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INTRODUCTION

Steroid hormones are important molecules with wide spectrum of roles in human
physiology. Sex steroid hormones, estrogen and progesterone, are responsible in
development of female secondary sex characteristics in puberty, and are
mandatory for female reproduction as they play pivotal role in initiation and
maintenance of the pregnancy.

The same hormones have a ‘dark side’ in human pathology as
dysfunctions of estrogen and progesterone actions often lead to problems with
fertility and are common causes or consequences of endocrine related cancers.
Infertility affects men and women across the world leaving approximately 50
million couples childless (Mascarenhas et al., 2012). Assisted reproductive
technologies (ART), especially in vitro fertilization (IVF), provide solutions to
overcome infertility. The general success rate of IVF procedures has remained
around 30% for the past nearly 40 years since the first IVF child was born in
1978. Despite the fact that there are over 5 million IVF children born, there are
still questions related to infertility treatments - how the exogenous and
endogenous steroid and non-steroid hormones trigger the signalling pathways in
female reproductive tissues, including in ovaries and endometrium.

Implantation failure is one of the major causes of not achieving a
pregnancy both naturally and via ART cycles. It has been estimated that
approximately 20% of women continuously fail to conceive despite of good
quality embryos transferred in IVF embryo transfer. The failure of implantation
is usually caused by insufficient embryo quality or aberrant development of
endometrium, which might be un-receptive on the day of embryo transfer. The
development of the endometrium is under the direct control of ovarian steroid
hormones, estrogen and progesterone. Estrogen is predominantly involved in
oocyte maturation and the proliferation of the endometrial cells in the first part
of the menstrual cycle. After ovulation both estrogen and progesterone prepare
the endometrial lining and environment for potential embryo implantation. In
most of the cases several attempts of IVF are needed to achieve a pregnancy.
This is why, a better understanding of the molecules involved in steroid hormone
signalling in preparing the endometrium for embryo implantation are needed, in
order to develop and apply the most suitable molecular diagnostic techniques for
endometrial receptivity evaluation.

In the current thesis the role of estrogen and progesterone in human
endometrium was studied at gene expression level. The developments of large-
scale microarray and sequencing methods enabled us to analyse all genes
expressed at the same time in experimental in vitro conditions and in biopsies of
endometrial tissue obtained from fertile and infertile women. Both in vitro and in
vivo methods were used including a comprehensive in silico analysis to examine
global gene expression in response to female steroid hormones in human
endometrium.



ABBREVIATIONS

17B-HSD- 17 beta-hydroxy steroid dehydrogenase

AC- artificial cycle

AKT- protein kinase B (PKB), serine/threonine-specific protein kinase
ART- assisted reproductive technology

cAMP- cyclic adenosine monophosphate

ChIP- chromatin immunoprecipitation

ChIP-Seq- chromatin immunoprecipitation combined with massively parallel
DNA sequencing

CoA- co-activator

COH- controlled ovarian hyperstimulation

CoR- co-repressor

CYP19- aromatase, also called estrogen synthetase or estrogen synthase
DBD- DNA binding domain

DEG- differentially expressed genes

E1- estrone

E2- estrogen, oestrogen, 17-estradiol, oestrogen

E3-estriol

ECM- extracellular matrix

EGF- epidermal growth factor

ER46- membrane bound estrogen receptor alpha variant

ERA- endometrial receptivity array

ERE- estrogen response element

ERx- membrane bound estrogen receptor

ERa- estrogen receptor alpha

ERp- estrogen receptor beta

FET- frozen embryo transfer

FPKM- Fragments Per Kilobase of transcript per Million mapped reads
FSH- follicle stimulating hormone

GnRH- gonadotropin releasing hormone

GO- gene ontology

GPCR/GPER- G protein-coupled estrogen receptor 1, formerly referred to as G
protein-coupled receptor 30 (GPR30)

GRE- glucocorticoid response element

HB-EGF- heparin binding epidermal growth factor

hCG- human chorionic gonadotropin

HECI1A- endometrial epithelial cell line, obtained from human endometrial
carcinoma

hESCs- human endometrial stromal cells

HPG axis- hypothalamic-pituitary-gonadal axis

HRE- hormone response element

HRT- hormone replacement therapy

ICM- intra cellular mass of blastocyst



ICSI- intracytoplasmic sperm injection

IGF- insulin like growth factor

IL- interleukin

IPA- Ingenuity pathway analysis

IVEF- in vitro fertilization

JAK/STAT- second messenger system that transmits information from chemical
signals outside the cell, through the cell membrane

LBD- ligand binding domain

LH- luteinizing hormone

LHRH- luteinizing hormone-releasing hormone

LIF- leukemia inhibitory factor

mER- membrane bound estrogen receptor

mPR- membrane bound progesterone receptor

NC-natural cycle

NCOA- nuclear coactivators

NCOR- nuclear corepressors

NR- nuclear receptor

p38/ MAPK, ERK1/2- mitogen-activated protein kinases

P4- progesterone, 4-pregnene-3,20-dione

PAQR- progestin and adipoQ receptors

PCOS- polycystic ovary syndrome

PI3K- Phosphatidylinositol-4,5-bisphosphate 3-kinase

PKC- Protein kinase C

PLC- phospholipase C

POF- premature ovarian failure

POI- premature ovarian insufficiency

PRA- progesterone receptor A

PRB- progesterone receptor B

PRE- progesterone response element

RIF- recurrent implantation failure

RL95-2- endometrial epithelial cell line, derived from a moderately
differentiated endometrial adenosquamous carcinoma tissue

RNA-Seq- RNA sequencing, whole transcriptome analysis by sequencing
RT-PCR- reverse transcription polymerase chain reaction

RUA486- mifepristone, synthetic steroidal antiprogesterone

SERM- selective estrogen receptor modulator

SPRM- selective progesterone receptor modulator

SRC- steroid receptor coactivator

TAM- tamoxifen, synthetic steroidal antiestrogen

TGF-p - transforming growth factor beta

TRANSFAC- database containing published data on eukaryotic transcription
factors and their experimentally-proven binding sites and regulated genes
ulNK cells- uterine natural killer cells

WOI- window of implantation
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REVIEW OF LITERATURE

1. The impact of steroid hormones, estrogens and progestogens, on
female physiology

Steroid hormones are classified into five groups, based on their receptors:
glucocorticoids, mineralocorticoids, androgens, estrogens, and progestogens.
Androgens, estrogens, and progestogens form a smaller subclass of steroid
hormones called sex hormones because of their major role in reproductive
health. Both sexes have all three steroid hormones, although in different levels
and showing different dynamics. Estrogens and progestogens are known as
hormones responsible for the female phenotype, in contrast to androgens, which
predominantly determine the male phenotype. The main target tissues for these
sex steroid hormones are uterus, ovary, breast, prostate, and testis but their
importance is also well-known for other organs like brain, bone, heart, blood
vessels, liver, skin, gut, and bladder (Fauser et al., 2011; Foryst-Ludwig and
Kintscher, 2010; Scarpin et al., 2009).

Female physiology depends on the changing levels of estrogens and
progesterone across her full lifetime, especially during puberty, pregnancy, and
menopause. Female hormones play major role in reproduction, and disturbances
of their actions are usually related to reproductive disorders like premature
ovarian insufficiency (POI, also referred as premature ovarian failure or POF),
polycystic ovary syndrome (PCOS), and endometriosis, which all are common
causes of female infertility (Fauser et al., 2011). POI affects 1% of women and is
characterized by amenorrhoea with elevated levels of follicle stimulating
hormone (FSH) and low concentrations of estrogens (De Vos et al., 2010).
PCOS affects approximately 5% to 10% of women in their reproductive age
(Ehrmann, 2005). The exact aetiology of PCOS is not known but ovarian
dysfunction, insulin resistance, and abnormal luteinizing hormone (LH) levels
are associated with exposure to higher levels of androgens during intrauterine
life (Eisner et al., 2000). Endometriosis affects approximately 176 million
women worldwide (Adamson and Pasta, 2010). In endometriosis, endometrium-
like ectopic lesions show increased estrogen activity and response but resistance
to progesterone action (Attia et al., 2000; Ryan et al., 1994). On the other hand,
the same hormones and their analogues are broadly used for contraceptive
purposes to prevent unplanned pregnancies or for early medical abortion
(mifepristone or RU486) (Henzl and Loomba, 2003; Weiss, 1993). In addition,
hormone replacement therapy (HRT) with estrogen analogues alone or in
combination with progesterone is used to overcome the absence of steroid
hormones in post-menopause with the beneficial effects on skin and dental
structure, in preventing osteoporosis, and reducing the risk of colon cancer
incidence (Henzl and Loomba, 2003). However, the attention should be paid to
HRT treatment in women with high body mass index (BMI) because of the
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increased risk to develop post-menopausal breast cancer (Munsell et al., 2014).
Furthermore HRT and smoking have been associated with higher incidence of
venous thrombosis (Pomp et al., 2008). Moreover, the changing levels of
estrogens and progestogens may sometimes lead to other hormone-related
cancers. In addition to 1.7 million new breast cancer cases, there are more than
500,000 cervical cancer cases, and about 200,000 ovarian cancer cases
diagnosed worldwide in each year (http://www.wecrf.org/). Previous studies have
also shown that disturbed estrogen and progesterone levels play a significant role
in developing cognitive and mental disorders, such as, depression and Alzheimer
disease (Frye and Walf, 2009; Walf and Frye, 2010). Female steroid hormones
have been associated with decreased blood pressure and are therefore used in
treatment of cardiovascular diseases (dos Santos et al., 2014).

Taking into account the pleiotropic actions of steroid hormones in
female physiology, special care should be taken in clinical treatments and
interventions involving estrogens and progestogens especially when there are
certain risks factors engaged, like patient’s high BMI, smoking, and genetic
mutations predisposing to the occurrence of cancers or thrombosis (Roy et al.,
2007; Wiegratz and Thaler, 2011).

1.1 Estrogen

Estrogens are synthesized in ovaries, placenta, and adrenal cortex but also, for
example, in adipose tissue. There are three major biologically active estrogens
found in women: estrone (E1), estrogen (also named 17f-estradiol) (E2), and
estriol (E3). The chemical difference of three estrogens comes from the number
of hydroxyl groups. E2 is the predominant estrogen during female’s reproductive
age. During pregnancy E3 is the most abundant estrogen in female body, and in
the beginning of menopause E1 becomes the dominating circulatory estrogen.
Estrogens are synthesized from androgens by the enzyme aromatase (Nelson and
Bulun, 2001). Ovarian E2 is produced by granulosa cells, which are supporting
cells surrounding the oocyte (Figure 1). E2 has a key role in first part of the
menstrual cycle where it participates in the maturation of oocyte(s) and induces
the proliferation of endometrial cells (Ghosh et al., 1994; Smitz et al., 1993).
The average concentration of E2, at the same menstrual cycle, fluctuates
approximately four times from 180 pmol/L in early follicular phase to 870
pmol/L at the time of ovulation (40 pg/ml to 250 pg/ml, respectively). Because
of its broad spectrum of functions, E2 levels are monitored in many clinical
applications. For example, observation of serum E2 concentration during ovarian
stimulation in IVF procedures helps to prepare the timing of the treatment and to
reduce the risk of ovarian hyperstimulation syndrome (Kwan et al., 2014).
Besides the important role in reproductive system, E2 also participates in
many other physiological processes like modulation of bone density, influence
on nervous system and cardiovascular function (dos Santos et al., 2014). E2
replacement therapy has been proven to prevent or diminish calcium loss from
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bones in post-menopausal women, thus preventing osteoporosis (Venken et al.,
2008). In the nervous system both estrogens and androgens have been reported
to influence verbal fluency, performance of spatial tasks, verbal memory
capacity, and fine motor skills (Kelly and Ronnekleiv, 2008). Additionally, it has
been shown that estrogens shape and maintain the distribution of body fat and
adipose tissue metabolism (Pallottini et al., 2008).

1.2 Progesterone

Progesterone (pregn-4-ene-3,20-dione) (P4) is another female hormone
belonging to group of progestogens. P4 itself is the precursor of the
mineralocorticoid aldosterone which can be converted to testosterone and E2
(White, 2009). P4 is predominantly produced in ovaries but it is also secreted by
adrenal gland, placenta, and adipose tissue. After ovulation, the corpus luteum,
which is formed from the ovulated follicle produces the increasing amount of
P4. This female hormone is critical in developing the favourable uterine
environment to support the embryo implantation. The highest concentration of
P4 is around 40 nmol/l (13 ng/ml), which coincides with the optimal time for
potential embryo implantation. P4 also promotes uterine growth and suppresses
myometrial contractility to prevent abortion or early labour (Graham and Clarke,
1997, 2002). P4 appears to decrease the maternal immune response which helps
to avoid rejection of the embryo during early pregnancy (Ragusa et al., 2004). In
addition, the mammary gland P4 participates in lobular-alveolar development in
preparation for milk secretion postpartum, while suppressing milk protein
synthesis before parturition (Macias and Hinck, 2012).

In IVF procedures P4 is commonly used as a luteal phase support to help
the preparation of the endometrial lining and to support the embryo implantation
and early pregnancy (van der Linden et al., 2015). The use of P4 is advocated,
because the ovarian stimulation and follicular puncture used in IVF may lead to
endocrinological disturbances with possible sub-optimal P4 level and luteal
phase insufficiency. To overcome these problems P4 support is generally applied
following the egg retrieval and embryo transfer (van der Linden et al., 2015).

In addition, P4 signalling in brain is exerting beneficial effects in brain
injuries (Graham and Clarke, 1997; Schumacher et al., 2007). Increasing
evidence supports its significant role in modulation of bone mass as P4 increases
the number of osteoblasts, promotes their maturation, and differentiation
(Seifert-Klauss et al., 2012). Higher trabecular bone mass in women is needed
for the development of foetal skeleton during pregnancy. Moreover, the third
trimester of pregnancy, during which 80% of the foetal skeleton is mineralized,
coincides with the maximum rate of P4 production in human physiology
(Seifert-Klauss and Prior, 2010).
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1.3 Steroidogenesis

The original building block of all steroid hormones is cholesterol. Endocrine
organs (except placenta) can synthesize cholesterol locally from acetate but can
also absorb the circulating cholesterol from blood. Although steroid hormones
are relatively insoluble in water, they are made soluble for transport in the
bloodstream and other extracellular fluids by binding to specific carrier proteins,
from which they dissociate before entering a target cell. This secretory process is
called endocrine action, which affects the function of many target tissues in
females, like endometrium, mammary gland, brain, bones, liver, and heart.
Steroid hormones also act in close proximity to their site of secretion on adjacent
cells and tissues as it happens in testes and ovaries, a process called paracrine
action. In addition, autocrine action exists when secreted hormones have the
effect on the cells where they were originally produced.

Theca cell Granulosa cell

Cholesterol —+Pregnenolone

3BHSD

4
g <
\ 170 hydroxylase //
A %
’ 17 (OH) progesterone g:;;agse L

e 17, 20 Iyase 7
"% Androstenedione ———————————— Estrone
l 178 HSD l 17p HSD { 17p HSD

Testosterone Testosterone ———*

LH receptor ‘ FSH receptor

’ LH £ j FSH
A

Figure 1. A simplified graph of ovarian steroidogenesis in theca and granulosa cells.
Cholesterol enters theca cells where after consecutive enzymatic reactions it is converted
to progesterone, and thereafter to androgens (androstenedione and testosterone).
Synthesis of androgens is also induced by luteinizing hormone (LH) and its receptor.
Androstenedione and testosterone are released from theca cells and diffuse into the
nearby granulosa cells. Granulosa cells have a high number of FSH receptors and
aromatase - CYP19, which converts androstenedione and testosterone to estrone and
estrogen, respectively. The weak estrone can be converted to estrogen by 17 beta-
hydroxysteroid dehydrogenase (178 HSD).

Steroidogenesis in the ovary is compartmentalized in a cell-specific
manner where two types of cells participate, e.g. theca and granulosa cells.
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Developing oocyte is surrounded by layers of granulosa cells followed by outer
layers of thecal cells. In theca cells cholesterol is converted to pregnenolone
which is a precursor of P4 and is further synthesized to androgens (White, 2009).
At the same time theca cells respond to luteinizing hormone (LH), which also
induces the production of androgens. Androstenedione and testosterone diffuse
into the neighbouring granulosa cells where they are converted predominantly to
E2 by aromatase and 17B-HSD types 1 and 7 (Luu-The, 2001; Mindnich et al.,
2004). Granulosa cells exhibit receptors of follicle stimulating hormone (FSH)
and through FSH binding induce the activity of aromatase - CYP19, thereby
increasing the conversion of androgens to E2 (Figure 1).

1.4 E2 and P4 signalling

Steroid hormones have an ability to diffuse directly across the plasma membrane
of target cells and mediate their signals through nuclear receptors (NRs) in a
steroid hormone action, called genomic signalling (Figure 2A). NRs bind to
DNA and act as transcription factors regulating the expression of target genes
(O'Malley and Means, 1974).

NRs consist of a ligand-binding domain (LBD) (also called a C-
terminal), a highly conserved DNA-binding domain (DBD), and an N-terminal
domain. Within N-terminal domain and LBD there are usually at least two
transcription activation subdomains (AF1 and AF2) present. LBD and DBD are
usually highly conserved, whereas N-terminal domain could be variable (Beato
and Klug, 2000). N-terminal domain contains multiple Ser/Thr phosphorylation
sites, which could be involved in mediating cross-talk with other signal
transduction pathways or interaction with co-regulators (Lange et al., 2000).
NRs are usually located in cytoplasm of a steroid hormone target cell. Binding
of a steroid hormone to its cognate receptor results in a conformational change in
the NR that allows the ligand-receptor complex to bind with high affinity to
hormone response elements (HREs) on DNA and regulate transcription of target
genes (Khorasanizadeh and Rastinejad, 2001). The binding to HRE could
happen directly when ligand-receptor complex binds to DNA and interacts with
RNA Polymerase II transcription initiation and co-activator complexes (Klinge,
2000). The other mechanism is called “tethering” when NR does not bind
directly to DNA but associates with other transcription factors e.g. AP-1, Sp1, c-
Jun, c-Fos, or other proteins which are already attached to DNA (Scholz et al.,
1998) (Figure 2A). In the absence of ligand, NRs are held in a multi-subunit
complexes containing heat-shock proteins such as Hsp90, SP70, HSP40, Hop,
and p23 (Wolf et al., 2008). In response to ligand binding, NR dissociates from
the heat-shock proteins, changes its conformation, dimerizes, and binds to
specific HRE to regulate transcription of target genes (Nilsson et al., 2001).

Not all effects of E2 and P4 can be explained by classical model of
steroid action via NRs. Additional non-transcriptional signalling pathway exists,
called non-genomic action, where effects are usually membrane initiated and
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involve the activation of several signal transduction pathways like PLC/PKC,
p38/MAPK, and JAK/STAT (Figure 2B) (Bjornstrom and Sjoberg, 2002;
Falkenstein and Wehling, 2000). Non-genomic action is usually characterized by
a shorter lag time (within seconds to minutes) to elicit a biological response
following steroid hormone stimulation. Non-genomic effects of steroid
hormones could be mediated by classical NRs localized in the plasma
membrane, other membrane proteins, or G protein-coupled receptors (GPCRs).
Generally, it is hard to determine the line between genomic and non-genomic
action of steroid hormones because both could be active at the same time or one
can take over others actions. Non-genomic effects of E2 and P4 have been
mostly described in relation to nervous and cardiovascular systems where their
effects may be transmitted through G protein-coupled estrogen receptor 1
(GPER), include stimulation of cAMP, and Ca2+ mobilization, as well as
MAPK, ERK1/2, and PI3K/AKT pathways (Revankar et al., 2005; Thomas et
al., 2005).

S

s il
| o
\ 1 s
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S <> : /' ERK, MAPKPKA
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Figure 2. Genomic (A) and non-genomic (B) signalling of steroid hormones. A. Steroid
receptors bound to their respective steroid hormones attach to cognate HREs on DNA.
Alternatively, nuclear receptors can bind other proteins (CoF or TF) rather than DNA.
Non-steroidal ligands can also act through nuclear steroid receptors. B. Membrane-
associated steroid receptors, either isoforms of classical receptors, or unrelated
transmembrane receptors, recognize steroid hormones and initiate a cytoplasmic
signalling cascade. CoF = co-factor; HRE = hormone response element; NR = nuclear
steroid receptor; NS = non-steroid; PII = RNA polymerase II; S = steroid hormone. The
figure was generated through the use of QIAGEN’s Ingenuity Pathway Analysis (IPA®,
QIAGEN Redwood City, www.qiagen.com/ingenuity).
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1.4.1 Estrogen receptors

In humans, there are two major forms of E2 receptors (ERs), ERa and ERp,
which are encoded by separate genes on different chromosomes, chromosome 6
and 14, respectively (Enmark et al., 1997; Green et al., 1986; Kuiper and
Gustafsson, 1997). ER subtypes are highly conserved in their DBD (97%) and
LBD (55%) regions and show only minor differences in DNA-binding affinity in
response to E2. Although ERa and ERf are co-expressed in many target tissues,
they exhibit different tissue-specific expression patterns and are likely
functionally distinct (Edwards, 2005a). With high similarity in their DBDs, both
receptors interact with the same conserved estrogen response element (ERE) (5°-
GGTCAnnnTGACC-3) as homodimers or o/f heterodimers (Klinge et al.,
2004). However, it has been noted that ERP holds low trans-acting capability on
ERE-containing E2 target genes, and o/B heterodimers are less efficient than
ERa homodimers in promoting target genes activity (Zhao et al., 2007). Studies
have shown that both ERa and ERP coding genes have alternatively spliced
transcripts. Two main splice variants £FRa46 and ERa66 have been reported for
ERa (Penot et al., 2005; Wang et al., 2005). Both truncated isoforms lack
transcriptional activation and are more likely to have inhibitory effects on ERa
and ERP, or participate in non-genomic E2 signalling. For ERpB also shorter
isoforms have been identified but their exact functional role is not fully
understood (Moore et al., 1998).

ERs have also been localized to cytoplasmic membrane while being
bound to G-protein coupled receptors (Warner and Gustafsson, 2006).
Membrane bound ERs (mERs) include ER46, ERx and G protein-coupled
estrogen receptor 1 (GPER/GPR30) (Li et al., 2003; Thomas et al., 2005; Toran-
Allerand et al., 2002).

It is important to point out, that in addition to steroid hormones there
exist endogenous, environmental or pharmaceutical non-steroidal ligands like,
lipoxin A4 (LXA4), bisphenol A and clomiphene citrate, that also bind steroid
hormone receptors and can modulate transcription of target genes (Li et al.,
2012; Russell et al., 2011). Selective E2 and P4 receptor modulators will be
discussed in further chapters.

1.4.2 Progesterone receptors

The genomic P4 signalling is also mediated by two receptors, PRA and PRB.
Though, they are transcribed from the same gene on chromosome 10, using
different promoters and resulting in the translation of an additional 164 amino
acids at the N-terminus of PRB (Kastner et al., 1990; Wen et al., 1994). Despite
the similar DNA-binding ability of progesterone receptors (PRs), PRB is a
stronger transcriptional activator in most cell types, while PRA often acts as a
dominant negative repressor for PRB activity (Tung et al., 1993; Vegeto et al.,
1993). Both P4 receptors bind to the same DNA sequence, as well as to DNA
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sequence recognising the glucocorticoid receptor (GR), since its core DBDs
exhibit 90% amino acid sequence identity with PRs (Smith et al., 1997;
Takimoto et al., 2003). The classical sequence of a GRE/PRE is 5'-
GGTACAnnnTGTYCT-3', where the right half of the palindrome is more
conserved (Schauer et al., 1989). In vitro studies have revealed two additional
truncated PR isoforms: PRC and PRM. PRC isoform lacks the first zinc-finger
of the DBD causing it to lose its DNA-binding ability but retain the ligand
binding ability. The main function of the PRC could be to antagonize PRA and
PRB activity (Wei and Miner, 1994). In addition, PRM isoform, which arises
from splicing of an in-frame start codon, could also play a role in silencing of
main PR action (Saner et al., 2003). However, in vivo role of these receptors has
been questioned due to their low expression levels (Samalecos and Gellersen,
2008).

In addition, PRs have also been found on membranes, where they
participate in non-genomic signalling of hormones. For example, in sperm cells
they are responsible for the rapid activation of Ca®" (influx) and CI (efflux)
channels which lead to acrosome reaction (Tesarik and Mendoza, 1993). As
chromatin of a sperm cell is very tightly packed, genomic action is not an option.
Moreover, membrane bound PRs have been found on the surface of osteoblasts,
granulosa cells, and oocytes (Bagowski et al., 2001; Grosse et al., 2000;
Machelon et al., 1996). Membrane bound PRs (mPR) belong to a highly
conserved family called progestin and adipoQ receptors (PAQR) (Zhu et al.,
2003). There are three members of mPRs identified: a, B, y (Zhu et al., 2003;
Tokumoto et al., 2006). Firstly, it was postulated that mPRs are classical G
protein-coupled receptors with seven transmembrane domains, but later it was
found that mPRs’ amino-terminus is in cytoplasm and carboxy-terminus resides
on cell surface (Tang et al., 2005). Upon P4 binding mPRs modulate signal
transduction cascades including ERK1/2, p38 MAPKs, inhibition of cAMP
production, and stimulation of intracellular Ca2+ levels (Ashley et al., 2006;
Hanna et al., 2006; Thomas et al., 2007).

1.4.3 Selective ER and PR modulators

Selective steroid hormone receptor modulators are implemented in clinical
settings to treat hormone responsive cancers and ovulatory dysfunction, prevent
osteoporosis, and are taken for contraceptive purposes. ER and PR modulators
have an ability to interact with respective receptors, and change the
conformation of the NRs leading to alterations in E2 and P4 signalling (Berrodin
et al., 2009; Chang et al., 2010).

In general, most selective estrogen receptor modulators (SERMs) have
an E2 agonist activity in bone and antagonist activity in the breast, while the
activity in the uterus varies among the molecules. The anti-estrogenic action of
SERMs results from the inappropriate folding of an ERa or ERf complex, which
therefore cannot recruit the CoA molecules needed or alternatively recruit the
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unexpected CoR molecules. This conformational change produces anti-
estrogenic action at certain locations, like breast, opposing the E2-like effects in
the uterus if an excess of CoA molecules is present. The first SERM available
for clinical use was tamoxifen (TAM), which has been used as a highly effective
drug for the prevention and treatment of breast cancer in premenopausal and
postmenopausal women (Fisher et al., 2005; Fisher et al., 1998). This compound
binds with high affinity to ER, thereby blocking the action of native E2.
Subsequently it inhibits or modifies the interaction of ER with DNA, which
impedes the transcriptional activation of target genes (Berry, 2005). One of the
most significant side effects of the treatment with the TAM appears to be its
proliferative effect on the endometrial cells (Bergman et al., 2000; Buzdar and
Hortobagyi, 1998). Thus, the use of TAM is accompanied in a significant 3.3
fold increase in endometrial cancer risk (Fisher et al., 2005). As a consequence,
the repression of the cell proliferation in breast tissue with TAM could lead to
uncontrolled endometrial cell proliferation. Uterine hyperplasia, polyps,
carcinomas, and sarcomas are the most frequent endometrial pathologies
associated with the use of TAM (Cohen, 2004). Another well-studied anti-
estrogen, Raloxifene, with E2-antagonistic effect similar to TAM, is reported to
have smaller or negligible proliferative effect on uterine cells (Fugere et al.,
2000). The most known ,,pure anti-estrogen is fulvestrant (also known as ICI
182780) as it blocks ER activity by forcing it to change receptor’s conformation,
which is then recognized as being misfolded and inducing its rapid degradation
(Wakeling and Bowler, 1991; Wu et al., 2005)

Selective PR modulators (SPRMs) are developed in order to antagonize
processes activated by P4. Mifepristone (RU-486) acts as a P4 antagonist by
competing with endogenous P4 for receptor binding, and has 3 primary
pharmacological effects: endometrial, gonadotropic, and adrenocortical
(Goldberg et al., 1998). It has 2 to 10 times higher binding affinity to PRs
compared to P4 (Brogden et al., 1993). Because PRs are found primarily in
reproductive organs, RU-486 exerts its principal effect on the uterus. More
precisely, it blocks the effect of natural P4 on the endometrium and decidua.
While P4 is supposed to support the pregnancy, anti-P4 leads to degeneration
and shedding of the endometrial lining, thereby preventing or disrupting
implantation of the conceptus (Weiss, 1993). Therefore, the mifepristone is the
accepted drug for the termination of the pregnancy at least in some countries.

2. Cyclic changes of ovarian steroid hormones

To understand the regulative hormonal changes in female reproductive
physiology we need to look into tightly coordinated action of hypothalamus,
pituitary gland, and ovaries. This signalling is called hypothalamic-pituitary-
gonadal (HPG) axis and it is activated in puberty. HPG axis is responsible for
coordinating the ovarian and uterine e.g. menstrual cycle both occurring
concurrently usually within 28 days (Figure 3). Ovarian cycle is responsible for
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the maturation of the oocyte(s) and ovulation, and it is regulated by gonadotropic
hormones FSH and LH released form the anterior pituitary gland and ovarian
E2. At the same time menstrual cycle is responsible for the development of the
endometrial lining for potential embryo implantation and is predominantly
regulated by ovarian steroid hormones E2 and P4 (Figure 3).

=
@@
2 E | Ovarian cycle _~ Cerpus luteum
Q0
89
IR
32 | Folicle |
T 5 T I
. Follicular phase  Ovulation Luteal phase
w=

T

%’) Gonadotropic hormones f —FSH
3 — LH
@
=
o
E
S
T

Ovarian hormones Estradiol

]
]
]
I
:
| —— Progesterone
'
'
'
'
I
B
'

Hormone levels

Uterine (menstrual) cycle
Menstruation

Proliferative

Thickness of uterine
endometrium

o 2 T 28

Days of cycle wol
Figure 3. Ovarian cycle and uterine (menstrual) cycle. Ovarian cycle (above) is divided
into follicular phase, ovulation and luteal phase. The maturation of the oocyte is
regulated by gonadotropins FSH and LH but also induced by ovarian E2. Ovarian
hormones E2 and P4 regulate the development of uterine lining - endometrium. Uterine
cycle (below) is divided into three phases: menstruation, proliferative and secretory
phases. Endometrium is most receptive for embryo implantation between days 20-23,
during window of implantation (WOI) (light blue square). Figure adapted from
http://biology-forums.com.

2.1 Ovarian cycle and the role of steroid hormones

Estonian-German scientist Karl Ernst von Baer discovered in 1827 that the
mammalian oocyte is enclosed within the ovarian follicle. Ovarian follicle is
fluid filled sac that in addition to oocyte contains different somatic cells
(cumulus, granulosa and theca cells) which surround the oocyte and support
oocyte maturation. Follicular development starts already in girl’s foetal life
when primordial follicles enter to their first meiotic division but stay arrested in
first prophase until puberty (Baker, 1963). At 20 weeks of gestation the number
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of follicles is estimated to be 7 million and is thereafter gradually declined. At
birth there are approximately one million follicles and at the time of puberty
around 400,000 follicles remain, and during woman's reproductive life about
400 oocytes are ovulated (Hansen et al., 2008). Follicular development and
oocyte maturation continues during the puberty with the activation of HPG axis
when every month subset of primary follicles becomes responsive to
gonadotropins (Craig et al., 2007). Hypothalamic pulsatile secretion of
gonadotropin releasing hormone (GnRH) controls the synthesis and secretion of
gonadotropins, FSH and LH, from the pituitary gland. FSH and LH are
thereafter secreted into the blood circulation and are attached to their respective
receptors on follicular granulosa and theca cells where they stimulate the
production of ovarian steroid hormones (Hillier et al., 1981). Ovarian cycle can
be divided into follicular phase (days 1-14), and luteal phase (days 14-28) with
ovulation in between (on day 14) (Figure 3). During the early follicular phase
(days 1-5) low levels of E2 produced by theca cells have negative feedback over
FSH and LH by inhibiting GnRH secretion. Therefore, follicles start to compete
for the remaining levels of the FSH and follicle with the highest number of FSH
receptors on its granulosa cells becomes dominant. Hereafter granulosa cells of
the dominant follicle produce increasing levels of E2 and at the same time thecal
cells provide additional E2 from androgens. During pre-ovulatory period over
90% of the E2 comes from dominant follicle with the highest level on the day
before ovulation (Baird and Fraser, 1974). Subsequently granulosa cells of the
dominant follicle form LH receptors and become more LH responsive instead of
FSH (Filicori et al., 2002). At the same time high levels of E2 have positive
feedback to the hypothalamus and pituitary gland to trigger the surge of LH
necessary for final maturation, meiosis and ovulation of the oocyte (Baerwald et
al., 2012). Ovulation takes place usually within 24 hours of the LH surge
(Bomsel-Helmreich et al., 1979). After ovulation, the disrupted empty follicle
forms corpus luteum, which starts to secrete increasing amounts of P4 and lower
levels of E2. From that point onwards, the P4 becomes the dominant hormone
during the luteal phase lasting from day 14 to 28 (Figure 3). In case of embryo
implantation and pregnancy, the corpus luteum will continue to grow and will be
the main source of P4 during the first trimester of pregnancy. Later, it will
slowly regress and placenta takes over the role of its hormonal biosynthesis for
the maintenance of the pregnancy. Without embryo implantation corpus luteum
degenerates in 10-12 days after ovulation and new selection of follicles become
responsive to gonadotropins during the next ovarian cycle (Baerwald et al.,
2012).

2.2 Endometrium and menstrual cycle

The inner tissue lining of the uterus — the endometrium, plays fundamental role
in establishing, supporting and maintaining the pregnancy. This dynamic tissue
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undergoes approximately 400 rounds of regeneration, differentiation, and
degeneration during woman's reproductive years (Kyo et al., 2011).

The endometrial tissue is divided into two major compartments: basal
and functional layer. Basal layer is adjacent to the myometrium and generally
remains intact from cycle to cycle. Basal layer is the source of the putative
endometrial stem cells responsible for restoring the functional layer after
shedding (Maruyama et al., 2010). Functional layer consists of two types of
epithelium, luminal and glandular epithelium. Luminal epithelium is the upper
lining of the endometrial surface. During the endometrial development epithelial
cells invade to stromal compartments and form tubular glands across the tissue
to constitute glandular epithelium. Underneath epithelial cells is stromal
connective tissue that involves mesenchymal cells with fibroblastic appearance,
endothelial cells and leukocytes (Gellersen and Brosens, 2003). The monthly
development of functional endometrium is under the direct control of steroid
hormones, E2 and P4, going through proliferation, differentiation and tissue
shedding (Tabibzadeh, 1998). Aforementioned cyclic changes in human
endometrium are called menstrual cycle consisting of three phases: proliferative,
secretory and menstrual phase.

