibody and preimmune serum were
diluted 1:1000 and sections were incubated overnight at 4 0C. Antibody binding was
visualized by incubating 30 min with ChemateTM Envision (Dako) and staining with
diaminobenzidine solution. The reaction was stopped in water. The sections were
briefly counter-stained in haematoxylin, dehydrated and sealed in Entellan (Merck,
Whitehouse Station, NJ, USA).

Staining intensitiy was scored in epithelial and stromal cells separately on a
5 point scale: negative (0); weak (1); weak-moderate (2); moderate (3); moderate-
strong (4) and strong (5). In addition, the percentage of postively stained cells within
each compartment was assessed.

A

B
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Statistical tests

Statistical tests were carried out using the SPSS 11 (SPSS Inc., Chicago,
IL) statistical analysis package. To evaluate whether expression levels varied
significantly throughout the menstrual cycle, the nonparametric unpaired Mann
Whitney U test was used to test for differences between the expression levels versus
the expression level in the menstrual phase. This was done for both the mRNA and
protein data. This test was also used to test for differences in the expression of the
oestrogenic enzymes in normal endometrium versus eutopic and ectopic
endometrium of endometriosis patients. The nonparametric Wilcoxon signed rank
test was used to test for differences between steroid treated explants and controls at a
confidence level of 95%.

Results

Validation of the antibodies against 17β-HSD types 1 and 2 and STS

With immunoblotting a specific band at the expected molecular weight of
37 kD was visible in the cytosol of the tumour cell line and cells known to express
17β-HSD type 1, which was not visible with the preimmune serum, and which
disappeared after preincubation with the 17β-HSD type 1 fusion protein (figure
5.1A). Immunostaining in paraffin sections of breast cancer tissue also disappeared
after preincubation of the pAb with excess h17HSD fusion protein (figure 5.1B)
indicating the specificity of the generated pAb.

Only one of the three pAbs generated against 17β-HSD type 2 showed
cross reactivity with one of the three peptides (NENGPGAEELRRTC, peptide A;
figure 5.2A). A specific band was also present in the placenta lysate at the expected
molecular weight of 43 kD. The other pAbs only gave a non-specific band in
placental lysates around 75 kD, which was also seen with the preimmune serum
(results not shown). These antibodies also showed strong staining in the
syncytiotrophoblast, which could not be displaced by any of the three peptides
(figure 5.2B, polyclonal 2). The candidate antibody however, showed
immunostaining mostly in the vessels, which was completely abolished by
preincubation with the immunizing peptides (figure 5.2B, polyclonal 1).

To check specificity of the STS pAb, western blot analysis was performed
on purified microsomal steroid sulfatase (arylsulfatase C; figure 5.3A). Besides the
expected bands at 63 kD, other bands (~40 and 50 kD) were visible as well. A
similar pattern was observed when incubated with the preimmune serum (figure
5.3A) and lower dilutions of the pAb (results not shown), and these bands could not
be blocked with the immunizing peptides. In lysates of endometrium and placenta
tissues also the 63 kD band is visible (figure 5.3B), however, the 40 and 50 kD
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bands were more abundant. Based on the known size of the active enzyme and the
post-translational modifications that could occur, it is not possible that the 40 and 50
kD bands represent STS. In contrast, immunohistochemical staining was completely
prevented after preincubation of the pAb with the immunizing peptide A, but not
peptides B and C (figure 5.3C). This antibody appears therefore to be suitable for
immunohistochemistry and not for western blotting.

Figure 5.2. Western blot analysis (A) and immunohistochemistry (B) with the polyclonal antibody
against 17β-HSD type 2. Immunostaining of pAb 1 can be prevented by preincubation with the

immunizing peptides (B); this is
not the case for pAb 2. The
anti-type 2 17β-HSD pAb 1,
cross reacted with immunizing
peptide A (A).

Expression of 17β-oestradiol synthesizing and metabolizing enzymes throughout the
menstrual cycle

The expression of 17β-HSD type 2 mRNA increased during the secretory
phase of the menstrual cycle compared to the proliferative phase of the cycle (figure
5.4). Transcript levels increased in the ES phase and remained high throughout the
secretory phase. At the protein level however, 17β-HSD type 2 expression was
observed mostly in the glandular epithelium (figure 5.5). Levels peaked during the
MS phase, the implantation window (figure 5.6). Little staining was also observed in
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the stroma, but expression in the stroma did not change throughout the menstrual
cycle.

Figure 5.3. Western blot analysis (A, B) and immunohistochemistry in placenta (C) with the polyclonal
antibody against STS. The immunostaining pattern is similar to that of the type 2 17β-HSD pAb, and can

also be completely
blocked with the
immunizing peptides
(C). (A) Western
blotting showed
specific bands around
63, 50 and 40 kD in the
blot loaded with
arylsulfatase C. (B)
The same bands were
also present in
homogenates of
endometrial tissues and
placenta (P).

Aromatase gene transcript levels in normal endometrium were near the
detection limit, and no cyclical variations were observed.

No expression of 17β-HSD type 1 mRNA was observed (results not
shown). Surprisingly however, prominent expression was observed at the protein
level (figures 5.5 and 5.6). These levels did not vary between stages of the cycle
(figures 5.5 and 5.6).

Transcript levels of 17β-HSD type 4 and STS were similar to that of 17β-
HSD type 2, but the levels did not increase in the secretory phase (results not
shown). Expression of STS protein did also not change during the menstrual cycle
(figures 5.5 and 5.6). STS protein was expressed in both epithelial and stromal cells.
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Figure 5.4. Gene transcript levels of 17β-HSD type 2 and EST in the normal human endometrium
throughout the menstrual cycle. Data are
presented as means ± SEM. * = vs. M
phase (p < 0.05)

Figure 5.5. Representative photographs of 17β-HSD type 1, type 2 and STS protein expression in normal
endometrium collected on menstrual cycle days 11, 17 and 21.

EST transcript levels were lower (P<0.05) than that of 17β-HSD types 2
and 4, but expression levels increased significantly in the secretory phase (figure
5.4). Despite these differences in expression levels, a highly significant correlation
was found between the cyclic variations in mRNA expression of 17β-HSD type 2
and EST (correlation 0.79, p < 0.0001).

Steroid regulation of 17β-oestradiol synthesizing and metabolizing enzymes

The production of aromatase, the 17β-HSD types 1 and 4 and STS mRNA
in cultured endometrium explants prepared from M-phase and LP-phase explants
was not affected by 17β-oestradiol or progesterone.
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Figure 5.6. Expression of 17β-HSD type 1, type 2 and STS protein throughout the menstrual cycle. The
staining intensity and the percentage of cells stained are presented and analysed separately. Data are
presented as means ± SEM. * p<0.05 vs. M phase.

The levels of EST and 17β-HSD type 2 gene transcripts were significantly
induced by progesterone in both, M-phase and LP-phase explants (figure 5.7).
Treatment with 17β-oestradiol alone had no effect on the 17β-HSD type 2 mRNA
expression in M-phase and LP-phase explants. Tissues collected from the LP phase
were significantly (P<0.05) more responsive to the action of progesterone for both
EST and 17β-HSD type 2.

Steroid regulation at the protein level in these short term cultures was not
confirmed with the semi-quantitative immunohistochemistry.

Figure 5.7. Effects of oestradiol and progesterone on gene transcript levels of 17β-HSD-2 and EST in M
and LP phase explants. Data are presented as
means ± SEM. * p<0.05 vs. control. ** p<0.05
vs. M phase explants.



92

Figure 5.8. Gene transcript levels of steroidogenic enzymes in eutopic and ectopic endometrium from
endometriosis patients and normal endometrium. Data are presented as means ± SEM. * p<0.05, **
p<0.01 vs. normal endometrium; # p<0.05, ## p<0.01 vs. eutopic endometrium of the same patient.

17β-oestradiol synthesizing and metabolizing enzymes in endometriotic tissues

Compared to normal endometrium, transcript levels of 17β-HSD type 1 and
aromatase were significantly higher in the endometrium (P<0.01) and endometriotic
lesions (P<0.01) of endometriosis patients compared with normal endometrium
(figure 5.8). Aromatase mRNA levels were found also to be significant higher in the
endometriotic lesions compared to the endometrium of endometriosis patients
(figure 5.8). 17β-HSD type 1 protein is expressed in all cells, but staining intensity is
significantly lower in epithelial (P<0.01) and stromal cells (P<0.01) of the eutopic
and ectopic endometrium of the endometriosis patients compared with the normal
endometrium (figures 5.9a and 5.10).

Transcript levels of 17β-HSD type 2 were significantly lower (P<0.01) in
the endometriotic lesions than in the endometrium of patients and controls. No
significant differences were found between the normal endometrium and the eutopic
endometrium of patients (figure 5.8). 17β-HSD type 2 protein is expressed mostly in
epithelial cells. However, the number of positive stromal cells was slightly increased
(P<0.05) in the eutopic endometrium of patients, whereas staining intensity was
significantly reduced (P<0.05) in stromal cells of the lesions compared with the
normal endometrium (figures 5.9b and 5.10).

The mRNA levels of 17β-HSD type 4 were significantly (P<0.01) lower in
the lesions and endometrium of endometriosis patients when compared with the
normal endometrium. No difference was found between the lesions and the
endometrium of endometriosis patients (figure 5.8).
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Figure 5.9. Protein expression of 17β-HSD-1 (A), 17β-HSD-2 (B) and STS (C) in eutopic and ectopic
endometrium from endometriosis patients and normal
endometrium. Staining intensity and the percentage of
stained cells are analysed and presented separately. Data are
presented as means ± SEM. * p<0.05, ** p<0.01 vs. normal
endometrium; # p<0.05 vs. eutopic endometrium of the same
patient. Ep = epithelium, S = stroma.

Figure 5.10. Representative photographs of immunostainings for 17β-HSD type 1, type 2 and STS in
eutopic and ectopic endometrium of  endometriosis patients.



94

No differences were observed between the STS mRNA levels of
endometrium and lesions of endometriosis patients and endometrium of patients
without endometriosis (figure 5.8). STS protein was expressed both by stroma and
epithelium. STS protein levels were significantly (P<0.05) lower in epithelial cells
of endometrium of endometriosis patients compared to the epithelial cells in normal
endometrium (Figure 5.9 and 5.10). No difference in STS protein levels was
observed between epithelial cells of the lesions and the normal endometrium (figure
5.9).

EST mRNA levels were significantly (P<0.05) higher in endometriotic
tissue when compared to normal endometrium (figure 5.8).

Discussion

In this study we have investigated the expression of six enzymes involved
in the synthesis and inactivation of 17β-oestradiol in eutopic and ectopic
endometrium of patients with deep-infiltrative endometriosis. Three polyclonal
antibodies were generated to study type 1 and 2 17β-HSD and STS protein
expression in the tissues. We show that there are parallels between deep-infiltrative
endometriosis and the reports on adenomyosis, ovarian and peritoneal
endometriosis, with regard to the expression of steroidogenic enzymes, but we also
report some novel findings.

With regard to the oestradiol synthesizing enzymes, we found very low
levels of aromatase and 17β-HSD type 1 mRNA in normal human endometrium,
which is in line with earlier reports [239, 260]. Aromatase and 17β-HSD type 1
expression was not responsive to oestradiol and progesterone in the explant cultures.
This is in contrast with finding of Tseng and coworkers [64] who showed that
aromatase activity in isolated endometrial stromal cells was induced up to 40-fold by
progesterone, which was further enhanced 20 to 100-fold by oestradiol. Whether this
is due to the fact that in the tissue context, oestrogen metabolism may be different
than in isolated cell compartments, or that prolonged exposure is needed to induce
aromatase expression remains to be elucidated.

In contrast to the low levels of 17β-HSD type 1 mRNA in the normal
human endometrium, we did however detect 17β-HSD type 1 protein. The fact that
we were unable to determine 17β-HSD type 1 mRNA transcripts in the endometrium
of disease-free women, suggests that these transcripts either degraded quickly or are
synthesised in low quantities. Reports on the expression of 17β-HSD type 1 in
normal endometrium are conflicting. Miettinen et al. [55] reported low expression of
17β-HSD type 1 mRNA in endometrium, whereas Casey and co-workers [253]
found no expression of 17β-HSD type 1 mRNA in normal human endometrium, and
Utsunomiya et al. [261] found no 17β-HSD type 1 protein expression in normal
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endometrium. In this study we used a new polyclonal antibody and we clearly
demonstrated expression of type 1 17β-HSD in normal endometrium. Steroidal
regulation however, was not observed in the explant cultures. The presence of type 1
17β-HSD protein agrees with the observed 17β-oestradiol conversion into oestrone
in normal proliferative endometrium [262].

Aromatase and type 1 17β-HSD mRNA levels were higher in eutopic and
ectopic endometrium of endometriosis patients than in the endometrium of controls,
which is in agreement with the findings of others [74, 239]. Surprisingly however,
17β-HSD type 1 protein levels were lower in epithelial and stromal cells of
endometrium and lesions of endometriosis patients compared with the normal
endometrium. For 17β-HSD type 1 mRNA two isoforms have been described, 1.3
and 2.3 kb [55]. Only the 1.3 kb mRNA is correlated with 17β-HSD type 1 protein
expression and activity [55]. In normal human endometrium the 1.3 kb 17β-HSD
type 1 mRNA expression is low in normal human endometrium, but the 2.3 kb
mRNA is abundantly present [55]. Expression of the type 1 17β-HSD gene may
therefore not necessarily reflect changes at the functional protein level. The type 1
17β-HSD is still considered a rate-limiting enzyme in the production of oestradiol,
since the major product of the aromatase activity in humans is oestrone and not
oestradiol [263], and is therefore still an interesting alternative target for therapy.