Proliferative phase (days 5-14) is characterized by active tissue
proliferation, anti-apoptotic processes, and stimulated angiogenesis where
ovarian E2 is the main key player (Ghosh et al., 1994; Smitz et al., 1993) (Figure
3). In addition, E2 is stimulating the expression of its own receptors (ERs) and
also PRs which is crucial for P4 action in secretory phase (Chauchereau et al.,
1992). After ovulation rising levels of P4 start to inhibit proliferative activity of
E2 and initiate changes in endometrial tissue specific to secretory phase.
Initiated changes in endometrium are important in preparing it for embryo
implantation. Second part of the menstrual cycle can be subdivided into early-,
mid-, and late secretory phase, with potential embryo implantation in the mid-
secretory phase (Lim et al., 2002; Martin et al., 2002) (Figure 3). Secretory
transformation of human endometrium involves changes in uterine glands,
reprogramming of stromal cells, vascular remodelling and influx of the uterine
natural killer (uNK) cells - the whole process known as decidualization (Dunn et
al., 2003; King, 2000). In humans decidualization process starts after ovulation
in response to P4 rise and unlike in rodents it is independent form blastocyst
signal (Gellersen et al., 2007). Molecular reprogramming of endometrial stromal
cells depends on the induction of P4 and cyclic adenosine monophosphate
(cAMP) signalling pathways (Gellersen et al., 2007). Upon decidualization
endometrial stromal cells enlarge and transform into cells with larger nuclei,
abundant cytoplasm with glycogen accumulation and lipid droplets and secrete
proteins of extra cellular matrix (ECM) but also various cytokines, growth
factors, and neuropeptides (Dimitriadis et al., 2005; Gellersen and Brosens,
2003).

In case of oocyte fertilization decidualization culminates with embryo
implantation during mid-luteal phase. Embryo implantation can happen in each
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menstrual cycle during very restricted period, between days 20-23, and this
period is called “Window of Implantation” (WOI) (Figure 3) (Giudice, 1999;
Harper, 1992). In the absence of embryo implantation declining levels of steroid
hormones cause degeneration of the endometrial tissue in menstrual phase (days
1-4) where P4 plays the key role in the decision of cell survival or death prior to
the menstruation (Brosens and Gellersen, 2006).

2.2.1 The molecular biomarkers of receptive endometrium

Sixty five years ago Noyes and colleagues described histological changes of the
endometrium throughout the menstrual cycle, where particular features of
endometrial histology were correlated to respective phases of the menstrual
cycle (Noyes, 1956). Since then Noyes criteria have been used as a “golden
standard” and main reference in endometrial evaluation. Later on the scanning
electron microscopy revealed the appearance of bulging structures from the
apical surface of luminal epithelial cells, termed pinopods, during the mid-
secretory phase (Nikas et al., 1995). Pinopode detection has also been used as a
morphological marker for endometrial receptivity as their appearance
corresponds with putative WOI although their exact role remains questionable
(Aghajanova et al., 2003; Quinn and Casper, 2009; Stavreus-Evers et al., 2001)
The evaluation of ERs and PRs has also suggested for assessment of
endometrial receptivity. Generally, E2 up-regulates the expression of both ERs
and PRs in human endometrium while P4 has a suppressive effect on both
receptor types (Lessey et al.,, 1988). Both ERs are expressed at high levels
during the proliferative phase, ERa more intensively compared to ERp. In
secretory phase ERa level continuously declines both in epithelial and stromal
compartments while ERJ expression remains in stroma also during secretory
phase (Critchley and Saunders, 2009; Mylonas et al., 2007). PRs are also highly
expressed in endometrial cells during proliferative phase but are reduced from
epithelium in secretory phase. Although the expression of PRA subtype remains
in the stoma during secretory phase and early pregnancy (Wang et al., 1998).
With the arrival of microarray and whole genome sequencing
technologies, the search for molecular biomarkers for receptive state
endometrium has continued and wide range of genes have been found
differentially expressed in human endometrium during the WOI (Altmae et al.,
2010; Carson et al., 2002; Diaz-Gimeno et al., 2011; Diaz-Gimeno et al., 2013;
Garrido-Gomez et al., 2013; Haouzi et al.,, 2009a; Haouzi et al., 2009b;
Horcajadas et al., 2004; Hu et al., 2014; Kao et al., 2002; Krikun et al., 2005;
Mirkin et al., 2005; Punyadeera et al., 2005; Riesewijk et al., 2003). Each new
study has identified potential biomarkers for receptive endometrium but the
number of common genes between publications has remained relatively low.
However, some common genes and pathways can be highlighted, such as
leukemia inhibitory factor (LIF) pathway molecules, which are involved in the
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maintenance of the receptive state of human endometrium as shown in numerous
studies (Aghajanova et al., 2009; Cullinan et al., 1996; Steck et al., 2004;
Stewart, 1994). Although, there were big expectations on the use of recombinant
human LIF (r-LIF) in ART, it did not improve implantation and pregnancy
outcomes in IVF procedures in women with unexplained implantation failure
(Brinsden et al., 2009). Differential expression of interleukins (IL-6 and IL-11)
has also been shown in human endometrium at the time of WOI (Cork et al.,
2001; Dimitriadis et al., 2010a; Dimitriadis et al., 2010b; Dimitriadis et al.,
2000). Two integrins, 04Ppl and avp3, have been raised to the status of
endometrial receptivity markers, and have been used in clinical practice to
evaluate the endometrial quality (Lessey, 1997; Lessey and Castelbaum, 2002;
Lessey et al., 2000). Growth factors and their respective receptors expressed
both in endometrium and on the surface of the embryo, have been shown to play
crucial role in implantation process (Kabir-Salmani et al., 2004). Over the past
research, the most attention has been given on factors like transforming growth
factor beta (TGF-f), epidermal growth factor (EGF), heparin binding epidermal
growth factor (HB-EGF), and insulin like growth factor (IGF) (Jones et al.,
2006; Lessey et al., 2002; Stavreus-Evers et al., 2002).

Based on the previous research, a molecular tool, endometrial receptivity
array (ERA) was developed helping to evaluate the transcriptomic signature for
human endometrial receptivity (Diaz-Gimeno et al 2011). ERA consists of 238
genes whose expressions have been shown to differ from pre-receptive to the
receptive stage of the endometrium in fertile women. This test is used clinically
and is believed to be more accurate method for evaluating the correct
developmental stage of human endometrium, rather than the histological
assessment (Diaz-Gimeno et al 2011). However, in a clinical perspective, it is
crucial to identify factors, which regulate the expression of genes in human
endometrium at the time of WOI. As the steroid hormones — E2 and P4 are the
main regulators of genome activity in endometrial tissue, the special attention
should be paid on analysing the effects of E2 and P4 on the expression of WOI-
specific genes.

3. Implantation from embryo side

Several events are indispensable for successful embryo implantation. Pre-
implantation development of embryo starts with successful fertilization of an
oocyte, which naturally takes place in Fallopian tube. Normally fertilized oocyte
(zygote) has two pronuclei at 17-18 h post-fertilization, originating from the
oocyte and sperm cell. During its transportation towards the uterus, the zygote
begins to divide. In normally developing human embryo, there are three cell
divisions finished, resulting in a 8-cell-stage embryo on day 3, when the
embryonic genome is activated (Niakan et al., 2012). By day 4 there are usually
8-16 blastomeres, which start to adhere to each other and form a morula. From
that stage onward, the embryonic cells begin to differentiate and form a
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blastocyst by accumulating the fluid between the blastomeres and forming a
fluid-filled cavity — the blastocoel. By day 5 or 6 blastocyst arrives to the uterus.
The developed blastocyst has two cell types, an inner cell mass (ICM) and a
surrounding cell layer, referred as trophectoderm. ICM comprises pluripotent
cells that are able to give rise to all cells of the foetus. The trophectoderm,
surrounding the blastocoel, forms upon implantation the extra-embryonic cells
and tissues, like placental cytotrophoblasts, syncytiotrophoblasts, and
extravillous trophoblasts (Niakan et al., 2012). Before the embryo can attach to
endometrium, it needs to be hatched from the surrounding glycoprotein layer
called zona pellucida (Figure 4). It has been observed that increased zona
thickness could hinder embryo hatching and has been associated with lower
implantation rates (Cohen et al., 1989).

Implantation of human embryo starts 6-9 days after ovulation.
Implantation starts with the apposition of the embryo onto the endometrial
surface, while blastocyst anchors itself into mucus, rolls on the epithelial lining
and orientates its [CM toward decidua. In initiating the first connection between
blastocyst and endometrium the roles of mucins and pinopods seem to be
important. Thereafter stronger attachment and adhesion of the blastocyst begins
with reciprocal signalling and communication between trophectoderm and
receptive endometrium where different integrins, cadherins from both sides and
endometrial prostaglandins are involved. Next, the blastocyst penetrates through
the endometrial lining and enters into the stromal compartment. Blastocyst
invasion to endometrial tissue requires degradation of the components of ECM
(like cadherins, laminins and collagens) by serine endopeptidases and
metalloproteinases (Aplin and Kimber, 2004; Bentin-Ley and Lopata, 2000).

“ - \ ﬁ;.; i
—— AT
£ - 7 Y
’/'/ X _— ;k‘ ;
L ’k_r"‘\‘.
i 4 23
)

A -’ e %

Figure 4. Stages of human pre-implantation embryo development from day 1 (D 1) to
day 6 (D 6), following fertilization. Two pronuclei can be visualised after 17-18h post-
fertilization on D 1. By day 2 (D 2), two cell divisions have taken place forming a 4-cell
embryo. On day 3 (D 3), an 8-cell embryo can be seen. On day 4 (D 4), blastomeres fuse
together, in a process called compaction, and result in morula. The blastocyst, which has
formed by day 5 (D 5), consists of an inner cell mass and trophectoderm. On day 6 (D
6), the blastocyst ‘hatches’ from the zona pellucida and is then ready to implant into
endometrium. Phase-contrast images of human embryos from Nova Vita Clinic.
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Generally there is a correlation between good embryo quality and successful
implantation. However, previous studies have shown that 30-60% of human pre-
implantation embryos may carry chromosomal abnormalities, which may even
exist in embryos with apparently good morphological quality (Alfarawati et al.,
2011; Bahce et al., 1999; Sandalinas et al., 2001). Genetically aberrant embryos
do not usually implant or the pregnancy is aborted in a very early stage.
Chromosomal abnormalities in early cleavage-stage embryos are usually caused
by the meiotic defects in oocytes or alternatively derived from the mitotic errors
in embryos, leading to full chromosomal aneuploidies and sub-chromosomal
gains and losses, respectively (Vanneste et al., 2009). The increased maternal
age is one the strongest factors predisposing to the meiotic chromosomal errors,
and aneuploidies in oocytes and preimplantation embryos (Balasch and
Gratacos, 2012). Furthermore, the chromosomal aberrations could also be
inherited, as for example, increased frequency of female chromosomal
abnormalities, such as translocations, mosaicism, inversions, deletions, and
chromosomal breakages, has been observed in young women with several
implantation failures (Raziel et al., 2002; Tarlatzis et al., 2000).

4. Infertility and ART

Infertility is defined as the failure to achieve a clinical pregnancy after at least 12
months of regular unprotected sexual intercourse (Zegers-Hochschild et al.,
2009). As infertility is a very personal and delicate matter it is difficult to
estimate how many couples exactly suffer from this problem, but it has been
estimated to affect between 8 and 12% of reproductive-aged couples worldwide
(Ombelet et al., 2008). Approximately 20-30% of couple's infertility cases are
explained by male problems, 20-35% by female problems, and 25-40% of
infertility cases are caused by the problems in both partners. In 10-20% of the
cases, the cause of infertility remains unexplained (ESHRE “Art fact sheet”
2014). Numerous factors from both female and male side have been associated
with the couples’ infertility, including ovulation defects, spermatogenic failure,
parental age, endometrial dysfunction, obesity, and infections, in addition to
specific genetic problems (Venkatesh et al., 2014).

The first report of establishing full-term pregnancy using in vitro
fertilization (IVF), embryo culture and transfer happened in 1978 and is still the
most striking and inspiring landmark in development of assisted reproductive
technologies (ART) (Steptoe and Edwards, 1978). Today the estimated number
of IVF children born worldwide has already crossed five million (Ferraretti et
al., 2013). According to Estonian Birth Register 355 children were born as a
result of IVF on 2014, which makes 2.6 % of all births (Report of National
Institute for Health Development 2015). ART typically involves controlled
ovarian stimulation to obtain multiple oocytes, which are fertilized in laboratory
conditions (Griesinger et al., 2005). In a classical IVF procedure, oocytes and
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sperm cells are co-incubated together in a culture dish. In case of severe male
infertility, intracytoplasmic sperm injection (ICSI) is applied, where a single
spermatozoon is injected into the oocyte cytoplasm using micromanipulation
(Palermo et al., 1992). After successful fertilization human embryos are
monitored under the microscope and embryos are cultured for the following 2-6
days in laboratory conditions. Embryo(s) with the best morphological quality
and correct developmental stage is (are) selected for transfer to the uterus.

The general success rate of IVF procedures has stayed around 30% for
almost four decades (Voullaire et al., 2002). Cumulative pregnancy rate after six
consecutive IVF cycles remain below 75%, leaving a substantial proportion of
couples childless even despite of numerous IVF cycles (Alsalili et al., 1995).
One of the last barriers for ART success, seems to be the implantation process,
as apparently good quality embryos are not always implanted (Edwards, 2006).
Embryo implantation is a complex process, which depends on the quality of the
embryo and the receptivity of the endometrium. In addition, both processes need
to be synchronized and happen in certain limited time period. It is therefore
estimated that inadequate uterine receptivity is the cause for almost 2/3 of
implantation failures, whereas the embryo itself is responsible for only 1/3 of
failures (Ledee-Bataille et al., 2002).

4.1 Recurrent implantation failure

In every IVF clinic there is a certain group of women who repeatedly fail to
achieve pregnancy in spite of the good quality embryos transferred. In many
cases the reason why embryo(s) do not implant remains unexplained. Failure to
conceive after repeated attempts of IVF treatment is often referred as recurrent
implantation failure (RIF), also classified as unexplained or idiopathic infertility.
Most commonly it means that there have been 2-6 unsuccessful IVF attempts per
couple with good quality embryos (Polanski et al., 2014; Tan et al., 2005).
Usually women with RIF are otherwise healthy with good ovarian reserve,
patent Fallopian tubes, and normal serum hormonal levels (Polanski et al.,
2014).

In addition to possible aforementioned embryonic defects, like
chromosomal aberrations, various uterine pathologies can also cause RIF, such
as thin endometrium, altered steroid hormone balance, changed expression of
adhesive molecules and immunological factors in endometrium (Margalioth et
al., 2006). Compelling evidence confirms that the endometrial receptivity is
altered among the patients with RIF (Aghajanova et al., 2008; Ledee et al.,
2011).

Several methods have been proposed to overcome RIF (Margalioth et
al., 2006). For instance, treatment of intrauterine pathologies found in
hysteroscopic evaluation, which potentially may lead to improved pregnancy
outcome (Demirol and Gurgan, 2004; Donnez and Jadoul, 2002). Medications,
like low-dose aspirin and vaginal sildenafil, seem to improve the uterine blood
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flow, which may boost the endometrial development at least in some cases (Sher
and Fisch, 2002; Weckstein et al., 1997). Furthermore, vaginal administration of
micronized E2, or antifibrotic treatment with pentoxifylline and high-dose
vitamin E, have shown positive effect in certain cases (Ledee-Bataille et al.,
2002; Tourgeman et al., 2001). Interestingly, it has been speculated that
endometrial scratching may cause a pseudo-decidual reaction that enhances
implantation rate (Barash et al., 2003; Friedler et al., 1993), which still is a
debated subject. Other studies have shown that there is no difference in outcome
after induced endometrial injury, and suggest to avoid this procedure because of
the other risks associated (Dain et al., 2014; Yeung et al., 2014). Because of the
obvious involvement of the immunological factors in implantation,
immunotherapy with intravenous immunoglobulins (IVIG) has also been applied
in cases of repeated IVF failure (Coulam et al., 2006; Elram et al., 2005). Still,
the usage of these proposed methods are controversial and the exact
effectiveness lacks proper evidence. Therefore, the understanding the steroid-
hormone responsive gene expression in endometrium would help to devise the
novel treatments to overcome the implantation failure in ART.

4.2 Endometrial development in IVF

In contemporary IVF treatment, hormone-based drugs are used to stimulate
ovaries during the follicular phase, including clomiphene citrate, urinary and
recombinant gonadotrophins (LH and FSH), and GnRH agonists and antagonists
(Edwards, 2005b). The purpose of stimulation is to produce multiple follicles to
grow simultaneously, which means that many more oocytes can be retrieved,
leading to increased number of embryos available for transfer. Protocols using
GnRH agonists temporarily down-regulate the patient’s own pituitary activity by
supressing the GnRH receptors, while exogenously administered FSH is used to
induce the folliculogenesis and the production of ovarian steroid hormones.
Alternatively, the ovarian stimulation with FSH might be accompanied with the
use of GnRH antagonists, which compete with the endogenous GnRHs at their
pituitary binding sites and prevent the natural LH surge. The ovulation is
triggered by administration of chorionic gonadotropins (hCG) in both GnRH
agonists and antagonists schemes. Although there is evidence that GnRH
antagonists decrease the FSH dose required for ovarian stimulation, they may
also slightly lower the number of eggs retrieved and embryos obtained in one
IVF cycle (Edwards, 2005b).

The general aim to increase the number of oocytes and embryos in IVF
has neglected the detrimental influence of supraphysiological levels of ovarian
steroid hormones on the endometrium (Simon, 2008). There is growing body of
evidence that endometrial function in stimulated IVF cycles is adversely affected
by high levels of E2, and premature secretion of P4 results in dysregulation of
the endometrial receptivity (Devroey et al., 2004; Papanikolaou et al., 2005).
The application of ovarian stimulating drugs often results in shorter secretory
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phase of the endometrium, which is therefore no longer synchronized with
embryo development for successful implantation (Lass et al., 1998). Ovarian
stimulation may alter the intrauterine milieu of cytokines, chemokines, and
growth factors as detected from endometrial secretions aspirated before embryo
transfer (Boomsma et al., 2010). The formation of pinopodes has also been
shifted to day 17 or 18, when compared to day 20 in a natural cycle (Stavreus-
Evers et al., 2001). Elevated concentrations of E2 and subtle increase in P4 in
the late follicular/proliferative phase during IVF may also lead to modulated
steroid hormone receptor profiles in endometrium (Papanikolaou et al., 2005).
While histological study has proven down-regulation of ERs, PRs and pinopodes
in stimulated cycles compared to natural cycles (Develioglu et al., 1999). Indeed,
reduced production of serum E2 is related to better pregnancy rates, which
explains the fact that there are better IVF results recorded for donor oocyte
recipients who have only received P4 support prior to embryo transfer (Check et
al., 1995). There are several approaches developed to restore the length of luteal
phase by stimulating corpus luteum with hCG, or by supplementing the luteal
phase with steroids, such as E2 and P4 (Smitz et al., 1992). Milder stimulation
protocols with lowed drug doses have also been developed for IVF treatments,
which are believed to improve the pregnancy results (Nargund and Frydman,
2007; Pennings and Ombelet, 2007; Ubaldi et al., 2007).

4.2.1 Endometrial preparation for frozen embryo transfer

IVF procedure often results excess number of good quality embryos, which can
be used in following months/years for frozen embryo transfers (FETs). Hence
cryopreservation is extensively practiced as a safer and cost-effective method to
store the embryos for future use and to increase the cumulative pregnancy rate
per single IVF cycle. Freezing option also gives more flexibility in
oocyte/embryo donation programs (Glujovsky et al., 2010). Furthermore, due to
advances in embryo freezing and thawing methods, many IVF clinics are
working towards single embryo transfer to ecliminate the risk of multiple
pregnancies. Clinical pregnancy rates after FET have become comparable to
fresh embryo(s) transfers and are in some countries over 30% (Ferraretti et al.,
2012; Ferraretti et al., 2013). Another major beneficial aspect of FETSs is that
endometrium is no longer affected by the high doses of drugs used for oocyte
stimulation, as compared to the conditions in fresh embryo transfer (Glujovsky
etal., 2010).

In general, FET protocols are simpler compared to whole IVF treatment
and are needed only to prepare the endometrium to receive the thawed
embryo(s). The crucial aspect in FET is the timing because the development of
an embryo and endometrium needs to be synchronized. Protocols used in FET
include natural cycle (NC), artificial cycle (AC), and exogenously regulated
cycle with GnRH agonists (Hill et al., 2010). In NC-FET the preparation of the
endometrium is achieved by endogenous sex steroids produced by a developing

29



follicle and the timing of embryo transfer is determined by detecting the
spontaneous LH surge. Therefore, in NC-FET, LH levels need to be regularly
monitored in either blood or urine. To overcome the daily LH monitoring, hCG
is often used to trigger the ovulation. In this case the term ‘modified NC-FET’ is
used. In both natural and modified NC cycles, thawing and transferring of the
embryo(s) should be performed 3-5 days after ovulation depending on the stage
of the embryo at freezing (Nawroth and Ludwig, 2005; Paulson, 2011).

In AC-FET cycle, E2 and P4 based drugs are administered to mimic the
endocrine exposure of the endometrium in the normal menstrual cycle. Initially,
E2 is given in order to cause proliferation of the endometrial cells, while
suppressing the development of the dominant follicle. This is continued until the
endometrium is attained the 7-9 mm thickness, when P4 administration is started
to initiate the secretory changes in the endometrium (El-Toukhy et al., 2008).
The timing of embryo thawing and transfer is planned according to the start of
the progesterone supplementation. Sometimes the administration of E2 and P4
does not guarantee the complete pituitary suppression, and a dominant follicle
may still be selected. If the follicle undergoes spontaneous luteinization then the
endometrium may be exposed to premature P4, which may result in incorrect
timing of thawing and transferring of the embryo. For that reason co-treatment
with GnRH agonists may be used to down-regulate the pituitary gland and to
prevent the follicular growth, referred as AC-FET with GnRH-FET. Both of
these AC-FET approaches require medications, and are therefore Iless
‘physiological’. To the contrary these cycles are easier to plan, when compared
to NCs, which makes them a popular choice among many clinicians. However,
how the genes are regulated in endometrial tissue in NC- and AC-FET cycles
has remained largely unknown.
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AIMS OF THE STUDY

The general aim of this thesis was to evaluate how ovarian steroid hormones —
E2 and P4 regulate gene expression in human endometrium and endometrial cell
lines. More precise purpose of this study was to identify the hormone responsive
genes and their hormone response elements (HREs), which play crucial role in
receptive endometrium in embryo implantation, and whose dysregulation could
be the reason for implantation failure. In addition, we focussed on identifying E2
and P4 responsive genes, which are essential in preparing the endometrium for
frozen embryo transfers, as potential diagnostic biomarkers.

The specific aims of the current thesis were:

1.

To investigate whether the pre-selected ‘endometrial receptivity’ genes
from the public databases are directly regulated by E2 and P4 via
respective receptors in human endometrial epithelial cell lines HEC1A
and RL95-2.

To reveal the E2 and P4 dependent transcriptome in Ishikawa
endometrial epithelial cell line.

To compare E2- and P4-dependent genes in Ishikawa cell line with those
in endometrial biopsies collected during the receptive mid-secretory
phase from women with recurrent implantation failure.

To evaluate the agonistic and antagonistic activities of steroid receptor
modulators, TAM and RU486, on the whole transcriptome of Ishikawa
cells and the involvement of target-genes in reproductive diseases.

To compare the endometrial gene expression profile in women with
recurrent implantation failure with that from fertile women in natural
cycle and in artificial cycle with E2 and P4 supplementation, commonly
used to prepare the endometrium for frozen embryo transfers.

To perform functional analysis of E2 and P4 responsive genes and their
HREs involved in natural menstrual cycle and in artificially prepared

endometrium for frozen embryo transfers

To compare the in vitro data obtained from endometrial cell lines with
results retrieved from endometrial tissue samples.
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MATERIALS AND METHODS

Following methods were used during the study:

In vitro cell cultures of human endometrial cell lines: HEC1A, RL95-2, and
Ishikawa cell lines (publications I and II);

Handling of human endometrial biopsy samples (publications II and I1I);
Steroid hormone and their analogue treatments of cell cultures (publications I
and I1);

Western blot for ERs and PRs in HEC1A and RL95-2 (unpublished data);
Chromatin isolation and immunoprecipitation with antibodies specific to ERs
and PRs (ChIP) (publication I);

ChIP followed by RT-qPCR (publication I);

RNA isolation, cDNA synthesis and RT-PCR (publications I and II);
Quantitative real-time (qQRT)-PCR (publication I);

Sample and library preparation for multiplex RNA-sequencing (publication
1D);

High-throughput sequencing data analysis using Bowtie, TopHat, Cufflinks,
and MACS (publication II);

Total RNA isolation and microarray hybridisation (publication III);

Array data analyses (publication III);

In silico analysis to predict EREs and PREs in promoter regions of hormone
responsive genes, using eukaryotic transcription factor binding site database -
TRANFAC (publication III);

Ingenuity Pathway Analysis (IPA) and other functional analysis programs to
evaluate the functionality of the identified hormone responsive genes
(publications II and III).
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RESULTS AND DISCUSSION

5. E2 and P4 dependent nuclear receptor binding on target genes in
HECI1A and RL95-2 cells (publication I)

In order to achieve consistent and reproducible experimental data related to the
action of E2 and P4 on genome activity in embryo implantation, the human
endometrial cell lines were used in initial experiments. The use of cell lines
helped us to avoid the use of in vivo endometrial biopsy samples, which might
show substantial inter-individual variations. The inconsistency of results can be
due to differences in biopsy collection day, age, general health, the genetic
variations and other possible diseases of the patient or medications used.

HECI1A and RL95-2 cell lines are both known as endometrial epithelial
cell lines. RL95-2 is derived from a moderately differentiated endometrial
adenosquamous carcinoma tissue (John et al., 1993; Kuramoto et al., 1972; Way
et al.,, 1983), and HEC1A is obtained from human endometrial carcinoma
(Harduf et al., 2007; Thie et al., 1995). In addition, HEC1A and RL95-2 cell
lines have been described as models of the non-receptive and receptive
endometrium, respectively, according to their adhesiveness to JAR trophoblast
spheroids. Thus, they have been suggested to be used experimentally as in vitro
implantation models (Rohde and Carson, 1993).

Our interest was to investigate whether RL95-2 and HEC1A cells act as
models of receptive and non-receptive endometrium by analysing their
responsiveness to E2 and P4 treatments. The purpose of the study was to test
whether the pre-selected ‘endometrial receptivity genes’ (n=382) (Carson et al.,
2002; Kao et al., 2002; Krikun et al., 2005; Mirkin et al., 2005; Punyadeera et
al., 2005) were directly regulated by E2 and/or P4 by testing the binding ability
of ERs and PRs to the promoter regions of selected ‘endometrial receptivity’
genes. After short steroid treatment with E2 and P4 (45 min), chromatin of the
cells was fixed and precipitated with antibodies specific for ERs and PRs.
Promoter regions of ‘endometrial receptivity genes’ were analysed with RT-
gPCR using specific primers designed for genomic regions in front of the pre-
selected genes.

As a main outcome of the first study, we demonstrated that E2 and P4
regulate a distinct group of genes engaged in endometrial receptivity in HECI1A
and RL95-2 cells. HEC1A cell line was more responsive to E2 treatment as
promoters of 137 genes (35.9 % of studied genes) were bound to ERs compared
to 35 ER targets (9.2 %) identified in RL95-2. The prevalence of ER targets was
significantly higher in HEC1A cells compared to RL95-2 cells (p-value less than
107'%). In contrast, P4 treatment resulted in significantly higher number of 83 PR
targets (21.7 %) in RL95-2 cells and only 7 target genes (1.8 %) in HEC1A cells
(p-value less than 107') (Figure 5).
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A. HEC1A cell line B. RL95-2 cell line
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Figure 5. The distinct target genes for ERs and PRs in HEC1A and RL95-2 cells. Target
genes revealed from ChIP-qPCR experiments were clustered with Cluster 3.0 program
and visualized using Java TreeView software. A. HEC1A cell line. E2+ERa: 101 ERa
target genes after E2 treatment; E2+ERP: 96 ER[ target genes after E2 treatment;
P4+PRAB: 7 PRAB target genes after P4 treatment; and P4+PRB: 2 PRB target genes
after P4 treatment. B. RL95-2 cell line. E2+ERa: 17 ERa target genes after E2
treatment; E2+ERp: 24 ERP target genes after E2 treatment; P4A+PRAB: 52 PRAB target
genes after P4 treatment; and P4+PRB: 40 PRB target genes after P4 treatment (Figure
from publication I).

These results corroborated the view about the cell line specific genomic
actions of steroid hormones in human endometrium. In addition, mRNA
expression of selected 20 genes showed that steroid hormones have different and
often opposite effect on gene expression level in studies cell lines (Tamm et al.,
2009). In summary, the first publication supported the opinion of HEC1A as a
better model of the non-receptive endometrium where E2 exerts its primary role
in cellular and tissue proliferation. On the contrary, RL95-2 cell line acts as a
model of receptive endometrium where P4 dominantly controls the expression of
target genes in secretory phase of the endometrium.

34



6. Global changes of transcriptome of the Ishikawa cells in response
to steroid hormones and their receptor modulators (publication II)

The aim of the second publication was to identify the E2 and P4 dependent
transcriptome in endometrial epithelial Ishikawa cell line. Ishikawa cells are
derived from a well-differentiated adenocarcinoma of the human endometrial
epithelium that expresses functional steroid hormone receptors for E2 and P4,
and is probably the best available model for studying the response of the
endometrial epithelium to E2 and P4 (Croxtall et al., 1990; Lessey et al., 1996a;
Nishida et al., 1985).

In order to study E2 and P4 action in endometrium, high-throughput
RNA-sequencing (RNA-Seq) was applied to reveal hormone responsive mRNA
changes of the entire transcriptome. In addition, genome-wide effects of
selective steroid hormone receptor modulators, TAM and RU486, were studied
in order to evaluate their agonistic or antagonistic activities in an endometrial
context. RNA-Seq allows analysing complete set of transcripts in an untreated
sample and in specific conditions, such as, following the response to hormonal
stimuli.

In sequencing, the resulting reads (FPKMs - Fragments Per Kilobase of
transcript per Million mapped reads) aligned to a reference human genome show
us a snapshot of molecular responses following E2 and P4 treatments in
Ishikawa cells. Altogether, more than 16,000 known genes were expressed in
response to female steroid hormones and respective antagonists — tamoxifen as
ER modulator and RU486 as PR modulator. Over 2,500 genes showed
significant changes in their expression levels in response to steroid hormones or
after the treatment with respective nuclear receptor modulators in Ishikawa cells.

The transcriptome data of Ishikawa cells revealed 59 genes with
remarkably high expression (FPKM values of >1,000 after hormone/modulator
treatments), including known housekeeping genes, but also genes, which have
not been mentioned in endometrial context before, including:

v' E2 and P4 responsive genes: PSAP, ATP5G2, ATP5H, GNB2LI and
FTL;

v' TAM responsive genes: SI10042, S10046, HSP90AAI, HSPAS, PKM?2
and FTL.

Glycoprotein prosaposin coding gene PSAP is known to be up-regulated
in the endometrium during GnRH antagonist-treated cycles and also contains
predicted ERE site in its promoter region (Mirkin et al., 2004; Zhang et al.,
2010). The presence of PSAP in the endometrial epithelial cells can be involved
in glycosphingolipid metabolism or transport in the uterine environment, which
appears to be steroid hormone dependent (Spencer et al., 1995). Other genes
with elevated mRNA expression in response to E2 and P4 included ATP
synthase subunits ATP5G2, ATP5H, and cell proliferation-inducing gene,
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GNB2LI. The expression of aforementioned genes has not described in
endometrium before.

Moreover, numerous genes exhibited high expression level in response
to TAM treatment. For example, genes encoding the S100 calcium binding
proteins A2 (S10042) and A6 (S100A46), heat shock protein 90 kDa alpha
(HSP90AATI), and heat shock protein family A member 8 HSPAS, as well as
pyruvate kinase in muscle (PKM2). Among aforementioned TAM-responsive
genes only S/0042 has been previously related to TAM treatment, albeit in
breast cancer tissue (Golouh et al., 2008).

6.1. Significant gene expression changes in the Ishikawa cell line
after E2 and P4 treatments (publication II)

Genome-wide analysis of Ishikawa transcriptome revealed significant change in
the expression of 1,691 and 1,692 genes following E2 and P4 treatments,
respectively. These included 1,061 genes common to both groups, likely
regulated by both hormones. According to IPA classification 82 biomarkers for
E2 and 93 biomarkers for P4 were emphasized among hormone responsive
genes previously mentioned in the context of female reproductive
endocrinology. For instance, potential biomarkers among E2 and P4 responsive
genes included:

v' E2 responsive genes related to the endometrium and embryo
implantation: MUCI, HMGCR, MDK, PRDM2, PXN and SLIT2;

v’ E2 and P4 regulated genes linked to endometrial receptivity or
endometriosis: ARG2, ANXAI, AR, BMPR2, CDKNIC, CXCL16, EGFR,
FGFRI, HMGAIL, IGFR2, ILIRI, JAGI, MCAM, NCOA3, NOTCHI,
PDCD4, PGR, RACGAPI, TMSBI10 and TNC;

v' P4 responsive genes common to endometrium or early pregnancy:
CTNNAI, ERBB3, FGFR2, IGFBP5, IKBKB, IL6ST, KCNMAI,
NOTCHS3, S10044, STAT3, TCF7L2, TGFBI and TGFBR3.

The first physical interaction between developing blastocyst and maternal
endometrium depends on the expression of specific cell adhesion receptors and
ECM-ligands from both endometrial and embryonal origin (Aplin, 2006).
Epithelial cells of the endometrium are the first to form contact with embryo,
and they initiate molecular communication between endometrium and
implanting embryo. Among E2 and P4 responsive biomarkers, various ligands
and components of ECM were present, including MUCI1, JAG1, IGFBPS, and
MCAM.

Glycoproteins mucins have been broadly studied in context of human
endometrium (Aplin et al., 1994; DeLloia et al., 1998; Lurie et al., 1988).
However, data regarding mucin 1 (MUCI1) and its role in human endometrium is
inconsistent. Some studies report an increase in its expression during the
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receptive phase (Acosta et al., 2000; Aplin et al., 1998), while others have
shown its decrease from pinopodes at the time of embryo implantation (Horne et
al., 2005; Horne et al., 2002). Controversial expression of MUCI1 during the
luteal phase can be explained by its disappearance only at the site of embryo
implantation. More recent study has found that there is no significant change in
MUCI and other family member MUCI16 mRNA expression during different
stages of cycling endometrium in relation to the epithelial marker, cytokeratin-
18 (KRT18) (Dharmaraj et al., 2014). Thus, the apparent rise in MUC1 and
MUCI16 reported previously probably coincides with increased epithelial content
of the endometrium during the secretory phase (Dharmaraj et al., 2014). In our
study with Ishikawa cells, mRNA level of MUCI increased significantly after
E2 treatment and epithelial marker KR7T18 was also induced by E2, albeit not
significantly. MUCI expression has previously shown to be up-regulated by P4
treatment in HEC1A cells in result for longer hormonal treatment (48h) (Horne
et al 2006). The different effects of the steroid hormones of the MUCI
expression can be explained with shorter treatment time and applying RNA-Seq
in publication II.

The mRNA expression of cell surface protein jagged 1 (JAG1) and its
known receptor notch 1 were both affected by steroid hormones in Ishikawa
cells. E2 significantly supressed the expression of both JAGI and NOTCHI,
while P4 significantly down-regulated only NOTCH 1. Notch signalling pathway
is known to be activated in many developmental processes including cell-to-cell
communication and tissue differentiation. The expression of NOTCH]I and 4 and
ligands JAGI and Delta-like ligand 4 (DLL4) has previously been detected in
human endometrium epithelia and stroma (Mikhailik et al., 2009). Moreover, in
epithelial cells show significantly higher expression of J4GI compared to
stromal cells (Mikhailik et al., 2009). In the current study we demonstrated that
both the NOTCHI and JAGI genes are down-regulated by steroid hormones in
Ishikawa cells.

Insulin-like growth factor binding protein-5 (/GFBP5) was down-
regulated by P4 in Ishikawa cells. This was in concordance with earlier reports
showing that IGFBP5 gene expression is supressed by P4 during natural
menstrual cycle (Giudice et al., 1991; Zhou et al., 1994) and inhibited in
endometrial stromal cells when decidualization process was induced by cAMP
(Tierney et al., 2003). IGFBPs are involved in various cellular processes, like
cellular growth regulation and induction of apoptosis in endometrial cells where
they participate in interactions between stromal and glandular compartments and
in communication between embryo and receptive endometrium (Mohan and
Baylink, 2002; White et al., 2005). Significant decrease in /GFBP-5 mRNA
expression level has also been previously noted in Ishikawa cells after E2 and P4
treatment followed by GnRH analogue leuprolide acetate (Zhang et al., 2010).
Opposite effect on /GFBP-5 expression has been seen when using GnRH
antagonists during controlled ovarian stimulation where it was up-regulated in
human endometrium (Macklon et al., 2008; Mirkin et al., 2004). This means that
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controversial expression of /GFBP-5 following GnRH agonist and antagonist
treatments deserves further attention.

The spatiotemporal expression of growth factors and their respective
receptors has also gained broad attention in implantation studies (Guzeloglu-
Kayisli et al., 2009; Whitman and Melton, 1989). In second sub-study numerous
growth factor receptors were present among steroid responsive genes identified
in Ishikawa cells, like EGFR, ERBB3, FGFRI, FGFR2, ILIRI, TGFBR and
BMPR?2.

Epidermal growth factor (EGF) family members have been the focus of
reproductive biology studies for a long time (Tamada et al., 1991). Three
members of the ERBB family receptor tyrosine kinases, EGFR, ERBB3, and
ERBB4, had E2 and P4 responsive expression patterns in Ishikawa cells. In this
context, FGFR was significantly supressed by both hormones, while ERBB3 was
down-regulated only by P4. To the contrary, ERBB4 was up-regulated by both
E2 and P4 in Ishikawa cells. The role of EGF family members has been
demonstrated in mice where ablation of Erbb3 gene leads to the reduction in
litter size. Egfr seems to be more critical regulator of endometrial
decidualization while its deletion leads to subfertility in mice and its suppression
in human endometrial stromal cells causes reduction of decidual markers,
IGFBPI and PRL (Large et al., 2014).

Transforming growth factor beta (TGFp) family of cytokines participate
in cell proliferation, differentiation, and ECM turnover. They are considered to
be major regulators of endometrial differentiation in preparation for implantation
and pregnancy (Jones et al., 2006). From TGFp family receptors, TGFBR3 was
up-regulated by both hormones but significantly only by P4 in Ishikawa cells.
The encoded receptor is a membrane proteoglycan that often functions as a co-
receptor with other TGF- receptor superfamily members. TGFp type 1 and II
receptors are expressed by endometrial cells, and thus TGFBR3 may also be
important for enhancing TGFp signalling and action in the endometrium (Jones
et al., 2002; Schilling and Yeh, 2000). Similarly, the expression of TGFf1 was
induced by both E2 and P4 treatments, but only P4 up-regulated it significantly
in Ishikawa cells. TGFp has previously been localized both in stromal and
epithelial endometrial cells (Godkin and Dore, 1998; Gold et al., 1994).

Three genes coding for members of fibroblast growth factor receptor
(FGFR) family, FGFRI-3, showed significant hormone responsive action in
Ishikawa cells, where FGFRI was induced by both E2 and P4, but FGFR2 was
down-regulated by P4 and FGFR3 induced by E2. Based on published data,
FGFRI is down-regulated when proliferative versus mid-secretory phase
endometrium is compared (Borthwick et al., 2003; Carson et al., 2002; Kao et
al., 2002; Talbi et al., 2006). Different FGFRI expression pattern in Ishikawa
cells compared to previous data is most likely related to the cancer origin of the
Ishikawa cells. Furthermore, the expression of FGFRI was also significantly
induced by TAM, representing its agonistic activity in endometrial cells. In
contrast, the expression of FGFR2 was significantly decreased after P4 treatment
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of Ishikawa cells. FGFR2 seems to play a crucial role in the structure of luminal
epithelium as conditional knockout of Fgfi2 in mice leads to aberrant
development of luminal endometrial epithelium (Filant et al., 2014). Therefore,
our studies contributed to the understanding how FGF receptors are regulated in
endometrial epithelial cells in response to steroid hormones.

One of the earliest signals from embryo during implantation, along with
the secretion of human chorionic gonadotropin (hCGQG), is secretion of interleukin
(IL) 1, which appears to induce molecular signals in endometrium needed for
embryo implantation (Krussel et al., 2003). In response to embryonic IL1 the
endometrial cells up-regulate the expression of its receptor /L/RI (Bellehumeur
et al., 2009; Krussel et al., 2003). In second sub-study /L/R1 was significantly
induced by both E2 and P4 in Ishikawa cells indicating also its hormone-
dependent expression pattern, which is supposed to help the embryo-induced
mechanisms in elevating the IL1R1 expression.

Gene coding for bone morphogenetic protein receptor type 2 (BMPR2)
showed significant down-regulation by both E2 and P4 hormones. Important role
of Bmbr2 in implantation process has been shown in mice where conditional
deletion of Bmpr?2 in the uterus resulted in abnormalities in decidualization that
lead to abnormal vascular development, trophoblast defects, and a deficiency of
uterine natural killer cells (Nagashima et al., 2013). Thus, our studies
corroborate the importance of steroid hormones in regulation of the BMPR2
gene.

6.2 Comparison of E2- and P4-dependent genes in Ishikawa cell line
with those expressed in endometrial biopsies from women with
recurrent implantation failure (publication II)

According to RNA-Seq data, 1,671 (98.8%) of E2-responsive genes, and 1,668
(98.6%) of P4-responsive genes, identified in the Ishikawa cell line were also
detected in two human endometrial biopsy samples obtained from women with
RIF during the mid-secretory phase. Even though the tissue samples in the
second sub-study were only used for comparative purposes, the expression of
nearly all in vitro identified E2- and P4-responsive genes in human endometrium
give us an idea that the majority of E2- and P4-responsive genes found in
Ishikawa cells are indeed also present in endometrial tissue. Moreover, the fact,
that the majority of the E2- and P4-responsive genes have not been mentioned in
endometrial context before, refers to the importance of steroid hormones in
functioning of the endometrial tissue, but also points to the need for further
extensive studies. Some of the biomarkers affected by steroid hormones both in
Ishikawa cells and endometrial tissue are as follow (Figure 6):

v E2 biomarkers: MUCI, DLGAPI, APOE, HMGCR, MDK, EZH?2,
SLIT2, and RARB;
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v" P4 biomarkers: ELN, TGFBR3, BMBRIB, IL6ST, BRCAl, DEPDC]I,
and TOP2A.

Among these genes, for instance, mRNA of APOE was up-regulated by both
E2 and P4, albeit significantly only by E2 in Ishikawa cells. The expression of
APOE has been detected before in epithelial and stromal compartments of
secretory phase endometrium, where its expression was not altered by P4
(Germeyer et al., 2013). Further studies are needed to clarify the exact role of
APOE and the effects of steroid hormones on its gene expression in endometrial
tissue.

IL6 signal transducer (IL6ST also known as GP130) is known as a
common receptor for all IL-6 family members and acts as a co-receptor for LIF
(de Ruijter-Villani et al., 2015). In second sub-study the expression of IL6ST
was significantly induced by P4 in Ishikawa cells indicating its possible role in
human endometrium during secretory phase, and supporting the strong existing
evidence about the importance of LIF-pathway in endometrial receptivity.

The expression of retinoic acid receptor (RAR) beta acts as tumour
suppressor by inhibiting cell proliferation and angiogenesis, and inducing cell
differentiation and apoptosis. This is why RARB is often described to be silenced
in epithelial carcinogenesis (Morriss-Kay, 1992). In our second sub-study the
expression of RARB was significantly up-regulated by short E2 treatment in
Ishikawa cells, which is in accordance with its possible tumour suppressor
activity. It is very likely that RARB expression in endometrium is required for
transition of the tissue from the proliferative to the secretory phase, which is
accompanied by inhibition of the cellular divisions and obtaining the secretory
cellular phenotype.
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Figure 6. Selection of endometrial specific biomarkers found in Ishikawa cells after 12 h
E2 (left) and P4 (right) treatment and their relative abundance in two human endometrial
biopsy samples (average of two samples) at the time of embryo implantation. Red genes
are up-regulated in E2 and P4 treated Ishikawa cells compared to non-treated cells; green
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genes down-regulated. Genes situated on the left side of the diagonal line show higher
relative abundance (FPKM) in human endometrial biopsy samples compared to non-
treated Ishikawa cells. Genes situated on the right side of the diagonal line show lower
relative abundance (FPKM) in human endometrial biopsy sample compared to non-
treated Ishikawa cells (Figure from publication II).

6.3 TAM and RU486 regulated genes related to reproductive system
diseases in Ishikawa cells (publication II)

An additional objective of the second sub-study was to examine the molecular
effects of TAM and RU486 on endometrial Ishikawa cells. TAM and RU486 are
classical NR modulators, which bind to ERs and PRs, thereby blocking the
action of native E2 and P4, respectively (Berrodin et al., 2009; Buzdar and
Hortobagyi, 1998). As such, TAM and RU486 can be considered as E2 and P4
antagonists. However, TAM and RU486 can also affect the gene expression in
the same direction similar to E2 and P4, advocating their classification as steroid
hormone agonists. As TAM and RU486 are both in clinical use, the knowledge
on tissue-specific agonistic and antagonistic effects on endometrial cells is
critical to ensure effective and safe use of steroid hormone receptor modulators
in patients’ care. Therefore, the goal of this sub-study was to profile the
antagonistic and agonistic effects of TAM and RU486 on endometrial
transcriptome, using the Ishikawa cells.

Following to TAM treatment 1,013 genes were found to be significantly
changed compared to non-treated Ishikawa cells. Interestingly only 22.1%
(n=224) of genes were significantly regulated by both E2 and TAM and among
them the majority of the genes (n=162, 72.3%) were expressed in same direction
being either up- (n=61) or down-regulated (n=101), and exhibiting agonistic
activity. Significant antagonistic activity of TAM was seen only for 6.1% (n=62)
of E2 and TAM regulated genes. Moreover, most of the TAM regulated genes
(n=789, 77.9%) were not significantly regulated by E2 at all, suggesting that
TAM regulates gene expression in Ishikawa cells also independently from E2
and ERs.

Due to its known E2-antagonistic activity, TAM is often used in breast
cancer therapy. However, one of the most troublesome side effects of breast
cancer treatment with TAM appears to be its proliferative effect on the
endometrium (Bergman et al., 2000; Buzdar and Hortobagyi, 1998). Because of
that, TAM has been associated with endometrial pathologies, like hyperplasia,
polyps, carcinomas, and sarcomas (Cohen, 2004; Tamm-Rosenstein et al., 2013).

In our study, among the differentially expressed TAM-specific genes
168 were associated with various diseases of the reproductive system, including
uterine, ovarian, and cervical cancers, as well as genital tumours, amenorrhea,
metrorrhagia and polycystic ovary syndrome according to IPA classification. For
instance, genes related to uterine, ovarian, and cervical cancers, like FGFRI,
KIAA0664, MALATI, OLFMI1, TMSB4X, TPM2, JAG2, PAXS and SRSF5 were
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both up-regulated by TAM and E2 (Figure 7) (Guo et al., 2010; Wong et al.,
2007).

In addition, cyclin D1 (CCNDI) was significantly up-regulated after
TAM treatment in Ishikawa cells (Figure 7). CCND1 was also the central
molecule of the network associated with regulation of DNA replication,
recombination and repair, as well as cell cycle progression, according to IPA.
Aberrant expression of CCNDI has been associated with the development of
several human cancers, including parathyroid adenoma, breast cancer, colon
cancer, lymphoma, melanoma, and prostate cancer but also in endometrial
carcinomas (Cao et al., 2002; Fu et al., 2004; Machin et al., 2002). Thus, our
results clearly emphasise the TAM-induced expression of CCNDI as likely
culprit of TAM-activated endometrial cancer.
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Figure 7. Agonistic activity of TAM on selected E2-responsive genes in Ishikawa cells.
E2 and TAM agonistic activities were revealed on genes including FGFRI, KIAA0664,
MALATI, OLFMI, TMSB4X, TPM2, JAG2, PAXS, SRSF5 and CCNDI. Light blue
shows 3 h treatment of E2, dark blue 12 h treatment of E2, and orange denotes 12 h
TAM treatment of Ishikawa cells compared to non-treated Ishikawa cells. FPKM values
are compared to non-treated Ishikawa cells and showed in Indiff scale.

Similarly to TAM, RU486 exhibited both agonistic and antagonistic
activities for P4 in Ishikawa cells. RU486, which is generally known for its anti-
progesterone activity, affected significantly the expression of 546 genes in
Ishikawa cells. According to our results, the majority of the genes (n=377,
69.0%) were regulated independently from P4, 29% (n=156) of the genes
exhibited agonistic activity and only 2.0% (n=13) of the genes had an opposite
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direction after RU486 and P4 treatments. Eighty-six genes were found to be
related to diseases of the reproductive system. For example, genes related to
adenomyosis, gonadal tumours, ovarian cancer and uterine leiomyoma were
identified, including MALATI, SYNC, ERBB3, FGFR2, KRT23, MCAM and
MYC.

Based on the list of RU486-responsive genes, a gene network covering
cell-to-cell interactions and tissue remodelling was identified. The central
genes/proteins in this network include cadherin 2 (CDH2, down-regulated after
RU486 treatment) and a complex between androgen receptor (4R, up-regulated
after RU486 treatment) and NFxB, which mediate the direct and indirect
interactions with several RU486-responsive genes. In this network, the genes
associated with cell-to-cell contacts and adhesion were down-regulated and
included: CTNNDI, JUP, CDH2, IQGAPI and COL2AI. Alternatively, PDKI
and ADAM]15, which have the roles in inducing tissue breakdown, were up-
regulated (Figure 8). The suppression of cell-adhesion genes and activation of
genes responsible for tissue breakdown possibly lead to endometrial shedding
after using RU486 for emergency contraception and medical termination of
pregnancy.
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Figure 8. Agonistic and antagonistic activities of RU486 on selected P4-responsive
genes in Ishikawa cells. Agonistic activity of RU486 to P4 action was detected for
example on AR, CTNNDI, JUP, PKDI] and ADAM15 expression. RU486 antagonistic
activity was seen for instance on CDH2, FOXA, CDH2, IQGAP! and COL2Al
expression. Light green denotes P4 treatment for 3 h; dark green P4 treatment for 12 h;
and purple demonstrates 12 h RU486-treatment compared to non-treated Ishikawa cells.
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7. Genes regulated by E2 and P4 in endometrium during endometrial
preparation for FET in women with recurrent implantation failure
(publication III)

Multiple pregnancies are probably the most deleterious outcome of infertility
treatment, accompanied by high health risks for both mothers and neonates. In
order to avoid multiple pregnancies, single fresh embryo transfers are becoming
increasingly popular. At the same time all good-quality spare embryos obtained
from the same ovarian stimulation cycle are cryopreserved. Later they are used
in frozen embryo transfers (FETSs), resulting in improved cumulative pregnancy
rate per single IVF.

Furthermore, the previous evidence strongly supports the idea of
impaired endometrial receptivity in fresh IVF embryo transfers after ovarian
stimulation and supra-physiological steroid-hormone levels compared to FET
cycles where the endometrium is matured in more mild conditions (Shapiro et
al.,, 2011). Thus, all this aforementioned information supports the belief that
FETs will gain more importance in IVF programs worldwide.

7.1. The endometrial transcriptome of the patients with the recurrent
implantation failure (publication III)

FET cycles are actively used in infertility treatment, with almost 130,000
transfers performed in Europe in 2011 (European et al., 2016). Still, there is no
clear consensus about the protocols for preparation of the endometrium to
receive frozen embryos. Protocols used in FET include natural cycle (NC) and
artificial cycle FET (AC-FET) with or without preceding pituitary down-
regulation by using GnRH agonists (Hill et al., 2010). In natural cycle FET (NC-
FET), the endometrium develops under the endogenous steroid hormonal milieu.
The endometrial maturation and the development of a dominant follicle is
monitored by ultrasound. FET is timed by triggering ovulation by exogenous
LH/hCG or, alternatively by spontaneous LH. In AC-FET exogenous E2 and P4
are used to prepare the endometrium for implantation by starting with daily
doses of E2, supplemented with P4 when the endometrium has reached
sufficient thickness (Groenewoud et al., 2012).

There is single clear benefit of NC-FET over AC-FET. As in NC
medications are not needed, the price for FET is cheaper, albeit, there is a need
for more frequent ultrasonographic evaluation to avoid unexpected ovulation.
On the other hand, AC-FET allows better timing and planning of FET, which is
why it is preferred by clinicians.

We still lack evidence-based information to prefer one endometrial
preparation scheme over another. The recent meta-analysis was also unable to
bring any clear-cut answer, as there were no differences in the clinical pregnancy
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rate, ongoing pregnancy rate, or live birth rate after using different methods for
endometrial preparation prior to FET (Groenewoud et al., 2013). Furthermore,
we still miss the information - how different FET preparation protocols influence
the endometrial transcriptome- as this has been shown to be directly implicated
in the ‘endometrial receptivity’ phenotype.

In order to answer these questions, we conducted the current sub-study
to analyse endometrial gene expression profiles in infertile women undergoing
FET with two alternative options — NC-FET vs. AC-FET. Our study group was
composed of women with recurrent implantation failure — RIF; where all
patients had previously had at least three embryo transfers without achieving
pregnancy. The inclusion of this difficult group of RIF-patients is particularly
intriguing, asthese women have been shown to display altered endometrial
receptivity, which may be rescued by using exogenous steroid hormones in AC-
FET (Altmae et al., 2010). In order to estimate the effect of steroid hormone
supplementation on the endometrial transcriptome, the results of the infertile
RIF-patients were compared to those of fertile women by analysing the
endometrial biopsy samples from their natural cycle (controls or NC-FC group).
The characteristics of the study groups, representing the RIF-patients with
endometrial biopsies obtained from the same patients from NC- and AC-FET
cycles, and those of fertile control women with natural cycle biopsies are
demonstrated in Table 1.

Table 1. Characteristics of the study groups (Table from publication III).

RIF, NC-FET  RIF, AC-FET  NC-FC

(n=5) (n=5) (n=5)
Age (years) 30.2+43 324+5.0 31.8+3.8
BMI (kg/m?) 20.7+1.8 20.9+2.0 23.5+2.1
Cycle length (days) 282+ 1.7 280+ 1.4 28.4+0.7
Menses duration (days) 4.4+0.7 4.5+0.7 4.0+0.2
Previous implantation 34+£09 34+£0.6 0
failures
Parity 0 0 1.5+0.2
Endometrial thickness 9.3+0.9 8.5+ 1.7 n.a.
(mm)
Biopsy sample taken LH+7 Prog+6 LH+7

RIF — recurrent implantation failure; NC-FET — natural cycle-frozen embryo transfer;
AC-FET - artificial cycle-frozen embryo transfer; NC-FC — natural cycle-fertile control;
BMI — body mass index; LH+ — day since the luteinizing hormone (LH) surge; Prog+ —
progesterone administration in days; n.a. — not assessed. Results are mean = SD.

The two main questions in the third sub-study were formulated as
follows: 1) Which is the best endometrial preparation protocol for RIF-patients
planning for FET, based on the similarity of the endometrial transcriptome to
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that demonstrated for fertile women at NC; and 2) Whether the steroid
supplementation of exogenous E2 and P4 used in AC-FET improves the
endometrial maturation in the RIF study group. Both of these questions aimed on
obtaining better knowledge about the mechanisms of how the steroid hormones
are involved in endometrial maturation. In long-term this novel knowledge will
help devise better hormonal regimens for FET, even for the patients’ group
complicated with RIF.

In order to achieve these tasks, we classified the genes according to their
endometrial expression in NC-FET, AC-FET, and NC-FC groups, and defined
three classes of differentially expressed genes (DEGs). Firstly, we were
interested in genes with abnormal expression in natural cycle, but are improved
in AC. Secondly, in genes with normal expression in NC, but deteriorated gene-
activity in AC due to administered steroid hormones. Thirdly, in genes,
characteristic to the RIF-phenotype, with altered expression in both groups of
NC- and AC-FET, when compared to the fertile women in NC.

Our comparative microarray transcriptome analysis suggested that NC
endometrial gene expression pattern in RIF-patients was more similar to that
observed in fertile controls, when compared to AC-prepared endometrium
(Figure 9). A more negative impact of AC on the endometrial transcriptome was
seen as described in third publication. For this reason, we believe that the NC-
FET endometrial transcriptome in RIF is more similar to that of fertile women,
while the use of E2- and P4-based drugs in FET drives the unfavourable changes
in the gene expression. For instance, numerous genes known to be important in
endometrial receptivity were deteriorated with AC, including CRISP3, HPSE,
HAL, Cl4orfl61 (Altmae et al., 2012; Borthwick et al., 2003; Diaz-Gimeno et
al., 2011; D. Zhang et al., 2012; Chan et al., 2013; Carson et al., 2002; and Tapia
et al., 2008). In addition, genes known to be involved in embryo implantation
were also negatively altered with AC, including fibroblast growth factors
(FGF17, FGF8, FGFBP2); INHBC; interleukins (IL1F6, IL27, IL29, IL4,
IL9R), LEP; matrix metallopeptidases (MMP17, MMP27, MMP3); PPARD;
PTGER3 and WNT8A4 (Aghajanova et al., 2008; Altmae et al., 2012; Bogacka et
al., 2013; Gonzalez et al., 2000; Kao et al., 2002; McGowen et al., 2014; Osteen
et al., 1999; van Mourik et al., 2009). Interestingly, genes coding for ERp
(ESR2) and FSHR were also down-regulated in the endometrium with AC.
These two genes code for hormone receptors that have very recently been shown
to participate in endometrial receptivity (Hapangama et al., 2015; Stilley et al.,
2014).

In conclusion, these results indicate that NC endometrial gene
expression pattern in women with RIF is more comparable to that observed in
endometrium of fertile controls, and AC will lead to the substantial deviation of
the endometrial transcriptome from the natural state. This means that E2 and P4
supplementation during AC should not be preferred, because AC has a negative
impact on endometrial gene expression at least in women with RIF, and thus NC
scheme should be preferred for FET.
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FC-FET NC-FET AC-FET

Figure 9. Cluster analysis of gene expression values in the endometrium at WOI in
fertile controls (FC-FET), in natural cycle (NC-FET) and artificially prepared cycle (AC-
FET) in RIF-patients. Red represents genes with a positive Z-score and green denotes
genes with negative Z-score (Figure from publication III).
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7.2 E2 and P4 responsive genes present in Endometrial Receptivity
Array (ERA) (publication III)

ERA test — Endometrial Receptivity Array is currently the only clinically proven
molecular test for evaluating endometrial receptivity. ERA test, a customized
microarray, is comprised of 238 genes and it serves as a comprehensive panel of
endometrial receptivity biomarkers. ERA test helps to identify patient’s timing
for WOI which is the basis for scheduling the next embryo transfer.
Furthermore, this test has been ascertained to be more accurate and consistent
when compared to histological evaluation of human endometrial tissue, It can
reveal that some patients have a delayed WOI, others an advanced WOI, or
unusually short window for endometrial receptivity. ERA test has also been
shown to help achieving a better pregnancy outcome in different infertility
patients’ groups, including the women with RIF (Blesa et al., 2014; Diaz-
Gimeno et al., 2011; Garrido-Gomez et al., 2013; Ruiz-Alonso et al., 2013).

In order to uncover the most critical genes controlled by steroid
hormones, the AC-improved/-deteriorated DEGs from third publication were
compared with the ERA list of genes. DEGs that improved with AC shared 11
common genes with ERA list: CALB2, COL164A1, COMP, EDN3, IGFBPI,
LRRC17, OLFM4, POSTN, SLC1541, SORD and TMEMI6A. Deteriorated-
DEGs shared 4 common genes with ERA test: CRISP3, Cl4orfl161, HAL and
HPSE. In addition, four genes were RIF-specific DEGs and included: HABP2,
HLA-DOB, SPDEF, and TRH genes (Table 2).

IGFBPI has been recognized as a marker of decidualization of
endometrial stromal cells and its expression is induced in response to cCAMP in
combination with steroid hormones (Large et al., 2014). E2 and P4 drugs used in
AC improved the expression of /GFBPI and made it more comparable to fertile
controls. Cysteine-rich protein CRISP3 identified in both luminal and glandular
epithelium is more abundant during proliferative phase and is secreted into the
uterine cavity. Previous data suggests its participation in cell adhesion and
proliferation (Evans et al., 2015). In addition, the expression of CRISP-3 mRNA
and protein levels have been described to be higher in endometrium from ectopic
pregnancies when compared to intrauterine pregnancies (Horne et al., 2009). In
our study, the expression of CRISP3 deteriorated by the use of AC in preparation
for FET. The down-regulation of hyaluronan-binding protein 2 coding gene
HABP2 in women with RIF compared to fertile controls has been described
previously (Altmae et al., 2010) and AC supresses its expression even more.
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Table 2. Comparison of array data with the Endometrial Receptivity Array
(ERA) gene list. Eleven DEGs that improved with AC were also in the ERA list,
as were four DEGs that deteriorated with AC and four DEGs specific to RIF
(Table from publication III)

Genes whose expression improved with ACs

Gene *ERA NC-FET vs, NC-FC AC-FET vs. NC-FC
CALB2 -8.04 5.15 n.d.
COLI16A41 -4.89 5.89 n.d.

comp 30.95 -3.93 n.d.

EDN3 -5.03 3.48 n.d.
IGFBPI 5.35 -4.17 n.d.
LRRC17 -4.64 4.25 n.d.
OLFM4 -9.35 15.35 n.d.
POSTN -6.04 5.21 n.d.
SLC1541 5.59 -4.61 n.d.

SORD -3.21 3.7 n.d.
TMEM164 -3.13 3.73 n.d.

Genes whose expression deteriorated after AC

Gene *ERA NC-FET vs, NC-FC AC-FET vs. NC-FC
CRISP3 5.09 n.d. -13.46
Cldorfiol 5.07 n.d. -3.38

HAL 3.37 n.d. -3.93

HPSE 5.17 n.d. -7.48

Genes specific to RIF

Gene *ERA  NC-FET vs, NC-FC  AC-FET vs. NC-FC
HABP?2 4.09 -4.48 -5.48
HLA-DOB -11.06 5.17 12.86
SPDEF -3.78 9.27 12.20

TRH -21.69 7.56 9.02

* ERA test values are fold changes obtained from comparisons of receptive vs. pre-
receptive endometrium (Diaz-Gimeno ef al., 2011); RIF — recurrent implantation failure;
NC-FET — natural cycle-frozen embryo transfer; AC-FET — artificial cycle-frozen
embryo transfer; NC-FC — natural cycle-fertile control; n.d. — non-detectable, meaning
that there was no gene expression difference between the RIF patients and fertile
controls.

7.3. Analysis of hormone response elements (HREs) in endometrial
DEGs (publication III)

With the high prevalence of steroid hormone receptors in different endometrial
compartments, it is thought that gene expression of this tissue is greatly
controlled by ERs and PRs. The steroid hormones exert their action upon
binding to their respective nuclear receptors (NRs), which act thereafter as
transcription factors by attaching to the hormone response elements (HREs) in
target genes and augment or suppress the transcription of the target genes. HREs
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are mostly located in front or inside of a gene, but many binding sites could also
be found far away from the transcription start site (TSS), even up to 100 kb
(Carroll et al., 2005). Currently, we focused in in silico HRE analysis on three
promoter regions (-1,000 bp to +150 bp, -10,000 bp to +150 bp, and -50,000 bp
to +150 bp from TSS) of differentially expressed genes — DEGs, which were
identified in third publication by comparing the endometrial transcriptome in
natural and E2-/P4-supplemented artificial cycles. In total 1,273 genes were
eligible for TRANSFAC analysis and the upstream sequences of those
promoters were searched for estrogen response elements (EREs) and
progesterone response elements (PREs/GREs).

Important finding of our analysis was the identification of at least one
HRE in the promoter regions of all DEG genes, demonstrating that these genes
may be under the control of steroid hormones. If all EREs and PRE/GREs were
summarized, the PRE/GRE motifs showed significantly higher prevalence
(p<2.2e-16) in promoter regions of DEGs compared to other genes in human
genome. When all the DEG subgroups were analysed separately, significantly
lower frequency (p=0.0052) of PRE/GRE sites was determined for deteriorated
DEGs compared to genes whose expression improved after AC. In contrast, AC
deteriorated genes had significantly higher frequency of EREs compared to AC
improved (p=3.2e-06) and RIF-specific genes (p=0.0045). Thus, in summary,
the DEGs whose expression was deteriorated included significantly less
PRE/GRE and more ERE sites in their promoter regions, when compared to the
genes which expression improved after AC (Figure 10A).

Moreover, a significantly higher number of one particular ERE motif -
VS$ESRI 01 was identified among the DEGs that deteriorated after AC. For
example, genes like I/LIR, MMP17, PTGER3, ESR2 and GATA3 all included the
same ERE motif in their promoter regions. On the other hand, one certain PRE
site - VSPR Q6 was overrepresented in front of the genes that improved with
AC including: ADADI, CALMLS5, FAMI96A, IFNA5, and IL21 genes. In
addition, the same PRE motif was also present at a significantly higher rate in
front of genes specific to RIF, like AFM, BRINP3, CNNMI, FAMI151A4, and
IL12RB2 (Figure 10B).

Our in silico study was the first one where up to 50 kb upstream of
gene’s transcription start site was analysed to search for HREs in genes
expressed in human endometrium. Our findings support the view that genes,
which expression is more vulnerable to exogenously administered steroid
hormones, are more responsive to E2. To the contrary, genes, which expression
could be improved with steroid hormones are more likely affected by P4. Hence,
in the current AC regimens used in clinics for preparing endometrium for FET,
E2 could have a stronger negative impact on the endometrial transcriptome,
rather than P4, which could restore the ‘natural’ gene expression.
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Figure 10. The presence of EREs and PRE/GREs in DEGs of human endometrium. A.
Tukey test for pairwise comparison of ERE and PRE profiles in promoter regions,
located from -50,000 bp to +150 bp from the transcription start site, of AC-deteriorated
and -improved, and RIF-specific DEGs. Green denotes DEGs AC-deteriorated; yellow
DEGs AC-improved and red are RIF-specific genes. B. Two most prevalent HREs found
in promoter regions among DEGs identified in third study. Letters abbreviate the
nucleotides (A, C, G, and T) and are sized according to their relative occurrence. ESR1
element (VSESR1 01) (above) was statistically over represented in front of DEGs-
deteriorated. PRE (VSPR _Q6) (below) was statistically more frequent in front of genes
related to RIF and among DEGs that improved with AC (Figure from publication III).

7.4. Comparison of DEGs in human endometrium with genes that
responded to E2 and P4 in studies of endometrial cell lines
(publication I, IT and III)

The studies of endometrial tissue are unable to reveal the direct effects of
individual steroid hormones on ‘endometrial receptivity’ genes, because in vivo
conditions of both hormones, E2 and P4, exert their effects simultaneously.
Therefore, it is important to compare the results obtained from analysing the
endometrial tissue (publication III) with the results arising from testing the
endometrial cell lines treated separately either with E2 or P4 (publications I and
II). The comparison of endometrial tissue gene expression in natural cycle or
after artificial E2-/P4-supplementation with data obtained from endometrial cell
lines helps to understand the changes in endometrial genome regulation caused
by the endogenous or exogenous steroid hormones (publications I-11I).

When we compared the DEGs from endometrial transcriptome obtained
from AC vs. NC endometrial tissue with the significantly changed genes after E2
and P4 treatment in Ishikawa cells, 50 hormone responsive genes were found in
common as depicted on Figure 11. These genes were identified regardless of the
different gene-expression profiling platforms used in analysing the endometrial
tissue samples (microarrays) and cell lines (RNA-sequencing).
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CDH12 [E2,P4]
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SEMA3A* [P4]
SLC2A12* [P4]
ALDH1L2* [E2,P4]
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COL12A1* [E2,P4]
CAPZA2 [E2]
CALCRL [E2]
ZNF320 [E2]
SOX [P4]
C150rf42* [E2,P4]
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Figure 11. Genes regulated by E2 and P4 in endometrium and Ishikawa cells. Fifty
DEGs from the third sub-study (publication III) were also regulated by E2 and P4 in
Ishikawa cells (publication II). Red and green denote up- and down-regulation of gene
expression in Ishikawa cells, respectively. The dotted line indicates zero and the variable
line shows the expression change in response to hormone treatment; [E2] — gene
expression regulated by estradiol, [P4] — gene expression regulated by progesterone, and
[E2, P4] — gene expression regulated by both estradiol and progesterone. *Designates
genes in publication III with an opposite expression direction vs. Ishikawa cells
(publication II). Red on the y-axis indicates genes whose expression improved with AC,
green indicates genes whose expression deteriorated with AC, and blue highlights the
RIF-specific genes (Figure from publication III).
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We identified 34 and 36 genes in Ishikawa cells with significant regulation in
response to E2 and P4 (27 genes were influenced by both hormones),
respectively, whose expression also changed in response to AC-prepared
endometrium. Among the genes with up-regulated expression in AC, majority
were co-regulated by both steroid hormones (75%) or were solely regulated by
P4 (21%). To the contrary, the AC-deteriorated genes, which expression become
deviated from the natural cycle following AC, were more often regulated by E2
only (32% vs. 4% for AC-improved genes) and the proportion of the E2-/P4-co-
regulated genes was lower (47% vs. 75% for AC-improved genes). Our
experiments suggest that AC-deteriorated DEGs are more often E2-regulated or
are less regulated by both E2 and P4 in Ishikawa cells. In contrast, for AC-
improved genes majority of the genes are regulated jointly by E2 and P2.
Collectively, this information supports the idea that AC and the use of E2 have
negative impact on endometrial gene expression in the subgroup of infertile
women with RIF, while the P4 has general favourable effect on endometrial
transcriptome (publication III).

Six genes were found in common in all three sub-studies, including:
ITGA10, WFDC2, IFNAR2, PTGER4, SPDEF and TNC. The experimental
conditions and the biological relevance of these ‘endometrial receptivity’ genes
are provided in Table 3. Relatively low number of common genes between three
publications can be explained with the pre-selection of genes in the first
publication, the differences in study material, and methods used. In the first
publication endometrial epithelial cell lines HEC1A and RL95-2 were used; in
the second study Ishikawa cell line was studied and compared with endometrial
biopsies from infertile patients with unexplained infertility; and in the third
publication endometrial biopsies obtained in NC and AC from fertile women and
infertile patients with RIF were studied. The different analysing platforms
included ChIP-gPCR in publication I, RNA-seq in publication II, and
microarrays in publication III.