At the IXth World Congress on Endometriosis in Maastricht, The
Netherlands (2005), Fusi and coworkers showed that both endometrium and
endometriotic tissues have high steroid sulfatase activity, which suggests that these
tissues can generate high levels of oestrone from the serum pool of oestrone-3-
sulfate. This agrees with the report of Benedetto and co-workers [264], who also
showed STS activity in human endometrial cells, but is not in line with the finding
of Utsunomiya et al. [249], who showed immunohistochemically that STS protein is
not present in normal human endometrium using another pAb directed against STS
purified from placenta. In this study however, we demonstrated STS gene expression
in disease-free endometrium, but in contrast to the finding of Smuc et al. [65] in
ovarian endometriosis, we did not observe higher STS mRNA levels in
endometriotic lesions. Using our own polyclonal antibody, we clearly demonstrated
immunostaining in the endometrium. In contrast to Benedetto et al. [264] who
showed that STS activity increased in the presence of oestradiol and
medroxyprogesterone acetate, we did not observe steroid responsiveness in our short
term explant cultures. This may be due to the fact that prolonged incubation (8-15
days) was required to evoke this response, which would not be visible in the 24 hour
explant cultures.

The differences we observed in the expression levels of aromatase, type 1
17β-HSD and STS between eutopic and ectopic endometrium from endometriosis
patients and normal endometrium are significant, but small. In deep-infiltrative
endometriosis it is possible that differences in gene expression may be masked due
to the presence of normal tissue from the local environment, which does not express
steroidogenic enzymes [74]. This also explains why Matsuzaki and co-workers [239]
found much higher levels of aromatase in the ectopic than the eutopic endometrium,
because the ectopic endometrium was isolated from its environment with laser
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capture microdissection. Despite the relatively small effects, we still observed
significantly higher levels of aromatase and type 1 17β-HSD levels in deep-
infiltrative endometriosis.

With regard to the 17β-oestradiol inactivating enzymes we confirmed that
type 2 17β-HSD mRNA levels are significantly lower in endometriotic lesions
compared to levels in normal endometrium [79, 239]. We also show for the first
time that the type 4 17β-HSD is expressed in endometriotic lesions and that the
mRNA levels are lower than in normal endometrium. EST mRNA levels were not
different between the groups, which agrees with the findings of Smuc et al. [65].
Using a new antibody however, we could not confirm that type 2 17β-HSD protein
is expressed at lower levels in endometriotic tissue, which is in contrast to the
observation of Zeitoun and co-workers [79].

We showed in our steroid-responsive explant cultures that of all enzymes
investigated, only the 17β-HSD type 2 and EST were responsive to progesterone
which agrees with the findings of others [54, 73, 250, 253, 265, 266]. The lower
expression of 17β-HSD type 2 in the ectopic endometrium in patients was postulated
to be the result of reduced sensitivity to progesterone [81, 232, 234]. We observed
however, that in contrast to type 2 17β-HSD, expression levels of EST were not
reduced in the endometriotic lesions, whereas in normal endometrium the expression
patterns of 17β-HSD type 2 and EST were strongly correlated. This suggests that the
expression of 17β-HSD type 2 is selectively suppressed.

It is clear that enzyme activities are different in the epithelial and stromal
compartments, as is the expression of the different steroidogenic enzymes.
Aromatase activity was shown to be present in both stroma and epithelium, but
activity in the stroma was approximately 3-4 times higher [50]. For this reason most
in vitro studies have been performed with stromal cells isolated from the
endometriotic lesions. Aromatase mRNA [239] and protein [240] however, were
found to be expressed mostly in the epithelial cells. The importance of intercellular
communication with regard to the regulation of steroidogenesis was illustrated by
for instance the paracrine regulation of type 2 17β-HSD expression in epithelial cells
by factors released by the stroma [267], and the presence of PR in the stromal cells
[40]. Endometrial cell-specific production of metabolites was demonstrated for
tibolone [268]. Stromal cells were shown to contain 3α- and β-aldoketoreductases
which converted tibolone into 3α- and 3β-hydroxytibolone, whereas in the epithelial
cells tibolone is directly converted into Δ4-tibolone. It is therefore important to
consider that the net production of 17β-oestradiol synthesis is also influenced by
cellular interactions, which has to be accounted for in the experimental designs, i.e.
by using co-cultures or explant cultures.

Finally, it has to be noted that even though much attention was given to the
expression and activities of individual enzymes, there is no information with regard
to the actual output of 17β-oestradiol by the ectopic endometrium. An important
aspect in this regard is the fact that the intracellular redox state of cells is an
important determinant of the enzymatic conversions by HSDs [269]. The
nicotinamide cofactors required for the reduction and oxidization activities are
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abundant in cells, reaching millimolar concentrations. In cells the major reducing
cofactor is NADPH (NADPH/NADP+ ratio ~100:1) and the major oxidizing
cofactor is NAD+ (NADH/ NAD+ ratio ~1:1000; [270, 271]. In addition, it was
shown that low micromolar concentrations of NADPH potently inhibits NAD+-
dependent oxidative reactions [272]. Collectively, this suggests that in vivo the
reductive activity is dominant [272]. This would for instance mean that the type 1
17β-HSD activity would dominate type 2 activity. In addition, P450 enzymes like
aromatase also need NADPH and molecular oxygen and will irreversibly oxidize the
steroid nucleus [273]. These observations indicate that increases in the expression of
oestradiol-generating enzymes will have a greater impact on the net production of
17β-oestradiol than a reduction in the expression of oestradiol-inactivating enzymes.

The endometrium is also a source of drug metabolizing enzymes usually
present in the liver. Reddy et al [56] showed that human endometrial tissue was able
to metabolise 17β-oestradiol into the catecholoestrogens 2-hydroxy- and 4-
hydroxyoestradiol. It has now been shown that the human endometrium expresses
CYP3A4 known to convert oestrone in 16α-hydroxyoestrone and 17β-oestradiol into
2-hydroxyoestradiol [57], and CYP1B1 known to convert 17β-oestradiol into 4-
hydroxyoestradiol [58]. Furthermore, the human endometrium expresses catechol O-
methyltransferase, which converts the 2-hydroxy- and 4-hydroxyoestradiol into 2-
and 4-methoxyoestradiol [274]. Another group of potential 17β-oestradiol
inactivating enzymes was also identified in the endometrium, the uridine diphospho-
glucuronosyltransferases (UGTs) [51]. The endometrium appears to be a rich source
of UGTs which are able to conjugate both oestrogens and catecholestrogens on
different positions. However, their relevance with regard to the development of
endometrial pathologies is not known.

Summary

We confirm that aromatase and 17β-HSD type 1 expression is higher in
deep-invasive endometriosis than in eutopic and normal endometrium. Even though
no 17β-HSD type 1 gene transcripts were detected in normal endometrium, we did
observe a clear expression of the 17β-HSD type 1 protein, which was not elevated in
the ectopic endometrium. Expression of the STS was prominent at both the mRNA
and protein level, but was not elevated in endometriotic tissues. Type 2 17β-HSD
gene transcript levels were lower in deep-invasive endometriosis. Type 2 17β-HSD
protein levels however, were not lower in lesion compared to the eutopic or normal
endometrium. We show for the first time that the 17β-oestradiol inactivating enzyme
17β-HSD type 4 is expressed in deep-invasive endometriosis, and that it is also
down-regulated in endometriosis. Together with the continuous presence of
aromatase and the substantial levels of STS, this may result in an increase in the
local production of 17β-oestradiol in the endometriotic lesions. Inventarization of
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the net metabolic conversions in the whole endometriotic tissue, would aid in the
selection of the appropriate combination of enzyme inhibitors to optimize medical
therapy of endometriosis.

In normal endometrium both the 17β-HSD type 2 and EST were responsive
to progesterone. The fact that in deep-infiltrative endometriosis only the expression
of type 2 17β-HSD was suppressed and not that of EST, suggests local and selective
dysregulation of type 2 17β-HSD expression.



99

Chapter 6

Progesterone regulation of implantation
related genes: new insights into the role of

oestrogen

H Dassen1,2*, C Punyadeera1,2*, R Kamps1,2, J Klomp4, G Dunselman1,3, F Dijcks4, A
de Goeij1,2, A Ederveen4 and P Groothuis1,3

* First and second authors contributed equally in realising this article

1Research Institute GROW; Departments of 2Pathology and 3Obstetrics and
Gynaecology, University Hospital Maastricht/University Maastricht; 4Department
of Pharmacology, Organon N.V., Oss, The Netherlands

Published in: Cell Mol Life Sci. 2007 Apr;64(7-8):1009-32



100

Abstract

Genomic profiling was performed on explants of late proliferative phase
human endometrium after 24 hour treatment with progesterone (P) or oestradiol and
progesterone (17-E2+P), and on explants of menstrual phase endometrium treated
with 17β-E2+P. Gene expression was validated with real-time PCR in the samples
used for the arrays, in endometrium collected from early and mid-secretory phase
endometrium, and in additional experiments performed on new samples collected in
the menstrual and late proliferative phase.

The results show that late proliferative phase human endometrium is more
responsive to progestins than menstrual phase endometrium, that the expression of
several genes associated with embryo implantation (i.e. thrombomodulin,
monoamine oxidase A, SPARC-like 1) can be induced by P in vitro, and that genes
can be distinguished that are fully dependent on the continuous presence of
oestradiol during P exposure from those that are P dependent to a lesser extent.
Therefore 17β-E2 selectively primes implantation-related genes for the effects of
progesterone.

Introduction

Optimal development of the endometrium is an essential prerequisite for
successful blastocyst implantation. Progesterone is essential for secretory
differentiation of endometrium, and the need for oestrogen in cooperation with
progesterone in regulating implantation process is species-specific [275]. Our
current knowledge of the cellular and molecular events orchestrating endometrium
growth and differentiation prior to implantation is limited.

In the natural cycle the human endometrium is receptive during a short
period, approximately 19 to 24 days after the onset of menstruation [7, 8, 13-15].
Prior to and during this period, the endometrium undergoes extensive morphological
and physiological changes to facilitate the implanting embryo [7-9]. These changes
are tightly controlled by oestrogen and progesterone [8, 276, 277]. The
responsiveness of the endometrium to progesterone is partly dependent upon the pre-
ovulatory changes that have occurred under the influence of oestrogen. This is
illustrated by the fact that high oestrogen levels and/or prolonged oestrogen
exposure accelerates endometrial maturation thus disturbing the synchrony of
embryo and endometrium development and subsequent implantation [17, 18].
Currently, there is no clear definition and understanding of human endometrium
maturation, and more so, only limited knowledge about the cellular mechanisms
involved. We define mature endometrium tissue as the physiological state of the
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human endometrium, which allows a correct response to the luteal progesterone,
resulting in implantation of the embryo and maintenance of pregnancy.

Our limited understanding of the processes underlying endometrium
maturation and progesterone-controlled differentiation prior to and during
implantation is largely due to the lack of relevant model systems to evaluate
endometrium responses under physiologically relevant conditions. Previous work
has demonstrated that the explant culture system of human endometrium tissue is a
suitable model to study the response to oestrogen and progesterone, most likely due
to the preservation of the tissue context [1, 153, 278]. Using this model we showed
previously that the responsiveness of the endometrium to oestrogen changes
throughout the proliferative phase with regard to the regulation of gene expression
and proliferation [1].

The present study was designed to gain more insight into the responses of
human endometrium to progesterone with regard to gene expression and into the
influence of oestradiol on this process. To this end global gene expression analysis
was performed on human endometrium tissue fragments collected from the
menstrual and late proliferative phase after short term culture in the presence of
progesterone (P) and 17β-oestradiol (17-E2).

Materials and methods

Human endometrial tissue

Endometrium tissue was collected in 26 women of 20-45 years of age with
regular menstrual cycles, who underwent surgery for benign indications. The tissue
was collected from hysterectomy specimens for benign indications or by pipelle
biopsies during laparoscopy for sterilisation (Pipelle catheter, Unimar Inc.,
Prodimed, Neuilly-Enthelle, France). The women were documented not to be on any
kind of steroid medication. All women  accepted to participate in the study by
signing an informed consent form, according to a protocol approved by the Medical
Ethical Committee of the Academic Hospital Maastricht.

Tissue was transported to the laboratory in DMEM/Ham’s F12 medium on
ice. A portion of each sample was fixed in 10% buffered formalin for histology
evaluation. The endometrium was dated according to clinical information with
respect to the start of the last menstrual period, which was reconfirmed by
histological examination of the tissue [258]. Of the 26 biopsies that were collected,
11 were collected in the proliferative phase (menstrual phase, cycle days [CD] 1-5,
n=6; late proliferative phase, CD11-14, n=5), and 15 were collected in the secretory
phase (early secretory (ES), CD15-18, n=7; mid-secretory (MS), CD19-24, n=8). Of
the 11 biopsies collected from the proliferative phase, 4 were used for microarray
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studies and 7 were used for validation purposes with real-time PCR analysis. The
biopsies collected from the secretory phase were used for validation only.

Explant cultures

Human endometrium explant cultures were prepared from menstrual phase
and late proliferative phase endometrium as described by Punyadeera et al. [33]. In
brief, human endometrium tissue was cut into pieces of 2-3 mm3. Twenty-four
explants were placed in Millicell-CM culture inserts (pore size of 0.4 μm, 30 mm
diameter, Millipore, France) in 6-well plates containing 1.2 ml phenol red-free
DMEM/Ham’s F12 medium (Life Technologies, Grand Island, NY), supplemented
with L-glutamine (1%), penicillin and streptomycin (1%, P/S). Cultures were
performed for 24 hours. Previous experiments have shown that collagenase activity
remains very low in proliferative endometria during the first 24 hours of culture
[152], and that the tissue viability is not affected after 24 hours of culture [153].

The explants prepared from late proliferative phase endometrium were
cultured in the presence of vehicle (0.1% ethanol), 17β-E2 and P (1 nM each) or P
alone (1 nM). The 17β-E2 was included to maintain the in vivo oestrogen support. In
order to make inferences with regard to the responsiveness of the endometrium
before and after prolonged in vivo oestrogen exposure, we also treated explant
cultures prepared from menstrual phase endometrium (cycle day 3 and 4) with 17β-
E2 and P. To test the importance of 17β-E2 in the response of late proliferative phase
endometrium to progesterone, 17β-E2 was also omitted from the cultures. The
steroid hormones were provided by Organon N.V. (Oss, The Netherlands).

Total RNA extraction and cDNA synthesis

Total cellular RNA from explants was extracted using the SV total RNA
isolation kit (Promega, USA) according to the manufacturer’s protocol, with slight
modifications. The concentration of DNase-1 during DNase treatment of the RNA
samples was doubled and the incubation time was extended by 15 minutes in order
to completely remove genomic DNA. Total RNA was eluted from the column in 50
μl RNase-free water and stored at –70 0C until further analysis. The quality of the
RNA samples was determined with the Agilent bioanalyzer 2100 lab-on-a-chip
(Agilent, USA). All the samples analysed gave 28S to 18S ratios higher than 1.5. A
PCR for a housekeeping gene, GAPDH, was performed to confirm that the RNA
samples were free of genomic DNA.

Total RNA (1 g) was incubated with random hexamers (1 μg/μl, Promega,
USA) at 70 0C for 10 min. The samples were chilled on ice for 5 min. To this
mixture, a reverse transcriptase (RT)-mix consisting of 5x RT-buffer (4 l), 10 mM
dNTP mix (1 l) (Pharmacia, Uppsala, Sweden), 0.1 M DTT (2 l) (Invitrogen,
California, USA) and superscript II reverse transcriptase (200 U/l) (Invitrogen,
California, USA) was added and the samples were incubated at 42 0C for one hour,
after which the reverse transcriptase was inactivated by heating the samples at 95 0C
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for 5 min. The cDNA was stored at –20 0C until further use. In each real-time PCR
reaction 50 ng of cDNA template was used.

Affymetrix gene chip microarrays

Pooling of the RNA samples was performed according to the phase of the
menstrual cycle and treatment conditions i.e. two RNA samples from the menstrual
phase phase (CDs 3 and 4) and two RNA samples from the late proliferative phase
(CDs 12 and 13) were pooled. From pooled RNA, cRNA was generated and was
labelled with biotin according to the Affymetrix protocol (Santa Clara, USA). cDNA
was hybridised to the Affymetrix HU-133A chips, which contains approximately
22,000 human oligonucleotide probe sets, including 68 controls. The chip
hybridisations were carried out in triplicate. After washing, the chips were scanned
and analysed using the MicroArray suite MAS5. The detail description of the
Affymetrix chip content is available at the NetAffy analysis web page
(http://www.affymetrix.com/analysis/index.affx).

Microarray data analysis

Following Gene chip data quality control, data files (.EXP, .DAT, .CEL)
generated by MAS5 were transferred by FTP to the server housing the Rosetta
Resolver, Gene Expression Data Analysis System. Rosetta Resolver uses its
Affymetrix gene chip error models to transform the raw data into a processed form
that can be used in various expression analyses. Rosetta Resolver allows
normalization of sample data of triplicate hybridizations using one-way Analysis of
Variance (ANOVA) [279]. Changes in expression levels were calculated between
the control and the treated samples using two criteria: (1) the absolute fold change
(>2-fold) (e.g. the ratio between treated and the control) and (2) the corresponding
p-value less than 0.01.

The use of microarrays results in a massive amount of data, which requires
special tools to filter and extract the relevant information. By combining the fold
changes or log ratios and the p-value we generated a so-called significance code,
which simplifies the selection and extraction of genes of interest especially when
analyzing various conditions. The significance code assigned to the genes, was
based on ANOVA retrieved p-values, and up- or down-regulation compared to the
untreated samples. A significance code of 1 was used for genes with p<0.01 and log
ratio>0 (increased or up-regulated); significance code -1 (decreased or down-
regulated) for genes with p<0.01 and log ratio<0. Genes which didn’t show a
significant regulation the significance code was 0 (and log ratio=0 and p>0.01
independent of log ratio).

Data were then exported from Rosetta Resolver to Spot fire decision site
7.1 (Spotfire, Göteborg, Sweden), in which gene sets of interest were visualized and
subsequently selected. Data were analyzed through the use of Ingenuity Pathways
Analysis (IPA, Ingenuity® Systems, www.ingenuity.com). The data set containing
the significantly up- and down-regulated genes and the corresponding expression

http://www.affymetrix.com/analysis/index.affx
www.ingenuity.com


104

values are uploaded into the application. Each gene identifier was mapped to its
corresponding gene object in the Ingenuity Pathways Knowledge Base. These genes,
called focus genes, were overlaid onto a global molecular network developed from
information contained in the Ingenuity Pathways Knowledge Base. Networks of
these focus genes were then algorithmically generated based on their connectivity.

A network is a graphical representation of the molecular relationships
between gene products. The gene products are represented as nodes, and the
biological relationship between two nodes is represented as a line. All lines are
supported by at least one reference in literature, textbook or from canonical
information stored in the Ingenuity Pathways Knowledge Base. The intensity of the
node colour indicates the degree of up- (red) or down- (green) regulation. Nodes are
displayed using various shapes that represent the functional class of the gene
product.

Validation of array data using real-time PCR analysis

A selection of genes was validated with q-PCR to confirm expression in the
samples used for microarray analysis. In addition, the expression of these genes was
evaluated in an independent series of experiments. To confirm that the genes
induced by progesterone in vitro are indeed upregulated during the implantation
window, we also assessed their expression levels in endometrium tissue collected in
the ES and MS phase of the cycle.

Primers and probes were purchased from Perkin-Elmer Applied Biosystems
as pre-developed assays. Human cyclophilin A was selected as an endogenous RNA
control in order to normalize for the differences in the amount of total RNA added to
each reaction. Uncultured human endometrium tissues were included as positive
controls. All PCR reactions were performed using an ABI Prism 7700 sequence
detection system (Perkin-Elmer Applied Biosystems). The thermal cycling
conditions comprised an initial decontamination step at 50 0C for 2 min, a
denaturation step at 95 0C for 10 min and 40 cycles of 15 sec at 95 0C followed by 1
min at 60 0C. Experiments were performed for each sample in duplicate.
Quantitative values were obtained from the threshold cycle number (Ct) at which the
increase in the signal associated with exponential growth of PCR products was first
detected with the ABI Prism 7700 sequence detector software (Perkin-Elmer, Foster
city, CA) The fold-change in expression was calculated using the ΔΔ Ct method,
with cyclophilin A mRNA as an internal control [156]. For detailed description of
the procedure please refer to the ABI user manual
http://www.uk1.unifreiburg.de/core/facility/tagman/user_bulletin_2.pdf.

Statistical analysis of real-time PCR results

Statistical tests were carried out using the SPSS 11 (SPSS Inc., Chicago,
IL) statistical analysis package. The effects of 17β-E2+P and P alone on cultured
explants were analysed using the nonparametric paired Wilcoxon signed rank test at

http://www.uk1.unifreiburg.de/core/facility/tagman/user_bulletin_2.pdf
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a confidence level of 95%. The nonparametric unpaired Mann-Whitney-U test at a
confidence level of 95% was employed to analyse the real-time PCR data generated
from uncultured ES phase endometrium tissue and uncultured MS phase
endometrium tissue.

Results

Validation of array data with quantitative real-time PCR

Eight genes were selected from the initial dataset on the basis of fold-
change ( 2-fold) and on literature documented expression during the implantation
window: (1) four genes  previously described in literature to be up-regulated during
the implantation window and selectively stimulated by 17β-E2+P in late proliferative
phase but not menstrual phase endometrium (Dickkopf homolog 1, DDK1;
thrombomodulin, THBD; monoamine oxidase A,  MAOA; gastrin, GAS) [7, 147,
148], (2) two genes not yet reported that were selectively stimulated by 17β-E2+P in
late proliferative phase explants but not in menstrual phase explants (cytidine
deaminase, CDA; SPARC-like 1, SPARCL1), (3) two genes that were selectively
stimulated by 17β-E2+P in menstrual phase explants, and not late proliferative phase
explants (trefoil factor 1, TFF1; mammaglobin 1)

Table 6.1. Validation results of the microarray findings for selected genes. Gene transcript levels of
DKK1, THBD, MAOA, GAS, CDA, and SPARC1 were assessed with quantitative real-time PCR in the
individual samples that were used for microarray hybridization.  Data are presented as fold change.
CD=cycle day, M=menstrual (n=2), LP=late proliferative (n=2).

The real-time PCR results corroborated well with the array data (Table 6.1).
We performed additional independent experiments to validate the observed effects
of treatment with 17β-E2+P and P alone (Figure 6.1). From the validated genes,
DKK1, MAOA and SPARCL1 were significantly stimulated by P in late
proliferative and menstrual phase explants both in the presence and absence of 17β-
E2. The induction of SPARCL1 expression by P was significantly decreased in the
presence of 17β-E2 in both menstrual and late proliferative phase explants.

E2+P MP E2+P LP
P alone
LP

cycle day Cd3 4 12 13 3 4 12 13

DKK1 1,8 1,93 2,67 12,68 3,2 2,96 4,27 13,69 1,58 6,03 5,01

THBD 1,11 1,14 2,72 4,08 2,24 3,59 2,67 3,48 1,3 2,95 2,43

MAOA 0,97 1,19 5,64 1,85 1,82 1,8 6,36 1,19 1,1 2,59 2

GAS 0,69 0,26 1,07 3,07 1,51 0,57 1,95 2,49 1 2,19 1,58

CDA 1,27 0,62 1,97 4,01 1,09 1,34 1,02 3,61 0,32 2,82 1,86
SPARCL1 1,47 2,43 6,96 3,02 1,11 1,87 4,07 2,36 1,29 2 2,04

gene

Real-time PCR Arrays

E2+P MP E2+P LP P alone MP P alone LP
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The response of DKK1 to P was higher in the late proliferative phase
explants than in the menstrual phase explants, whereas the induction of
mammaglobin expression by 17β-E2+P and P alone was more pronounced in
menstrual phase than in late proliferative phase endometrium. Thrombomodulin
expression was induced only by P in late proliferative phase explants.

Figure 6.1 Mean fold changes found for DKK1, THBD, MAOA, GAS, CDA and SPARCL1 in menstrual
phase (n=4) and late proliferative phase (n=3) explants treated with 17β-E2+P and P alone. Data are
presented as fold changes. Open bars = controls; light grey bars = P; dark grey bars = 17β-E2+P. * =
p<0.05

The expression of DKK1, THBD, MAOA, GAS, CDA and SPARCL1 was
also assessed in an independent series of ES and MS endometrium samples to
confirm selective up-regulation in the implantation window. The expression levels
are presented in Figure 6.2. The expression of DKK1, MAOA, CDA and SPARCL1
was significantly higher in MS endometrium compared to ES endometrium.

Gene expression in menstrual and late proliferative phase endometrium tissue
explants after 17-E2+P or P treatment

Treatment of late proliferative phase endometrium tissue with 17-E2+P,
up-regulated (≥2-fold) the expression of 110 gene transcripts and down-regulated
(≥2-fold) the expression of 109 gene transcripts when compared to the control
(vehicle) (Table 6.2). Treating late proliferative phase explants with P alone up-
regulated (≥2-fold) the expression of 107 gene transcripts and down-regulated (≥2-
fold) the expression of 54 gene transcripts when compared to the control (vehicle)
(Table 6.3). A total of 77/107 up-regulated and 42/54 down-regulated genes were
also modulated by 17-E2+P treatment in late proliferative phase explants (Table
6.3).
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Figure 6.2 Relative expression levels of gene transcripts for DKK1, THBD, MAOA, GAS, CDA and
SPARCL1 in early secretory (n=7) and mid-secretory (n=8) endometrium, which represent endometrium
tissues exposed to low (pre-implantation window) and high P (implantation window) concentrations
respectively. * = p<0.05

Table 6.2 Gene transcripts regulated (≥2-fold) by 17β-E2+P in late proliferative phase explants when
compared to the vehicle treated controls. Data are presented as fold changes.
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Table 6.2. Continued
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Table 6.2. Continued
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Table 6.2. Continued
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Table 6.3 Gene transcripts regulated (≥2-fold) by P alone in late proliferative phase explants when
compared to the vehicle treated controls. Data are presented as fold changes. The genes in bold were not
found to be modulated by 17β-E2+P.
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Table 6.3. Continued
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Table 6.3. Continued

The response of menstrual phase endometrium to 17-E2+P was less
pronounced than that of late proliferative phase endometrium. Treatment of
menstrual phase endometrium tissue with 17-E2+P up-regulated (≥2-fold) the
expression of only 38 gene transcripts and down-regulated (≥2-fold) the expression
of 79 gene transcripts when compared to the control sample (i.e. vehicle) (Table
6.4).