Tenascin C (TNC) is a ECM glycoprotein known to participate in cell
differentiation, proliferation and migration (Chiquet-Ehrismann and Chiquet,
2003). In human endometrium TNC expression was initially detected only in
proliferative endometrium and its extracellular expression was specified around
the stromal cells surrounding the endometrial glands (Tan et al., 2008;
Yamanaka et al., 1996). Later, TNC was detected also in secretory phase of the
endometrium as a narrow layer around stromal cells immediately adjacent to the
glandular epithelium and around the endothelium of tortuous blood vessels (Tan
et al., 2008). In addition, 7TNC expression in human endometrium has been
shown to increase following luteal support (Zhao et al., 2012). In case of
endometriosis abundant expression of TNC has been detected throughout the
stroma in ectopic endometrial tissues where E2 has stimulatory effect on its
expression (Tan et al., 2008). The proximal promoter region of TNC was
identified as ERP target in HEC1A in response to E2 treatment and the promotor
was also targeted by PRAB antibody (PRB receptor) in RL95-2 cells following
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to P4 treatment. In the second sub-study 7NC expression was significantly
down-regulated by both E2 and P4 in endometrial epithelial Ishikawa cell line.
The suppression of 7NC by steroid hormones in endometrial epithelial cells
might be important for its extracellular localization around stromal cells adjacent
to the glandular epithelium. In human endometrium from women with RIF the
expression of TNC was induced in response to AC and became more similar to
fertile controls (publication III).

Integrin alpha 10 (/TGA10), coding for integrin o chain, belongs to a
transmembrane glycoprotein family participating in cell adhesion and cell-
surface mediated signalling. Proximal promoter of /TGA10 was identified as
ERa target in HEC1A and PRAB (PRB) target in RL95-2 cells. Integrins are
composed of heterodimeric a and B subunits that serve as receptors for the
extracellular matrix and are extensively investigated in context of endometrial
receptivity (Lessey et al., 1992). The expression of the integrins seems to happen
in spatiotemporal manner as glandular epithelium expresses certain integrins, 1
integrin and aV3, only during the WOI (Lessey et al., 1994). Most intensively
studied integrin in context of implantation is aVP3 that appears in glandular
epithelium at the cycle day 20 and with abundance at the site of embryo
attachment (Kang et al 2014). Furthermore, reduced expression and aV[3
integrin has been related to RIF-patients (Lessey et al., 1995; Lessey et al.,
1996b) and the expression of aVP3 correlates with the down-regulation of
epithelial ERs and PRs (Lessey, 1998). In the current thesis numerous integrin
coding genes showed hormone responsive expression pattern. For instance,
ITGAV coding for oV subunit and /7GB3 coding for B3 subunit were
significantly down-regulated by E2 and P4 in Ishikawa cells (publication II). To
the contrary, /TGA7 coding for a7 and ITGBS8 coding for B8 were significantly
up-regulated by both hormones in Ishikawa cells (publication II). In addition,
ITGB6 coding for B6 showed significant up-regulation after P4 treatment in
Ishikawa cells in the second sub-study. Finally, /TGB7 was identified as ER and
PR target in HEC1A and RL95-2 cells, and /TGA2 only in RL95-2 cells.

Prostaglandin E receptor 4 (PTGER4) is known as a G-protein coupled
receptor for prostaglandin E2. Prostaglandins increase vascular permeability and
endometrial stromal decidualization (Ahmed et al., 1998). The mRNA expression
of PTGER4 is described to be elevated in glandular epithelium and vascular cells
in late proliferative phase (Milne et al., 2001). Studies have indicated its induction
by E2 and down-regulation by P4; also its significant increase in ectopic
endometrium in endometriosis has been found (Moggs et al., 2004; Pabona et al.,
2012; Santulli et al., 2014). In our studies both ERa and ERP showed binding
ability to proximal promotor of PTGER4 in HEC1A cells (publication 1). PTGER4
was expressed in Ishikawa transcriptome in low level and its expression was not
changed in response to steroid hormones. The treatment with TAM induced its
expression, albeit, not noteworthy (publication II). PTGER4 was significantly
down-regulated in women with RIF compared to fertile controls but in AC-
prepared endometrium its expression became more similar to fertile controls.
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Table 3. The DEGs in endometrial cell lines HEC1A, RL95-2 (publication I),
Ishikawa (publication II) and NC vs. AC or RIF-specific human endometrial tissue

samples (publication III).

Gene Experiments Description of the gene and endometrial

context

TNC ERp target in Extracellular matrix protein with a spatially and
HEC1A; PRAB temporally restricted tissue distribution. This
target in RL95-2; protein is expressed in various tissues during
E2 and P4 normal development and diseased conditions.
responsive in In human endometrium its expression is
Ishikawa; AC- concentrated in the upper layer of glandular
improved in epithelium and in ectopic lesions in
endometrium endometriosis.

ITGA10 | ER targetin Transmembrane glycoproteins composed of
HECIA, PR target | non-covalently linked a and B chains. Integrins
in RL95-2, RIF- have been extensively investigated in context of
related in human endometrial receptivity.
endometrium

PTGER4 | ER target in Member of the G-protein coupled receptor
HECI1A; PR target | family. This protein is one of four receptors
in RL95-2 and AC- | identified for prostaglandin E2 (PGE2).
improved in human | Prostaglandins increase vascular permeability
endometrium and endometrial stromal decidualization.

PTGER4 is elevated in glandular epithelium
and vascular cells in late proliferative phase
endometrium.

IFNAR?2 | PR target in RL95- | Type I membrane protein that forms one of the
2 and AC- two chains of a receptor for interferons. The
deteriorated in protein has been detected on Iluminal and
human glandular epithelium, and in stromal cells of
endometrium ovine uterus.

WFDC2 | ER target at Member of the WFDC domain family.
HECIA and AC- Stimulated by E2 in mouse uterus, by E2
improved in human | analogue bisphenol A in Ishikawa cells and up-
endometrium regulated in response to E2 in rhesus monkey

endometrium during WOL

SPDEF PR target in RL95- | ETS family of transcription factors. Marker
2 and RIF- gene of receptive endometrium as its expression
associated in human | is confirmed during WOI.
endometrium.
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Interferon o and B receptor subunit 2 (IFNAR?2) is a type I membrane
receptor of interferons. All type I interferons, exert their action through a
common receptor, which consists of two subunits, IFNAR1 and IFNAR2
(Roberts et al., 1997). High concentration of IFNAR1 and IFNAR2 have been
detected on luminal and glandular epithelium, and also in stromal cells in the
ovine uterus (Rosenfeld et al., 2002). This cytokine receptor stimulates Janus
protein kinases, which in turn phosphorylate several proteins, including STAT1
and STAT2 (Rosenfeld et al., 2002). However, the previous information about
the IFNAR2 expression in human endometrium is rather scarce. In the current
thesis we uncovered that IJFNAR2 promoter is targeted by PRAB antibody (PRB
receptor); it is induced by P4 in Ishikawa cells although not at significant level
(publication I and II); and the gene is down-regulated in AC-prepared
endometrium of women with RIF compared to fertile controls (publication III).

WAP four-disulfide core domain 2 secretory protein (WFDC2) acts as a
protease inhibitor. Its expression has been stimulated by E2 in mouse uterus and
in rhesus monkey endometrium during WOI, and by E2 analogue bisphenol A in
Ishikawa cells (Hewitt et al., 2003; Moggs et al., 2004; Naciff et al., 2010). In
the current thesis WFDC2 promoter was targeted by ER in HEC1A cells, the
gene was constantly expressed at high levels in Ishikawa cells, and it was up-
regulated in natural cycle endometrium of RIF-patients when compared to fertile
controls. After E2-/P4-supplementation the expression of WFDC2 was improved
and exhibited more similar pattern to fertile controls.

Epithelium-specific transcription factor (SPDEF) belongs to ETS family
of transcription factors. SPDEF is considered as a marker of endometrial
receptivity as its expression is confirmed during WOI (Diaz-Gimeno et al., 2011;
Hu et al., 2014). Its responsiveness to steroid hormones and bisphenol A have
been seen in mouse uterus and Ishikawa cells (Hewitt et al., 2003; Moggs et al.,
2004; Naciff et al., 2010). In the current thesis SPDEF was identified as PR-
target gene in RL95-2 cells and as RIF-associated gene in human endometrium.
SPDEF was induced by both steroid hormones in Ishikawa cells albeit not in
significant level (publication II).
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CONCLUSIONS

In the current thesis, the influence of E2 and P4 on gene expression in human
endometrium and endometrial cell lines was studied using large-scale genomic
methods, like ChIP and qRT-PCR, RNA-sequencing, and microarrays.
Altogether more than three thousand E2 and P4 responsive genes were identified
in endometrial tissue samples and cell lines within three published studies. These
hormone-responsive genes are involved in normal endometrial function and
maturation, and participate in embryo implantation processes. However, their
expression can be altered in conditions like female infertility or hormone-
sensitive malignancies. The obtained results offer a better understanding of
steroid hormone action on gene expression in human endometrial tissue, which
extends our knowledge about this complex and dynamic tissue and hopefully
helps to improve the infertility treatments in the nearest future.

More precise outcomes of the current thesis are as follows:

v" Human endometrial cell lines HECIA and RL95-2 respond
differentially to ovarian steroid hormones, where genomic action of E2
and P4 regulate distinct groups of genes engaged in endometrial
receptivity. Significantly higher rate of ER-target genes was found in
HECI1A cells, while PR-targets were prevalent in RL95-2 cells. E2
predominates in pre-receptive endometrium (corresponding to the
proliferative phase) and P4 exerts its dominant effect on receptive
endometrium (corresponding to mid-secretory phase). Thus, our results
support the view about HEC1A and RL95-2 cell lines as in vitro models
of non-receptive and receptive endometrium, respectively.

v" According to the best of our knowledge, our studies were the first to
accomplish RNA-sequencing to study the genome-wide action of
ovarian steroid hormones (E2 and P4) and their clinically used
antagonists: TAM (antagonist for E2) and RU486 (antagonist for P4), on
endometrial Ishikawa cells. We observed that nearly 1,700 genes were
significantly affected following both the E2 or P4 treatments and
overwhelming majority of these transcripts were also present in human
endometrial samples, including the well-known endometrial receptivity
markers as APOE, IL6ST, and RARB

v" TAM and RU486 had both agonistic and antagonistic effects on E2- and
P4-responsive genes, respectively, but also up-regulated distinct groups
of genes independently in Ishikawa cells. The traditional E2-antagonist
TAM changed the expression of approximately 1,000 genes from which
more than 150 were associated with various diseases of the reproductive
system. The most noteworthy was the significant induction of cyclin D1
(CCNDI) by TAM, which is also remarkably abundant in endometrial
carcinomas. The relation between TAM and its up-regulation of CCND1
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could be one reason why the treatment of breast cancer with TAM is
accompanied by a significant rise in endometrial cancer risk.

P4 antagonist RU486 clinically goes by the name of mifepristone and is
applied for contraceptive purposes to prevent unplanned pregnancies or
for early medical abortion. RU486 changed significantly the expression
of ca 500 genes, including nearly 100 genes related to diseases of the
reproductive system. The genes associated with cell-to-cell adhesions
were predominantly down-regulated post-RU486 treatment and
included: CTNNDI, JUP, CDH2, IQGAPI1, and COL2A41. This
unequivocally explains the main anti-P4 effects of RU486 as an
‘emergency contraceptive’ pill, causing endometrial breakdown and
tissue shedding.

Transcriptome analysis of 15 human endometrial biopsy samples at the
time of embryo implantation was used to compare two most actively
used endometrial preparation protocols for frozen embryo transfers in
patients with previous implantation failure (RIF). The comparisons
identified genes, which expression improved or, alternatively,
deteriorated after steroid hormone supplemented FET, when compared
to the natural reproductive cycle of fertile women. In steroid hormone
supplemented artificial cycle FET, E2 and P4 are used to prepare the
endometrium for implantation with daily doses of E2 and added P4
when the endometrium has reached sufficient thickness. Based on our
transcriptome study, we concluded that the natural cycle endometrial
gene expression pattern in RIF group is more similar to that observed in
fertile controls. On the otherhand, artificial cycle FET seemed to have a
stronger negative impact on expression of genes and pathways crucial to
endometrial receptivity, including the altered expression of ESR2,
FSHR, LEP, several interleukins, and matrix metalloproteinases.
Thereby, the artificial endometrial preparation with supplemented E2
and P4 can lead to more deviated endometrial gene expression profile.
For this reason, natural cycle should be favoured for FET, at least for
patients with several unsuccessful IVF attempts.

We also performed in silico analysis of hormone response elements —
HRESs- for ‘endometrial receptivity’ genes after E2 or P4 stimulation. In
this analysis we were focussed on ER-specific EREs and PR-specific
PRE genomic sequences in promoter regions of target genes. We found
that all ‘endometrial receptivity’ genes harbour genomic response
elements for ERs and PRs, and are, therefore, directly regulated by E2
and P4. Furthermore, a substantial overrepresentation of EREs was
found among the genes with deteriorated expression in artificial cycle,
whereas the PREs predominated in genes with amended expression in
artificial cycle. Hence, in the artificial cycle protocol used for FET, E2
has a stronger negative impact on the endometrial transcriptome
opposed to P4, which is able to restore the ‘natural’ gene expression.
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In conclusion, the current thesis improved our understanding of
hormonal regulation of genome activity during the cyclic changes of human
endometrium. Our results provide valuable insight into the mechanisms of
steroid hormones and their clinically used antagonists in the human
endometrium. The limitation of the studies was that endometrial cell lines were
mostly used. Future studies are needed to carry out large scale endometrial tissue
sample analysis in order to confirm the results of the current study: providing
comprehensive models for E2- and P4-mediated gene expression.
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ABSTRACT

Achieving a pregnancy in patients with several previous unsuccessful IVF
attempts, despite the transfer of good quality embryos to uterus, poses a very
challenging task for infertility specialists. Despite growing knowledge about the
aetiology of female infertility and constantly improving clinical skills in assisted
reproduction, the chances to help these patients are still relatively poor, because
of the limited understanding about the mechanisms of endometrial receptivity
and embryo implantation. It is likely that one of the risk factors for IVF failure
in these patients is hiding in aberrant endometrial maturation, which is unable to
attain the receptive state by the time of embryo arrival. Endometrium is
receptive for embryo implantation in a very limited time-period called ‘window
of implantation’, usually lasting only for 2-4 days. The development of the
endometrium is under the strict control of ovarian steroid hormones — estrogen
and progesterone, by enforcing the proliferative and secretory changes in
endometrium, respectively. Ovarian steroid hormones regulate endometrial gene
expression directly via specific nuclear receptors, which bind onto the promoter
areas of target genes and lead to changes in the expression of hormone-
responsive genes. In the present thesis genome-wide analyses were applied to
study the changes in endometrial gene expression in response to estrogen and
progesterone and their clinically proven antagonists: antiestrogen — tamoxifen
(TAM), and antiprogestin — mifepristone (RU486). The binding sites for
estrogen and progesterone receptors were studied wusing chromatin
immunoprecipitation in purpose to identify potential target genes of steroid
hormones in three human endometrial cell lines HEC1A, RL95-2, and Ishikawa.
The unique profiles of estrogen and progesterone target genes were found in
endometrial cell lines, supporting their use as in vitro models for implantation.
Transcriptome of Ishikawa cells was used to analyse the genome-wide effects of
steroid hormone modulators — TAM and RU486. These studies highlighted the
possible adverse effects of TAM on endometrial cells by inducing, for instance,
the cyclin D1 gene expression, which has previously been shown to be up-
regulated in endometrial carcinomas, and possibly explains why the treatment of
breast cancer with TAM is accompanied by a significant rise in endometrial
cancer risk. On the other hand, the anti-P4 effects induced the down-regulation
of several cell-to-cell adhesion genes, thereby clarifying the action of RU486 as
an ‘emergency contraceptive pill’, causing the endometrial breakdown and tissue
shedding. Finally, the studies using the endometrial tissue transcriptomes from
infertility patients, with previous recurrent implantation failure, helped us to
recommend the most appropriate endometrial preparation protocol for frozen
embryo transfers. We concluded that the natural cycle is more favourable than
the use of exogenously E2-/P4-supplemented artificial cycle, in terms of similar
endometrial transcriptomic signature to fertile controls. To the best of our
knowledge, we were also among the first to accomplish the genome-wide
analysis for genomic steroid hormone response elements for ‘endometrial
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receptivity’ genes, showing that all of the genes might be directly regulated by
steroid hormones and harbour the hormone-response elements at their promoter
areas. Taking together, in the current thesis more than 3000 genes were
identified which exhibited differential activity in response to estrogen,
progesterone, and their clinically applied antagonists. These hormone-responsive
genes may be involved in the normal endometrial function and participate in
embryo implantation processes, but their expression can be altered in conditions
like female infertility or hormone-sensitive malignancies. Collectively, the
results of our studies improved the understanding of steroid hormone action on
genome activity during the cyclic changes of human endometrial maturation and
embryo implantation. We believe that these discoveries may help to improve the
results of infertility treatment and counteract their possible side effects.
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KOKKUVOTE

Igas lastetuse ravi kliinikus on patsiente, kellele siiratakse korduvalt hea
kvaliteediga embriioid, aga soovitud rasedust ei teki. POhjus, miks need
patsiendid ei rasestu, peitub suure tdendosusega selles, et emaka limaskest ehk
endomeetrium ei ole vastuvotlik embriio kinnitumiseks. Tegelikult on
endomeetrium vOimeline toetama pesastuvat (implanteeruvat) embriiot ainult
viga kitsal ajaperioodil, mida kutsutakse ’implantatsiooni aknaks’ ja mille
kestus igas reproduktiivses tsiiklis on ainult 2-4 pdeva. Reproduktiivses eas
oleval naisel teeb endomeetrium igal kuul 14bi olulised koemuutused. Need
tsiiklilised muutused on tépselt kontrollitud munasarjade poolt toodetud
naissuguhormoonide — dstradiooli ja progesterooni poolt. Naissuguhormoonid
Ostradiool ja progesteroon reguleerivad endomeetriumis avalduvate geenide
aktiivsust, seostudes esmalt vastavatele tuumaretseptoritele ning kinnitudes
seejdrel  spetsiifilistele  geenipiirkondadele. Kéesolevas t60s  kasutati
iilegenoomseid uurimismeetodeid, et teha kindlaks, kuidas mojutavad Ostradiool
ja progesteroon ning nende hormoonide kliiniliselt kasutatavad antagonistid —
antidstrogeen tamoksiifeen ja antiprogestageen mifepristoon geenide avaldumist
inimese endomeetriumis. Inimese endomeetriumi HECIA ja RL95-2
rakuliinides madrati Ostradiooli ja progesterooni retseptorite genoomsed
seondumiskohad ja tuvastati seeldbi potentsiaalsed hormoonide sihtméirkgeenid.
Meie uuringud néitasid, et Ostradioolil ja progesteroonil on spetsiifilised
mérklaudgeenid ning seetdttu saab endomeetriumi rakuliine kasutada
implantatsiooni in vitro uuringutes. Hormoont6ddeldud Ishikawa endomeetriumi
rakuliini analiilis aitas selgitada tamoksiifeeni ja mifepristooni moju geenide
aktiivsusele. Néiteks indutseeris tamoksiifeeni todtlus tsiikliinide ekspressiooni
endomeetriumis, mida on varasemalt tuvastatud endomeetriumi kartsinoomi
rakkudes. Antud leid aitab seetdttu selgitada fakti, miks rinnavdhi ravis
kasutatav tamoksiifeen suurendab oluliselt emaka limaskesta kasvajate riski.
Mifepristooni abil tdddeldud endomeetriumi rakuliinides vdhenes aga
rakuliidestes osalevate valkude ekspressioon, mis selgitab mifepristooni toimet
medikamentoosse abordi esilekutsumisel. Steroidhormoonide kasutamine on
samuti olulisel kohal emaka limaskesta ettevalmistamisel kiilmutatud embriiote
siirdamiseks viljatuse ravis. Kiilmutatud embriioid siiratakse kas loomulikus
menstruaaltsiiklis vOi eelneb embriiote siirdamisele Ostradiooli ja progesterooni
ravimite kasutamine. Meie uurisime endomeetriumi limaskesta geenide
aktiivsust viljatutel patsientidel, kelle kehavélise viljastamise protseduurid olid
varasemalt ebadnnestunud. Vastavalt meie uuringu tulemustele ei ole nende
naiste puhul soovitav  eksogeensete  steroidhormoonide  kasutamine
endomeetriumi ettevalmistusel kiilmutatud embriiote siirdamiseks. Samuti
analiiiisisime emaka limaskestas avalduvaid ning embriio implantatsioonis
osalevate geenide regulatsiooni ning niitasime, et kdikidel nendel geenidel
asetsevad promootorite piirkondades steroidhormoonide seostumissaidid. Kokku
tuvastasime inimese endomeetriumi koes ja rakuliinides iile kolme tuhande
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geeni, mille aktiivsust reguleerivad steroidhormoonid. Tuvastatud geenid
osalevad endomeetriumi kiipsemises ja embriio implantatsiooni protsessides,
kuid samuti méngivad suurt rolli naise viljatuse podhjusena ning hormoon-
soltuvate  kasvajate tekkes. Kéesolevas t66s saadud informatsioon
steroidhormoonide mdjust inimese endomeetriumi geeniekspressiooni mustrile
avardab meie arusaamu emaka limaskesta toimimisest ja tsiiklilistest muutustest
ning aitab tdiendada viljatusravi meetodeid.
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Background
The human endometrium is a dynamic tissue that under-

Abstract

Background: When the steroid hormones estrogen and progesterone bind to nuclear receptors,
they have transcriptional impact on target genes in the human endometrium. These transcriptional
changes have a critical function in preparing the endometrium for embryo implantation.

Methods: 382 genes were selected, differentially expressed in the receptive endometrium, to
study their responsiveness of estrogen and progesterone. The endometrial cell lines HECIA and
RL95-2 were used as experimental models for the non-receptive and receptive endometrium,
respectively. Putative targets for activated steroid hormone receptors were investigated by
chromatin immunoprecipitation (ChIP) using receptor-specific antibodies. Promoter occupancy of
the selected genes by steroid receptors was detected in ChIP-purified DNA by quantitative PCR
(qPCR). Expression analysis by reverse transcriptase (RT)-PCR was used to further investigate
hormone dependent mRNA expression regulation of a subset of genes.

Results: ChIP-qPCR analysis demonstrated that each steroid hormone receptor had distinct group
of target genes in the endometrial cell lines. After estradiol treatment, expression of estrogen
receptor target genes predominated in HECIA cells (n = 137) compared to RL95-2 cells (n = 35).
In contrast, expression of progesterone receptor target genes was higher in RL95-2 cells (n = 83)
than in HECIA cells (n = 7) after progesterone treatment. RT-PCR analysis of 20 genes
demonstrated transcriptional changes after estradiol or progesterone treatment of the cell lines.

Conclusions: Combined results from ChIP-gPCR and RT-PCR analysis showed different patterns
of steroid hormone receptor occupancy at target genes, corresponding to activation or
suppression of gene expression after hormone treatment of HECIA and RL95-2 cell lines.

goes cyclic changes in preparation for endometrial recep-  the ovarian steroid hormones 17p-estradiol
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ulate the proliferation of the epithelial and stromal
components of the endometrium, while in the secretory
phase P4 is involved in glandular differentiation and inhi-
bition of E2-mediated cell proliferation [1]. In the absence
of implantation, declining levels of P4 and E2 signal the
degeneration of the endometrial tissue, which is followed
by regeneration during the next cycle.

The biological activities of E2 and P4 are mediated mainly
by nuclear receptors (NRs). Binding of a steroid hormone
to its cognate receptor results in a conformational change
in the NR that allows the ligand-NR complex to bind with
high affinity to response elements in DNA and regulate
transcription of target genes. Two types of E2 receptors,
ERa and ERB, encoded by separate genes, are found in
humans [2,3]. Although ERa and ERP are present in all
endometrial cell types over the entire menstrual cycle,
they are expressed at higher levels during the proliferative
phase and show lower activity during the secretory phase
because of the suppressive effect of P4 [4].

P4 signalling is also mediated by two receptors, PRA and
PRB [5], which are encoded by the same gene but tran-
scribed from different promoters, resulting in a PRB that
has an additional 164 amino acids at the N-terminus [6].
PRB is a stronger transcriptional activator in most cell
types, while PRA acts often as a dominant negative repres-
sor for PRB activity [7,8]. PRA and PRB levels are similar
during the proliferative phase. In the early secretory
phase, PRA is dominant, while higher PRB levels during
the mid-secretory phase have been described [9]. The
expression of the PR gene in endometrial glands is con-
trolled by E2 and P4, where E2 induces PR synthesis and
P4 down-regulates the expression of its own receptor [1].

Implantation of the developing embryo involves a molec-
ular dialogue between the endometrium and blastocyst
that involves a number of specific mediators including
membrane receptors, components of the extra-cellular
matrix, growth factors, cytokines and lipid components of
the cell membranes [10]. The endometrium is receptive
for embryo attachment only during a restricted period
called the "implantation window" (IW). In humans, the
IW is limited to days 20-24 of the menstrual cycle and is
achieved through the coordinated action of P4 and E2.
Thus, an imbalance of steroid hormone levels and their
ratios could influence the regulation of target genes, lead-
ing to female infertility by disturbing endometrial recep-
tivity during the IW.

Microarray technology has led to genome-wide identifica-
tion of gene expression pathways involved in implanta-
tion events. Based on five transcriptome studies [11-15],
we selected 382 genes with different expression levels dur-
ing the IW in human endometrium. The aim of this study
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was to investigate whether these pre-selected genes could
be directly regulated by E2 and P4 through their specific
receptors. To achieve the purpose, to study hormone
dependent receptivity of the endometrium, we used two
human uterine epithelial cell lines as in vitro models.

HEC1A was used as a model of non-receptive
endometrium, and RL95-2 was used as a model of recep-
tive endometrium [16-19]. The cell lines were chosen
based on earlier studies which have demonstrated that
RLY5-2 cells have stronger adhesiveness for human JAR
choriocarcinoma multicellular spheroids compared to
HEC1A cells [20-22] and are thus considered as a model
of the receptive endometrium. Following hormone treat-
ment of the cells, binding of steroid hormone receptors to
the promoters of selected genes was investigated by chro-
matin immunoprecipitation (ChIP) with specific anti-
bodies, and detection of the isolated genomic sequences
with quantitative PCR (qPCR). E2- and P4-dependent
gene regulation was confirmed for 20 genes by reverse
transcriptase (RT)-PCR.

Methods

Endometrial cell culture

HEC1A (#HTB-112, American Type Culture Collection,
ATCC, Teddington, UK) cells were grown in McCoy 5A
medium (#A1324, AppliChem Gmbl, Darmstadt, Ger-
many), while RL95-2 (#CRL-1671, ATCC) cells were
maintained in DMEM/F12 (AppliChem Gmbll) medium
with 10 mM Hepes and 5 pl/ml insulin. Both media were
supplemented with 2 g/L sodium bicarbonate (Appli-
Chem GmbH), 10% fetal bovine serum (FBS) (Appli-
Chem GmbH) and 1% penicillin/streptomycin
(AppliChem GmbH). Both studied cell lines express E2
and P4 specific nuclear receptors (ERa, ERB, PRA, PRB) as
indicated by the ATCC. For hormonal treatment, E2
(Sigma-Aldrich, Helsinki, Finland) or P4 (4-Pregnene-
3,20-dione, Sigma-Aldrich) was added to the culture
media to a final concentration of 10-*M as described
before [23,24]. For cultures with hormone supplements,
dextran-coated charcoal-treated FBS and media without
phenol red were used for 48 h prior to experiments to
adapt similar conditions and avoid possible hormone-
like (estrogenic) activity of Phenol red. Hormone treat-
ment was 45 min for ChIP experiments and 3 h, 6 h or 12
h for mRNA experiments.

Chromatin immunoprecipitation

Chromatin was immunoprecipitated as previously
described [25], using following antibodies: monoclonal
mouse anti-human ERa antibody (D-12, sc-8005); poly-
clonal rabbit anti-human ERp antibody (11-150, sc-8974);
monoclonal mouse anti-human PRAB antibody (AB-52,
sc-810) that recognizes both human PRA and PRB recep-
tors (AB-52, sc-810); and monoclonal mouse anti-human
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PRB antibody (B-30, sc-811) that recognizes only the
additional NH2-terminal stretch of PRB receptor (Santa
Cruz Biotech, CA, USA). Preliminary experiments deter-
mined an optimal formaldehyde cross-linking time of 15
min for both cell lines. Chromatin was fragmented to an
average size of 0.5 - 2 kb using a Vibra-Cell ultrasonic
processor (Sonics, Newtown, CT USA). Antibody-antigen
complexes were precipitated with GammaBind™ plus
Sepharose™ (GE Healthcare Life Sciences, Uppsala, Swe-
den), eluted with hot 0.1% SDS and uncrosslinked over-
night at 65°C in the presence of Protein K (Sigma-
Aldrich). DNA was purified using a Gel Extraction Kit
(Qiagen, Helsinki, Finland). Control experiments used
preimmune total IgG (Cell Signalling Technology, Inc,
Danvers, MA, USA) to estimate the non-specific binding
by unspecific antibodies.

ChIP-qPCR for detection of genomic sequences

Specific genomic regions in the ChIP DNA samples were
detected by qPCR. The 382 genomic targets for PCR were
selected from previously published endometrial tissue
microarray data (See additional file 1) [11-15] using two
criteria: (i) > 2-fold up- or down-regulated mRNA expres-
sion during IW and (ii) evolutionary conservation of
human and murine orthologous sequences. Primers were
designed to detect and amplify a region from +1000 to -
5000 bp from the transcription start site using the Primer3
program [26] detecting NR involvement in formation of
the basal transcription complex. All primers were
designed to have a melting temperature (Tm) of 60°C.
Primer specificity was controlled using the alignment
algorithms BLAT/iPCR [27] and BLAST [28] to search the
whole human genome. Primers were obtained from
MWG Biotech (Edsberg, Germany). PCR was performed
using HotStarTaq Master Mix (Qiagen) with 0.05 ng of
template DNA and 1.25 pmol of primers for each reac-
tion, according to the manufacturer's instructions.

PCR products were detected by qPCR using 384-well
plates and a SYBR green detection method with an ABI
HT7900 RT-PCR machine (Applied Biosystems, Foster
City, CA, USA). PCR conditions were: HotStarTag DNA
Polymerase activation step for 14.5 min at 95°C, 40 cycles
of denaturation for 30 s at 95°C, annealing for 45 s at
58°C and extension for 45 s at 72°C. A dissociation step
was added to confirm the purity of PCR products by melt-
ing-curve analysis with 5 min ramping from 60°C to
95°C.

RT-PCR

RNA was extracted using an RNeasy Mini Kit (Qiagen).
Cells were washed once with phosphate-buffered saline
prior to extraction, lysed directly in the tissue culture dish
and homogenized by 10 strokes with an insulin syringe.
RNA was prepared according to the manufacturer's proto-
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col. Genes (n = 20, ADAMDEC1, CD86, ETV1, FLTI,
FOXA2, GRIP1, HES1, HOXA1, IHH, KLK3, MEF2D,
MMP7, NCOA1l, OTOF, PLXNA2, RELB, SMARCA2,
TBX19, TNC, and ZNF54) were chosen for RT-PCR analy-
sis based on positive ChIP experiment results, focusing
mostly on transcription factors (See additional file 2). For
mRNA analysis, 5 pug of total RNA was subjected to reverse
transcription, using SuperScript® III First-Strand Synthesis
SuperMix (#18080-400, Invitrogen Life Technologies,
Carlsbad, CA, USA), as described by the manufacturer.
GAPDH specific primers were used to normalize the
cDNA synthesis with forward and reverse primers
CTCTCTGCTCCTCCTGITCGAC and TGAGCGATGT-
GGCTCGGCT, respectively. cDNA specific primer pairs
were designed using Primer3 software and tested for
unspecific priming against human genomic and mRNA
sequences using iPCR software (MWG Biotech). Primers
were designed to generate amplicons of 75-150 bp with a
Tm of 60°C. PCR conditions for reverse transcriptase
products were as described above with the exception of a
15 s annealing step at 58°C, and a 30 s extension time to
account for the shorter PCR products.

RT-PCR data analysis

Quantitative qPCR results were analysed using the pub-
licly available software Miner [29]. Outliers were excluded
manually when the mean coefficient of variation (CV) for
CT (cycle threshold) for triplicates was >1%. Expression
values for all transcripts were normalized to the endog-
enous control of GAPDH, and ratios relative to non-
treated samples were generated. Relative gene expression
ratios were calculated according to GED (Gene Expression
Difference) by CT protocol [30], using the average effi-
ciency of each gene and the CT of each triplicate. To com-
pare the effects of hormone treatments on HEC1A and
RLY5-2 cell lines, statistical analysis was performed on
log2-transformed values of gene expression ratios using
an unpaired Student's t-test at a 95% confidence level.

Annotation of genes

Gene classifications were carried out using the PANTHER
(Protein Analysis THrough Evolutionary Relationships),
[31] classification system that specifies genes by functions
based on published evidence and evolutionary relation-
ships that predict gene function in the absence of direct
experimental evidence. Clustering analysis was performed
with the Cluster 3.0 program [32], using uncentered cor-
relation and complete centroid linkage. Inverted CT
(CTinv) values were used for clustering qPCR data. The
baseline was set to 40 and CTinv was calculated as CTinv
= 40-Ct. Visualisation of clustering data was done using
Java TreeView software.

Gene annotation, sequence information, gene descrip-

tions and accession numbers (IDs) were downloaded
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from BioMart [33] NCBI [34] and UCSC genome browser
[35] databases. All datasets were imported and kept in a
database supported by MySQL database management
software [36].

Results

E2- and P4-receptor target genes in HECIA and RL95-2
cells

Two endometrial cell lines, HEC1A and RL95-2, were used
to investigate the steroid hormone-dependent binding of
NRs to the promoters of 382 IW-specific genes (See addi-
tional file 1). Although the native receptive endometrium
is under the combined influence of both E2 and P4, we
performed hormonal treatments separately to reveal E2 or
P4 dependent action through their specific nuclear recep-
tors. Cells were treated with either E2 or P4 followed by
ChIP using antibodies against the steroid hormone recep-
tors: ERa, ERB, PRB, or PRAB (which recognizes both PRA
and PRB receptors). Quantitative qPCR with specific
primers was used to detect NR-binding to the promoter
region of the selected genes. HEC1A cells were treated
with E2 to simulate the non-receptive-like endometrium
and with P4 for comparing P4 effects on the two endome-
trial cell lines. Out of 382 investigated genes, 137 were ER
targets: 101 were bound by ERa, 96 were bound by ER,
and 60 were targets of both receptors (Figure 1A). When
the targets common to both ERs (n = 56) and the targets
shared by ERs and PRs (n = 7) were excluded, 40 genes
were found to be exclusively regulated by ERa and 34
genes by ERp (Table 1).

The amino acid sequence of the progesterone receptor
PRA is contained within the sequence of PRB, so produc-
ing antibodies specific to PRA is not feasible. Therefore,
PRA target genes were found by subtracting anti-PRB tar-
gets from the common pool of all PRAB-targets as PRB
and PRAB overlapping target genes were considered to be
PRB-specific. Seven target genes for P4-mediated action in
HECI1A cells were identified, 5 for PRA and 2 for PRB (Fig-
ure 1A). All PR targets overlapped with ER targets and thus
they were not considered to be unique targets for P4
action in HEC1A cells (Table 2).