Table 6.4. Gene transcripts regulated (≥2-fold) by 17β-E2+P in menstrual phase explants, when compared
to the vehicle treated controls. Data are presented as fold changes.
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Table 6.4. Continued
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Table 6.4. Continued

Almost all genes modulated by 17-E2+P in late proliferative phase
endometrium were specific for that phase of the cycle. Of the 110 up-regulated (≥2-
fold) gene transcripts, 100 were expressed in late proliferative phase explants and
not menstrual phase explants. Of these 10 gene transcripts were documented to be
up-regulated during the window of implantation (Table 6.5). Of the 107 down-
regulated (≥2-fold) gene transcripts, 102 were selective for late proliferative phase
explants. Of these, 7 genes were documented to be down-regulated during the
implantation window (Table 6.5). The genes regulated by 17β-E2+P in both
menstrual and late proliferative phase explants are presented in table 6.6.
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Table 6.5 Gene transcripts regulated (≥2-fold) by 17β-E2+P, which were also reported to be altered in the
implantation window.

Ingenuity Pathways Analysis

Ingenuity Pathways Analysis revealed various significant networks of
interconnected focus genes after treatment with 17β-E2+P. In late proliferative phase
endometrium five highly significant networks were identified. Network 1 connected
nodes IL1B, PLAU, MMP1, MMP3, MMP7, MMP9, SERPINE1, and EDN1;
network 2 connected IL8, MMP14, FGF2, PDGFB, ITGB3, PDGFRA, PDGFRB,
PTGS2, EGR1; network 3 related TGFβ2, TGFβ3, INHBA, PTHLH, JUN, SMAD3,
SMAD7; network 4 linked IGF1, TNFSF11 and HOXA9; network 5 coupled
ICAM1, CXCL10, IL15, SOCS1, RARα and ARNT2. Network 1 is illustrated in
Figure 6.4.

Table 6.6 Gene transcripts regulated (≥2-fold) by 17β-E2+P in both menstrual and late proliferative phase
explants, when compared to their respective vehicle treated controls. Data are presented as fold changes.
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In contrast, in menstrual phase endometrium only two highly significant
networks were extracted from the data. One network connected CCL5, TNFS11,
INTGB3, MAPK8 and ESR1. The second network linked IFGBP3, TGFβ2, FGF2,
HGF, PDGFA, MMP9, PTGS2, RARβ and EGR1. The latter network is presented in
Figure 6.3.

Discussion

Previous work in our laboratory has shown that explant cultures of human
endometrium tissue are biologically relevant in vitro models to investigate oestrogen
regulation of gene expression and proliferation [1, 33]. With regard to progestins, it
has been shown that tissue cultures of human endometrium are also responsive, as
evidenced by the suppressive effects on the production and activation of MMPs [1,
153, 278]. The present study was designed to gain more insight into the responses of
human endometrium to progesterone with regard to gene expression and the
influence of 17β-E2. The results show that in explant cultures of human
endometrium the expression of genes that have been implicated in the process of
embryo implantation can be modulated by 17β-E2 and P.

The number of gene transcripts regulated by P in late proliferative phase
explants was almost twice that of menstrual phase explants, indicating that oestrogen
priming sensitizes the endometrium for P regulation, most likely by induction of PR
gene expression [33]. In addition, most of these genes were specifically modulated
in the late proliferative phase endometrium. Of these genes (n=100), at least 17 were
previously described to be regulated in the implantation window (Table 6.5) [7, 147,
148]. Three examples of such genes are DKK1, MAOA and SPARCL1. Regulation
of expression by 17β-E2+P and P alone was confirmed with real-time PCR in both
explant cultures and endometrium biopsies collected during the implantation
window and ES phase. These findings demonstrate that the expression of genes
associated with the implantation window can be modulated in explant cultures of
human endometrium, and that for most of these genes prolonged in vivo exposure to
17β-E2 is required for adequate P regulation. These findings also support the
hypothesis that variations in the duration of 17β-E2 priming can affect the response
of the endometrium to P and therefore the subsequent implantation process [18, 21].

The number of implantation-associated gene transcripts, however, was
rather low. This could be due to the fact that culturing explants alters the physiology
of the tissue and therefore its steroid responsiveness, or, and this has been shown for
prolactin and IGFBP1, in some cases prolonged exposure to P is required for genes
to respond [280].
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This is also supported by the report from Kao and coworkers who showed that many
genes up-regulated in the implantation window are not regulated yet in early
secretory endometrium, at which time the endometrium has been exposed to
progesterone for a short time. Explant cultures are therefore appropriate models to
study immediate responses of human endometrium to estrogens and progestins ex
vivo. However, it does not allow the investigation of the entire spectrum of
implantation-associated genes.

The low number of implantation-related genes identified may also be the
result of the relatively low number of samples used for the initial microarray
hybridizations. This increases the likelihood of missing relevant genes and the
chance of generating false positives. At the time the microarray experiments were
performed we opted for a limited number of array hybridizations, to apply rigorous
statistical procedures, and to perform extensive validation of selected genes; both on
the array samples and on samples from independent additional experiments. Rockett
and Hellmann asked the question: how many genes should we pick for validation
and which genes to pick? The authors argued that the genes can be selected to ensure
successful confirmation, i.e. by selecting genes that have changed more than four-
fold [281], or by selecting genes that have been reported to be changed in similar
models or conditions. We selected six genes primarily based on the fact that their
expression is altered during the implantation window. In addition, we selected two
genes which have not yet been reported in the endometrium. With the exception of
DKK1 (more than five-fold induction), the expression of the selected genes was less
than three-fold. We could confirm steroid regulation for 4 of 8 genes in independent
experiments, which justifies our approach.

Rockett and Hellmann also questioned the additive value of corroborating
the findings of microarray experiments with alternative means of quantitating
mRNA abundance of a limited number of genes of the array [282]. The vast majority
of studies published state that the DNA array data can be corroborated, indicating
that the array data are reliable as long as the experimental design and statistical
analysis is sound. Even in high impact journals studies are being published that have
not been validated. Goodman (2003) illustrated this by showing that of 28
microarray papers in Science, Cell and Nature published in 2002, only 11 reported
corroborative studies [283]. It is evident that clear standards such as the guideline
Minimal Information about a Microarray Experiment (MIAME) in the confirmatory
studies area are mandatory [282].

A clear distinction could be made between genes that are regulated by
progesterone irrespective of the presence of 17β-E2, and genes of which the
expression clearly is influenced by the continuous presence of 17β-E2. Many genes
modulated by P alone, were similarly modulated in the 17β-E2+P treated explants
(119/161 P-modulated genes), however, 42 of the P-modulated genes were not
affected in the 17β-E2+P-treated explants. Also, of the 219 17β-E2+P-modulated
genes, 117 were not modulated by treatment with P alone. This clearly indicates that
the expression of a subset of genes is sensitive for the continuing presence of 17β-
E2. It also indicates that in vivo priming of cycles day 12 and 13 endometrium is
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remembered by the tissue in vitro, leading to similar expression patterns for certain
genes induced both in the absence and presence of 17β-E2.

A good example of genes of which the expression is known to be
suppressed by P, but which were only suppressed by P in the presence of 17β-E2 are
various members of the MMP family [1, 153, 278]. The expression of MMP11 was
the only one to be suppressed by P alone. The expression of MMP1, -3, -14 and -27
was only suppressed in the presence of 17β-E2. Similarly, cystic fibrosis
transmembrane conductance regulator (CFTR) is only suppressed in the 17β-E2+P
treated explants and not the P treated explants suggesting that continued presence of
17β-E2 is required for the down-regulation of CFTR. This agrees with the finding
that CFTR is highly expressed in the human endometrium around the ovulatory
period [284], and that it is responsive to both 17β-E2 and P.

Some genes were induced by 17β-E2+P in both menstrual and late
proliferative phase explants (i.e. alkaline phosphatase, ALPP; monoamine oxidase,
MAOA; secretoglobin family 1, member D, SCGB1D2; cystic fibrosis
transmembrane conductance regulator, CFTR; P450 cytochrome family 26
subfamily A, CYP26A), indicating that the expression of these genes does not
depend on prolonged in vivo oestrogen priming of the endometrium.

A particularly interesting observation in this regard is the up-regulation of
the expression of the CYP26A gene in both menstrual and late proliferative phase
endometrium by 17β-E2+P, and to a lesser extent, by P alone. This enzyme is
responsible for the metabolism of the active retinoid metabolite, all-trans retinoic
acid. The importance of controlling retinoid levels in the uterus is illustrated by the
fact that vitamin A deficiency in women, nonhuman primates and laboratory animals
is associated with pregnancy failure and developmental defects [285-287], whereas
excess vitamin A levels are detrimental to blastocyst development [288] and the
decidualization process [289].

Uterine vitamin A levels in women increase in the presence of oestrogens
[290, 291], most likely as the result of up-regulation of retinaldehyde dehydrogenase
(RALDH2), a critical enzyme in retinoic acid biosynthesis [292]. Since retinoids are
morphogens and essential for epithelial cell growth [293] they may be involved in
the regeneration, growth and differentiation of the endometrial epithelium after
menstruation. The induction of CYP26A expression by P in the secretory phase
most likely serves to inactivate excessive amounts of retinoids.

Databases can be explored with several different bioinformatics tools. We
have employed the Ingenuity Pathways Analysis (IPA) program which has the added
advantage that it is an evidence-based data mining tool. In contrast to most other
bioinformatics tools which annotate certain functions to gene products, the IPA
program includes any reported interaction between two genes, whether it involves
regulation of gene or protein expression, protein-protein interactions or enzymatic
conversion (for example, phosphorylation). It is therefore a continuously growing
database and by the nature of its development not complete. It is not unusual that the
most affected genes are not presented in the networks. The networks present groups
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of genes that have a proven biologically relationship. The nodes in these highly
significant networks presumably represent genes that have important modulatory
roles. When interpreting the data one has to realize that the IPA database is biased in
that certain genes have received more attention than others and therefore have a
higher likelihood to be included in a network. However, the continuously growing
database will allow the re-analysis of the data in the future which may reveal novel
unidentified relationships between genes or groups of genes.

The significant suppressive actions of P on nodes representing
immunomodulators were immediately apparent. These included IL1β, IL8, COX2,
the chemokine CCL5, and members of the TGFβ superfamily (TGFβ2 and -3,
INHBA, and their signalling molecules SMAD2 and -3). At the end of the secretory
phase a rapid influx in the endometrium can be observed of leukocytes mostly
consisting of NK cells and macrophages, which is believed to be the result of the
disappearance of P suppression on key inflammatory mediators [294, 295].
Apparently, these immunosuppressive actions of P can at least partly be mimicked in
the explant model by short term incubation with 17β-E2 and P.

One of the few nodes present in highly significant networks identified by
the IPA program in both 17β-E2 and P-treated menstrual and late proliferative phase
endometrium, was FGF2 or basic fibroblast growth factor (bFGF). FGF2 expression
is suppressed by P. The significance of this finding is illustrated by the fact that
FGF2 inhibits the decidualization process in human endometrial stromal cells [296],
and should therefore be controlled by P during the secretory phase. FGF2 is an
important mitogenic and angiogenic factor which is expressed as different isoforms
synthesized through the alternative use of translation initiation codons [297]. In
human endometrium, only the smallest isoform, an 18 kD isoform, is present [298].
It is located predominantly in the cytoplasm, and is stored in the extracellular matrix
[299]. FGF2 is released mostly during menstruation and early proliferative phase,
and expressed in blood vessels throughout the menstrual cycle [298, 300]. The FGF
receptors however, were not expressed in the blood vessels, with the exception of
the mid-secretory (FGFR2) and late secretory phases (FGFR1 and FGFR2). Blood
vessels may therefore not be the main target of FGF2. FGF2 receptors are
predominantly found in the epithelial compartment [301], suggesting that FGF2 is
involved in the control of regeneration and growth of epithelial cells in a paracrine
fashion. FGF2 is known to regulate proliferation of various cell populations of the
bone marrow [301], which were shown to be of eminent importance for the
regeneration of the human endometrium [97].