The RL95-2 cell line was used as a model for the receptive
endometrium with E2 and P4 treatments performed sepa-
rately. ChIP-qPCR analysis revealed four distinct groups
of target genes for each steroid hormone receptor (ERa,
ERB, PRA, and PRB) in RLY5-2 cells (Figure 1B). After P4
treatment, anti-PR antibodies recognized chromatin from
83 out of the 382 potential target genes; anti PRB for 40
and anti-PRAB for 52, including overlapping targets for
two antibodies. After removing common targets between
PRs and ERs and subtracting anti-PRB targets from the
common pool of all PRAB-targets, 37 genes were consid-
ered to be unique targets for PRA and 8 for PRB (Table 3).
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Although PRAB antibody should detect both PRA and
PRB receptor subtypes, 31 genes were targeted solely by
PRB and not identified by PRAB antibody. Twenty-five of
them were found to be PRB specific, while six were addi-
tionally co-regulated by at least one of the ERs. These 25
unique PRB targets were also regarded as PRB-specific,
thus resulting in 33 unique PRB target genes (Table 3). E2
treatment of RL95-2 cells resulted in 35 genes bound by
ERs, where in total 17 loci were immunoprecipitated by
ERa and 24 by ERB antibody (Figure 1B), including over-
lapping targets for two antibodies. After deducted com-
mon targets, we discovered nine unique target genes for
ERoa, eight for ERB (Table 4), and five common targets for
both ERs (data not shown).

The total number of genes targeted after E2 treatment of
HECI1A and RL95-2 cells is shown in Figure 1. Approxi-
mately four times as many genes were bound by ERs in
HEC1A cells than in RL95-2 cells, which had 137 and 35
target genes, respectively. These results confirmed that
HEC1A is a better model of the non-receptive
endometrium with E2 exerting its primary role in tissue
proliferation. In contrast, P4 treatment resulted in 10
times more PR targets in RL95-2 cells (n = 83) than in
HEC1A cells (n = 7), supporting the view of RL95-2 cell
line as a model for the receptive endometrium with P4
preparing the endometrium for embryo nidation.

E2- and P4-mediated mRNA expression in HECIA and
RL95-2 cell lines

To elucidate the biological significance of the molecular
interactions seen by ChIP, we complemented the initial
results with mRNA expression studies for 20 genes (See
additional file 2). All selected genes were detected as NR
targets by ChIP-qPCR and half (n = 10) of them were clas-
sified as transcription factors. The other criteria after tran-
scription factors was to find genes which has not been
described as an ER or PR targets before.

HEC1A and RL95-2 cells were treated with E2 or P4 for 3,
6, or 12 h. At least 2-fold up- or down-regulation of
mRNA expression levels were detected for 12 genes
(CD86, FOXA2, IHH, MEF2D, MMP7, NCOA1, OTOF,
PLXNA2, RELB, SMARCA2, TNC, and ZNF549) out of 20
genes studied (Table 5). Although, the activities of tran-
scription factor coding genes GRIPI and TBX19 changed
significantly during the hormonal treatments, these alter-
ations remained below the 2-fold threshold. cDNA ampli-
fication was not observed for 6 genes ADAMDECI, ETV1,
FLT1, HES1, HOXA1 and KLK3 in either cell line regard-
less of hormonal treatment (data not shown). Surpris-
ingly, the observed changes in E2- or P4-dependent
mRNA expression occasionally conflicted with the ChIP-
qPCR results. For example, although the secreted growth
factor Indian hedgehog (IHH) and otoferlin (OTOF) were
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Table I: List of unique target genes for ERa and ERp in HECIA cell line after E2 treatment

Gene symbol* Gene name
Unique targets for ERa

Unique targets for ERB

ABCBIO ATP-binding cassette, subfamily B, member 10

ADCYAP| Adenylate cyclase-activating polypeptide |

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

APRT Adenine phosphoribosyltransferase

ARID5B AT-rich interaction domain-containing protein 5B

C3orfl Chromosome 3 open reading frame |

CccLl i Chemokine, CC motif, ligand 11

ccL7 Chemokine, CC motif, ligand 7

CCTé6B Chaperonin-containing T-complex polypeptide |,
subunit 6B

CD86 Cd86 antigen

CEACAM3 Carcinoembryonic antigen-related cell adhesion
molecule 3

CLDN4 Claudin 4

ECMI Extracellular matrix protein |

EDN3 Endothelin 3

FBLN2 Fibulin 2

FOSLI FOS-like antigen |

GRIKI Glutamate receptor, ionotropic, kainate |

GSN Gelsolin

HOXAI Homeobox Al

ITGB7 Integrin, beta-7

ITPA Inosine triphosphatase

LGALS8 Lectin, galactoside-binding, soluble, 8

MB Myoglobin

NEKé Never in mitosis gene a-related kinase 6

NID2 Nidogen 2

ODF2 Outer dense fiber of sperm tails 2

POFUTI Protein o-fucosyltransferase |

PWPI PWPI homolog (S. Cerevisiae)

RELB v-rel avian reticuloendotheliosis viral oncogene
homolog b

SEC61B SEC6! complex, beta subunit

SFRS16 Splicing factor, arginine/serine- rich 16

SGCB Sarcoglycan, beta

SPARC Secreted protein, acidic, cysteine-rich

SPATA2 Spermatogenesis-associated protein 2

SSFA2 Sperm-specific antigen 2

TFAP2C Transcription factor AP2-gamma

TRH Thyrotropin-releasing hormone deficiency

TRIM16 Tripartite motif-containing protein |16

WNT5A Wingless-type MMTV integration
site family,
member 5A

XCL2 Chemokine, C motif, ligand 2

AQP3 Aquaporin 3

B3GAT3 Beta-|,3-glucuronyltransferase 3

BMPIO Bone morphogenetic protein |10

(¢XV) Clusterin

COG5 Component of oligomeric golgi complex 5

CRSP9 Mediator complex subunit 7

DMBTI Deleted in malignant brain tumors |

DNAH9 Dynein, axonemal, heavy chain 9

FECH Protoporphyria, erythropoietic

FENI FLAP structure-specific endonuclease |

FYB FYN-binding protein

GBAS Glioblastoma amplified sequence

GPX3 Glutathione peroxidase 3

GRIPI Glutamate receptor-interacting protein |

HBB Hemoglobin--beta locus

KIAA0427  KIAAQ427

LGTN Ligatin

MEF2D Myocyte enhancer factor 2D

NINJI Nerve injury-induced protein |

PDGFA Platelet-derived growth factor, alpha polypeptide

PENK Proenkephalin

PLXNB3 Plexin B3

PRODH Proline dehydrogenase

SC65 Synaptonemal complex protein SC65

SERPINDI  Heparin cofactor Il

SLCI6A4 Solute carrier family 16 (monocarboxylic acid transporter),
member 4

DG Thymine-DNA glycosylase

TFDPI Transcription factor DP|

TGM2 Transglutaminase 2

TNC Tenascin C

TNFRSFIOC Tumor necrosis factor receptor superfamily, member 10c

TP63 Tumor protein p63

TRIPIO Thyroid hormone receptor interactor 10

WFDC2 WAP four-disulfide core domain 2

(*) Official gene symbol by HUGO Gene Nomenclature Committee (HGNC).

detected as E2-ER targets in HEC1A cells, E2-induced
mRNA expression was observed in RL95-2 cells but not in
HECI1A cells.

From the selected 20 genes five genes showed significant
cell line-specific mRNA expression either in HEC1A or
RL95-2 cell line (Table 5, in bold). IHH expression was
detected in RL95-2 cell line-specific manner until 6 h after
E2 treatment or 3 h after P4 treatment, but was down-reg-

ulated after longer hormonal exposure. In addition to
IHH, the expression of three other genes: plexin A2
(PLXNA2), OTOF and a SWI/SNF related family member
(SMARCA2) were induced by E2 or P4 in the RL95-2 cell
line. In HEC1A cells, on the contrary, the expression of
matrix metalloprotease 7 (MMP7) was detected in non-
treated HEC1A cells and was gradually down-regulated
after treatments by both hormones.
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A. HECI1A cell line

E2+ERa E2+ERB P4+PRAB  P4+PRB

Figure |
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B. RL95-2 cell line

E2+ERa

E2+ERB

P4+PRAB  P4+PRB

Cluster analysis of ERo, ERf, PRAB, PRB target genes in HECIA and RL95-2 cells after E2 or P4 treatment.
Target genes revealed from ChIP-qPCR experiment were clustered with Cluster 3.0 program and visualized using Java
TreeView software. A. HECIA cell line. E2+ERoi: 101 ERa target genes after E2 treatment; E2+ERB: 96 ERP target genes after
E2 treatment; P4+PRAB: 7 PRAB target genes after P4 treatment; and P4+PRB: 2 PRB target genes after P4 treatment. B. RL95-
2 cell line. E2+ERa: |7 ERa target genes after E2 treatment; E2+ERP: 24. ERp target genes after E2 treatment; P4+PRAB: 52
PRAB target genes after P4 treatment; and P4+PRB: 40 PRB target genes after P4 treatment.

Analysis of gene expression in HEC1A and RL95-2 cell
lines showed almost opposite responses to E2 and P4. A
significant difference (p < 0.05) in transcript levels was
observed between the two cell lines in the expression of
nine genes after E2 treatment (Figure 2). Furthermore,
CD86, FOXA2, GRIP1, NCOA1, RELB, TBX19, TNC, and

Table 2: List of PRA and PRB target genes in HECIA cell line
after P4 treatment

Gene symbol* Gene name

Targets for PRA

CD28 CD28 molecule

COL5A2 Collagen, type V, alpha-2

ETS2 V-Ets avian erythroblastosis virus
€26 oncogene homolog 2

MYST4 Histone acetyltransferase MYST4
OTOF Otoferlin

Targets for PRB

TCF4 Transcription factor 4

ZNF167 Zinc finger protein 167

(*) Official gene symbol by HUGO Gene Nomenclature Committee
(HGNC).

ZNF549 genes showed opposite regulation in the two cell
lines, with mRNA levels up-regulated in RL95-2 cells but
down-regulated in HEC1A cells after E2 treatment when
compared to non-treated samples (Figure 2). The expres-
sion of MEF2D was also significantly different between
the cell lines, but unlike the other genes, it was up-regu-
lated by E2 in both cell lines. P4 similarly exerted opposite
effects on gene expression in the two endometrial cell
lines as mRNA levels of the three transcription factor
genes FOXA2, NCOA1, TBX19, and extracellular matrix
tenascin-C (TNC) gene were significantly (p < 0.05, Figure
3) up-regulated in RL95-2 cells and down-regulated in
HEC1A cells post P4 treatment.

Discussion

The exact molecular characteristics of the embryo impan-
tation are still not completely characterised because of the
complexity of using human embryos and endometrial tis-
sue in reseach, therefore other means must be elucidated
for research of receptivity of the endometrium. Used
RLY95-2 and HECIA cell lines are both described as
endometrial epithelial cell lines derived from adenocarci-
noma cells. Our interest to investigate the suitability of
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Table 3: List of unique target genes for PRA and PRB in RL95-2 cell line after P4 treatment

Gene symbol* Gene name
Unique targets for PRA

Unique targets for PRB

APRT Adenine phosphoribosyltransferase

BNIPI Bcl2/adenovirus EIB 19-kD protein-interacting protein
|

CCTé6B Chaperonin-containing T-complex polypeptide |,
subunit 6B

CLDN4 Claudin 4

COL4A6 Collagen, type IV, alpha-6

DNAJBI DNAJ/HSP40 homolog, subfamily b, member |

ECMI Extracellular matrix protein |

EXTI Exostosin |

EXTL2 Exostosin-like 2

FGF9 Fibroblast growth factor 9

FLTI Fms-related tyrosine kinase |

GPLDI Phospholipase D1, glycosylphosphatidylinositol-specific

IFNAR2 Interferon, alpha, beta, and omega, receptor 2

ITGAIO Integrin, alpha-10

ITGA2 Integrin, alpha-2

ITGB7 Integrin, beta-7

KIAAO427 KIAA0427

LAMBI Laminin, beta-|

MAOA Monoamine oxidase A

MB Myoglobin

MYST4 Histone acetyltransferase MYST4

NCOAI Nuclear receptor coactivator |

NCOR2 Nuclear receptor corepressor 2

NUPI55 Nucleoporin, 155-kD

PDGFA Platelet-derived growth factor, alpha polypeptide

SLC29A2 Solute carrier family 29 (nucleoside transporter),
member 2

SOX4 SRY-box 4

TGFA Transforming growth factor, alpha

TIALI Tial cytotoxic granule-associated rna-binding protein-
like |

TNC Tenascin C

TRIPIO Thyroid hormone receptor interactor 10

TRMTI | tRNA methyltransferase |1 homolog (S. Cerevisiae)

UBE3C Ubiquitin protein ligase E3C

UBTF Upstream binding transcription factor
(RNA polymerase I)

VEGFA Vascular endothelial growth factor A

XCL2 Chemokine, C motif, ligand 2

ZNF549 Zinc finger protein 549

ARID5B AT rich interactive domain 5B (MRFI-like)

ARLI ADP-ribosylation factor-like |

BRCA2 Breast cancer 2

C2orf3 Chromosome 2 open reading frame 3

CORT Cortistatin

CROT Carnitine O-octanoyltransferase

EIF31 Eukaryotic translation initiation factor 3, subunit |

ETVI ETS variant gene |

FGFI2 Fibroblast growth factor 12

GADD45A  Growth arrest- and DNA damage-inducible gene
GADDA45, alpha

GATA2 GATA-binding protein 2

GTF2F2 General transcription factor IIf, polypeptide 2, 30-kD

HESI Hairy and enhancer of split | homolog

IHH Indian hedgehog

KLK3 Kallikrein-related peptidase 3

MEF2D Myocyte enhancer factor 2D

NCR3 Natural cytotoxicity triggering receptor 3

NFI Neurofibromatosis, type |

NFIX Nuclear factor I/X (CCAAT-binding transcription factor)

NUP98 Nucleoporin, 98-kD

POSTN Periostin

PWPI| PWPI1 homolog (S. Cerevisiae)

RAD54L Rad54, s. Cerevisiae, homolog-like

RNFI126 Ring finger protein 126

SEMA3F  Semaphorin 3F

SNTGI Syntrophin, gamma-|

SPATA2 Spermatogenesis-associated protein 2

SPDEF SAM pointed domain containing ets transcription factor

STCI Stanniocalcin |

STIMI Stromal interaction molecule |

TDRKH Tudor and KH domains-containing protein

TLX2 T-cell leukemia, homeobox 2

UMOD Uromodulin

(*) Official gene symbol by HUGO Gene Nomenclature Committee (HGNC).

selected cell lines as an in vitro models of non-receptive
and receptive endometrium was based on several studies
published recently [21,22,37,38]. RL95-2 cell line has
been characterized as a model of receptive endometrium
by its ability to mimic relevant properties of the adhesion
competent endometrial lining compared to HECIA
[21,22].

The steroid hormones E2 and P4 bind to NRs to play a key
role in preparing the endometrium for implantation of an
embryo. NRs regulate transcription by binding to the
proximal or distal regulatory regions of specific genes.

Transcriptional changes regulated by NRs have been sug-
gested to involve chromosomal looping or Polll tracking
that allows enhancers to interact with the transcription
complex at the promoter [39]. In this study, we used
ChIP-qPCR method to investigate whether genes previ-
ously identified as IW-specific become direct targets of
NRs after hormonal treatment of endometrial cells.

Combining new technologies based on microarrays and
high-throughput sequencing with the today's knowledge
of entire human genome allows defining of all in vivo tar-
gets for transcription machinery in a single experiment
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Table 4: List of unique target genes for ERa and ERp in RL95-2 cell line after E2 treatment
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Gene symbol*

Gene name

Unique targets for ERa

Unique targets for ERB

ANXA2

CHRNB2
COL3AI
GSN
RPS6KB2
SECTMI
SMARCA2

SC65
VLDLR

Annexin A2

Cholinergic receptor, neuronal nicotinic, beta polypeptide 2

Collagen, type Ill, alpha-|

Gelsolin

Ribosomal protein Sé kinase, 70-kD, 2
Secreted and transmembrane |

SWI/SNF related, matrix associated, actin dependent regulator of

chromatin, subfamily A, member 2
Synaptonemal complex protein SC65
Very low density lipoprotein receptor

ETS2

FOXA2
MMP26
NINJI
SERPIND |
SFRS16
TBX/9

VDACI

v-ets avian erythroblastosis virus €26
oncogene homolog 2

Forkhead box A2

Matrix metalloproteinase 26

Nerve injury-induced protein |
Heparin cofactor Il

Splicing factor, arginine/serine-rich 16
T-box 19

Voltage-dependent anion channel |

(*) Official gene symbol by HUGO Gene Nomenclature Committee (HGNC).

Table 5: Genes > 2 fold up- or down-regulated after hormone treatment in HECIA and/or RL95-2 cell line

Up-regulation > 2 fold

ChIP target post E2 treatment

ChIP target post P4 treatment

HECIA
MEF2D

RL95-2

CD86

MEF2D

OTOF
PLXNA2

RELB

Molecular function*
Other transcription factor; Nucleic acid
binding

Immunoglobulin receptor family member;
Membrane-bound signaling molecule;
Defense/immunity protein

Other transcription factor; Nucleic acid
binding

Otoferlin

Tyrosine protein kinase receptor;Protein
kinase

Other transcription factor

SMARCA2 DNA helicase

TNC

Cell adhesion molecule; Extracellular matrix
glycoprotein

Down-regulation > 2 fold

HECIA
CD86

FOXA2

MMP7
NCOA|
RELB
TNC

ZNF549

RL95-2
CD86

IHH

Molecular function*

Immunoglobulin receptor family member;
Membrane-bound signaling molecule;
Defense/immunity protein

Other transcription factor; Nucleic acid
binding

Metalloprotease; Other extracellular matrix
Transcription factor; Acetyltransfera se
Other transcription factor

Cell adhesion molecule; Extracellular matrix
glycoprotein

KRAB box transcription factor

Immunoglobulin receptor family member;
Membrane-bound signaling molecule;
Defense/immunity protein

Other signaling molecule; Protease

E2
6h HECIAERB

E2
3h HECIAERa

3h HECIAERp

12h HECIA ERa and ERB
3h RL95-2ERB

3h HECIAERa
3h RL95-2 ERa
3h HECIAERB

E2
6h HECIAERa

3h RL95-2 ERB

HECIA ERa and ERB
3h ND

3h HECIAERa

3h HECIAERp

HECIA ERa and ERB
E2

12h  HECIA ERa

12h  HECIA ERa/ERB

P4
3h  RL95:2 PRB
P4

NS ND

3h RL95-2 PRB

3h HECIAPRA
3h RL95-2 PRA

NS ND
3h ND
3h RL95-2 PRA

P4
NS ND
12h ND
12h ND
6h  RL95-2 PRA
6h ND

6h RL95-2 PRA

6h RL95-2 PRA

NS ND

6h RL95-2 PRB

(*) Molecular functions were obtained from PANTHER. In bold are genes with cell line-specific expression. NS: not significant gene expression, ND:

not detected. Official gene symbols according to HUGO Gene Nomenclature Committee (HGNC).
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Figure 2

E2 mediated time-dependant gene expression in RL95-2 (blue) and HECI A (red) cell lines compared to non-
treated samples. Expression profiles of CD86, FOXA2, GRIPI, NCOAI, RELB, TBX19, TNC, ZNF549, and MEF2D genes had sig-
nificant difference (p < 0.05, two-tailed, unpaired Student's t-test with 95% confidence of log2-transformed expression ratios
relative to baseline expression) in mMRNA expression ratios (*) between RL95-2 and HECIA cells after E2 treatment. E2 expo-
sure predominantly induced mRNA level of gene expression in RL95-2 cells but down-regulated in HECIA cells (except for

MEF2D gene).

[23,24]. Since NR activity is often tissue specific, we used  port their use as non-receptive and receptive endometrial

primers specifically designed to detect the promoter  models, respectively.

regions of 382 genes known to exhibit differential expres-

sion in the human receptive endometrium. Our specific ~ In non-receptive endometrium, the primary role of E2 is

aim was to investigate whether the steroid hormone in tissue regeneration and proliferation. Analysis of the

actions in endometrial cell lines HEC1A and RL95-2 sup-  number of ER target genes identified by ChIP-qPCR after
E2 treatment under our experimental conditions, revealed

B RL95-2 cell line

B HEC1A cell line

Expression ratio*

Figure 3

P4 mediated time-dependant gene expression in RL95-2 (blue) and HECIA (red) cell lines compared to non-
treated samples. Expression profiles of FOXA2, NCOAI, TBX19 and TNC genes had significant difference (p < 0.05, two-
tailed, unpaired Student's t-test with 95% confidence of log2-transformed expression ratios relative to baseline expression) in
mRNA expression ratios (*) between RL95-2 and HECI A cells after P4 treatment. P4 mostly induced mRNA level in RL95-2

cells but down-regulated in HECIA cells.
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almost 4-fold difference between HEC1A (n = 137) and
RL95-2 (n = 35) cells. This finding supports the idea of
HEC1A as a good model for non-receptive endometrium
being predominantly governed by E2 control. In addition
to unique targets of ERo and ERP, we identified a subset
of 60 genes in HEC1A cells and 5 genes in RL95-2 cells
that were common for both ERs.

Previous in vitro studies have demonstrated that both
homodimers ERa/ERo or ERB/ERPB and heterodimers
ERa/ERB can be formed when both ER subtypes are
expressed in the same cell [40]. Moreover, it has been
shown that in the absence of ERa, ERB can either inhibit
ERa-mediated gene transcription or partly replace ERa as
a transcription factor [41]. Thus, the common ERa and
ERB targets identified in this study could represent genes
either activated by heterodimeric complexes or could
reflect competitive binding of the two separate E2 recep-
tors to the same regulatory element.

In receptive endometrium, the primary role of P4 is the
preparation of the endometrium for embryo implanta-
tion. From our set of 382 genes, 83 were bound by PRs in
RL95-2 cells, which was ten times more than in the
HEC1A cell line (n = 7). Harduf and colleagues have dem-
onstrated that there is a higher PRA/PRB ratio in RL95-2
cells compared to HEC1A cells indicating the possible
important role of PRA during implantation window [22].
Even the both cell lines express E2 and P4 specific recep-
tors (ATCC) the lack of specific antibody against PRA has
made it difficult to compare the exact ratio levels of two
PRs.

To investigate transcriptional changes that occur after NR
binds to its promoter region, we assessed the expression of
20 selected genes. RT-PCR analysis showed that 12 out of
selected 20 IW-specific genes had at least 2-fold up- or
down-regulation in mRNA expression level after hormo-
nal treatment. Five genes were expressed in cell line-spe-
cific manner as the expression of IHH, PLXNA2, OTOF,
and SMARCA2 was only observed in RL95-2 cells, while
MMP?7 activity was detected exclusively in HEC1A cells.

We included IHH as a classical example of steroid hor-
mone-dependent gene regulation during IW. Previous in
vivo and in vitro studies revealed that the expression of
IHH in the murine uterus is solely P4 dependent and
essential for embryo implantation [42-44]. Our results
showed that IHH was the target gene for PRB after P4
treatment in RLI5-2 cells. Indeed, RT-PCR analysis con-
firmed IHH expression only in RL95-2 cells. Interestingly,
the mRNA levels of IHH in RL95-2 cells were suppressed
after the use of either E2 or P4 hormones (Table 5), differ-
entially from murine uterus where IHH expression
depends only on P4 [42-44]. Yet, the recent work has indi-
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cated that the stromal not epithelial PR is critical for P4-
mediated induction of IHH expression in the mouse
uterus [45]. Since the HEC1A and RL95-2 cell lines repre-
sent the epithelial cells of the endometrium, IHH expres-
sion in this endometrial compartment may be regulated
by other hormonal mechanisms from internal tissue lay-
ers. Species difference between the estrous cycle of mice
and the menstrual cycle in women is an additional factor
to account for this discrepancy.

Our gene expression analysis focused mainly on transcrip-
tion factors. Since the development and regeneration of
endometrial tissue is largely governed by E2 and P4, a
transcriptional regulatory feedback system is needed to
mediate these dynamic and complex changes. The major-
ity of E2-regulated genes are thought to be up-regulated
after short (1-8 h) hormonal treatment, while most of the
hormone-responsive genes are down-regulated after
longer (12-48 h) treatment [39]. We examined the
changes in mRNA expression following 3-12 h of hormo-
nal exposure in order to investigate the rapid transcrip-
tional changes caused by steroid hormones. We found
that the increase of mRNA level in selected genes mainly
occurred after short-term (3-6 h) treatment, while the
majority of suppressive effects become visible after 6-12 h
of treatment (Table 5, Figures 2 and 3).

Interestingly, when hormone responsiveness in two
endometrial cell lines was compared, we found that hor-
monal treatments had almost opposite effects on gene
expression. Treatments with E2 or P4 resulted in signifi-
cant up- and down-regulation of genes in RL95-2 and
HECI1A cells, respectively. Genes for the transcription fac-
tors FOXA2, NCOA1, TBX19, and the extracellular matrix
glycoprotein TNC had markedly different and opposite
mRNA expression levels after E2 or P4 treatment in both
of the cell lines investigated. All four genes were either
down-regulated by both hormones in HEC1A or up-regu-
lated in RL95-2 cells (Figures 2 and 3). In addition to
already mentioned genes, E2 had also an inverse effect on
CD86, GRIP1, RELB, and ZNF549 mRNA expression in
the two endometrial cell lines, up-regulated in RL95-2 and
down-regulated in HEC1A cells.

Some of the genes (ADAMDECI1, ETV1, FLT1, HESI,
HOXA1 and KLK3) did not show any evidence of gene
activity in both cell lines in spite of hormonal treatment.
As all genes were selected from previous expression stud-
ies with human endometrium tissue samples the revealed
effect could be cell line specific. In addition, we have to
take into account that NR binding alone is not always suf-
ficient to induce gene expression changes. The various
combinations of transcription co-activators or -repressors
are also required for proper gene activity, depending on
the specific cell and tissue background [46-48]. In study-
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ing steroid hormone signalling, the non-genomic actions
of steroid hormones in cross-talk between the growth fac-
tor receptors and cytoplasmic response must also be con-
sidered along with the direct transcriptional effects
mediated by NRs [49,50].

In present study we gained new information about the
specific action of E2 and P4 during different stages of
human endometrial development using a combination of
ChIP-qPCR and RT-PCR. HEC1A and RL95-2 cell lines
showed different sets of ER and PR target genes in
response to hormonal stimuli as more target genes were
detected for ERs in HEC1A cells than for PRs in RL95-2
cells. We also observed that hormone treatment had dif-
ferent impacts on gene expression levels in the two cell
lines. The ChIP and RT-PCR results show that E2 and P4
actions in the human endometrium are more complex
than the classic steroid hormone effects mediated through
NRs.

Conclusions

The presented data demonstrates that the endometrial cell
lines HEC1A and RL95-2 are suitable in vitro models for
evaluating the effects of steroid hormones in non-recep-
tive and receptive endometrium, respectively. This study
deepens our understanding on the hormone responsive
gene regulation during the cyclic changes in the human
endometrium. However, further studies are needed to elu-
cidate the complex mechanism by which endometrium
acquires its receptivity.
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Abstract

Background: Estrogen (E2) and progesterone (P4) are key players in the maturation of the human endometrium. The
corresponding steroid hormone modulators, tamoxifen (TAM) and mifepristone (RU486) are widely used in breast cancer
therapy and for contraception purposes, respectively.

Methodology/Principal findings: Gene expression profiling of the human endometrial Ishikawa cancer cell line treated with
E2 and P4 for 3 h and 12 h, and TAM and RU486 for 12 h, was performed using RNA-sequencing. High levels of mRNA were
detected for genes, including PSAP, ATP5G2, ATP5H, and GNB2L1 following E2 or P4 treatment. A total of 82 biomarkers for
endometrial biology were identified among E2 induced genes, and 93 among P4 responsive genes. Identified biomarkers
included: EZH2, MDK, MUCT, SLIT2, and IL6ST, which are genes previously associated with endometrial receptivity. Moreover,
98.8% and 98.6% of E2 and P4 responsive genes in Ishikawa cells, respectively, were also detected in two human mid-
secretory endometrial biopsy samples. TAM treatment exhibited both antagonistic and agonistic effects of E2, and also
regulated a subset of genes independently. The cell cycle regulator cyclin D1 (CCND1) showed significant up-regulation
following treatment with TAM. RU486 did not appear to act as a pure antagonist of P4 and a functional analysis of RU486
response identified genes related to adhesion and apoptosis, including down-regulated genes associated with cell-cell
contacts and adhesion as CTNND1, JUP, CDH2, IQGAP1, and COL2A1.

Conclusions: Significant changes in gene expression by the Ishikawa cell line were detected after treatments with E2, P4,
TAM, and RU486. These transcriptome data provide valuable insight into potential biomarkers related to endometrial
receptivity, and also facilitate an understanding of the molecular changes that take place in the endometrium in the early
stages of breast cancer treatment and contraception usage.
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Introduction A better understanding of the biology and functioning of the

human endometrium is vital to improving our knowledge about
The ovarian steroid hormones, estrogen (E2) and progesterone

(P4), play crucial roles in regulating normal functions of the human
endometrium. For example, during a normal menstrual cycle,
proliferation, differentiation, and degeneration of the endometri-
um occur in response to varying E2 and P4 levels. In the
proliferative phase, E2 stimulates the proliferation of epithelial

female infertility, and for the design of treatments for these
conditions. Correspondingly, a search for markers of endometrial
receptivity and novel approaches to improve implantation rates
during infertility treatments have been conducted. In recent y

IS,
have

numerous studies involving microarray expression analy
identified a wide range of genes up- or down-regulated in the

cells and stromal components of the endometrium. In  the human endometrium during the time of embryo implantation [2—
secretory phase, P4 modulates glandular differentiation and an 10]. Each study identified many candidate genes believed to be
inhibition of estrogen-mediated proliferation [1]. It is during the critical to the embryo implantation process. However, few genes
mid-secretory phase that the endometrium achieves a phenotype were consistently reported.

compatible with successful embryo implantation. The genomic activities of E2 and P4 are mainly mediated by

nuclear receptors. When E2 or P4 are bound to their receptors,
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they can bind response elements in DNA with high affinity and
regulate the transcription of target genes. In humans, there are two
types of estrogen receptors, ERa and ERP, and these are encoded
by separate genes [11,12]. ERa and ERP are expressed in all
endometrial cell types throughout the entire menstrual cycle, and
undergo changes in expression and activity. For example, ERa
and ERP are expressed at higher levels during the proliferative
phase, yet exhibit lower activity during the secretory phase when
they are subject to the suppressive effects of P4. It is after the
proliferative phase that P4 mediates E2-based priming of the
endometrium towards a state of receptivity.

In contrast with ERo and ERP, the progesterone receptors
(PRs), PRA and PRB, are encoded by the same gene (PGR), yet are
transcribed from different promoters. As a result, PRB includes an
additional 164 amino acids at its N-terminus [13,14]. Both
isoforms are expressed in the stroma and epithelium of the
endometrium during the proliferative phase. However, the
expression of both receptors decreases sharply in the epithelium
during the early to mid-secretory phase [15]. Endometrial
receptivity appears to be tightly associated with the down-
regulation of epithelial PRs, while the stroma only maintains
expression of PRA during the secretory phase [16]. Expression of
PR genes in the endometrial glandular epithelium is controlled by
E2 and P4, with E2 inducing PR synthesis and P4 down-regulating
expression of its own receptor [1].

Selective ER modulators (SERMs) have the ability to interact
with ERs as agonists or antagonists depending on the target tissue
and to modulate signal transduction pathways of E2-responsive
genes [17]. For example, tamoxifen (TAM) binds with high affinity
to ERs, thereby blocking the action of native E2. Due to its
antagonistic activity of E2, TAM has been widely used in breast
cancer therapy. However, one of the most troublesome side effects
of breast cancer treatments with TAM appears to be its
proliferative effect on the endometrium [18,19]. For example,
endometrial pathologies associated with TAM treatments include
hyperplasia, polyps, carcinomas, and sarcomas [20]. Similar to
SERMs, selective progesterone receptor modulators (SPRMs) have
been developed to antagonize processes activated by P4.
Mifepristone (RU486) is a P4 antagonist that competes with
endogenous P4 for receptor binding [21] and is used to end an
early pregnancy. RU486 also exhibits a 2-to-10-fold higher affinity
towards PRs compared to P4 [22].

The exact basis for the differential, tissue-specific signalling of
E2 and P4 is still not fully understood, and a better understanding
of E2 and P4 actions is needed to evaluate their roles in regulating
endometrial gene expression. In this study, the human uterine-
derived epithelial cancer cell line, Ishikawa, was used. It is one of
the most well-characterized human endometrial cell lines currently
available. Ishikawa cells were derived from a well-differentiated
adenocarcinoma of the human endometrial epithelium that
expressed functional steroid receptors for E2 and P4 [23-25]. As
a result, this cell lines represents an ideal model for studying the
response of the endometrial epithelium to E2 and P4. In this study,
high-throughput RNA-sequencing (RNA-Seq) was applied to
studies of E2- and P4-dependent transcriptomes in an endometrial
context. The steroid hormone receptor modulators, TAM and
RU486, were also used to study receptor-dependent signal
transduction, and to evaluate agonistic or antagonistic activity in
the Ishikawa cell line. Finally, the significant E2- and P4-
dependent genes identified in the Ishikawa cell line were assayed
in endometrial biopsy samples collected at the receptive mid-
secretory phase.

PLOS ONE | www.plosone.org
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Materials and Methods

Cell Culture

The Ishikawa cell line was provided by Prof. Anneli Stavreus-
Evers (Uppsala University, Sweden). Cells were grown in DMEM
medium (PAA, Pasching, Austria), supplemented with 5% fetal
bovine serum (FBS; PAA) and 1% penicillin/streptomycin (PAA),
at 37°C and 5% COy. For hormonal treatments, E2 (B-Estradiol)
or P4 (4-Pregnene-3,20-dione) were added to the culture media to
a final concentration of 10~% M. The steroid hormone modulators,
tamoxifen (TAM, 4-hydroxytamoxifen) and mifepristone (RU486),
were added to culture media to a final concentration of 1 uM. All
hormones and modulators were ordered from Sigma-Aldrich
(Schnelldorf, Germany), with E2 and P4 dissolved in dimethylsulf-
oxide (DMSO) and TAM and RU486 in ethanol (EtOH). Control
samples were treated with vehicle only. For cultures with hormone
supplements, dextran-coated, charcoal-treated FBS and media
without phenol red were used 48 h prior to experiments to avoid
possible hormone-like activity of phenol red.

RNA Extraction

Total RNA was extracted from untreated cells and cells after
3 h and 12 h of hormone treatment using RNeasy Mini Kits
(Qiagen, Valencia, USA). Endometrial biopsies were collected
from two patients (ages, 34 and 38 years) with unexplained
infertility treated at the Nova Vita Clinic. Biopsies were collected
on days LH+7 to LH+9 according to urine ovulation tests. Tissue
samples were homogenized with Tissue lyzer (Qiagen) and total
RNA was extracted from previously formalin-fixed (3.7%)
endometrial biopsies using an RNeasy FFPE kit (Qiagen)
according to the manufacturer’s instructions. The study was
carried out on accordance with the local ethical standards and was
approved by the Ethics Review Committee on Human Research
of the University of Tartu, with written consent obtained from
both study participants.

RNA Library Preparation

RNA libraries for cell line and endometrial samples were
prepared using an Illumina TruSeq RNA Sample Prep Kit (FC-
122-1001, Illumina, San Diego, USA) according to the manufac-
turer’s instructions. For cell line samples, mRNA was purified
using polyA selection, and was subsequently fragmented chemi-
cally. For tissue samples, total RNA was collected without polyA
selection and the fragmentation step was shortened based on the
previous formalin treatment of the samples. In all samples, RNAs
were converted into single-stranded c¢DNAs using random
hexamer priming. Multiplexing with different adapter indexes
was performed and the quality of the resulting library was checked
using a Bioanalyzer (Agilent, Waldbronn, Germany).

RNA-Seq and Data Analysis

Single-end (SE) sequencing of 75 bp was performed using an
Illumina Genome Analyzer II (Illumina, San Diego, USA). Bowtie
programming was used to provide an initial alignment of
sequences to human genome 19 (Hgl9), with default settings used
to find only perfect matches. Sequenced fragments were aligned to
the H. Sapiens reference genome (Hg19) provided by University of
California Santa Cruz (UCSC) Genome browser using a TopHat
v1.2.0 algorithm with default settings [26]. The aligned reads were
subsequently processed into transcripts using Cufflinks v1.1.0 [27],
with abundances estimated and analysed to examine differential
expression patterns between cell line samples. Cufflinks construct-
ed a minimum set of transcripts to best describe the reads in the
dataset. The Benjamin-Hochberg correction for multiple testing
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was applied to the P values of significant genes with a false
discovery rate (FDR) value of 0.05. Normalized RNA-Seq
fragment counts indicating the relative abundances of the
transcripts were used. Abundances were reported in units of
FPKM (e.g., Fragments Per Kilobase of transcript per Million of
fragments mapped). The output files of Cufflinks were analysed
with Cuffcompare along with the reference from the UCSC Table
Browser (Homo sapiens GRCh37/Hgl9) [28]. Cuffcompare
classifies each transcript as known or novel. Cuffdiff re-estimates
the abundance of transcripts listed by Cuffcompare and tests for
differential expression between the selected experiments. If one of
the experiments (either control or treatment) had 0 FPKM, the log
change became infinite. We expressed the log change in these
cases as +14 for up-regulation and -14 for down-regulation.

Functional Analysis

For the functional classification of genes that exhibited
significant differential expression profiles in response to different
steroid hormone and their analogue treatments, Ingenuity
Pathway Analysis (IPA) 9.0 software (Ingenuity Systems) was used.
The IPA transcription factor module was used to predict the gene
expression changes detected regarding to potential bindings of
ERs and PRs. In addition, IPA biomarker analysis filters identified
potential biomarkers in selected tissues.

Data Visualization

R statistics software (version 2.14.0) (http://www.R-project.
org/) was used to process and visualize the results from Cufflinks
analyses. Calculation of general statistics, including common and
unique counts of significantly affected genes, were performed in R
using a custom script. For heatmap visualizations, the R package
gplots (version 2.10.1) (http://CRAN.R-project.org/
package = gplots) was used. In addition, differences in the FPKM
values of the treated samples versus the non-treated samples were
calculated in the heatmaps. The largest absolute FPKM difference
for each gene was identified, and was used to normalize FPKM
data for each gene. Thus, the resulting values lie between —1 and
1, and a value of 0 corresponds to an absence of change compared
to the non-treated sample. Based on these normalized expression
values, genes were positioned in the heatmap by hierarchical
clustering.

Results

The Transcriptome of the Ishikawa Cell Line Before and
After Treatment with E2, P4, and Respective Modulators
PolyA-selected RNA from the human endometrial cell line,
Ishikawa, was subjected to SE-sequencing with 75 basepair long
reads. Reference measurements for each sample were then made
based on the 8-11x10° reads that were obtained. The goal of this
sequencing effort was to provide an overall gene expression profile
of the Ishikawa cell line in order to identify changes in gene
expression that occur during the early response of this cell line to
steroid hormones and their modulators. Altogether, seven samples
were analysed, and these included non-treated cells, cells treated
with E2 or P4 for 3 and 12 h, and cells treated with TAM or
RU486 modulators for 12 h. The majority of reads from each
sample (c.g., >70%) were successfully aligned to the human
genome version 19 (Hg19). Statistical values of these alignments
and the number of genes identified, including both known and
unknown genes, are listed in Table 1. The relative abundances of
fragments were calculated using Cufflinks, and were reported in
units of FPKMs in order to describe expressed genes (e.g.,
fragments) observed from RNA-Seq experiments. In Table 1, the
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number of genes with different FPKM abundances, as well as the
numbers of genes which exhibited significant changes in expres-
sion following hormone/modulator treatment, were compared
with non-treated cells. In addition, the most responsive genes
identified from the Ishikawa cell line were compared with human
endometrium biopsy samples (n=2) collected during the time of
embryo implantation. A complete list of the expressed genes
identified and their FPKM values are available in Table S1.

One of the advantages of a RNA-Seq analysis is the ability to
detect relatively high expression levels of genes. A subset of genes
from the Ishikawa cell line had FPKM values that were greater
than 1000 after hormone/modulator treatments (Table 2). These
included genes encoding prosaposin (PSAP), ATP synthases,
ATP5G2 and ATP5H, and guanine nucleotide binding protein
(GNB2LI). These genes were very highly expressed in response to
E2 or P4 treatment. The expressions of ATP5G2, ATP5H and
GNB2LI have not been shown to be related to endometrium
before. Alternatively, genes encoding the S100 calcium binding
proteins A2 (§70042) and A6 (S100A46), heat shock protein 90 kDa
alpha (HSP90AAI), and HSPA8, as well as pyruvate kinase in
muscle (PEM2), exhibited high levels of expression 12 h after
treatment with TAM. Among these genes only the expression of
S$10042 has been related to TAM treatment in breast cancer tissue
but not in endometrium [29]. In addition, the gene for ferritin
light polypeptide (F7L), also not detected in endometrium in
former studies, was found to be highly expressed 12 h after
treatment with E2, P4, and TAM (Table 2).

Significant Gene Expression Changes in the Ishikawa Cell
Line After E2 and P4 Treatments

Relative mRNA expression levels (in units of FPKM) for E2-
and P4-treated cells were compared with non-treated cells using
Cuftdiff software (version 1.1.0) and a 5% FDR. The number of
genes that exhibited significant changes in expression after
respective treatments are listed in Table 1. In addition, only
known genes were included in subsequent analyses of gene
expression data.

A total of 1691 known genes (Table S2) were found to be
significantly affected in Ishikawa cells following treatments with E2
for 3 h (n=1084) and 12 h (n=1121) compared to non-treated
cells. Of those genes, 614 were significantly up-regulated, and 470
were significantly down-regulated after 3 h of E2 treatment. When
treatment with E2 was extended to 12 h, induction of 715 genes,
and suppression of 406 genes, was detected.

In majority of genes 12 h TAM treatment showed antagonistic
activity of E2. Twelve hours of treatment with TAM resulted in
low or undetectable levels of mRNA for 654 (91.5%) genes of the
715 genes that exhibited higher mRNA levels following treatment
with E2 for 12 h. An additional 406 genes were found to be down-
regulated following treatment with E2 for 12 h, and 75.1%
(n=305) of these genes exhibited only minor changes in gene
activity, or were associated with an absence of regulation, 12 h
after treatment with TAM.

Based on the data obtained, TAM did not act as a pure
antagonist of E2 in the Ishikawa cell line. For example, of the 715
genes up-regulated after treatment with E2 for 12 h, 61 (8.5%)
were also significantly up-regulated following treatment with
TAM. In addition, among the 406 genes that were found to be
down-regulated following treatment with E2 for 12 h, 101 (24.9%)
were similarly down-regulated following treatment with TAM. In
combination, these data demonstrate that TAM is both antago-
nistic and agonistic for E2 in the Ishikawa cell line (Figure S1).

Following treatment with P4, a total of 1692 known genes
exhibited significant differences in expression (Table S3). Of these
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Table 1. RNA-Seq statistics of E2, P4, TAM, and RU486 treated and non-treated Ishikawa cells.

Ishikawa E2 & TAM

Ishikawa P4 & RU486

Non-treated 3 h E2 12 h E2 12 h TAM 3hP4 12 h P4 12 h RU486
Reads aligned to Tophat 10 465 431 9 967 453 8 093 476 10 912 784 10 628 213 11 058 071 10 983 639
Total genes 16813 16874 16784 16834 16951 16934 16840
% unknown genes 29.07% 29.09% 28.89% 28.86% 29.43% 29.24% 29.06%
% known genes 70.93% 70.91% 71.11% 71.14% 70.57% 70.76% 70.94%
FPKM 0-10 4577 4361 4226 4611 4437 4406 4607
FPKM 10-100 6487 6701 6894 6486 6653 6722 6495
FPKM 100-1000 820 859 767 831 831 807 804
FPKM >1000 41 44 48 47 4 47 40
Significant genes* 1084 121 1013 1082 1097 546
% endometrium (n=2)** 98.6% 99.2% 98.6% 98.2% 99.0% 98.5%

doi:10.1371/journal.pone.0068907.t001

genes, 1082 exhibited changes after 3 h of treatment, and 1097
were detected following 12 h of treatment, both compared to non-
treated Ishikawa cells. Of these genes, 592 (54.7%) were
significantly up-regulated, and 490 (45.3%) were down-regulated
3 h after treatment with P4, while 631 (57.5%) were up-regulated
and 466 (42.5%) were down-regulated 12 h after treatment with
P4.

When Ishikawa cells were treated with RU486 for 12 h, low or
undetectable levels of mRNA were detected for 84.0% (n=530) of
genes which were significantly up-regulated following treatment
with P4 for 12 h (n=631). Another 466 genes were found to be
down-regulated following treatment with P4 for 12 h, and of these,
88.2% (n=411) exhibited minor down-regulation, or showed no
regulation, following treatment with RU486 for 12 h.

Of the 631 genes that were up-regulated in response to 12 h P4
treatment, 101 (16.0%) of these genes were also significantly up-
regulated following treatment with RU486. Alternatively, of the
466 genes down-regulated in response to treatment with P4 for
12 h, 55 (11.8%) exhibited a similar down-regulation following
treatment with RU486. Moreover, similar to TAM, RU486

*Significant genes (5% FDR) are counted from known genes and compared to non-treated cells.
**E2 and P4 significant genes present in human endometrium during the time of embryo implantation.

exhibited both agonistic and antagonistic activity of P4 in Ishikawa
cells (Figure S2).

Of the 1691 genes significantly responsive to E2, and the 1692
genes significantly responsive to P4, 1051 were common to both
groups, suggesting that they are regulated by both hormones.
Relative majority of the genes identified with significant changes
after E2 and P4 treatment, have not been mentioned in
endometrial context before.

Potential ER and PR Targets Among the E2 and P4
Significant Genes Identified

An IPA analysis of genes found to be responsive to E2 revealed
20 potential target genes for the E2 receptor, ERo (ESR), based
on a database of experimentally observed receptor interactions.
For example, ABCA3, CELSR2, CYPIAlI, DDX17, EFEMPI,
ENOI, FOSL2, GREBI, KCNK6, MAPK12, MYC, PDCD4, PGR,
SHANE3, TGFA, and TPMI were significantly up-regulated
following treatment with E2 for 12 h. Conversely, CCNG2,
KCTD6, LDLR, and PRLR were down-regulated. Of these gene
products, PGR and MAPKI2 participate in glucocorticoid
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Table 2. Selection of genes with FPKM >1000 after hormone/modulator treatments.

Gene name Description Non-treated 3 h E2 12 h E2 12 h TAM 3hP4 12h P4 12 h RU486

S100A2 S100 calcium binding protein A2 178.9 145.2 753 1469.4* 182.2 137.6 105.8

S100A6 5100 calcium binding protein A6 4519 421.9 351 1141.6* 414.4 330.9 492

PSAP prosaposin 875.8 988.4 1021.6* 710.2 933.2 962.8 771.1

HSPA8 heat shock 70 kDa protein 8 840.8 8024 880.6 1496.2* 7025 925.8 982.1

ATP5G2 ATP synthase, H+ transporting, 961.8 1055.3% 1100.2* 858.3 1041.1%  1232.6* 779.1
mitochondrial Fo complex, subunit C2

HSP90AA1 heat shock protein 90 kDa alpha 7333 742.7 815 1277.4% 760.9 891 884.7

PKM2 pyruvate kinase, muscle 642.5 565.3 641.8 1019.0% 538.2 597.6 653.3

ATP5H ATP synthase, H+ transporting, 974.9 1054.7* 914.1 910.7 1178.3* 907.9 890
mitochondrial Fo complex, subunit d

FTL ferritin, light polypeptide 761 687 1027.5% 1130.9% 726.7 1056.5% 989.7

GNB2L1 guanine nucleotide binding protein 851.3 948.5 1027.8* 7789 891.9 1006.5% 7488

*FPKM abundance >1000.

doi:10.1371/journal.pone.0068907.t002
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receptor signalling, whereas MYC and CYPIALI are involved in
aryl hydrocarbon receptor (AHR) signalling (Figure S3).

After 12 h of treatment with P4, expression of CDENIC, F3,
FEBP5, GAS6, ILIR1, NQO2, PFKP, TSC22D3 and PGR were
found to be up-regulated, while EJR, ACSLI, AKAP13, CGNB2,
GLUL, MYCN, PPIF, and SNTB2 were found to be down-
regulated. Of these, CDKNI1C, FKBP5, and PGR contribute to
glucocorticoid receptor signalling, while ACSL1 and PFKP have
roles in gluconeogenesis (Figure S4).

Biomarker Analysis of E2 and P4 Significant Genes from
the Ishikawa Cell Line

Next, potential biomarkers among the E2 (n=1691) and P4
(n=1692) responsive genes were examined. Only molecules
previously detected in the human endometrium were considered
for the IPA biomarker analysis performed, and molecules were
further filtered to include those related to reproductive system
diseases or endocrine system disorders.

IPA biomarker analysis identified 82 potential biomarkers
among E2 significant genes and 93 potential biomarkers among
P4 significant genes. There were 62 potential biomarker molecules
common to both groups. A complete list of biomarkers expressed
in the human uterus is compared with biomarkers identified in
Ishikawa cells 3 h and 12 h after E2, P4, and respective modulator
treatments (Table S4). Selection of unique E2 and P4 dependent
biomarkers that have been related to endometrial receptivity and
embryo implantation are listed in Table 3. Regarding the former,
these included the following genes related to the endometrium and
embryo implantation: MUCI, EZH2, HMGCR, MDK, PRDM?2,
PXN, and SLIT2 (Table 3). For genes common to both E2 and P4
responsive genes, potential biomarkers were identified that were
related to endometrial receptivity or endometriosis, and these
included: ARG2, ANXAI, AR, BMPR2, CDENIC, CXCL16, EGFR,
FGFRI, HMGAI, IGFR2, ILIRI, JAGI, let-7, MCAM, NCOAS3,
NOTCHI, PDCD4, PGR, RACGAPI, TMSBI10, and TNC (Table
S4).

Similarly, among P4 responsive genes, potential biomarkers
were identified that were related to the development of the
endometrium or early pregnancy: CTNNAI, ERBB3, FGFR2,
IGFBP5, IKBEB, IL6ST, KCNMAI, NOTCHS, S10044, STAT3,
TCF7L2, TGFBI, and TGFBR3 (Table 3).

A Comparison of the Significant E2 and P4 Responsive
Genes Identified in the Ishikawa Cell Line with a Human
Endometrial Transcriptome

To predict whether the E2 and P4 responsive genes identified in
Ishikawa cells were also expressed in a human endometrium, and/
or have roles in the implantation process for embryos, expression
of these genes were assayed in two human endometrial tissue
samples collected from mid-secretory endometrium. According to
RNA-Seq data, 1671 (98.8%) of E2 responsive genes, and 1668
(98.6%) of P4 responsive genes, identified in the Ishikawa cell line
were also found to be expressed in human endometrium samples
obtained from two patients that underwent endometrial biopsy.
These human endometrium samples were only used for compar-
ative purposes. In Table 1, the expressional abundances (e.g.,
FPKMs) of E2 and P4 biomarkers detected in human endometrial
biopsy samples are compared with non-treated Ishikawa cells.
Among the IPA-identified E2 and P4 biomarkers present in
Ishikawa cells, EZH2, MDEK, MUCI, SLIT2, and IL6ST were also
found to be present in human endometrial transcriptomes
(Figure 1).
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TAM Responsive Genes in the Ishikawa Cell Line that are
Related to Reproductive System Diseases

Following the treatment of Ishikawa cells with TAM for 12 h,
the expression of 1013 genes were found to be significantly
changed compared to non-treated Ishikawa cells. Of these genes,
432 were up-regulated and 581 were down-regulated (Table S5).
These results demonstrate that TAM has both antagonistic and
agonistic activity towards E2 in Ishikawa cells. Morcover, in
addition to influencing E2 regulated genes, TAM significantly
altered the expression of 789 genes independently from E2
(Figure 2A).

Using an IPA core analysis, the predicted function of TAM
responsive genes was obtained. A total of 168 genes were found to
be related to different reproductive system diseases, including
uterine, ovarian, and cervical cancers, as well as genital tumors,
amenorrhea, metrorrhagia, and polycystic ovary syndrome
(Table 4).

One of the main signalling pathways identified from TAM
responsive genes was associated with regulation of DNA replica-
tion, recombination, and repair, as well as cell cycle progression,
and cellular assembly and organization. Moreover, TAM respon-
sive genes encoded molecules that directly, or indirectly, were
associated with the cell cycle regulator, cyclin D1 (CCGNDI).
Correspondingly, CCNDI was found to be significantly up-
regulated 12 h after treatment with TAM (Figure 3).

RU486 Significant Genes in the Ishikawa Cell Line are
Related to Reproductive System Diseases

Treatment of Ishikawa cells with the P4 antagonist, RU486, for
12 h resulted in significant changes in the expression of 546 genes
compared with untreated cells, with 255 genes up-regulated and
291 genes down-regulated (Table S6). Similar to TAM, RU486
exhibits both agonistic and antagonistic activities for P4 in
Ishikawa cells. For example, 377 genes responsive to RU486 after
12 h did not show significant changes in expression after treatment
with P4 for 12 h. Therefore, these genes are regulated indepen-
dently by RU486 and in the absence of P4 in Ishikawa cells
(Figure 2B).

Of the 546 genes found to be responsive to treatment with
RU486, 86 encoded molecules related to diseases of the
reproductive system. For example, molecules related to adenomy-
osis, gonadal tumours, metrorrhagia, and uterine leiomyoma were
identified (Table 4). Based on the genes that were responsive to
treatment with RU486, a signalling pathway related to gene
expression, cell-to-cell signalling and interactions, and tissue
development was identified. The central molecules in this network,
including cadherin 2 (CDH2) and a complex between AR and
NFkB, mediate direct and indirect interactions with RU486
responsive genes (Figure 4). For example, the transcriptional co-
repressor gene, NCOR2, was up-regulated as was the androgen
receptor (AR) gene. However, transcription factor, FOXAI, was
down-regulated. Genes associated with the cell to cell contact and
adhesion were also down-regulated, and included: CTNNDI, JUP,
CDH?2, IQGAPI, and COL2A41. Alternatively, PDKT and ADAM1I15
were up-regulated, and have roles in the induction of tissue
breakdown. Most of the molecules in this network were also
related to cell death and apoptosis.

Discussion

The aim of this study was to define the transcriptional response
of an endometrial model to treatment with E2, P4, TAM, and
RU486. To our knowledge, this is the first report of the application
of RNA-Seq to the study of early genome-wide effects in a human
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Table 3. Selection of biomarkers related to reproductive system diseases among E2 and P4 significant genes in Ishikawa cell line.
E2 Unique E23 h E212h TAM 12 h
Symbol Entrez Gene Name Log Ratio Log Ratio  Log Ratio
EZH2 enhancer of zeste homolog 2 (Drosophila) —0.184 —14 —0.089
HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase —0.164 —0.484 —0.042
MDK midkine (neurite growth-promoting factor 2) 0.296 0.513 —0.211
MUC1 mucin 1, cell surface associated —-0.117 0.557 —0.264
PRDM2 PR domain containing 2, with ZNF domain —0333 —0.012 —0.189
PXN paxillin 0.175 0417 0.042
SLIT2 slit homolog 2 (Drosophila) —0.261 —0.447 0.39

P4 Unique Entrez Gene Name P43 h P412h RU486 12 h
Symbol Log Ratio Log Ratio  Log Ratio
CTNNA1 catenin (cadherin-associated protein), alpha 1, 102 kDa =@il7s —0.265 —0.042
ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 (avian) —0.069 —0.264 —0.273
FGFR2 fibroblast growth factor receptor 2 0.125 —0.545 —0.49
IGFBP5 insulin-like growth factor binding protein 5 —0.265 —0.562 0.069
IKBKB inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta 0.228 0.448 0.298
IL6ST interleukin 6 signal transducer (gp130, oncostatin M receptor) 0.176 —0.014 —0.114
KCNMA1 potassium large conductance calcium-activated channel, subfamily M, alpha member 1 0.966 0.465 —042
NOTCH3 notch 3 —0.384 —0.559 —0.065
S100A4 5100 calcium binding protein A4 0.09 —0.785 0.031
STAT3 signal transducer and activator of transcription 3 (acute-phase response factor) —0.223 —0.003 0.065
TCF7L2 transcription factor 7-like 2 (T-cell specific, HMG-box) —0.207 —0.473 —0.072
TGFB1 transforming growth factor, beta 1 0.47 1.189 0.548
TGFBR3 transforming growth factor, beta receptor Il 0.504 0.336 0.308
Expression changes are provided in logarithmic scale calculated as following: log (Expression treated/Expression non-treated).
doi:10.1371/journal.pone.0068907.t003
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Figure 1. Selection of endometrial specific biomarkers found in 12 h E2 (left) and P4 (right) treated Ishikawa cells and their relative
abundance in human endometrial biopsy samples at the time of embryo implantation (n=2). Red genes up-regulated in E2 and P4
treated Ishikawa cells compared to non-treated cells; green genes down-regulated. Genes situated on the left side of the diagonal line show higher
relative abundance (FPKM) in human endometrial biopsy sample compared to non-treated Ishikawa cells. Genes situated on the right side of the
diagonal line show lower relative abundance (FPKM) in human endometrial biopsy sample compared to non-treated Ishikawa cells.
doi:10.1371/journal.pone.0068907.g001
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Figure 2. Venn diagram showing significant gene expression changes 12 h E2, TAM, P4 or RU486 treatment, relative to non-treated
Ishikawa cells. A Unique and common genes after 12 h E2 and TAM treatment. B Unique and common genes after 12 h P4 and RU486 treatment.
The numbers given within each of the circles represent the number of significantly changed genes unique to treatment, and arrows show the manner
they are regulated (up- or down-regulation compared to non-treated Ishikawa cells). Overlaps indicate the number of commonly changed genes.

doi:10.1371/journal.pone.0068907.g002

endometrial cell line. Moreover, the majority of genes that were
found to be significantly responsive to E2 and P4 in the Ishikawa
cell line were also detected in human endometrial biopsies
collected at embryo implantation.

During the last decade, microarrays have been the most
commonly used method for performing endometrial transcriptome
analyses in order to identify genes differentially expressed in
proliferative and secretory phases. However, the genes identified in
these various studies have not been consistent. These differences
could be due to variations in the study design used, and/or other
limiting factors of microarray analysis. The prominent limitations
associated with microarray analyses include hybridization and
cross-hybridization artefacts, differences in data analysis, and low
and variable coverage of all genes present in commercially
available array platforms [30]. RNA-Seq is a method that has
very low, if any, background signal since DNA sequences can be
mapped to unique regions of the genome [31]. In addition, unlike
DNA microarrays, RNA-Seq does not have any upper limit for
quantification, thereby facilitating the detection of genes expressed
at very low or very high levels.

Various genes were found to have very high mRNA expression
levels following treatment of cells with E2 or P4. These included
PSAP, ATP5G2, ATP5H, and GNB2LI, which all showed highly
abundant transcripts in response to E2 or P4. Housekeeping genes
were also highly expressed in all experiments. In previous work,
glycoprotein coding gene PSAP has been shown to be up-regulated
in the endometrium during GnRH antagonist-treated cycles [7].
This protein has been shown to participate in lysosomal hydrolysis
of sphingolipids [32]. PSAP also has a predicted estrogen response
clement (ERE) site in its promoter region [33]. The data from the
present study are consistent with these previous results, with high
levels of PSAP detected 12 h after E2 treatment. The ATP
synthase subunits, ATP5G2 and ATP5H, as well as the cell
proliferation-inducing gene, GNB2LI, were found to be highly
expressed following treatments with E2 and P4. Although these
three genes have not been described in relation to the
endometrium in earlier studies, their high levels of expression in
response to steroid hormones could be crucial for achieving a
receptive state in the endometrium, a tissue which undergoes rapid
developmental changes on a monthly basis.

Using Cufflinks and an IPA biomarker filter, genes found to be
significantly affected by E2 and P4 were also genes that have been
previously characterized as important to the functioning of the
endometrium. For example, the expression of histone methyl-
transferase (EJH2) was found to be down-regulated 12 h after E2
treatment compared to non-treated cells, yet the expression was
remained 12 h after TAM treatment. Moreover, loss of EZH2
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activity in the endometrium has been shown to contribute to the
epigenetic programming of decidualizing endometrial stromal cells
[34]. An increase in level of MUCI mRNA was detected 12 h after
treatment with E2 compared to non-treated Ishikawa cells. MUCI
mRNA was also detected in P4- and RU486-treated Ishikawa
cells, although the increases observed were not statistically
significant. In the latter case, this may be due to the short
duration of the P4 treatment, and different results may be obtained
if longer hormonal treatments were used. However, data regarding
the role of MUC continues to be conflicting as some investigators
report an increase in MUCI in the endometrium during the
receptive phase of the endometrium [35,36], while others have
reported the opposite result, including the disappearance of
MUCI from pinopodes [37,38]. MUC! expression was also found
to be not solely dependent on P4 receptors but most likely
mediated via non-genomic pathways [39].

Paxillin plays an important role in cellular cytoskeletal
formation, and the gene for paxillin (PXN) was found to undergo
significant up-regulation 12 h after treatment with E2. While
treatment with P4 also slightly increased the abundance of PXN,
the increase was not significant. During the endometrial decid-
ualization process, PXN has been shown to participate in integrin-
mediated signal transduction pathways [40]. In these pathways,
fibroblast growth factor receptor 2 (FGFRZ) also has a role, and is
expressed in the endometrium at the beginning of the secretory
phase. This expression profile coincides with the development of
endometrial oedema and the formation of a complex, subepithelial
capillary plexus [41]. Based on the RNA-Seq microarray data of
the present study, FGFR2 was relatively abundant in non-treated
and E2-treated cells. However, its expression significantly
decreased after treatment with P4 for 12 h. Insulin-like growth
factor binding protein-5 (IGFBP5) was also significantly down-
regulated after treatment with P4 for 12 h. This is consistent with a
previous report that P4 inhibits the expression of /GFBPS during
embryo implantation [42]. Furthermore, 98.8% and 98.6% of the
genes in Ishikawa cells that were significantly up-regulated
following treatment with E2 and P4, respectively, were also
present in the human endometrial transcriptome during embryo
implantation.

Significant changes in expression were not detected for several
known endometrial biomarkers in this study. This may be due to
the in vitro conditions assayed, or the duration of hormone and
modulator treatments applied. For example, expression of
leukaemia inhibitory factor (LIF) was not detected, which has
previously been shown to be important during embryo implan-
tation in both animal and human studies [43]. Moreover,
expression of LIF should be the highest in the luminal and
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Table 4. Selection of TAM and RU486 regulated gene products in Ishikawa cells related to reproductive system diseases.

Selection of TAM regulated gene products related to reproductive system diseases

syndrome

Functions

Annotation p-Value Molecules

adenomyosis 2,12E-05 AIG1,ANXA2,CBX6,CXXC5,DST,IQGAP1,LDHA MALAT1,MTHFD2,TCF4,THBS1,TSPAN12

genital tumor 4,90E-05 ABCB1,ABR,ALDH3A1,ALPP/ALPPL2,ANTXR1,ANXA2,AR,ASS1,ATP1A1,BMPR1B,C90rf5,CCND1,CD44,CDH1,CDH2,CLU,COL18AT,
CXXC5,ECT2,EGFL7 EHF,ENO1,EP300,EPHA2,ERBB3,ETV1,FGFR1,FGFR2,FHL2,FN1,GPC1,GPRC5A,GSTP1,HDAC4,
HDAC6,HSP90AAT1,ING4,ITGB4,JAG2,KIF1B,KRT23,KRT7, LDHA,LETM1,LRP5,LRRN4,MAPK8, MECOM,MKI67, MTHFD2,MYC,NCOR2,
NTRK2,PAX8,PDE11A,PGR,PLEKHB1,PRC1,PSMD4,PTAFR,RACGAP1,5100A2,SAT1,SLC12A6,SLC16A3,SLC2A1,SLIT2,
SMC4,SNAP25,SORT1,SRSF5,STIP1,TCF4,TFPI2, TMPRSS2,TOP2A, TRADD, TUBA1A, TUBE1,TUSC3,WT1,XIAP,ZNF217

gonadal tumor 1,66E-04 ABCB1,ALDH3A1,ALPP/ALPPL2,AR,CD44,CDH1,CLU,COL18A1,CXXC5,ECT2,ENO1,EP300,EPHA2, ERBB3,FGFR1,FGFR2,FN1,GSTP1,
HDAC4,HDAC6,HSP90AA1,JAG2,KRT23,LDHA,LETM1,LRRN4,MECOM,MKI67, MTHFD2,PAX8,PGR,PTAFR,RACGAP1,
S100A2,SLC12A6,SLC16A3,SLIT2,SMC4,SORT1,SRSF5,STIP1,TFPI2, TOP2A, TUBA1A, TUBET,WT1,ZNF217

ovarian cancer 1,94E-04 ABCB1,ALDH3A1,AR,CD44,CDH1,CLU,COL18A1,CXXC5,ECT2,ENO1,EP300,EPHA2,ERBB3,FGFR1,FGFR2,FN1,
GSTP1,HDAC4,HDAC6,HSP90AA1,JAG2,KRT23,LETM1,LRRN4,MECOM,MTHFD2,PAX8,PGR,PTAFR,
RACGAP1,5100A2,SLC12A6,SLC16A3,SLIT2,SMC4,SORT1,SRSF5,STIP1,TFPI2,TOP2A, TUBA1A, TUBE1, WT1, ZNF217

gynecological 2,20E-04 ABCB1,AIG1,ALDH3A1,ANXA1,ANXA2,AR,ARL4D,ATRX,CBX6,CD44,CDH1,CDH2,CEP70,CLU,COL18A1,CTSF,CXXC5,DST,

disorder ECT2,ENO1,EP300,EPHA2,ERBB3,FGFR1,FGFR2,FN1,FOXM1,GLIPR1,GNG11,GSTP1,HDAC4,HDAC6,HSP90AA1,
HSPB1,IGFBP5,IGFBP7,1QGAP1,ITGB8,JAG2,JUP KIAA0664,KRT23,LDHA,LETM1,LRRN4,LTBP1,LTBP4,
MALAT1,MECOM,MKI67,MR1,MTHFD2,MYC,NEK2,0LFM1,PAX8,PGR,PLD3,POLG,PTAFR,RACGAP1,RAD51B,
RAPGEF3,5100A2,5100A4,SLC12A6,SLC16A3,SLIT2,SMC4,SORT1,SRSF5,STIP1,TAGLN,TCF4,TFPI2,TGFBR3,THBS1,TMSB10/
TMSB4X,TOP2A, TPM2,TSPAN12,TUBATA, TUBE1,WT1,ZNF217,ZNF350

cervical cancer 1,91E-03 ANXAT1,ANXA2,CDH1,CDH2,CTSF,ENO1,FGFR1,FGFR2,FOXM1,GSTP1,HSP90AA1,HSPB1,ITGB8,JUP,LETM1,MKI67,PGR,
SLC12A6,TAGLN,TMSB10/TMSB4X,TOP2A, TPM2,TUBA1A, TUBE1,ZNF350

uterine cancer 1,03E-02 AIG1,ANXA1,ANXA2,AR,ARL4D,CDH1,CDH2,CTSF,DST,ENO1,FGFR1,FGFR2,
FOXM1,GLIPR1,GNG11,GSTP1,HSP90AA1,HSPB1,IGFBP5,IGFBP7,IQGAP1,ITGB8,JUP,KIAA0664,
LETM1,LTBP1,LTBP4,MALAT1,MKI67, MR1,MTHFD2,MYC,OLFM1,PGR,PLD3,RAD51B,RAPGEF3,5100A4,SLC12A6,TAGLN,TMSB10/
TMSB4X,TOP2A, TPM2,TSPAN12,TUBATA TUBE1,WT1,ZNF350

amenorrhea 1,30E-02 AR,PGR,TGFBR3

metrorrhagia 1,53E-02 AR,PGR

serous ovarian 3,78E-02 CLU,CXXC5,JAG2,LRRN4,PGR,PTAFR,RACGAP1,5100A2,SLIT2,SMC4,SORT1,TFPI2

carcinoma

disorder of ovary 3,90E-02 AR,ATRX,CEP70,ECT2,NEK2,PGR,POLG, TGFBR3

polycystic ovary 4,90E-02 AR,ATRX,CEP70,ECT2,NEK2,PGR

Selection of RU486 regulated gene products related to reproductive system diseases

gynecological
disorder

adenomyosis

gonadal tumor

metrorrhagia
uterine leiomyoma

ovarian cancer

polycystic ovary
syndrome

genital tumor

atypical endometrial
hyperplasia

metastasis of cervical
cancer cell lines

preterm birth

primary
hypogonadism

5,96E-04

8,84E-04
3,65E-03

4,64E-03
4,74E-03
5,10E-03

1,45E-02

1,77E-02

2,84E-02

2,84E-02

2,84E-02
2,84E-02
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AGR2,ALDH3A1,AR ARL4D,AURKB,C180rf1,CALCRL,CBX6,CDC7,CDH2,CDKN2A,CTNNALT,CTNND1,EME1,ENOT1,
EPCAM,ERBB3,FGFR2,FN1,H2AFX,HDAC4,HDAC7,HDAC9,IQGAP1,JUP,KAT2B,KIAA0664,KRT23,
LDHA,MALAT1,MCAM,MECOM,MYC,OLFM1,PAX8,PCM1,PDK4,PGR,RAD51B,

RASSF9,RNF144B,SLC16A3,SYNC, TAGLN,TAX1BP1,TCF4,THBS1,TMSB10/TMSB4X,ZDHHC17,ZNF138,ZNF350

CBX6,IQGAP1,LDHA,MALAT1,SYNC,TCF4,THBS1

AGR2,ALDH3A1,ALPP/ALPPL2,AR,CDKN2A,CTNNAL1,ENO1,EPCAM,ERBB3,FGFR2,FN1,H2AFX,HDAC4,HDAC7,
HDAC9,KAT2B,KRT23,LDHA,MCAM,MECOM,PAX8,PGR,RASSF9,RNF144B,SLC16A3,ZNF138

ARPGR
ARL4D,AURKB,C180rf1,CALCRL,CDC7,CTNND1,IQGAP1,KIAA0664,MALAT 1,MYC,OLFM1,PDK4,PGR,RAD51B,ZDHHC17

AGR2,ALDH3A1,AR,CDKN2A,CTNNAL1,ENO1,EPCAM,ERBB3,FGFR2,FN1,H2AFX,HDAC4,HDAC7,
HDAC9, KAT2B,KRT23,MCAM,MECOM,PAX8,PGR,RASSF9,RNF144B, SLC16A3, ZNF138

AR,EME1,PCM1,PGR,TAX1BP1

AGR2,ALDH3A1,ALPP/ALPPL2,AR,ARG2,AURKB,CDH2,CDKN2A,CGN,CTNNALT1,
EHF,ENO1,EPCAM,ERBB3,FGFR2,FHL2,FN1,H2AFX,HDAC4,HDAC7,

HDAC9,KAT2B,KRT23,LDHA, MCAM,MECOM,MTA1,MYC,NCOR2,NTRK2,0AZ1,PAX8,PGR,RASSF9,
RCAN2,RNF144B,SLC16A3,TCF4, TMPRSS2,ULK3,ZNF138

PGR

ZNF350

PGR
AR
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Table 4. Cont.