In conclusion, explant culture of human endometrium is a biologically
relevant in vitro model system which allows for the investigation of steroid
regulation of gene expression in the tissue context. The regulation of the expression
of several genes associated with embryo implantation can be mimicked in vitro. We
showed that the expression of thrombomodulin, monoamine oxidase A and SPARC-
like-1 is regulated by progestins. Only a subset of implantation-associated genes was
modulated in the short term explant cultures, however, we clearly showed that we
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can distinguish genes that require continuous presence of 17β-E2 from those that
depend on P only. Therefore 17β-E2 selectively primes implantation-related genes
for the effects of progesterone.
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Abstract

BACKGROUND The general concept that haemoglobin is only a carrier
protein for oxygen and carbon dioxide is challenged since recent studies have shown
haemoglobin expression in non-erythroid cells and the protection of haemoglobin
against oxidative and nitrosative stress. Using microarrays, we previously showed
expression of haemoglobins α, β, δ, and γ and the haeme metabolizing enzyme,
haeme oxygenase (HO)-1 in human endometrium.

METHODS Using real-time quantitative PCR, haemoglobin α, β, δ, and γ,
and HO-1 mRNA levels were assessed throughout the menstrual cycle (n=30
women). Haemoglobin and HO-1 protein levels in the human endometrium were
assessed with immunohistochemistry. For steroid responsiveness menstrual and late
proliferative phase endometrial explants were cultured for 24 hours in the presence
of vehicle (0.1% ethanol), oestradiol (17β-E2, 1 nM), progestin (Org 2058,1 nM) or
17β-E2+ Org 2058.

RESULTS All haemoglobins and the HO-1 were expressed in normal
human endometrium. Haemoglobin mRNA and protein expression did not vary
significantly during the menstrual cycle. Explant culture with Org 2058 or 17β-
E2+Org2058 increased haemoglobin γ mRNA expression (P<0.05). HO-1 mRNA
levels, and not protein levels, were significantly higher during the menstrual phase
(M) of the cycle (P<0.05), and were down-regulated by Org 2058 in M explants and
by 17β-E2+Org 2058 in late proliferative phase explants, versus control (P<0.05).

CONCLUSION The haemoglobin-HO-1 system may be required to ensure adequate
regulation of the bioavailability of haeme, iron and oxygen in human endometrium.

Introduction

The concept that haemoglobin is merely a protein that carries O2 and CO2

in erythroid cells is now being challenged. It has long been thought that
haemoglobin is only produced by erythroid cells, however recently it was shown that
haemoglobins are also produced by activated macrophages, cells of the lens of the
eye and alveolar epithelial cells [302-304]. Evidence is accumulating that haeme-
binding proteins, including haemoglobin, protect cells against oxidative and
nitrosative stress [305, 306].

We showed recently using global gene expression analysis that various
members of the haemoglobin gene family (haemoglobins α, β, δ, and γ) are
expressed at the mRNA levels in human endometrium [136]. In addition,
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haemoglobin β expression was reported in the implantation window [82, 83]. The
haemoglobin molecule is a tetramer composed of a combination of 2 α-globin chains
and 2 non-α-globin chains (α1 and α2, β, γ or δ-globin). This tetramer is then
associated with the iron containing haeme complex [307, 308].

The haemoglobin, iron and haeme are all oxidative stress-inducing agents
and thus potentially toxic for human tissues [309, 310]. Once haemoglobin is
released from the cell, it is oxidized rapidly in the extracellular environment to
ferrihaemoglobin, which in turn will readily release the haeme [311]. Particularly the
hydrophobic nature of haeme ensures that it can easily cross cell membranes [311].
Free haeme levels are controlled in cells by intracellular and extracellular scavenger
molecules, such as haeme binding proteins (haemopexin and albumin) and haeme
oxygenases (HOs) [312-314], and by anti-oxidative enzymes [315]. It is likely that
the local production of haemoglobin also contributes to the regulation of
intracellular haeme bioavailability.

The HOs are the enzymes that neutralize haeme by converting it into iron,
carbon monoxide and biliverdin [314-321]. Thus, by clearing the haeme, these
enzymes contribute to the release of free iron. The expression of HOs has been
reported in the human endometrium [322, 323] and placenta [324]. The protective
effect of the HO system was demonstrated in experimental models of various
diseases, including acute inflammation, atherosclerosis, degenerative diseases, and
cancer, in which the induction of HO-1 can prevent or mitigate the symptoms
associated with these ailments [325]. The aberrant haemoglobin and HO levels in
peritoneal fluid and lesions of women with endometriosis suggests their involvement
in endometrial pathologies as well [326].

Iron was shown to be an important determinant in the control of
proliferation, since various key enzymes involved in oxygen sensing, energy
metabolism, respiration, folate metabolism and DNA synthesis require iron.
Deprivation of iron was shown to prevent cells proceeding from the G1 to the S
phase of the cell cycle [327], suggesting that iron may be an essential element for
endometrial growth during the menstrual cycle. This is supported by the
observations of Defrère and coworkers [328] who showed that administration of an
iron chelator i.p. to nude mice bearing endometriotic lesions inhibited the
proliferative activity of the ectopic endometrial cells. This suggests that the
production of haemoglobin in endometrial cells may be a mechanism to control
intracellular iron levels and proliferation.

The emerging importance of the haemoglobin-HO system in the female
genital tract warrants a closer evaluation of the various components in the human
endometrium. In this study we evaluated the expression of various haemoglobin
isoforms (α, β, γ and δ) and HO-1 at the mRNA and protein level in the human
endometrium throughout the menstrual cycle. In addition, we employed our tissue
explant culture system to investigate the steroid regulation of the expression of these
proteins in the human endometrium. According to the microarray experiment [136]
we predict that the haemoglobin and HO expression will be induced by progestins
and oestradiol (17β-E2) combined with a progestin in the explant cultures. We
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hypothesize that haemoglobin plays an important role during the implantation
window and accordingly we predict that the highest haemoglobin expression will
occur during the mid secretory phase of the menstrual cycle.

Materials and methods

Human endometrial tissue

Endometrium was collected from hysterectomy specimens or by pipelle
biopsies during laparoscopy (Pipelle catheter, Unimar Inc., Prodimed, Neuilly-
Enthelle, France) in 30 women of 20-45 years of age with regular menstrual cycles,
who underwent surgery for benign indications. The women were documented as not
being on any kind of steroid medication. All women signed an informed consent,
according to a protocol approved by the Medical Ethical Committee of the
Academic Hospital Maastricht.

After hysterectomy, the endometrium was inspected macroscopically by a
pathologist for abnormalities. Endometrium was then gently scraped from the
surface and the tissue was transported to the laboratory in Dulbecco’s modified
Eagle’s medium (DMEM)/Ham’s F12 medium on ice. A portion of each sample was
fixed in 10% buffered formalin for histological evaluation. The endometrium was
dated according to clinical information with respect to the start of the last menstrual
period, which was reconfirmed by histological examination of the tissue [258]. Of
the 30 biopsies that were collected, 10 were collected in the menstrual (M) phase
(cycle day 1-5), 13 were collected in the proliferative phase: early proliferative
phase (cycle day 6-11), n=5; late proliferative (LP) phase (cycle day 12-14), n=8,
and 7 were collected in the secretory phase of the cycle: early secretory phase (cycle
day 15-18), n=5; mid-secretory phase (cycle day 19-23), n=2. The collected biopsies
were partly snap frozen in lysis buffer from the SV total RNA isolation kit
(Promega, Madison, WI, USA) and stored at -80 0C for RNA isolation and partly
fixed in 10% buffered formalin and paraffin embedded for immunohistochemistry.
These were the uncultured samples. Explant cultures were prepared from M and
proliferative phase endometrium.

Explant cultures

Human endometrium explant cultures were prepared from M (n = 8) and
proliferative phase (n = 8) endometrium as described by Punyadeera et al. [33]. In
brief, human endometrium tissue was cut into pieces of 2-3 mm3. Twenty-four
explants per well were placed in Millicell-CM culture inserts (pore size of 0.4 μm,
30 mm diameter, Millipore, Billerica, MA, USA) in 6-well plates containing 1.2 ml
phenol red-free DMEM/Ham’s F12 medium (Life Technologies, Grand Island, NY,
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USA), supplemented with L-glutamine (1%), penicillin and streptomycin (1%).
Cultures were performed for 24 hours. Previous experiments have shown that
collagenase activity remains very low in proliferative endometria during the first 24
hours of culture [152], and that the tissue viability is not affected after 24 hours of
culture [153]. Treatments included: vehicle only (0.1% ethanol), oestradiol (17β-E2,
1 nM), 17β-E2+progestin (Org 2058, 1 nM each) and Org 2058 alone (1 nM). The
steroid hormones were provided by Organon N.V. (Oss, The Netherlands).

Total RNA extraction and cDNA synthesis

Total cellular RNA from explants and uncultured samples was extracted
using the SV total RNA isolation kit (Promega, Madison, WI, USA) according to the
manufacturer’s protocol, with slight modifications. The concentration of DNase-1
for DNase treatment of the RNA samples was doubled and the incubation time was
extended by 15 minutes in order to completely remove genomic DNA. Total RNA
was eluted from the column in 50 μl RNase-free water and stored at –70 0C until
further analysis. The quality of the RNA samples was determined by
spectrophotometry (NanoDrop, Wilmington, Delaware, USA). All the samples
analysed gave 28S to 18S ratios higher than 1.5. A PCR for a housekeeping gene,
glyceraldehyde-3-phosphate dehydrogenase, was performed to confirm that the
RNA samples were free of genomic DNA.

Total RNA (1 g) was incubated with random hexamers (1 μg/μl, Promega,
USA) at 70 0C for 10 min. The samples were chilled on ice for 5 min. To this
mixture, a reverse transcriptase mix consisting of 5x reverse transcriptase-buffer (4
l), 10 mM dNTP mix (1 l) (Pharmacia, Uppsala, Sweden), 0.1 M dithiothreitol (2
l) (Invitrogen, Breda, The Netherlands) and superscript II reverse transcriptase
(200 U/l) (Invitrogen) was added and the samples were incubated at 42 0C for one
hour, after which the reverse transcriptase was inactivated by heating the samples at
95 0C for 5 min. The complementary DNA (cDNA) was stored at –20 0C until
further use.

Real-time PCR

In each real-time PCR reaction 50 ng of cDNA template was used. Primers
and probes for HO-1 (Hs00157965-m1), haemoglobin β (Hs00747223-g1) and δ
(Hs00426283-m1) and cyclophylin A (Hs99999904-m1) were purchased from
Perkin-Elmer Applied Biosystems as pre-developed assays. For these PCRs FAM-
TAMRA was the fluorescent tag. The primers for haemoglobin α and γ were
designed and purchased from Sigma (Cambridgeshire, UK; sequences are described
in table 7.1). For these PCRs SYBR green, (SYBR Green PCR Master Mix, Applied
Biosystems, Warrington, UK) was the fluorescent tag. Human cyclophylin A was
selected as an endogenous RNA control in all PCRs in order to normalize for the
differences in the amount of total RNA added to each reaction. A pool of human
endometrium tissues was included as positive control. All PCRs were performed on
a Biorad thermal cycler (MIQ Single- Color – Real Time PCR System, BioRad
Laboratories, Hercules, California, USA). The thermal cycling conditions comprised
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an initial uracil-DNA glycosylase decontamination step that prevents carryover of
PCR products between wells at 50 0C for 2 min, a denaturing step at 95 0C for 10
min and 40 cycles of 15 sec at 95 0C followed by 1 min at 60 0C. Experiments were
performed for each sample in duplicate. Quantitative values were obtained from the
threshold cycle number (Ct) at which the increase in the signal associated with
exponential growth of PCR products was first detected with the mIQ (mIQ Single-
Color–Real Time PCR System, BioRad Laboratories) software. The fold-change in
expression was calculated using the ΔΔ Ct method, with cyclophylin A mRNA as an
internal control [156].

Table 7.1. Primer sequences designed and synthesized for the real-time PCRs with SYBR Green.

Immunohistochemistry

Paraffin sections of 5 μm were cut from uncultured and cultured explants.
After overnight incubation at 37 0C the sections were dewaxed in xylene and
rehydrated. Endogenous peroxidases were blocked by incubating 30 min in 0.3%
H2O2 in methanol. The antibodies, dilutions and antigen retrieval treatments are
described in table 7.2. Antigen retrieval with citrate and Tris/EDTA-buffer was
performed in a microwave at 650 Watts for 20 min. After washing in phosphate-
buffered saline (PBS) the sections were incubated 1 hr with diluted antibody. Both
antibodies were diluted in PBS/0.1% Tween/0.1% bovine serum albumin. After 3
washes in PBS of 5 min each, the sections were incubated 30 min at room
temperature with Chemate EnvisionTM (Dako, Glostrup, Denmark). To visualize the
staining, the sections were incubated 10 min in 1:50 diluted diaminobenzidine
solution (Dako). The reaction was stopped in water. The sections were briefly
counter-stained in haematoxylin, dehydrated and sealed in entalan.

Table 7.2. Antibodies used for immunohistochemistry and incubation conditions used.

Gene Sequence
Hemoglobin alpha1 Forward - 5'-CCTGCCGACAAGACCAACG-3'

Reverse - 5'-AGTGCGGGAAGTAGGTCTTGG-3'
Hemoglobin gamma 1 Forward - 5'-CAAGGTGAATGTGGAAGATGCTG-3'

Reverse - 5'-TGGCAGAGGCAGAGGACAGG-3'
Cyclophylin A Forward - 5'-CTCGAATAAGTTTGACTTGTGTTT-3'

Reverse - 5'-CTAGGCATGGGAGGGAACA-3'
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To confirm that the observed haemoglobin (Hb) staining was specific,
increasing amounts of haemoglobin (undiluted and diluted 1:1 to 1:120 from a
saturated solution) were added to the antibody mix, 30 min before application to the
sections.

The sections were scored according to a previously published method
[209]. Sections were scored for epithelial and stromal cells separately. A three-point
scale was used for both the intensity and percentage for epithelial and stromal cells
separately. Intensity: negative (score = 0), weak (score = 1), moderate (score = 2),
and strong (score = 3); Percentage: 0% (score = 0) , <10% (score = 1), between 10
and 50% (score = 2), more than 50% (score = 3).

Statistical analysis

Statistical tests were carried out using the Statistical Package for the Social
Sciences (SPSS 11) (SPSS Inc., Chicago, IL, USA) statistical analysis package. To
evaluate whether mRNA and protein expression levels varied significantly
throughout the menstrual cycle, the nonparametric unpaired Mann Whitney U test
was used to test for differences versus the M phase. The nonparametric Wilcoxon
signed rank test was used to test for differences between steroid treated explants and
controls at a confidence level of 95%.

Results

Haemoglobin and HO-1 mRNA in human endometrium

Transcripts for HO-1 and all haemoglobins were detectable in human
endometrium in all the phases of the menstrual cycle investigated. HO-1 mRNA
levels in human endometrium were significantly higher during the M phase of the
cycle compared to the other phases of the menstrual cycle (figure 7.1).

Figure 7.1. The relative expression of haemoxygenase (HO) -1 in the different phases of the menstrual
cycle presented as relative
expression levels. *  p<0.05
versus menstrual (M) phase.
M phase (n = 6); early
proliferative (EP) phase (n =
5); late proliferative (LP)
phase (n = 7); early secretory
(ES) phase (n = 6); and mid-
secretory (MS) phase (n = 3).
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The most prominently expressed haemoglobin was haemoglobin α,
followed by haemoglobin β (figure 7.2). Haemoglobin δ was expressed at very low
levels and was sometimes undetectable in the human endometrium. None of the
haemoglobins showed a clear cyclic expression pattern during the phases of the
menstrual cycle.

Figure 7.2. The relative expression of haemoglobin α, β, γ and δ mRNA in the different phases of the
menstrual cycle. Data presented as relative expression levels. M phase (n = 10); EP phase (n = 5); LP
phase (n = 7); ES phase (n = 6); and MS phase (n = 2).

    Hemoglobin α;    Haemoglobin β; Haemoglobin γ;    Haemoglobin δ

Levels of HO-1 mRNA were significantly reduced by Org 2058 (P<0.05) in
M-phase explants when compared to controls. In LP phase explants, the expression
of HO-1 was reduced by treatment with 17β-E2+Org 2058 (P<0.05) compared to
control (figure 7.3). When M and LP phase explants were analysed together, both
Org 2058 (P<0.05) and 17β-E2+Org 2058 (P<0.05) significantly reduced HO-1
mRNA levels.

Haemoglobin α, β and δ transcript levels were not significantly altered in
the presence of 17β-E2, Org 2058 or 17β-E2+Org 2058 when compared to the
vehicle treated explants (data not shown). However, there was a tendency for Org
2058 to increase haemoglobin γ mRNA expression in both M and LP phase explants
(figure 7.4). Reanalysis of the data after pooling all experiments (in M and LP phase
explants) revealed that haemoglobin γ mRNA expression was significantly increased
by Org 2058 and 17β-E2+Org 2058 (P<0.05).
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Figure 7.3. The relative HO-1 mRNA expression in M-phase (n = 8) and LP-phase (n = 5) explants
treated with 17β-oestradiol (E2) (1 nM), Org 2058 (P, 1 nM), and 17β-E2+Org 2058 (1 nM each) and
compared to vehicle treated (control, 0.1% ethanol). * p<0.05 versus control.

Figure 7.4. The relative haemoglobin γ mRNA expression in M+LP-phase (n = 16) explants treated with
17β- oestradiol (E2) (1 nM), Org 2058 (P, 1 nM), and 17β-E2+Org 2058 (1 nM each) compared to vehicle
treated (control, 0.1% ethanol). * p<0.05 versus control; & p<0.05 versus 17β-E2+Org 2058

Haemoglobin and HO-1 protein in human endometrium

Haemoglobin staining by the pan-haemoglobin antibody was specific, as
evidenced by the disappearance of immunostaining after preincubation with the 1:10
dilution of the saturated haemoglobin solution (figure 7.5). Haemoglobin and HO-1
protein were stained in both epithelial and stromal cells of the human endometrium
(figure 7.6). Expression was also observed in endothelium. Haemoglobin expression
was higher in the epithelium than in stroma (table 7.3, figure 7.6). All the epithelial
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cells were positive for haemoglobin and approximately 75% of the stromal cells
(figure 7.6). HO-1 was expressed mostly in epithelial cells (table 7.3, figure 7.6). In
addition, staining was observed in the endothelium, and intensely positive individual
cells were present throughout the stromal compartment (Figure 7.6).

Figure 7.5. Representative photographs of placenta tissue stained brown with the pan anti-human
haemoglobin (Hb) antibody. Sections stained with 1:1200 and 1:2400 dilutions. Pre-saturation of the

antibody with a 1:10 dilution of the
saturated Hb solution prevents antibody
binding, indicating that the antibody
specifically binds Hb.

Figure 7.6. Representative photographs of
two endometrial biopsies collected at
different stages in the proliferative phase
stained with the pan anti-human Hb
antibody and the anti-HO-1 antibody.
Immunostaining is present in all cell
compartments, but is most prominent in
the epithelium and endothelium. Intense
HO-1 staining is also present in individual
cells in the stroma. Ep = epithelial cells,
En = endothelial cells and S = stromal
cells.

Treating the explants with 17β-E2, 17β-E2+Org 2058 or Org 2058 alone did
not significantly alter the intensity of the staining in epithelial and stromal cells or
the number of positive stromal cells for either HO-1 or haemoglobin (data not
shown). There were also no significant differences in the intensity of the staining or
the number of positive stromal cells for either HO-1 or haemoglobin between M-
and LP-phase endometrium explants.
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Table 7.3. The average immunoscores for haemoglobin and haemoxygenase-1 (HO-1) as assessed in all
explant cultures (n=19). M phase: menstrual phase of cycle. LP: late proliferative phase

Discussion

We show in this study for the first time that haemoglobin is present in the
human endometrium. The fact that endometrial cells produce gene transcripts for the
different haemoglobin isoforms (α, β, δ, and γ) and that haeme is produced by the
mitochondria of all nucleated cells [315], suggests that haemoglobin is actively
produced by the endometrial cells.

Overall haemoglobin protein production did not vary throughout the
menstrual cycle and was not affected by the presence of steroid hormones. The use
of a pan-haemoglobin antibody did not allow the distinction between the different
haemoglobin isoforms. Only haemoglobin γ mRNA levels responded to steroid
hormone treatment, however, the abundant expression of the haemoglobin α and β
mRNA isoforms, may have masked changes of the haemoglobin γ at the protein
level. Another relevant observation is the fact that the expression of the four studied
haemoglobin genes in the M-phase endometrium, at which time hypoxia is most
pronounced, is not higher than in the LP phase endometrium. This suggests that
haemoglobin gene expression is not regulated by hypoxia.

Only recently it became clear that haemoglobin is also produced by non-
erythroid cells. Why haemoglobin is produced in the human endometrium is not
clear, however, it is likely that haemoglobin in the endometrium is involved in the
regulation of local iron and haeme levels to prevent overexposure of the cells to
these potentially detrimental molecules [307].

Iron overload results in cytotoxicity due to iron-induced formation of
reactive oxygen species [329]. Yet iron is critical for the proliferation of endometrial
cells, and iron levels must therefore be closely monitored. Deprivation of iron was
shown to prevent cells to proceed from the G1 to the S phase of the cell cycle [327],
and Defrère and co-workers [328] showed in a mouse model of endometriosis that
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i.p. treatment with an iron chelator inhibited proliferative activity in the ectopic
endometriotic lesions. Iron may thus be a limiting factor in 17β-E2-controlled
endometrial growth during the menstrual cycle.

Haeme is synthesized in all human nucleated cells [315], and most
mammalian cells probably maintain a pool of 'free' haeme serving both precursor
and regulator functions [330]. The function of the haeme molecule is determined by
the properties of the polypeptide bound to it. For instance, in haemoglobin haeme is
used for oxygen transport, in cytochromes it is involved in electron transport, energy
generation, and chemical transformation, whereas in peroxidases it functions in the
inactivation of hydrogen peroxide radicals. In addition, haeme is indispensable for
the activity of a wide array of enzymes including cyclooxygenase and nitric-oxide
synthase, and was shown to influence gene expression at the levels of transcription,
protein synthesis and post-translational modifications [315]. Haeme therefore can
play a determining role in the regulation of endometrial cell function.

One of the enzymes that control intracellular haeme levels is HO. The HO
system was shown to prevent or mitigate the symptoms associated with various
diseases, including acute inflammation, atherosclerosis, degenerative diseases, and
cancer [325]. HO-1 was expressed in the human endometrium and was
predominantly present in the epithelium. HO-1 expression can be induced by
oxidative stress [312, 331], hypoxia [318, 332] and haeme [333], which could
explain why the HO-1 mRNA expression was higher in M-phase endometrium
compared to the rest of the menstrual cycle. However, this difference was not
reflected at the protein level. There are various reports suggesting that the expression
of HO-1 is regulated by steroid hormones [313, 334-336]. In this study using our
steroid-responsive explant cultures of human endometrium we clearly showed that
even though HO-1 mRNA levels were suppressed by Org 2058, no effects were
noted at the protein level, nor was there a difference between proliferative and
secretory endometrium, which agrees with the findings of Yoshiki and coworkers
[322] and Casanas-Roux and coworkers [323].

Despite rapid cyclical changes in leukocyte infiltration, angiogenic activity,
hypoxia, proliferation, hormone concentrations and metabolic activity, expression
levels of haemoglobin (and HO-1 particularly) in epithelial cells remained stable.
This suggests that the haemoglobin-HO-1 system functions as a buffer in the supply
of haeme and iron under these rapidly changing conditions, thereby contributing to
the regulation of endometrial function.

Jauniaux et al. described that the earliest stages of embryo development
take place under a low O2 concentration of approximately 1-9 % [337]. They also
found that first trimester placenta limits rather than facilitates O2 supply to the
foetus, reducing the oxygen stress of the foetus and protecting it against free radicals
[338]. A high or rapidly fluctuating O2 concentration damages the early villous
tissue and causes miscarriage [338]. So haemoglobin and HO-1 could be involved in
the regulation of the O2 and subsequent free radical concentration in the uterus
during implantation.
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In summary, we have shown that haemoglobin is present in, and probably
synthesised by, endometrial cells. The expression of the various haemoglobin
isoforms suggests that haemoglobin is indeed produced by the endometrial cells.
The α-globin and β-globin, the globins needed for haemoglobin A, were the most
abundantly expressed haemoglobins in the human endometrium. The δ-globin,
required for haemoglobin A2, and γ-globin, required for haemoglobin F, were also
expressed. Only γ-globin expression was significantly enhanced by Org 2058.
Steroid regulation of the total haemoglobin pool could not be demonstrated. HO-1
mRNA levels, which degrades haeme, were slightly higher in M-phase endometrium
and inhibited by Org 2058. However, no changes were observed at the protein level.
The presence of the haemoglobin-HO-1 system may be required to ensure adequate
regulation of the bioavailability of haeme, iron and oxygen in the different
compartments of the endometrium.
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Chapter 8

General discussion

The general aim of the work presented in this thesis is to further improve
our insights in the regulation of endometrium growth and maturation under the
influences of oestradiol (E2) and progesterone (P4). To study human endometrium
function in women poses an interesting challenge. For obvious ethical reasons it is
not feasible to do intervention studies in women. Even though much information can
be gathered from non-human primate studies, these also are confronted with ethical
concerns and high costs. Alternatively, one can use rodent models to interrogate the
effects of oestradiol and progesterone on the endometrium, however these are non-
menstruating species, and the relation between hormone levels and proliferative
activity and apoptosis is different. In rodents proliferative activity in the epithelium
is highest during metestrous and diestrous (peak P4), whereas apoptosis was
observed around estrous (peak E2) [339], whereas proliferation and apoptosis in the
endometrium are highest during the proliferative phase (peak E2) and late
secretory/pre-menstrual phase. This is reflected by the limited accordance between
the human and rat microarray data investigating the relation between E2 and
proliferation (reviewed in Chapter 2).

Another approach by which hormonal effects on endometrial cells can be
studied is through the use of in vitro culture systems. Evidently, most investigators
have employed either endometrial cancer cell-lines and/or monolayer cultures of
isolated luminal, glandular and stromal cells of human endometrium or immortalised
cell-lines derived thereof. A major drawback of the use of primary and immortalized
endometrial cells is the fact that nuclear receptor expression rapidly diminishes in
time and consequently the cells fail to respond to hormonal treatments. Cell lines
derived from tumours have been genetically challenged, and some characteristics of
the original cells may have been preserved, but overall they phenotypically and
biochemically do not represent a normal endometrial cell anymore.