Transcriptome of the Ishikawa Cell Line

Selection of RU486 regulated gene products related to reproductive system diseases

The categories related to male infertility and breast cancer are excluded

Functions

Annotation p-Value Molecules

subfertility 2,84E-02 PGR

serous ovarian 3,07E-02 CTNNAL1,EPCAM,H2AFX,MCAM,PGR,RASSF9,RNF 144B,ZNF138
carcinoma process

amenorrhea 3,11E-02 AR,PGR

doi:10.1371/journal.pone.0068907.t004

glandular epithelium during the luteal phase [44]. However, the
in vitro conditions assayed in the present study did not imitate the
physiological conditions of the luteal phase since E2 and P4 were
applied separately. Expression of the receptor for LIF, LIFR, was
detected, although it did not undergo significant changes in
expression following hormone/antagonist treatments. On the

IFT140

FAM83D

other hand, expression of IL6ST, a co-receptor of LIFR, was
significantly up-regulated after 3 h of P4 treatment. Interestingly,
another well-known endometrial marker, vascular endothelial
growth factor (VEGF), was not identified in our dataset, although
VEGEB showed relatively high abundance in all experiments and
was slightly (albeit not significantly) up-regulated after 12 h of P4

Figure 3. Top 1 network with TAM 12 h significant genes related to DNA replication, recombination and repair, cell cycle, cellular

h

ly and org

ion. Red molecules represent up-regulated and green down-regulated genes among TAM 12 h significant genes in

Ishikawa cells. The networks were generated through the use of IPA (Ingenuity® Systems, www.ingenuity.com).

doi:10.1371/journal.pone.0068907.g003
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Figure 4. Top one network formed among RU486 significant genes related to gene expression, cell-to-cell signalling and
interaction, and tissue development. The central molecules in the network were cadherin 2 (CDH2), AR and NFkB complex. The networks were
generated through the use of IPA (Ingenuity® Systems, www.ingenuity.com).

doi:10.1371/journal.pone.0068907.9g004

treatment. Based on these results, and those of a previous study
that performed immunostaining of VEGF in both glandular
epithelial cells and stromal cells during the mid-secretory phase of
the human endometrium [45], epithelial Ishikawa cells may not be
the best model for studying endometrial vascularization and VEGF
expression. In addition, expression of epidermal growth factor
(EGF) was relatively low, and did not change significantly

PLOS ONE | www.plosone.org

following any treatment. Given that the endometrium is a
complex tissue with different tissue components being important
for signal transduction, epithelial cells alone do not sufficiently
represent these complexities. In addition, during the natural
cycles, endometrial tissue is longer exposed to ovarian steroid
hormones. Therefore, some of the effects observed when using
these tissues could be induced by stromal factors. In addition, the
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changes in mRNA expression reported in the present study
represent early changes that occurred following the administration
of E2, P4, and their respective modulator treatments. Therefore, it
is still possible that these changes could activate the cascade of
molecular changes that are eventually needed to achieve a
receptive endometrium and successful embryo implantation in
humans.

An additional objective of this study was to examine the
molecular effects of TAM and RU486 on Ishikawa cells. TAM
transduces its signal by competing with E2 for receptor binding,
and exhibits antagonistic, or agonistic, activity towards E2 in a
tissue-specific manner [46,47]. Moreover, it has been well-
documented that the use of TAM is associated with a 2-to-7-fold
increase in the incidence of endometrial cancer in TAM-treated
patients [48]. However, the molecular mechanisms responsible for
the endometrial aberrations observed remain unclear. In a
previous study that compared the estrogenic effect of TAM and
E2 in Ishikawa cells, the reported gene expression profile was
highly diverse and ligand specific. As a result, it was hypothesized
that TAM influences the transcriptional response of a specific
subset of genes in the uterus [49]. In another study where the
endometrial cell line, ECC-1, was treated with TAM versus E2, it
was also observed that TAM regulates a subset of specific genes
distinct from E2. This result was further confirmed i vivo when
256 genes were specifically identified in TAM-treated patients
[50,51]. In the current study, 1013 genes were observed to
undergo significant changes in expression after 12 h of TAM
treatment. Moreover, only 224 of these genes overlapped with
genes that underwent changes following treatment with E2 for
12 h. In addition, a total of 168 of these TAM-specific genes were
associated with various diseases of the reproductive system.
Consistent with i vive data obtained from postmenopausal women
treated with TAM [50,51]), cyclin D1 (CCGNDI) was found to be
significantly up-regulated 12 h after treatment with TAM in the
Ishikawa cell line. CCND1 was also found to be a central molecule
in a signalling network identified from the TAM responsive genes
revealed in the current study. This network was associated with
mediating early processes related to DNA replication, recombi-
nation and repair, as well as cell cycle progression, cellular
assembly, and cellular organization. Amplification or overexpres-
sion of CCGNDI has been shown to play a pivotal role in the
development of several human cancers, including parathyroid
adenoma, breast cancer, colon cancer, lymphoma, melanoma, and
prostate cancer [52]. In addition, several studies have been
reported an abundance of CCNDI in endometrial carcinoma
[53,54], which is hypothesized to be caused by altered protein
degradation and nuclear export due to mutations present in
threonine 286 of the CGNDI coding region [55].

In most cases, TAM exhibited antagonistic activity towards E2
specific genes. However, a subset of genes was found to be similarly
regulated (e.g., up-regulated or down-regulated) after both E2 and
TAM treatments, thereby demonstrating agonistic activity. Specif-
ically, TAM and E2 both up-regulated mRNAs of AR, FGFRI,
KIA40664, MALATI, OLFM1, TMSB10/TMSB4X, TPM2, JAG2,
PAX8, and SRSF5. Morcover, this set of genes is believed to be
related to uterine, ovarian, and cervical cancers [56,57]. In addition,
RNA-Seq data from the present study indicated that the mRNA of
ferritin light chain (F71) was present in very high abundance after
12 h of E2 treatment and TAM treatment. Ferritin is the major
intracellular iron storage protein in cells and variations in ferritin
subunit composition has the potential to affect the rates of iron
uptake and release in different tissues [58].

The classical P4 antagonist, RU486, has been used for emergency
contraception and the medical termination of pregnancies up to 49

PLOS ONE | www.plosone.org
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days after gestation based on its ability to block the action of P4 by
binding to its receptor expressed by the endometrium. As a result,
impaired endometrial maturation leads to degeneration and shedding
of the endometrial lining, thereby preventing or disrupting implan-
tation of the conceptus [59,60]. In women, a single dose of
mifepristone (200 mg) during the secretory phase of a cycle rapidly
renders the endometrium unreceptive, and has been shown to alter
gene expression in the uterus within 6 h of oral administration
[61,62]. When considering these effects on the endometrium, it is also
important to consider that RU486 has both antagonistic and
agonistic activities towards PRs, yet exhibits additionally anti-
glucocorticoid and anti-androgenic activities [63]. The results of the
RNA-Seq analysis in the present study found that proline dehydro-
genase 1 (PRODH) was down-regulated and thrombospondin 1
(THBSI) was up-regulated following RU486 administration, and
these results are consistent with those described for the human
endometrium [64]. In addition, the genes, follistatine-like 1 (FSTLI)
and epidermal growth factor receptor (ERBB3), showed similar levels
of down-regulation after 12 h of treatment with RU486, and these
results are consistent with those previously reported for rhesus
monkeys in response to treatment with RU486 for four days [65].
Previous studies have also shown that treatment with RU486 in the
early luteal phase inhibits normal down-regulation of the PR gene
(PGR) [66]. Correspondingly, expression of PGR was found to be
significantly up-regulated after 12 h of treatment with RU486, in our
analysis. However, the observation that PGR expression was also up-
regulated after 12 h of P4 treatment is inconsistent with previous
studies. Most likely, longer P4 treatments are needed for PGR
suppression.

A functional analysis of RU486 responsive genes in Ishikawa cells
identified a signalling pathway associated with cell-to-cell signalling,
cell-to-cell interactions, and tissue development. Central molecules
of this signalling pathway include CDH2, AR, and NFkB. The ecarly
molecular effects of RU486 also appear to involve the down-
regulation of adhesion molecules and the induction of molecules
related to apoptosis. For example, calcium-dependent cadherin
CDH2, which is responsible for cell-cell adhesion, was found to be
significantly suppressed following treatment with RU486. Similar
was seen for adhesion molecule JUP. Nuclear receptor AR and
nuclear co-repressor, NCOR2, were both found to be up-regulated
following RU486 treatment. Correspondingly, in a previous study
their recruitment was shown to be enhanced by RU486 [67]. While
the expression of NF«B did not directly change, it was directly, or
indirectly, linked to molecules related to apoptosis. As a result, it
could be responsible for endometrial tissue shedding and early
abortions of the conceptus.

In conclusion, these results provide valuable insight into the
mechanisms of early steroid hormone signalling and the conse-
quences of antagonist/agonist action in the human endometrium.
However, studies of other in vitro models, as well as an analysis of
additional human samples, is needed to confirm the early
endometrial changes observed to be mediated by E2 and P4 and
their modulators in this study.

Supporting Information

Figure S1 [E2 significant genes in Ishikawa cell line. 1691
known genes showed significantly changed mRNA expression
after 3 h (first column) and 12 h (second column) E2 treatment.
12 h TAM treatment (third column) had antagonistic activity on
most of the E2 significant genes instead of 61 genes, which showed
similar up-regulated expression and 101 genes, which had similar
down-regulative expression pattern after E2 and TAM treatments.
For data visualization hierarchical clustering was used. Genes were
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clustered by taking account E2 significant genes after 3 hand 12 h
treatment and compared to 12 h TAM.

(TTF)

Figure S2 P4 significant genes in Ishikawa cell line. The
expression of 1692 known genes was significantly changed after 3 h
(first column) and 12 h (second column) P4 treatment. 12 h RU486
treatment (third column) had antagonistic activity on most of the P4
significant genes instead of 101 genes, which showed similar up-
regulated expression and 55 genes, which had similar down-
regulated expression pattern after P4 and RU486 treatments.
(TTE)

Figure 83 Genes up (red) — or down (green) regulated by
ERo (ESR1) in Ishikawa cells after 12 h E2 treatment.
The networks were generated through the use of IPA (Ingenuity®
Systems, www.ingenuity.com).

(TTF)

Figure S4 Genes up (red) — or down (green) regulated by
PRA (PGR) in Ishikawa cells after 12 h P4 treatment. The
networks were generated through the use of IPA (Ingenuity®
Systems, www.ingenuity.com).

(TTF)

Table S1 FPKM values of genes in active transcriptome
of non-treated, E2, P4, TAM and RU486 treated
Ishikawa cells and human endometrial biospy samples
(n=2).

(XLSX)

Table S2 Gene expression changes significantly
changed after E2 treatment in Ishikawa cell line
compared to non-treated cells.

(XLSX)
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Abstract Little consensus has been reached on the best protocol for endometrial preparation for frozen embryo transfer (FET). It is
not known how, and to what extent, hormone supplementation in artificial cycles influences endometrial preparation for embryo
implantation at a molecular level, especially in patients who have experienced recurrent implantation failure. Transcriptome analy-
sis of 15 endometrial biopsy samples at the time of embryo implantation was used to compare two different endometrial prepara-
tion protocols, natural versus artificial cycles, for FET in women who have experienced recurrent implantation failure compared with
fertile women. IPA and DAVID were used for functional analyses of differentially expressed genes. The TRANSFAC database was used
to identify oestrogen and progesterone response elements upstream of differentially expressed genes. Cluster analysis demon-
strated that natural cycles are associated with a better endometrial receptivity transcriptome than artificial cycles. Artificial cycles
seemed to have a stronger negative effect on expression of genes and pathways crucial for endometrial receptivity, including ESR2,
FSHR, LEP, and several interleukins and matrix metalloproteinases. Significant overrepresentation of oestrogen response elements
among the genes with deteriorated expression in artificial cycles (P < 0.001) was found; progesterone response elements predomi-
nated in genes with amended expression with artificial cycles (P = 0.0052). o 8
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Introduction

The current trend towards cryopreservation of all embryos
after IVF, with transfer of a thawed embryo in a subsequent
cycle now contributes more substantially than ever to the cu-
mulative live birth rates after IVF treatment. Together with
the evidence of improved endometrial receptivity in cycles
without ovarian stimulation (Roque et al., 2013; Shapiroet al.,
2011, 2013), the increased success rate of frozen embryo trans-
fer (FET) now equals or even betters that of IVF with fresh
embryo transfer (Allersma et al., 2013; Roque et al., 2015;
Shapiro et al., 2014; Wong et al., 2014). Furthermore, the
better perinatal outcomes of preterm birth, low birth weight
and being small for gestational age among singletons born after
the transfer of frozen-thawed embryos compared with infants
born after ovarian stimulation and IVF (Ishihara et al., 2014;
Maheshwari et al., 2012; Pinborg et al., 2013; Wennerholm
etal., 2013) have led to an important shift from fresh embryo
transfers in IVF towards a freeze-all strategy (Evans et al.,
2014; Wong et al., 2014).

A crucial aspect of FET cycles is the timing and prepara-
tion of the endometrium to receive the transferred embryo(s).
Protocols used in FET include natural cycle (NC-FET) and ar-
tificial cycle (AC-FET) with or without preceding pituitary
down-regulation through GnRH agonist co-treatment (Hill
et al., 2010). Patients undergoing AC-FET start with daily
oestrogens, supplemented with progesterone when the en-
dometrium has reached sufficient thickness (Groenewoud
et al., 2012). Although the advantages of natural cycles FET
(NC-FET) such as less medication and cheaper price some-
what counterbalance the need for more frequent
ultrasonographic evaluation of the dominant follicle, the risk
of unexpected ovulation and insufficient endometrial devel-
opment in these cycles (Groenewoud et al., 2012), the clini-
cal preference for the predictability and reliability of AC-
FET has prevailed (Givens et al., 2009). So far, however, no
clear data support one endometrial preparation method over
another. In a recent systematic review and meta-analysis, it
was concluded that there are no differences in the clinical
pregnancy rate, ongoing pregnancy rate or live birth rate in
connection with the different methods of endometrial prepa-
ration before FET (Groenewoud et al., 2013). Furthermore,
despite active investigation of the endometrial transcriptome
that clearly demonstrates an unfavourable endometrial gene
expression profile during hormonal stimulation in ovarian
stimulation (Haouzi et al., 2009a; Horcajadas et al., 2008;
Ruiz-Alonso et al., 2012), there is no knowledge of how and
to what extent hormonally supplemented cycles influence en-
dometrial preparation for embryo implantation at a molecu-
lar level.

In the present study, endometrial gene expression pro-
files in infertile women undergoing two different endome-
trial preparation protocols (AC-FET and NC-FET) was compared
with fertile women in a natural cycle. Our study group of

women who had experienced recurrent implantation failure
(RIF), also diagnosed as unexplained infertility, is especially
intriguing as we have demonstrated altered endometrial re-
ceptivity in these women (Aghajanova et al., 2009; Altmae
et al., 2010). Therefore, we aimed to clarify whether AC-
FET with oestrogen and progesterone improves endometrial
maturation in our study group. To answer this question, we
aimed to identify two groups of genes with opposite tran-
scriptional behaviour in patients who have experienced RIF.
First, we were interested in the genes, which show abnor-
mal expression in the natural cycle, but are amended in ar-
tificial cycles and, second, the opposite case of genes showing
normal expression in natural cycles, with deteriorated gene-
activity after administration of steroid hormones in artifi-
cial cycles. By analysing the genes in both categories, the aim
was to arrive at conclusions about the pros and cons of using
artificial cycles in FET.

Endometrial tissue is one of a few tissues that are over-
whelmingly controlled by steroid hormones, oestradiol and
progesterone. These steroid hormones act as transcrip-
tional regulators via ligand-bound receptor complexes inter-
acting with the DNA consensus sequences in target genes,
referred to as hormone response elements (HRE). Although
major progress has been made in deciphering the HRE for oes-
trogen response elements and progesterone response ele-
ments, little is known about their roles in embryo implantation.
Additionally we set out to analyse the oestrogen response el-
ements and progesterone response element sequences —50 kb
upstream of genes that were differentially expressed after
artificial cycles or related to infertility.

The aforementioned aims are critical in obtaining a better
understanding of the mechanisms of steroid hormone involve-
ment in endometrial maturation, and in the long term this
knowledge should help to devise better hormonal regimens
for FET, even for patients with the complication of RIF.

Materials and methods

Study design and endometrial biopsy sample
collection

In total fifteen endometrial biopsy samples were obtained from
women with unexplained RIF in NC-FET (n = 5), women with
unexplained RIF in AC-FET (n =5), and from healthy women
with proven fertility in natural cycles (NC-FC) (n = 5). The
characteristics of the women are presented in Table 1. Two
infertile women provided biopsy samples for both NC-FET and
AC-FET.

The fertile control women were candidates for oocyte do-
nation, and were recruited at the Instituto Valenciano de
Infertilidad, Valencia, Spain. All women signed an informed
consent document approved by the local Ethics Committee
(15 May 2007).

Please cite this article in press as: Signe Altmée, Karin Tamm-Rosenstein, Francisco J. Esteban, Jaak Simm, Liis Kolberg, Hedi Peterson, Madis Metsis, Kai Haldre, Jos¢ A.
Horcajadas, Andres Salumets, Anneli Stavreus-Evers, Endometrial transcriptome analysis indicates superiority of natural over artificial cycles in patients who have experi-
enced recurrent implantation failure undergoing frozen embryo transfer, Reproductive BioMedicine Online (2016), doi: 10.1016/j.rbmo.2016.03.004




Endometrial transcriptome and frozen embryo transfer 3

Table 1 Characteristics of the study groups.
RIF, NC-FET RIF, AC-FET NC-FC
(n=>5) (n=5) (n=5)
Age (years) 30.2+4.3 32.4%5.0 31.8£3.8
Body mass index (kg/m?) 20.7£1.8 20.9£2.0 23.5+2.1
Cycle length (days) 28.2+£1.7 28.0£1.4 28.4+£0.7
Menses duration (days) 4.4£0.7 4.5+0.7 4.0£0.2
Previous implantation 3.4+0.9 3.4+0.6 0
failures
Parity 0 0 1.5+£0.2
Endometrial thickness 9.3+£0.9 8.5+1.7 n.a.
(mm)
Biopsy sample taken LH+7 Prog+6 LH+7

Results are mean + SD.

AC-FET, artificial cycle-frozen embryo transfer; LH+, day since the luteinizing hormone (LH)
surge; na, not assessed; NC-FC, natural cycle-fertile control; NC-FET, natural cycle-frozen embryo
transfer; Prog+, progesterone administration in days; RIF, recurrent implantation failure.

The patient group of women with unexplained RIF at-
tended the Department of Obstetrics and Gynaecology,
Karolinska University Hospital Huddinge, Sweden. The Ethics
Committee of Karolinska Institutet approved the study (10
March 2003, number 78/03) and signed informed consent was
obtained from every patient. Unexplained RIF was diagnosed
by a set of tests that included normal concentrations of thyroid-
stimulating hormone (0.4-4.7 mU/L), prolactin (3-27 mg/
L), oestradiol (follicular phase <600 pmol/L), LH (follicular
phase 1.8-12 U/L), FSH (follicular phase 2.5-10 U/L) and pro-
gesterone (luteal phase >17 nmol/L). The infertile women had
patent fallopian tubes as determined by hysterosal-
pingosonography, a normal mid-secretory endometrial thick-
ness of 9.3+ 0.5 mm (mean = SD), and their partners had normal
semen analysis results according to World Health Orgamization
criteria (WHO, 1999). All patients had two to four previous
embryo transfers without achieving pregnancy (RIF defini-
tion proposed recently by Polanski et al., 2014)).

One-half of the group of women who had experienced RIF
underwent artificial endometrial stimulation for FET. These
women received oestradiol valerate (Progynon®; Schering
Nordiska, Berlin, Germany) orally, 6 mg from cycle day 1, 2 mg
in the morning and 4 mg in the evening. The women were in-
structed to take their oestrogen tablets every 12 h, at 8 o’clock
in the morning and at 8 o’clock in the evening 1 h. Micron-
ized progesterone (APL, Stockholm, Sweden) was adminis-
tered vaginally; 400 mg twice a day from the time the
endometrium had reached a thickness of at least 7 mm, and
absence of follicles with a diameter of 15 mm or more. Oral
oestrogen support was simultaneously reduced to 2 mg twice
a day. The embryos were not thawed and transferred in these
treatments, and therefore, we cannot compare the preg-
nancy rates after using AC-FET or NC-FET.

Endometrial biopsy sampling

All samples were obtained during the mid-secretory phase,
at the time of the “window of implantation” (WOI) (LH+7) for

NC-FET patients and fertile women, and in AC-FET women on
the 6th day of progesterone supplementation (Prog+6). The
women with natural, non-stimulated cycles were not subject
to any ovarian stimulation before entering the study. Endo-
metrial biopsy samples were obtained from the anterior wall
of the uterine cavity, without dilatation of the cervix, using
a Pipelle catheter (Gynetics, Hamont-Achel, Belgium). The
LH surge was detected in morning urine (Donacheck ovulacion,
Novalab Ibérica, S.A.L, Coslada, Madrid, Spain and Clearplan,
Unipath Ltd., Bedford, UK).

The biopsy samples were prepared for histology, scan-
ning electron microscopy (as described by Aghajanova et al.,
2009), and microarray analysis and validation.

Total RNA isolation and microarray hybridization

For microarray and real-time polymerase chain reaction analy-
ses, total RNA was extracted from the endometrial biopsy
samples by using an RNeasy Mini-kit (Qiagen, Venlo, the Neth-
erlands) or the “Trizol method” according to the protocol pro-
vided by the manufacturer (Life Technologies, Inc.,
Gaithersburg, MD, USA). RNA quality was assessed by loading
300 ng of total RNA onto an RNA LabChip and this was fol-
lowed by analysis in a 2100 Bioanalyzer (Agilent Technolo-
gies, Waldbronn, Germany). An RNA integrity value of over
8 was considered acceptable. Hybridization to the Whole
Genome Oligo Microarray that comprises 44,000 gene targets
(Agilent Technologies) was carried out as described previ-
ously (Altmae et al., 2010).

Array data analyses

Pre-processing

GenePix Pro 6.0 software (Molecular Devices, Sunnyvale, CA,
USA) was used for microarray image analysis and
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calculation of spot intensities. Replicates of the gene tran-
scripts were merged using the average of the hybridization
values. The data were normalized by the mean of the spot
subtracted by the median of the background. Further, den-
sitometry values between arrays were normalized using the
quantile normalization function to remove possible sources
of variation of a non-biological origin between the arrays.

Sample size calculations

Following the guidelines for “omics” studies (Altmae et al.,
2014), sample size calculations were made. The acceptable
amount of false positives was considered to be 0.05% and
desired power was set at 90%. We had three study groups with
sample size five in each group. For three or more group com-
parisons, seven samples or over in each group have been sug-
gested (Savaris and Giudice, 2009); therefore, we increased
the desired fold change difference in gene expression to three
or over, which allows a smaller sample size (Liu and Hwang,
2007). An acceptable level of standard deviation in array
studies is considered to be up to 0.7 (bioinformatics
.mdanderson.org/MicroarraySampleSize/), but in order to
strengthen the power in our study we used a standard devia-
tion of 0.4.

Differential gene expression

R-statistical software (Free Software Foundation, Boston, USA)
was used for data anlysis. Gene expression profiles were de-
termined by comparing groups: NC-FET versus NC-FC; AC-
FET versus NC-FC; and AC-FET versus NC-FET. Non-parametric
tests (2 x 2 comparisons) were used. We set two criteria to
define the genes that had altered mRNA abundance among
the different sample sets: an absolute fold change of three
or more and a proportion of false positives of less than 0.05.

Statistically significant differences between study groups
were identified using the rank product non-parametric test
in the Bioconductor RankProd package (Bioconductor,
www.bioconductor.org). Because of the limited amount of
samples, a non-parametric statistical test was conducted as
a rough filter to narrow down the list of most relevant genes.
In addition, we applied the rank product approach that in-
cludes a multiple hypothesis test for raw P-value correction
to ascertain a false positive rate. A proportion of false postives
of less than 0.05 was considered statistically significant.

Sample clustering and principal component analysis

To validate the results of a non-parametric method of analysing
differentially expressed genes (DEGs), principal component
analysis and hierarchical clustering were carried out using MeV
4.2.02 software (www.tm4.org) (Saeed et al., 2003). Princi-
pal component analysis projects high dimensional data into
a lower dimensional span, where samples with a similar gene
expression level tend to cluster together on a plot. A three-
dimensional scatter plot was produced for visualizing differ-
ences between sample sets based on each sample’s gene
expression profile. In hierarchical clustering, the data were
Z-normalized by gene, the Euclidean distance was selected
as the similarity measure to cluster expression profiles, and
linkage was conducted with a complete-linkage hierarchical
clustering algorithm method.

Functional analysis of the results

Functional analysis of differentially regulated genes
was explored by using the Database for Annotation, Visual-
ization and Integrated Discovery (DAVID, v. 6.7) (Huang da
et al., 2009), and Ingenuity Pathways Analysis (IPA) (Ingenu-
ity® Systems, www.ingenuity.com). DAVID searches blocks
of functionally related genes according to different criteria
such as the Gene Ontology (GO) terms for biological pro-
cesses, cellular locations and molecular functions. We used
GO FAT search that filters the broadest terms so that
they do not overshadow the more specific terms
(david.abcc.ncifcrf.gov). IPA was applied for canonical
pathway and molecular network analyses. A False Discovery
Rate of less than 5.0 and a P-value of less tha 0.05 were
considered statistically significant.

Prediction of oestrogen response elements and
progesterone response elements among
differentially expressed genes

We used position weight matrices (PWM), which are widely
used in computational molecular biology, in order to depict
the DNA binding preferences of transcription factors (includ-
ing steroid hormone receptors) in target genes. An in silico
motif search for steroid hormone response elements, e.g. for
oestrogen and progesterone response element sequences in
proximal promoter region upstream of DEGs in the endome-
trium was conducted using the TRANSFAC professional data-
base (Matys et al., 2006). All promoter sequences of DEGs in
the present study were extracted from the Ensembl BioMart
database (Homo sapiens, GRCh38.p2). For each gene, three
upstream sequences were analysed relative to the major tran-
scription start site, as following: from —1000 bp to +150 bp;
from —10,000 bp to +150 bp; and from —50,000 bp to +150 bp.
We analysed 17 different PWM from the TRANSFAC database
in the oestrogen and progesterone element motif search:
VSER_Q6, VSER_Q6_02, VSERALPHA_01, VSESR1_01,
VSERALPHA_Q6_01, VSERALPHA_Q6_02, VSESR1_03, VSESR1
_04, VSESR1_05, VSERALPHA_Q4, VSPR_01, VSPR_02,
VSPR_Q2, and VSPR_Q6. As the progesterone response element
is similar to the glucocorticoid response element, PWM for
glucocorticoid response element were also included in the
analysis: GR VSGR_01, VSGRE_C and VSGR_Qé.

Right-tailed Wilcoxon rank sum test was used in oestro-
gen and progesterone response element profile analysis (oc-
currences of respective PWM were summed) to compare the
differentially expressed endometrial genes with other genes
in the human genome (n = 20,710). To compare the studied
subgroups (artificial cycle deteriorated, artificial cycle im-
proved, RIF specific) Kruskal-Wallis test was used. In case
of significant difference, Tukey test was used for post-hoc
pairwise comparison. A standard hypergeometric test was
used to assess the motif enrichment for each PWM sepa-
rately. Fisher’s exact test analysis was used to compare the
observed proportion of occurrence of a particular PWM in
the studied groups. In cases of significant difference, post-
hoc analysis was applied to study the significance of pairwise
differences between subgroups. To counteract the problem
of multiple comparisons, Bonferroni correction was
applied.
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Microarray validation

Total RNA (300 ng) was reverse-transcribed using Advantage
RT-for-PCR kits (Clontech, Palo Alto, CA, USA) for all samples
following the protocol as described in detail previously (Altmae
etal., 2010). The genes HABP2, HLA-DOB, SPDEF and TRH were
selected for microarray validation. Forward and reverse primer
sequences for each gene were (5-3"): AGGAAGAGA
ACACCAGTAGCA and TAGTAGGGAGGACTCTGGGTA for HABP2,
AGGGCTCAGAAAGGATATGTGA and CTCAGAACACAGA
GCTCCAGA for HLA-DOB, GTCCCGCCATGAACTACGA and
CTGGAAGGTCAGAGCAGCA for SPDEF, TGGTTGCTGCTCGCTC
TGGC and TCTGGGACGCGGAGTGCTCA for TRH, and
CCCATCACCATCTTCCAGGA and CATCGCCCCACTTGATTTTG for
the control GAPDH gene. The real-time polymerase
chain reaction protocol has been described in detail else-
where (Altmae et al., 2010). Analysis of gene expression dif-
ferences between the study groups was carried out by using
the Mann-Whitney U-test; P < 0.05 was considered statisti-
cally significant.

Results
Evaluation of endometrial biopsies

Histological evaluation of the natural-cycle samples showed
normal maturation in relation to the cycle day, according to
Noyes et al. criteria (1975), thus eliminating a delay in en-
dometrial maturation, which can be one reason for RIF
(Ruiz-Alonso et al., 2013). Scanning electron microscopy was
carried out to check for the presence of pinopodes, struc-
tural markers of uterine receptivity (Aghajanova et al., 2008a),
in order to assess endometrial receptivity alterations among
this patient group. In both infertile groups, pinopode forma-
tion differed from that in fertile women, thereby support-
ing the notion of aberrant endometrial receptivity among these
women: in the NC-FET group, three women had no pinopodes,
one had very few, and one woman presented normal forma-
tion of pinopodes; while in the AC-FET group three women
had no pinopodes and two presented scarce pinopodes on the
endometrial surface.

Cluster analysis of microarray data

Principal component analysis demonstrated a clear
distinction in the endometrial gene expression patterns in
the NC-FET, AC-FET and NC-FC groups (Supplementary
Figure S1). Hierarchical clustering was then applied to the
microarray data, and a similar pattern was observed: the
study groups were in three clusters, where the NC-FET and
NC-FC groups clustered closer than the AC-FET group
(Figure 1). This clustering pattern indicates that, on the
basis of whole endometrial transcriptome analysis at the
time of embryo implantation, the NC-FET protocol yields a
more similar endometrial pattern to fertile controls than
the AC-FET protocol among women who have experienced
RIF.

Differential gene expression analysis between NC-
FET and AC-FET groups in men who have
experienced RIF, and NC-FC women

Our primary microarray data are available in the ArrayExpress
database (www.ebi.ac.uk/arrayexpress) under accession
number E-MTAB-3713. In total we identified: 443 up-regulated
and 446 down-regulated genes (three or more fold change;
proportion of false positives <0.05) in infertile NC-FET versus
fertile NC-FC women; 575 up-regulated and 335 down-
regulated genes in infertile AC-FET compared with fertile NC-
FC women; and 502 up-regulated and 201 down-regulated
genes in infertile AC-FET compared with infertile NC-FET
women.

These comparisons gave the means to focus on DEGs whose
expression level improved (was more similar to fertile con-
trols) with artificial cycles (n = 620) (i.e. DEGs unique for
natural cycle RIF compared with NC-FC comparison: meaning
that the initial gene expression profile in NC-RIF women dif-
fered from that in fertile controls, whereas these DEGs in the
AC-RIF group versus NC-FC comparison demonstrated similar
values to fertile controls); DEGs whose expression profile de-
teriorated (differed three or more fold compared with fertile
controls) with artificial cycles (n = 640) (i.e. DEGs unique for
AC-RIF versus NC-FC comparison: meaning that in the AC-
RIF versus natural NC-FC comparison the gene expression
profile was different, whereas the comparison of gene ex-
pression profiles in natural NC-RIF versus NC-FC demon-
strated similar values) and genes specific to RIF (n=269), i.e.
DEGs whose expression was significantly different in infer-
tile women in both natural cycle and artificial cycle when com-
pared with fertile controls (see Figure 2 for description of
DEGs groups, and Supplementary Table S1 for gene lists).

Functional profiling of differentially expressed
genes that improved in artificial cycle in patients
who have experienced RIF at the window of
implantation or WOI

Biological functional analysis of DEGs that improved their ex-
pression pattern with artificial cycle in gene ontology terms
showed that they were involved in various biological pro-
cesses such as the G-protein-coupled receptor signalling
pathway, defense response, potassium ion transport, cell
surface receptor-mediated signal transduction, cell adhe-
sion and the immune response; in cellular components of the
extracellular matrix and region; and several molecular func-
tions such as cytokine activity, G-protein-coupled receptor
activity, ion channel activity, transmembrane transporter ac-
tivity, carbohydrate binding and oxidoreductase activity
(Figure 3A and Supplementary Table S2).

When investigating different biological pathways using IPA,
we found that artificial endometrial stimulation in women with
RIF influenced canonical pathways involved in G-protein-
coupled receptor and cyclic adenosine monophosphate-
mediated signalling, lipid signalling and defense responses
(Figure 3A). Another analysis using DAVID indicated path-
ways involved in neuroactive ligand-receptor interactions (19
genes, P < 0.001), and cytokine-cytokine receptor interac-
tions (16 genes, P =0.023).

Please cite this article in press as: Signe Altmée, Karin Tamm-Rosenstein, Francisco J. Esteban, Jaak Simm, Liis Kolberg, Hedi Peterson, Madis Metsis, Kai Haldre, José A.
Horcajadas, Andres Salumets, Anneli Stavreus-Evers, Endometrial transcriptome analysis indicates superiority of natural over artificial cycles in patients who have experi-
enced recurrent implantation failure undergoing frozen embryo transfer, Reproductive BioMedicine Online (2016), doi: 10.1016/j.rbmo.2016.03.004




6 S Altmaée et al.

Figure 1 Cluster analysis of Z-scored gene expression values in
the endometrium at the window of implantation in healthy women
with proven fertility in natural cycles (NC-FC), in infertile women
undergoing a natural cyle for frozen embryo transfer (NC-FET),
and infertile women undergoing an artificial cycle for frozen
embryo transfer (AC-FET). Red represents genes with a positive
Z score and green, genes with negative Z score.