Earlier studies [340] have demonstrated that endometrial cell function
largely depends on the paracrine, juxtracrine and matricrine interactions between
cells and extracellular matrix. Obviously, enzymatic digestion generally used to
obtain isolated endometrial glands and stroma, destroys this tissue context. We have
adopted tissue explant culture as an alternative method to study endometrium
function [33]. The advantage of this culture method is, that the tissue context is
preserved which increases the relevance and translational value of the studies
performed with this system. A drawback of the system proved to be that only short
term cultures can be performed. Upon the isolation from the uterus, matrix
metalloproteinases are activated which degrade the tissue after 24 hours [341].
Therefore incubation times have to be limited to 24 hours, unless the regulation of
MMP expression and/or activity is investigated [341].
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Initial studies in our laboratory with explant cultures were focussed on
evaluating the responsiveness of the endometrial tissue to E2 with respect to
proliferation and the expression of a selection of oestrogen-responsive genes, the
progesterone receptor and COX-2 [33]. The most striking observation was the fact
that the responses of the explant cultures showed distinct differences depending on
the phase of the menstrual cycle the tissue was isolated from. In menstrual phase
explants (cycle days [CD] 1-5) only gene expression could be induced, but not
proliferation. In contrast, in early/mid-proliferative (CD 6-11) endometrium the
opposite was observed, only proliferative activity was enhanced by 17β-oestradiol.

Oestrogen-modulated gene expression in the human endometrium

Global gene expression profiling is a powerful tool to identify genes or
pathways that are associated with hormonal responses. In Chapter 3 we present the
data from our first microarray study in which we zoomed in on the effects of
oestradiol on gene expression in endometrium from different phases of the cycle.
This was done by comparing gene expression profiles prepared from late
proliferative phase (LP) endometrium, which has been exposed to high E2 levels for
several days, with menstrual phase (MP) endometrium which has not yet been
exposed to follicular E2. In addition, gene expression profiles were generated from
cultured MP and LP endometrium tissue exposed to E2 or vehicle.

Menstrual phase endometrium turned out to be much more sensitive to E2
treatment than LP endometrium, most likely due to the fact that the LP endometrium
has been exposed to high E2 levels for several days. There are a few lessons we can
learn from this study. The MP endometrium is a nice model to study E2 regulation
of gene expression in the endometrium, however the MP response to E2 is not
predictive for the state of LP endometrium. A total of 193 gene transcript were
regulated significantly by E2 in MP endometrium, versus only 16 transcripts in the
LP endometrium. When comparing the genes regulated by E2 in vitro to the genes
that were differently expressed in LP endometrium versus MP endometrium (794
genes), only 20 genes changed in the same direction and 18 genes changed in the
opposite direction. The study also shows that, besides regulating proliferation, E2
regulates the expression of genes implicated in the maturation and differentiation of
the human endometrium. Lastly, the extreme sensitivity of MP endometrial cells to
E2 was rather surprising, in particular since oestrogen receptor (ER) levels are
similar in MP and LP endometrium. Biopsies obtained during menstruation will
consist of a mixture of  tissue which has been exposed to high levels of E2 and P4
for a prolonged period of time and which is in the process of being shed
(functionalis layer), and the residing basal endometrium which known not respond
to cyclical variations in peripheral sex steroid levels but which is responsible for the
regeneration of a new functional layer. This is illustrated in our earlier study [33],
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where in the MP biopsies endometrium with both a secretory and basal layer
phenotype were found. Since all biopsies obtained during menstruation, with
varying ratios of menstrual and secretory endometrium, responded to E2 in tissue
culture, the most likely explanation is that the tissue regains responsiveness because
of the extremely low E2 levels during this period.

In this study we also found several gene transcripts not previously know to
be expressed by the human endometrium (Mucin-9, dipeptidyl peptidase VI and
olfactomedin 4), as well as genes that were not previously known to be oestrogen
responsive (gelsolin, flotillin-1, TUWD12). One gene was particularly interesting,
olfactomedin-4, as it was found to be highly expressed in the LP endometrium, and
inducible by E2 in MP endometrium. Further studies showed that olfactomedin-4 is
also induced by P4 in vitro (results not shown), however, its expression reduces
during the luteal phase (Chapter 4). This would indicate that P4 down-regulates the
olfactomedin-4 mRNA expression in properly primed endometrium, or that the gene
does not respond to P4 anymore. The latter also explains why olfactomedin-4
expression in LP endometrium hardly responds to E2 and P4.

We have also provided evidence that the regulation of olfactomedin-4 gene
expression is governed by ERα in concert with HER1, the human epidermal growth
factor (EGF) receptor type 1. Reports in literature do not agree well with regard to
the expression levels of HER1 and its ligands EGF, heparin-binding EGF,  TGFα,
betacellulin, epiregulin and amphiregulin in human endometrium throughout the
menstrual cycle. According to Ejskjaer et al. [223] the expression of HER1 is high in
proliferative endometrium. Since E2 levels are also rapidly increasing during this
period this could explain the high expression of olfactomedin-4 in the proliferative
phase. In secretory endometrium olfactomedin-4 expression is strongly reduced,
despite the presence of high E2 and P4 levels. Corresponding to the decrease in
olfactomedin-4 expression, it was reported that the expression of HER1 and one of
its ligands, TGFα, are also much lower during the luteal phase when compared with
the early proliferative phase endometrium [223, 342]. In addition, HER3 and HER4,
postulated to be negative regulators of the proliferative stimulus exerted through
HER1 and HER2 [343], are significantly upregulated in the secretory endometrium
[223] and could be responsible for the reduced olfactomedin-4 expression. It
remains to be explained however, why olfactomedin-4 expression can be
dramatically induced by E2 in MP endometrium, at which time EGF receptor levels
are low [225, 342].
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Progesterone regulation of implantation-related genes: new insights into the
role of oestrogen

Next to promoting growth, oestradiol is important for the preparation of the
endometrium to be able to respond properly to the increasing concentrations of
progesterone after ovulation. We have referred to this process as maturation. To
study this process in more detail, we applied global gene expression analysis on
menstrual phase and late proliferative phase endometrial explants after 24 hours
exposure to progesterone (Chapter 6).

The expression of genes that have been implicated in the process of embryo
implantation could be induced by exposing explant cultures to oestradiol and
progesterone. In late proliferative phase explants the number of genes that was
induced by progesterone was twice as high as compared to menstrual phase explants,
indicating that oestrogen priming sensitizes the endometrium for progesterone
regulation. This could be the result of oestrogenic induction of PR gene expression
[33]. These findings also support the contention that variations in the duration of
oestradiol priming can affect the response of the endometrium to progesterone and
therefore the subsequent implantation process [18, 21].

For most of these genes prolonged in vivo exposure to oestradiol is required
for adequate progesterone regulation. For in vitro fertilisation purposes this means
that the endometrium has to be exposed long enough to oestrogens before being
exposed to progesterone for the endometrium to be receptive for the transferred
embryo. This has been previously confirmed by Younis and coworkers and Navot et
al., who showed that oestrogen exposure for less than six days was not sufficient to
support successful implantation [9, 18, 177].

We were able to make a clear distinction between genes that are regulated
by progesterone irrespective of the presence of oestradiol, and genes of which the
expression clearly is influenced by the continuous presence of oestradiol, which
would suggest that both oestradiol and progesterone are needed for successful
embryo implantation. However, studies in the new world monkey Cebus paella
treated with an ER antagonist, ICI 182780 on days 4-7 of the luteal phase [344],
ovariectomized rhesus macaques receiving a surrogate embryo transfer [84] and
women [345, 346], do not support an essential role for luteal phase ovarian
oestrogen in implantation and maintenance of pregnancy.
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Oestrogen metabolizing enzymes in endometrium and endometriosis

An important aspect of proper endometrium function is the ability of the
tissue to control oestrogen exposure. To this end multiple steroid synthesizing and
metabolizing enzymes are present in the human endometrium. In normal human
endometrium the expression of enzymes responsible for oestradiol production and
metabolism is tuned towards oestradiol inactivation (chapter 5) and a dysbalance in
oestrogen metabolism is known to be an etiological factor in various endometrium-
related disorders including endometriosis and endometrial cancer.

We described that only the oestrogen metabolizing enzymes 17β-HSD type
2 and EST showed a variable expression throughout the menstrual cycle, with
increased expression during the secretory phase. Their role is most likely to
neutralize the effects of the follicular oestradiol at the end of the proliferative phase
and the increased levels of luteal oestradiol during the implantation window. Both
enzymes are under the control of progesterone and require prolonged oestradiol
exposure for full induction by progesterone.

Only very low levels of aromatase mRNA and no 17β-HSD type 1 mRNA
were found in normal human endometrium. In line with our findings, earlier reports
also indicated that the aromatase enzyme is not expressed by normal endometrium
[260], or expressed at very low levels [239]. Aromatase mRNA levels were higher in
eutopic and ectopic endometrium of endometriosis patients than in the endometrium
of controls, which is in agreement with the findings of others [74, 239, 347]. In
contrast, Colette et al. were unable to detect any aromatase expression at the protein
level and barely detectable amounts of aromatase mRNA in endometriotic lesions
[348]. In more recent studies we also found very low, and most likely not relevant,
aromatase activity in eutopic en ectopic endometrium [206].

In deep-invasive endometriosis, the most pronounced difference with
regard to the expression of the oestrogen metabolizing enzymes appears to be the
dramatic down-regulation of the oestrogen metabolizing enzyme type 2 17β-HSD.
Next to the slightly elevated expression of aromatase and the continuous presence of
17β-HSD type 1 and STS, this may shift the balance towards significantly higher
levels of oestradiol in the endometriotic lesions. The fact that this was not observed
in the eutopic endometrium, and that expression of the other progesterone-
responsive enzyme EST was not down-regulated, suggests local and selective
dysregulation of type 2 17β-HSD expression. Also Delvoux et al. found that the
enzyme activity in endometiotic lesions was skewed in favour of oestradiol
production [206]. This was nicely reflected by the fact that in the ectopic
endometrium from endometriosis patients the expression of an oestrogen-responsive
gene (trefoil factor-1 (TFF1)) was higher than in the eutopic endometrium, which is
indicative of a net higher oestrogenic activity in the ectopic endometrium [206].

It has been postulated that the relevance of the increased net oestrogenic
activity in endometriotic lesions is an essential element in the pathogenesis if the
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disease. Increased oestrogenic activity may lead to induction of cyclooxygenase type
2 (COX-2) gene expression resulting in increased prostaglandin (PG) E2 production.
Prostaglandin E2 in turn is a very potent inducer of the aromatase gene, and it is also
known to suppress local immune function and confer apoptosis resistance [232, 348,
349].

Haemoglobin expression in human endometrium

An unexpected finding when studying the endometrium response to P4 was
the expression of various members of the haemoglobin family in the human
endometrium (Chapter 7). Only recently haemoglobin expression was described for
the first in non-erythroid cells [315], including in human endometrium during the
implantation window [82, 83]. Why haemoglobin is produced in the human
endometrium is not clear, but it is tempting to suggest that haemoglobin in the
endometrium is involved in the regulation of local iron and haeme levels to prevent
overexposure of the cells to these potentially detrimental molecules. Iron overload
results in cytotoxicity due to iron-induced formation of reactive oxygen species
[329]. On the other hand, iron is critical for the proliferation of cells [350], and may
thus be a limiting factor in oestradiol-controlled endometrial growth during the
menstrual cycle. Moreover, insufficient iron stores early in pregnancy are known to
increase the risk of preterm deliveries and lower-weight newborns [351].

Deng et al. [352] reported that haemoglobin is a precursor of antibacterial
peptides, making erythrocytes from endometrium a source of the antimicrobial
molecules that may play a role in the host defense against pathogens during
menstruation. Another function of haemoglobin may be the temporal induction of
epithelial-mesenchymal transitions [353] in epithelial cells of the basalis in order to
accellerate the restoration of the luminal surface of the endometrium after shedding
of the functional layer.

Haeme is a ubiquitous molecule with an active iron center and is released
from haemoglobin after hemorrhage. Free haeme and iron are pro-inflammatory and
stimulate local inflammatory reactions [354]. They generate intracellular reactive
oxidative radicals and subsequently activate the transcription factors NF-κB, AP-1
and SP-1 [355]. One of the enzymes that controls intracellular haeme levels is
haeme oxygenase. The HO system was shown to prevent or mitigate the symptoms
associated with various diseases, including acute inflammation, atherosclerosis,
degenerative diseases, and cancer [325]. HO-1 knockout mice are characterized by
displaying severe inflammatory conditions, growth retardation, infertility and are
prone to abortions [315, 320]. Haeme oxygenase-1 was expressed in the human
endometrium and was predominantly present in the epithelium. Haeme oxygenase-1
expression can be induced by oxidative stress [312, 331], hypoxia [318, 332] and
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haeme itself [333], which could explain why the HO-1 mRNA expression was
slightly higher in menstrual phase endometrium compared to the rest of the
menstrual cycle because of the hypoxic conditions and the release and lysis of large
numbers of erythrocytes.

The relevance of the haemoglobin/haeme/HO/iron system in the
pathogenesis was  illustrated by a series of studies from the Donnez laboratory. Iron
and haemoglobin levels are elevated in the peritoneal fluid of endometriosis patients,
HO-1 and HO-2 mRNA and protein levels are strongly expressed in the ectopic
lesions [326, 356], iron storage [357] and expression of the transferring receptor
CD71 [358] were significantly increased peritoneal fluid macrophages, which is
indicative of local  increases in free iron levels, and finally, intraperitoneal treatment
of mouse endometrium xenografts with an iron chelator inhibited proliferative
activity in the ectopic lesions [328]. In addition, several endometrios-related genes
identified in global gene expression studies overlap with those known to be
regulated by iron [355]. Some of these genes were also modulated by iron chelators
in cells of different origin [359]. Genes that were modulated are known to be
involved in regulating oxidative stress, lipid peroxidation, energy metabolism and
fibrosis. Unfortunately, there is no information with regard to the expression of the
transferrin receptor (CD71) which mediates the uptake of iron bound to transferrin,
or the expression of the two mRNA-binding molecules known as iron-regulatory
proteins-1 and -2 (also referred to as asconitase-1, ACO1) which regulate
intracellular iron haemostasis, in endometrium or endometriosis. Neoplastic cells are
known to have significantly higher levels of transferrin receptor-1, and treatment
with iron chelators and anti-transferrin receptor antibodies halts cellular proliferation
[355].

The human endometrium is an extremely plastic tissue, capable of
achieving implantation and supporting pregnancy under extreme conditions. The
regulation of endometrium growth and differentiation does not only depend on the
presence and cyclical changes in E2 and P4 levels in the circulation and the
expression of their receptors in the endometrial cells, but the processes in the
endometrium are to a large extent also governed by other systems that safeguard the
homeostasis in the cells of the endometrium and the developing embryo, and which
are modulated directly or indirectly by E2 and P4 at the cell and tissue level. Severe
disturbances in these systems can result in impaired fertility and other
gynaecological pathologies including endometriosis, leiomyomas, or endometrial
cancer.

Interrogating target tissues in biologically relevant model systems using
global gene expression analysis is a powerful way to gain better insight into the
physiological responses to E2 and P4, as well as mechanisms known to be aberrant
in the condition of interest, in this case endometriosis. It is also clear however, that
in order to fully understand the impact of certain genes or mechanisms, in depth
studies are essential as each level of regulation or organization adds another level of
complexity.
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We have used explant cultures of human endometrium in combination with
global gene expression analysis and have shown that this is a promising approach to
study oestrogenic and progestagenic influences on the human endometrium. The
current limitation of this approach is that the subsequent in depth studies remain
dependent on the use of cancer cell lines. There is an urgent need for model systems
based on primary cultures of isolated human glandular epithelial and stromal cells in
which the basic characteristics of the endometrium are preserved. The best example
of this are the primary cultures of the stromal fibroblasts isolated from ovarian
endometriotic cysts which have been used by several laboratories. These cells
maintain the expression of the genes typical for the endometriotic cells, i.e elevated
expression of ERβ, aromatase, type 1 17β-HSD and COX-2, for at least 4-5
passages.
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Summary

The human endometrium, the inner lining of the uterine cavity, is a
dynamic tissue. Every month the endometrium undergoes changes; The functional
layer is shed during menstruation, whereafter from the basal layer a new functional
layer develops during the proliferative phase, that is prepared for the implanting
embryo during the secretory phase. Oestradiol and progesterone play an important
role in these processes. How the maturation process of the endometrium takes place
is not completely understood. In this thesis we used gene-expression studies to
investigate the effects of oestradiol and progesterone on the expression of genes
involved in the proliferation and differentiation of the human endometrium. We used
explant cultures for this purpose, because in this type of culture the original structure
of the endometrial tissue is preserved. The use of explant cultures is important for
the biological relevance.

The studies described in this thesis provided the following results. Explant
cultures of menstrual endometrium responded more pronounced to oestradiol
exposure than explant cultures of late-proliferative endometrium. Although this
finding was as expected, since late-proliferative endometrium has been exposed to
oestradiol in utero for a longer period of time than menstrual endometrium, this has
not previously been demonstrated. Furthermore late-proliferative endometrium
responded stronger to progesterone compared to menstrual endometrium. This was
similarly according to our expectations, since the endometrium is prepared by
oestradiol to responds properly to the luteal phase progesterone. The most
remarkable finding, however, was that gene-regulation by progesterone can be
divided into two categories, genes independent of oestradiol pre-incubation, and thus
directly regulated by progesterone, and genes depending on oestrogenic pre-
incubation. Only a small part of genes, expressed during the implantation window in
the explant cultures was induced by oestradiol and progesterone. It is likely, that part
of the genes need prolonged progesterone exposure to be expressed, as has been
described for prolactin and IGFBP-1. An alternate explanation could be that the
culture conditions of the model system were not optimal.

Studying the gene-lists, the extremely high sensitivity of Olfactomedin-4 to
oestradiol and the expression of haemoglobin isoforms in the endometrium were
outstanding.

Olfactomedin-4 (OLM-4) is a protein, produced by the cell and is a
constituent of the extracellular matrix. In previous studies it has been linked to the
development of gastro-intestinal tumours. OLM-4 is highly expressed in late-
proliferative human endometrium and its expression could be induced by oestradiol
in menstrual phase endometrium and by progesterone in late-proliferative
endometrium. The results of our study indicate, that OLM-4 expression is regulated
by oestradiol and OH-Tamoxifen. However, the presence of epidermal growth factor
receptor 1 (EGFR1) is necessary for this effect to take place. Also the opposite is the
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case, for a maximal induction of OLM-4 by EGF, ER-α expression is needed. These
findings show, that endometrial growth and function is amongst others regulated by
complex interactions between steroid hormones and growth factor signal
transduction.

The finding of haemoglobin and the haeme-metabolising enzyme haeme
oxygenase-1 (HO-1) in human endometrium came as a surprise. The exact function
of the haemoglobin-HO-1 system is unknown, but it may probably play a role in
regulating the intracellular bio-availability of and exposure to haeme, iron and
oxygen. However, the fact, that hypoxia and steroid hormones only minimally
influence the expression of these genes, may be a clue that this system is mainly
involved in intracellular homeostasis.

Finally, we studied the expression of oestrogen metabolising enzymes,
because the presence of these enzymes strongly regulated the bio-activity of
oestradiol in the human endometrium. In oestrogen-dependent diseases, like breast
cancer, endometrial cancer and endometriosis, an imbalance in the enzymes
responsible for the production and inactivation of oestradiol is found. This
imbalance causes an increase in the local production of oestradiol. The results of our
study show, that in endometriosis the shift in this balance is mainly the effect of a
decreased expression of type 2 17β-HSD. The increased expression of aromatase
and type 1 17β-HSD are significant in ectopic endometrium. However, the
expression levels are so low, that the biological impact may not be relevant.

The regulation of endometrial growth and differentiation is not only
dependant on the presence of the steroid hormones oestradiol and progesterone in
the circulation and the expression of their receptors in endometrial cells, but is also
determined by systems that directly or indirectly influence the activity of oestradiol
and progesterone on cellular and tissue levels. Moreover it is regulated by systems,
which independently of the presence of steroid hormones guard the homeostasis of
endometrial cells. Because of this, the endometrium is a dynamic tissue, capable of
establishing a normal pregnancy.  Disturbances in these systems conceivably lead to
subfertility and gynaecological diseases, like endometriosis and endometrial cancer.
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Samenvatting

Het humane endometrium, de binnenste bekleding van het cavum uteri, is
een dynamisch weefsel. Elke maand ondergaat het endometrium veranderingen; de
functionele laag wordt afgestoten tijdens de menstruatie fase, waarna vanuit de
basale laag een nieuwe functionele laag wordt opgebouwd tijdens de proliferatie
fase, die tijdens de secretie fase wordt voorbereid op het implanterende embryo.
Oestradiol en progesteron spelen een rol bij deze processen. Hoe het proces van
rijping van het endometrium verloopt, is nog niet volledig bekend. In dit proefschrift
hebben we genexpressie studies gebruikt om de effecten van oestradiol en
progesteron op de expressie van genen te onderzoeken die betrokken zijn bij de
groei en differentiatie van het endometrium. Als modelsysteem zijn weefselkweken
gebruikt, omdat aangetoond is dat in dit type kweken de originele structuur van het
endometrium weefsel behouden blijft, wat de biologische relevantie ten goede komt.

De studies beschreven in dit proefschrift lieten de volgende resultaten zien.
In de eerste plaats bleek dat weefselkweken van menstrueel endometrium veel
sterker reageren op blootstelling aan oestradiol, dan weefselkweken van laat-
proliferatief endometrium. Dit is volgens verwachting, omdat laat-proliferatief
endometrium in utero al langdurig aan oestradiol blootgesteld is geweest in
tegenstelling tot menstrueel endometrium. Dit was echter nog niet eerder
aangetoond. Vervolgens bleek dat laat-proliferatief endometrium veel sterker
reageerde op progesteron dan menstrueel endometrium; dit is ook volgens
verwachting, omdat altijd verondersteld is dat het endometrium door oestradiol
wordt voorbereid om adequaat op het luteale progesteron te reageren. De meest
opmerkelijke bevinding was echter dat de regulatie van genen door progesteron in
twee categorieën verdeeld kon worden, genen die geen oestradiol pre-incubatie
nodig hadden en dus direct gereguleerd worden door progesteron, en genen die wel
oestrogeen pre-incubatie nodig hebben. Daarnaast werd in de weefselkweken slechts
een klein deel van de genen die tot expressie komen tijdens het implantatie window
geïnduceerd door oestradiol en progesteron. Het is waarschijnlijk dat een deel van de
genen langdurigere blootstelling aan progesteron nodig hebben om tot expressie te
komen, zoals is beschreven voor prolactine en IGFBP-1. Een andere verklaring zou
kunnen zijn dat de kweekomstandigheden van het modelsysteem niet optimaal zijn.

Tijdens het bestuderen van de genlijsten vielen twee dingen direct op, de
extreme mate van gevoeligheid van Olfactomedin-4 voor oestrogenen, en de
expressie van hemoglobine isovormen in het endometrium.

Olfactomedin-4 (OLM-4) is een eiwit dat door de cel wordt geproduceerd
en een onderdeel is van de extracellulaire matrix. In eerdere studies is het in verband
gebracht met de ontwikkeling van gastro-intestinale maligniteiten. OLM-4 komt
zeer hoog tot expressie in laat-proliferatief humaan endometrium, en de expressie
was induceerbaar door oestradiol in menstrueel endometrium, en door progesteron in
laat-proliferatief endometrium. Onze studies hebben laten zien dat de expressie van
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OLM-4 weliswaar wordt gereguleerd door oestradiol en OH-tamoxifen. Echter,
epidermal growth factor receptor 1 (EGFR1) is noodzakelijk voor dit effect. Ook het
omgekeerde is het geval; voor een maximale inductie van de OLM-4 promotor door
EGF is ER- expressie nodig. Deze bevindingen laten zien dat de groei en functie
van het endometrium mede gereguleerd worden door complexe interacties tussen
steroidhormoon- en groeifactor signaaltransductie.

De aanwezigheid van hemoglobine alsmede het haeme-metabolizerende
enzym, haeme oxygenase-1 (HO-1) in het endometrium, was een verrassing. De
exacte functie van het hemoglobine-HO-1 systeem is niet bekend, maar speelt
waarschijnlijk een rol in de regulatie van de intracellulaire beschikbaarheid van en
blootstelling aan haeme, ijzer en zuurstof. Het feit echter dat hypoxie en steroid
hormonen de expressie van deze genen niet in sterke mate lijken te reguleren, is
mogelijk een aanwijzing dat dit systeem met name bijdraagt aan de intracellulaire
homeostase.

Tot slot hebben we nog een studie gedaan naar de expressie van enzymen
die betrokken zijn bij het metabolisme van oestradiol, omdat de aanwezigheid van
deze enzymen in sterke mate de bioactiviteit van oestradiol in het endometrium
reguleren. Bij oestrogeen-afhankelijke ziektebeelden, zoals mammacarcinoom,
endometrium carcinoom en endometriose, wordt vaak een dysbalans aangetroffen
bij de enzymen verantwoordelijk voor de productie en inactivatie van oestradiol,
resulterend in een verhoogde lokale productie van oestradiol. De resultaten van onze
studie laten zien dat bij endometriose de verschuiving van die balans voornamelijk
het gevolg is van een verlaagde expressie van de type 2 17β-HSD. Tegelijkertijd zijn
de verhoogde expressie van aromatase en type 1 17β-HSD in ectopisch
endometrium weliswaar significant, echter de expressieniveaus zijn zo laag dat de
biologische relevantie  mogelijk niet groot is.

De regulatie van endometriumgroei en –differentiatie is niet alleen
afhankelijk van de aanwezigheid van de steroïdhormonen oestradiol en progesteron
in de circulatie en de expressie van hun receptoren in endometriumcellen, maar
wordt mede bepaald door systemen die direct of indirect de activiteit van oestradiol
en progesteron op cel- en weefselniveau reguleren, en door systemen die
onafhankelijk van de aanwezigheid van de steroïdhormonen de homeostase van de
endometriumcellen bewaken. Mede hierdoor is het endometrium een uiterst
dynamisch weefsel, dat in staat is een normale zwangerschap tot stand te laten
komen. Het is aannemelijk dat verstoringen in deze systemen leiden tot subfertiliteit
en gynaecologische afwijkingen als endometriose en het endometriumcarcinoom.
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