"Nc‘-Fc  NC-FET AC-FET

— 1

640

Size of each list

NC-FET/NCFC AC-FE'}/NCFC

Number of elements: specific (1) or shared by 2, 3, ... lists

| 1280 ]
2 1

Figure 2 The three differentially expressed gene (DEG) groups
analysed: DEGs whose expression improved with artificial cycle
in infertile women (n = 620) (i.e. DEGs unique for women who
have experienced recurrent implantation failure undergoing a
natural cycle (NC-RIF) versus healthy women with proven fertil-
ity in natural cycles (NC-FC) comparison: meaning that the initial
gene expression profile in NC-RIF women differed from that in
fertile controls, whereas these DEGs in the AC-RIF (women who
have experienced recurrent implantation failure undergoing an
artificial cycle) group versus NC-FC comparison demonstrated
similar values to fertile controls); DEGs whose expression profile
deteriorated with artificial endometrium preparation in infer-
tile women (n = 640) (i.e. DEGs unique for AC-RIF versus NC-FC
comparison: meaning that in the AC-RIF versus natural NC-FC com-
parison the gene expression profile was different, whereas the
comparison of gene expression profiles in natural NC-RIF versus
NC-FC demonstrated similar values); and genes specific to RIF,
n =269 (i.e. DEGs whose expression was significantly different
in infertile women in both natural cycle and artificial cycle when
compared with fertile controls).
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Analysis of the molecular relationships between DEGs that
improved their expression patterns in artificial cycles (using
the Ingenuity Pathways Knowledge Base) revealed one en-
riched gene network with high score (IPA score of 37) that
united molecules involved in the inflammatory response,

Figure 3 Functional enrichment analysis of the endometrial
transcriptome at the window of implantation: genes - whose ex-
pression improved with artificial cycles (A), genes whose expres-
sion deteriorated with artificial cycles (B), and genes specific to
recurrent implantation failure (C). Bar colour denotes different
types of evidence from gene ontology (DAVID) and pathway (IPA)
databases: BP, biological process (in orange); CC, cellular com-
ponent (in red); CP, canonical pathways (in blue); MF, molecu-
lar function (in green). The X-axis denotes functional enrichment
score, computed as —log, of related P-values. Some abbrevia-
tions in the Y-axis are indicated in full text in Supplementary
Tables S2-54.

antigen presentation, cell-to-cell signalling and interaction
where genes IL31, IL21, MMP9, MUC5AC/MUC5B, POSTN and
WISP1 intertwined (Supplementary Figure S2A).

To highlight, the DEGs that improved in artificial cycles that
repeatedly were identified in different functional analyses
using DAVID and IPA included APOA1, AQP6, CD34, CEACAMT,
CEACAMS8, COMP, EDN3, HBA1/HBA2, IGFBP1, IL21, IL31,
ITGAS8, IFNB1, LHCGR, MMP9, MUC5B, POSTN, S100A2, SELP,
SORD, TYR, WISP1, WNT16, WNT3A, WNT8B and various
chemokines, collagens, G protein-coupled receptors, immu-
noglobulins, interferons and olfactory receptors.

Functional profiling of DEGs that deteriorated in
artificl cycles in RIF patients at the implantation
or WOI

Functional analyses of the DEGs that deteriorated with arti-
ficial cycles in patients who have experienced RIF showed that
they were involved in various biological processes such as de-
tection of stimuli and neurological system processes; cellu-
lar components of the extracellular region; and molecular
functions such as serine-type endopeptidase activity and
calcium ion binding (Figure 3B and Supplementary Table S3).

The canonical pathways that were influenced negatively
by artificial cycles were shown by IPA to be calcium signal-
ling, linoleic acid, arachidonic acid and eicosanoid metabo-
lism and signalling and macrophage migration inhibitory factor
activity (Figure 3B). DAVID analysis of the pathways that were
negatively influenced by artificial cycles involved neuroac-
tive ligand-receptor interactions (17 genes, P = 0.005), and
similarly to IPA showed the involvement of linoleic acid me-
tabolism (five genes, P = 0.05).

Molecular interaction analysis of DEGs whose expression
profile altered with artificial cycles revealed one enriched
network with high score (IPA score of 38) that united
molecules involved in cellular movement, immune cell traf-
ficking, cellular growth and proliferation, where genes CD4,
CD22, ESR2, IL4, IL29, LEP, MMP3 and SELE interacted
(Supplementary Figure S2B).

To sum up, top genes identified in all functional analyses
among DEGs that were dysregulated in artificial cycles in-
cluded APOA2, APOC4, CALCRL, ESR2, fibroblast growth factors
FGF17, FGF8, FGFBP2; FSHR, INHBC, interleukins IL1F6, IL27,
IL29, IL4, IL9R; LEP; matrix metallopeptidases MMP17, MMP27,
MMP3; NEUROGT, PPARD, PTGER3, SELE, WNT8A, and
kallikrein-related peptidases, olfactory receptors, phospho-
lipases, and pregnancy-specific beta-1-glycoproteins.
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Functional profiling of differentially expressed
genes specific to recurrent implantation failure at
the window of implantation or WOI

Biological function analysis of DEGs specific to RIF in gene
ontology terms indicated involvement in various biological pro-
cesses such as cell surface (G-protein coupled) receptor-
linked signal transduction (Figure 3C). A significant proportion
of these RIF-specific genes were located in extracellular region
or plasma membrane. Regarding molecular functions, the
genes were mostly involved in hormone activity. IPA analy-
sis revealed that RIF-specific DEGs were involved in several
pathways such as G-protein-coupled receptor and cyclic ad-
enosine monophosphate-mediated signalling, metabolism of
xenobiotics by cytochrome P450, corticotropin-releasing
hormone signaling and sphingosine-1-phosphate signalling
(Figure 3C and Supplementary Table S4).

Analysis of the molecular relationships among RIF-specific
DEGs revealed one enriched gene network with high score (IPA
score of 37) that united genes involved in cellular move-
ment, cell death and lipid metabolism, where molecules
ADRB2, CASP8, INHBA, LTF, MUC4, MUC5A/ MUC5B, SERPINB3,
TFF3, and WISP2 intertwined (Supplementary Figure S2C).

To sum up, top molecules identified in all functional analy-
ses among genes specific to unexplained RIF included ADRB2,
ADM2, CRH, CYP3A4, DRD3, HABP2, HLA-DOB, IGH@, INHBA,
IL28B, ITGA10, LTF, MMP8, MUC4, SPDEF, TRH, TFF3, WISP2,
G protein-coupled receptors, olfactory receptors and solute
carrier family members.

Comparison of microarray data with the
endometrial receptivity array gene list

A novel diagnostic transcriptomic tool concerning endome-
trial receptivity, the endometrial receptivity array (ERA) test,
has been previously presented, where 238 genes serve as an
endometrial receptivity biomarker cluster (Blesa et al., 2014;
Diaz-Gimeno et al., 2011, 2013; Garrido-Gomez et al., 2013;
Ruiz-Alonso et al., 2013). This test has proved to be accu-
rate and consistent, enabling detection of personalized timing
of the window of implantation among various patient groups
(Diaz-Gimeno et al., 2014). To investigate these endome-
trial receptivity markers in the current study, the lists of DEGs
with the ERA gene list were compared. Improved DEGs with
artificial cycles shared 11 common genes with the ERA list:
CALB2, COL16A1, COMP, EDN3, IGFBP1, LRRC17, OLFM4,
POSTN, SLC15A1, SORD, and TMEM16A (Table 2). Deterio-
rated DEGs with artificial cycles shared four common genes
with the ERA test: CRISP3, C14orf161, HAL and HPSE. DEGs
specific to RIF shared four genes with the ERA list: HABP2,
HLA-DOB, SPDEF and TRH (Table 2).

Analysis of hormone response elements in
differentially expressed genes

In hormone response elements in silico analysis, we focused
on three promoter regions (-1000 bp to +150 bp, —10,000 bp
to +150 bp, and —50,000 bp to +150 bp from transcription start
site) of DEGs and searched for oestrogen, progesterone and

glucocorticoid response elements. Of 1529 DEGs identified via
microarrays, 1273 were eligible for TRANSFAC analysis: 534
DEGs that improved with artificial cyces, 508 DEGs that
deteriorated with artificial cycles, and 231 DEGs specific
to RIF.

Importantly, all DEGs that were eligible for TRANSFAC
analysis had at least one HRE in their promoter regions. If all
oestrogen response elements (10 PWM) and progesterone/
glucocorticoid response elements (seven PMW) matrices were
summarized and respective HRE profiles created,
progesterone/glucocorticoid response element motifs showed
significantly higher prevalence (P < 2.2e-16 from —-50,000 bp
to +150 bp) in promoter regions of DEGs compared with other
genes in the human genome. Progesterone/glucocorticoid re-
sponse element motifs showed higher frequency compared
with oestrogen response elements in all promoter regions of
DEGs identified in this study (Figure 4). When different sub-
groups were compared, significantly lower frequency (P =
0.0052) of progesterone/glucocorticoid response element sites
were determined in most distal promoter region (-50,000 bp
to +150 bp) of DEGs deteriorated compared with genes whose
expression was improved after artificial cycles. In contrast,
deteoriated genes from artificial cycles had significantly higher
frequency of oestrogen response elements compared with im-
proved genes from artificial cycles (P = 3.2e-06) and RIF-
specific genes (P = 0.0045) (Figure 4).

When each PWM (17 oestrogen, progesterone and gluco-
corticoid response element motifs) was analysed sepa-
rately, two hormone response elements motifs (PWM PR_Qé6
and ESR1_01) demonstrated significant differences in pro-
moter areas between the study groups (Figure 5). Proges-
terone response element motif (VSPR_Q6) was present at a
significantly higher rate upstream of genes specific to RIF (P
=0.044) in the most proximal promoter region (—1,000 bp to
+150 bp). For instance, progesterone response element motif
was found upstream of genes as AFM, BRINP3, CNNM1,
FAM151A, and IL12RB2. A significantly higher prevalence of
this progesterone response elemet motif was also observed
in the farther (—10,000 to +150 bp) promoter region (P =0.033)
of RIF-specific genes. In addition, DEGs whose expression im-
proved after artificial cycle also showed a high prevalence of
the same progesterone response element in the farther pro-
moter region (-10,000bp to +150 bp) (P = 0.040)
(Supplementary Table S5). Genes whose expression im-
proved after artificial cycles and consisted progesterone re-
sponse element in promoter region were for example ADAD1,
CALML5, FAM196A, IFNAS, and IL21.

In contrast, DEGs that deteriorated in response to artifi-
cial cyces more frequently had oestrogen response element
motif (VSESR1_01) in their proximal promoters, but not at a
significant level after applying Bonferroni correction
(Supplementary Table S5). When comparing the relative fre-
quency of hormone response elements between groups, the
named oesrogen response element motif was significantly over-
represented upstream of DEGs that deteriorated with artifi-
cial cycles compared with DEGs that improved with artificial
cycles (adjusted P = 0.023) in the most proximal promoter
region (-1000 bp to +150 bp). For example, genes like IL9R,
MMP17, PTGER3, ESR2, and GATA3 all included oestrogen re-
sponse element motif in their promoter regions and their ex-
pression was deteriorated with artificial cycles. All 17 motifs
used in in silico analysis and their occurrence in promoter
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Table 2 Comparison of array data with the endometrial receptivity array (ERA)

gene list.

Genes whose expression improved with artificial cycles

Gene ERA® NC-FET versus NC-FC AC-FET versus NC-FC HREs

CALB2 -8.04 5.15 nd ERE/PRE/GRE
COL16A1 -4.89 5.89 nd ERE/PRE/GRE
COMP 30.95 -3.93 nd ERE/PRE/GRE
EDN3 -5.03 3.48 nd ERE/PRE/GRE
IGFBP1 5.35 -4.17 nd ERE/PRE/GRE
LRRC17 —4.64 4.25 nd ERE/PRE/GRE
OLFM4 -9.35 15.35 nd ERE/PRE/GRE
POSTN —6.04 5.21 nd ERE/PRE/GRE
SLC15A1 5.59 —4.61 nd ERE/PRE/GRE
SORD -3.21 3.7 nd ERE/PRE/GRE
TMEM16A -3.13 3.73 nd ERE/PRE/GRE

Genes whose expression deteriorated with artificial cycles

Gene ERA® NC-FET versus NC-FC AC-FET versus NC-FC HRESs

CRISP3 5.09 nd —13.46 ERE/PRE/GRE
C14orf161 5.07 nd -3.38 ERE/PRE/GRE
HAL 3.37 nd -3.93 ERE/PRE/GRE
HPSE 5.17 nd —7.48 ERE/PRE/GRE

Genes specific to RIF

Gene ERA® NC-FET versus NC-FC ~ AC-FET vsersus NC-FC HREs

HABP2 4.09 -4.48 -5.48 ERE/PRE/GRE
HLA-DOB | -11.06  5.17 12.86 ERE/PRE/GRE
SPDEF -3.78 9.27 12.20 ERE/PRE/GRE
TRH -21.69  7.56 9.02 ERE/PRE/GRE

AC-FET, artificial cycle-frozen embryo transfer; ERE, oestrogen response element; HRE, hormone
response element; GRE, glucocorticoid response element; NC-FC, natural cycle-fertile control;
NC-FET, natural cycle-frozen embryo transfer; nd, non-detectable, meaning that there was
no gene expression difference between the patients who have experienced RIF and fertile con-
trols; PRE, progesterone response element; RIF, recurrent implantation failure.

2ERA test values are fold changes obtained from comparisons of receptive vs. pre-receptive

endometrium (Diaz-Gimeno et al., 2011).

regions of genes among DEGs are shown in Supplementary
Table S5.

Comparison of differentially expressed genes with
genes that responded to oestradiol and
progesterone in the Ishikawa cell line

In studies with human endometrial biopsy samples, it is dif-
ficult to analyse retrospectively whether changes in the tissue
are primary or secondary results of steroid hormone action.
Therefore, endometrial gene expression after artificial cycles
were compared with that in the recent study of ours where
the oestradiol and progesterone responsive transcriptome was
analysed in Ishikawa cancer cell line (Tamm-Rosenstein et al.,
2013). The endometrial epithelial Ishikawa cell line ex-
presses functional response for oestradiol and progester-
one, and is therefore a good in-vitro model for studying the
responses of the endometrial epithelium to oestradiol and pro-

gesterone (Croxtall et al., 1990; Lessey et al., 1996). Al-
though the expression platforms of our current and previous
studies were different (microarray versus RNA-sequencing),
we found 50 genes for which expression was significantly
changed after hormonal treatments in both studies (Figure 6).
We identified 37 genes with significant regulation in re-
sponse to oestradiol treatment and 42 genes were changed
after progesterone treatment, where 29 genes were influ-
enced by both hormonal treatments in our previous study.
Among the DEGs that improved with artificial cycles, 18 were
regulated by oestradiol and progeserone (75%), one by oes-
tradiol (4%) and five genes solely by progesterone (21%). DEGs
that were negatively influenced with artificial cycles re-
sponded more to oestradiol regulation, where nine genes were
regulated by oestradiol and progesterone (47%), six genes
solely by oestradiol (32%) and four genes by progesterone (21%)
(Figure 6). In addition, 58% of the DEGs that improved with
artificial cycles shared the same expression direction with
the cell line experiments, whereas 58% of DEGs that
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Figure 4 Tukey test for pairwise comparison of oestrogen re-
ceptor elements and progesterone receptor element profiles in
promoter regions (-50,000 bp to +150 bp) of differentially ex-
pressed genes (DEGs) with artificial cycle deteriorated (green),
artificial cycle improved (yellow) and recurrent implantation
failure (RIF) specific (red). Box plot showing median and mean
value. On the left side significant difference of the presence of
oestrogen receptor element sites upstream of DEGs artificial cycle
deteriorated compared with artificial cycle improved (P = 3.2e-06)
and compared with RIF-specific genes (=0.0045) is shown. On the
right significant difference of the presence of progesterone re-
sponse element sites upstream of DEGs artificial cycle deterio-
rated compared with artificial cycle improved (P = 0.0052) is
shown. AC, artificial cycle; ERE, oestrogen response element; HRE,
hormone response element; GRE, glucocorticoid response element;
PRE, progesterone response element; RIF, recurrent implanta-
tion failure.

deteriorated with artificial cycles demonstrated opposite ex-
pression direction with the Ishikawa cells (Figure 6).

In addition to overlapping genes with DEGs deteriorated
and improved, seven oestradiol- and progesterone-regulated
RIF specific DEGs were in common with Ishikawa cell line ex-
periments. Among these, seven genes, two genes were regu-
lated by oestradiol and progesterone (29%), one solely by
oestradiol (14%) and four by progesterone (57%) (Figure 6).

Microarray validation

Real-time polymerase chain reaction was used for validat-
ing microarray results in genes HABP2, HLA-DOB, SPDEF and
TRH, which were dysregulated in infertile women in both
natural and artificial cycles (Table 2), and have been shown
in a previous study to be endometrial receptivity genes
(Diaz-Gimeno et al., 2011). Real-time polymerase chain re-
action confirmed the array results: HLA-DOB, SPDEF and TRH
were up-regulated, and HABP2 was down-regulated in pa-
tients who had experienced recurrent implanatation failure
in NC-FET and AC-FET compared with NC-FC control women
(Supplementary Figure S3).

Discussion

Despite the growing importance of FET in the treatment of
infertility there is little consensus on the best protocol for

endometrial preparation (Groenewoud et al., 2013). To the
best of our knowledge, this is the first study in which the effect
of two different endometrial preparation protocols, NC-FET
and AC-FET on the endometrial transcriptome among infer-
tile patients who have experienced RIF has been analysed.
We demonstrate that the whole endometrial gene expres-
sion pattern at the time of embryo implantation in the NC-
FET protocol is more similar to the profile of fertile controls
than is the AC-FET gene expression pattern. That means that,
in this subgroup of infertile women, artificial endometrial
preparation with oestradiol and progeserone alters more than
improves the endometrial transcriptome, thus being disad-
vantageous, and the NC-FET protocol should be preferred.

Implantation failure remains an unsolved obstacle in re-
productive medicine and is one of the major causes of infer-
tility in otherwise healthy women (Margalioth et al., 2006;
Simon and Laufer, 2012). Inadequate uterine receptivity is es-
timated to account for two-thirds of implantation failures,
whereas the embryo itself is responsible for only one-third
of failures (Lédée-Bataille et al., 2002). Compelling evi-
dence demonstrates that there is endometrial receptivity al-
teration among patients with RIF (Koler et al., 2009; Koot
etal., 2016; Lédée et al., 2011; Ruiz-Alonso et al., 2013, 2014;
Tapia et al., 2008). To sum up, RIF is relatively common among
those seeking infertility treatment, and the management of
RIF is considered as one of the most complicated issues in as-
sisted reproduction (Simon and Laufer, 2012).

In the artificial endometrial preparation cycle, oestra-
diol and progestrone administration is aimed at mimicking the
endocrine exposure of the endometrium in normal cycles,
where oestradiol initiates endometrial cellular proliferation
and subsequent administration of progesterone leads to se-
cretory changes (El-Toukhy et al., 2008). We therefore hy-
pothesized that, among this patient group of infertile women,
where aberrant endometrial maturation is suspected, artifi-
cial endometrial preparation would help to overcome or
improve impaired uterine receptivity. Therefore, the result
of AC-FET being disadvantageous versus NC-FET was surprising.

Our study results, in fact, demonstrate that the artificial
cycle protocol favourably altered several transcripts of en-
dometrial receptivity biomarkers implicated in previous in-
dependent transcriptome analyses on women with a fertile
phenotype, such as CALB2 (Chan et al., 2013; Diaz-Gimeno
et al., 2011; Horcajadas et al., 2004), COL16A1 (Borthwick
et al., 2003; Diaz-Gimeno et al., 2011), COMP (Altmae et al.,
2012; Borthwick et al., 2003; Diaz-Gimeno et al., 2011; Haouzi
et al., 2009b; Hu et al., 2014; Riesewijk et al., 2003;
Talbi et al., 2006; Tapia et al., 2011), EDN3 (Altmae et al.,
2012; Carson et al., 2002; Diaz-Gimeno et al., 2011; Horcajadas
et al., 2004; Hu et al., 2014; Kao et al., 2002; Riesewijk et al.,
2003; Talbi et al., 2006; Tapia et al., 2011), IGFBP1 (Altmae
et al., 2010, 2012; Borthwick et al., 2003; Dassen et al., 2007;
Diaz-Gimeno et al., 2011), LRRC17 (Altmae et al., 2012;
Diaz-Gimeno et al., 2011), OLFM4 (Diaz-Gimeno et al., 2011),
POSTN (Altmae et al., 2012; Diaz-Gimeno et al., 2011; Zhang
etal., 2012a), SLC15A1 (Chan et al., 2013; Diaz-Gimeno et al.,
2011; Zhang et al., 2012a), SORD (Diaz-Gimeno et al., 2011;
Horcajadas et al., 2007), and TMEM16A (Diaz-Gimeno et al.,
2011). The improvement of insulin-like growth factor binding
protein-1 expression levels with artificial cycles is interest-
ing, as this protein is an established biomarker of
decidualization of endometrial stroma. It is involved in the
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Figure 5 Two most prevalent hormone response elements found in promoter regions among differentially expressed genes identi-
fied in this study. Letters abbreviate the nucleotides (A, C, G, and T) in the images and are sized according to their relative occur-
rence. (A) ESR1 element (VSESR1_01) was over represented upstream of differentially expressed genes (DEGs) deteriorated with artificial
cycles (examples IL9R, MMP17, PTGER3, ESR2, and GATA3). This oestrogen receptor element motif in the most proximal promoter
region (from —1,000 bp to +150 bp from transcription start sites) turned out to be significantly overrepresented in upstream of DEGs
that deteriorated with artificial cycle compared with DEGs that improved with artificial cycle (P=0.023); (B) progesterone response
element (VSPR_Q6) was statistically more frequent in upstream of genes related to recurrent implantation failure (examples AFM,
BRINP3, CNNM1, FAM151A, and IL12RB2) (P = 0.04) and among DEGs that improved with artificial cycle (examples ADAD1, CALMLS,

FAM196A, IFNA5, and IL21) (P = 0.04).

implantation process through regulating insulin-like growth
factor actions in endometrial cells, and cellular prolifera-
tion and differentiation required for decidualization and main-
tenance of early pregnancy (Altmae et al., 2010). A number
of pathways important in endometrial receptivity were also
improved with artificial cycles, including cytokine-cytokine
receptor interaction, G-protein coupled receptor and cyclic
adenosine monophosphate-mediated signalling, lipid signal-
ling and defense responses (Altmae et al., 2010, 2012; Giudice,
2006; Kao et al., 2002; Koler et al., 2009). Nevertheless, based
on the whole transcriptome profile it seems that regardless
of the “correction” of dysregulated genes with the AC-FET
protocol, a negative effect of artificial cycles on the endo-
metrial transcriptome prevailed.

The expression of various important genes known from pre-
vious studies to be involved in endometrial receptivity de-
teriorated with artificial cycles. These included CRISP3 (Altmae
et al., 2012; Borthwick et al., 2003; Diaz-Gimeno et al., 2011;
Zhang et al., 2012a), HPSE (Altmae et al., 2012; Chan et al.,
2013; Diaz-Gimeno et al., 2011; Zhang et al., 2012a), HAL
(Altmae et al., 2012; Carson et al., 2002; Diaz-Gimeno et al.,
2011; Tapia et al., 2008) and C14orf161 (Diaz-Gimeno et al.,

2011). A number of relevant genes involved in implantation
were also negatively altered with artificial cycles, including
ESR2; fibroblast growth factors FGF17, FGF8, FGFBP2; FSHR;
INHBC; interleukins IL1Fé, IL27, IL29, IL4, IL9R; LEP; matrix
metallopeptidases MMP17, MMP27, MMP3; PPARD; PTGER3,
and WNTB8A (Aghajanova, 2010; Aghajanova et al., 2008b;
Altmae et al., 2010, 2012; Bogacka et al., 2013; Gonzalez
et al., 2000; Kao et al., 2002; McGowen et al., 2014; Osteen
et al., 1999; van Mourik et al., 2009). Interestingly, the im-
portant hormone receptors, and follicle-stimulating hormone
receptor were down-regulated in the endometrium with the
AC-FET protocol. The crucial role of oestrogen receptor beta
in the endometrium is gradually becoming more evident (sum-
marized in Hapangama et al., 2014), and recently the pres-
ence of follicle-stimulating hormone receptor in human
secretory endometrium was also demonstrated (Stilley et al.,
2014). The importance of leptin in endometrial receptivity
and implantation is well established (Gonzalez et al., 2000),
and a recent study demonstrated abnormal leptin produc-
tion in the endometrium among patients with RIF (Dos Santos
et al., 2012). The most strongly artificial cyle-disrupted path-
ways among our patients were linoleic acid metabolism, and
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calcium signalling, both having important roles in endome-
trial receptivity (Aguilar and Mitchell, 2010; Altmae et al.,
2010; Brosens et al., 2014; Zhang et al., 2012b). To sum up,
regardless of the similar number of genes whose expression
improved or deteriorated in the endometrium in connection
with AC-FET, endometrial stimulation with oestradiol and pro-
gesterone in artificial cycles seemed to have a stronger nega-
tive rather than an improving effect on the expression of genes
and pathways crucial for endometrial receptivity.

The ovarian steroid hormones oestrogen and progester-
one play pivotal roles in development of the human endo-

Count

Ish_P4.12h

Ish_E2.12h

Figure 6 Genes regulated by oestradiol and progesterone in en-
dometrium and Ishikawa cells. Fifty differentially expressed genes
(DEGs) from the present study were also regulated by oestra-
diol and progesterone in our previous study using Ishikawa cells
(Tamm-Rosenstein et al., 2013). Red denotes up-regulation and
green down-regulation of gene expression in Ishikawa cells. The
dotted line indicates zero and the variable line shows the ex-
pression change in response to hormone treatment (E2) - gene
expression regulated by oestradiol; (P4) gene regulated by pro-
gesterone, and (E2, P4) - gene regulated by both oestradiol and
progesterone. *Designates genes in the present study with an op-
posite expression direction versus Ishikawa cells. Red on the y-axis
indicates genes whose expression improved with artificial cycle,
green indicates genes whose expression deteriorated with arti-
ficial cycle, and blue highlights genes specific to recurrent im-
plantation failure.

metrium. With a high prevalence of steroid hormone receptors
in different compartments of endometrial tissue, it is be-
lieved that gene expression of this tissue is highly con-
trolled by respective receptors, which are master
transcriptional regulators of downstream genetic activity.
There are two types of oestrogen receptors, ERo. and ERB,
which share approximately 97% similarity in their DNA-
binding domains (Matthews and Gustafsson, 2003). Both oes-
trogen receptors interact with the same conserved ERE (5’
GGTCANNNTGACC-3") as either homodimers or o/f
heterodimers (Cowley et al., 1997; Klinge et al., 2004). Pro-
gesterone also has two receptor isoforms, PRA and PRB, which
differ only in that PRB contains an additional 164 amino acids
in the N-terminal region. Both progesterone receptors bind
to the same sites of DNA.

We carried out a comprehensive analysis of oestrogen
response element and progesterone response elements se-
quences in genes involved in endometrial receptivity. Our in-
silico analysis of hormone response element sites among DEGs
that were influenced by artificial cycles demonstrated that
the promoter regions of all genes contained response ele-
ments for oestrogen and progesterone receptors, and can
thereby be directly modulated by oestradiol and progester-
one. Summarized progesterone/glucocorticoid response
element motifs showed median higher frequency compared
with oestrogen receptors in all DEGs identified in this study.
Those DEGs whose expression was deteriorated showed sig-
nificantly less progesterone/glucocorticoid response ele-
ments and more oestrogen response element sites in their
promoter region compared with genes whose expression was
improved after artificial cycles. In addition, we detected a
significantly higher number of one particular oestrogen re-
sponse elements site among DEGs that deteriorated with ar-
tificial cycles, whereas one progesterone response element
site was overrepresented in the proximal promoter region up-
stream of genes that improved with artificial cycles. These
findings indicate that DEGs that deteriorated with artficival
cycles are more responsive to oestradiol, whereas DEGs that
improved with artificial cycles are more responsive to pro-
gesterone. Therefore, following the current artificial cycle
protocol, oestradiol could have had stronger (negative) effect
on the endometrial transcriptome than progesterone. In line
with this, when we compared the DEGs with those in our
previous study on Ishikawa cells, which are regulated by
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oestradiol and progesteronoe, we found that among DEGs that
deteriorated with artificial cycle 32% were solely oestradiol-
regulated and 47% were regulated by oestradiol together with
progesterone, whereas, among the improved transcript group,
only 4% were oestradiol-regulated and 75% were regulated
jointly by oestradiol and progesterone. In addition, the fact
that many DEGs that changed expression with artificial cycles
(58%) demonstrated an opposite expression direction in com-
parison with cell line experiments, gives further support to
the notion that artificial cycles unfavourably influenced en-
dometrial gene expression in this group of infertile women,
where oestradiol seems to have had a higher (negative) effect
than progeserone.

Oestrogen is essential for endometrial proliferation,
whereas its role in the secretory phase and in implantation
is less clear (Young, 2013). Human endometrium seems to func-
tion normally with very low concentrations of oestrogen, and,
in a recent systematic review, it was suggested that there was
no overall benefit in clinical outcomes of luteal oestrogen
supplementation in IVF (Fatemi et al., 2007). There is,
however, an ongoing discussion about the influence of
supraphysiological levels of oestradiol on endometrial quality
(Groenewoud et al., 2013). As oestradiol levels are higher in
artificial compared with natural cycles, one would expect a
thicker endometrium in artificial cycles, but this has not been
observed (Hancke et al., 2012; Tomas et al., 2012). In our study
also, we did not detect any significant differences in endo-
metrial thickness between the NC-FET and AC-FET patients.
Elevated levels of oestradiol have been suggested to lead to
alteration in endometrial features and timing of the WOI,
which could result in lower pregnancy rates in artificial cycle
FET (Groenewoud et al., 2013).

Progesterone is absolutely necessary for endometrial re-
ceptivity. Evidence from normally ovulating women sug-
gests that only a very small amount of progesterone is required
(Young, 2013), and it has been shown that elevated proges-
terone levels have a detrimental effect on the endome-
trium (Weinerman and Mainigi, 2014). In short, only small
amounts of oestradiol and progesterone seem to be re-
quired in the secretory phase for full reproductive perfor-
mance among women with normal endometrial function
(Young, 2013). Recent research, however, has shown that too
high or too low mid-luteal serum progesterone concentra-
tions (<50 and >99 nmol/L) associate with decreased implan-
tation rates in cryopreserved embryo transfers conducted
under hormone replacement (Yovich et al., 2015). Women who
have experienced RIF have a high probability of endome-
trial dysfunction, and hormonal endometrial stimulation could
help to improve aberrant endometrial maturation. Indeed, we
identified several important genes (and pathways) involved
in endometrial receptivity whose expression improved with
artificial cycles. Therefore, our results, in line with previ-
ous studies (Yovich et al., 2015), encourage reconsideration
and improvement of artificial cycle protocols in order to find
optimal regimens for favourably maximizing endometrial gene
expression profiles for distinct patient subgroups.

An additional finding in our study was the identification of
genes specific to unexplained RIF. These were a subgroup of
genes that were similarly and abnormally expressed in both
endometrial preparation protocols, NC-FET and AC-FET among
infertile women. We identified several relevant molecules and
molecular pathways in female infertility, including genes in-

volved in G-protein-coupled receptor and cAMP-mediated sig-
nalling, metabolism of xenobiotics by cytochrome P450,
hormone activity, and lipid metabolism (Altmae et al., 2010,
2012; Koot et al., 2016; Lédée et al., 2011). The top mol-
ecules detected with hormonal activity were adrenomedullin
2, corticotropin-releasing hormone, inhibin beta A, and
thyrotropin-releasing hormone. Furthermore, we identified
four dysregulated genes that have been reported in endo-
metrial transcriptome studies as being window of
implementation-specific genes that could serve as biomarkers
of RIF: HABP2 (Altmae et al., 2010, 2012; Horcajadas et al.,
2007; McGowen et al., 2014), HLA-DOB (Borthwick et al., 2003;
Diaz-Gimeno et al., 2011; Horcajadas et al., 2004, 2007),
SPDEF (Diaz-Gimeno et al., 2011; Hu et al., 2014) and TRH
(Altmae et al., 2012; Carson et al., 2002; Diaz-Gimeno et al.,
2011; Horcajadas et al., 2004; Hu et al., 2014; Riesewijk et al.,
2003; Talbi et al., 2006; Tapia et al., 2011). The impor-
tance of thyrotropin and thyroid hormone action in implan-
tation has recently been summarized (Colicchia et al., 2014).
Reduced endometrial gene expression of hyaluronan-binding
protein 2 (HABP2), an interesting biomarker of RIF that was
down-regulated among patients who had experienced RIF, has
also been associated with unexplained female infertility and
recurrent pregnancy loss (Altmae et al., 2010; Bersinger et al.,
2008). Another important set of genes in our study are CASK,
CASP8, COG, FCGBP, GRIN3B, PPA2, and SIX1 that are part
of the recently published RIF prediction model (Koot et al.,
2016).

An additional interesting finding among RIF-specific tran-
scripts was a significantly high number of progesterone re-
sponse element sites among these genes, indicating that
pogesterone can have a direct stimulatory effect on their regu-
lation. This notion was supported by the fact that about 60%
of the transcripts were solely progesterone-regulated (whereas
about 30% of the genes were regulated by both oestradiol and
progesterone), when we compared the microarray results with
those in our previous cell-line study (Tamm-Rosenstein et al.,
2013). These findings highlight the fact that the genes
dysregulated among our RIF patients respond to progester-
one, reflecting dysregulation of progesterone signalling among
these women. It is known from previous studies that com-
promised progesterone signalling can lead to impaired en-
dometrial function (Aghajanova et al., 2010). Indeed, aberrant
expression of progesterone-regulated genes in the endome-
trium has been implicated in several gynaecological disor-
ders, such as endometriosis, polycystic ovary syndrome and
endometrial hyperplasia (Aghajanova et al., 2010). Further-
more, a recent endometrial transcriptome study demon-
strated that women refractory to embryo implantation have
compromised progesterone signaling (Tapia-Pizarro et al.,
2014). Several signalling pathways are believed to be impli-
cated in the pathogenesis of RIF, and they are of interest as
regards identifying potential therapeutic targets and devel-
oping new therapies. Our findings provide additional infor-
mation concerning the complex molecular regulation of
endometrial receptivity in RIF patients, where dysregulation
of progesterone signalling could have an important role.

To sum up, in a recent systematic review and meta-
analysis, it was concluded that “it is not possible, based on
the current published literature, to recommend one endo-
metrial preparation method in FET over another” (Groenewoud
et al., 2013). Our results suggest that NC-FET is preferable
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to AC-FET in the subgroup of women who have experienced
RIF. Furthermore, they also indicate that oestradiol might have
a stronger (negative) effect on the endometrial transcriptome
than progesterone in artificial cycles, thus encouraging re-
consideration of the doses of administered steroid hor-
mones and thereby improving protocols in artificial cycles.
Despite the relatively small patient group, we believe that
our transcriptome data provide valuable insights into the po-
tential biomarkers and molecular mechanisms related to en-
dometrial receptivity and RIF, but most importantly we hope
our data will provide a step forward towards personalized
medicine in the subgroup of infertile patients who have ex-
perienced recurrent implantation failure.
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